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Editorial on the Research Topic

Adenylyl cyclase isoforms as potential drug targets

Adenylyl cyclases (ACs) are important signaling enzymes that catalyze the conversion

of adenosine triphosphate (ATP) into the second messenger, cyclic adenosine

monophosphate (cAMP). cAMP has numerous cellular functions that translate to

physiological outcomes. The ACs are diverse with 10 isoforms that are modulated

through numerous different mechanisms (Ostrom et al., 2022). For instance,

activation of G protein-coupled receptors (GPCRs), which are targeted by nearly one-

third of all FDA-approved drugs, modulates the activity ACs directly through G protein

subunits as well as through second messenger signaling pathways (Ostrom et al., 2022;

Santos et al., 2017). Thus, it is surprising that although numerous drugs indirectly

modulate AC activity, there are no drugs in the market that were designed to directly

modulate AC isoforms. The goal of this Research Topic is to highlight and compile recent

efforts implicating the development of therapeutic strategies that target AC isoforms.

The Research Topic has nine different articles. A common topic on all four original

research articles is adenylyl cyclase 1 (AC1). Two of those articles highlight the role of

AC1 in pain and nociception. Giacoletti et al. show that the selective AC1 inhibitor

ST034307 (Brust et al., 2017) is efficacious in several different mouse pain models.

Johnson et al. also use ST034307 and AC1 knockdown to show that both strategies for

reducing AC1 activity lead to analgesic effects and a reduction of morphine-induced

hyperalgesia in mice. These articles also show that inhibition/knockdown of AC1 does not

cause analgesic tolerance or major disruptions of normal mouse behaviors. The article by

Dwyer et al. focuses on novel strategies for the discovery of AC1 inhibitors. The authors

report new small molecule scaffolds for AC1 inhibitors and also provide SAR information

for tuning AC1/AC8 selectivity and inhibitory potency. The fourth original research

article, by Bose et al., focuses on the role of AC1 in the sino-atrial node to regulate heart

rate. The authors also use ST034307 and show that AC1 inhibition reduces the positive

chronotropic effects of phenylephrine in tissue preparations from guinea pigs. These
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articles highlight the therapeutic potential of small molecules that

selectively target AC1, but also caution that possible adverse

reactions should be thoroughly studied.

The reviews and perspectives published in the Research

Topic cover diverse topics related to AC structure and

function. A systematic review by Shultz provides a deep

analysis of how membrane-bound ACs evolved to their

present structural arrangement. The article compares the

different isoforms and provides detailed discussion on each

AC domain. The perspective article by Ferreira et al. details

the structure and functions of the soluble AC. The article also

informs on how that isoform can be targeted for contraception,

including possible dosing regimens and routes of administration.

Three review articles in the Research Topic centered on the role

of ACs on neuropsychiatric disorders. The review by Chen et al.

focuses on the calcium-stimulated group 1 ACs. The authors

outline their functions and discuss the available literature that

links those AC isoforms with neuropsychiatric and

neurodevelopmental diseases, such as depression and

schizophrenia, as well as the therapeutic potential of targeting

them. Tabakoff and Hoffman review the role played by AC7 in

alcohol use disorder and depression. The manuscript discussions

range from the molecular regulation of AC7 to genetic

associations with neuropsychiatric disorders. The authors also

discuss potential strategies for selectively modulating AC7. The

third review article, by Schappi and Rasenick, centers on the

relationship between Gαs and depressive disorders. The authors

provide comprehensive analyses of individual AC isoforms, cell

signaling cascades, and the link between current antidepressant

therapies and AC activity.

The articles in the topic present and discuss the latest findings

and the different strategies being pursued and hypothesized for

targeting AC isoforms to treat diseases. In addition to the

different tools to study AC function that are identified and

validated, the articles provide a framework for targeting

individual AC isoforms and the contexts where AC

modulation would be desired. Direct modulation of ACs

remains an attractive path for the development of new

therapies, however, there are challenges related to isoform

selectivity and possible adverse reactions that need to be

overcome. Overall, the articles in the present Research Topic

provide a positive outlook for targeting AC isoforms but also

caution about isoform selectivity and off-target effects.

Additionally, the original research articles provide preclinical

proof-of-concept for the use of AC isoform modulators and a

framework for the development of novel small molecules that

selectively target AC isoforms. Finally, the editors would like to

thank all contributors and reviewers that made this Research

Topic possible.
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A Selective Adenylyl Cyclase 1
Inhibitor Relieves Pain Without
Causing Tolerance
Gianna Giacoletti 1, Tatum Price1, Lucas V. B. Hoelz2, Abdulwhab Shremo Msdi1,
Samantha Cossin1, Katerina Vazquez-Falto1, Tácio V. Amorim Fernandes2,3,
Vinícius Santos de Pontes2, Hongbing Wang4, Nubia Boechat2, Adwoa Nornoo1 and
Tarsis F. Brust1*

1Department of Pharmaceutical Sciences, Lloyd L. Gregory School of Pharmacy, Palm Beach Atlantic University, West Palm
Beach, FL, United States, 2Laboratório de Síntese de Fármacos—LASFAR, Instituto de Tecnologia em Fármacos,
Farmanguinhos—FIOCRUZ, Fundação Oswaldo Cruz, Rio de Janeiro, Brazil, 3Instituto Nacional de Metrologia, Qualidade e
Tecnologia—INMETRO, Rio de Janeiro, Brazil, 4Department of Physiology, Michigan State University, East Lansing, MI,
United States

Among the ten different adenylyl cyclase isoforms, studies with knockout animals indicate
that inhibition of AC1 can relieve pain and reduce behaviors linked to opioid dependence.
We previously identified ST034307 as a selective inhibitor of AC1. The development of an
AC1-selective inhibitor now provides the opportunity to further study the therapeutic
potential of inhibiting this protein in pre-clinical animal models of pain and related adverse
reactions. In the present study we have shown that ST034307 relives pain in mouse
models of formalin-induced inflammatory pain, acid-induced visceral pain, and acid-
depressed nesting. In addition, ST034307 did not cause analgesic tolerance after
chronic dosing. We were unable to detect ST034307 in mouse brain following
subcutaneous injections but showed a significant reduction in cAMP concentration in
dorsal root ganglia of the animals. Considering the unprecedented selectivity of ST034307,
we also report the predicted molecular interaction between ST034307 and AC1. Our
results indicate that AC1 inhibitors represent a promising new class of analgesic agents
that treat pain and do not result in tolerance or cause disruption of normal behavior in mice.
In addition, we outline a unique binding site for ST034307 at the interface of the enzyme’s
catalytic domain.

Keywords: adenylyl cyclase, pain, analgesia, AC1, tolerance

1 INTRODUCTION

Adenylyl cyclases (ACs) are the enzymes responsible for catalyzing the conversion of adenosine
triphosphate (ATP) into cyclic adenosine monophosphate (cAMP) (Cooper and Crossthwaite, 2006;
Dessauer et al., 2017). ACs integrate signaling from a large range of proteins and ions, including G
protein-coupled receptors (GPCRs), protein kinases, and calcium, to name a few. There are ten
different isoforms of ACs, nine of them are present in the cellular membrane and one is soluble. Each
AC isoform has a specific expression pattern, which is related to a specific set of physiological
functions (Ostrom et al., 2022). AC isoforms also display a unique set of regulatory properties that
result in differences in how the isoforms are modulated by different types of G proteins, protein
kinases, and ions (Cooper and Crossthwaite, 2006; Dessauer et al., 2017).
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AC1 is part of the group of ACs that are activated by calcium
through calmodulin (Masada et al., 2012). Additional regulatory
properties of AC1 include inhibition by Gαi/o and Gβγ subunits of
G proteins and activation by Gαs and the small molecule forskolin
(Brust et al., 2017; Dessauer et al., 2017). AC1 has also been
shown to undergo Gαi/o-coupled receptor-mediated
superactivation (Cumbay and Watts, 2001; Brust et al., 2015;
Brust et al., 2017). The expression pattern of AC1 is consistent
with the physiological functions that have been associated with
this AC isoform. AC1 transcripts are found in the dorsal root
ganglion (DRG), spinal cord, and anterior cingulate cortex
(ACC), and a role for this cyclase in pain and nociception has
been suggested (Wei et al., 2006; Xu et al., 2008; Johnson et al.,
2020). In fact, AC1 knockout (KO) mice display a reduction in
typical behaviors that are induced by inflammatory and
neuropathic pain, compared to wild-type mice (Wei et al.,
2002; Vadakkan et al., 2006; Xu et al., 2008). These studies
encouraged the pursuit and discovery of novel compounds
that can selectively inhibit AC1 activity as potential novel
pain-relieving therapeutics (Brand et al., 2013; Brust et al.,
2017; Kaur et al., 2018).

AC1 transcripts are also found in the hippocampus, a brain
region linked to learning and memory (Wong et al., 1999).
Notably, AC8, another calcium/calmodulin-activated isoform,
is also highly expressed in the hippocampus (Wang et al.,
2003; Dessauer et al., 2017). Previous studies with single and
double AC1/AC8 KO mice have indicated that some functions of
AC1 and AC8 related to learning and memory are redundant
(Wong et al., 1999). Specifically, AC1/AC8 double KO mice
display impaired long-term memory in contextual learning
and passive avoidance assays, whereas individual KO of each
isoform separately results in wild-type-like behaviors (Wong
et al., 1999). However, each isoform also appears to have
specific functions. While less severe deficits are observed in
AC1-KO mice compared to the AC1/AC8 double KO, the
former still displays reduced long-term potentiation (LTP) in
the hippocampus and impairments in certain recognition
memory as well as spatial and avoidance learning tasks (Shan
et al., 2008; Zheng et al., 2016). Those studies highlight the
importance of selectivity for AC1 inhibition versus AC8 for a
novel compound to treat pain, but do not exclude the possibility
of adverse effects that may result from selective AC1 inhibition in
the hippocampus.

We have recently reported the discovery of ST034307, a small
molecule inhibitor of AC1 that is selective for AC1 inhibition
versus all other membranous AC isoforms, including AC8 (Brust
et al., 2017). Our previous study focused on the characterization
of ST034307 at the molecular level, showing that the compound is
a potent, highly selective, and direct AC1 inhibitor. Moreover,
ST034307 was also analgesic in a mouse model of Complete
Freund’s Adjuvant (CFA)-induced allodynia (Brust et al., 2017).
The present study represents a pre-clinical study with ST034307
to determine the potential of this class of compounds as novel
analgesic agents. We compared the compound with morphine in
mouse models of pain-induced and pain-depressed behaviors and
also showed that the compound appears to be restricted to the
periphery following subcutaneous injections and reduces cAMP

concentration in mouse DRG. Further, we showed that ST034307
does not induce analgesic tolerance or cross-tolerance with
morphine. Finally, we expanded our previous mechanistic
findings by modeling how the interaction of ST034307 with
AC1 happens, this may aid future medicinal chemistry studies
pursuing selective modulators of AC1.

2 MATERIALS AND METHODS

2.1 Experimental Design
The main goal of the present study was to determine the potency
and efficacy of the AC1 selective inhibitor ST034307 in mouse
models of pain and innate behavior. Male mice were used as
research subjects and sample sizes for the different experiments
were determined using power analyses from preliminary
experiments following the guidelines of Palm Beach Atlantic
University’s Institutional Animal Care and Use Committee
(IACUC) to attempt to minimize the numbers of animals
used. Instances where the number of animals per group vary
in an experiment were the result of additional animals being
required for proper blinding when a drug dose was added. All
animals were randomized to treatments and experimenters
performing behavioral measurements and injections were
blinded to all compound treatments and doses.

2.2 Materials
ST034307 (6-Chloro-2-(trichloromethyl)-4H-1-benzopyran-4-
one) was purchased from Tocris Bioscience and morphine
sulphate from Spectrum Laboratory Products. Acetic acid,
lactic acid, Tween 80, and formaldehyde were from Sigma-
Aldrich. Dimethyl sulfoxide (DMSO) and 0.9% sterile saline
were from Fisher Scientific. ST034307 and morphine were
prepared in a vehicle consisting of dimethyl sulfoxide
(DMSO), Tween 80, and milli-Q water (1:1:8). Specifically,
ST034307 was first dissolved in DMSO and sonicated in a
50°C water bath for 15 min. Next, Tween 80 was added, the
solution was vortexed, and the sonication was repeated. Warm
(37°C) milli-Q water was added and the solution was vortexed
immediately before injections. While morphine is also soluble in
aqueous solutions, such as saline, we chose to dilute it in the same
vehicle as ST034307 to avoid having to add an additional vehicle
control condition to our experiments. These procedures reduced
the number of animals required in all in vivo experiments
performed in the study. Acetic acid, lactic acid, and formalin
were diluted in 0.9% sterile saline.

2.3 Study Approval
All experimental procedures involving mice adhered to the
National Institutes of Health Animal Care guidelines and were
approved by Palm Beach Atlantic University’s IACUC (West
Palm Beach, FL—protocol number 2020-01AMOUSE approved
on 10 January 2020).

2.4 Animals
Male C57BL/6J mice were purchased from Charles Rivers
Laboratories. This particular strain is commonly used in
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studies related to analgesic agents (Brust et al., 2016; Grim et al.,
2020; Pantouli et al., 2021) and provides a way of comparing the
activity of ST034307 with other compounds, given that morphine
was used as a positive control. AC1-KO mice were created as
previously described and propagated using homozygous breeding
using the C57BL/6J background (Zheng et al., 2016). Mice were
housed in groups (2-5 per cage) in cages covered with filter tops
(micro barrier top from Allentown), in a temperature-controlled
room under a 12-h light/dark cycle. Animals had ad libitum
access to water and food, as well as nesting material made from
pulped virgin cotton fiber (nestlets from Lab Supply) for
enrichment. Corn cob bedding (1/4”) was used for bedding.
Mice between 2 and 5 months of age were used for
experiments and were dosed subcutaneously with 10 μl/g of
ST034307, morphine, or vehicle solutions. After each
experiment, mice were humanely euthanized via cervical
dislocation under isoflurane anesthesia (open drop method).

2.5 Formalin-Induced Paw Licking
The formalin-induced paw licking assay was conducted similarly
to previously described (Pantouli et al., 2021). Briefly, mice were
acclimated to clear testing cylinders for 45 min. Next, mice were
injected subcutaneously with compounds or vehicle solutions and
returned to acrylic cylinders for 15 min. Mice were then injected
into their right hind paw with 25 μl of 5% formalin using a 25 μl
Hamilton syringe and a 30-gauge needle. Mice were immediately
returned to the testing cylinders, and paw licking time was
recorded in 5-min intervals for 40 min. The experiment was
divided into two different phases. The first represents the time
spent licking between 0 and 10 min, the second represents the
time spent licking between 16 and 40 min.

2.6 Acid-Induced Writhing
For the acid-induced writhing assay, mice were acclimated to
clear testing cylinders for 45 min. Next, mice were injected
subcutaneously with compounds or vehicle solutions and
returned to acrylic cylinders for 15 min. Mice were then
injected intraperitoneally with 0.75% acetic acid (10 μl/g),
returned to the testing cylinders, and the number of
abdominal constrictions (stretching movements of the body as
a whole, including the hind paws) was counted in 5-min intervals
for 30 min as previously described (Tarselli et al., 2011). For the
tolerance assay, mice were injected subcutaneously with either
100 mg/kg morphine or 30 mg/kg ST034307 (solubility issues
prevented the use of higher doses) once a day for four or 8 days.
Three hours after the last injection at day four or day eight, acid-
induced writhing assays were performed.

2.7 Nesting
The mouse nesting assay was adapted from methods previously
described (Negus et al., 2015). Mice were single housed and
acclimated to their new home cage for 3 days. During the
following 3 days, mice underwent one nesting session (as
described below) per day to acclimate them to handling, the
experimental procedure, and the testing room. The last
acclimation session included a subcutaneous injection (for
compound-inhibited nesting) or a subcutaneous injection and

an intraperitoneal injection (for acid-depressed nesting) with
0.9% saline. On the day after the third acclimation session,
mice were injected subcutaneously with compounds or vehicle
and returned to their respective home cages for 10 min.Mice were
transferred to a transfer cage (<1 min) and nestlets we placed in
each of the 6 different zones of the home cage as previously
described (Negus et al., 2015). Mice were either returned to their
home cages (compound-inhibited nesting) or injected
intraperitoneally (10 μl/g) with 1% lactic acid (acid-depressed
nesting) and returned to their home cages for nesting periods.
Nesting was scored as the number of zones cleared over time.

2.8 Pharmacokinetic Studies
The disposition of ST034307 was studied in male C57BL/6J mice
following a single subcutaneous injection (10 mg/kg). Mice were
humanely euthanized via decapitation under isoflurane
anesthesia (open drop method). Subsequently, brain and blood
samples were collected at 5-, 25-, 45-, 60-, 120-, and 240-min
post-injection. Blood was centrifuged, plasma collected and
stored at −80°C. The analyses of the samples were conducted
in the Drug Metabolism and Pharmacokinetics Core at Scripps
Research. Brain samples were homogenized with water to
form a slurry. ST0304307 was extracted from plasma and
brain slurry on solid-supported liquid-liquid extraction
cartridges (HyperSep™, SLE, 1 g/6 ml, Thermo Scientific)
and the resultant extract was assayed for ST034307 by
tandem mass spectroscopy coupled to HPLC (SCIEX 6500).
The lowest limits of quantitation were 10 ng/ml (34 nM) and
6 ng/ml (20 nM) for plasma and brain, respectively. A plot of
plasma ST0304307 concentration versus time was constructed
and analyzed for non-compartmental pharmacokinetic
parameters - half-life, volume of distribution and clearance
(Phoenix, Pharsight, Certara Inc.).

2.9 Cyclic AMP Production in Mouse DRG
Male C57BL/6J mice were injected subcutaneously with 10 mg/kg
ST034307 or vehicle. Mice were humanely euthanized via
decapitation under isoflurane anesthesia (open drop method)
90 min after the injection. DRGs (approximately C5 to L3) were
dissected as previously described (Sleigh et al., 2020), frozen in
liquid N2, and stored in a −80°C freezer until used. On assay day,
DRGs from a ST034307-injected mouse and its vehicle-matched
control were thawed on ice. Membrane buffer (50 mM HEPES,
pH 7.4) was added and samples were homogenized using a tissue
tearor. Next, samples were subjected to glass-on-glass dounce
homogenization. Homogenates were centrifuged at 500 x g for
5 min at 4°C. The supernatant was collected and centrifugation
was repeated until no visible pellet remained. Homogenates were
plated in a low-volume 348 well plate at a protein concentration
of 100 ng/well. Stimulation buffer (final well concentrations:
50 mM HEPES pH 7.4, 10 mM MgCl2, 0.2 mM ATP, 10 uM
GTP, 1% DMSO, 50 mM NaCl, 500 μM 3-isobutyl-1-
methylxanthine, and 0.5 mg/ml bovine serum albumin) was
added and the plate was incubated at room temperature for
45 min. cAMP concentrations were measured using Cisbio’s
dynamic 2 kit (Cisbio Bioassays) according to the
manufacturer’s instructions.
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2.10 Molecular Docking
2.10.1 Construction of the AC1 Model
The AC1 model was constructed through ab-initio and threading
methods on I-Tasser server, considering as input the sequences
Phe291-Pro478 and Leu859-1058, registered under the
UniProtKB ID Q08828 (Yang and Zhang, 2015; UniProt,
2021). The globular domain regions were identified using both
Pfam and UniProtKB feature viewer, being selected for further
refining (Mistry et al., 2021). Local sequence alignments with
NCBI’s BLAST+ were made between the Q08828 and those from
Protein Data Bank (PDB) deposited structures to find
experimentally solved structures with magnesium ions, ATP,
and Gαs on their respective sites (Altschul et al., 1990; Berman
et al., 2002). Thus, using molecular superpositions on VMD 1.9.3,
the cofactors and ligands were extracted from the structure
registered as 1CJK on PDB, while Gαs was extracted from the
structure registered as 6R3Q, and positioned into the AC1 model
(Humphrey et al., 1996). MODELLER 9.25-1 was then used to
run 100 cycles of structural optimizations with molecular
dynamics, simulated annealing, and conjugated gradient (Sali
and Blundell, 1993). The generated structures were ranked by
DOPE-Score and the best model was selected. To verify the
structural quality of the best AC1 model built, the structure
was submitted to the SAVES server, where two programs were
selected, PROCHECK (Supplementary Figures. S1–S3) and
VERIFY 3D (Supplementary Figure S4), and to the Swiss-
PROT server, using QMEANDisCo algorithm (Supplementary
Figure S5) (Colovos and Yeates, 1993; Laskowski et al., 1993;
Studer et al., 2020).

2.10.2 Preparation of the ST034307 Structure
ST034307 was constructed and optimized with the HF/6-31G(d)
level of theory using the SPARTAN′16 program
(Wavefunction, Inc.).

2.10.3 Docking Using GOLD 2020.3.0 (Genetic
Optimization for Ligand Docking)
The molecular docking simulation using the GOLD program was
carried out using automatic genetic algorithm parameters settings
for the population size, selection-pressure, number of islands,
number of operations, niche size, and operator weights
(migration, mutation, and crossover) (Jones et al., 1997). The
search space was a 40 Å radius sphere from the 66.215, 105.567,
and 81.040 (x, y, and z axes, respectively) coordinates. The scoring
function used was ChemPLP, which is the default function for the
GOLD program. Thus, the pose with the most positive score (the
best interaction) was extracted for further analysis.

2.10.4 Docking Using AutoDock Vina 1.1.2
The PDBQT-formatted files for the AC1 model and ST034307
structure were generated using AutoDock Tools (ADT)
scripts (Trott and Olson, 2010). Using the AutoDock Vina
program, the grid size was set to 65.172 Å × 77.050 Å ×
73.559 Å for x, y, and z axes, respectively, and the grid
center was chosen using 66.215 (x), 105.567 (y), and 81.040
(z) as coordinates. Each docking run used an exhaustiveness
setting of 16 and an energy range of 3 kcal/mol. Consequently,

the pose with the lowest energy was extracted for interaction
analysis.

2.11 Data and Statistical Analyses
All statistical analyses were carried out using GraphPad Prism 9
software (GraphPad Software Inc.). Data normalization and
nonlinear regressions were carried out similarly to previously
described (Grim et al., 2020). For normalizations (representing a
rescaling of the Y axis for enhanced clarity), the maximal possible
effect was set as 100% (zero for formalin-induced paw licking and
acid-induced writhing, and five for acid-depressed nesting) and
the response to vehicle’s average as 0%. For compound-inhibited
nesting, the response from vehicle’s average was defined as 100%
and zero to 0%. Normalized data was fitted to three-parameter
nonlinear regressions with the top constrained to 100% and the
bottom to 0% (except for the cases where ST034307 did not reach
a full response, where no top constrain was set—Figure 2C,
Figure 3F). The constrains were done in order to reduce the
number of animals used in the experiments and based on the
assumption that lower compound doses would not cause an effect
lower than the effect of vehicle and the fact that each experiment
performed has a ceiling effect (e.g., the lowest amount of time a
mouse can lick its paw is zero). All statistical analyses of mouse
behavioral responses were performed using raw experimental
data (without normalization). For the DRG studies, a matched
vehicle control was included with each experiment and cAMP
concentration was normalized to that control. Therefore, a one
sample T test was carried out to compare the normalized values
obtained from mice injected with ST034307 with 100%. T tests
with Welch’s correction were used for comparisons between
genotypes, one-way ANOVAs for comparisons within groups,
and two-way ANOVAs for time-course evaluations. All
ANOVAs where F achieved a statistical level of significance
(p < 0.05) were followed by Dunnett’s corrections and
significance was set at a p < 0.05.

3 RESULTS

3.1 ST034307 Relieves Inflammatory Pain,
but Not Acute Nociception in Mice
We have previously shown that intrathecal administration of
ST034307 relieves CFA-mediated allodynia in mice (Brust et al.,
2017). Here, we used intraplantar formalin injections to the
mice’s right hind paws and compared the potency of
ST034307 with that of morphine (both administered
subcutaneously) for diminishing acute nociception and
relieving inflammatory pain. The time spent tending to
(licking) the injected paw was recorded (Figures 1A,B). As
indicated by previous studies using AC1-KO mice (Wei et al.,
2002), only morphine caused a significant reduction in acute
nociception, with an ED50 value equal to 5.87 mg/kg [95% CI 0.44
to 8.96] (Figure 1C—sum of measurements recorded between 0
and 10 min). No significant effect was observed with ST034307.
In contrast, both compounds significantly reduced formalin-
induced paw licking in the inflammatory pain phase of the
model compared to vehicle and had ED50 values equal to
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6.88 mg/kg [95% CI 0.85 to 14.05] and 1.67 mg/kg [95% CI 0.35
to 2.43] for ST034307 and morphine, respectively (Figure
1D—sum of measurements recorded between 16 and 40 min).

Consistent with the results from wild-type mice, AC1-KO
mice did not present a reduction of licking during the acute
nociception phase of the experiment compared to wild-type mice
(p = 0.2089 in unpaired t test–Figure 1E). In addition, while
morphine relieved acute nociception in AC1-KO mice (p <
0.0001 in one-way ANOVA), no effects were observed with
ST034307 (Figure 1E). In contrast, AC1-KO mice displayed a
significant reduction of licking in the inflammatory phase of the
model, compared to wild-type mice (p < 0.001 in unpaired
t test–Figure 1F). That reduction was similar to the effect
30 mg/kg ST034307 had in wild-type mice. No effects were

observed from a dose of 30 mg/kg ST034307 in AC1-KO mice.
Morphine (10 mg/kg) had a small effect in the inflammatory
phase, but it was not significantly different from vehicle (p = 0.087
in one-way ANOVA–Figure 1F).

3.2 ST034307 Relieves Visceral Pain and
Does Not Induce Analgesic Tolerance in
Mice
Visceral pain was induced by an intraperitoneal injection of
0.75% acetic acid. The number of abdominal stretches
(writhing) the mice performed over a period of 30 min was
recorded (Figures 2A,B). Both ST034307 and morphine
significantly reduced acid-induced writhing in this model with

FIGURE 1 | ST034307 relieves inflammatory pain in mice. (A) Different doses of ST034307 reduce paw licking behavior caused by an intraplantar injection with 5%
formalin. (B) Different doses of morphine reduce paw licking behavior caused by an intraplantar injection with 5% formalin. (C) Dose-response curves of the sum of time
spent licking the paw during the first 10 min of the graphs in (A) and (B). Vehicle’s response was set as 0% and the maximal possible effect (0) to 100%. (D) Dose-
response curves of the sum of time spent licking the paw during the period in betweenminute 16 andminute 40 of the graphs in (A) and (B). Vehicle’s response was
set as 0% and themaximal possible effect (0) to 100%. (E) Reduction of time spent licking the injected paw in wild-type (WT) and in AC1-KOmice treated with vehicle (V),
30 mg/kg ST034307 (S), or 10 mg/kg morphine (M) during the first 10 min of the experiment. (F) Reduction of time spent licking the injected paw in wild-type (WT) and in
AC1-KOmice treated with vehicle (V), 30 mg/kg ST034307 (S), or 10 mg/kgmorphine (M) during the period in betweenminute 16 andminute 40 of the experiment. For E
and F vehicle’s response in wild-type mice was set to 0% and zero to 100%. Data in all graphs represent the average ±S.E.M., N = 6–8. ****p < 0.0001 in one-way
ANOVA with Dunnett’s test.
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ED50 values equal to 0.92 mg/kg [95% CI 0.15 to 4.41] and
0.89 mg/kg [95% CI 0.40 to 1.52], respectively (Figure 2C).
However, ST034307 did not reach full efficacy at doses up to
30 mg/kg. Similarly, AC1-KO mice also only showed a partial
reduction of acid-induced writhing in this model, compared to
wild-type mice (p < 0.001 in unpaired t test, Figure 2D). This
response was not enhanced by 10 mg/kg ST034307, but 3 mg/kg
morphine caused a significant reduction of acid-induced writhing
in AC1-KO mice (p < 0.01 in one-way ANOVA—Figure 2D).

Mice treated chronically with morphine display analgesic
tolerance. Tolerance is expressed through the gradual loss in
efficacy of a compound’s dose over time (Raehal et al., 2011).
After 4 days of daily subcutaneous injections with 100 mg/kg
morphine, the efficacy of a 3 mg/kg dose of morphine decreased
by nearly half (Figure 2E). At day eight, morphine’s efficacy was
nearly 20% of its initial response (Figure 2E). In contrast, daily
subcutaneous injections with 30 mg/kg ST034307 (highest dose
we were able to inject chronically due to solubility) caused no
decrease in the analgesic efficacy of a 10 mg/kg ST034307 dose at
day four or day eight (Figure 2E). Notably, no cross-tolerance
was developed between the two compounds (Figure 2F). Mice
treated daily with 100 mg/kg morphine were still fully responsive
to 10 mg/kg ST034307 at days four and eight; and mice treated

daily with 30 mg/kg ST034307 were also fully responsive to
3 mg/kg morphine at days four and eight (Figure 2F).

3.3 ST034307 Promotes Analgesia in the
Absence of Disruptions in the Mouse
Nesting Model
Nesting is an innate mouse behavior that can be disrupted by a
number of different stimuli (Negus et al., 2015). Drugs, stress, and
pain can all impede normal nesting behavior, making the model
appropriate for detecting possible adverse reactions (Negus,
2019). In the experiment, nesting material (nestlets) was
placed in six different zones of a mouse’s cage. As the mouse
makes its nest, it gathers all nestlets in a single zone (Negus et al.,
2015). We measured the numbers of zones cleared over time.
ST034307 did not disrupt nesting behaviors at doses up to
30 mg/kg compared to vehicle (Figure 3A). Morphine, on the
other hand, caused a robust reduction of nesting behavior at
3 mg/kg (Figures 3B—two-way ANOVA, p < 0.001 and p <
0.01 at 30 and 60 min, respectively). Morphine’s disruption of
nesting behavior at the last time-point of the experiment resulted
in an ED50 equal to 3.04 mg/kg [95% CI 1.16 to 11.32]
(Figure 3C).

FIGURE 2 | ST034307 relieves visceral pain in mice. (A) Different doses of ST034307 reduce the number of abdominal constrictions caused by an intraperitoneal
injection with 0.75% acetic acid; N = 8–10. (B) Different doses of morphine reduce the number of abdominal constrictions caused by an intraperitoneal injection with
0.75% acetic acid; N = 8–10. (C)Dose-response curves of the total number of abdominal constrictions from the graphs in (A) and (B). Vehicle’s response was set as 0%
and themaximal possible effect (0) to 100%. (D)Reduction of the total number of abdominal constrictions in wild-type (WT) and in AC1-KOmice treated with vehicle
(V), 30 mg/kg ST034307 (S), or 10 mg/kg morphine (M). Vehicle’s response in wild-type mice was set as 0% and zero to 100%; N = 5. (E)Mice were injected daily with
30 mg/kg ST034307 or 100 mg/kg morphine and on day four or eight acid-induced writhing assays were performed. Mice that chronically received morphine displayed
a decrease in efficacy of 3 mg/kg morphine on days four or eight, compared to a group of mice that received vehicle plus 3 mg/kg morphine on day zero. Mice that
chronically received ST034307 did not display any changes in efficacy of 10 mg/kg ST034307; N = 5. (F) Mice were injected daily with 30 mg/kg ST034307 or
100 mg/kg morphine and on day four or eight acid-induced writhing assays were performed. Mice that chronically received morphine did not display any changes in
efficacy with 10 mg/kg ST034307. Mice that chronically received ST034307 did not display any changes in efficacy with 3 mg/kg morphine; N = 5. Data in all graphs
represent the average ±S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001 in one-way ANOVA with Dunnett’s test.
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As pain can also disrupt nesting behavior, we next tested
whether ST034307 could recover nesting in mice that were
treated with 1% lactic acid intraperitoneally. Lactic acid
treatment caused a profound reduction in nesting behavior
(Figures 3D,E). Mice that were treated with 3, 10, or
30 mg/kg ST034307 displayed a significant increase in nesting
behavior compared to vehicle-treated animals (Figure 3D). For
morphine, 0.3 and 1 mg/kg caused a significant recovery of
nesting behavior during the assay, while 0.1 and 3 mg/kg did
not (Figure 3E). ST034307s recovery of nesting behavior at the
last time-point of the experiment resulted in an ED50 equal to
1.45 mg/kg [95% CI 0.22 to 4.93] (Figure 3F). As the 3 mg/kg
dose of morphine depressed mouse nesting, an ED50 value was
not calculated for the compound (Figure 3E). The ED50 value and
partial response of ST034307 in this experiment are consistent
with what was observed in the acid-induced writhing assay
(Figure 2C).

3.4 ST034307 Reduces cAMP
Concentration in Mouse DRG
Given the positive results from the nesting experiments, we
decided to determine the concentrations of ST0340307 in
plasma and brain of mice at different timepoints following a
subcutaneous injection with a dose of 10 mg/kg (Figure 4A). A
plasma concentration of 0.44 (±0.08) μM was observed
immediately following the injection at 5 min. A sharp peak
was present 60 min after the injection at 1.82 (±0.39) μM and

after 90 min the plasma concentration dropped back to levels
similar to the levels before the peak (0.33 μM± 0.09). The half-life
of ST0304307 was determined to be approximately 161 (±88)
minutes and the compound was rapidly cleared (CL/F) from the
body at a rate of 305.04 (±22.63) ml/min. ST0304307 may be
highly tissue bound as its volume of distribution (V/F) of 1619
(±790) ml is much greater than the total body water volume
(14.5 ml) of a 24 g (average weight) mouse (Davies and Morris,
1993). This type of distribution may also indicate extensive red

FIGURE 3 | ST034307 rescues acid-depressed mouse nesting behavior. (A) ST034307 did not reduce mouse nesting behavior at doses up to 30 mg/kg. (B) At a
dose of 3 mg/kg, morphine significantly reduced mouse nesting behavior at 30 and 60 min after nesting measurements were started. (C) Dose-response curves of the
last experimental timepoints the graphs in (A) and (B). Vehicle’s response was set as 100% and the maximal possible effect (0) to 0%. (D) and (E) 3 mg/kg, 10 mg/kg,
and 30 mg/kg ST034307 and 0.3 mg/kg and 1 mg/kg morphine significantly rescued mouse nesting behavior that was reduced by an intraperitoneal injection of
1% lactic acid. (F) Dose-response curves of the last experimental timepoints from the graphs in (D) and (E). Vehicle’s response was set as 0% and the maximal possible
effect (5) to 100%. Data in all graphs represent the average ±S.E.M., N = 6–8. *p < 0.05, **p < 0.01, ***p < 0.001 in two-way ANOVA with Dunnett’s test.

FIGURE 4 | ST034307 plasma concentration peaks at 60 min after
subcutaneous injection and reduces cAMP concentration in the DRG. (A)
Plasma ST0304307 concentration versus time profile after a single 10 mg/kg
subcutaneous injection in mice. N = 2,3. (B) A 10 mg/kg subcutaneous
injection of ST034307 causes a reduction in cAMP concentration in the DRG
of mice. DRG were dissected 90 min after injection. Data was normalized to
respective matched vehicle-injected controls. N = 6. **p < 0.01 in one sample
T test compared to 100%.
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blood cell uptake. To our surprise, none of the timepoints
measured resulted in detectable levels of ST034307 in the
brains of those mice.

As we were unable to detect ST034307 in mouse brain and
AC1 is expressed in the DRG, we decided to determine if a
subcutaneous injection of 10 mg/kg ST034307 would cause a
reduction in cAMP concentration in mouse DRG. A 10%
reduction in cAMP concentration was observed in the DRG of
ST034307-injected mice in comparison to vehicle-matched
controls (Figure 4B).

3.5 ST034307 Interacts With the Interface of
C1a and C2a Domains of AC1
In order to determine the binding interaction of ST034307 with
AC1, we constructed a molecular model of AC1. The results of
PROCHECK’s Ramachandran regions (Supplementary Figure
S1), main-chain (Supplementary Figure S2), and side-chain
parameters (Supplementary Figure S3), as well as VERIFY
3D (Supplementary Figure S4), and QMEANDisCo
(Supplementary Figure S5) analyses indicated that the AC1
model was structurally valid to further computational studies.
Thus, to predict the binding mode of ST034307 to AC1, we
carried out molecular docking simulations using two programs,
GOLD 2020.3.0 and Autodock Vina 1.1.2 (Jones et al., 1997; Trott
and Olson, 2010). Although these programs present differences
concerning their search algorithm and scoring function, the best-
predicted poses resulting from the different programs showed
similar binding modes (RMSD = 2.35Å) into the AC1 model

(Figure 5A). The binding site was located into a cavity adjacent to
the ATP binding pocket and between domains C1a and C2a, at
the catalytic site interface. The best predicted pose for ST034307
presents a chemPLP score of 49.36 a. u, using the GOLD software,
showing a hydrogen bond with the amine group from the side
chain of Lys920 (C2a), and steric interactions with Phe306,
Leu350, Cys353, Tyr355, Asp417, Val418, Trp419, Val423,
Asn427, and Glu430 from C1a and with Lys920 and Ile922
from C2a (Figure 5B; Supplementary Figure S6A). Using
Autodock Vina, the best-predicted pose for ST034307 presents
an interaction energy value of −6.9 kcal/mol, showing only steric
interactions with Phe306, Leu350, Cys353, Tyr355, Asp417,
Val418, Trp419, Ser420, Val423, Thr224, and Asn427 from
C1a and with Lys920 and Ile922 from C2a (Figures 5C;
Supplementary Figure S6B).

4 DISCUSSION AND CONCLUSION

Previous studies using AC1-KO mice have indicated that
inhibition of AC1 could be a new strategy to treat pain and
opioid dependence (Wei et al., 2002; Vadakkan et al., 2006; Xu
et al., 2008; Zachariou et al., 2008; Luo et al., 2013). Inspired by
those studies, we discovered and characterized ST034307 (Brust
et al., 2017). The compound displayed remarkable selectivity for
inhibition of AC1 vs. all other membrane-bound AC isoforms.
And while our previous manuscript focused on the molecular
characterization of ST034307, we also showed that the compound
relieves pain in a mouse model of CFA-induced allodynia (Brust

FIGURE 5 | Prediction of the interaction between AC1 and ST034307. (A) Cartoon representation of the AC1model, showing its catalytic domain (C1a, in red, and
C2a, in green) complexed to Gαs (in blue), ST034307 (in cyan or purple), ATP (in yellow), and two magnesium ions (Mg2+, in green). Predicted poses of ST034307, using
Gold (B) and Autodock Vina (C) programs, presenting hydrogen-bond (interrupted purple line) and steric interactions. The AC1 residue structures are shown as ball and
stick models, ST034307 and ATP as stick models, and Mg2+ ions as sphere models using UCSF Chimera program (Pettersen et al., 2004). All the structures are
colored by atom: the nitrogen atoms are shown in blue, the oxygen atoms in red, the chlorine atoms in green, the hydrogen atoms in white, and the carbon chain in gray,
cyan, or purple. Non-polar hydrogens have been omitted for clarity.
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et al., 2017). Here, those findings were expanded in multiple
different ways.

First, we focused on the activity of the compound in two
different models of pain-induced behaviors. In the first,
intraplantar injections with formalin to the hind paws of the
mice induce a paw licking behavior that is reflective of pain
(Tjolsen et al., 1992). The experiment is divided into two distinct
phases. The first phase, which includes the first 10 min, represents
chemical nociception due to the action of formalin on primary
afferent nerve fibers (Mcnamara et al., 2007). ST034307 had no
effects on that phase of the experiment (Figure 1C). This is
consistent with our results with AC1-KO mice (Figure 1E) and
with a previous study that showed that AC1-KOmice do not have
increased thresholds to thermal, mechanical, or chemical acute
nociception compared to wild-type mice (Wei et al., 2002).
Morphine, in contrast, reduced chemical nociception in both
wild-type and AC1-KO mice in a manner that is consistent with
the activation of the mu opioid receptor (MOR). Activation of the
MOR induces inhibition of AC isoforms as well as modulation of
ion channels through Gβγ subunits (Raehal et al., 2011). MOR-
induced activation of G protein-coupled inwardly rectifying
potassium channels (GIRK) and inhibition of voltage-gated
calcium channels induces neuronal hyperpolarization and a
reduction of neurotransmission that is consistent with
morphine’s effects on acute nociception assays (Raehal et al.,
2011).

The formalin-induced paw licking behavior between minutes
16 and 40 is believed to be caused by the development of an
inflammatory reaction that induces nerve sensitization (Woolf,
1983; Tjolsen et al., 1992; Negus, 2019). This process involves the
strengthening of synaptic connections through LTP and requires
cAMP (Ferguson and Storm, 2004; Latremoliere and Woolf,
2009; Sharif-Naeini and Basbaum, 2011; Zhuo, 2012). As
expected, ST034307 caused a reduction in licking behavior
during that phase. A reduction of formalin-induced paw
licking during that phase was also observed in AC1-KO mice
compared to wild-type animals. These data are consistent with
previous work showing that AC1-KO mice have an increased
threshold to inflammatory pain and indicate a possible use of
selective AC1 inhibitors to treat this type of pain (Wei et al.,
2002). As previously reported, morphine was also efficacious in
this model (Pantouli et al., 2021). Morphine’s higher potency in
this phase of the experiment compared to its potency for reducing
chemical nociception may be explained by the combination of the
MOR’s effects on G proteins, namely inhibition of ACs and
activation of GIRK.

Next, we showed that ST034307 decreases the number of
abdominal constrictions (writhing) in mice injected
intraperitoneally with acetic acid. Intraperitoneal injections
with irritant agents cause peritovisceral pain and previous
studies suggest that all analgesics can reduce writhing in this
model (Collier et al., 1968; Negus, 2019). In contrast to morphine,
ST034307 did not result in the maximal possible effect in this
experiment, an outcome that was mimicked by AC1-KO mice.
This partial response allowed us to further confirm that the effect
of ST034307 in this model was through AC1 inhibition, as
morphine, but not ST034307, further reduced the number of

acid-induced abdominal constrictions in AC1-KO mice
(Figure 2D).

The use of analgesic agents often requires chronic dosing,
which may last days, months, or even years depending on the
patient’s condition. Unfortunately, chronic analgesic dosing may
lead to analgesic tolerance (Stein, 2016). Opioid tolerance is well
documented in humans and rodents, and results in a loss of
analgesic efficacy over time (Raehal et al., 2011; Stein, 2016; Grim
et al., 2020). At the molecular level, it has been proposed that
opioid tolerance is caused by agonist-induced recruitment of
βarrestins to the MOR. βarrestins induce receptor internalization
(removal from the membrane) and, therefore, reduce the pool of
available receptors for opioid action (Raehal et al., 2011). As
ST034307 acts as an inhibitor of AC1, themechanisms commonly
linked to tolerance (receptor downregulation) should not be
present. Consistently, we did not observe any tolerance to a
high daily dose of ST034307 for up to 8 days in the mouse
acid-induced writhing assay. This is in contrast to morphine,
which displayed a marked reduction of analgesic efficacy,
consistent with analgesic tolerance. As the two compounds act
through different mechanisms (though the MOR inhibits AC1)
(Brust et al., 2017), there was no observable development of cross-
tolerance.

Paw licking and abdominal constrictions are examples of
pain-stimulated behaviors. While useful in pain studies, a
reduction of these behaviors may not necessarily indicate pain
relief. Compounds that induce paralysis, sedation, or
stimulate a competing behavior, for instance, can still cause
a marked reduction of behavior in those experiments, but are
not necessarily relieving pain (Negus et al., 2015; Negus,
2019). Therefore, we have employed the pain-depressed
behavior of nesting as another method to determine the
analgesic efficacy of ST034307. Different types of stimuli
(such as pain, stress, and sedation) can cause disruptions of
mouse innate behaviors. Therefore, in order for a compound
to display pain relief in this model, it may not present
disruptive properties, as if it does, nesting behavior will be
further reduced (see the 3 mg/kg dose of morphine in Figures
3C,E) (Negus et al., 2015). ST034307 did not disrupt nesting
behavior at doses up to 30 mg/kg, indicating good tolerability
in this model. Furthermore, all doses that were effective at
relieving pain in the previous models, also significantly
recovered nesting behavior that was reduced by an
intraperitoneal injection of lactic acid (Figure 3D).
According to Negus (2019), the combination of the results
from our nesting experiments and our pain-stimulated
behavior experiments makes ST034307 (and possibly other
AC1-selective inhibitors) a “high-priority” analgesic
compound for “further testing” (Negus, 2019).

While the nesting experiments provide a measure of safety,
studies describing the full spectrum of possible adverse reactions
that result from AC1 inhibition are still needed. The high
expression levels of AC1 in the hippocampus suggests that the
initial focus of these studies should be on learning and memory.
ST034307 is selective for AC1 vs. AC8. Nevertheless, AC1-KO
mice still display impaired performance in certain learning and
memory tasks (Shan et al., 2008; Zheng et al., 2016; Brust et al.,
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2017). The use of a pharmacological agent will allow us to
determine if those effects are a result of developmental issues
(as AC1 expression is important for synaptic plasticity and
development) (Haupt et al., 2010; Wang et al., 2011) or if
there is an acute dose-dependent effect. If ST034307 is to be
used for those experiments, intrathecal or intracerebroventricular
injections will be required to ensure that the compound reaches
the brain. The development of chronic adverse effects, other than
analgesic tolerance, should also be investigated. It is not expected
that AC1 inhibitors will be rewarding, but the current state of the
opioid crisis indicates that this should be tested experimentally,
and the effects of AC1 inhibitors on the release of dopamine in the
nucleus accumbens should also be assessed.

It is noteworthy that the current experiments were
performed with subcutaneous injections, instead of the
intrathecal injections from Brust et al., 2017. This allowed
us to determine the disposition of the compound in plasma
and brain. The plasma concentration of ST034307 peaked 1 h
after injection. Notably, we were unable to detect ST034307 in
the brain. Nevertheless, the disposition of this compound in
plasma indicates a wide distribution in the body and rapid
clearance resulting in relatively low concentrations compared
to the administered dose. These concentrations persist for at
least 4 h to account for the effects that are seen in these
experiments.

A recent study reported that the DRG is an important site
for the role AC1 plays in pain and nociception (Johnson et al.,
2020). This is related to the requirement of cAMP for central
sensitization (Ferguson and Storm, 2004; Zhuo, 2012).
Accordingly, we observed a reduction in cAMP
concentrations in the DRG of mice injected with ST034307
compared to vehicle-matched controls. It should be noted that
the DRG homogenates used in our experiments contain
different cell types in addition to the peripheral sensory
pain afferents, hence the relatively small reduction in
cAMP observed. In addition, the decrease in cAMP
concentration observed in the DRG does not prevent the
involvement of other sites not examined in the present
study in ST034307s effects. The fact that ST034307 appears
not to reach the brain also precludes the compound’s activity
in the hippocampus and makes it unlikely that this particular
compound, when administered subcutaneously, would cause
adverse effects related to learning and memory.

In the last set of data presented in the manuscript, the
interaction between ST034307 and AC1 was mapped using
molecular docking. Those results, achieved using two
different programs, suggest that ST034307 interacts at a
site located between the ATP and forskolin binding sites.
This binding site is located at the interface of the C1a and C2a
domains and is indicative of a mixed or uncompetitive
mechanism. The action of ST034307 is proposed to cause a
disruption of the structure of AC1’s catalytic domain and,
consequently, enzymatic inhibition. As our modeling showed
that ST034307 does not bind to the ATP binding site, it is
consistent with our previous findings that indicate that the
compound is not a P-site inhibitor (Brust et al., 2017;
Dessauer et al., 2017).

As encouraging as the data presented in the manuscript
appears, other compounds that looked promising in pre-
clinical models of pain have failed to translate to clinic
(Negus, 2019). While the nesting experiments account for
some adverse effects and competing behaviors that may
generate false positives, additional studies on ST034307 and
the class of AC1 inhibitors are still needed. Particular
attention should be devoted to possible impairments on
learning and memory as well as other models of pain that
reflect pain states that are different from the ones already
examined. Experiments with AC1 inhibitors that can reach the
brain are also desired. Nevertheless, the present work clearly
demonstrates a correlation between selective inhibition of AC1
and behaviors that are consistent with analgesia in mice. More
work is still needed to establish this class of compounds as novel
pain therapeutics; however, the present study represents an
important step that may signal that selective AC1 inhibitors
should be prioritized for further testing and advancement for
the treatment of pain.
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Strategies to safely target widely
expressed soluble adenylyl
cyclase for contraception

Jacob Ferreira, Lonny R. Levin* and Jochen Buck

Department of Pharmacology, Weill Cornell Medicine, New York, NY, United States

In humans, the prototypical second messenger cyclic AMP is produced by

10 adenylyl cyclase isoforms, which are divided into two classes. Nine isoforms

are G protein coupled transmembrane adenylyl cyclases (tmACs; ADCY1-9) and

the 10th is the bicarbonate regulated soluble adenylyl cyclase (sAC; ADCY10).

This review details why sAC is uniquely druggable and outlines ways to target

sAC for novel forms of male and female contraception.

KEYWORDS

cAMP, sperm motility, capacitation, fertility, adcy10, birth control

Introduction

Cyclic adenosine monophosphate (cAMP), the prototypical second messenger, is a key

player facilitating signal transduction throughout the bacterial and animal kingdoms. In

mammalian cells, cAMP-dependent signaling is involved in various biological processes

such as development, proliferation, and apoptosis via its various effectors, which include

Protein Kinase A (PKA), exchange proteins activated by cAMP (EPACs), and cyclic

nucleotide-gated channels (Bos, 2003; Kopperud et al., 2003; Kamenetsky et al., 2006;

Biel, 2009). With the recognition that this second messenger has many divergent roles,

oftentimes within a single cell type, it was appreciated that cAMP is compartmentalized into

discreet signaling microdomains. Microdomains are defined by a specific adenylyl cyclase

(AC) to produce cAMP and a phosphodiesterase (PDE) to degrade cAMP to prevent the

signal from impacting neighboring microdomains and to limit its duration (Scott et al.,

2013; Zaccolo et al., 2021). Thus, if one can selectively target the relevant microdomain, the

cAMP cascade provides a plethora of targets for treating diseases, including receptors

regulating AC activity, the ACs themselves, PDEs, and cAMP effector proteins. For example,

increasing cAMP signaling in a microdomain can be pharmacologically manipulated by

activating the appropriate AC or the receptor regulating it, or by inhibiting the relevant PDE.

Similarly, decreasing cAMP signaling can be accomplished by inhibiting theACor its receptor,

activating the PDE, or blocking the action of the specific cAMP effector. Many therapeutics

work via cAMP by modulating the hormone and neurotransmitter receptors regulating AC

activity (Sriram and Insel, 2018), and recently, a number of therapeutics directly elevate cAMP

within specific microdomains via isoform-selective PDE inhibitors (Baillie et al., 2019). In

contrast, there are no approved therapeutics targeting individual AC isoforms.

In humans, there are 10 genes encoding AC isoforms, ADCY1-10, which can be

divided into two classes (Figure 1): nine genes (ADCY1-9) encode transmembrane
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adenylyl cyclases (tmACs) while the most recently identified gene

(ADCY10) encodes the soluble adenylyl cyclase (sAC) (Buck

et al., 1999). The transmembrane adenylyl cyclases are regulated

by heterotrimeric G proteins and are responsible for cAMP

signaling downstream from hormones and neurotransmitters

modulating G protein coupled receptors (GPCRs). In contrast,

sAC has no predicted transmembrane domains, is not regulated

by heterotrimeric G proteins, and is localized to different parts of

the cell including the cytosol, mitochondria and nucleus (Zippin

et al., 2003). Originally, biochemical studies identified a soluble

AC activity, which was thought to be restricted to male germ cells

in the testis (Braun and Dods, 1975; Neer, 1978). Its activity first

appeared concurrently with the development of spermatids in

rats (Braun and Dods, 1975; Braun et al., 1977) and humans

(Gordeladze et al., 1982) and was present in testis fractions

enriched for spermatids (Braun et al., 1977; Gordeladze et al.,

1981). sAC activity is directly regulated by HCO3
− and Ca2+ ions

(Chen et al., 2000; Jaiswal and Conti, 2003; Litvin et al., 2003;

Kleinboelting et al., 2014), and its activity is sensitive to

physiologically relevant fluctuations in its substrate, ATP

(Zippin et al., 2013). Because it is molecularly and

biochemically distinct from other mammalian nucleotidyl

cyclases, sAC defines cAMP signaling cascades in mammalian

cells independent from the widely studied, hormone-responsive

tmACs (Kamenetsky et al., 2006; Tresguerres et al., 2011;

Wiggins et al., 2018). Consistent with its biochemical activity

profile, sAC is most abundantly expressed in male germ cells

(Buck et al., 1999; Sinclair et al., 2000); however, sAC is also

widely expressed at lower levels in somatic tissues (Buck et al.,

1999; Geng et al., 2005). sAC-generated-cAMP has many

functions that are distinct from tmAC-generated-cAMP

(Wiggins et al., 2018; Ostrom et al., 2022); including motility

and capacitation of sperm (Esposito et al., 2004; Hess et al., 2005;

Akbari et al., 2019; Balbach et al., 2021), and regulation of liver

inflammation and fibrosis (Wang et al., 2020), pH homeostasis

(Tresguerres et al., 2010), oxidative phosphorylation (Acin-Perez

et al., 2009; Di Benedetto et al., 2013; Lefkimmiatis et al., 2013),

lysosomal function (Rahman et al., 2016), ciliary beating

frequency (Schmid et al., 2007; Chen et al., 2014), glucose

homeostasis (Zippin et al., 2013; Holz et al., 2014), and

intraocular pressure (Lee et al., 2011; Gandhi et al., 2017).

Soluble adenylyl cyclase can be selectively
targeted by small molecule inhibitors

In contrast to the tmACs which generate isoform diversity via

distinct genes (Ostrom et al., 2022), in humans and rodents, sAC

FIGURE 1
Two sources of cAMP in mammalian cells. ADCY1-9 are transmembrane adenylyl cyclases (tmACs) regulated by G-proteins. ADCY10 is soluble
adenylyl cyclase (sAC) regulated by HCO3

− and Ca2+ ions. Phosphodiesterases (PDEs) degrade cAMP. sAC and tmACs both produce cAMP which has
distinct roles.
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isoform diversity arises from splice variants of the single

ADCY10 locus (Figure 2) (Jaiswal and Conti, 2001; Geng

et al., 2005; Schmid et al., 2007; Farrell et al., 2008;

Middelhaufe et al., 2012; Karczewski et al., 2020). When sAC

was first purified, we isolated two independent cDNAs

representing two alternatively spliced isoforms of sAC (Buck

et al., 1999; Jaiswal and Conti, 2001). These two transcripts

correspond to a full-length sAC (sACfl), encoding a 187 kDa

protein, and a truncated sAC (sACt), encoding a 48 kDa protein,

both of which are expressed in mouse testis (Hess et al., 2005).

sACt is predominantly comprised of two homologous catalytic

domains (C1 and C2) (Buck et al., 1999; Jaiswal and Conti, 2001),

and because it is lacking an autoinhibitory domain present in

longer isoforms, it exhibits 10-fold higher specific activity than

sACfl (Chaloupka et al., 2006). Subsequent molecular cloning

and 5’ Rapid Amplification of cDNA Ends (RACE) experiments

identified an alternate start site which generates sAC isoforms

missing the first catalytic domain. Because these sAC-C2 only

isoforms have not yet been biochemically characterized, all work

describing sAC physiological regulators and pharmacological

inhibitors refers to the sAC C1-C2 isoforms abundantly

expressed in testis and sperm.

After cloning sAC, we appreciated the need for a selective

sAC inhibitor to distinguish between sAC- and tmAC-specific

physiologic processes. In a high throughput screen (Hess et al.,

2005), we identified KH7, a modestly potent (IC50 ~3 μM) sAC-

selective inhibitor which has proven instrumental in many

cellular studies (Bitterman et al., 2013; Steegborn, 2014;

Wiggins et al., 2018). However, KH7 is not a very drug-like

molecule and has off-target effects resulting in sAC-independent

cytotoxicity (Tian et al., 2011; Di Benedetto et al., 2013). To

identify a more suitable candidate for therapeutic development,

we performed a new high throughput screen and identified LRE1,

a non-toxic sAC inhibitor with a novel chemical structure (IC50

~3 μM) (Ramos-Espiritu et al., 2016). Crystal structures of sAC/

LRE1 complexes revealed that the 2-amino-6-chloropyrimidine

moiety of the compound occupies the bicarbonate binding site

(BBS) (Ramos-Espiritu et al., 2016). Consistently,

LRE1 inhibition is competitive with bicarbonate but non-

competitive with substrate ATP, rendering the compound the

first truly allosteric BBS-targeting sAC inhibitor. In tmACs, the

pseudo-symmetrical regulatory binding site analogous to the

sAC BBS binds forskolin, a general activator of tmACs

(Hurley, 1999). Forskolin is inert towards sAC (Buck et al.,

1999) because it is too bulky to fit in the sAC BBS

(Kleinboelting et al., 2014). Conversely, the forskolin binding

site of individual tmAC isoforms appears to be able to

accommodate LRE1, which is a weak activator of certain

tmACs (Ramos-Espiritu et al., 2016). We took advantage of

the drug design expertise of a unique public-private

partnership (Meinke, 2022) to improve the potency,

selectivity, and drug-like characteristics of LRE1. Ultimately,

these efforts increased potency for sAC over 10,000-fold with

corresponding increased efficacy in cell-based assays, diminished

cross-reactivity with other mammalian nucleotidyl cyclases, and

no significant cytotoxicity (Fushimi et al., 2021).

Soluble adenylyl cyclase can be safely
targeted for contraception

A subset of the physiological functions ascribed to sAC have

therapeutic implications (Wiggins et al., 2018). Chief among

these is sAC’s role in male fertility (Esposito et al., 2004; Hess

et al., 2005; Akbari et al., 2019; Balbach et al., 2021). sAC,

specifically isoforms containing both C1 and C2 domains

(Hess et al., 2005), is most abundant in testis and sperm and

is essential for sperm to fertilize an egg. After being produced in

the testis, mammalian sperm are stored in the cauda region of the

epididymis where they are morphologically mature but unable to

FIGURE 2
Different isoforms of sAC with catalytic and functional domains highlighted. sACt and sACfl are present in testis and sperm, while sACsomatic
appears to be ubiquitously expressed.
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fertilize an egg. The cauda region is unique because it is

characterized by low pH (i.e. 6.5–6.8 vs. 7.4 at physiological

conditions) and low HCO3
− concentration (i.e., 2–7 mM vs.

25 mM). These unique conditions maintain sperm in a

dormant state (Levine and Kelly, 1978). Upon ejaculation,

sperm encounter semen containing high concentrations of

HCO3
− and Ca2+ (Wennemuth et al., 2003; Carlson et al.,

2005), which initiate motility and a post-ejaculation

maturation process termed capacitation (Austin, 1951; Chang,

1951). The higher levels of HCO3
− and Ca2+ in semen

synergistically activate sAC in sperm which rapidly increases

cAMP production and initiates sperm capacitation (Visconti

et al., 1995; Visconti et al., 2002; Buffone et al., 2014; Balbach

et al., 2018). Capacitation-induced changes include activation of

motility, specifically, increased beat frequency and altered,

asynchronous beating known as hyperactivation. These

changes are essential for sperm to pass through the cervix to

leave the inhospitable environment of the vagina and enter the

permissive environment of the uterus (Visconti et al., 1995;

Visconti et al., 2002; Suarez and Pacey, 2006; Buffone et al.,

2014; Balbach et al., 2018).

sAC’s essential role in male reproduction has been validated

genetically (Esposito et al., 2004; Hess et al., 2005; Akbari et al.,

2019; Balbach et al., 2021) and pharmacologically (Hess et al.,

2005; Mannowetz et al., 2012; Ramos-Espiritu et al., 2016;

Balbach et al., 2021; Ferreira et al., 2021) in both mice and

men. Two different strains of sAC knockout (KO) mice show

male-specific sterility; their sperm are immotile and unable to

fertilize an oocyte in vitro (Esposito et al., 2004; Hess et al., 2005;

Xie et al., 2006; Chen et al., 2013). sAC is also among the rare

instances where a human mutation reveals a desired phenotype

for a therapeutic approach. Two middle-aged infertile men were

identified as homozygous for a frame shift mutation interrupting

the catalytic domains of sAC (Akbari et al., 2019). Sperm from

these men were immotile, similar to sperm from sAC KO mice

(Esposito et al., 2004; Hess et al., 2005; Xie et al., 2006; Balbach

et al., 2021), and their motility defect could be rescued by

addition of membrane permeable cAMP (Akbari et al., 2019).

sAC’s essential role in fertility, and as a target for contraception,

has also been validated pharmacologically in humans and mice.

Multiple, structurally independent, sAC-specific inhibitors

prevent the capacitation-induced changes in mouse and

human sperm, including stimulation of cAMP production,

protein kinase A (PKA) activation, alkalinization, increased

beat frequency, hyperactivated motility, and ability to undergo

a physiologically induced acrosome reaction (Hess et al., 2005;

Mannowetz et al., 2012; Ramos-Espiritu et al., 2016; Balbach

et al., 2021; Ferreira et al., 2021). sAC-specific inhibitors also

prevent in vitro fertilization in mice (Ramos-Espiritu et al., 2016;

Balbach et al., 2021). These data validate sAC inhibitors as

potential contraceptives (Buffone et al., 2014; Balbach et al.,

2020; Balbach et al., 2021); however, the question remains

whether they can be administered safely and effectively to people.

Historically, the only targets in sperm pursued for

contraceptive development were those that were exclusively

expressed in testis (Amory, 2016; O’Rand et al., 2016); it had

been assumed that expression of a target like sAC in somatic

tissues would lead to unsurmountable mechanism-based side

effects. However, three advances question this dogma:

1) sAC isoforms expressed in somatic tissues may differ from the

C1-C2 containing isoforms abundantly expressed in testis

and sperm.

2) Advances in vaginal delivery methods afford the opportunity

to supply sAC inhibitors designed for topical use to selectively

block sperm functions in the female reproductive tract with

little systemic exposure.

3) The appreciation that besides male infertility, the phenotypes

of sAC loss in humans andmice are due to chronic loss, which

suggests acute acting inhibitors can safely provide “on-

demand” contraception in men. Such contraceptives would

be taken only as needed to temporarily render men infertile.

Targeting sperm specific soluble adenylyl
cyclase isoforms

As described above, the biochemically characterized and

pharmacologically targeted sAC isoforms, sACt and sACfl are

expressed in testis and sperm (Jaiswal and Conti, 2001; Hess

et al., 2005). According to a recent human gene expression

profiling database (Karczewski et al., 2020), these C1-C2

containing isoforms are not found in somatic tissues; instead

somatic tissues seem to use an alternate start site (Jaiswal and

Conti, 2001; Geng et al., 2005; Schmid et al., 2007; Farrell et al.,

2008; Middelhaufe et al., 2012; Karczewski et al., 2020) to express

only C2-domain containing isoforms from the ADCY10 locus

(Figure 2). cDNAs encoding sAC-C2 isoforms have been isolated

from various organs, including the kidneys, small intestine (Geng

et al., 2005) and lungs (Schmid et al., 2007) but more research

needs to be done to fully elucidate their activity, expression,

distribution, and localization. Like all mammalian nucleotidyl

cyclases, sAC isoforms are Class III ACs, and their catalytic

center is formed at the interface between two catalytic domains.

In C1-C2 containing sACt and sACfl, the active site is formed

from the intramolecular dimerization of two structurally similar

but unique catalytic domains (i.e., C1 and C2) (Tang and Hurley,

1998; Wiggins et al., 2018). The interface of these domains

contains a catalytic site which binds substrate ATP and a

pseudo-symmetrical degenerate “active” site that is

catalytically inactive and binds the sAC-specific activator

HCO3
− (BBS) (Kleinboelting et al., 2014; Steegborn, 2014).

Like C1-C2 isoforms of sAC, tmACs’ active sites are formed

via intramolecular dimerization of two related catalytic domains,

but guanylyl cyclases (GCs) employ different molecular

architectures (Tesmer et al., 1997; Kamenetsky et al., 2006).

The various genes encoding GCs all contain only a single

catalytic domain; soluble GCs form active sites via
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intermolecular dimerization of subunits containing structurally

similar but unique catalytic domains while membrane GCs form

intermolecular homodimers for activity. It remains unclear how

sAC-C2 isoforms form an active cyclase. In C1-C2 sAC isoforms,

the C1 domain contributes key catalytic residues that would be

absent if sAC-C2 isoforms were to homodimerize, and no known

C1-like binding partner has yet been identified for sAC-C2. The

newest generation of potent and selective inhibitors were

generated via structure-based drug design using a crystal

structure of human C1-C2 containing sAC (Fushimi et al.,

2021). These more potent inhibitors, which fill both the BBS

and the active site formed at the interface of C1 and C2, making

contacts in both domains, were used to validate sAC as a

contraceptive target. Thus, it remains possible that these

inhibitors are specific for the sAC isoform expressed

predominantly, if not exclusively, in sperm; however, this

strategy awaits further information about tissue distribution

and characterization of other sAC isoforms, including the

sAC-C2 isoforms which are hypothesized to be the isoforms

expressed in somatic tissues.

Intravaginal drug delivery
Leveraging chemical modifications to tailor routes of

administration or pharmacokinetic properties is a standard

technique to target specific tissues (e.g., topical drugs which

work locally with little systemic exposure) or organs (e.g.,

using first pass metabolism to concentrate drug in liver

(Niemi, 2007; Tu et al., 2013; Zhou et al., 2015; Li et al.,

2019) or increasing urinary excretion to target the kidneys).

For contraception, because sAC is essential for hyperactivated

motility of human sperm (Balbach et al., 2021), delivering a sAC

inhibitor to the vagina would block ejaculated sperm from

progressing beyond the cervix. Thus, inhibiting sAC in sperm

inside the vagina would trap them in this inhospitable

environment and prevent fertilization. This idea is already

validated in vitro with post-ejaculated sperm (Balbach et al.,

2021; Ferreira et al., 2021). Specifically, sAC inhibitors interrupt

capacitation, inhibit progressive motility, and block acrosome

reaction in human sperm when added post-ejaculation (i.e., after

capacitation has begun), which is exactly when a vaginally

delivered contraceptive would encounter activated sperm. sAC

inhibitors suitable for intravaginal delivery would have to be

tested for stability and efficacy in the acidic vagina, and they

would be designed to include elements providing metabolic

instabilities upon reaching systemic circulation. Metabolic

instability in the bloodstream would limit distribution of

compound absorbed through the vaginal mucosa and prevent

inhibitors from affecting other organs. Such, topical sAC

inhibitors, delivered via intravaginal devices (i.e., rings, films, gels,

or suppositories), would provide non-hormonal female

contraception with diminished concerns for systemic adverse effects.

Topical administration in the female reproductive tract is an

area of active research in the contraception field. Many topical

formulations are well tolerated by women and each has their own

advantages. Currently, there are multiple FDA-approved,

hormone-based contraceptives in the form of vaginal rings

(i.e. NuvaRing, Annovera). NuvaRing is a once monthly

vaginal ring (FDA Insert, 2001), whereas Annovera is used for

a full year (FDA Insert, 2018). Using a sAC inhibitor as the active

drug for contraception provides the distinct advantage of being

non-hormonal. Similar to existing intravaginal devices, sAC-

based contraceptives could be formulated to be slow releasing

rings providing long-term coverage for contraception, or as gels,

films or suppositories, which would provide contraceptive

protection acutely and used on-demand (i.e., only when

necessary).

Vaginal delivery of a topical sAC inhibitor also offers an

opportunity for developing multi-protection technology (MPTs)

where contraception is provided along with protection from

sexually transmitted infections (STIs) (Clark et al., 2014).

Recent research has focused on developing vaginal topical

delivery systems for the treatment of HIV-1 infections and

other STIs (Woolfson et al., 2006; Robinson et al., 2018; Nel

et al., 2021). A sAC inhibitor-based contraceptive would be ideal

for incorporation into an MPT as it is non-hormonal and could

be combined with other drugs in the topical formulation for

multiple indications. Such a combination could be used long-

term or acutely for short-term contraception and prevention

of STIs.

Acute dosing
As mentioned above, sAC as a contraceptive target is

genetically validated in both mice and men. KO mice

(Esposito et al., 2004; Hess et al., 2005; Xie et al., 2006; Chen

et al., 2013) and humans (Akbari et al., 2019) harboring sAC

inactivating mutations are male specific sterile. In addition to

being an uncommon example where a human mutation validates

a therapeutic approach, the phenotypes of mice and men with

sAC deletions reveal a strategy for an innovative paradigm for

oral contraception. sAC KO humans and mice live relatively

normal lives with modest adverse effects. Other than male-

specific sterility, all known phenotypic consequences of sAC

loss in mice and humans are “conditional” and dependent

upon prolonged absence of sAC (Wiggins et al., 2018; Balbach

et al., 2020). sAC KO men have increased propensity to form

kidney stones (Akbari et al., 2019), which require years to form.

Similarly, sAC KO mice have modestly increased intraocular

pressure (Lee et al., 2011), which could eventually cause

glaucoma but again, this would require years of sAC absence.

These phenotypes indicate that intermittent dosing of an acutely

acting sAC inhibitor would not elicit adverse effects, and suggest

a paradigm of “on-demand” contraception, where a man would

be rendered temporarily infertile minutes after a single dose of a

fast-acting, short-lived inhibitor. With an on-demand birth

control for men, the contraceptive effect as well as any other

potential consequences would be gone after a few hours.
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A similar on-demand strategy was successful implemented

with erectile dysfunction drugs. Like sAC, the cGMP-specific

phosphodiesterase 5 (PDE5) is widely expressed (Bender and

Beavo, 2006), yet acute PDE5 inhibitors (i.e., sildenafil,

vardenafil) are sufficiently safe and used to treat erectile

dysfunction (FDA Insert, 1998). In fact, the PDE5 inhibitor

tadalafil lasts longer (~17 h) (FDA Insert, 2003) and is

sufficiently safe for chronic use (Montorsi et al., 2004).

Ideally, a sAC inhibitor for contraception would be taken

30–60 min before sexual activity and provide safe and effective

contraception for 4–6 h. A sAC based on-demand contraceptive

would change the contraception field, it would be a

pharmacologic option that is non-hormonal while allowing for

complete freedom for the individual to take the drug only when

necessary.

On-demand oral contraception by sAC inhibitors may also

be possible for females. For males, taking the drug before sexual

activity, would inhibit sAC in epididymal sperm to block their

ejaculation-induced activation. sAC inhibitors could also be

formulated to achieve efficacious concentrations throughout

the female reproductive tract. A female would take such a

sAC inhibitor orally shortly before, or perhaps soon after, sex

to interrupt capacitation and motility of post-ejaculated sperm.

sAC inhibition would prevent sperm from progressing through

the female reproductive tract to reach and fertilize the egg.

Combining both ideas could lead to a “couples’ pill” where

both partners take their respective drug at the same time to

maximize contraceptive efficacy. A “couples’ pill” would enhance

compliance by engaging both partners, and it could increase

adoption by making the choice for contraception a joint decision.

Discussion

There is large unmet need in contraception and newmethods

must be developed, especially contraceptive methods which are

non-hormonal and which provide additional choices for men.

Currently, contraception is largely the responsibility of women;

of all modern forms of contraception available, all but two are for

women. The most widely used options for women are hormone-

based pharmacologic methods (pills, patches, injectables, or

rings), which have significant drawbacks including adverse

effects and compliance issues (La Vecchia et al., 2001;

Cushman et al., 2004; Kulier et al., 2004; Huber et al., 2006;

Peachman, 2018; Cooper and Mahdy, 2021). Similarly, the only

two options for men, surgical vasectomy or condoms, also suffer

from compliance and inconvenience issues (Amory, 2016). Here

we describe three innovative strategies for inhibiting the

bicarbonate-regulated sAC for contraceptive effect to fulfill

this need: (1) targeting organ specific sAC isoforms; (2)

leveraging chemical modification to alter route of

administration and pharmacokinetic properties to have sAC-

based drugs exert their effect only on the organ of interest; (3)

using acute dosing instead of chronic dosing.
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Inhibition of adenylyl cyclase 1 by
ST034307 inhibits IP3-evoked
changes in sino-atrial node beat
rate
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Atrial arrhythmias, such as atrial fibrillation (AF), are a major mortality risk and a

leading cause of stroke. The IP3 signalling pathway has been proposed as an

atrial-specific target for AF therapy, and atrial IP3 signalling has been linked to

the activation of calcium sensitive adenylyl cyclases AC1 and AC8. We

investigated the involvement of AC1 in the response of intact mouse atrial

tissue and isolated guinea pig atrial and sino-atrial node (SAN) cells to the α-
adrenoceptor agonist phenylephrine (PE) using the selective AC1 inhibitor

ST034307. The maximum rate change of spontaneously beating mouse right

atrial tissue exposed to PE was reduced from 14.5% to 8.2% (p = 0.005) in the

presence of 1 μM ST034307, whereas the increase in tension generated in

paced left atrial tissue in the presence of PE was not inhibited by ST034307

(Control = 14.2%, ST034307 = 16.3%; p > 0.05). Experiments were performed

using isolated guinea pig atrial and SAN cells loaded with Fluo-5F-AM to record

changes in calcium transients (CaT) generated by 10 μM PE in the presence and

absence of 1 μM ST034307. ST034307 significantly reduced the beating rate of

SAN cells (0.34-fold decrease; p = 0.003) but did not inhibit changes in CaT

amplitude in response to PE in atrial cells. The results presented here

demonstrate pharmacologically the involvement of AC1 in the downstream

response of atrial pacemaker activity to α-adrenoreceptor stimulation and IP3R

calcium release.
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Introduction

Cardiac activity is closely regulated by the action of Ca2+

dependent enzymes including calcineurin and Ca2+/

calmodulin-dependent kinase II (CaMKII), as well as Ca2+

mobilising agents such as inositol-1,4,5-trisphosphate (IP3),

cyclic ADP-ribose (cADPR) and nicotinic acid adenine-

dinucleotide phosphate (NAADP) (Bers, 2002; Terrar, 2020).

In ventricular and atrial cardiomyocytes, calcium handling is

key to the process of excitation contraction coupling (ECC),

which is primarily regulated via the action of β-adrenergic
signalling (Bers, 2002). Although a more modest component,

ECC in the atria and sino-atrial node (SAN) is also regulated by

α-adrenergic signalling (Lipp et al., 2000; Mackenzie et al., 2002;

Capel et al., 2021). In addition to the regulation of ECC,

currents that contribute to the pacemaker potential in the

SAN and atrioventricular node (AVN) are also highly

dependent on the regulation of intracellular Ca2+ signalling

(Hancox and Mitcheson, 1997; Lakatta et al., 2010; Capel and

Terrar, 2015; Burton and Terrar, 2021). In nodal cells, the

pacemaker potential is dependent upon diastolic

depolarisation, in part due to the influence of the

hyperpolarisation activated “funny” current If and local

calcium release events from the sarcoplasmic reticulum (SR).

Depolarisation leads to Ca2+ influx through L-type Ca2+

channels (LTCC, principally Cav1.3 in the SAN) subsequent

Ca2+ release from the sarcoplasmic reticulum (SR) via

ryanodine receptors (RyR), and activation of Na+/Ca2+

exchanger (NCX) (Lakatta et al., 2010; Tsutsui et al., 2018).

In the atria and SAN, activation of the IP3 signalling pathway

and subsequent release of Ca2+ from the SR may also lead to

downstream activation of calcium sensitive adenylyl cyclase

(AC), including isoforms AC1 and AC8 (Georget et al., 2002;

Mattick et al., 2007; Burton and Terrar, 2021; Capel et al., 2021).

Under normal physiological conditions, both cardiac ECC

and pacemaker activity are primarily regulated via β-adrenergic
and muscarinic signalling, leading to downstream activation of

adenylyl cyclase, predominantly AC5 and AC6 (Katsushika et al.,

1992; Premont et al., 1992), and subsequent generation of cyclic-

adenosine monophosphate (cAMP) (Bers, 2002; Burton and

Terrar 2021). In ventricular cardiomyocytes, IP3 receptors

(IP3R) are largely confined to the nuclear envelope and IP3
signalling is not thought to play a major role in cellular Ca2+

handling (Nakayama et al., 2010; Tinker et al., 2016). However,

IP3 is thought to play a greater role in Ca2+ handling downstream

of α-adrenergic signalling within the atria, and atrial

cardiomyocytes show a higher overall expression of IP3R with

expression in the subsarcolemmal space (Lipp et al., 2000;

Mackenzie et al., 2002; Tinker et al., 2016). Whilst the role of

β-adrenergic signalling in the regulation of ECC and pacemaker

activity is relatively well studied, less is known about the potential

involvement of α-adrenergic activation, leading to the generation
of IP3 and diacylglycerol (DAG) via activation of protein kinase

C (PKC) in the regulation of these processes in the atria and SAN.

Increasing evidence indicates that activation of IP3R and

subsequent Ca2+ release from SR, leads to downstream

activation of adenylyl cyclase, potentially via the activation of

calcium-sensitive isoforms AC1 and AC8 (Domeier et al., 2008;

Terrar, 2020; Burton and Terrar, 2021; Capel et al., 2021). In the

present study, we therefore chose to focus on investigating the

downstream effects of α-adrenergic stimulation in these

processes.

The role of AC1 in cardiac pacemaker cells

AC1 is preferentially expressed in the SAN compared to

other regions of the heart, and is thought to play a role in the

regulation of pacemaker activity via modulation of the

hyperpolarisation activated “funny” current (If) (Mattick et al.,

2007; Younes et al., 2008). In the SAN, spontaneous pacemaker

activity is the result of the “coupled-clock”mechanism, involving

tight coupling between rhythmic Ca2+ release from the SR

(i.e., “Ca2+ clock”), and rhythmic oscillations in the membrane

potential (i.e., “membrane clock”) (Lakatta et al., 2010; Tsutsui

et al., 2018). Indeed, it appears this coupling is essential for

pacemaker function in human SAN cells (Tsutsui et al., 2018).

Membrane clock activity results from the alternation and balance

between depolarising currents (e.g., If, ICaL, Isust) and repolarising

currents (e.g., IKs and IKr) (Difrancesco and Tromba, 1988;

Difrancesco et al., 1991; Burton and Terrar, 2021). If is carried

by the HCN channels and modulated by changes in cytosolic

Ca2+ (Rigg et al., 2003), as well as sub-sarcolemmal cAMP

(Difrancesco and Tortora, 1991; Burton and Terrar, 2021). If,

and therefore SAN pacemaking, can thereby be influenced by

phosphodiesterase (PDE) and AC activity (Difrancesco and

Tortora, 1991; Mattick et al., 2007; Vinogradova et al., 2008).

AC1 activity modulates the If current in the SAN in the

absence of β-adrenergic stimulation and contributes to the higher

resting cAMP level in SAN cells compared to ventricular cells

(Mattick et al., 2007; Younes et al., 2008). In addition, cAMP

generated by AC1 may modulate RyR, SR Ca2+-ATPase, NCX

and LTCC, all of which are involved in determining spontaneous

beating in the SAN (Younes et al., 2008). These observations

suggest cAMP signalling, downstream of AC1 activation, is a

crucial mechanism by which the Ca2+ clock and membrane clock

are coupled in the SAN. Furthermore, the modulation of If by

cytosolic Ca2+ appears to be independent of CaMKII as chelation

of SAN Ca2+ using BAPTA reduces If, whereas inhibition of

CaMKII is without effect (Rigg et al., 2003). Although CaMKII is

essential for SAN pacemaker activity (Yaniv et al., 2013), the

actions of CaMKII on pacemaker function are linked to effects on

ICa,L rather than If (Vinogradova et al., 2000; Rigg et al., 2003).

Conversely, inhibition of SAN ACs using the non-specific AC

inhibitor MDL-12,330A reduces If, whilst inhibition of

phosphodiesterase using IBMX to inhibit the breakdown of
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basal cAMP increases If, suggesting a role for Ca
2+-activated ACs

in regulating the If current in SAN cells (Mattick et al., 2007).

AC1 expression in atrial cardiomyocytes

In guinea pig atrial cardiomyocytes, AC1 and AC8 are localised

in the plasma membrane in close proximity to type 2 IP3 receptors

(IP3R2) on the SR (Capel et al., 2021). Non-specific inhibition of

ACs using MDL-12,330A, or inhibition of PKA using H89, inhibits

the increase in Ca2+ transient amplitude observed in isolated guinea

pig atrial cardiomyocytes in response to either intracellular

photorelease of caged IP3 (IP3/PM) or external stimulation of α-
adrenergic signalling using phenylephrine (PE), thereby

demonstrating that AC’s can be activated downstream of IP3R.

The increase in spontaneous beating rate observed in intact murine

right atria in response to PE is similarly inhibited using either MDL-

12,330A or H89 (Capel et al., 2021), suggesting a role for Ca2+-

activated AC1 and or AC8 in the positive inotropic response to IP3
signalling in cardiac atria.

Given the potential role of AC1 in regulating the downstream

effects of α-adrenergic signalling in both atrial cardiomyocytes and

the SAN, we were interested in investigating the pharmacological

modulation of AC1 in cardiac tissue. The development of small

molecule AC1 inhibitors that are highly selective for AC1 over

AC8 has been of interest for treatment of neuropathic and

inflammatory pain, leading to the development of the compounds

such as NB001 (Wang et al., 2011) and the chromone derivative

ST034307 (Brust et al., 2017). In this study, we chose to investigate

whether pharmacological inhibition of cardiac AC1 by

ST034307 could affect the response to α-adrenergic signalling in

both intact atrial tissue as well as isolated SAN cells.

Materials and methods

Animals

All animal experiments were performed in accordance with the

United Kingdom Home Office Guide on the Operation of Animal

(Scientific Procedures) Act of 1986. All experimental protocols

(Schedule 1) were approved by the University of Oxford,

Procedures Establishment License (PEL) Number XEC303F12.

Drugs and reagents

AC1 was inhibited using the AC1 selective inhibitor

ST034307 (Tocris, United Kingdom), which has been shown

to demonstrate selectivity for AC1 over other AC isoforms at

concentrations below 30 μM (Brust et al., 2017). In all

experiments, ST034307 was dissolved in DMSO to make

3 mM stock prior to addition to experimental solutions at a

final concentration of 1 µM and applied for at least 5 min for

isolated cells, or 30 min for whole-tissue experiments in order to

ensure sufficient tissue penetration.

Atrial myocyte isolation

Male Dunkin Hartley guinea pigs (300–550 g, Envigo,

United Kingdom) were housed and maintained in a 12 h

light-dark cycle with ad libitum access to standard diet and

sterilized water. Guinea pigs were culled by concussion followed

by cervical dislocation in accordance with HomeOffice Guidance

on the Animals (Scientific Procedures) Act (1986). Atrial

myocytes were isolated following the method of Collins et al.

(2011). Hearts were rapidly excised and washed in physiological

salt solution (PSS, in mM): NaCl 125, NaHCO3 25, KCl 5.4,

NaH2PO4 1.2, MgCl2 1, glucose 5.5, CaCl2 1.8, oxygenated with

95% O2/5% CO2 (solution pH 7.4 after oxygenation and heating)

to which heparin was added (final concentration = 20 IU·ml−1) to

prevent clot formation in the coronary vessels. Hearts were then

mounted on a Langendorff apparatus for retrograde perfusion via

the aorta. Perfusion was initially carried out in a modified Tyrode

solution containing (mM): NaCl 136, KCl 5.4, NaHCO3 12, Na
+

pyruvate 1, NaH2PO4 1, MgCl2 1, EGTA 0.04, glucose 5; gassed

with 95% O2/5% CO2 to maintain a pH of 7.4 at 35 ± 1°C. After

2 min this was replaced with a digestion solution: the modified

Tyrode above containing 100 µM CaCl2 and either 0.6 mg/ml of

collagenase (type II, Worthington Biochemical Corp., Lakewood,

NJ, United States) or 0.02–0.04 mg/ml Liberase™ TH (Roche,

Penzberg, Germany), but no EGTA.

After this enzymatic digestion, the heart was removed from

the cannula and the atria were separated from the ventricles. For

the isolation of atrial myocytes, slices of the atria were triturated

using a glass pipette and stored at 4°C in a high potassium

medium containing (in mM): KCl 70, MgCl2 5, K
+ glutamine 5,

taurine 20, EGTA 0.1, succinic acid 5, KH2PO4 20, HEPES 5,

glucose 10; pH to 7.2 with KOH. For the isolation of SAN cells,

the translucent SAN region, located on the upper surface of the

right atrium, in between the inferior and superior vena cava (Rigg

et al., 2003), immediately medial to the crista terminalis was

identified under a dissection microscope. Thin tissue strips

encompassing the nodal region were dissected, triturated

using a glass pipette and stored at 4°C in high potassium

medium. For experiments, healthy atrial myocytes were

identified based on morphology, and healthy SAN myocytes

by morphology and the presence of spontaneous, rhythmic

beating in the absence of electrical stimulation.

Murine atrial studies

Adult male CD1 mice (30–35 g, Charles River,

United Kingdom) were housed in a 12 h light-dark cycle with
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ad libitum access to standard diet and sterilized water. Mice were

culled by concussion followed by cervical dislocation in

accordance with Home Office Guidance on the Animals

(Scientific Procedures) Act (1986). The heart was rapidly

excised and washed in heparin-containing PSS. The ventricles

were dissected away under a microscope and the atria were

cleared of connective tissue before being separated. Right and left

atrial preparations were mounted separately in a 37°C organ bath

containing oxygenated PSS and connected to a force transducer

(MLT0201 series, ADInstruments, United Kingdom) in order to

visualize contractions. Resting tension was set between 0.2 and

0.3 g, and the tension signals were low-pass filtered (20 Hz for

right atria and 25 Hz for left atria). Right atrial beating rate was

calculated from the time interval between contractions. Left atria

were electrically field stimulated at a constant rate of 5 Hz using a

custom-built stimulator connected to coil electrodes positioned

both sides lateral to the left atrial tissue. Voltage was set at the

threshold for stimulating contraction plus 5 V, and was within

the range 10–20 V for all experiments. In all experiments,

preparations were allowed to stabilise at a resting beating rate

(>300 bpm) in PSS for at least 30 min. After stabilisation

(variation in average rate of a 10 s sample of no more than

2 bpm over a 10-min period or 0.01 g change in tension),

metoprolol (1 µM) was added to the bath to ensure specificity

to α-adrenergic effects, plus or minus ST034307 (1 µM). Each

addition was allowed to stabilise for a further 30 min or until

stability was achieved as described above. Cumulative

concentrations of PE were added to the bath at intervals of

5 min (range 0.1–30 µM) in the presence of metoprolol.

Preparations were excluded if stabilized beating rate under

control conditions (PSS only) was less than 300 bpm, in the

case of the right atrium, or if preparations were not rhythmic.

Data were fitted using Log(agonist) versus response curves (three

parameter model) by nonlinear regression using a least squares

method (Prism v9). AC1 was inhibited using the AC1 selective

inhibitor ST034307 (Tocris, United Kingdom) (Brust et al.,

2017). ST034307 (1 µM) was added after stabilization of the

preparations in the presence of metoprolol and applied for at

least 30 min prior to PE additions. PE dose-response curves were

started only after tissue had reached a stable response.

Immunocytochemistry

Immunocytochemical labelling and analysis was carried out

using the method of Collins and Terrar (2012). Rabbit anti-AC1

(55067-1-AP) primary antibody was purchased commercially

(ProteinTech, Manchester, United Kingdom) and used at a

dilution of 1:200. Mouse anti-IP3R monoclonal primary antibody

IP3R2 (sc-398434) was purchased commercially (Santa Cruz

Biotechnology, Santa Cruz, CA, United States) and used at a

dilution of 1:50. The specificity of antibody sc-398434 has been

previously verified using Western blot by Lou et al. (2021). IP3R

antibodies have been extensively covered in previous studies

(Hattori et al., 2004; Ando et al., 2006; Uchida et al., 2010;

Salvador and Egger, 2018). Isolated cardiac cells were plated onto

flamed coverslips and left to adhere for 30 min at 4°C. Cells were first

fixed in 4% paraformaldehyde–phosphate buffered saline (PBS) for

15 min. Once the cells were fixed, they were washed in PBS

(3 changes, 5 min each). Cells were then permeabilised and

blocked using the detergent Triton X-100 (0.1%), 10% horse

serum and 10% BSA in PBS (Sigma-Aldrich) for 60 min at room

temperature to reduce non-specific binding. After blocking, the cells

were incubated with primary antibodies at 4°C overnight dissolved

in blocking solution. The next day, cells were first washed with PBS

(3 changes, 5 min each) before being incubated with secondary

antibodies; AlexaFluor -488 or -546 conjugated secondary

antibodies (Invitrogen, United Kingdom), raised against the

appropriate species, at room temperature for 120 min in PBS

then washed with PBS (3 changes, 5 min each). Finally, the cells

weremounted usingVectashield withDAPI and permanently sealed

with nail polish. Control cells where the primary or secondary was to

be excluded were incubated with 10% horse serum and 10% BSA in

PBS without addition of the relevant antibody.

Cells were stored in the dark at 4°C before imaging.

Observations were carried out using a Nikon eclipse Ti

inverted confocal microscope (Nikon) with a 63x/1.2 water

objective Plan Apo VC 60xA WI DIC N2 lens. NIS-Element

viewer (Nikon) was used to acquire multichannel fluorescence

images. For detection of DAPI, fluorescence excitation was at

405 nm with emission collected at 450 nm. For detection of

AlexaFluor 488, fluorescence excitation was at 488 nm with

emission collected at 525 nm. Excitation at 561 nm was

collected at 595 nm for detection of AlexaFluor 568. The two

channels were imaged sequentially at 2048 × 2048 (12 bits).

Z-stack images were collected at 2.112 µm sections.

Ca2+ transient imaging

For whole-cell fluorescence experiments, isolated atrial

myocytes were incubated with membrane permeant Fluo-5F-AM

(3 µM) for 10 min then plated to a glass cover slip for imaging. Cells

were incubated for a further 10 min in-situ in the organ bath to allow

time for cells to adhere to the cover slip before perfusion with PSS.

Carbon fibre electrodes were used to field-stimulate Ca2+ transients

at a rate of 1 Hz. All experiments were carried out at 35 ± 2°C

(fluctuation within a single experiment was <0.5°C) under gravity-
fed superfusion with PSS, oxygenated with 95% O2/5% CO2

(solution pH 7.4 after oxygenation and heating). Solution flow

rate was 3 ml min−1. Cells were visualized using a Zeiss Axiovert

200 with attached Nipkow spinning disc confocal unit (CSU-10,

Yokogawa Electric Corporation, Japan). Excitation light, transmitted

through the CSU-10, was provided by a 488 nmdiode laser (Vortran

Laser Technology Inc., Sacramento, CA, United States). Emitted

light was passed through the CSU-10 and collected by an Andor

Frontiers in Pharmacology frontiersin.org

Bose et al. 10.3389/fphar.2022.951897

29

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.951897


iXON897 EM-CCD camera (Oxford Instruments,

United Kingdom) recorded at a minimum acquisition frame rate

of 60 frames per second using µManager software (v2.0) and ImageJ

(Exposure time = 3–10 ms; binning = 4 × 4). In order to avoid dye

bleaching the cells were not continually exposed to 488 nm light.

Instead, a video of 8–10 s of Ca2+ transients was recorded at discrete

timepoints. Ca2+ transient time courses were analysed in ImageJ and

ClampFit (version 10.4). For analysis of Ca2+ transient rise and decay

times Ca2+ data were analysed using pClamp v10 (Molecular

Devices, CA, United States) to generate times corresponding to

10%–90% and 10%–50% rise time, and 90%–10%, 90%–75%, 90%–

50% and half width decay time. Decay phases of transients were also

fitted using one phase decay least squares regression (Prism v9).

Statistics

Data were tested for normality by using a Shapiro-Wilk test in

Prism v9 software (GraphPad, CA, United States). For all single cell

data, two-way t-tests, repeated measures 2-way ANOVA or mixed

effects analysis were used as appropriate, with Dunnett’s or Tukey’s

post hoc test to compare groups to a single control or to all other

groups as required (alpha = 0.05). For SAN data, Sidak’s multiple

comparison was used to compare control and ST034307 data at all

time points. Log[concentration]-response curves, used to estimate

EC50s and maximum responses, were calculated using Prism

v9 software (GraphPad, CA, United States), by fitting an agonist-

response curve with a fixed slope to normalized response data.

Normalized data was used to compare responses. Fitted values

were compared using 2-way repeated measures ANOVA followed

by Šídák’s multiple comparisons or Fisher’s LSD test. Data are

presented as mean ± SEM of recorded values, other than dose-

response curve maximums and EC50 which are given as mean ±95%

confidence interval of best-fit value.

Results

Inhibition of AC1 by ST034307 reduces the
positive chronotropic effect of PE in the
intact sino-atrial node

Spontaneously beating right atrial tissue preparations, which

contain the intact SAN, can be used to indirectly record activity of

the SAN through the measurement of beating rate using a force

transducer (Capel et al., 2015; Macdonald, 2020; Capel et al., 2021),

whilst intact left atria can be used to record changes in contractile

force generated when stimulated at a constant rate and voltage

(Capel et al., 2015; Capel et al., 2021). Inhibition of ACs has

previously been shown to reduce the response of intact mouse

right atria to α-adrenergic stimulation (Capel et al., 2021). We were

therefore interested to see if the effect of ST034307was specific to the

right atria, or whether the inotropic effects of PE would be inhibited

by ST034307 in left atrial preparations. Isolatedmurine right and left

atria were mounted separately in organ baths and perfused with PSS

at 37°C in the presence of 1.0 µMmetoprolol to inhibit β-adrenergic
signalling. Dose response curves for either spontaneous beating rate

(right atria, Figure 1A) or tension generated (left atria, Figure 1B)

were generated in response to 0.1–30 μMPE.

In the absence of ST034307 but in the presence of

metoprolol, the spontaneous beating rate of right atria

increased by a maximum of 14.5% (95% confidence interval

(CI) = 12.2–17.1%; n = 15) at 30 μM PE, with an EC50 of 0.9 µM

(95% CI = 0.4–2.2 µM) (Figure 1A, round symbols). 1 µM

ST034307 reduced the response of beating rate to PE at all

concentrations tested (Figure 1A, square symbols), with a

maximum increase of 8.2% (95% CI = 6.1–12.6%; n = 12) at

30 μM PE (EC50 = 3.9 µM; 95% CI = 1.1–17.6 µM). This

represented a significant overall reduction in the response to

PE in the presence of ST034307 (p = 0.005, 2-way repeated

measures ANOVA, PE vs. ST034307). For left atrial preparations

(Figure 1B), PE increased the tension generated in response to

electrical stimulation at 5 Hz. The maximum increase was 14.2%

(95% CI = 11.2–18.5%; n = 5) at 30 μM PE, with an EC50 of

4.4 µM (95% CI = 1.92–18.5 µM). In the presence of ST034307,

no difference was observed in the response to PE compared with

control (p > 0.05, 2-way repeated measures ANOVA, PE vs

ST034307). The maximum change in tension generated in the

presence of ST034307 was 16.3% (95% CI = 11.7–23.3; n = 7) at

30 μM PE, with an EC50 of 0.9 µM (95% CI = 0.8–10.8 µM). The

basal heart rate of right atria after stabilisation and before

addition of metoprolol was 364 ± 15.5 bpm (n = 12). No

change in the right atrial basal heart rate was observed on

addition of either metoprolol (362 ± 16.3 bpm) or metoprolol

plus ST034307 (359 ± 16.8 bpm) before addition of PE

(Supplementary Figure S1).

Immunohistochemistry suggests
IP3R2 and AC1 are colocalised in isolated
Guinea pig atrial and sino-atrial node
myocytes

ST034307 inhibited the beating rate response of the intact SAN

(right atrial preparations) but did not alter tension generation in

the left atria in response to PE. This suggested that the effects of

AC1 inhibition were limited to affecting chronotropy in the SAN

but not inotropy in atrial tissue (Figure 1). We were interested in

testing whether the pattern of AC1 and IP3R2 in the SANmatched

that observed in atrial cardiomyocytes reported previously (Capel

et al., 2021). To determine structural and anatomical

characterisation of AC1 and IP3R2 in SAN myocytes from

healthy guinea pig adult hearts, isolated SAN myocytes were

fixed and immunolabelled for AC1 and IP3R2. Figure 2 shows

representative confocal images of SAN myocytes stained with

primary antibodies raised against the AC1 (cyan) and IP3R
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(magenta) proteins. IP3R2 showed the expected staining on the

sarcoplasmic reticulum membrane in SAN myocytes (Figure 2Ai)

and AC1 puncta are located in close proximity to IP3R2

(Figure 2Aiii, pixel size = 0.05 × 0.05 µm). ImageJ intensity

analysis revealed, pixel by pixel by line intensity plots (Figures

2A,B) and in whole image intensity plots (Figures 2C–E), levels of

colocalization between AC1 and IP3R2 in SAN cells were higher

(R = 0.82 ± 0.02, n = 7) compared to atrial myocytes

(Supplementary Figure S2, R = 0.69 ± 0.02, n = 11, p < 0.001)

and reported by Capel et al (2021) (R = 0.5 ± 0.05 n = 5). These

results together with recently published data (Capel et al., 2021),

suggest that IP3R-dependent signalling may be capable of

stimulating Ca2+-dependent ACs and the close positioning of

AC1 to IP3R2 suggests that AC1 may be an effector of this

interaction. To determine any non-specific labelling of

secondary antibodies, control cells with no primary antibody,

incubated with AlexaFluor -488 or -546 conjugated secondary

antibodies alone, were imaged and found to give no detectable

signal (data not shown).

Inhibition of AC1 by ST034307 does not
alter Ca2+ transient amplitude in isolated
Guinea pig atrial myocytes, but does
inhibit pacemaker activity in isolated sino-
atrial node myocytes

To further investigate the differences observed between

SAN and left atria in Figure 1, and to determine if the effect

of AC1 inhibition by ST034307 is specific to the SAN, we

investigated the effect of ST034307 on calcium transients

generated in isolated guinea pig right atrial and SAN cells.

We chose to investigate calcium transients in guinea pig cells,

rather than mouse as guinea pig cardiac electrophysiology more

closely resembles that of human. Whilst mouse heart

physiology is comparable to human at the level of the whole

heart, at the cellular level, guinea pig hearts share a more

comparable action potential profile and heart rate to human

and so is more appropriate for the study of isolated cells

(O’Hara and Rudy, 2012).

Effect of ST034307 on calcium transients
stimulated Guinea pig atrial cells

To measure changes in cytosolic Ca2+ in response to PE,

isolated guinea pig right atrial myocytes were loaded with the

cell-permeant Ca2+ sensitive dye Fluo-5F-AM.When stimulated at

1 Hz in PSS at 37°C, atrial myocytes exhibited the classical pattern

of Ca2+ transient observed previously (Huser et al., 1996; Capel

et al., 2021). We expressed calcium transient amplitude as change

in mean cell fluorescence (F-F0)/F0 (Figures 3A-E). Addition of

PE (10 µM) to the perfusion solution resulted in a 0.4-fold increase

in Ca2+ transient amplitude from 3.6 ± 0.8 to 4.8 ± 1.0 (p = 0.009;

n = 6; paired t-test) (Figures 3A,C). As shown in Figure 3D,

addition of 1 µM ST034307 did not alter the basal Ca2+ transient

amplitude compared to perfusion with PSS alone (PSS = 2.5 ± 0.3,

n = 18; 1 µM ST = 1.9 ± 0.3, n = 15; p > 0.05, unpaired t-test). In the

FIGURE 1
1 µM ST034307 inhibits changes in chronotropy in intactmouse right atria with intact SAN but not inotropy in left atria. (A)Dose response curves
to show the change in beating rate on cumulative addition of PE to spontaneously beating mouse right atria preparations under control conditions
(circles, n = 15) and in the presence of 1 µM ST034307 (squares, n = 12). (B) Dose response curves to show the change in tension generated on
cumulative addition of PE to mouse left atria preparations under control conditions (circles, n = 5) and in the presence of 1 µM ST034307
(squares, n= 7). Dose-response curves in (A,B) (solid lines) were fitted using log(agonist) vs. response (three-parametermodel) using Graphpad Prism
v9. Asterisks indicate significance level for effect of ST034307 compared to control at individual concentrations as determined using 2-way repeated
measures ANOVA followed by Šídák’s multiple comparisons test. Data are represented as mean ± SEM; ns = not significant; *, p < 0.05; **, p < 0.01;
***, p < 0.001.
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presence of 1 μM ST034307, a 0.4-fold increase in the Ca2+

transient amplitude was observed in response to 10 μMPE

added to the perfusion solution, resulting in a Ca2+ transient

amplitude of 2.7 ± 0.4 (p = 6.0 × 10−4; n = 15) (Figures 3B,E).

Comparison of the percentage change in response to PE between

control and 1 µM ST034307 confirmed that there was no

significant difference between the amplitude of change in the

presence of ST (p > 0.05, unpaired t-test).

Further analysis of Ca2+ transient rise time and decay times

confirmed that PE resulted in a significant decrease in the 90%–

10% decay time in control experiments from 369.5 ± 33.5 ms to

281.3 ± 24.8 ms (p = 0.02, 2-way ANOVA, n = 8) (Figure 3F,

black bars) without changing the 10–90% rise time (Figure 3G,

black bars). In the presence of 1 μM ST034307, the same pattern

was also observed with a decrease in 90%–10% decay time from

355.0 ± 26.8 ms to 287.4 ± 22.5 ms (p = 0.01, 2-way ANOVA, n =

17) and no change in 10–90% rise time (Figures 3F,G, grey bars).

These effects on decay and rise times were found not to differ

between ST034307 and control experiments (p > 0.05, 2-way

ANOVA).

FIGURE 2
IP3R2 is expressed in close proximity with AC1 in guinea pig SAN myocytes. (A) Representative example of a fixed, isolated guinea pig SAN
myocyte immunolabelled for (i) IP3R2 (magenta), (ii) AC1 (cyan), (iii) co-immunolabelled for IP3R2 (magenta) and AC1 (cyan). Example brightfield
image shown in (iv). (B) Intensity plot to show staining intensity along the white line shown in (A). R-value calculated from n = 7 cells. (C–E) Intensity
surface plots showing the distribution of staining of IP3R2 [magenta, (D)] and AC1 [cyan, (E)] for the regions of cell shown in (C). Scale bars
representing 10 µm are indicated in (A) and 2 µm in (C). For the purposes of presentation only, red and green channels have been represented as
magenta and cyan, respectively.
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Effect of ST034307 on pacemaker activity
in isolated sino-atrial node myocytes

To assess the contribution of AC1 to rate and calcium

signalling in SAN cells, the response to PE under control

conditions and during AC1 inhibition with ST034307 was

measured in isolated, spontaneously firing guinea pig SAN

myocytes loaded with Fluo-5F-AM. Active, spontaneously

beating SAN cells were identified based on morphology as

indicated by the black arrow in Figure 4A. Under control

conditions, fluorophore-loaded SAN myocytes superfused with

PSS at 35°C spontaneously contracted at a rate of 104.9 ± 6.2 bpm

(n = 6, Figure 4B, black bar). Although this rate is below the

normal physiological rate for guinea pig SAN, lower rates are

FIGURE 3
1 μM ST034307 does not alter the effect of PE on Ca2+ transients in isolated guinea pig atrial myocytes. (A,B): Representative average
Ca2+ transients recoded from atrial myocytes during baseline recording (black trace) and following addition of PE (grey trace) in the absence
(B) or presence (C) of 1 μM ST034307. (C): Effect of 10 μM PE on the Ca2+ transient amplitude recorded from isolated guinea pig atrial cells (n
= 6; N = 3). (D): Effect of 1 μM ST034307 on the basal Ca2+ transient amplitude before addition of PE (PE, n = 18; ST, n = 15; N = 3). (E):
Effect of 10 μM PE on the Ca2+ transient amplitude of cells in the presence of 1 μM ST034307 (n = 15; N = 3). (F,G): Effect of 10 μM PE on the
90–10% decay time (F) and 10–90% rise time (G) of Ca2+ transients recorded from cells perfused with PSS in the absence (black bars) or
presence (grey bars) of 1 μM ST034307 before and after addition of 10 μM PE. All experiments were carried out at 35 ± 2°C and recordings
were made 5 min following the start of each solution perfusion. Data are represented as mean ± SEM. Data in C and E were analysed using
paired t-test. Data in D were analysed using unpaired t-test. Data in F and G were analysed using two-way, repeated measures ANOVA
followed by Šídák’s multiple comparisons test; ns = not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; n = cells; N = animals.
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expected following the loading of cells with a calcium

fluorophore (Rigg and Terrar, 1996). Inclusion of 1 µM

ST034307 in the perfusion solution resulted in a mean beating

rate of 69.6 ± 6.8 bpm (n = 7, Figure 4B, grey bar) representing a

significantly lower (0.34-fold) beat rate compared to control (p =

0.003, unpaired t-test). Superfusion of 10 μM PE led to a gradual

increase in both calcium transient amplitude as well as the peak-

to-peak firing rate over the course of 5 min as shown by the

example traces in Figures 4C,D. On addition of 10 μM PE, the

beating rate of SAN cells in the absence of ST034307 rose from

FIGURE 4
1 µM ST034307 inhibits the basal spontaneous beating rate and response to PE of isolated guinea pig SAN cells. (A) Brightfield image to show
example of an isolated guinea pig SAN cell as indicated by black arrow. Scale bar represents 10 µm. (B) Effect of 1 µM ST034307 on the basal SAN cell
Ca2+ transient amplitude before addition of PE. (C,D) Representative 4 s recordings of changes in fluorescence (expressed as (F-F0)/F0) from
spontaneously beating guinea pig SAN cells loaded with Fluo-5F-AM in PSS (C) or in PSS +1 µM ST034307 (D). Black and red/blue traces
represent recordings before and 5 min after addition of 10 μM PE, respectively. Traces have been aligned according to the peak of the first transient.
(E) Effect of 10 μM PE on the spontaneous beating rate of isolated SAN cells in the presence (squares) and absence (circles) of 1 µM ST034307. (F)
Effect of 10 μM PE on the Ca2+ transient amplitude recorded from isolated SAN cells in the presence (squares) an absence (circles) of 1 µM ST034307.
Time in E and F represents time following addition of PE to the perfusion solution with 0s representing levels in absence of PE. All experiments were
carried out at 35 ± 2°C. Data are represented as mean ± SEM. Data in (B) were analysed using unpaired t-test. Data in (E) were analysed using two-
way, repeated measures ANOVA followed by Šídák’s multiple comparisons test. Data in (F) were analysed using mixed effects analysis followed by
Šídák’s multiple comparisons test; ns = not significant; ** = p < 0.01; n (control) = 6; n (ST034307) = 7; N = 5 animals.
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104.9 ± 6.2 bpm to a peak of 137.5 ± 7.0 bpm after 3 min (p <
0.05), before decreasing to a plateau, corresponding to 121.2 ±

6.7 at 5 min (Figure 4E, n = 6), potentially caused by

desensitisation of α-adrenoceptors (Hiremath et al., 1991;

Arce et al., 2017). In the presence of ST034307, beating rate

increased to 94.9 ± 10.2 after 60s (Figure 4E, n = 7, p < 0.05).

Overall, 1 µM ST034307 was found to significantly inhibit the

rise in SAN cell spontaneous beating rate in response to

superfusion with 10 μM PE (p = 0.008, mixed-effects analysis)

(Figure 4E). Qualitatively, this increase was no longer gradual but

plateaued rapidly, being complete by the time of the 30 s

recordings (Figure 4E). Although qualitatively an increase in

Ca2+ transient amplitude was observed in response to 10 μM PE,

as shown by the representative traces in Figures 4C,D, this

increase was not found to be significant, as shown in

Figure 4F (p = 0.10, mixed-effects analysis). This may be a

consequence of the increased firing rate in response to PE,

which would be expected to limit increases in calcium

transient. However, in the presence of ST034307, mean Ca2+

transient amplitude was found to be consistently lower in the

presence of ST034307 after 60 s perfusion with PE (Figure 4F).

Discussion

There is increasing evidence that activation of the IP3
signalling pathway in atrial cells leads to the downstream

activation of membrane bound Ca2+-sensitive adenylyl

cyclases, principally AC1 and AC8 (Mattick et al., 2007;

Burton and Terrar, 2021; Capel et al., 2021). Recently

published work has demonstrated that inhibition of IP3R

using 2-APB, and non-specific inhibition of ACs using MDL-

12,330A, prevents the rise in spontaneous beating rate observed

in response to the α-adrenergic agonist PE in intact mouse right

atria, as well as the rise in Ca2+ transient amplitude resulting from

the intracellular release of caged-IP3 in isolated guinea pig atrial

myocytes (Capel et al., 2021). The purpose of the current study

was therefore to investigate the effect of pharmacological

modulation of AC1, using the drug ST034307, to determine if

AC1may play a role in the downstream effects of IP3 signalling in

cardiac tissue. Taken together, the data presented here suggest

that AC1 plays a role in rate regulation at the SAN but is less

important in determining inotropic responses.

The role of AC1 and IP3 signalling in the
heart

As shown in Figure 1A, 1 µM ST034307 was found to

significantly inhibit the increase in spontaneous beating rate

of intact right atrial preparations. In contrast, ST034307 did

not have a significant effect on the positive inotropic response to

PE in paced murine left atria (Figure 1B) or potentiation of the

Ca2+ transient in isolated guinea-pig atrial myocytes (Figure 3).

The simplest explanation for this observation is that AC1 is not

involved or minimally contributes to the downstream effect of

IP3 signalling in non-SAN atrial myocytes but plays a more

dominant role in the regulation of SAN pacemaker cells. Such an

observation would be consistent with the observation that AC1 is

preferentially expressed in the SAN and able to regulate If
(Mattick et al., 2007).

Our immunohistochemistry work suggests that AC1 and

IP3R2 are located within close proximity in guinea-pig atrial

and SAN myocytes (Figure 2). Colocalization in SAN was higher

than that observed in right atrial cells (Supplementary Figure S2).

Although higher resolution studies would be required to establish

colocalization within the level required to form a localised

signalling domain, the proximity of IP3R2 and AC1 in both

SAN and atrial cells demonstrated in Figure 2 and

Supplementary Figure S2 raises the possibility that Ca2+

released via IP3R2 may influence the activity of AC1 in the

SAN. Due to the relatively low resolution of fluorescent

immunocytochemistry, the exact localisation of AC1 in

cardiac cells, which may be dynamic, remains unclear. In both

SAN (Figure 2A) and atrial cells (Supplementary Figure S2),

expression of both AC1 and IP3R2 was concentrated most

strongly within the periphery of the cells, however it was also

seen along the striations, corresponding to t-tubules. AC1 has

previously been found to be preferentially found in caveolae in

rabbit SAN cells (Younes et al., 2008), while in mouse SAN cells,

IP3R have been found to be in terminal SR in close proximity to

the plasma membrane (Ju et al., 2011). These patterns of

expression appear to coincide with our own observations for

expression in guinea pig atrial and SAN cells (Figure 2). Previous

work has suggested that AC1 might be located close to but not at

the surface membrane, though still within reach of Ca2+ released

via IP3R (Collins and Terrar, 2012; and see Burton and Terrar,

2021). Higher resolution EM work will be required in the future

to provide more information on the precise location of AC1.

Ca2+-sensitive ACs are implicated in atrial IP3 signalling since

BAPTA, MDL-12,330A and W-7 (calmodulin inhibitor) all

abolish the effects of PE on ICaL (Wang et al., 2005). It is

possible that IP3 mediated Ca2+ release can lead indirectly to

AC1 activation via triggering other Ca2+ signals in different

regions of the cells. One hypothesis that has been proposed is

that local SR Ca2+ release from IP3R leads to a localized elevation

in [Ca2+] at the ryanodine receptor, leading to amplification of

RyR Ca2+ release and activation of LTCC (Lipp et al., 2000; Liang

et al., 2009). However, the abolition of response to exogenously

applied IP3 in the presence of MDL appears to rule out this

possibility, as this pathway would be expected to remain

following inhibition of ACs (Capel et al., 2021). Another

possibility however is that IP3R Ca2+ release triggers activation

of AC1 indirectly, for example via amplification of store operated

Ca2+ entry (SOCE). In HEK293 cells, AC1 and AC8 are

significantly activated by SOCE (Fagan et al., 1996) and SOCE
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is known to occur in close proximity to IP3Rs (Sampieri et al.,

2018). Furthermore, it has been shown that AC8 interacts

directly with Orai1, the pore forming subunit of SOCE

channels (Willoughby et al., 2012), and in HeLa cells,

activation of IP3R clusters tethered below the plasma

membrane by the KRas-induced actin-interacting protein

(KRAP) leads to localised depletion of ER Ca2+, which in turn

leads to SOCE via the activation of stromal interactionmolecule 1

(STIM1) (Thillaiappan et al., 2021). Interestingly, in isolated

mouse SAN cells, the SOCE inhibitor SKF-9665 inhibited Ca2+

influx in SAN in response to pharmacological SR unloading and

reduced the spontaneous rate by 27% in these conditions (Ju

et al., 2007). It remains to be explored whether this finding

involves Ca2+-activated adenylyl cyclases. The roles of IP3 and

activation of SOCE in cardiac cells, and the potential for

downstream regulation of AC activity, therefore warrants

future investigation.

The role of AC1 and IP3 signalling in
cardiac pacemaker activity

Pacemaker activity in mouse SAN cells can undergo

modulation by both IP3 agonists and antagonists, and this

modulation can be abolished following IP3R2 knock-out,

demonstrating that IP3 signalling can play a role in regulating

pacemaker activity (Ju et al., 2011). In addition, IP3 has been

shown to induce Ca2+ sparks in close proximity to the surface

membrane in pacemaker cells, and it has been suggested that this

may lead to modulation of inward Na+/Ca2+ exchange current or

activation of alternative Ca2+ dependent currents (Ju et al., 2012).

Both IP3R2 (Ju et al., 2011) and AC1 (Mattick et al., 2007; Younes

et al., 2008) are expressed in the SAN (Figure 2), and previous

studies have shown potential for activation of Ca2+-sensitive

adenylyl cyclases downstream of IP3R Ca2+ release in SAN

cells as well as in non-pacemaker cells (Mattick et al., 2007; Ju

et al., 2012). These previous observations support a role for the

Ca2+-activated adenylyl cyclases AC1 and AC8 in atrial and SAN

IP3 signalling, however the involvement of other adenylyl

cyclases cannot be ruled out based on these data alone.

In our experiments, ST034307 was found to significantly

reduce the positive chronotropic effect of PE in mouse right atria,

reducing the maximal response to PE without changing EC50

(Figure 1A), suggesting that the effects of ST034307 are via

inhibition of a target within the IP3 signalling pathway.

However, the effects of PE on inotropy in the left atria were

unaffected by ST034307 (Figure 1B). Similarly,

ST034307 reduced the spontaneous Ca2+ transient firing rate

in isolated guinea-pig SAN cells (Figure 4B), as well as the

response to PE in SAN cells (Figure 4E) but did not inhibit

increases in Ca2+ transient amplitude in response to PE in either

atrial (Figure 3) or SAN cells (Figure 4). AC1 is implicated as

being directly involved in the positive chronotropic effect of the

IP3 signalling pathway since application of the non-specific AC

inhibitor MDL-12,330A abolishes the positive chronotropic

response to PE in the absence of β-adrenergic signalling

(Capel et al., 2021), thus supporting that cAMP production by

ACs is involved in the chronotropic response to IP3R activation.

Consistent with this hypothesis, AC1 and AC8 are present in the

SAN plasma membrane and either or both isoforms potentiate

the pacemaker current (Mattick et al., 2007). Furthermore, both

AC1 (Younes et al., 2008) and IP3R2 localise in close proximity to

caveolae in SAN cells (Barbuti et al., 2004; Ju et al., 2011).

Interestingly, in intact, spontaneously beating right atria, we

did not observe a decrease in beating rate on addition of

ST034307 before addition of phenylephrine (Supplementary

Figure S1). Based on the observation that basal rate was

decreased in isolated guinea pig SAN cells (Figure 4B), it

would be expected that a decrease would also be observed in

the intact SAN on addition of ST034307. In previous work, non-

selective inhibition of adenylyl cyclase using MDL-12330 has

been shown to decrease basal activity in mouse right atria in the

presence of β-adrenergic inhibition (Capel et al., 2021). In the

present study, the lack of inhibition in basal activity in the intact

mouse right atria following inhibition of AC1 may reflect

compensation by the calcium sensitive adenylyl cyclase AC8.

The specificity of cAMP signalling is known to rely on

localisation within micro- (Zaccolo and Pozzan, 2002) and

nano-domains (Surdo et al., 2017). Traditionally, cAMP has

been thought to act primarily via protein kinase A (PKA)

(Walsh et al., 1968; Krebs and Beavo, 1979), and cyclic

nucleotide-gated ion channels (Fesenko et al., 1985) to

influence cardiomyocyte contractile sensitivity as well as

regulating L-type Ca2+ channel (LTCC) activity (Chen-Izu

et al., 2000; Harvey and Clancy, 2021). However more recent

work has demonstrated that cAMP may also act via exchange

proteins directly activated by cAMP (EPACs) (de Rooij et al.,

1998), as well as “Popeye domain” containing proteins (Brand,

2005; Zaccolo et al., 2021). The downstream effects of cAMP

signalling in cardiomyocytes can therefore influence a wide range

of cellular processes, including gene expression and cell

morphology, in addition to electrical and contractile activity

(Harvey and Clancy, 2021). This heterogeneity in function is

the result of spatial confinement and localised

compartmentalisation of cAMP signalling (Zaccolo and

Pozzan, 2002; Zaccolo et al., 2021). The existence of a

compartmentalised signalling domain involving both AC1 and

IP3R2 in SAN cells could explain the results demonstrated in the

current study as well as previous observations (Capel et al., 2021).

Such localisation would explain why the specificity of this Ca2+

signal is not lost despite constant global Ca2+ transients within

SAN cells and may also explain why inhibition of AC1 by

ST034307 inhibits beating rate in the SAN without causing an

inhibition of calcium transients, which result from downstream

release of calcium via RyR, in atrial and SAN cells (Figures 3, 4).

Moreover, since AC1 regulation by Ca2+ is biphasic (Fagan et al.,
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1996), it is possible that IP3 induced stimulation of AC1 only

occurs after cytosolic Ca2+ and the membrane potential have

decreased, meaning this additional cAMP is likely only produced

during the early and late phase of diastole allowing stimulation of

If by AC1 at the correct time point. Our findings suggest that

within SAN cells, Ca2+ released from IP3R can activate either

directly or indirectly AC1 and that this can modulate both basal

and stimulated pacemaker mechanisms. Such a mechanism

would be comparable but independent of that by which the

release of Ca2+ from RyR (Rigg and Terrar, 1996; Bogdanov et al.,

2001), or Ca2+ influx via the L-type (Mangoni et al., 2003; Jones

et al., 2007) or T-type Ca2+ channels (Huser et al., 1996) regulates

basal pacemaker activity.

In the present study, β-adrenergic stimulation was excluded

by the inhibition of β-adrenergic receptors using metoprolol,

however calcium release following β-adrenergic stimulation

could also be expected to result in activation of AC1, which

has been shown to respond to Ca2+ at concentrations

corresponding to the full physiological range (Younes et al.,

2008). It has been previously shown however that basal cAMP

in the SAN is maintained by Ca2+-sensitive ACs and that this

process is sensitive to cytosolic Ca2+ buffering using BAPTA,

whereas changes in cAMP in response to β-adrenergic
stimulation are not (Younes et al., 2008). These previous

observations, together with our current observations in the

absence of β-adrenergic stimulation provide further indirect

evidence that the regulation of calcium sensitive ACs in the

SAN occurs independently of β-adrenergic stimulation, likely

due to the compartmentalisation of calcium signalling with these

cells, which would result from the combination of close

proximity of IP3R2 and AC1, coupled with the limitation of

cAMP diffusion by PDEs (Zaccolo and Pozzan, 2002; Surdo et al.,

2017).

Of note, 1 µM ST034307 did not abolish the response to PE in

right atrial tissue (Figure 2A), although based on the reported

IC50 of 2.3 µM (Brust et al., 2017), this dose of ST may have been

insufficient to cause maximal AC1 inhibition. Whilst our

findings suggest a role for AC1 downstream of IP3 mediated

Ca2+ release, in the absence of a specific AC8 inhibitor, our results

cannot rule out the possibility that AC8 is also involved. At the

time of writing no such specific AC8 inhibitor is commercially

available.

Clinical relevance

Abnormal Ca2+ signalling underlies the pathology of many

forms of cardiac disorders and arrythmias, including AF

(Landstrom et al., 2017). Current rate control medication for

diseases such as heart failure and AF target either β-adrenergic
signalling, Na+/K+-ATPase, or If, while few selective

pharmacological treatments exist for sinus node dysfunction.

Expression of IP3R2 in atrial cardiomyocytes is known to be six

times greater in atrial myocytes compared to ventricular

myocytes (Lipp et al., 2000), and IP3R2 is the predominant

isoform in the SAN, showing similar expression levels to right

atrial tissue (Ju et al., 2011). Expression of IP3R is known to be

upregulated in human patients with chronic AF (Yamda et al.,

2001) as well as the canine AF model (Zhao et al., 2007). The IP3
signalling pathway has therefore been identified as a potential

atrial-specific target for the treatment of AF (Tinker et al.,

2016), and the existence of a downstream AC1 dependent

pathway in atrial and SAN tissue could therefore hold

promise for the development of pharmacological interactions

that selectively target cardiac AC1. Despite this, a definitive link

between IP3R Ca2+ release, AC1 and pathogenesis of AF is yet to

be shown and further research investigating this link is

required. Additionally, sinus node dysfunction (or sick sinus

syndrome) comprises a group of progressive non-curable

diseases where the heart rate is inappropriately bradycardic

or tachycardic, resulting in increased morbidity rates (Alonso

et al., 2014). In familial sinus node dysfunction, multiple

different mutated proteins have been implicated including

key Ca2+ handling proteins such as RyR2, calsequestrin and

Cav1.3, alongside HCN4 (Wallace et al., 2021). The crucial

importance of Ca2+ handling and signalling to pacemaker

function and apparent importance in sinus node dysfunction

makes this an important potential target for the modulation of

pacemaker activity in patients with sinus node dysfunction as

well as patients with heart failure and AF. However, a directed

approach to finely modulate SAN Ca2+ signalling directly is as

yet to be described.

Limitations of this study

ST034307 is reported to be highly selective for AC1 at lower

concentrations and does not inhibit other AC isoforms at

concentrations below 30 µM (Brust et al., 2017). Despite this,

we found that in the presence of 10 µM ST034307 heart rate was

dramatically reduced compared to baseline on addition of PE at

concentrations over 10 μM, and as such we used a lower

concentration of 1 µM ST034307. Although this

concentration is below the reported IC50 of 2.3 µM reported

by Brust et al. (2017) 1 µM ST034307 would still be expected to

result in around 40% occupancy based on the inhibition of the

effect of A-23187 in HEK cells reported previously (Brust et al.,

2017). Despite the use of this lower concentration, chromones

have a widely documented biological activity in a range of

biological settings (Gaspar et al., 2014), and the possibility of off

target effects of ST034307 cannot be eliminated. At higher

concentrations (≥30 µM), ST034307 shows potentiation of

AC2, and moderate potentiation of AC5/6, however these

observations have not been reported at the lower

concentration (1 µM) used in the present study (Brust et al.,

2017). Furthermore, the net effect of ST034307 in the SAN is
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expected to favour AC1 inhibition due to the higher expression

(Mattick et al., 2007; Younes et al., 2008) and activity of AC1

(Younes et al., 2008) compared to AC2, AC5 and AC6 within

SAN cells. Of note, entry of the structure of ST034307 into the

SwissTargetPrediction tool (Gfeller et al., 2014) did not identify

a high probability of interactions in either mouse or human and

failed to identify any potential interactions with ion channels.

For mouse, the SwissTargetPrediction tool identified, as the

highest likelihood, only a 0.06% probability of interaction with

histone deacetylase 6 and 8, and D-amino-acid oxidase with no

other predicted interactions. In human, in addition to those

interactions also identified for mouse, a 0.06% probability of

interaction was also identified for quinone reductase 2 and

histone deacetylase 2. To validate this low prediction of off-

target interactions, future investigations using the genetic

knockdown or knockout of AC1 in cardiac tissue, including

the SAN, would provide a more comprehensive understanding

of the role played by AC1 downstream of IP3 signalling in the

heart.

By using intact tissue and cells, the data presented here

provide indirect evidence that modulation of AC1 regulates

SAN pacemaker activity downstream of α-adrenergic
stimulation. However, additional electrophysiological data

would be required to demonstrate this influence directly,

and further experiments are required to determine the

mechanism by which AC1 activity regulates pacemaker

function. Despite this however, by using intact cells, the

pharmacological approach used in the present study avoids

the disruption of intracellular signalling that would be

expected using more cellular invasive techniques such as

whole-cell patch clamp.

Conclusion

The present study highlights a role for the Ca2+-dependent

AC isoform AC1 in influencing cardiac pacemaker activity, both

at the level of the isolated SAN cell as well as at the level of the

intact beating right atria. The most likely explanation for the

blunting of the positive chronotropic response of the SAN to PE

is inhibition of AC1 by ST034307. Moreover, the cause of the

divergent effects of 1 µM ST034307 between the SAN and atrial

myocytes merits further investigation of the mechanisms

regulating both atrial and SAN IP3 signalling.

Overall, this study provides additional support for the

existence of an IP3 → AC1 → cAMP signalling pathway, and

a role for this pathway in the regulation of SAN pacemaker

activity in response to α-adrenergic signalling. The findings

presented support a role for AC1 downstream of IP3-mediated

Ca2+ release, providing a new example of how crosstalk between

Ca2+ and cAMP signalling is involved in regulating SAN

pacemaker activity. These data add to the already published

mechanism of crosstalk between Ca2+ and cAMP signalling

within the SAN, with Ca2+ already having been shown to control

basal cAMP levels and pacemaker activity (Mattick et al., 2007;

Younes et al., 2008), and provide further support for previous

work identifying a link between IP3 signalling and the

downstream activation of Ca2+-dependent ACs (Capel et al.,

2021). Furthermore, the concept that SAN IP3 signalling, and

automaticity can be targeted through cyclic nucleotide

signalling suggests further investigation of putative IP3-

cAMP signalling pathways in cardiac atria may identify

novel targets, for example phosphodiesterases, to modulate

pacemaker activity and also prevent the triggering of atrial

arrhythmias such as AF.
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SUPPLEMENTARY FIGURE S1
Effect of different combinations of metoprolol (1 μM), ST034307 (1 μM)
and PE (10 μM) on mouse right atrial beating rate. Bars represent mean
heart rate (bpm) under different conditions as indicated below the
x-axis. Significance bars represent comparison of the data using ANOVA
followed by Fisher’s LSD test to compare all conditions (non-significant
comparisons are not shown) (n = 11–14). Data are represented as
mean ± SEM.

SUPPLEMENTARY FIGURE S2
(A) Representative example of a fixed, isolated guinea pig atrial myocyte (i)
immunolabelled for IP3R2 (magenta), (ii) AC1 (cyan), (iii) co-
immunolabelled for IP3R2 (magenta) and AC1 (cyan) and (iv) bright field.
(B) Intensity plot to show staining intensity along the line shown in (A).
(C,D) Intensity surface plot showing the distribution of staining of
IP3R2 [magenta, (C)] and AC1 [cyan, (D)] for the whole cell, as shown in
(A) (iii). Scale bars representing 10 µm are indicated in (A). For the
purposes of presentation only, red and green channels have been
represented as magenta and cyan, respectively.
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Reduced activity of adenylyl
cyclase 1 attenuates morphine
induced hyperalgesia and
inflammatory pain in mice

Kayla Johnson1, Alexis Doucette1, Alexis Edwards1,
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Amanda Fowler1, Val J. Watts2 and Amanda H. Klein1*
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Opioid tolerance, opioid-induced hyperalgesia during repeated opioid

administration, and chronic pain are associated with upregulation of adenylyl

cyclase activity. The objective of this study was to test the hypothesis that a

reduction in adenylyl cyclase 1 (AC1) activity or expression would attenuate

morphine tolerance and hypersensitivity, and inflammatory pain using murine

models. To investigate opioid tolerance and opioid-induced hyperalgesia, mice

were subjected to twice daily treatments of saline or morphine using either a

static (15 mg/kg, 5 days) or an escalating tolerance paradigm (10–40mg/kg,

4 days). Systemic treatment with an AC1 inhibitor, ST03437 (2.5–10 mg/kg, IP),

reduced morphine-induced hyperalgesia in mice. Lumbar intrathecal

administration of a viral vector incorporating a short-hairpin RNA targeting

Adcy1 reduced morphine-induced hypersensitivity compared to control mice.

In contrast, acute morphine antinociception, along with thermal paw

withdrawal latencies, motor performance, exploration in an open field test,

and burrowing behaviors were not affected by intrathecal Adcy1 knockdown.

Knockdown of Adcy1 by intrathecal injection also decreased inflammatory

mechanical hyperalgesia and increased burrowing and nesting activity after

intraplantar administration of Complete Freund’s Adjuvant (CFA) one-week

post-injection.

KEYWORDS

pain, adenylyl cyclase, tolerance, hypersensitivity, inflammation

Introduction

Of the principal intracellular mechanisms thought to produce tolerance and opioid-

induced hyperalgesia in the nervous system, increased adenylyl cyclase (AC) expression

and activity is a promising lead candidate (Corder et al., 2013). On a cellular level, upon

agonist binding to the mu-opioid receptor (MOR), AC is inhibited and the formation of

cyclic adenosine monophosphate (cAMP) is decreased. Paradoxically, prolonged agonist
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stimulation of the MOR can lead to loss of AC suppression,

causing increased intracellular activity of AC, thereby increasing

intracellular levels of cAMP (Williams et al., 2001). Enhancement

of cAMP levels due to prolonged opioid exposure has long been

connected to opioid tolerance and opioid dependence in both

in vitro (Collier and Francis, 1975; Sharma et al., 1975) and in

vivo studies, particularly in the spinal cord and dorsal root

ganglia (DRG) (Crain and Makman, 1987; Makman et al., 1988).

To date, nine membrane-bound AC isoforms (AC1-9) and

one soluble isoform (AC 10) have been confirmed in mammalian

nervous systems (Sunahara et al., 1996). AC1 is present in the

brain, particularly in the cortex, hippocampus, and cerebellum,

and historically has been thought to play a large role in learning

and memory (Wu et al., 1995; Defer et al., 2000). AC1 is also

present in the spinal cord (Wei et al., 2002) and TrkA positive

neurons in the DRG of mice (Haupt et al., 2010). A global loss in

AC1 activity results in attenuated nocifensive behaviors after

formalin hind paw injection and reduces pCREB activation in the

superficial dorsal horn of the spinal cord (Wei et al., 2002).

Although all of the underlying mechanisms behind tolerance

and opioid-induced hyperalgesia are not currently known,

increased AC expression and activity have been suggested to

be one of the major causative agents. To date, it is unknown if

selectively inhibiting AC1 activity or reducing AC1 expression

after chronic MOR stimulation alters the development of opioid

tolerance and opioid-induced hypersensitivity. The purpose of

this study was to better understand how the activity of AC1 in the

spinal cord and dorsal root ganglia contributes to

hypersensitivity seen during morphine tolerance, opioid-

induced hypersensitivity, and chronic inflammatory pain. To

accomplish this, systemic pharmacological inhibition of AC1 or

intrathecal delivery of a short hairpin RNA (shRNA) through a

viral vector was used to decrease Adcy1 expression in mice.

Mechanical withdrawal thresholds were measured in morphine

tolerant andmorphine withdrawnmice. Similarly, several evoked

and spontaneous behavioral measures were used to determine if

Adcy1 knockdown would also decrease hypersensitivity or

improve mobility in a mouse model of inflammatory pain.

Materials and methods

Animals

All experimental procedures involving animals were

approved and performed under the University of Minnesota

Institutional Animal Care and Use Committee guidelines. Adult

male and female C57Bl6 mice were obtained via Charles River

(5–6 weeks old, Raleigh, NC) having an average weight of ~25 g

(23–31 g). Mice were housed in a facility ranging from 20 to 26°C

on a 14 h light/10 h dark cycle with water and rodent chow

(Purina 5015) ad libitum. Mice were kept in conventional

microisolator cages with no more than five animals per cage.

The cages contained irradiated corn cob bedding enriched with

aspen and cotton nesting materials. After drug administration

and CFA injections, mice were monitored for overall wellbeing

and any adverse reactions. Mice were acclimated to individual

testing apparatuses before behavioral testing. All experiments

were conducted during the 14 h day cycle except for nesting

behaviors. Mice were euthanized by isoflurane anesthesia (5%)

followed by decapitation at the end of the study. A Table of

experimental studies in provided in Table 1.

In behavioral studies, 5–10 male and female mice were

randomly assigned to either a control or ST034307 treatment

group. Viral vector studies consisted of two treatment groups,

each containing 10 randomly assignedmale and female mice. Use

of male and female animals is consistent with the National

Institute of Health’s Sex as a Biological Variable policy. For all

experiments, male mice were tested before female mice and

equipment cleaned in between testing of sexes.

Drugs and delivery

Morphine (Sigma Chemical, St. Louis, MO, United States) was

administered through a 100 µl subcutaneous injection in saline. For

morphine tolerance experiments, baseline mechanical paw

withdrawal testing was performed before and after administration

of 15 mg/kg of morphine for 5 days (Liang et al., 2011). Baseline

measurements were measured every morning before morphine

injection (Pre) to assess opioid-induced hyperalgesia, and 30min

post injection (Post) to assess tolerance. Escalating morphine

tolerance was performed similarly, except increasing doses of

morphine, starting at 10 mg/kg and increasing 10mg/kg/day, were

administered over 4 days. Day 5 and day 6 thresholds measured

~18 and ~42 h, respectfully, after last morphine injection. In each

model, morphine was delivered twice per day (~0800 and ~1800 h).

ST034307 (6271, Tocris Bioscience, Minneapolis, MN,

United States) was dissolved in 10% β-cyclodextrin with 5%

DMSO in saline and administered in a 100 µl intraperitoneal

injection. ST034307 or vehicle was administered 15 min after

morphine in tolerance experiments.

In separate experiments, Complete Freund’s Adjuvant (CFA,

F5881, Sigma Chemical, St. Louis, MO, United States) was

administered through an intraplantar injection (20 µl,

undiluted) into the left hind paw.

Mechanical paw withdrawal

Mice were acclimated to the testing environment on at least two

separate occasions for 30–60 min before formal testing. The testing

environment consisted of a mesh floor, allowing access to animal

hind paws, and individual clear acrylic chambers. Mechanical paw

withdrawal thresholds, in grams, were determined by electronic von

Frey testing equipment (Electric von Frey Anesthesiometer, 2390,
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Almemo® 2450, IITC Life Science, Woodland Hills, CA,

United States). The plantar surface of the hind paws was gently

pressed with the probe until a nocifensive response (i.e., paw lifting,

jumping, and licking) was elicited. Baseline measurements were

collected five times from both the right and left hind paw and

averaged, with an interstimulus interval of at least 1 minute.

Adeno-associated virus-mediated
Adcy1 knockdown.

Gene knockdown of Adcy1 using shRNA was achieved

using AAV9-GFP-U6-m-Adcy1-shRNA. A scrambled vector,

AAV9-GFP-U6-scramble-shRNA, was used in a different

group of mice as a control (shAAV-251792 and 7045, titer:

1.4 × 1013 GC/mL, in PBS with 5% glycerol, Vector Biolabs,

Malvern, PA, United States). Viruses were delivered by direct

lumbar puncture (10 uL) in awake mice and behavioral

assessments were performed 3–8 weeks post-injection

(Fairbanks, 2003; Vulchanova et al., 2010). Intrathecal

delivery of AAV9 serotypes in live mice yield high efficacy

of transduction efficiency in DRG and lumbar spinal cord

while yielding sporadic labeling in the cortex and other

peripheral tissues (Schuster et al., 2013).

Four weeks post-virus injections morphine efficacy was

determined using an escalating dose-response curve

(5–20 mg/kg) waiting 30 min after each injection (Klein

et al., 2018). Morphine tolerance or escalating morphine

tolerance tests were initiated 5 weeks post-virus injections

(see Drugs and Delivery). CFA was injected into a cohort of

mice 7-weeks post inoculation. CFA treated mice underwent a

series of behavioral tests 3–4 weeks after virus injections but

before CFA administration (see—Rotarod Performance Test,

Open Field Testing, Thermal Paw Withdrawal Testing) and

after CFA administration (see – Burrowing Testing, Nesting).

Rotarod performance test

Agility assessment was conducted using Rotamex-5

automated rotarod system (0254–2002L, 3 cm rod,

Columbus Instruments, Columbus, OH, United States).

Mice were placed onto a stationary knurled PCV rod

suspended in the air. The initial rotation speed of 4 rpm

was gradually increased by 1 rpm in 30-s intervals until

animals fell off the rod or reached a speed of 14 rpm

(300 s). Two tests were administered per animal and averaged.

Thermal paw withdrawal test

Latencies to a radiant light beam focused on the plantar

surface of each mouse hind paw were obtained using a modified

Hargreaves Method (Plantar Test Analgesia Meter, 400, IITC,

TABLE 1 List of behavioral experiments.

Experiment Experiment description Treatment conditions Behavioral tests administered

1 mRNA of adenylyl cyclases in DRG and
spinal cord

Systemic morphine or saline twice daily for 5 days
(15 mg/kg, sc)

N/A

2 ST034307 Mechanical and thermal
antinociception

Vehicle or ST034307 (2.5–10 mg/kg, ip, 100 µl)
15 min post-morphine

Von frey and thermal paw withdrawal

3 ST034307 Escalating morphine tolerance Systemic morphine twice daily for 5 days (10 mg/kg
on day 1 increasing to 40 mg/kg by day 4, sc, 100µl) +
vehicle or ST034307 (2.5–10 mg/kg, ip, 100 µl)
15 min post-morphine, vehicle or ST034307
(2.5–10 mg/kg, ip, 100 µl) on Day 5

Von frey paw withdrawal

4 AC1 knockdown via intrathecal delivery:
morphine antinociception

AAV9-Adcy1-shRNA or AAV9-Scrambl-shRNA
delivered intrathecally, morphine doses 5–20 mg/kg,
sc, measurements taken 30 min after morphine
injection

Von frey paw withdrawal

5 AC1 knockdown via intrathecal delivery:
escalating morphine tolerance

AAV9-Adcy1-shRNA or AAV9-Scrambl-shRNA
delivered intrathecally, Twice daily escalating
injections of morphine (10 mg/kg on day 1 increasing
to 40 mg/kg by day 4, sc, 100 µl)

Von frey paw withdrawal

6 AC1 knockdown via intrathecal delivery:
morphine tolerance

AAV9-Adcy1-shRNA or AAV9-Scrambl-shRNA
delivered intrathecally, twice daily injections of
morphine for 5 days (15 mg/kg, sc)

Von frey paw withdrawal

7 AC1 knockdown via intrathecal delivery:
CFA model of inflammatory pain

AAV9-Adcy1-shRNA or AAV9-Scrambl-shRNA
delivered intrathecally, CFA delivered intraplantar
(one hindpaw)

Before CFA: Rotarod performance test, open field
testing, thermal paw withdrawal testing, Von frey paw
withdrawal (baseline) after CFA: Von frey paw
withdrawal. burrowing testing, nesting
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Woodland Hills, CA, United States) (Hargreaves et al., 1988).

The average time required to elicit a nocifensive response of at

least three measurements per hind paw were recorded. Mice were

acclimated on multiple separate occasions to individual acrylic

containers on a shared glass floor heated to 30°C 1 week prior to

the start of each experiment.

Open field testing

The open-field testing arena consisted of a 40 × 40 cm box with

a white floor and black walls. Animals were placed in the open-field

arena, in a room with controlled adjustable lighting, and baseline

activity was recorded for 30 min (Sony Handycam, HDR-CX405,

Sony Corp., Tokyo, Japan). The distance traveled (cm), time spent

immobile (sec), average velocity (cm/s), and the change in

orientation angle (degrees) were computed by using data output

from the Ethowatcher computational tool software (Laboratory of

Bioengineering of the Institute of Biomedical Engineering and the

Laboratory of Comparative Neurophysiology of the Federal

University of Santa Catarina, UFSC, available: http://ethowatcher.

paginas.ufsc.br/) (Crispim Junior et al., 2012).

Burrowing testing

Two days after the completion of the mechanical testing

(one-week after CFA inoculation), AAV9-Adcy1 and AAV9-

scramble mice were subjected to burrowing testing. Mice were

acclimated to empty burrowing tubes for ~2 h on at least two

separate occasions before formal testing. The burrows were made

from a 6 cm diameter plastic pipe and 5 cm machine screws were

used to elevate the open end by 3 cm (Deacon, 2012). During

testing, each mouse was placed in an individual cage with a

burrowing tube containing 500 g of pea gravel. The amount of

gravel remaining in the tube after 2 h was used to calculate the

total percent of gravel displaced from the burrow.

Nesting

Mice were individually housed in plastic cages containing cob

bedding with food and water ad libitum overnight. A single 2”

Nestlets™ (Ancare Corp., Bellmore, NY, United States) square was

weighed and added to each cage. The next morning (~14 h) untorn

pieces of each nesting square were weighed and the resulting nests

were photographed and scored on a 5-point scale as described

previously (Deacon, 2012). Briefly the scoring system was: 1 = >90%
intact, 2 = partially torn, 3 = mostly shredded but no identifiable

nest, 4 = >90% torn but flat nest site, 5 = >90% torn with resulting

crater nest. Scores with 0.5 units were used for nests with scores in

between the aforementioned intervals. Nesting scores were tabulated

3 days after CFA injections.

Tissue collection and mRNA isolation

Lumbar spinal cord and L3-L6 DRG tissues harvested from

animals were flash frozen in liquid nitrogen and stored at -80°C

8 weeks after virus inoculation. Total mRNA was isolated from

tissues using Tri Reagent (T9424, Sigma Aldrich, St. Louis, MO,

United States) and RNeasy Mini Kit (Qiagen, Germantown, MD,

United States) according to the manufacturer’s protocol with

30 min DNase 1 digestion. Complementary DNA synthesis was

performed with 50 ng total mRNA using Omniscript RT Kit

(Qiagen, Germantown, MD) and random nonamers (Integrated

DNA Technologies, Coralville, Iowa) according to the

manufacturer’s protocol.

Quantitative PCR

Quantitative PCR was performed using SYBR Green I dye

with a LightCycler 480 machine (Roche, Branchburg, NJ,

United States). The cDNA copy number was typically

quantified against a ≥5 point, 10-fold serial dilution of a gene-

specific cDNA standard (~5e1 to 5e6 copies/µL) cDNA standards

were created using block PCR for one gene (Amplitaq Gold,

Applied Biosystems) and purified using Qiaquick (Qiagen).

Standards were quantified using a UV-Vis spectrophotometer

and DNA copies/µL calculated using the equation: (DNA µg/µl)

(µmoles/DNA m. w. µg) (1 mol/1 × 106 µmoles) (6.022 ×

1023copies/mole). Internal controls included negative RT-PCR

samples and comparative expression versus housekeeping genes,

18S and Gapdh. Amplification efficiencies were >1.8 and the

targeted ΔCt between two dilutions was around -3.3. Fold

expression of each gene of interest was determined by: (mean

gene concentration/mean 18s concentration)/(mean gene

concentration in saline/mean 18s concentration in saline). See

Table 2 for gene-specific primers used.

AC1 enzyme-linked immunosorbent assay

Quantitative measurement of AC1 in spinal cord tissue

was performed using the Mouse Adenylate cyclase type 1

(Adcy1) ELISA Kit (RK08031, ABclonal, Woburn, MA,

United States) kit according to manufacturer instructions.

Briefly, spinal cords were homogenized in RIPA lysis buffer

(100 mM Tris, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1%

Triton X-100, 0.5% sodium deoxycholate) with added

protease (P8340 and phenylmethylsulfonyl fluoride, Sigma)

and phosphatase (P0044 and P5726, Sigma) inhibitors. Spinal

cord homogenates were centrifuged and further diluted in

Sample Diluent provided by ABclonal. After incubation in

Biotin Conjugate Antibody, Strepavidin-HRP, and TMB

substrate, each well was read in microplate reader (Biotek

Instruments, Santa Clara, CA, United States) at 450 nm with a
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wavelength correction at 570 nm. Samples were compared

against an 8-point standard calibration provided by ABclonal.

Microscopy

Histological sections were taken from spinal cord, DRG,

and sciatic nerves to verify the delivery of the AAV9 virus

within the lumbar intrathecal space 8-weeks post

inoculation. Verification of virus inoculation was visible

by the presence of green fluorescent protein (GFP).

Sections (10 uM, Leica CM3050) were mounted onto

electrostatically charged slides and images were collected

using a Nikon TiS Microscope and associated software.

C-fiber compound action potentials

Compound action potentials (CAPs) were measured from both

left and right desheathed sciatic nerves from AAV9-GFP-U6-m-

Adcy1-shRNA and AAV9-GFP-U6-scramble-shRNA8 weeks after

intrathecal injection. Sciatic nerveswere dissected from the hind limbs

ofmice and recordings were performed the same day. Each nerve was

mounted in a chamber filled with superficial interstitial fluid

composed of 107.7 mM NaCl, 3.5 mM KCl, 0.69 mM MgSO4,

26.2 mM NaCO3, 1.67 mM NaH2PO4, 1.5 mM CaCl2, 9.64 mM

Na+ gluconate, 5.5 mM d-glucose, and 7.6 mM sucrose, pH 7.4

(bubbled with 95% O2, 5% CO2). Electrical stimulation was

performed at a frequency of 0.3 Hz with electric pulses of 100-µs

duration at 100–10,000 µA delivered by a pulse stimulator (2100, AM

Systems, Carlsborg,WA, United States). Evoked CAPs were recorded

with electrodes placed ~5mm from the stimulating electrodes.

Dapsys software was used for data capture and analysis (Brian

Turnquist, Bethel University, St. Paul, MN, United States, www.

dapsys.net). The lowest stimulus producing a detectable response in

the nerve was determined as the threshold stimulus and the peak

amplitude determined when the response no longer increased in

amplitude. The conduction velocity was calculated by dividing the

latency period, the time from stimulus application to neuronal initial

response, by the stimulus-to-recording electrode distance. The sciatic

nerves were collected in mice previously used in the morphine

escalating dose-response curve studies.

Data analysis

Data were collected by personnel blinded to the animal’s

condition and treatment. The appropriate t-test, one-way,

TABLE 2 Gene specific primers used for qRT-PCR. The NCBI gene accession number, resulting base pair length, and both the forward and reverse
primers for each gene for qRT-PCR analysis.

Gene NCBI number Length Forward Reverse

18s NR_003278.3 149bp 5′-CGCCGCTAGAAGTGAAATTCTT-3′ 5′-CAGTCGGCATCGTTTATGGTC-3′
Adcy1 NM_009622.1 115bp 5′-TGCAGACATCGTGGGTTTCA-3′ 5′-ACAGTGGTTTTCGGCTA-3′
Adcy2 NM_153534.2 140bp 5′-CTAAACCGAGTGCTGCTGGA-3′ 5′-TTGAAGTCCGGAATGGAGGC-3′
Adcy3 NM_138305.3 199bp 5′-TCTGGGGTCCAAGAAGAGAGA-3′ 5′-GACCCGGAATTTGGGATTGTC-3′
Adcy5 NM_001012765.4 151bp 5′-TGATCGAGGCCATCTCGTTG-3′ 5′-TGGTTGGCCAGAGTGACATC-3′
Adcy6 NM_007405.2 162bp 5′-TGCGGTGAGGGAGAATCACT-3′ 5′-ACACCTGTTACCTCACGCAC-3′
Adcy8 NM_001291903.1 191bp 5′-CCGCATCTACATCCATCGCT-3′ 5′-AGTAGTAGCAGTCCCCCAGG-3′
Prkaca NM_008854.5 96bp 5′-TTTGCCAAGCGTGTGAAAGG-3′ 5′-AGCCTTGTTGTAGCCTTTGCT-3′
Prkacb NM_011100.4 122bp 5′-TGCAGCCCAGATTGTGCTAA-3′ 5′-ACCCGAAATCTGTGACCTGG-3′
Rapgef3 NM_001177810.1 145bp 5′-GGAAGTGCATGAGCTGACCC-3′ 5′-CACCTGGTGGATCCTGTTGAAG-3′
Rapgef4 NM_001204165.1 96bp 5′-TCCAAGAGCTGCCTCCATTG-3′ 5′-GAATCAACGTCCCTCAGAAT-3′
Gapdh NM_001289726.1 85bp 5′-TGACCTCAACTACATGGTCTACA-3′ 5′-CTTCCCATTCTCGGCCTTG-3′

FIGURE 1
Significant increase in mRNA of adenylyl cyclase 1 in the
dorsal root ganglia and spinal cords of mice that have undergone
chronic morphine administration. Mice were given systemic
morphine or saline twice daily for 5 days (15 mg/kg, sc). (A)
Dorsal root ganglia (DRG) from morphine treated mice have
elevated levels of Adcy1, Adcy3, Adcy5, and Rapgef4 mRNA
compared to saline treated mice (one-sample t-test, n = 11–12/
group). (B) Spinal cords frommorphine treatedmice have elevated
levels of Adcy1 and Rapgef3 mRNA compared to saline treated
mice (one-sample t-test, n = 14/group). Data are displayed as the
Log2 fold change of morphine treated mice over the average of
the saline treatment group, ±SEM,*p < 0.05, **p < 0.01.
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two-way, or repeated-measures ANOVA followed by either

Dunnett’s or Bonferroni’s post hoc analysis was used to

determine significance for mechanical thresholds, thermal

latencies, gene expression, burrowing, open field testing,

rotarod assessments, and CAP recordings. A

Mann–Whitney U test was used for nesting behaviors. All

statistical analyses were carried out using GraphPad Prism

version 9 (GraphPad Software, San Diego, CA). Data

presented as mean ± SEM unless otherwise indicated with

p < 0.05 considered statistically significant.

Results

Adcy1mRNA expression is increased in the
dorsal root ganglia and spinal cord in mice
after chronic administration of morphine

Chronic agonist exposure of the MOR decreases inhibitory

intracellular responses and increases adenylyl cyclase/cyclic-AMP

activity (Williams et al., 2013). We attempted to confirm these

findings by analyzing the change in mRNA expression of various

Adcy isoforms in nervous system tissues of morphine tolerant mice.

Of the isoforms examined, an increased expression ofAdcy1 is seen in

DRGand spinal cord (Figure 1). This suggests AC1may play a role in

morphine tolerance in both the central and peripheral nervous

systems. Adcy3, Adcy5, and Rapfgef4 (protein: Epac2) mRNA

were also elevated in dorsal root ganglia, while Rapgef3 (protein:

Epac1) was also elevated in the spinal cord.

Systemic ST034307 administration
attenuates morphine tolerance and
withdrawal

To further understand the physiological role of

AC1 during tolerance and withdrawal with chronic

morphine administration, pharmacological and gene knock-

down strategies were implemented with behavioral assays.

Previous research demonstrated ST034307 acts as an

AC1 inhibitor and as an analgesic in a mouse chronic

inflammatory pain model (Brust et al., 2017). In both

FIGURE 2
ST034307 produces mechanical and thermal antinociception and attenuates morphine induced hyperalgesia (A) Mechanical paw withdrawal
thresholds and thermal latencies (B) between vehicle and ST034307 treated mice. Significant increases in paw thresholds and latencies were seen
between vehicle and ST034307 treated mice (repeated measures ANOVA with Dunnett’s post hoc test vs. vehicle, F (3, 31) = 3.691, p = 0.0221 and F
(3, 29) = 5.460, p = 0.0042, respectively). (C) To induce escalating morphine tolerance, mice received twice daily injections of morphine
(10 mg/kg on day 1 increasing to 40 mg/kg by day 4, sc, 100 uL) along with an injection of either vehicle or ST034307 (2.5–10 mg/kg, ip, 100 uL)
15 min post-morphine. Baseline measurements were measured every morning before morphine injection (Pre) and 30 min post injection (Post) with
day 5 and day 6 thresholds measured ~18 and ~42 h, respectfully, after last morphine injection (repeated measures ANOVA with Dunnett’s post hoc
test vs. vehicle, F (3, 32) = 8.424, p = 0.0003). Asterisk indicates statistical significance at each individual time point (p < 0.05). Data presented as
mean ± SEM. Data presented as mean ± SEM with an n = 5 (vehicle) or 10 (2.5–10 mg/kg ST034307)/group.
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mechanical and thermal nociceptive tests, the peak threshold

and latency measurements increased after intraperitoneal

administration of ST034307 (Figures 2A,B). A significant

increase in thermal latency was seen between vehicle and

ST034307 over time (Figure 2B). The peak antinociceptive

action of ST034307 occurred around ~15 min post-injection,

but this effect is still fairly weak in naïve mice.

To determine if ST034307 attenuates morphine tolerance

and opioid-induced hypersensitivity in vivo, mice were subjected

to twice daily morphine injections (10 mg/kg on day one

increasing 10 mg/kg each day to a final concentration of

40 mg/kg, sc) in combination with either an injection of

vehicle or ST034307 (Figure 2C). Mechanical thresholds were

measured before the start of injections and 30 min post morphine

injection to measure opioid-induced hypersensitivity and

morphine tolerance, respectively. ST034307 increased paw

withdrawal thresholds pre-morphine administration,

compared to vehicle injected animals, indicating the

pharmacological inhibition of AC1 can decrease morphine-

induced hyperalgesia. A mild effect on morphine tolerance

was also observed as ST034307 increased paw withdrawal

thresholds after morphine administration on Day 5 compared

to vehicle controls.

Intrathecal knockdown of
Adcy1 attenuates morphine tolerance and
opioid-induced hypersensitivity

A shRNA targeting Adcy1 was used to reduce Adcy1

expression within the peripheral nervous system and spinal

cord via intrathecal injection. To ensure the shRNA

knockdown strategy of the AAV9-Adcy1 was successful, spinal

cords and DRG were collected for qPCR after the conclusion of

behavioral tests. The mRNA copy numbers of Adcy1 were

significantly reduced in AAV9-Adcy1 mice in both the spinal

cord (Figure 3A, unpaired t-test, p = 0.0201) and DRG

(Figure 3A, unpaired t-test, p = 0.0370) compared to the

AAV9-scramble mice. Changes to the expression levels of

Adcy5, Adcy8, and Oprm1 were also analyzed, but no

significant differences were seen for any of these genes in

either tissue (Figures 3B–D). Protein levels of AC1 in the

spinal cord were also confirmed to be decreased using an

ELISA assay (Figure 3E). Florescence microscopy also

indicates the injection location was successful in these

experiments (Figures 3F–H).

Since continued agonist stimulation of the MOR increases AC

activity, the Adcy1 knockdown model was hypothesized to show an

FIGURE 3
Intrathecal injection of small interfering RNA sequences targeting AC1 reduces Adcy1 mRNA in spinal cord and DRG of mice. (A) Significant
reduction of Adcy1 mRNA copies present in mice injected with AAV9-ADCY1-shRNA-GFP (Adcy1) vs. AAV9-Scrambl-shRNA-GFP (Scramble;
unpaired t-tests, *p < 0.05). No significant changes are seen in Adcy5 (B), Adcy8 (C), or Oprm1 (D) mRNA expression. n = 8–10/group. (E) Protein
levels of AC1 collected from spinal cord are lower in AAV9-ADCY1-shRNA-GFP (Adcy1) vs. AAV9-Scrambl-shRNA-GFP injected mice (unpaired
t-test, p < 0.0001), n = 4–5/group. Injections were verified by Immunofluorescence analysis in the spinal cord (F), DRG (G), and sciatic nerves (H).
Scale bar = 200uM. Data presented as mean ± SEM.

Frontiers in Pharmacology frontiersin.org

Johnson et al. 10.3389/fphar.2022.937741

48

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.937741


attenuation of morphine tolerance and opioid-induced

hypersensitivity, but not necessarily acute morphine

antinociception. An acute morphine dose-response curve

indicated AAV9-Adcy1 and AAV9-scramble mice had similar

antinociceptive effects of morphine (Figure 4A). Using an

escalating morphine tolerance model, mice were subjected to

mechanical testing while given twice daily injections of increasing

doses of morphine in saline, starting with 10 mg/kg on day 1 and

increasing by 10 mg/kg daily until reaching 40 mg/kg on day 4.

AAV9-Adcy1 mice exhibited significantly higher mechanical

thresholds than AAV9-scramble mice pre-morphine

administration on days 5 and 6 (Figure 4B). In an alternative

model of morphine tolerance, morphine was administered twice

daily in saline (15 mg/kg, SQ), and on day 6 mechanical thresholds

were taken ~18 h after the last morphine injection. AAV9-Adcy1

mice had significantly higher mechanical thresholds compared to

AAV9-scramblemice pre-morphine administration on day 5 and

day 6, indicating that loss of AC1 reduced morphine-induced

hypersensitivity (Figure 4C). Collectively, these data show the

knockdown of Adcy1 not only attenuates the development of

morphine tolerance but also the development of opioid-

induced hypersensitivity.

Intrathecal knockdown of Adcy1 improves
mechanical hypersensitivity and non-
evoked behaviors after complete freund’s
adjuvant injection in mice

Previous research has demonstrated pharmacological

inhibition of AC1 via ST034307 could provide analgesia in

a mouse model of chronic inflammatory pain (Brust et al.,

2017). We performed a similar test to examine CFA analgesic

efficacy after Adcy1-shRNA treatment 7 weeks after

inoculation. AAV9-Adcy1 mice had significantly higher

mechanical thresholds than AAV9-scramble mice on both

the CFA injected paw (Figure 5A) and the uninjected hind

paw (Figure 5B). This data indicates knockdown of Adcy1 does

provide some analgesic efficacy in the chronic inflammatory

pain model one-week post-CFA administration.

A significant increase in gravel displacement was seen

between the AAV9-Adcy1 and control mice (Figure 5C). A

significant increase in nesting scores was also seen in AAV9-

Adcy1 compared to AAV9-scramble mice (Figure 5D).

Altogether, this data indicates the level of ongoing pain or

discomfort produced by CFA may be decreased after

FIGURE 4
AC1 knockdown via intrathecal delivery of AAV9-Adcy1-shRNA partially attenuates morphine induced hyperalgesia in mice. (A) Knockdown of
Adcy1 mRNA does not impact acute morphine antinociception (5–20 mg/kg, sc, measurements taken 30 min after morphine injection). (B) Twice
daily escalating injections of morphine (10 mg/kg on day 1 increasing to 40 mg/kg by day 4, sc, 100 µl) induce hyperalgesia that is attenuated in
AAV9-Adcy1-shRNA compared to AAV9-Scrambl-shRNA injected mice on Days 5 and 6, ~18 and ~42 h after last morphine injection,
respectively (repeated measures ANOVA, F (1, 18) = 3.928, p = 0.00630). (C) Morphine tolerance and hyperalgesia established by twice daily
injections of morphine for 5 days (15 mg/kg, sc) are reduced in AAV9-Adcy1-shRNA compared to AAV9-Scrambl-shRNA injected mice (F (1, 18) =
17.61, p = 0.0005). Asterisk indicates statistical significance at each individual time point (p < 0.05). Data presented as mean ± SEM with an n = 10/
group.
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AC1 knockdown and the loss of AC1 signaling may contribute to

greater functional motility during chronic pain.

Knockdown of Adcy1 does not alter
mobility, thermal nociception, or sciatic
nerve conduction in mice

Mice were subjected to rotarod and thermal paw withdrawal

testing 3-weeks post virus injections and open field assessments

4-weeks post virus injections, before CFA administration. For

rotarod testing, the total time on rotarod (Figure 6A) were not

significantly different between AAV9-scramble and AAV9-

Adcy1 mice. No significant difference was seen between

AAV9-scramble and AAV9-Adcy1 mice during thermal

testing (Figure 6B). In open field tests, no significant

difference was seen between AAV9-scramble and AAV9-

Adcy1 mice in distance traveled (Figure 6C), velocity

(Figure 6D) or change in orientation angle (Figure 6E).

However, a small yet significant difference was seen in time

spent immobile (Figure 6F; unpaired t-test, p = 0.0433) indicating

AAV9-Adcy1 mice spent less time stationary compared to

AAV9-scramble injected mice. This data indicates the AAV9-

Adcy1 shRNA does not cause any major mobility changes in

mice. Lastly, the downregulation of Adcy1 did not have any

impact on thresholds, amplitude, or conduction velocity of

C-fiber CAPs (Figures 7A–D).

Discussion

The present study investigated the role of AC1 with regard to

opioid tolerance, opioid-induced hyperalgesia, and inflammatory

pain in mouse models. In our study, Adcy1 was elevated in the

DRG and spinal cord of mice after chronic morphine exposure.

Our behavioral results indicate pharmaceutical inhibition of

AC1 using ST034307 reduced opioid tolerance and attenuated

morphine-induced hypersensitivity after increasing opioid

administration. Intrathecal knockdown of Adcy1 using a viral

strategy was also effective at reducing morphine-induced

hyperalgesia and withdrawal. The loss of Adcy1 expression

increased mechanical paw withdrawal thresholds, and

improved burrowing and nesting behaviors after CFA

intraplantar injection.

FIGURE 5
Intrathecal delivery of AAV9-Adcy1-shRNA reduces mechanical hypersensitivity following intraplantar CFA. Mechanical paw withdrawal
thresholds were measured before and after a unilateral hind paw injection of 20 µl CFA. (A) AAV9-Adcy1 (C) mice had significantly higher MPW
thresholds than AAV9-scramble mice (□) on the injected paw (repeated measures ANOVA with Bonferroni’s post hoc test, F (1, 18) = 6.157, p =
0.0232), (B) and on the CFA uninjected paw (repeatedmeasures ANOVAwith Bonferroni’s post hoc test, F (1, 18) = 9.148, p= 0.0073). (C) AAV9-
Adcy1mice have increased burrowing (unpaired t-test, p=0.0188) (D) and higher nest building scores compared to controlmice (MannWhitney test,
p < 0.0001). Asterisk indicates statistical significance at each individual time point (p < 0.05), n= 10/group. Data in A-C presented asmean ± SEM, data
in D presented as median ± 95% confidence interval.
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The mechanisms driving chronic pain are thought to be

associated with opioid tolerance as both phenomena may arise

from similar changes in intracellular signaling pathways in the

peripheral and/or central nervous systems (Joseph et al.,

2010). The rationale for using both morphine and

inflammatory pain models in our study were that 1)

Chronic morphine treatment has been previously shown to

produce a hypertrophied state of AC1, AC6, and AC8 in vitro

(Avidor-Reiss et al., 1997) and 2) Several AC isoform-selective

pharmacological inhibitors have been developed, particularly

for AC1, and appear to attenuate chronic pain in mice (Brust

et al., 2017; X.-H. Li et al., 2020; Vadakkan et al., 2006; H.

FIGURE 6
Animal mobility, thermal sensitivity and open field behaviors are not affected in mice with intrathecal knockdown of Adcy1. Mice underwent
behavioral assessments to gauge mobility and the presence of behavioral deficits after intrathecal injection of AAV9-GFP-U6-m-Adcy1-shRNA (C)
or AAV9-GFP-U6-scramble-shRNA (□) intrathecal injections. The (A) maximum time spent on a rotating rod, (B) thermal paw withdrawal latency,
open field assessments including the (C) distance traveled, (D) velocity, and (E) total change in angular orientation were not significantly
different between treatment groups. (F) The time spent immobile in seconds was significantly decreased in AAV9-Adcy1 compared to AAV9-
scramble mice (unpaired t-test, p = 0.0433), n = 10/group.

FIGURE 7
Intrathecal administration of AAV9-GFP-U6-m-Adcy1-shRNA (C) or AAV9-GFP-U6-scramble-shRNA (□) does not alter sciatic nerve C-fiber
conduction properties. (A) Example of a compound action potential (CAP) recording from sciatic nerve of mouse. The (B) electrical thresholds, (C)
maximum CAP amplitude, and (D) conduction velocity, were not significantly different between groups. Data presented as mean ± SEM with n =
10–20/group.
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Wang et al., 2011). In chronic pain and opioid-tolerant states,

increased AC activity is thought to contribute to enhanced

neurotransmission of nociceptive circuits at several levels

including the brain (Liauw et al., 2005; Zachariou et al.,

2008), spinal cord (Wei et al., 2006), and primary afferents

(Yue et al., 2008; Bavencoffe et al., 2016). Opioid tolerance and

dependence can be enhanced in several mouse models after

CFA treatment, indicating that some synergy is occurring

between these two conditions (Liang et al., 2006). In our

current and previous studies, systemic administration of

ST034307, a small molecule inhibitor of AC1, did not

greatly increase mechanical or thermal paw withdrawal

thresholds in naïve animals, yet reduced morphine

tolerance and hyperalgesia in CFA treated mice. (Brust

et al., 2017). This further corroborates the idea that

adenylyl cyclase activity in uninjured or morphine-naïve

animals may be fairly low.

Hypersensitivity and hyperalgesia seen in chronic pain and

drug-induced hypersensitivity most likely occur on multiple

levels along sensory transmission pathways, from peripheral

afferents, spinal cord synapses, and connectivity across

midbrain and cortical cells. To determine if localized

downregulation of AC1 in the spinal cord and primary

afferent neurons could attenuate opioid tolerance and

inflammatory chronic pain, an intrathecal viral knockdown

approach was used with shRNA specifically targeted to

Adcy1. Static dosing of morphine (15 mg/kg, 2x daily,

5 days) and escalating doses of morphine over 4 days

(10–40 mg/kg, 2x daily) both resulted in enhanced baseline

mechanical sensitivity. After intrathecal administration of

AAV9-Adcy1, mice had higher mechanical paw withdrawal

thresholds before (pre) and after (post) morphine

administration compared to control mice. Our data agree

with previous studies, as a global loss of either/both AC1 or

AC8, appear to have a role in attenuating morphine tolerance

and withdrawal (Villacres et al., 1998; Wang and Zhang, 2012).

Additionally, AC1 and AC8 knockout mice have increased

thermal latencies during the first few days of morphine

tolerance testing as well as decreased withdrawal behaviors

(Li et al., 2006; Zachariou et al., 2008).

In contrast, baseline mechanical sensitivity and acute

morphine antinociception were not changed in AAV9-Adcy1

mice compared to control mice. This distinction between a lack

of antinociception after acute morphine delivery and a significant

enhancement of paw withdrawal thresholds after chronic

morphine administration is important, indicating adenylyl

cyclase hypertrophy occurs after repeated stimulation of the

MOR, and not after a single dose of an opioid, which has

been a proposed paradigm for many years (Williams et al.,

2001). Collectively, this suggests a reduction in the activity or

function of AC1 may represent a novel analgesic target in

addition to improving opioid withdrawal in patients taking

chronic opioids.

AC1 and AC8 have also been linked to the development of

both acute and chronic persistent inflammatory pain (Vadakkan

et al., 2006; Wei et al., 2006; Griggs et al., 2017; Griggs et al.,

2019). Baseline thermal and mechanical sensitivities are not

altered in AC1−/− mice, but responses after formalin and CFA

are decreased compared to wild-type mice (Wei et al., 2002). In a

separate study, the loss of AC1, but not AC8, decreased

nocifensive responses to formalin (Vadakkan et al., 2006).

Systemic delivery of pharmacological inhibitors of

AC1 reduces hypersensitivity in neuropathic and

inflammatory pain models in mice (Brust et al., 2017; Wang

et al., 2011), consistent with knock-out mouse studies. In a mouse

model of inflammatory pain, AAV9-Adcy1 mice also had higher

mechanical paw withdrawal thresholds compared to control mice

3 h and 7 days after CFA injection. The lack of analgesia seen

during the initial phases after CFA administration (24–48 h),

could be due the deferred hypertrophy of adenylyl cyclases after

tissue injury, or the delayed role of adenylyl cyclases in enhanced

transcription of pro-inflammatory molecules, taking several days

to manifest (Tarnawski et al., 2018). The initial change in

mechanical thresholds seen at 3 h post-CFA was surprising, as

a previous study failed to demonstrate a pre-emptive effect in a

rodent model of neuropathic pain with adenylate cyclase

inhibitor administered before injury (Liou et al., 2009).

Another previous study using the AC1-specific inhibitor

NB001 indicates that inhibition of hyperalgesia after CFA

administration was seen 3 days after inoculation (Zhou et al.,

2021).

It is possible after tissue damage, stimulation of cAMP and PKA

due to adenylyl cyclase activation, promotes hyperalgesia by initially

increasing levels of molecules such as PGE2 in the early phases of

injury (Aley and Levine, 1999). Activation of protein kinaseA (PKA)

in chronic pain has also been associated with subsequent

phosphorylation of a transcription factor, cAMP response

element-binding protein (CREB). CREB is responsible for the

transcriptional regulation of a large number of proteins and

peptides implicated in heightened nervous system activity (e.g.

c-Fos, BDNF, tyrosine hydroxylase, etc.) during inflammation

and during chronic opioid administration. The impact of

AC1 inhibition could be delayed due to the role of CREB or

other transcription factors involved in pain chronification that

take a much longer time to develop (Tao et al., 2019).

Attenuation of mechanical hyperalgesia was also seen on the

contralateral (uninjected) hind paws. During chronic pain states,

anatomical sites nearby also become sensitized to painful or non-

painful stimulation (Chen et al., 2014; Griffioen et al., 2015). The

inhibition of AC1 could also help attenuate pain sensitization

beyond the primary zone of injury through changes in functional

plasticity that occurs in contralateral sensory nerves following the

induction of inflammation (Kelly et al., 2007) that may not follow

the same time course as the ipsilateral side. AC1 inhibition most

likely does not impact the progression of inflammation directly, as

other studies have shown that NB001, does not impact CFA-
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induced knee joint structural destruction nor mono-sodium urate-

induced edema of the ankle joint (Tian et al., 2015; Liu et al., 2021).

Alternatively, those results may be explained by the smaller overall

level of the Adcy1 knockdown in our studies when compared to

global AC1 knockout mice (Wei et al., 2002).

Spontaneous pain and animal wellbeing after initiation of

chronic pain are less frequently investigated than evoked

measures, so our studies incorporated alternative testing

measures including burrowing and nesting behaviors innate to

rodents. Burrowing and nesting tests have been used to evaluate

spontaneous pain or tonic pain in several models of chronic pain in

rodents (Gaskill et al., 2013; Muralidharan et al., 2016). We found

small differences between AAV9-Adcy1 and AAV9-scramble mice

in burrowing behaviors after CFA injection. A similar difference was

also seen in the nesting scores after CFA induction, as AAV9-Adcy1

mice demonstrated significantly higher nesting scores than control

mice. In previous studies, burrowing behavior is reduced in CFA

inflammatory pain models in rats and can be reversed by ibuprofen

(Andrews et al., 2012). Nesting behaviors are reportedly attenuated

after CFA injection in mice which can be reversed by

ketoprofen or low doses of morphine (Negus et al., 2015).

Notably, no significant differences were detected between

AAV9-Adcy1 and AAV9-scramble mice in either the

rotarod, thermal paw withdrawal latencies, or open field-

testing parameters, indicating intrathecal knockdown of

AC1 does not affect acute thermal pain thresholds or affect

general ambulatory behaviors. Transcriptional knockdown of

AC1 in the sciatic nerves of mice was not specifically measured,

however, there were no significant changes in C-fiber

compound action potential properties. These data indicate

behavioral changes seen in the AAV9-Adcy1 animals may be

restricted to the spinal cord and/or DRG, or loss of

AC1 function does not impact axonal propagation of C-fiber

action potentials.

Opioids are one of the most common analgesics used to

alleviate pain in the clinic and function by inhibiting neuronal

signal transmission. Individuals with chronic pain, including

inflammatory pain, use opioids daily for pain management,

causing the development of analgesic tolerance, leading to

dosage escalation. Whether the increased opioid requirement

is caused by the decreasing analgesic efficacy of the drug

(i.e., tolerance), or an increase in spontaneous pain, or

lowering the nociceptive threshold, the clinical effect is the

same (Hayhurst and Durieux, 2016). Furthermore, if the

patient ceases therapy, there is a possibility of withdrawal

and hypersensitivity, increasing the likelihood of opioid

dependence and abuse situations. New therapies that target

the interaction of nociceptive signaling and opioid exposure

have not emerged, but would provide an opportunity to not

only reduce chronic pain but also potentially ease opioid

tolerance and/or dependence. In conclusion, this study

suggests AC1 may represent a novel pharmaceutical target

for the reduction of chronic pain and the attenuation of

opioid-mediated adverse effects. Further research exploring

the intracellular targets of AC1 may provide opportunities for

new therapeutics in the future.
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Genetic and preclinical studies have implicated adenylyl cyclase 1 (AC1) as a

potential target for the treatment of chronic inflammatory pain. AC1 activity is

increased following inflammatory pain stimuli and AC1 knockout mice show a

marked reduction in responses to inflammatory pain. Previous drug discovery

efforts have centered around the inhibition of AC1 activity in cell-based assays.

In the present study, we used an in vitro approach focused on inhibition of the

protein-protein interaction (PPI) between Ca2+/calmodulin (CaM) and AC1, an

interaction that is required for activation of AC1. We developed a novel

fluorescence polarization (FP) assay focused on the PPI between an

AC1 peptide and CaM and used this assay to screen over

23,000 compounds for inhibitors of the AC1-CaM PPI. Next, we used a

cellular NanoBiT assay to validate 21 FP hits for inhibition of the AC1-CaM

PPI in a cellular context with full-length proteins. Based on efficacy, potency,

and selectivity for AC1, hits 12, 13, 15, 18, 20, and 21 were prioritized. We then

tested these compounds for inhibition of AC1 activity in cyclic AMP (cAMP)

accumulation assays, using HEK293 cells stably expressing AC1. Hit 15

contained a dithiophene scaffold and was of particular interest because it

shared structural similarities with our recently reported benzamide series of

AC1 inhibitors. We next tested a small set of 13 compounds containing the

dithiophene scaffold for structure-activity relationship studies. Although many

compounds were non-selective, we observed trends for tuning AC1/

AC8 selectivity based on heterocycle type and substituents. Having an ethyl

on the central thiophene caused the scaffold to be more selective for AC8.

Cyclization of the alkyl substituent fused to the thiophene significantly reduced

activity and also shifted selectivity toward AC8. Notably, combining the fused
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cyclohexane-thiophene ring system with a morpholine heterocycle

significantly increased potency at both AC1 and AC8. Through designing a

novel FP screen and NanoBiT assay, and evaluating hits in cAMP accumulation

assays, we have discovered a novel, potent, dithiophene scaffold for inhibition

of the AC1- and AC8-CaM PPI. We also report the most potent fully efficacious

inhibitor of AC8 activity known to-date.

KEYWORDS

inflammatory pain, adenylyl cyclase, cAMP signaling, high throughput screen (HTS),
Ca2+, calmodulin (CAM), drug discovery

Introduction

Adenylyl Cyclase Type 1 (AC1) is a promising target for

treating chronic inflammatory pain. The overlapping neuronal

expression of membrane-bound AC proteins prioritizes

obtaining selectivity when targeting a single isoform (Dessauer

et al., 2017). Studies with adenylyl cyclase knockout (KO) mice

further emphasize this point. In mice lacking AC1, behavioral

responses to inflammatory stimuli were nearly abolished, and

memory deficits were nearly absent. Conversely, AC1/

AC8 double KO mice exhibited reduced behavioral responses to

inflammatory stimuli as expected but also displayed significant

memory deficits (Ferguson & Storm, 2004; Liauw et al., 2005; Chen

et al., 2014). Moreover, chronic inflammatory pain stimuli increases

AC1 activity in mice, while AC1 KO mice had significantly less

chronic pain (Wei et al., 2002; Vadakkan et al., 2006; Corder et al.,

2013). Studies have also reported that pharmacologic inhibition of

AC1 also elicits a reduction in responses to inflammatory pain

stimuli (Wang et al., 2011; Brust et al., 2017; Kaur et al., 2019; Scott

et al., 2022). The combination of these findings support AC1 as a

promising target for treating chronic inflammatory pain conditions;

however, they also emphasize the importance of selectively targeting

AC1 over other AC isoforms, most notably AC8, which is co-

localized in the same neuronal tissues (Defer et al., 2000).

AC1 signaling centers around its ability to synthesize the

second-messenger cyclic adenosine monophosphate (cAMP)

from ATP, and this primary function of AC1 is regulated by

several signaling proteins. Gαi/o and Gβγ subunits inhibit the

activity of AC1, whereas Gαs and Ca2+/calmodulin (CaM)

stimulate AC1 activity, with Ca2+/CaM exhibiting particularly

robust stimulation (Sadana & Dessauer, 2009; Dessauer et al.,

2017). Therefore, inhibition of the AC1/CaM protein-protein

interaction (PPI) would, in theory, inhibit Ca2+/CaM-mediated

activation of AC1, thus diminishing cAMP production mediated

through AC1. AC8 is also stimulated by Ca2+/CaM, although the

binding interactions between the Ca2+/CaM complex with

AC8 differs from how it interacts with AC1. Specifically, Ca2+/

CaM interacts with the C1b regulatory domain of AC1 to activate

the enzyme, but interacts with both the N-terminal and AC8-C2b

regulatory domains of AC8 for activation (Simpson et al., 2006;

Willoughby & Cooper, 2007; Masada et al., 2009; Mou et al.,

2009; Masada et al., 2012; Herbst et al., 2013). These differences

in Ca2+/CaM binding interactions between the isoforms provides

the basis for developing a novel biochemical fluorescence

polarization assay that focuses on the CaM binding regions of

AC1 and AC8. Additionally, the different interactions of

AC1 and AC8 with CaM may provide a basis for selectively

targeting inhibition of the AC1-CaM PPI in a more focused

approach. The research described here provides evidence that

this focused approach, which incorporates small AC peptides

correlated to the respective CaM binding domains can identify

compounds with novel chemotypes capable of selectively

inhibiting the full-length AC/CaM PPIs. Here we report the

screening design, implementation, and characterization of hit

compounds from this high-throughput screen. In addition, we

show the characterization of initial hits in terms of binding, via

protein NMR, cell-based protein-protein interaction inhibition,

and selectivity between adenylyl cyclase 1 and adenylyl cyclase 8.

Furthermore, we present additional cell-based cAMP

accumulation data for a novel dithiophene scaffold discovered

through our screen as well as preliminary structure-activity

relationship (SAR) studies. Collectively, this demonstrates the

utility and robustness of these methods to identify novel inhibitor

scaffolds that target the AC/CaM PPIs.

Materials and methods

DNA cloning

The human CaM (hCaM) bacterial expression vector was

constructed as previously described (Hayes et al., 2018). Briefly,

the protein-coding sequence of hCaM (residues 1–149, Addgene

plasmid #47598) was cloned into pET-His6-GST-TEV-LIC

(Addgene plasmid #29655) using ligation independent cloning.

Then, this bacterial expression vector was used to generate hCaM

with anN-terminal 6X-His-GST tagwith a tobacco etch virus (TEV)

protease recognition site between the GST and CaM regions.

The NanoBiT PPI TK/BiTMCS vectors were purchased from

Promega (Madison, WI) for cell-based NanoBiT experiments.

The hCaM residues 1–149, residues 1–1,248 of rat AC8 (rAC8),

and the human AC1 (hAC1) residues 1–1,118 were cloned into

the NanoBiT vectors per manufacturers’ protocols, using the

restriction sites NheI/XhoI for hCaM and BglII/XhoI. All DNA
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sequences were confirmed with Sanger sequencing (Iowa

Institute of Human Genetics, Iowa City, IA).

Protein purification

hCaM was expressed and purified as described previously

with minor modifications (Hayes et al., 2018). Briefly, hCaM was

transformed into BL21-CodonPlus (DE3)-RIPL E. Coli and

incubated at 37°C with shaking at 275–300 RPM until the

OD600 reached 2.0. The bacterial culture was placed on ice

with gentle mixing before protein production induction with

isopropyl-β-D-1-thiogalactoside (RPMI) at a final concentration

of 1.0 mM. Protein production continued for an additional 16 h

at 18°C with shaking at 300 RPM. The bacterial culture was

pelleted and resuspended in 50 ml of resuspension buffer

(50 mM Tris pH 8.0, 150 mM NaCl, 10 mM imidazole, and a

protease inhibitor cocktail consisting of leupeptin, E64, and

phenylmethylsulphonyl fluoride) per 1 L of original bacterial

culture. The resuspended bacterial cells were then subjected to

a freeze-thaw cycle using LN2. The resuspended cells were

thawed, supplemented with 1 mg/ml chicken egg lysozyme

(Sigma-Aldrich, St. Louis, MO), and agitated on a tube rotator

for 1 h before being subjected to two more freeze-thaw cycles

with LN2. After cell lysis was complete, 100 μg DNase (Roche)

was added to reduce viscosity and prepare the sample for

centrifugation. The lysed cells were then subjected to

ultracentrifugation at 100,000 x g to clear the lysate from the

supernatant. The separated supernatant was purified as described

previously with minor modifications (Hayes et al., 2018). Briefly,

using an AKTA FPLC (GE Life Sciences, Chicago, IL) the lysate

was loaded onto NIS6FF resin and purified using a gradient

elution over 20 column volumes of resuspension buffer with

400 mM imidazole. Peak fractions were pooled, diluted in 50 mM

Tris pH 7.5, 1 mM CaCl2, and loaded onto a glutathione

sepharose 4FF column (GE Life Sciences, Chicago, IL).

Purified GST-CaM was eluted using a gradient elution over

10 column volumes of 50 mM Tris pH 7.5, 1 mM CaCl2, and

10 mM glutathione. Peak fractions were collected and analyzed

with SDS-PAGE gel electrophoresis to assess their purity.

FIGURE 1
AC1/CaM FP Assay development. (A) 100 nM AC1-C1b (Blue), AC8-NT (Red), or AC8-C2b (Green) peptide with increasing concentrations of
GST-CaM. Saturation is reached at ~100 nM GST-CaM. (B) 100 nM AC1 peptide and 100 nM GST-CaM with increasing concentrations of EGTA. (C)
CRC for CDZ with 100 nM AC1-C1b and 100 nM GST-CaM, with 1% DMSO in the buffer. The AC1/CaM IC50 value for CDZ was ~15 μM and the IC90

was ~100 μM, which was used in the final assay. Calmidazolium CAS number: 57265–65–3. All data represents n = 3 experiments ±SEM.
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Fractions greater than 90% pure were pooled and exhaustively

dialyzed against 20 mM HEPES pH 7.4, 100 mM KCl, at 4°C to

remove Ca2+, before samples were aliquoted, flash-frozen in LN2,

and stored at −80°C. To purify tag-free CaM, we incubated GST-

CaM with His-tagged TEV protease at a 20:1 M ratio (GST-CaM/

TEV) while dialyzing the sample against 20 mM HEPES pH 7.4,

100 mMKCl, 1 mMCaCl2. Dialysis and TEV treatment proceeded

overnight at 4°C. The TEV treated CaM sample was then loaded

onto an IMAC to separate 6XHis-taggedGST and TEV fromCaM.

The resulting flow-through fractions were collected and analyzed

with SDS-PAGE and Coomassie staining. Fractions determined to

be 95% pure CaM were concentrated to >10 mg/ml using an

Amicon centrifugal concentrator with a 3kD cutoff (Amicon,

EMD Millipore, Billerica, MA). Samples of pure CaM were

TABLE 1 AC1/CaM FP assay conditions for the pilot screen. The table indicates the concentrations for all AC1/CaM FP assay components. The order of
addition for the AC1/CaM FP assay was vehicle, compound, or the positive control (CDZ) followed by GST-CaM and AC1-C1b after a 30-min
incubation at RT.

Final volume GST-CaM AC1-C1b Vehicle Positive control % DMSO Time

60 μl 100 nM (20 μl) 100 nM (20 μl) FP buffer (20 μl) 100 μM CDZ (20 μl)< 1–2.5 2

FIGURE 2
Pilot screen individual library results. All pilot screen assays used concentrations of AC1 and CaM shown in Table 1. The dotted line representing
the vehicle is beneath the cluster of compounds screened (black circles). 100 μM CDZ is shown as the dotted line labeled as positive control.
Polarization values correspond to well positions for plates within the library tested. (A) FDA-approved library, (B) MicroSource Spectrum (MMSP)
library, (C) ChemBridge DIVERSet library, (D) ChemDiv CNS library.
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aliquoted, flash-frozen in LN2, and stored at -80°C. Production of
15N-labeled CaM for NMR experiments was accomplished as

described above, with the only modification being that bacterial

culturing was completed inM9minimal media supplemented with

1 g of 15NH4Cl per L.

Fluorescence polarization assays

Peptides for adenylyl cyclase proteins, AC1 and AC8, were

generated based on the residues or domains known to interact with

CaM (Vorherr et al., 1993; Levin & Reed, 1995; Masada et al., 2012).

The peptide corresponding to residues 492–520 of human AC1 was

obtained from Genemed Synthesis (San Antonio, Texas). Peptides

corresponding to human AC8 residues 30–54 (N-Terminal) and

1,191–1,214 (C2b regulatory domain) were purchased from

Genscript (Piscataway, NJ). Each peptide was designed to

contain an additional N-terminal residue labeled with the

fluorophore Cy5. This additional residue for the AC8 peptides

was cysteine, while the AC1 peptide has an additional isoleucine.

The FP experiments were completed in black 384-well microplates

(Corning #3575), and fluorescence was monitored using a BioTek

Synergy 2 (Winooski, VT) equipped with excitation 620/40 nm and

emission 680/30 nm filters, and a 660 nm dichroic mirror with

polarizers. The addition of individual components was done as

follows. First, 20 μl of 3X test compound in FP assay buffer (20 mM

HEPES pH 7.4, 100 mMKCl, and 50 μMCaCl2), 3X calmidazolium

(CDZ) in FP assay buffer, or 3X DMSO in FP assay buffer was

added to their respective wells. Next, 20 μl of 3X GST-CaM in FP

assay buffer was added to all wells, and the plate was incubated at

room temperature for 30 min. Lastly, 20 μl of 3X AC peptide in FP

assay buffer was added to all wells, and the plate was incubated in

the dark at room temperature for either the amount of time

indicated for the assay optimization experiments or 2 h for the

high-throughput screening experiments. Fluorescence was then

measured, and the polarization output was calculated using the

measured intensities of emitted light parallel and perpendicular to

the excitation light, shown in Equation 1 below. The final

concentrations for all Cy5-labeled AC peptides (AC1 C1b,

AC8 Nt, AC8 C2b) were 100 nM, the final concentration of

CDZ was 100 μM, and the final concentration of DMSO was

0.15–1%, depending on the compound library that was being

tested. Data represents a mean of three independent experiments

(N = 3) ± SEM for potency and selectivity profiling for AC-CaMFP.

Data were analyzed using GraphPad Prism 8 and TIBCO Spotfire.

Polarization � Intensityparallel − Intensityperpendicular

Intensityparallel + Intensityperpendicular
(1)

FDA-approved library FP screen

The FDA-approved library (Selleck Chemical, Houston, TX)

was screened at a final concentration of 14.5 μM (0.72% DMSO).

On the day of the assay, a “middle” plate (ThermoFisher #264574)

was created to simplify the addition of 20 μl of 3X compound to the

final assay plate. First, using a Hamilton MircroLab Star liquid-

handling robot, 2 μl of 2 mM compound from the FDA stock plate

was added to the middle plate containing 90 μl of FP assay buffer.

Next, 20 μl of 3X compound from the middle plate was added to

the assay plate (Corning #3575). Controls were then added to

empty wells (32 wells DMSO control, 32 wells CDZ positive

control). Next, 20 μl of 3X GST-CaM (100 nM GST-CaM final

for the screen with AC1 C1b peptide) was added to the entire plate,

and the assay mixture was incubated for 30 min at room

temperature. Finally, 20 μl of 3X AC1 C1b Cy5 labeled peptide

(100 nM final AC1 C1b) was added to the entire plate, and the

assay mixture was incubated at room temperature in the dark for

2 h before polarization was measured as described above.

Microsource spectrum collection FP
screen

The Microsource spectrum collection (MMSP) (Microsource

Discovery Systems, Gaylordsville, CT) was screened as outlined

above for the FDA-approved library with some minor

differences. First, the stock concentration of compounds was

10 mM. Therefore, the middle plate contains 1 μl of MMSP

compounds with 90 μl of FP assay buffer (concentration of

TABLE 2 AC1/CaM FP pilot screen summary. The AC1/Cam FP pilot screen included four chemical libraries. The Z’ values are the ranges obtained for
the designated libraries. A total of 54 validated hits were obtained from the pilot screen and through duplicate hits, unfavorable structures or
potency/inhibition profiles a total of 25 compounds were advanced for concentration response curve assessment in the AC1/CaM and AC8/CaM FP
assays.

Library Compounds screened Z9 Validated hits Advanced to CRC

FDA-Approved 1,018 0.70–0.77 7 7

MMSP 2,320 0.69–0.77 13 7

ChemBridge DIVERSet 10,240 0.68–0.77 2 2

ChemDiv 7,680 0.69–0.76 32 9

Total 21,258 ~0.69–0.77 54 25
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the compound in the middle plate: 109.8 μM). To achieve the

desired 3X concentration in the test plate, 12 μl of FP assay buffer

was added to the test plate before adding 8 μl of the compound

from the middle plate (3X compound in test plate: 43.9 μM).

After compounds were added to the test plates addition of

controls, GST-CaM, and Cy5-labeled AC1 C1b peptide were

completed as described for the FDA-approved library. The test

plate’s final concentration of MMSP compounds was 14.64 μM

(0.147% DMSO).

ChemBridge DIVERSet library FP screen

The screening protocol for the ChemBridge DIVERSet

library (San Diego, CA) of compounds as described for the

FDA-approved library with the same minor differences as the

MMSP library described above. The test plate’s final

concentration of ChemBridge DIVERSet compounds was

14.64 μM (0.147% DMSO).

ChemDiv CNS targeted library FP screen

For the ChemDiv CNS targeted library (ChemDiv, San

Diego, CA) of compounds, the protocol is the same as that

outlined for the FDA-approved library, with minor differences as

the MMSP and ChemBridge DIVERSet libraries. The test plate’s

final ChemDiv CNS targeted compounds’ concentration was

14.64 μM (0.147% DMSO).

AC-CaM NanoBiT assays

The AC8/CaM NanoBiT assays were performed mainly as

previously described (Hayes et al., 2018). The AC1/CaM NanoBiT

assays were performed similarly to the AC8/CaM NanoBiT assays

with some differences. Briefly, HEK293T cells were cultured in

Gibco DMEM supplemented with 10% FBS (Gibco) and 1%

Penicillin/Streptomycin at 37°C and 5% CO2. Cells were plated

at 25,000 cells/well in 96-well half area plates (Corning #3885)

pretreated with poly-d-lysine. Cells were cultured for 16 h before

transfection with Lipofectamine 3,000 (ThermoFisher Scientific,

Waltham, MA) and the designated AC-CaM NanoBiT DNA

constructs described above. Transfections were performed

according to the manufacturer’s protocol, and transfected cells

were incubated for 40–44 h before compound treatment.

On the day of the assay, the culture medium was removed

and replaced with 50 μl of 1X Compound, BAPTA-AM (50 μM

final) (Sigma-Aldrich), or vehicle in HBSS (ThermoFisher

Scientific, Waltham MA) supplemented with 20 mM HEPES

FIGURE 3
Concentration response curves (A) and structures (B) for FDA-approved and MMSP library hits. Each hit was used to generate CRCs in the AC1-
C1b/CaM (blue circles), AC8-Nt/CaM (red squares), and AC8-C2b/CaM (green triangles) FP assays. (B) The structures for each hit are shown with the
hit number and the given compound name. Data is normalized to vehicle (100% maximum polarization) and 100 μM CDZ (0% polarization). All data
represents n = 3 experiments ±SE.M.
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pH 7.4. The assay plate was then incubated at 37°C for 30 min

before 12.5 μl of 5X NanoGlo Live-cell substrate (Promega,

Madison, WI), prepared according to the manufacturer’s

protocol, was added to each well. Next, the plate was read on

a BioTek Synergy 2 plate reader at 37°C in luminescence mode for

30 min to establish a baseline for the protein-protein interaction.

Next, 12.5 μl of 6X Thapsigargin (ThermoFisher Scientific,

Waltham, MA) was added to each well, and luminescence was

read for an additional 60 min. The area under the curve (AUC)

analysis quantified the AC-CaM association for vehicle, BAPTA-

AM, and compound-treated cells. Using the AUC for

compound-treated cells, the data were normalized to vehicle

with 1 μM thapsigargin added (100%) and 50 μM BAPTA-AM

(0%). Data were analyzed using GraphPad Prism 8, with each

data set representing a mean of three independent experiments

(N = 3) ± SEM.

CellTiter-glo 2.0 cell viability assay

Cell viability measurements were performed using a BioTek

Synergy 2 plate reader luminescence mode. HEK293T cells were

cultured in Gibco DMEM supplemented with 10% FBS (Gibco)

and 1% Penicillin/Streptomycin at 37°C and 5% CO2. Cells were

plated at 25,000 cells/well in 96-well half area plates (Corning

#3885) coated with poly-d-lysine and allowed to incubate for

40–44 h. On the day of the assay, culture media was aspirated

and replaced with 25 μl of 2X compound in HBSS supplemented

with 20 mMHEPES pH 7.4 or 2X vehicle (HBSS supplement with

20 mMHEPES pH 7.4). After adding the compound or vehicle, the

plate was incubated at 37°C for 30 min. Next, 25 μl of 2X CellTiter-

Glo 2.0 reagent (Promega, Madison, WI) was added, and the plate

was mixed on an orbital shaker for 30 min to induce cell lysis and

equilibrate the plate to room temperature. Luminescence was then

measured for 30 min to establish a stable signal. The final three

luminescence values from the 30-min read were averaged and used

to assess cell viability. Cell viability for tested compounds was

normalized relative to vehicle (100%) and wells containing buffer

with no cells (0%). Data represent the mean of three independent

experiments (N = 3) ± SEM.

cAMP accumulation assay

Cryopreserved HEK293 cells with AC3 and AC6 knocked

out, and stably expressing AC1, AC2, AC5, or AC8 (AC1-HEK

Δ3/6 KO, AC2-HEK Δ3/6 KO, AC5-HEK Δ3/6 KO, or AC8-

HEK Δ3/6 KO cells, respectively; Soto-Velasquez et al., 2018)

FIGURE 4
Concentration response curves (A) and structures (B) for the ChemDiv library hits. Each hit was used to generate CRCs in the AC1-C1b/CaM
(blue circles), AC8-Nt/CaM (red squares), and AC8-C2b/CaM (green triangles) FP assays. (B) The structures for each hit are shown with the hit
number and the given compound name. Data is normalized to vehicle (100% Maximum polarization) and 100 μM CDZ (0% polarization). All data
represents n = 3 experiments ±SEM.
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TABLE 3 AC1/CaM pilot screen CRC analysis. IC50 and % inhibition relative to 100 μM CDZ (100% inhibition) obtained for each compound in the AC1/CaM FP assay. The Ki values obtained with
experimentally determined KD values for each AC/CaM FP assay and the IC50 values obtained for each compound in the designated AC/CaM FP assay. The final two columns show the Ki ratios obtained
for either AC8-Nt/CaM or AC8-C2b/CaM over AC1/CaM. Values with Ki ratios greater than 1 were more potent in the AC1/CaM FP assay over the designated AC8/CaM FP assay. All data represents n =
3 experiments, ± CI for AC1/CaM IC50 values.

# Compound
name

Structure Compound library
(Plate,
well position)

AC1-CaM FP Ki (μM) Ki ratio
(AC8 NT/AC1)

Ki ratio
(AC8-C2b/AC1)

IC50, μM
(95% CI)

%
inhib

AC1 C1b AC8 NT AC8 C2b

1 Tolonium Chloride MMSP (Plate 5, N13) 1.24 (0.8–1.65) 75 0.29 2.3 0.44 7.9 1.5

2 Methylene Blue MMSP (Plate 3, D10) 2.18 (2.1–2.3) 80 0.51 3.2 0.82 6.3 1.6

3 Alexidine FDA-Approved (Plate
3, L11)

2.8 (2.4–3.3) 103 0.67 1.1 2.6 1.6 3.9

4 Thonzonium FDA-Approved (Plate
4, E17)

4.14 (1.3–4.6) 94 1.0 2.7 3.6 2.7 3.7

5 Caspofungin Acetate FDA-Approved (Plate
2, N18)

12.7 (10–15.7) 20 3.0 6.3 6.2 2.1 2.1

6 Hematoporphyrin MMSP (Plate 6, O6) 14.7 (13.9–15.5) 131 3.5 61.7 10.1 17.8 2.9

7 Otilonium FDA-Approved (Plate
2, L16

17.1 (14.5–20) 92 4.1 6.3 10.3 1.6 2.5

(Continued on following page)
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TABLE 3 (Continued) AC1/CaM pilot screen CRC analysis. IC50 and % inhibition relative to 100 μMCDZ (100% inhibition) obtained for each compound in the AC1/CaM FP assay. The Ki values obtained with
experimentally determined KD values for each AC/CaM FP assay and the IC50 values obtained for each compound in the designated AC/CaM FP assay. The final two columns show the Ki ratios obtained for
either AC8-Nt/CaM or AC8-C2b/CaM over AC1/CaM. Values with Ki ratios greater than 1 were more potent in the AC1/CaM FP assay over the designated AC8/CaM FP assay. All data represents n =
3 experiments, ± CI for AC1/CaM IC50 values.

# Compound
name

Structure Compound library
(Plate,
well position)

AC1-CaM FP Ki (μM) Ki ratio
(AC8 NT/AC1)

Ki ratio
(AC8-C2b/AC1)

IC50, μM
(95% CI)

%
inhib

AC1 C1b AC8 NT AC8 C2b

8 Oxetacaine N/A 20 (11.5–32) 38 4.7 38 33.5 8.0 7.1

9 Chlorhexidine HCl MMSP (Plate 1, P16) 22 (8.6–32) 15 5.2 13.8 20.8 2.7 4.0

10 Cetylpyridinium Cl FDA-Approved (Plate
3, E18)

23.4 (16.1–31) 25 5.6 5.7 5.5 1.0 1.0

11 Mitoxantrone HCl 27.5 (17–42) 40 6.5 41.1 8.2 6.3 1.3

12 Benzbromarone 33 (17–54) 47 7.8 52.1 23.8 6.7 3.1

13 CDI 3 I18 73.5 (Wide) 34 17.4 n/i n/i AC1 Selective AC1 Selective

(Continued on following page)
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TABLE 3 (Continued) AC1/CaM pilot screen CRC analysis. IC50 and % inhibition relative to 100 μMCDZ (100% inhibition) obtained for each compound in the AC1/CaM FP assay. The Ki values obtained with
experimentally determined KD values for each AC/CaM FP assay and the IC50 values obtained for each compound in the designated AC/CaM FP assay. The final two columns show the Ki ratios obtained for
either AC8-Nt/CaM or AC8-C2b/CaM over AC1/CaM. Values with Ki ratios greater than 1 were more potent in the AC1/CaM FP assay over the designated AC8/CaM FP assay. All data represents n =
3 experiments, ± CI for AC1/CaM IC50 values.

# Compound
name

Structure Compound library
(Plate,
well position)

AC1-CaM FP Ki (μM) Ki ratio
(AC8 NT/AC1)

Ki ratio
(AC8-C2b/AC1)

IC50, μM
(95% CI)

%
inhib

AC1 C1b AC8 NT AC8 C2b

14 CDI 5 D9 58.2 (34.3–80) 69 13.8 n/i n/i AC1 Selective AC1 Selective

15 CDI 6 I17 22.1 (14–43.4) 58 5.2 n/i n/i AC1 Selective AC1 Selective

16 CDI 9 I22 24.2 (8.5–48) 25 5.7 n/i n/i AC1 Selective AC1 Selective

17 CDI 9 K22 75.4 (19–132) 53 17.8 n/i n/i AC1 Selective AC1 Selective

18 CDI 10 B16 38.4 (15.1–52) 54 9.1 n/i n/i AC1 Selective AC1 Selective

19 CDI 10 K22 43.4 (27–59) 46 10.3 n/i n/i AC1 Selective AC1 Selective
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TABLE 3 (Continued) AC1/CaM pilot screen CRC analysis. IC50 and % inhibition relative to 100 μMCDZ (100% inhibition) obtained for each compound in the AC1/CaM FP assay. The Ki values obtained with
experimentally determined KD values for each AC/CaM FP assay and the IC50 values obtained for each compound in the designated AC/CaM FP assay. The final two columns show the Ki ratios obtained for
either AC8-Nt/CaM or AC8-C2b/CaM over AC1/CaM. Values with Ki ratios greater than 1 were more potent in the AC1/CaM FP assay over the designated AC8/CaM FP assay. All data represents n =
3 experiments, ± CI for AC1/CaM IC50 values.

# Compound
name

Structure Compound library
(Plate,
well position)

AC1-CaM FP Ki (μM) Ki ratio
(AC8 NT/AC1)

Ki ratio
(AC8-C2b/AC1)

IC50, μM
(95% CI)

%
inhib

AC1 C1b AC8 NT AC8 C2b

20 CDI 21 P11 43 (Wide) 70 10.2 5.9 4.5 0.58 0.44

21 CDI 23 J12 9.9 (5.8–13.2) 59 13.1 n/i n/i AC1 Selective AC1 Selective

Fro
n
tie

rs
in

P
h
arm

ac
o
lo
g
y

fro
n
tie

rsin
.o
rg

D
w
ye

r
e
t
al.

10
.3
3
8
9
/fp

h
ar.2

0
2
2
.9
7774

2

66

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.977742


were plated at 5,000 cells/well. Cells were then incubated for 1 h

at 37°C and 5% CO2. Cells were then treated with varying

concentrations of inhibitors for 30 min, followed by treatment

with calcium ionophore A23187 (3 μM) in 500 μM 3-isobutyl-1-

methylxanthine (IBMX), a phosphodiesterase inhibitor, for 1 h at

RT (Sigma Aldrich, St. Louis, MO). Finally, Cisbio HTRF

detection reagents were added and incubated for 1–24 h at

RT. Plates were read according to manufacturer’s protocol on

an HTRF-compatible plate reader at 620 and 665 nm cAMP

concentrations were interpolated from a cAMP standard curve.

Data represents the mean ± SEM of IC50 values or percent of

maximum A23187 inhibition from the mean of three

independent experiments (N = 3). For cytotoxicity assays,

compounds were tested at 30 μM and this protocol was used

with the exception of detection reagents; CellTiter-Glo

2.0 reagent was used according to manufacturer’s protocol

and luminescence was read on the Synergy Neo2 plate reader.

Data are normalized to cells treated with vehicle (100%) or 2%

tween (0%) and are represented as the percent of vehicle, from

the average of three independent experiments (N = 3).

Nuclear magnetic resonance

All NMR samples contained 100 μM 15N-CaM in 20 mM

HEPES pH 7.4, 100 mM KCl, 10 mM CaCl2, 10% D2O, and 5%

DMSO. Initial spectra were collected for CaM alone before individual

compounds were titrated to observe chemical shift perturbations. All

spectra were acquired at 298 K using a 600MHz Bruker Avance

NEONMR spectrometer with a triple resonance gradient cryoprobe.

NMR spectra were processed using NMRPipe and analyzed using

NMRFAM-SPARKY.

Results

Fluorescence polarization assays

Intending to identify small molecule inhibitors that

selectively target the AC1/CaM PPI, we developed and

optimized an FP assay for a high-throughput screening (HTS)

campaign. For simplicity, peptides will be denoted AC1-C1b,

AC8-Nt, and AC8-C2b, all containing an N-terminal

Cy5 fluorophore label. The FP assays for AC8-Nt and AC8-

C2b, established previously (Hayes et al., 2018), were used as

counter screens for compounds identified in the HTS campaign

and served as a guide for AC1/CaM assay development. The

assay buffer used in all FP experiments consisted of 20 mM

HEPES pH 7.4, 100 mM KCl and 50 μM CaCl2. At fixed

concentrations of peptide and increasing concentrations of

CaM, the dissociation constants (Kd) for AC1-C1b, AC8-Nt,

and AC8-C2b were quantified to be 31.5, 136.5, and 48.5 nM,

respectively (Figure 1A). The nature of CaM as a calcium-

binding protein offered an opportunity to probe the calcium

TABLE 4 Results for AC1/CaM pilot screen hits in the NanoBiT and cell viability assay. Data are reported as IC50 values with standard error of themean
for the AC1/CaM and AC8/CaM NanoBiT assays. All data represent the average ±SEM of three individual experiments The final column shows the
% cell viability in the presence of each compound at it is AC1/CaM NanoBiT IC50 concentration, using the CellTiter Glo-2.0 cell viability assay as
previously described. All data represent the average ±SEM of three individual experiments.

# Compound Nanobit: AC1-CaM IC50

(μM ± SEM)
Nanobit: AC8-CaM IC50

(μM ± SEM)
% Viable Cells at
AC1 IC50

1 Tolonium Chloride 32.9 ± 1.01 8.4 ± 1.19 80

2 Methylene Blue 98 ± 1.14 80.3 ± 1.14 86

3 Alexidine 17.9 ± 1.15 16.5 ± 1.15 75

4 Thonzonium 29.1 ± 1.2 18.5 ± 1.26 100

6 Hematoporphyrin 38.4 ± 1.17 11.6 ± 1.24 95

7 Otilonium 18.8 ± 1.16 12.8 ± 1.22 96

8 Oxetacaine 40 ± 1.15 34.6 ± 1.32 93.3

9 Chlorhexidine 111 ± 1.23 47.1 ± 1.35 80

10 Cetylpyridinium Cl 30.4 ± 1.1 14.4 ± 1.29 96

11 Mitoxantrone 44 ± 1.15 29.8 ± 1.18 87

12 Benzbromarone 1.7 ± 1.17 4.16 ± 1.15 90

13 CDI 3 I18 16.1 ± 1.13 13.1 ± 1.19 96

14 CDI 5 D9 84 ± 1.7 N/A 100

15 CDI 6 I17 26.1 ± 1.17 33.3 ± 1.18 100

18 CDI 10 B16 16.1 ± 1.12 5.71 ± 1.22 100

20 CDI 21 P11 63 ± 1.34 70.3 ± 1.13 100

21 CDI 23 J12 25.6 ± 1.42 6.8 ± 1.19 100
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FIGURE 5
Concentration response curves for AC1/CaM pilot screen hits in NanoBiT assay and CellTiter Glo-2.0 cell viability assay. NanoBiT results are
shown as blue circles for AC1/CaM, green squares for AC8/CaM, and red squares for cell viability (CellTiter Glo-2.0) assay results. The baseline
corrected AUC values are normalized to vehicle in the presence of thapsigargin (100%) or vehicle pre-treated with BAPTA-AM (0%) for the NanoBiT
assay. The cell viability data is normalized to the cells treated with vehicle (100%) or cell free wells with vehicle added (0%). Data represents n =
3 experiments ±SEM.
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sensitivity of the AC1-C1b/CaM FP assay. Investigating the AC1-

C1b/CaM interaction with EGTA (Ca2+ chelator) showed the

interaction to be Ca2+ dependent, which was expected

(Figure 1B). Incorporating EGTA as a positive control worked

well for the AC8/CaM FP assay but did not provide a sufficient

signal window for the AC1/CaM FP assays. Calmidazolium

(CDZ), a compound known to bind CaM and previously

identified in an AC8/CaM inhibitor screen, served as the

positive control with an IC50 of 15.1 μM (Figure 1C) (Gietzen

et al., 1981; Ahlijanian & Cooper, 1987; Lubker & Seifert, 2015).

The AC1-C1b/CaM assay stability was assessed in the presence of

0–5% DMSO, with measurements taken at 1, 2, 4, and 6 h

(Supplementary Figure S1 and Table 1). Throughout these

experiments, Z′ values were calculated using Equation 2

(Zhang et al., 1999) shown below to assess the assay for rigor

and reproducibility in an HTS campaign (Table 2). With a Z′
value cutoff of >0.65, the AC1-C1b/CaM FP assay tolerated up to

2.5% DMSO, and the signal was stable after 4 h of incubation at

RT. The final assay conditions for the AC1-C1b/CaM are

described in Table 1, with σp,n representing the standard

FIGURE 6
NMR spectra for CaM in the presence or absence of hit compounds. (A–E) 1H,15N-HSQC for 100 μM 15N-CaM with 10 mM Ca2+ in the absence
or presence (red) of hit compounds at 5EQ molar excess over CaM. (A) Hit 12 (B) Hit 13 (C) Hit 15 (D) Hit 18 (E) Hit 21. Buffer: 100 mM KCl, 20 mM
HEPES pH7.4, 10 mM CaCl2, 10% D2O, 5% DMSO, Temperature: 298 K.
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deviation (SD) of positive and negative control, and μp,n
representing the mean of the positive and negative control.

Z′ � 1 − (3σp + 3σn)∣∣∣∣∣μp − μn
∣∣∣∣∣

(2)

AC1/CaM FP high throughput screen

A high-throughput screen of 21,258 compounds was

completed using the AC1/CaM FP assay described above. Hit

compounds identified in the initial HTS were verified by retesting

with the primary AC1/CaM FP assay before advancing hit

compounds to concentration-response curve (CRC)

assessment in the AC1/CaM and AC8/CaM FP assays.

Compounds were assessed based on their inhibition constants

(Ki), calculated using the Cheng-Prusoff equation (Equation 3)

shown below (Cheng & Prusoff, 1973), and selectivity ratios for

AC1 over the AC8 peptide interactions with CaM in the FP

assays. In the equation below, Ki = The inhibitor constant, IC50 =

observed IC50 in AC/CaM FP assay, Kd = AC/CaM dissociation

constant, AC = Concentration of AC peptide.

Cheng − PrusoffEquationKi � IC50

1 + �AC�
Kd

(3)

FDA-approved library FP screen: AC1/CaM

First, a pilot screen was performed on 1,018 compounds from

the FDA-approved library (Selleck Chemical, Houston, TX)

using the AC1/CaM FP assay. Compounds were screened

individually at a single concentration of 14.5 μM. The results

of screening the FDA-approved library are shown in Figure 2A

and summarized in Table 2. The calculated Z’ remained above

the lower threshold for an acceptable HTS screen (>0.5) (Zhang
et al., 1999), with Z′ ranging from 0.70–0.77. Hit criteria was

established at compounds that exhibited a signal 5 SD below the

mean value of the vehicle control (1% DMSO). This cutoff

corresponded to ~30% inhibition relative to 100 μM CDZ

(100% inhibition) positive control. Finally, reproducibility

experiments were conducted to assess assay variability over

multiple screening days. The results of the variability testing

showed that the compounds identified as hits on 1 day were

identified again on the next day of screening (Supplementary

Figure S2). Seven hits were validated at the screening

concentration (14.5 μM), tested in triplicate. The hit rate for

molecules that met the hit criteria and were validated as hits for

the FDA-approved compounds was 0.7%.

Microsource spectrum collection FP
screen: AC1/CaM

We screened 2,320 compounds from the Microsource

Spectrum Collection (MMSP, Gaylordsville, CT) at a single

concentration of 14.6 μM. Hits were identified using a 5 SD.

below the mean of the vehicle control (1% DMSO) cutoff and

validated with a single concentration in the AC1/CaM FP assay as

outlined for the FDA-Approved library. The results of screening

the MMSP library are shown in Figure 2B and summarized in

Table 2. The Z′ ranged from 0.69–0.77 for the MMSP library

screen, and 13 compounds were validated as hits, yielding a hit rate

of 0.56%. However, due to library duplication, three of the

validated hits from the FDA-Approved library were re-

identified as hits in the MMSP library (Mitoxantrone HCl,

Alexidine, and Thonzonium). Interestingly, this served as a

validation of these compounds as hits and as additional

evidence for the reliability of this HTS assay. In addition, three

of our initial hit compounds contained structures that were

deemed unfavorable for optimization or further characterization

(Chicago Sky blue, Protoporphyrin IX, and Chlorophyllide Cu

complex) and were therefore excluded from further testing.

ChemBridge DIVERSet library FP screen:
AC1/CaM

The ChemBridge DIVERSet Library (ChemBridge Corp, San

Diego, CA) is comprised of a compound collection that has been

stringently filtered in silico to retain only compounds with

desirable drug-like properties (MW ≤ 500, cLogP ≤5, H-Bond

acceptors ≤10, H-Bond donors ≤5). A total of 10,240 compounds

were screened and hits identified using the same 5 SD. Hits were

validated with a single concentration in the AC1/CaM FP assay as

outlined for the FDA-Approved library. The results of screening

the ChemBridge DIVERSet library can be seen in Figure 2C, and

the summary of the results is shown in Table 2. The Z′ for the
ChemBridge DIVERSet library screen ranged from 0.68–0.77. Two

compounds were validated as hits, yielding a hit rate of 0.02%.

TABLE 5 Initial examination of selected hits against Ca2+-stimulated
AC1 activity in cAMP accumulation assays. AC1-HEK Δ3/6 KO cells
plated at 10,000 cells per well. Compounds were added to wells and
cAMP accumulation was stimulated with 3 μM A23187 for 1 h at RT.
IC50 values ±SEM generated from 3-parameter nonlinear
regression from three independent experiments (N = 3).

Compound # AC1 IC50 ± SEM

12 4.09 ± 2.41

13 31.0 ± 6.63

15 4.88 ± 2.14

18 6.70 ± 0.70

20 66.3 ± 33.3

21 8.77 ± 4.47

Frontiers in Pharmacology frontiersin.org

Dwyer et al. 10.3389/fphar.2022.977742

70

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.977742


ChemDiv CNS targeted library FP screen:
AC1/CaM

The ChemDiv CNS targeted library (CDI, ChemDiv, San

Diego, CA) is comprised of compounds selected for CNS protein

targets (98 protein sub-families/unit targets) based on literature

searches (ranging from 2014-present) as well as novel X-ray and

Cryo-EM structures deposited in the PDB. These searches are

designed to identify chemical structures and substructures more

likely to penetrate the blood-brain barrier due to their

physicochemical properties and known activities. The criteria

for evaluating the screening data produced with the CDI library

were the same as for the previous libraries screened.

7,680 compounds from the CDI library were screened against

the AC1/CaM FP assay. The results of screening the CDI library

are shown in Figure 2D and the summary of the results is shown

in Table 2. The Z′ ranged from 0.69–0.76, and hits were identified

using the 5 SD cutoff and validated with a single concentration in

the AC1/CaM FP assay as outlined for the FDA-Approved

library. Screening the CDI library against the AC1/CaM FP

assay yielded 32 validated hits, with a hit rate of 0.42%. To

evaluate the potency of initial hits, concentration-response

curves in the AC1/CaM FP assay were generated for the

validated hits using the CDI library stocks. Of the

32 validated CDI hits, 9 compounds were advanced to the

next phase of evaluation based on their magnitude of

inhibition and Ki values for the AC1/CaM FP assay.

Characterization of HTS hits: AC1/CaM
and AC8/CaM FP

In total, 21,258 compounds from four compound libraries

were screened in the AC1/CaM FP assay. From these screens,

25 validated hits were repurchased as a powder for CRC analysis.

CRCs were generated for hits in the AC1/CaM primary assay and

AC8/CaM counterscreen assays. Data were normalized to the

vehicle (1% DMSO; 0% inhibition) and the 100 μMCDZ positive

control (100% inhibition). However, as CDZ is not a complete

inhibitor of the AC-CaM interaction, it did not abolish the FP

signal altogether. As a result, several hit compounds inhibited the

FP signal greater than 100%, using CDZ inhibition as a

comparator. The CRCs and structures of the hit compounds

for the FDA-approved, MMSP, and ChemBridge libraries are

shown in Figure 3, and the CDI library hits are shown in Figure 4.

The calculated AC1/CaM and AC8/CaM Ki values for all hit

compounds are summarized in Table 3.

The most potent compound identified in the AC1/CaM FP

screen was 1 (tolonium chloride) from the MMSP library, with a

Ki of 0.29 μM for AC1-C1b/CaM (IC50 = 1.24 μM), 2.3 μM for

FIGURE 7
cAMP accumulation CRCs of CDI compounds at AC1 and AC8. cAMP accumulation data of select CDI compounds 15 (A), 24 (B), 25 (C), 32 (D), in
AC1- or AC8-HEK Δ3/6 KO cells. Points in representative summary curve displays the mean ± SEM of the percent of 3 µM A23187 inhibition from the
averages of three independent experiments (N = 3).
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AC8-Nt/CaM, and 0.44 μM for AC8-C2b/CaM. The secondmost

potent hit, 2, also from theMMSP library, has an almost identical

structure to 1, differing by the addition of a methyl group on the

tricyclic scaffold. The Ki values for 2, 0.51 μM for AC1-C1b/CaM

(IC50 = 2.18 μM), 3.2 μM for AC8-Nt/CaM, and 0.82 μM for

AC8-C2b/CaM, are nearly identical to those obtained for 1.

Further, 1 and 2 achieved 75–80% inhibition relative to the

positive control (100 μM CDZ) in the AC1 and AC8/CaM FP

assays at the highest concentration tested (100 μM). These two

compounds did not exhibit a significant selectivity for the AC1/

CaM interaction versus either AC8/CaM interaction, evidenced

by similar Ki values. These compounds share a phenothiazine

TABLE 6 CDI analog structures, IC50 values from cAMP accumulation assays in AC1- and AC8-HEK Δ3/6KO cells, and cell viability in AC1-HEK Δ3/6KO
cells. IC50 values were generated from a 3-parameter nonlinear regression of the averages of 3 independent experiments (N = 3).

# Structure IC50 (μM) ± SEM %Viable Cells
at AC1

# Structure IC50 (μM) ± SEM %Viable Cells
at AC1

15 AC1 AC8 30 μM 28 AC1 AC8 30 μM

4.36 ± 0.32 3.90 ± 1.83 43 20.0 ± 5.23 11.6 ± 1.82 88

22 2.48 ± 0.39 3.23 ± 0.57 97 29 10.3 ± 1.45 14.4 ± 4.10 65

23 3.08 ± 0.25 4.21 ± 1.01 100 30 10.6 ± 2.72 4.99 ± 1.10 100

24 2.75 ± 0.82 2.70 ± 0.24 77 31 5.25 ± 1.07 1.49 ± 0.38 37

25 6.39 ± 0.89 8.85 ± 2.70 94 32 0.89 ± 0.04 1.86 ± 0.32 100

26 4.39 ± 0.44 2.92 ± 1.36 61 33 3.58 ± 2.26 2.70 ± 1.92 88

27 34.8 ± 13.0 25.6 ± 6.77 48
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scaffold present in the known CaM binder, trifluoperazine (TFP,

Stelazine™) and will be discussed below (Ahlijanian & Cooper,

1987; Hayes et al., 2018). It should also be noted that compound 2

(methylene blue) is a known nonspecific PPI inhibitor, although

it was identified as a hit against AC1 (Chuang et al., 2022).

The next most potent hits were 3 and 4, with Ki values of

0.67 and 1.0 μM for AC1-C1b/CaM (IC50 = 2.8 and 4.14 μM),

respectively. Hits 3, 4, and 7 (Ki for AC1/CaM FP = 4.1 μM) were

the duplicate hits identified in the FDA-approved and MMSP

library screens. These three hits have been previously identified

as AC8/CaM inhibitors (Hayes et al., 2018). Hits 3, 4, and 7

inhibited nearly 100% of the AC1/CaM FP signal; however, they

exhibited only modest selectivity for AC1 over the

AC8 constructs. The hits 5, 6, and 8–11 had Ki values

ranging from 3.0–7.8 μM in the AC1/CaM FP assay. Hit 5

inhibited the AC1/CaM interaction with a Ki value of 3.0 μM

in the FP assay and exhibited slight selectivity (2-fold) for

AC1 over AC8 in the FP assays. Hit 6 inhibited the AC1/

CaM FP assay to 131% relative to the positive control due to

CDZ’s incomplete inhibition of the FP signal. Only hits 6 and 3

outperformed the positive control in the AC1/CaM FP assay.

Hits 6 and 8 were the only non-CDI library compounds tested

that preferentially inhibited AC1/CaM over AC8/CaM in the FP

assays (Table 3; Figure 3). Hit 9 is structurally similar to 3 as both

contain biguanidine scaffolds; however, 9 was a poor inhibitor of

the AC1/CaM interaction in the FP assay, reaching only 15%

inhibition, relative to the positive control, at the highest

concentration tested.

The nine CDI CNS library hits 13–21 are from the original

32 confirmed hits from this library. After confirmation, we

selected these nine hits for additional characterization based

on the Ki and percent inhibition values gathered from CRCs

in the AC1/CaM FP assay. In the FP assays, hits 13–19 and 21

exhibited selectivity for AC1/CaM over both AC8-Nt and AC8-

C2b/CaM. The only exception was 20, which was slightly more

selective for AC8 over AC1 in the FP assays. The most potent

CDI library hits in the AC1/CaM FP assay were 15 and 16, with

Ki values of 5.2 and 5.7 μM, respectively. However, 15 and 16

were less efficacious, achieving only 58 and 25% inhibition of the

AC1/CaM PPI in the FP assay, less than several more potent hits

from the FDA-Approved or MMSP libraries. From the CDI CNS

library, the maximal inhibition in the AC1/CaM FP assay was

~70% for 20 and 14, with three compounds displaying less than

50% inhibition (13, 16, and 19). However, we placed an equal

priority on potent compounds and those that exhibit selectivity

for inhibition of AC1-CaM over AC8-CaM. We, therefore,

moved forward with 21 (Table 3) of the original 25 hits

identified in the pilot screens for assessment with full-length

proteins in the NanoBiT assay.

NanoBiT assay development: AC1/CaM

We used the NanoBiT PPI system (Promega, Madison, WI)

as a cell-based orthogonal assay to test the hits identified in the

AC1/CaM FP pilot screen. The NanoBiT assay provides a cellular

context to examine compound activity and utilizes full-length

adenylyl cyclase. We have applied this system in a prior study to

assess the AC8/CaM PPI (Hayes et al., 2018). In the NanoBiT

system, proteins are tagged on their N- or C-terminus with large

or small BiT (LgBiT or SmBiT) fragments. As the proteins

associate in cells, the BiT fragments complement to form a

functional luciferase enzyme (NanoLuc) capable of producing

luminescence when the substrate (NanoGlo reagent) is present.

As the two interacting proteins can be tagged with the LgBiT or

SmBiT on their N- or C-termini, there are eight total NanoBiT

vector combinations for a PPI pair. Further, the relative sizes of

the BiT fragments, with LgBiT at 17 kD and SmBiT at only

11 amino acids, necessitate testing of each NanoBiT vector

combination to assess any impact the BiT fragment presence

has on the PPI due to steric hindrance (Supplementary Figure

S3). These vectors were generated as described above, and

transient transfection methods were used to express the vector

pairs in HEK293T cells. In addition to the vectors listed above, a

Halo-SmBiT control was used as a non-specific protein to

establish baseline luminescence from LgBiT activity, which is

typically negligible in the absence of the SmBiT (168). The Ca2+-

dependent nature of the AC1/CaM PPI allowed use of controls

for the NanoBiT assay which modulate the level of intracellular

Ca2+. The AC1/CaM PPI response to calcium mobilizers was

assessed for all vector combinations. Several assay conditions

were used to determine the most promising vector combinations

under varying levels of intracellular Ca2+. Briefly, BAPTA-AM

was added 30 min before the addition of the NanoBiT substrate

TABLE 7 Percent inhibition of CDI compounds (30 μM) in AC2-HEK Δ3/6KO and AC5-HEK Δ3/6KO cells. Data reported as averages of % inhibition
values at 30 μM from three independent cAMP accumulation assays (N = 3) ± SEM.

Compound # % Inhibited at AC2 ± SEM % Inhibited at AC5 ± SEM

15 59 ± 14 47 ± 10

24 15 ± 11 16 ± 11

25 52 ± 11 46 ± 5

32 10 ± 8 3 ± 3
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(NanoGlo Reagent) to enter cells and chelate free Ca2+. After this

initial treatment, NanoBiT substrate was added, and baseline

luminescence was measured continuously for 30 min. Finally,

cells were treated with buffer, thapsigargin, or calcium ionophore

A23187, and luminescence was monitored continuously for an

additional 60 min. The response to vehicle or Ca2+ regulating

mobilizing agents (Thapsigargin or A23187) in the absence or

presence BAPTA-AM was assessed using the area under the

curve (AUC) for the 25 min following the baseline luminescence

read. Initial optimization efforts revealed poor results for the

combinations with LgBiT attached to AC1 and SmBiT attached

to CaM. This result is likely either the result of the LgBiT

occluding CaM binding to the AC1 protein or the BiT

fragments being too distant to associate and form functional

NanoLuc enzyme. These Ca2+ sensitivity experiment results

prompted us to use SmBiT-AC1 with LgBiT-CaM (both

N-terminal attachments) to assess our initial hits using

NanoBiT. This vector combination showed the most

robust increase in luminescence with thapsigargin

compared to A23187. In addition, the SmBiT-AC1 and

LgBiT-CaM fusion protein combination was responsive to

thapsigargin in terms of reversal of the decrease in

luminescence from pre-incubation with BAPTA-AM

(Supplementary Figure S3B).

NanoBiT assay: AC1/CaM FP hits in cells

Pairing the NanoBiT assay with the Cell-Titer Glo 2.0 assay

allowed us to monitor a decrease in the NanoBiT signal and

ensure this signal loss was not a result of cell death or loss of

membrane integrity. The CRCs for hit compounds in the

NanoBiT and cell viability assays are shown in Figure 5 and

summarized in Table 4. One of the most promising hit

compounds was 12 (Benzbromarone). In the NanoBiT assay,

12 was the most potent hit with an IC50 of 1.70 ± 1.17 μM and

4.53 ± 1.15 μM for the AC1/CaM and AC8/CaM PPI,

respectively. Cell viability at the AC1/CaM IC50 was at 90%

for 12. Despite performing well in the NanoBiT assay, 12 was not

the most potent hit in the AC1/CaM FP assay with an IC50 of

33 μM and a Ki of 7.8 μM. In the FP assay, 12 was approximately

7- and 3-fold selective for AC1-C1b/CaM over AC8-Nt/CaM and

AC8-C2b/CaM, respectively. This selectivity is not entirely lost in

the NanoBiT assay but is a theme observed for several hit

compounds tested.

The next most potent hits in cells were 3, 7, 13, and 18, with

IC50 values below 20 μM for the AC1/CaM and AC8/CaM

NanoBiT assays. These compounds were moderately selective

for AC1 in the FP assays, but selectivity was lost in the NanoBiT

assay. Interestingly, the AC selectivity of 18 flipped from what

was observed in the FP assay, where 18 was selective for AC1-

C1b/CaM over both the AC8/CaM FP constructs; in the

NanoBiT assay, 18 was ~3-fold selective for AC8 over AC1.

This phenomenon was not specific to 18. For example, the hit

compounds 6 and 21 were 2- to 4-fold selective for AC8 over

AC1 in the NanoBiT assay but exhibited near total selectivity for

AC1-C1b/CaM over the AC8/CaM constructs in the FP assays.

We will discuss possible explanations for this reversal of

selectivity below.

With respect to cell viability, amongst all the pilot screen

hits, 3 had the greatest decrease in cell viability of 25% at its

AC1/CaM IC50 (17.9 ± 1.15 μM) and 70% at 100 μM. For hits 7,

13, and 18, cell viability was between 96–100% at their

respective AC1/CaM IC50 values. For 7 and 13, cell viability

was reduced by ~50% at the highest concentration tested

(316 μM), but 90% cell viability was observed for 18 at this

concentration. From the remaining pilot screen, only hits 1, 2,

9, and 11 exhibited a reduction in cell viability greater than 10%

at their respective AC1/CaM IC50 values. Although 1 was the

most potent in the FP assays, this was not the case in the

NanoBiT assay. 1 was more potent in the AC8/CaM NanoBiT

assay, with IC50 values of 8.4 and 32.9 μM in the AC8 and AC1/

CaM NanoBiT assay, respectively. The remainder of the pilot

screen hits tested in vitro had AC1/CaM IC50 values between

20 and ~100 μM or did not inhibit the AC/CaM PPI in the

NanoBiT assay. For simplicity, the remaining sets were

separated by a range of IC50 values from the AC1/CaM

NanoBiT assay: Set A—IC50 values from 1 to 20 μM: 3, 7,

12, 13, and 18; Set B—IC50 values from 21 to 30 μM: 4, 15, and

21; Set C—IC50 values from 30 to 40 μM: 1, 6, and 10; Set

D—IC50 values from 41 to 150 μM: 2, 5, 8, 9, 11, 14, and 20; Set

E—No Inhibition in NanoBiT assay: 16, 17, and 19.

Nuclear magnetic resonance: CaM
binding

To ascertain if certain compounds were imparting inhibition

through direct binding to calmodulin, we collected 1H-15NHSQC

spectra of 15N-CaM in the presence or absence of the compound.

We tested hit compounds 12, 13, 15, 18, and 21 at 5 equivalent

molar excess of CaM concentration and observed chemical shift

perturbations (CSP) for multiple CaM residues (Figure 6).

Ligand-induced CSPs indicate binding as observed by

backbone amides on 15N-CaM. Hits 12 and 13 exhibited the

largest CSPs in the AC1 set with CaM likely to be fully saturated

or in fast exchange at 5EQmolar excess over CaM. Hits 18 and 21

exhibit modest chemical shift changes at 5EQ. Only compound

15 exhibited chemical shift changes where several peaks were

broadened by intermediate exchange and disappeared. The

disappearance of peaks in intermediate exchange occurs near

the equilibrium between free and bound states that are on a time

scale typical for conformational dynamics. At 5EQ molar excess

of 15, CaM is not fully saturated. The somewhat unique binding

properties of 15 to CaM may provide opportunities for AC1 vs.

and AC8 selectivity.
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Characterization of FP and NanoBiT hits in
AC1 cAMP accumulation assays

From the hits identified among FP screens and NanoBiT

assays, six were selected for characterization of activity against

AC1, based on their potency and selectivity profiles as well as

favorable drug-like properties. Hits from the CDI library (12, 13,

15, 18, 20, and 21; Table 5) were AC1-selective in the FP assays

with moderate efficacy and displayed modest potency against

AC1 and/or AC8 in cellular NanoBiT assays. Hit 12 was

identified in the AC1 FP screens but was not identified as a

hit against AC8, indicating possible selectivity for AC1.

Furthermore, 12 displayed the highest potency at inhibiting

the PPI between AC1-CaM and AC8-CaM in NanoBiT assays.

For initial characterization of these six compounds, we utilized

HEK-293 cell lines where endogenous AC3 and AC6 were

knocked out to reduce the background cAMP signal and

subsequently transfected with AC1 (AC1-HEK Δ3/6 KO cells;

(Soto-Velasquez et al., 2018). cAMP accumulation is measured as

a direct output of AC inhibition via a Cisbio homogenous time-

resolved fluorescence (HTRF) assay. The data shown in Table 5

and represent the mean ± SEM of the IC50 values (µM) for each

compound, in AC1-HEK Δ3/6 KO cells. Hit 12 displayed the

highest potency against AC1 at 4.09 μM, with 15 following

closely at 4.89 μM; both of these compounds were equally

efficacious, displaying ~75% inhibition of AC1 activity (data

not shown). Hits 18 and 21 were slightly less potent at 6.70 and

8.77 μM, respectively. 18 and 21 also displayed lower efficacies, at

~70 and ~50%, respectively. Finally, hits 13 and 20 were

significantly less potent at AC1 than other hits evaluated, at

31.0 and 66.3 μM, respectively.

Structure-activity relationship (SAR)
studies of dithiophene CDI compounds in
AC1/AC8 cAMP accumulation assays

Among the hits that were identified and characterized for

AC1 activity inhibition, the dithiophene scaffold of compound 15

from the CDI library was prioritized for initial SAR evaluation for

several reasons: 1) the combined potency and selectivity in the FP

assays, 2) efficacy for PPI inhibition in the NanoBiT assay, and 3)

drug-like physicochemical properties. To accomplish this, we

utilized HEK Δ3/6 KO cells expressing AC1 or AC8. The data

shown in Table 6 represent the mean ± SEM of the IC50 values

(µM) for each compound, in AC1- and AC8-HEK Δ3/6 KO cells,

respectively. Testing of the dithiophene compounds, referred to

hereafter as CDI analogs (Table 6), with A23187-stimulated

AC1 and AC8 activity yielded a unique SAR profile, focused

on the cyclic amine ring of the dithiophenes as well as

substituents from this ring and to the thiophene heterocycles.

For this assessment, 12 additional CDI analogs (22–33) were

purchased from ChemDiv, along with the original dithiophene

hit 15. For the first piperidine series (22–24), SAR was relatively

flat with modest changes to either the piperidine or alkyl group

on the thiophene leading to equipotent analogs. 24 was the most

potent of this cohort versus AC1 with an IC50 value of 2.75 μM.

This molecule also was equipotent against AC8 with an IC50

values of 2.70 μM. Moving from a piperidine to the matched

molecular pair N-alkylated piperazine analogs (15, 25, 26)

provides a slight reduction in AC1 activity (2—3-fold)

compared to the piperidine containing counterpart. The

piperazine modification also had varying effects on AC8,

particularly with the ethyl-thiophene derivatives (15, 26)

slightly favoring AC8 over AC1. The next two analogs (27,

28) contained a fused cyclic alkane to the central thiophene of

the scaffold, as opposed to methyl or ethyl substitution. Each

exhibited marked reduction of activity against both AC1 and

AC8 compared to nearest neighbor analogs non-cyclic analog.

The reduction was greater against AC1, thus making these

analogs more selective for AC8, with 28 being 2-fold more

potent at AC8. In both AC1- and AC8-overexpressing HEK

cells, several of these compounds displayed approximately 100%

inhibition of cAMP accumulation, as well as low-micromolar

IC50 values at both AC1 and AC8. 29 maintained the

N-methylpiperazine and ethyl substituent off the central

thiophene, but swapped the second thiophene heterocycle for

a phenyl ring. When compared to its matched molecular pair in

15, 29 exhibited about a 2- and 3-fold reduction in AC1 and

AC8 potency, respectively. 30–32 swapped the piperazine for a

morpholine moiety. Notably, this modification decreased both

AC1 and AC8 potency for the matched molecular pairs that

incorporated either the piperazine or piperidine with one

exception. 32 actually displayed an improved potency against

A23187-stimulated cAMP accumulation in AC1-HEK cells with

an IC50 at AC1 of 0.89 µM. This molecule was also modestly

selective over AC8 with an IC50 of 1.86 µM. Interestingly,

although 32 is slightly more potent against AC1, the

AC8 potency makes this compound the most potent

AC8 inhibitor known to date. The final analog in this SAR set

was 33, which moved from the N-cyclic alkane substituent and

incorporated a 2-aminopyridine. This compound displayed

similar potency to the piperidine series (22–24), with

modest selectivity for AC8. Concentration-response curves

for selected analogs (15, 24, 25, and 32) are presented in

Figure 7. Among these four compounds are some of the

most potent inhibitors at AC1 and AC8, also displaying

100% inhibition of AC1 activity and 70–100% inhibition of

AC8 activity (Table 6 and Figure 7).

Isoform selectivity of CDI compounds at
AC2 and AC5

To determine whether these compounds were selective for

AC1 and AC8 over other isoforms, we tested 15, 24, 25, and 32 in
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cAMP assays against AC2 and AC5 as representative isoforms

from Groups II and III, respectively, of AC isoforms. We used

AC2-HEK Δ3/6 KO and AC5-HEK Δ3/6 KO cells and tested

each of the four compounds at 30 μM, assessing percent

inhibition, shown in Table 7. Surprisingly, hit compound 15

displayed modest inhibition at AC2 and AC5 (59 and 47%,

respectively). Compound 25 also partially inhibited AC2 and

AC5 activity (52 and 46%, respectively). 15 and 25 are

structurally almost identical, differing only in the substituent

on the central thiophene (ethyl on 15 versus methyl on 25),

which may explain why these had similar activity against

AC2 and AC5. On the other hand, compounds 24 and 32,

having a piperidine and morpholine heterocycle, respectively,

showed very little inhibition against AC2 and AC5 (<16%).

Interestingly, in our previous studies we have observed

AC1 inhibitors to modestly potentiate AC2 at 10 and 30 μM,

thus, the inhibition at 30 µM was a bit unexpected but may be a

result of the different mode of action for this scaffold. This will be

investigated in future studies.

Discussion

The FP assay developed for this work allowed us to measure

the interaction between CaM and an AC1-C1b peptide. In our

FP assay, we utilized peptides labeled with the fluorescent dye

cyanine-5 (Cy5) that incorporated the residues on AC1 or

AC8 where Ca2+ dependent CaM binding has been

previously established (Masada et al., 2012; Herbst et al.,

2013). In the AC-CaM FP assays, the Cy5-AC peptides are

approximately 4 kD (AC1-C1b: 3,868 g/mol, AC8-Nt: 3,746 g/

mol, AC8-C2b: 3,549 g/mol) and GST-CaM is 39 kD (His6-

GST: 25 kD, CaM: 14 kD). The addition of the GST-tag to CaM

improved the degree of polarization for the AC peptide when it

was bound to GST-CaM and increased the FP signal window

necessary for HTS. After our optimization efforts, the AC1/

CaM FP assay proved to be robust, evidenced by Z’ values

ranging from 0.68–0.77 throughout the compound screen,

consistently above the lower threshold of 0.5 for assays to be

considered robust and suitable for HTS hit identification

(Zhang et al., 1999). Further, the assay tolerated up to 2.5%

DMSO and was stable from 1 to 6 h (Supplementary Figure S1).

Therefore, we prioritized optimizing our HTS approach to

incorporate assays that were sensitive to Ca2+, a key

mediator of the AC/CaM interaction. We were pleased to

find that the interaction between CaM and the Cy5 labeled

AC peptides was dependent on Ca2+ in the FP assays, as

evidenced by the response observed when EGTA was present

in the assay (Figure 1B). A drawback to this approach was the

potential for metal chelators; we, therefore, assessed

compounds that contained structures or exhibited inhibitory

behavior that suggests the ability to chelate Ca2+. Our

optimization process centered around our goal of identifying

compounds that would perform well in a calcium-rich

environment where the PPI occurs.

Approximately 21,000 compounds from 4 different chemical

libraries were screened using the AC1/CaM FP assay. The pilot

screen identified 54 compounds (FDA-Approved: 7 hits, MMSP:

13 hits, DIVERSet: 2 hits, and ChemDiv: 32 hits). However, due

to library duplication, three compounds (Alexidine, Otilonium,

and Thonzonium) were identified as hits in the FDA-Approved

and MMSP libraries. An additional three compounds, Chicago

Sky blue, Protoporphyrin IX, and Chlorophyllide Cu complex,

were removed after their chemical structures were unfavorable

for further development. The availability of ChemDiv CNS

library stocks permitted initial concentration-response curve

assessments to be made before ordering powder stocks. From

the original 32 ChemDiv hits, 9 were advanced to the next phase

of screening based on their approximate IC50 and percent

inhibition relative to the positive control (100 μM CDZ =

100% inhibition) in the AC1/CaM FP assay. In addition to

the reduction in hits from the CDI library (32–9), five

compounds identified in the FDA-approved MMSP and

ChemBridge library screens did not exhibit significant

inhibition of AC1/CaM in the FP assay after fresh powder

stocks were ordered. Two of those compounds were from the

ChemBridge DIVERSet library, two were from the Microsource

spectrum collection (ethyl quinine and rivastigmine tartrate),

and one was from the FDA-approved library (nicotine

ditartrate). Compounds that exhibited poor potency or

inhibition in the AC1/CaM FP assay were tested in the AC8/

CaM FP assays to gather information about what chemical

scaffolds/structures tended to be more selective for the AC8/

CaM interaction(s) over the AC1/CaM interaction. As a result,

25 of the original 54 hit compounds were advanced for further

characterization.

Characterization of hits centered around CRC analysis of the

primary AC1/CaM FP assay, with counter screening efforts to

identify hit compounds that selectively inhibited the AC1/CaM

interaction over the AC8/CaM interaction(s). The two most

potent hits identified in the FP pilot screen, 1 and 2, contain

a phenothiazine structure. These hits have the same

phenothiazine scaffold as the known CaM antagonist

trifluoperazine (TFP). This common substructure could

indicate that the AC/CaM inhibition observed for 1 and 2

results from CaM binding rather than AC binding. However,

TFP poorly inhibited AC1/CaM in the FP assay with only 30%

inhibition at 100 μM for AC1/CaM. Further, our prior testing

with TFP in the AC8/CaM FP assays found that it could inhibit

AC8-Nt/CaM (~85% at 100 μM) but did not inhibit AC8-C2b/

CaM (3). Despite their structural similarities, 2 has been found to

reduce pain caused by cancer treatment as an oral rinse, alleviate

the pain that accompanies a propofol injection, and reduce lower

back pain as an intradiscal injection (Salman et al., 2011;

Kallewaard et al., 2016; Roldan et al., 2017). Although the

mechanism of 2 is not fully understood, the predominant
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proposed mechanisms involve the inhibition of monoamine

oxidase A, nitric oxide synthase, guanylate cyclase (GC), and

blockade of the GABA receptor (Alda, 2019; Bistas & Sanghavi,

2020). Acting in the CNS on a GC would suggest 2 could reach

AC1 at the very least. However, this finding prompts further

structural optimization of compounds with a phenothiazine

scaffold to avoid off-target effects. Another structural feature

shared by several hits (3–5, 7, 9, and 10) is a long carbon chain or

linker (6 carbons or more). As these linkers will afford flexibility

to these compounds, it may be possible that these aliphatic “tails”

allow for more significant inhibition by binding to a hydrophobic

pocket. However, further studies examining the binding site

would need to confirm this notion. Apart from 20, all the

validated hits from the CDI library inhibited the AC1/CaM

FP assay but could not inhibit both AC8/CaM FP assays.

However, the hits from the CDI library exhibited a lower

degree of inhibition in the AC1/CaM FP assay as compared to

the hits from the FDA-approved or the MMSP libraries.

Of the 25 compounds, 21 were advanced for testing in

NanoBiT assays. The goal of this AC1/CaM FP HTS was to

identify novel structures capable of disrupting the AC1-C1b/

CaM and AC1/CaM interactions. In pursuit of this goal, two

assays were developed to detect this interaction in both a

biochemical setting and in a living cellular environment.

Screening ~22,000 compounds from four unique chemical

libraries has yielded small molecule inhibitors with interesting

and novel chemical scaffolds that can disrupt the AC1/CaM

interaction.

The NanoBiT assay was used an approach for assessing the

ability of the hit compounds to inhibit the full-length AC/CaM

proteins in a live cell format. As mentioned above, 12 was the

most potent compound in the AC1/CaM NanoBiT assay. 12

(Benzbromarone) contains a 1-Benzfuran scaffold with an ethyl

group substituted at the C-2 position and a 3,5-dibromo-4-

hydroxybenzyl group at the C-3 position. Although 12 is

labeled as a uricosuric agent and a known xanthine oxidase

inhibitor, 12 was never approved by the FDA due to reports of

acute liver toxicity (Chen et al., 2011; Chen et al., 2016).

Compounds 1 and 2, the most potent hits in the AC1/CaM

FP assay, exhibited a significant loss of activity in the NanoBiT

assay. Compounds 3 and 4, which preferentially inhibited AC1 in

the FP assays, displayed a reduced AC1 selectivity in the

NanoBiT assays. Previous work has found that 3 and 4

exhibit CaM binding (Hayes et al., 2018). This observation

could indicate that these compounds do not exert their AC1/

CaM inhibition by binding to the C1b domain of AC1 but rather

bind to CaM. While this mechanism may challenge AC

selectivity, the interactions of CaM with AC1 and AC8 are

not identical, and thus binding to CaM does not entirely

undermine the ability of compounds to be selective.

In the transition from biochemical to cell-based assays, a loss

in potency is not uncommon. Further, as the AC/CaM PPI is

occurring not at the cell surface but inside the cell, a loss in

potency could be attributed to a compounds inability to cross the

cell membrane or a high degree of non-specific protein binding

(Strelow et al., 2004). Finally, mechanistic insights into the AC/

CaM interaction provide an additional rationale for compounds

exhibiting a loss in potency when transitioning from the peptide-

based FP assay to the NanoBiT assay. The NanoBiT assays

assessed the ability of the compounds to inhibit the full-length

PPI, which for AC8 incorporates two CaM binding domains that

are believed to work in unison. Although the activity of both

AC1 and AC8 is stimulated by Ca2+/CaM binding, their

sensitivity to Ca2+ and binding mechanisms with CaM are

distinct. For example, the activity of AC8 responds rapidly to

transient fluxes of Ca2+ levels, while AC1 exhibits an increase in

activity in response to Ca2+ flux that is sustained for a prolonged

period (Masada et al., 2009; Masada et al., 2012). Although CaM

has a higher affinity for AC1 relative to AC8, CaM must be fully

saturated with Ca2+ before binding AC1 (Masada et al., 2009;

Masada et al., 2012). On the other hand, the rapid response of

AC8 to Ca2+ levels has been attributed in part to the presence of

the two CaM binding domains, with a mechanism that is believed

to involve tethering CaM to the N-Terminus of AC8 (Simpson

et al., 2006; Masada et al., 2009; Masada et al., 2012). When Ca2+

levels increase, CaM is tethered to the N-terminus of AC8 and

rapidly associates with the C2b domain of AC8, and an

autoinhibitory mechanism is alleviated. Our FP approach does

not fully capture this dynamic interplay between AC8 and CaM.

As a result, several compounds exhibited a loss of selectivity for

AC1 over AC8 in the NanoBiT assay relative to the FP assay. For

example, the hits from the CDI library, apart from 20, did not

exhibit any degree of inhibition in either AC8/CaM FP assay, but

were found to inhibit both the AC1 and AC8/CaM NanoBiT

signal. Another aspect of the hits from the CDI library was their

lack of toxicity, with only 13 and 15 exhibiting a decrease in cell

viability at ~300 μM.

Of the 21 compounds we advanced from the FP

characterization, only 5 were advanced through further

testing. The hits 12, 13, 15, 18, 20, and 21 were selected

based on their criteria as AC/CaM inhibitors in both the FP

and NanoBiT assays. Although 3, 4, and 7 displayed similar

potencies, these compounds have been assessed in a previous

report (Hayes et al., 2018). Further, the selected hits contained

chemical scaffolds amenable to further structural optimization.

As we characterized the hits from our FP screen, we began

to focus on the unique chemotypes we identified in the process.

Among the AC1-selective hits with regard to disruption of the

AC1 peptide-CaM interaction in the FP assay was hit 15 (58%

efficacy at AC1, IC50 = 22.1 µM). 15 was then confirmed as an

AC1/AC8 non-selective hit against full-length AC1- and AC8-

CaM in the NanoBiT assay (100% inhibition of both AC1- and

AC8-CaM interactions; AC1-CaM IC50 = 26.1 µM, AC8-CaM

IC50 = 33.4 µM). Compound 15 also had a number of favorable

drug like properties (molecular weight = 415 g/mol and LogP =

0.53) and possessed multiple sites amenable to explore SAR.
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Lastly, we observed that compound 15 shared some structural

overlap with a benzamide series of compounds that are known

inhibitors of AC1 activity with selectivity vs. AC8 (Scott et al.,

2022). We selected 13 dithiophene analogs including 15 for

cellular testing against inhibition of Ca2+/CaM-stimulated

AC1 and/or AC8 activity. This scaffold contains a central

thiophene ring linked to an aromatic ring (furan) via an

amide, which directly overlaps with the benzamide series

(Scott et al., 2022). The central thiophene is also linked to a

central carbon bound to the second aromatic ring (usually

thiophene), with a variation of different heterocycles

(piperazine, piperidine, morpholine, or pyridine). In our

cAMP accumulation assays, we found that the piperazine

analogs slightly reduced AC1 activity, 2- to 3-fold. We

noticed a trend in which changing the methyl to an ethyl on

the central thiophene caused the analog to be more selective for

AC8. Cyclization of the alkyl substituent to the thiophene

significantly reduced activity at both AC1 and AC8, and also

shifted selectivity toward AC8. This suggests that more

hydrophobic groups, or perhaps more rigidity, at the central

thiophene may cause analogs to be more potent at AC8.

Notably, combining the fused cyclohexane-thiophene ring

system with a morpholine heterocycle significantly increased

potency at both AC1 and AC8 (32). Importantly, 32 is the most

potent inhibitor of AC8 activity known to-date, although this

compound also potently inhibits AC1 activity. Overall, the

limited SAR on this series suggests that AC1 and

AC8 potency and selectivity can be tuned individually.

AC1 activity was favored more by a methyl-substituent on

the thiophene ring, whereas AC8 activity was favored more so

by the ethyl in the same position. The cylcohexane-fused

thiophene selectivity was highly dependent on the nature of

the N-heterocycle with piperazine favoring AC8 activity and

morpholine favoring AC1. These preliminary SAR data points

will now inform design of future analogs to tune both AC1 and

AC8 selectivity inhibitors from within the same series. As

previously mentioned, some differences in potency and

selectivity in cellular assays may be attributed to the

differential interactions of AC1 and AC8 with CaM.

Additionally, it is possible that other proteins within the

cellular environment may affect the activity of these

compounds.

Some degree of CaM binding was observed for all

compounds tested in the NMR experiments. The 1H-15N

HSQC spectra obtained for 12, 18, and 21 at 5EQ molar

excess showed CaM was fully saturated or in fast exchange.

To be in fast exchange, peaks exhibiting chemical shifts in the

presence of a compoundmust move smoothly from free to bound

(red) (Figure 6). In intermediate exchange, peaks will regain their

original “free state” shape when saturation is reached but will

exhibit broadened shape when in equilibrium between free and

saturated, which was the case for 15. Despite significant chemical

shifts observed for 12 and 13, we could not accurately predict a

binding site on CaM. The abundance of residues exhibiting CSP

made it difficult to accurately determine binding sites for these

compounds without multidimensional NMR experiments, which

was outside of the scope of this study.

Through development of a novel fluorescence polarization

assay, screening of over 21,000 compounds for inhibition of

AC1 and/or AC8, and validation of activity in novel NanoBiT

assays, we have discovered a novel dithiophene scaffold.

Interestingly, the dithiophene scaffold shares structural

similarities with the AC1 inhibitor benzamide series (Scott

et al., 2022). Unlike the benzamide series, however, many

compounds among this small dithiophene set were not

selective for AC1 over AC8. This may be attributed to

differences in AC1- or AC8-CaM interactions, since CaM has

one mode of interaction with the C1b domain of AC1, whereas it

can interact with the N-terminal domain and the C2b domain of

AC8. Although we screened and selected for AC1-selective

inhibitors, it is possible that AC8 inhibition could be

beneficial for anxiety associated with various chronic and

inflammatory pain states in humans and rodents (see (Shiers

et al., 2022) and references therein). Multiple studies have

reported that AC8 knockout mice exhibited reduced anxiety-

like behaviors in the elevated plus maze test (Schaefer et al., 2000;

Bernabucci & Zhuo, 2016). Furthermore, Shiers et al. showed that

Adcy8 mRNA expression increased in the anterior cingulate

cortex (ACC) in a mouse model of neuropathic pain,

although AC8 knockout does not play a role in mechanical

hypersensitivity after inflammation (Wei et al., 2002; Shiers

et al., 2022). This suggests a potential role of AC8 in anxiety-

like behaviors. Thus, a non-selective AC1/AC8 inhibitor may be

desirable for treating both chronic pain and the associated

anxiety. In future studies, it would be interesting to determine

how these non-selective dithiophene compounds affect the

interactions of AC1 and AC8 with CaM. Further

characterization should also be done on these compounds,

such as assessment of their activity against different AC

activators such as Gαs and forskolin. This dithiophene scaffold

provides a novel AC1/AC8 inhibitor scaffold which is highly

potent and may potentially be useful for treatment of chronic

pain and anxiety.
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Ca2+-stimulated adenylyl
cyclases as therapeutic targets
for psychiatric and
neurodevelopmental disorders

Jiao Chen, Qi Ding, Lulu An and Hongbing Wang*
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As the main secondary messengers, cyclic AMP (cAMP) and Ca2+ trigger

intracellular signal transduction cascade and, in turn, regulate many aspects

of cellular function in developing and mature neurons. The group I adenylyl

cyclase (ADCY, also known as AC) isoforms, including ADCY1, 3, and 8 (also

known as AC1, AC3, and AC8), are stimulated by Ca2+ and thus functionally

positioned to integrate cAMP and Ca2+ signaling. Emerging lines of evidence

have suggested the association of the Ca2+-stimulated ADCYs with bipolar

disorder, schizophrenia, major depressive disorder, post-traumatic stress

disorder, and autism. In this review, we discuss the molecular and cellular

features as well as the physiological functions of ADCY1, 3, and 8. We further

discuss the recent therapeutic development to target the Ca2+-stimulated

ADCYs for potential treatments of psychiatric and neurodevelopmental

disorders.

KEYWORDS

autism, Ca2+-stimulated adenylyl cyclase, bipolar disorder, schizophrenia, major
depressive disorder, post-traumatic stress disorder, therapeutics

Introduction

Adenylyl cyclase (ADCY) activity accounts for the basal level as well as activity-

dependent production of cAMP, which is a main second messenger and regulates a wide

spectrum of intracellular signaling molecules (Figure 1). In the nervous system,

extracellular stimuli lead to functional responses and activity-dependent plasticity

through the activation of surface neurotransmitter receptors followed by activation/

inhibition of intracellular signaling molecules. With its enzymatic activity directly

regulated by the G protein coupled neurotransmitter receptors (GPCR) on cell

membrane, ADCY contributes to the dynamic intracellular cAMP transient following

extracellular stimulation. The outcome of the cAMP-mediated signal transduction has

broad impact on cellular functions including gene transcription and translation

(Figure 1), the precise regulation of which is essential for neurodevelopment and

activity-dependent modification of neuronal function. Thus, it is envisioned that

appropriate ADCY activity is critical for neurodevelopment and neuroplasticity.

Further, in addition to GPCRs, many other intracellular signaling molecules also
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dynamically regulate ADCY activity (Figure 1), leading to fine

tuning of cAMP signaling in a task-specific manner. With

regards to their physiological function, specific isoforms of

ADCY have been shown to regulate distinct aspects of

neuroplasticity and behavior that are essential for survival and

adaptation. Emerging lines of animal study and human genome

data have also suggested association of ADCY with a variety of

dysfunction in the central nervous system (CNS) and the

peripheral systems.

To date, ten isoforms of mammalian ADCY have been

identified. Nine ADCYs (i.e., ADCYs 1-9) are membrane-

bound proteins and share similar structures with a short

N-terminal cytoplasmic domain (the C1 domain) two

transmembrane domains (i.e., TM1 and TM2) connected by

the C1 cytoplasmic loop, and the C2 cytoplasmic domain at the

C-terminus (Cooper, 2003) (Figure 1). Through the C1 and

C2 domains, ADCYs 1-9 confer the catalytic activity and can

be regulated by GPCRs and intracellular protein kinases and

phosphatases (Cooper, 2003) (Figure 1). Based on structure and

regulatory properties, five groups of ADCY are defined. In

general, the group I ADCYs includes ADCY1, 3, and 8. They

are stimulated by Gs and Ca2+ and inhibited by Gi. The group II

FIGURE 1
Signaling cascade triggered by the activation of Ca2+-stimulated ADCYs. Upon the activation of GPCR, Ca2+ influx through Ca2+ channels (such
as VGCC, NMDAR, and Ca2+-permeable AMPAR) and/or Ca2+ release from internal store, the Ca2+-stimulated ADCYs are activated, leading to
increased production of cAMP. The upregulation of cAMP activates PKA, which causes phosphorylation of CREB, ERK1/2 (indirectly), CaMKII
(indirectly) and GluR1 (at S845), leading to activation of these molecules. Increase of intracellular Ca2+ leads to activation of ERK1/2 (indirectly),
CaMKII, and CaMKIV, which, in turn, activate MSK1/CREB, GluR1 phosphorylation (at S831), and CBP (CREB binding protein), respectively. The
activated CBP/CREB triggers CRE (cAMP responsive element)-mediated gene transcription. The ERK1/2-mediated activation of eIF4E, 4EBP1, and
S6K1 may enhance ribosome activity and lead to increase of protein translation. The Ca2+-stimulated CaMKIV and CaMKII may lead to feedback
inhibition of ADCY1 and ADCY3, respectively. Other main aspects of cAMP effect include the cAMP-mediated EPAC (exchange protein directly
activated by cAMP) activation and cAMP-facilitated opening of the HCN (hyperpolarization-activated cyclic nucleotide-gated) channels.
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ADCYs include ADCY2, 4, and 7. They are stimulated by Gs and

not responsive to Ca2+ and Gi. The group III ADCYs include

ADCY5 and 6. They are stimulated by Gs and inhibited by Ca2+

and Gi. The group IV ADCY includes ADCY9, which is only

stimulated by Gs and, unlike other ADCYs, not responsive to the

general ADCY activator forskolin. The group V ADCY includes

ADCY10, which is a structurally distinct soluble cytoplasmic

protein whose activity is regulated by Ca2+ and bicarbonate but

not GPCRs (Buck et al., 1999; Litvin et al., 2003; Kleinboelting

et al., 2014). ADCY10 is mainly expressed in the liver and testes

but not in the central nervous system. Among these ADCYs, the

group I Ca2+-stimulated ADCYs are functionally positioned to

couple the two main small molecule messengers Ca2+ and cAMP

in neurons (Figure 1). Human genetic studies and animal models

suggest emerging roles of the Ca2+-stimulated ADCYs in

regulating distinct aspects of pathology in psychiatric

disorders. In this review, we focus on the Ca2+-stimulated

ADCYs and discuss their potential as therapeutic targets to

treat neurodevelopment and psychiatric disorders.

Regulation and molecular targets of
the Ca2+-stimulated adenylyl cyclases

Regulation by Ca2+ and G proteins

The existence of the calmodulin (CaM)-binding domain in

the C1 or C2 region of some ADCYs suggests that certain

isoforms can be regulated by Ca2+ (Wang and Storm, 2003).

Affinity purification with the CaM-sepharose chromatography

aided the cloning of ADCY1 followed by discovering other CaM-

binding ADCYs (Krupinski et al., 1989). Among all the Ca2+-

sensitive ADCYs, the group I isoforms consists of the Ca2+-

stimulated ADCY1, ADCY3 and ADCY8 (Cooper, 2003). As

cAMP and Ca2+ are the main second messengers in neurons, it is

postulated and the Ca2+-stimulated ADCYs are at the converging

hub to integrate the cAMP and Ca2+ signaling (Figure 1).

ADCY1 activity is stimulated by Ca2+ (Tang et al., 1991) with

an EC50 of ~100 nM (Fagan et al., 1996), which is slightly lower

than the free Ca2+ level in resting neurons (Berridge et al., 2003).

This indicates that ADCY1 is constitutively stimulated by the

basal Ca2+ in resting neurons and further activated by transient

increase of Ca2+ in stimulated neurons. Distinct amino acid

mutations in the CaM-binding domain either reduce or

abolish the Ca2+ stimulation of ADCY1 (Wu et al., 1993).

Although GTPγS can directly increase ADCY1 activity (Tang

et al., 1991), Gαs only stimulates ADCY1 in the presence of Ca2+

(Wayman et al., 1994); Gαi (Nielsen et al., 1996) and Gβγ (Tang

et al., 1991) cause inhibition of ADCY1. Intriguingly, CaMKIV

(CaM-dependent kinase IV) can directly phosphorylate ADCY1,

leading to activity inhibition (Wayman et al., 1996). It is

conceivable that, depending on subcellular micro-

environment, Ca2+/CaM may exert dichotomy effects on

ADCY1. While Ca2+ may predominantly stimulate ADCY1 in

sub-cellular regions that are devoid of CaMKIV, a compromised

or even inhibitory effect may be observed in the CaMKIV-

enriched regions. CaMKIV may also function as a molecular

break to prevent over-stimulation of ADCY1 by sustained Ca2+

elevation (Figure 1).

ADCY3 shares the most structural similarity with

ADCY1 and ADCY8. However, in vitro assays with

membrane preparation reveal that Ca2+ alone is not sufficient

to stimulate ADCY3 activity (Choi et al., 1992; Wayman et al.,

1995). When paired with the general ADCY activator forskolin

or G protein activator GppNHp, high level of Ca2+ stimulates

ADCY3 with an EC50 of ~5,000 nM (Choi et al., 1992).

Considering that the intracellular Ca2+ varies in the

1–10,000 nM range (Smith and Augustine, 1988), Ca2+

stimulation of ADCY3 may occur in specific subcellular

domains with high Ca2+ transients in stimulated neurons.

Notably, Wayman et al. found that, in the presence of

GppNHp or glucagon, Ca2+ at a much lower concentration

(e.g., 200 nM) can cause ~2-fold increase of ADCY3 activity

in vitro (Wayman et al., 1995). Counterintuitively, cAMP

accumulation assay with live cells reveal that increase of

intracellular Ca2+ (at ~100–300 nM) significantly inhibits

hormone- and Gαs-stimulated ADCY3 in vivo (Wayman et al.,

1995). It is further identified that CaMKII (CaM-dependent

protein kinase II) phosphorylates and inhibits ADCY3,

suggesting an indirect inhibition effect of Ca2+ (Wei et al.,

1996) (Figure 1). Although the physiological relevance of the

Ca2+-stimulated regulation of ADCY3 remains to be elucidated,

the Ca2+/CaMKII-mediated inhibition is likely to ensure a

transient rather than persistent increase of cAMP increase in

olfactory cilia, leading to the temporal attenuation of sensation

following odor detection (Wei et al., 1998).

ADCY8 possesses a CaM-binding domain and is directly

stimulated by Ca2+ with an EC50 of ~500–800 nM (Fagan et al.,

1996; Nielsen et al., 1996). Considering that ADCY8 is

moderately sensitive to Ca2+, it is speculated that Ca2+ released

from the internal store may not be sufficient to stimulate ADCY8.

However, Martin et al. (2009) suggest that the capacitative Ca2+

entry (CCE), which is triggered by Ca2+ depletion from the

internal store, may lead to more robust Ca2+ increase and

stimulate ADCY8. In the non-neuronal HEK293 cells, when

ADCY8 and the CCE functional molecules STIM1 and

Orai1 are over-expressed, they colocalize in lipid raft domains

of the cell membrane. Functionally, while Ca2+ store depletion

alone fails to activate ADCY8, over-expression of STIM1 and

Orai1 along with Ca2+ store depletion leads to ADCY8 activation

(Martin et al., 2009). Given that there is high expression level of

STIM and Orai isoforms in the central nervous system (e.g.,

STIM2 and Orai2 in hippocampus), it is likely that CCE activates

ADCY8 as well as ADCY1 and ADCY3 in neurons (Zhang and

Hu, 2020). In vitro assays with membrane preparations from

ADCY8-expressing HEK293 cells detect that the Ca2+-stimulated
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ADCY activity can be further increased in the presence of

activated Gαs (i.e., GTPγS bound Gαs) (Cali et al., 1994).

However, the in vivo cAMP accumulation assay fails to detect

any effect in HEK293 cells following pharmacological activation

of the Gs-coupled adrenergic receptors (Cali et al., 1994; Nielsen

et al., 1996). Further, the in vivo cAMP accumulation assay with

the ADCY8-expressing HEK293 cells fails to detect the inhibition

effects following the activation of the Gi-coupled somatostatin

and dopaminergic receptors (Nielsen et al., 1996). Thus, these

lines of evidence suggest that ADCY8 is exclusively regulated by

Ca2+ but not by G proteins in vivo. However, overexpression of a

constitutively active Gα/olf causes robust activation of both

ADCY1 and ADCY8 (Regnauld et al., 2002). Regarding

whether and how GPCRs can regulate ADCY8 activity,

examination with neurons (rather than the heterologous

HEK293 cells) and activation of full spectrum of GPCRs (in

addition to adrenergic, dopaminergic and somatostatin

receptors) is required.

Molecular targets

Through the Ca2+-stimulated ADCYs, cAMP and Ca2+

signaling may converge and tune specific signaling networks

and, in turn, regulate cellular functions relevant to

neurotransmitter receptor activity, gene transcription, and

translation (Figure 1). With regards to the function of Ca2+-

stimulated ADCYs in neuroplasticity, neurodevelopment and

psychiatric disorders, we focus on the Ca2+/cAMP-PKA

(cAMP-dependent protein kinase)/ERK1/2 (extracellular signal-

regulated kinases 1/2)-MSK1 (mitogen- and stress-activated

protein kinase-1)-CREB (cAMP responsive element binding

protein), the Ca2+/cAMP-ERK1/2-eIF4E (eukaryotic translation

initiation factor 4E)/4EBP1 (Eukaryotic translation initiation

factor 4E-binding protein 1)/S6K1 (ribosome protein

S6 kinase 1), and the Ca2+/cAMP-PKA/CaMKII-GluR1

(glutamate ionotropic AMPA type subunit 1) cascades (Figure 1).

The definitive function of ADCY1 and ADCY8 in regulating

the Ca2+/cAMP-mediated signaling is mainly examined with

brain samples collected from mutant mice. The Ca2+-

stimulated ADCY activity is reduced by ~50% and ~30% in

the hippocampus of Adcy1 knockout (KO) and Adcy8 KO mice,

respectively (Wong et al., 1999). The cAMP level is reduced by

~25% in the Adcy1 KO hippocampus (Sethna et al., 2017).

Although lack of both ADCY1 and ADCY8 surprisingly

increases the basal ERK1/2 activity, the contextual fear

learning- and cocaine-triggered upregulation of the ERK1/2-

MSK1-CREB signaling is abolished in the Adcy1/Adcy8 double

knockout (DKO) mice (Sindreu et al., 2007; DiRocco et al., 2009).

The Adcy1/Adcy8 DKO mice also do not display diurnal

oscillation of ERK1/2 phosphorylation in the hippocampus

(Eckel-Mahan et al., 2008), suggesting lack of molecular

circadian rhythm. In primary cortical neurons,

FIGURE 2
Developmental and tissue-specific expression of Ca2+-
stimulated AdcymRNA transcripts inmouse. The RNAseq study by the
Mouse ENCODEConsortium (Yueet al., 2014) revealed the expression
of Adcy1 (A), Adcy3 (B), and Adcy8 (C)mRNA in different tissues
and in CNS at different developmental stages. RPKM: Reads Per
kilobase of transcript per Million mapped reads. CNS: central nervous
system. E11.5, E14, and E18: embryonic day 11.5, 14, and 18.
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ADCY1 deficiency impairs the glutamate-induced upregulation

of CREB activity (Wang et al., 2007). Consistent with the

function of ERK1/2-CREB in regulating the Ca2+/CRE (cAMP-

responsive element)-mediated transcription of bdnf (brain-

derived neurotrophic factor) (Zheng et al., 2011), mice lacking

ADCY1 and ADCY8 fail to show learning- and exercise-induced

up-regulation of bdnf mRNA (Zheng et al., 2012; Zheng et al.,

2016). Conversely, overexpression of ADCY1 results in increase

of Ca2+-stimulated ADCY activity, cAMP level, PKA activity, and

basal as well as learning-induced upregulation of ERK1/2-CREB

activity in the hippocampus (Wang et al., 2004). Overexpression

of ADCY1 also blocks the stress-induced downregulation of bdnf

transcription in hippocampus and prefrontal cortex (Yang et al.,

2020).

With regards to gene expression, the cAMP-regulated ERK1/2

may impinge on ribosome activity and, in turn, regulate protein

synthesis. In vitro and in vivo studies demonstrate that inhibition

of ERK1/2 leads to impairments of activity-dependent

upregulation of eIF4E, 4EBP1, and S6K1 phosphorylation

(Kelleher et al., 2004; Zhou et al., 2010). Inhibition of ERK1/2

also suppresses various forms of protein synthesis-dependent

synaptic plasticity (Gallagher et al., 2004; Kelleher et al., 2004).

Whether and how the Ca2+-stimulated ADCYs regulate basal and

activity-dependent changes of ribosome activity remain to be

determined.

The cAMP signaling may also regulate neuronal function on

cell surface. Two main phosphorylation sites (i.e., Serine 845 and

831) of GluR1 are targets of PKA and CaMKII/PKC (protein

kinase C), respectively (Figure 1), and functionally involved to

regulate receptor trafficking and channel conductance (Malinow,

2003). The phosphorylation of GluR1 at S845 and S831 is

dynamically altered after the induction of long-term

potentiation (LTP), long-term depression (LTD.), and synaptic

depotentiation (Lee et al., 2000; Huang et al., 2001). Although

S831 phosphorylation can be suppressed by PKC and CaMKII

inhibitors, it may also be regulated indirectly through the cAMP-

enhanced CaMKII activation (Makhinson et al., 1999). In mice

with a natural loss-of-function mutation in Adcy1,

phosphorylation of GluR1 (pGluR1) at S845, AMPAR-

mediated EPSCs, and surface GluR1 are decreased at the

thalamocortical synapses (Lu et al., 2003).

Expression pattern and cellular
function of the Ca2+-stimulated
adenylyl cyclases

Adenylyl cyclase1

The mRNA transcript of Adcy1, detected by Northern blot

and in situ hybridization, is predominantly expressed in the

nervous system tissues including brain, adrenal gland, and retina

(Figure 2A) (Xia et al., 1993; Yue et al., 2014). Within the central

nervous system (CNS), Adcy1 mRNA expression is

developmentally regulated (Figure 2A) and detected in distinct

regions at various levels (Figures 2A, 3A) (Yue et al., 2014)

(https://brainrnaseq.org). Notably, Adcy1 mRNA level is

FIGURE 3
Cell type-specific expression of Ca2+-stimulated AdcymRNA
transcripts in various regions of the mouse brain. The information
of relative mRNA levels of Adcy1 (A), Adcy3 (B), and Adcy8 (C) in
excitatory and inhibitory neurons of various brain regions was
collected from https://mousebrain.org.
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overwhelmingly higher in excitatory neurons than inhibitory

neurons in the hippocampus but not in other regions

(Figure 3A). Although RNA-sequencing has detected Adcy1

mRNA in neurons and glial cells (https://brainrnaseq.org),

Western blot with a validated antibody (Sethna et al., 2017)

detects ADCY1 protein expression only in neuron-enriched but

not glial cell-enriched primary cultures (Ding et al., 2020).

The subcellular distribution of endogenous ADCY1, due to

the lack of antibody for histochemistry, is largely unknown. With

expression of the epitope-tagged recombinant protein, it is found

that the HA (hemagglutinin)-ADCY1 is expressed in both

dendrite and axon. The punctate and discrete HA-ADCY1

colocalizes with synaptophysin and synapsin I in cerebellar

neurons, indicating enrichment in the synaptic compartment

(Wang et al., 2002). Western blot analysis with synaptosome

fractions detects that the endogenous ADCY1 in hippocampus is

enriched in postsynaptic density and extrasynaptic fractions

(Conti et al., 2007).

Consistent with the high expression level of Adcy1mRNA in

cortex, hippocampus, and cerebellum, studies with the Adcy1 KO

mice have found that activity-dependent potentiation of synaptic

efficacy in these brain regions requires ADCY1 (Storm et al.,

1998; Liauw et al., 2005; Zheng et al., 2016). It is also evident that

ADCY1 supports long-term potentiation (LTP) at both

presynaptic (Villacres et al., 1998; Miao et al., 2019) and

postsynaptic sites (Liauw et al., 2005; Zheng et al., 2016). It is

demonstrated that ADCY1 in presynaptic neurons is required for

sensory input and neurodevelopment of postsynaptic neurons.

Brain region-specific knockout of Adcy1 in thalamus causes

disruptive barrel patterning in layer 4 of the somatosensory

cortex (Suzuki et al., 2015). Further, ADCY1 deficiency in the

presynaptic RGC (retinal ganglion cell) causes map disruption of

the postsynaptic tissues SC (superior colliculus) and LGN (lateral

geniculate nucleus) (Dhande et al., 2012).

Adenylyl cyclase3

ADCY3 was initially identified as the major ADCY in

olfactory epithelium (Bakalyar and Reed, 1990). Following the

molecular cloning of Adcy3 gene, Northern blot and

semiquantitative RT-PCR detected broad expression of the

Adcy3 mRNA in both CNS and peripheral tissues (Xia et al.,

1992; Yang et al., 1999; Yue et al., 2014) (Figure 2B). The

expression level is high in brain, placenta, lung, and skeletal

muscle. Intermediate expression is detected in heart, kidney, and

pancreas (Yang et al., 1999; Yue et al., 2014). Within the CNS,

Adcy3 mRNA and ADCY3 protein are found in many brain

regions, including olfactory bulb, cortex, hippocampus,

amygdala, nucleus accumbens, thalamus, hypothalamus and

cerebellum (Bishop et al., 2007) (Figures 2B, 3B). It is

expressed in both excitatory and inhibitory neurons

(Figure 3B) as well as in glia cells (Bishop et al., 2007).

Interestingly, Adcy3 mRNA level is higher in inhibitory

neurons than excitatory neurons in hypothalamus (Figure 3B).

Within the olfactory epithelium, ADCY3 is predominantly

localized in olfactory cilia, which is the main organelle of sensory

neuron to conduct the sensation of smell. Upon activation of the

Golf-coupled odorant receptors, cAMP is generated by the Golf-

activated ADCY3. Binding of cAMP to the cyclic nucleotide-

gated (CNG) channels causes the influx of Na+ and Ca2+, leading

to sensory neuron activation and the subsequent olfactory

detection process. Deficiency of ADCY3, which is the only

ADCY in olfactory cilia, causes anosmia (i.e., loss of smell)

(Wong et al., 2000).

In brain neurons, ADCY3 is localized in the primary cilium

(Bishop et al., 2007), which is a solitary microtubule-based

2–12 μm projection from the cell surface. In contrast to

typical synaptic structures, primary cilia are devoid of

ionotropic neurotransmitter receptors and thought to mediate

neuronal signaling via metabotropic GPCRs (Green and

Mykytyn, 2014). The co-existence of ADCY3 and certain

GPCRs (e.g., melanocortin 4 receptor, somatostatin receptor 3,

and type 6 serotonin receptor) suggests activity-dependent

cAMP signaling in primary cilia (Wang et al., 2011b;

Guadiana et al., 2013; Siljee et al., 2018). Although how cilia

signaling affects neuronal function is largely unknown,

disruption of the cilia-enriched proteins causes alteration of

neuron development and synaptic function. Notably,

ADCY3 deficiency leads to reduced dendritic outgrowth and

arborization, hippocampus atrophy, reduced neural transmission

and impaired LTP at the schaffer collateral-CA1 synapses (Chen

et al., 2016).

Adenylyl cyclase8

Adcy8 is expressed in both the CNS and the peripheral non-

neuronal tissues (Muglia et al., 1999; Yue et al., 2014) (Figure 2C).

Within the CNS, Adcy8 mRNA shows the highest levels in

olfactory bulb, thalamus, hypothalamus and brain stem

(Muglia et al., 1999; Schaefer et al., 2000) (Figure 3C). In

these brain regions, ADCY8 but not ADCY1 accounts for

most of the Ca2+-stimulated ADCY activity. In olfactory bulb

and hypothalamus of the Adcy8 KO mice, there is no significant

Ca2+-stimulated upregulation of ADCY activity (Schaefer et al.,

2000). Moderately high level of Adcy8 mRNA is detected in

hippocampus, in which ADCY8 deficiency causes ~25%

reduction of Ca2+-stimulated ADCY activity (Schaefer et al.,

2000). In contrast to Adcy1 mRNA, robust Adcy8 mRNA is

detected in both excitatory and inhibitory neurons in

hippocampus (Figure 3C). This suggests that the Ca2+-

stimulated cAMP signaling may be co-regulated by

ADCY1 and ADCY8 in excitatory neurons, and

predominantly regulated by ADCY8 in inhibitory neurons in

the hippocampus.
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The subcellular distribution of ADCY8 has been examined

with neurons expressing the recombinant HA-ADCY8. The HA-

ADCY8 displays punctate staining in both dendrites and axons of

cortical and hippocampal neurons and colocalizes with both

presynaptic (i.e., synaptophysin and synapsin I) and postsynaptic

marker (i.e., PSD95) proteins (Wang et al., 2003). The

endogenous hippocampal ADCY8 is preferentially enriched in

the presynaptic active zone and also detected in extrasynaptic

fractions (Conti et al., 2007). The presynaptic cellular function of

ADCY8 is implicated by that the mossy fiber-CA3 LTP, which

mainly relies on presynaptic Ca2+/cAMP signaling, is defective in

the Adcy8 KO mice (Wang et al., 2003). The postsynaptic

function of ADCY8 is implicated by that the schaffer

collateral-CA1 LTD (long-term depression) is defective in the

Adcy8 KO mice (Schaefer et al., 2000).

Association of the Ca2+-stimulated
adenylyl cyclases with psychiatric and
neurodevelopment disorders

Alteration of Ca2+/cAMP-mediated signaling has been

detected as molecular outcomes that are associated with

various aspects of psychiatric and neurodevelopment

disorders. Within the Ca2+/cAMP signaling network

(Figure 1), abnormal function of GPCR (Grace, 2016), ion

channel (Lee et al., 2016; Zanos and Gould, 2018; Nakazawa

and Sapkota, 2020), and protein kinase (Wang et al., 2012;

Robison, 2014; Gross et al., 2019) is associated with distinct

malfunction and maladaptation of the brain. Here, we discuss the

emerging roles of Ca2+-stimulated ADCY as risk and causal

factors in regulating the cellular pathology and behavioral

symptoms associated with psychiatric and neurodevelopment

disorders.

Adenylyl cyclase1

Hyper-expression of ADCY1 has been identified in a

mouse model of Fragile X syndrome (FXS) (Sethna et al.,

2017), which is predominantly caused by mutations in the

FMR1 (Fragile X messenger ribonucleoprotein 1) gene and

deficient expression of its gene product FMRP

(FMR1 protein). FXS is a neurodevelopment disorder and

leading cause of intellectual disability and autism (Sethna

et al., 2014). Among various functions of FMRP (Richter

and Zhao, 2021), the RNA binding activity has been

demonstrated to be directly related to the main symptoms

in FXS. High-throughput screenings have revealed that FMRP

binds 800–6,000 distinct mRNA targets and may suppress

their translation (Brown et al., 2001; Darnell et al., 2011;

Ascano et al., 2012). Along with general elevation of

mRNA translation, abnormally increased expression of

specific FMRP targets is linked to exaggerated signaling in

FXS neurons (Wang et al., 2012; Gross et al., 2015). Mining

and analysis of the multiple high-throughput screening data

identified Adcy1 mRNA as a top-ranked FMRP target.

Consistently, ADCY1 protein expression level is abnormally

higher in the brain of Fmr1 knockout (KO) mice (Sethna et al.,

2017). The enhanced ADCY1 expression is associated with the

exaggerated ERK1/2/PI3K (phosphoinositide 3-kinases)-

S6K1 signaling in FXS (Wang et al., 2012; Gross et al.,

2015). The causal function of the elevated

ADCY1 expression is supported by that genetic reduction

of ADCY1 in the Fmr1 KO mice rescues the key aspects of

pathology, including the exaggerated overall protein synthesis

and ERK1/2/PI3K-S6K1 activity, higher dendritic spine

density, audiogenic seizure, repetitive behavior and social

deficits (Sethna et al., 2017). Interestingly, enhanced

ADCY1 expression also results in certain behavioral

abnormalities associated with FXS and autism. Forebrain

overexpression of ADCY1 in transgenic mice causes hyper

locomotion and social deficits (Chen et al., 2015).

Alteration of Adcy1 gene, as suggested by the human

genome-wide association study (GWAS), is a potential

genetic risk factor for schizophrenia (Sundararajan et al.,

2018). A recent study analyzed a combined list of

schizophrenia-risk genes that are collected from published

GWAS data, meta-analysis data, and the OMIM and

GeneCards databses (Butler et al., 2016a; Butler et al.,

2016b; Wu et al., 2017). By using the GeneAnalytics

program, Sundararajan et al. (2018) suggest that the

schizophrenia genes have significant impact on Ca2+

signaling pathway, CREB pathway, and monoamine

GPCRs. Integration analysis of the schizophrenia gene and

the phenotype database (http://www.informatics.jax.org/;

http://human-phenotype-ontology.github.io/) identifies an

association of schizophrenia genes with reduced LTP,

abnormal spatial learning, and neurodevelopment

(Sundararajan et al., 2018). Based on biochemical data and

functional studies with mutant mice, it is evident that

ADCY1 directly regulates the CREB pathway and

integrates Ca2+ and GPCR signaling. Although how

ADCY1 regulates the hallmark schizophrenia symptoms

remains unclear, ADCY1 deficiency leads to impaired LTP

(Villacres et al., 1998; Zheng et al., 2016) and spatial memory

(Wu et al., 1995) and maldevelopment of the sensory cortex

(Suzuki et al., 2015). It is interesting to note that

ADCY1 shows high level in cerebellum, cerebral cortex,

and thalamus, which are where the schizophrenia risk

genes predominantly express (Sundararajan et al., 2018).

As defective cortico-cerebellar-thalamic-cortical circuit is

suggested as an emerging etiological factor for

schizophrenia (Andreasen and Pierson, 2008; Dorph-

Petersen and Lewis, 2017), the region-specific function of

ADCY1 needs to be studied.
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Alterations of Adcy1 gene may affect the therapeutic efficacy

of lithium in bipolar disorder (International Consortium on

Lithium Genetics et al., 2018). Although bipolar disorder and

schizophrenia shares significant number of genetic risk factors,

patient responses to pharmacological interventions are

dramatically different. While the mood stabilizer lithium is

used as the first line medication in bipolar disorder, it is not

effective for schizophrenia patients. Further, a significant

population of bipolar disorder patients also does not show

therapeutic outcome following lithium treatment. A cross-trait

meta-analysis of the GWAS of schizophrenia and Consortium on

Lithium Genetics has found an interesting reverse association of

polygenic schizophrenia load and lithium response in bipolar

disorder (International Consortium on Lithium Genetics et al.,

2018). Bipolar disorder patients with low polygenic

schizophrenia load show better therapeutic response to

lithium. Regarding whether and how ADCY1 activity

impinges on pharmacological and molecular outcome of

lithium treatment, validations with in vitro cellular assays and

in vivo behavioral examinations may be needed. With the

available ADCY1 inhibitors and mouse models (e.g., the

Adcy1 KO and overexpression mice), it is feasible to detect

whether the lithium effects are attenuated or potentiated.

Adenylyl cyclase3

Although there are debates on the significance of genetic risk

factors in human major depressive disorder, a GWAS study with

2,431 major depressive disorder and 3,673 control samples

revealed a suggestive association of Adcy3 polymorphism with

depression (Wray et al., 2012). Notably, lower PKA expression

and ADCY activity (Perez et al., 2001; Hines et al., 2005) in

platelets, which express only Adcy3 but not other Adcy isoforms

(Katsel et al., 2003), are detected in major depressive disorder

subjects and attenuated by the use of various drugs including

antidepressants, analgesics, and addictive drugs (Hines et al.,

2005). Consistently, Adcy3 mRNA level is reduced in the blood

samples of major depressive disorder (Redei et al., 2014). Brain

transcriptome analysis of human postmortem samples has also

found altered level of Adcy3 transcript in autism spectrum

disorder (Guan et al., 2019).

The functional relevance of Adcy3 mutations to major

depressive disorder and autism spectrum disorder has been

examined with the KO and knock-in mice. The conventional

whole body Adcy3 KO mice display a wide spectrum of

symptoms including increased REM (rapid eye movement)

sleep, hypo-locomotion, neophobia, higher immobility in the

tail suspension and forced swimming test, impaired nesting

behavior and impaired sociability (Chen et al., 2016). The

forebrain-specific pyramidal neuron conditional Adcy3 KO

mice recapitulates many aspects of the major depressive

disorder- and autism spectrum disorder-associated

symptoms, but intriguingly display normal social

interaction (Chen et al., 2016). The conventional and the

conditional forebrain-specific Adcy3 KO mice show

defective spatial memory and object recognition memory

(Wang et al., 2011b; Chen et al., 2016). Whole body Adcy3

deficiency also causes impairments in passive avoidance

memory and fear memory extinction (Wang et al., 2011b).

Intriguingly, the region-specific knock-down of Adcy3 in the

main olfactory epithelium not only leads to anosmia but also

causes depression-like behavior (Liu et al., 2020a) and

cognitive defects (Liu et al., 2020b). The results suggest a

role of olfactory cAMP signaling in the association of olfaction

deficiency and depression (Kohli et al., 2016); further

understanding of how ADCY3 mediates the functional

cross-talk among brain circuitry networks of olfaction,

emotion and cognition is critical.

Further, Adcy3 loss-of-function variants are identified as a

risk factor of obesity (Grarup et al., 2018), which often co-occurs

with depression (Carey et al., 2014; Mannan et al., 2016). Whole

body KO or knockdown of Adcy3 in ventromedial hypothalamus

causes obesity (Wang et al., 2009; Yang et al., 2022). In contrast,

mice overexpressing the human ADCY3 gene (Yang et al., 2022)

and mice harboring a point mutation, which causes elevated

enzymatic activity of ADCY3, (Pitman et al., 2014) are resistant

to high fat diet-induced obesity.

Adenylyl cyclase8

Genetic variants of Adcy8 gene, as suggested by the human

genetics studies, may be associated with bipolar disorder,

schizophrenia, autism spectrum disorder, obsessive-compulsive

disorder, and posttraumatic stress disorder. A linkage study with

microsatellite markers reported an association of bipolar disorder

with the genetic loci on chromosome 8q24, which covers three

candidate risk genes including Adcy8 (Avramopoulos et al.,

2004). Two follow-up studies using more SNP (single

nucleotide polymorphism) markers revealed a finer mapping

of the bipolar disorder-associated region on 8q24 and also

suggest Adcy8 as a potential risk gene (Zandi et al., 2008;

Zhang et al., 2010). Brain transcriptome analysis of human

postmortem samples has found altered level of Adcy8

transcript in bipolar disorder and schizophrenia (Guan et al.,

2019).

Clinical data have found that significant population of autism

spectrum disorder and obsessive-compulsive disorder patients

show overlapping pathological features (Gross-Isseroff et al.,

2001; van Steensel et al., 2011). GWAS data also reveal

genetic variants commonly associated with autism spectrum

disorder and obsessive-compulsive disorder (Liu et al., 2019).

Further, an integrative analysis of brain transcriptome in autism

spectrum disorder and genomic variants in obsessive-compulsive

disorder identifies Adcy8 as a common risk factor for autism
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spectrum disorder and obsessive-compulsive disorder (Liu et al.,

2019).

Regarding functional relevance of ADCY8 alteration to

symptoms associated with psychiatric and neurodevelopmental

disorders, supporting data are mostly collected from mice with

Adcy8mutations. Inmice with a QTL (quantitative trait loci) on a

chromosome region that is homologous to human 8q24,

increased Adcy8 mRNA level is detected in ventral

hypothalamus and piriform cortex and associated with

avoidance behavior (i.e., preference of the sheltered feeding

platform over the exposed feeding platform) (de Mooij-van

Malsen et al., 2009). In contrast, the Adcy8 KO mice display

risk-taking traits, as indicated by more occupancy in the center

area of the open field and open arm of the elevated plus maze

(Schaefer et al., 2000). TheAdcy8 KOmice are also hyperactive in

their home cage and during the forced swimming test (Razzoli

et al., 2010).

The high expression level of Adcy8 in hypothalamus suggests

potential functions in regulating stress responses through the

HPA (hypothalamic-pituitary-adrenal) axis. A GWAS study

implicates a suggestive association of Adcy8 with

posttraumatic stress disorder (Wolf et al., 2014). Adcy8

deficiency in the KO mice causes adrenal hypertrophy but

normal basal plasma corticosterone level (Schaefer et al., 2000;

Razzoli et al., 2010). Intriguingly, following chronic stress, the

Adcy8 KO mice display higher elevation of corticosterone (than

wild type mice) along with more risk-taking rather than

anxiogenic behavior (Schaefer et al., 2000; Razzoli et al., 2010).

Development of therapeutic
compounds

To achieve the therapeutic potential of targeting the Ca2+-

stimulated ADCYs, it is necessary to develop pharmacological

reagents. To date, several small molecule inhibitors against

ADCY1 have been developed and tested in certain animal

models. Drugs showing specific regulatory activity for

ADCY3 and ADCY8 have not been reported yet.

By using a structure-based rational design compound library,

Wang et al. (2011a) characterized and identified NB001 as a

preferential inhibitor against ADCY1 over other ADCY isoforms.

The peripherally administered NB001 can cross the blood-brain-

barrier and have a half-life of about 2 h in the brain (Sethna et al.,

2017). Although NB001 has a modest IC50 of 10 μM, a

reasonably low dose at 1–3 mg/kg shows analgesic effect in

preclinical models of neuropathic and inflammatory pain

(Wang et al., 2011a). In a mouse model of FXS, NB001 at

1 mg/kg attenuates the abnormally elevated ERK1/2/Akt-

S6K1 signaling and rescues repetitive behaviors and social

deficits (Sethna et al., 2017).

Although NB001 is currently tested for safety in human

clinical trials (Wang et al., 2022), it is not yet approved by

FDA. The promising efficacy of NB001 with the FXS mouse

model has motivated repurposing of the existing FDA-

approved drugs. Ding et al. (2020) examined the effects of

carbamazepine, which is an FDA-approved anticonvulsant

and also shows pharmacological inhibition action against

ADCY1 (Mann et al., 2009). It is demonstrated that

carbamazepine attenuates the elevated ERK1/2/Akt activity

and protein synthesis in the Fmr1 KO neurons. Peripheral

administration of carbamazepine corrects hyperlocomotion

and social deficits and improves learning and memory in the

Fmr1 KO mice (Ding et al., 2020).

Another ADCY1 inhibitor has been identified by screening a

natural product derivatives library. ST034307 shows an IC50 of

2.3 μM against ADCY1 and no detectable inhibition against

other ADCYs (Brust et al., 2017). Interestingly, ST034307 at

higher concentration (e.g., 30 μM) causes potentiation effect on

ADCY2, 3, 5, and 6 (Brust et al., 2017). Consistent with the

potential role of ADCY1 in pain (Li et al., 2020), intrathecal

injection of ST034307 relieves pain in a mouse model of

inflammatory pain (Brust et al., 2017).

As the backbone structures of the adenosine-based

NB001 and chromone-based ST034307 predict limitation

and drawback of these compounds as practical therapeutic

reagents, recent effort aims to identify ADCY1 inhibitors with

different structures. The oxadiazole-based AC10065 at

micromolar concentrations can suppress both ADCY1 and

ADCY8 (Kaur et al., 2019). New drug screening followed by

structure optimization has revealed several pyrimidinone-

based compounds that show selectivity of ADCY1 over

other ADCYs with an IC50 at the sub-micromolar level

(Scott et al., 2022). As these newly identified

ADCY1 inhibitors show moderate therapeutic efficacy in an

inflammatory pain model (Scott et al., 2022), further

optimization may be needed.

Conclusion and future directions

In summary, previous studies have demonstrated the

function of Ca2+-stimulated ADCYs in regulating various

aspects of neuronal property and behavior. It is evident that a

distinct ADCY isoform, rather than general and overall cAMP

level, may specifically control an isoform-specific cellular and

physiological function. Elucidation of Ca2+-stimulated ADCY

function in distinct brain regions and distinct cell types may

help to develop precise intervention of the disorder-specific

pathology. Development of high affinity isoform-specific drugs

with favorable pharmacokinetics and toxicity profile will lead to

practical intervention to promote mental health and alleviate

symptoms associated with certain psychiatric and

neurodevelopment disorders. Further, interpretation with the

current animal models should consider non-specific effects of

global gene deficiency, complication of different genetic
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backgrounds and validity of the behavior outcome. Precision

preclinical models with more direct face and construct validity

need to be developed.
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The evolutionary conservation of
eukaryotic membrane-bound
adenylyl cyclase isoforms

Joachim E. Schultz*

Department Pharmaceutical Biochemistry, Pharmazeutisches Institut der Universität, Tübingen,
Germany

The nine membrane-delimited eukaryotic adenylyl cyclases are

pseudoheterodimers with an identical domain order of seven (nine) distinct

subdomains. Bioinformatics show that the protein evolved from a monomeric

bacterial progenitor by gene duplication and fusion probably in a primordial

eukaryotic cell around 1.5 billion years ago. Over a timespan of about 1 billion

years, the first fusion product diverged into nine highly distinct

pseudoheterodimeric isoforms. The evolutionary diversification ended

approximately 0.5 billion years ago because the present isoforms are found

in the living fossil coelacanth, a fish. Except for the two catalytic domains, C1 and

C2, the mAC isoforms are fully diverged. Yet, within each isoform a high extent

of conservation of respective subdomains is found. This applies to the C- and

N-termini, a long linker region between the protein halves (C1b), two short

cyclase-transducing-elements (CTE) and notably to the two hexahelical

membrane domains TM1 and TM2. Except for the membrane anchor all

subdomains were previously implicated in regulatory modalities. The

bioinformatic results unequivocally indicate that the membrane anchors

must possess an important regulatory function specifically tailored for each

mAC isoform.

KEYWORDS

adenylyl cyclase, isozyme, domain structure, evolution, bioinformatics, regulation,
cyclic AMP, conservation

Introduction

Isozymes are ubiquitous throughout all kingdoms of life. They either are splice

variants of a “master” gene or are encoded by separate genes. Often, they share stretches of

conserved amino acid sequences pointing to gene duplication events during evolution

followed by subsequent divergence restricted by functional requirements. Frequently, this

results in the evolution of new regulatory features in individual isoforms whereas the

functional catalytic center is preserved. A textbook example is hexokinase 1 on

chromosome 10 and glucokinase on chromosome 7 (human), both catalyzing glucose

phosphorylation generating glucose-6-phosphate. Hexokinase is subject to product

inhibition and glucokinase is not. Expression of these isozymes is tissue specific.

Thus, regulation differs in two important aspects, different kinetics and cellular
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localization. Numerous other examples show similar patterns,

i.e., identical reaction yet different regulation.

A most interesting family of multiple isozymes are class III

adenylyl cyclases (AC) which are present in pro-as well as in

eukaryotes. In the latter, only class IIIa isozymes are present

whereas in bacteria classes IIIa to IIId forms exist (Linder and

Schultz, 2003). These ACs catalyze the cyclization of ATP to the

universal second messenger cyclic 3′, 5′-AMP by an essentially

identical reaction mechanism in an endothermic reaction driven

by the hydrolysis of the product pyrophosphate (Hayaishi et al.,

1971). In all instances, the active centers are dimeric.

Bacterial class III ACs are monomeric proteins, which

homodimerize to form a catalytic center at the dimer

interface. It is unknown whether this is of regulatory

importance. In individual bacterial strains up to 30 class III

AC isozymes have been identified, all containing highly similar

catalytic domains (https://www.ncbi.nlm.nih.gov/Complete_

Genomes/SignalCensus.html) (Bassler et al., 2018). A different

picture emerges regarding associated domains which are not

required for activity. In bacterial ACs numerous diverse

N-terminal domains have been identified, among them

membrane anchors of two, four or six predicted α-helices, and
several distinct domains located between membrane anchor and

catalytic domain (Linder and Schultz, 2003; Schultz and

Natarajan, 2013; Beltz et al., 2016; Bassler et al., 2018; Wissig

et al., 2019). Thus, each of these bacterial AC isoforms probably is

endowed with unique molecular features, which confer peculiar

regulatory modalities, almost completely unexplored at this time

(for representative samples see Figure 1 and (Bassler et al., 2018)).

Another interesting question is why many bacteria contain

multiple class III AC isozymes, e.g., 16 in Mycobacterium

tuberculosis or 28 in Sinorhizobium meliloti. Notably, the AC

CyaC from Sinorhizobium is regulated by its hexahelical

membrane domain which contains a di-heme-B entity

integrated in its membrane domain enabling regulation by

oxidation-reduction processes (Wissig et al., 2019). The

regulation of other bacterial ACs with hexahelical membrane

domains is unknown. In general, very little is known about how

the expression of multiple class III ACs in bacteria is coordinated.

It is reasonable to assume that bacteria use the regulatory

diversity of ACs to specifically respond to biochemical or

biophysical cues when encountering variant environments.

This area deserves further study in the future.

In contrast, the regulation of the nine membrane-delimited

vertebrate AC isoforms (mACs) has been explored extensively,

has often been reviewed over the years and this shall not be

recapitulated here (Sinha and Sprang, 2006; Dessauer et al., 2017;

Ostrom et al., 2022). The current canonical view is that

FIGURE 1
Examples of modular adenylyl cyclase proteins (domain symbols adapted from EMBL-SMART). Q08462, human adenylyl cyclase, type 2;
A5V6C5, adenylyl cyclase from Sphingomonas wittichii; A7NNT7, Roseiflexus castenholzi adenylyl cyclase with GAF and PAS/PAC sensors; B5YEI4,
Dictyoglomus thermophilum adenylyl cyclase; Q89TV4, Bradyrhizobium japonicum adenylyl cyclase; A5WTL0, mycobacterial adenylyl cyclase
Rv3645; A7NMN0, Roseiflexus castenholzii adenylyl cyclase with terminal TPR repeats; A5TZB3, mycobacterial adenylyl cyclase Rv0386 with a
helix-turn-helix terminal transcriptional regulator (figure adapted from ref. Schultz and Natarajan, 2013).

Frontiers in Pharmacology frontiersin.org

Schultz 10.3389/fphar.2022.1009797

95

https://www.ncbi.nlm.nih.gov/Complete_Genomes/SignalCensus
https://www.ncbi.nlm.nih.gov/Complete_Genomes/SignalCensus
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1009797


mammalian mACs are indirectly regulated via GPCR-receptor

stimulation and subsequent cytosolic release of and activation by

the Gsα subunit of the trimeric G-proteins. Other regions have

been implicated to different extents such as the N-and C-termini,

and the long C1b loop connecting both halves of mAC proteins.

In contrast, the extensive AC membrane anchors usually have

not been implicated in direct regulatory processes of eukaryotic

mACs. Since 2010, evidence emerged in our laboratory that the

membrane domains might directly affect regulation of vertebrate

mACs, i.e., may operate as receptors for yet unknown ligands

(Kanchan et al., 2010; Winkler et al., 2012; Beltz et al., 2016; Seth

et al., 2020).

Here, I present very extensive comparisons of eukaryotic

mAC protein sequences, either comprising mACs of all nine

AC isoforms together or of individual isoforms alone.

Bioinformatics indicate that all domains, N-terminus,

both hexahelical membrane anchor domains and

C-terminal domains most likely have isoform-specific

physiological roles which are distinct for every mAC

isoform and subdomain. The existence of conserved

cyclase-transducing elements (CTEs) between the exits of

the two TM domains and the adjoining catalytic C1 and

C2 domains strongly argues for a regulatory input via the

membrane domains. This evidence is derived from

evolutionary and genetic considerations, from sequence

and functional comparisons, from structural work and

from our own ongoing experimental work. In this

perspective these data are compiled and presented in

easily comprehensible diagrams in which individual aa are

hidden by respective shading.

The evolution of
pseudoheterodimeric adenylyl
cyclases

Bacterial and eukaryotic class III ACs including eukaryotic

guanylyl cyclases have a common evolutionary root as reported

earlier [Figure 2; (Bassler et al., 2018)]. Obviously, the eukaryotic

mAC isozymes are the result of an early gene duplication and

subsequent fusion event of one of the bacterial progenitor ACs.

Many bacterial ACs have a single hexahelical membrane domain

and an inactive catalytic domain which requires

complementation by dimerization for enzymatic activity as

exemplified by the mycobacterial AC Rv1625c (Guo et al.,

2001). Both bacterial monomers participate equally in forming

two productive active centers (Guo et al., 2001; Reddy et al., 2001;

Sinha et al., 2005; TewsFindeisen et al., 2005). The first gene-

duplication-fusion event most likely occurred early after the

emergence of eukaryotic cells around 1.5 billion years ago

resulting in a linked homodimeric protein (Farquhar et al.,

2007; Bobrovskiy et al., 2018; Tang et al., 2020). Subsequent

gene duplications concomitant with mutational diversification

finally resulted in nine distinct and, importantly, functionally

indispensable eukaryotic mAC isoforms. This process appears to

have ended rather abruptly after about one billion years of

evolution, i.e., around 0.5 billion years ago. Around this time

the nine mAC isoforms as we know them today had evolved in

the coelacanth and elephant shark. Interestingly, in these fish also

soluble and membrane-bound guanylyl cyclases were identified

indicating that at this point of evolution, i.e., 0.5 billion years ago,

the separation of ACs and GCs was probably evolutionarily

established. Coelacanth and elephant shark have a stable 0.5-

billion-year evolutionary history and the last eukaryotic common

ancestor these fish shared with humans was alive about

450 million years ago. For example, the mAC5 isoforms from

human and coelacanth, and elephant shark, share overall 66%

and 59% sequence identity, respectively. These considerations

bolster the claim that at this point in evolution each isoform had

acquired molecular features which were functionally

indispensable for regulation of eukaryotic cells and organisms.

Any subsequent mutational diversification obviously did not

result in an added evolutionary advantage, rather, we can

suppose, was detrimental. It appears then fair to state that

each mAC isoform appears to be exceedingly well conserved

across all species independently of their evolutionary position.

Probably in this aeon also GPCRs and G-proteins evolved which

are absent in archaea and eubacteria (Noonan et al., 2004;

FIGURE 2
The evolutionary relationship between the catalytic domains
of class III adenylyl cyclases. Dotted lines represent remote
homology to other protein families. Solid lines represent relations
betweenmajor subgroups of class III ACs. Within class III ACs,
the line thickness symbolizes the diversity of domain architectures
within a branch. Subclasses IIIc and IIId consist of several groups of
equal rank and might be collectively referred to as subclass IIIc/d
(figure from ref. Bassler et al., 2018).
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Anantharaman et al., 2011; Amemiya et al., 2013; Bradford et al.,

2013).

In bacteria, a fused dimeric class III AC species is unknown.

An open question is what is the advantage of a duplicated and

fused AC protein compared to the bacterial monomer-dimer

equilibrium? Conceivably, in a linked dimer the number and

specificity of regulatory inputs could be considerably expanded

(see below). Further, a physically linked dimer might respond to

regulatory inputs more readily and reversibly.

Similarity of adenylyl cyclase isoforms

The genes of the human mAC isozymes are distributed over

eight chromosomes, AC1 is on chromosome 7, AC2 on 5,

AC3 on 2, AC4 on 14, AC5 on 3, AC6 on 12, AC7 on 16,

AC8 on 8, and AC9 on 16. Probably, this suggests specific

expression patterns, cellular localization, tissue distribution

and specialized functions. No detailed studies are available on

how expression of mAC isoforms is regulated in individual cells

and tissues, and the question what induces and regulates the

expression of a particular mAC isoform in a cell certainly needs

further study. For a long time, it is known that several mAC

isoforms can be simultaneously expressed in a single cell

resulting in different mAC isozyme ratios. The physiological

mechanisms responsible for differential cellular expression

patterns are unknown. Is the isozyme ratio in a cell stable

over its lifetime or does it vary with development and aging?

Distinct differences in cellular localization have been proposed

and the concept of cAMP signaling compartmentation has been

discussed in the past (Crossthwaite et al., 2005; Piggott et al.,

2008; Ostrom et al., 2012; Scott et al., 2013; Cooper and

Tabbasum, 2014; Johnstone et al., 2018). Another largely

unanswered question is whether different mAC isozymes in a

cell may be subject to distinct direct regulatory inputs, in addition

to the well-established indirect activation via the GPCR axis.

These findings and the number of unsolved questions suggests to

consider that all mAC domains, cytosolic N- and C-termini,

membrane anchors, catalytic domains, and the C1b linker

regions which physically connect both halves of the protein,

and possibly the C-termini are functionally indispensable, have

distinct physiological roles and are required for regulating second

messenger biosynthesis.

mACs are about similar in size, i.e., 1,065 (AC isoform 4)–

1,353 amino acids long (AC isoform 9). A sequence alignment of

258 eukaryotic class III mAC isoforms shows that exclusively the

two catalytic domains are conserved (Figure 3). All other

domains are highly diverged. This is not surprising as

mutations in the catalytic domains would have impaired

enzyme activity and thus made the protein useless. In

FIGURE 3
Alignment of 258 class III adenylyl cyclases about equally comprised of all nine isoforms (AC1 26 sequences; AC2, 25; AC3, 29; AC4, 30; AC5, 28;
AC6, 30; AC7, 33; AC8, 28; AC9, 29). The approximate domain borders are indicated above. Clearly, the catalytic domains are cognizable as dark-
shaded sections. All other domains, i.e., cytosolic N-and C-termini, the membrane domains and the cytosolic C1b linker are not conserved. The
Clustal W alignment was adapted and shaded using the programme GeneDoc (http://nrbsc.org/gfx/genedoc/). Shading: black, invariant; dark
grey, highly conserved; light grey, slightly conserved; whitish/reddish: fully diverged. A list of all mACs used for the alignment is attached at the end.
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contrast, mutational events in associated domains probably

resulted in gain of additional functional features [see Figure 1

and (Schultz and Natarajan, 2013)]. Generally, the cytosolic

N-termini which precede the first 6TM anchor domain differ

with respect to length and sequence. Similarly, the subsequent

first hexahelical membrane domain (TM1) is poorly conserved

among isoforms beyond the general fact that the hydrophobic

amino acids Ala, Val, Leu, Ile predominate in transmembrane

helices. The extra- and intracellular stretches between the

membranous α-helices are rather short (Beltz et al., 2016).

The catalytic C1 domain is connected to TM1 by a linker of

about 80 aa containing a conserved stretch of 19 amino acids

which constitutes a cyclase-transducing-element, abbreviated

CTE, by others termed helical domain (Ziegler et al., 2017; Qi

et al., 2019). In all nine human isoforms it is positionally

conserved with respect to the start of the first catalytic

domain, C1. CTE_1 has an invariant center sequence of SxL/

MP [(Ziegler et al., 2017) and see below]. The C1 domain is

sequence and length conserved, and this extends to its bacterial

progenitor isoforms [(Bassler et al., 2018), see below].

What follows is an extended cytosolic domain, termed

C1b, which in mACs 1-8 is approximately 145 aa–174 aa long,

in mAC9 it is 205 aa long. C1b is not conserved between

isoforms. Upon C1b follows the second hexahelical

membrane domain (TM2) which is diverged. The linker

between the exit from α-helix 12 of TM2 to the second

catalytic domain; C2 is shorter compared to the similarly

positioned linker in the first half of the protein. It carries a

second, conserved sequence of 19 aa, CTE_2, with an almost

invariant center, NxLP, significantly deviating from the

corresponding CTE_1 (Ziegler et al., 2017). The second

catalytic domain is conserved. The C-terminal regions

(7 to almost 100 aa) are diverged. Similar comparisons

have been made in the past and have been presented in

various alignment formats.

Examination of subdomain
conservation in various categories of
eukaryotic mAC isoforms

With the increasing number of fully sequenced vertebrate

genomes comprehensive alignments allow valid predictions

concerning potential mAC domain functions. Below I present

exemplary samples of sequence comparisons of eukaryotic mAC

domains using isoforms 1 to 9. In these alignments I span a huge

evolutionary distance in each group with isoform sample

sequences from the “living fossils” coelacanth and the

elephant shark, birds, e.g., chicken, up to humans. The

selected domain borders used for comparisons are uniform for

all isoforms, however, due to inherent ambiguities should be

considered as approximate borders. The presentation proceeds

from N- to C-terminal.

The N-termini are isoform-specifically
conserved

The N-termini of mACs are cytosolic. Potential bacterial

progenitors have N-termini of variable length; sequence

similarities are currently unknown. The biochemical and

physiological functions of the N-termini of eukaryotic mACs

have not been systematically investigated. An alignment of

258 N-termini (isoforms 1 through 9) shows no sequence

conservation (see Figure 3). The N-termini vary in length

from 6 aa to 240 aa. When examining N-termini of individual

isoforms the situation changes profoundly (Figure 4). Most

notably, the N-termini are isoform-specifically conserved for

almost 0.5 billion years of evolution. Of note, all N-termini

appear to have a short, invariant region ahead of the first α-
helix of TM1. The length of the N-termini of mACs 3, 4, 6, 7, 8,

and 9 is almost invariant (Figure 4). This suggest an

indispensable physiological function which is currently

unknown. Further to this point the isoform-singularity of the

N-termini indicate that physiological functions of the N-termini

vary with respect to isoform category. Presently, we can only

speculate about potential functionalities, e.g., regulation of

transcription, protein folding, targeted membrane insertion as

reported for AC5 (Crossthwaite et al., 2005), cellular localization,

and interactions with distinct regions of the catalytic dimer,

possibly the C1b linker region or with other cellular proteins, as

shown for the mAC2 and the A-kinase-anchoring protein Yotiao

(Piggott et al., 2008).

The membrane anchors are fully diverged,
yet isoform-specifically conserved

The AC membrane anchor consists of two separate

hexahelical domains which were predicted at the time the first

mAC sequence was reported (Krupinski et al., 1989). In 2019 this

prediction was experimentally verified by the cryo-EM structure

of an mAC9 holoenzyme (Qi et al., 2019). Structure predictions

by AlphaFold uniformly indicate two intertwined hexahelical

membrane domains forming an aggregated structural entity.

Initially, the membrane anchors were suggested to possess a

function as ion channel or transporter, properties which

subsequently could not be experimentally demonstrated

(Krupinski et al., 1989). Another physiological function of the

membrane anchors beyond membrane-anchoring was never

outright dismissed, yet it appears difficult to experimentally

probe such a possibility (Schultz and Natarajan, 2013; Beltz

et al., 2016).

The two hexahelical membrane domains show little

conservation beyond the usual predominance of hydrophobic

amino acids. The eukaryotic TM1 and TM2 membrane

domains are dissimilar to their bacterial congeners (Beltz et al.,

2016). After the primordial gene-duplication/fusion event which
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involved a 6 TM bacterial AC progenitor mutational expansion of

all domains except the catalytic domains progressed. Aligning

TM1 and TM2 domains from 258 mACs isoforms 1 through

9 shows no sequence conservation (Figure 3). This

demonstrates that in a time span of about 1 billion years of

evolution the TM domains have isoform-specifically diverged

beyond recognition from the supposed primordial bacterial

fusion product with two identical membrane domains. Further,

the TM1 and TM2 domains of every individual isoform when

aligned against each other according to the α-helix predictions

possess no sequence similarity.

Strikingly, different pictures emerges when TM1 or

TM2 domains of individual isoforms from creatures of vastly

different evolutionary positions are aligned. The results

unequivocally demonstrate an almost complete sequence

conservation for about 500 million years, confirming again the

fact that most of mAC evolution stopped at around this point in

time. As an example, I present the alignment of TM1 of mAC3

(28 isoforms) and mAC8 (34 isoforms). mAC isoforms 3 and 8 are

usually grouped together with mAC1 in one category because these

isoforms are Ca2+-stimulated (other categories comprise Gβγ-
stimulated mAC2, 4, 7; Giα/Ca2+-inhibited AC5 and 6, and

supposedly forskolin-insensitive mAC9 (Sadana and Dessauer,

2009)). An alignment of the TM1 domains from mAC3 and

8 illustrates how different they are from each other (Figure 5

top). Of note, the last α-helix of this membrane domain shows

an invariant stretch of 4 aa (LY/FMC) and an exactly spaced Gly.

However, when TM1 domains from either mAC3 or mAC8 alone

are aligned the unique identity is evident (Figure 5, middle and

bottom).

I have systematically carried out such comparative alignments

using all nine eukaryotic mAC isoforms with identical results: all

TM1 membrane regions are highly conserved in an isoform specific

manner across all species, yet are highly diverged when aligned

FIGURE 4
Alignment of N-termini of the nine mammalian mAC isoforms. mAC1: 19 isoforms were used, the N-terminus is 50 aa–60 aa long; mAC2:
27 isoforms; N-terminus rather variable between 6 aaand 50 aa. mAC3: 29 isoforms, length (77 aa) and sequence conserved. mAC4: 28 isoforms,
length (28) and sequence conserved. mAC5: 28 isoforms of variable length (50 aa–240 aa); mAC6: 29 isoforms with an invariant 148 aa long, highly
conserved N-terminus; mAC7: 34 isoforms, invariantly of 33 well conserved aa’s; mAC8: 29 isoforms, highly conserved length of 180 aa. mAC9:
34 isoforms, uniform length of 120 highly conserved aa. Note the invariant region prior to TM1 in all isoforms except AC7. Shading: black, invariant;
dark grey, conserved; light grey, slightly conserved; white: disparate.
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pairwise in differing combinations or all together (see Figure 3). The

same situation prevails when aligning the TM2 domains, i.e., in all

animal species a high degree of sequence conservation within one

isoform, yet no significant similarities when aligning TM2 domains

from different mAC isoforms.

These sequence comparisons further confirm our earlier

cluster analyses for mAC transmembrane domains. In these

studies, the TM1 and TM2 domains clearly segregated

according to isoform and the differences between TM1 and

TM2 domains were resolved (Beltz et al., 2016). Previously,

we had demonstrated, that it is impossible to generate

chimeric mammalian mACs in which the membrane domains

from different AC isoforms where combined (Seebacher et al.,

2001). Thus, one can confidently conclude that TM1 and

TM2 domains are not only highly isoform specific but share a

pair-wise evolution, i.e., they are preserved as a functional pair

for >450 million years. Clearly TM1 and TM2 domains evolved

jointly to interact with each other. These observations indicate

that the function of the dodeca-helical membrane domain of

eukaryotic ACs is functionally not sufficiently described when

attributing exclusively a simple anchoring function. We have

proposed a receptor function for yet unknown ligands which

directly modulate the extent of Gsα activation (Beltz et al., 2016;

Ziegler et al., 2017; Seth et al., 2020).

The conserved cyclase-transducing-
elements

Evidently, this view is considerably bolstered by an analysis of

the 19 aa long Cyclase-Transducing-Elements [CTE, (Vercellino

et al., 2017; Ziegler et al., 2017)]. The CTEs are positioned between

the membrane exit of TM1 or TM2, respectively, and the start of

the subsequent catalytic regions, C1 or C2. CTE_1 and

CTE_2 sequences differ. In a chimeric construct consisting of

the hexahelical quorum sensing receptor LqsS from Legionella

pneumophila and the mycobacterial AC Rv1625c it was

demonstrated that the mycobacterial CTE is indispensable for

signal transmission (Ziegler et al., 2017). A high resolution cluster

analysis of the CTEs of eukaryotic mAC isoforms unequivocally

demonstrated that they are position - and isoform-specifically

conserved during evolution (Figure 6). This is almost unequivocal

evidence that these CTEs must have an essential role in

transmembrane signaling. Obviously, the catalytic domains are

subjects of regulation by membrane signals and the CTEs are

crucially positioned at the intersection (Ziegler et al., 2017).

The catalytic domains C1 and C2

The vertebrate mACs are termed “pseudoheterodimers”

which denotes the identical domain compositions and

sequences. That the AC signaling system evolved from a

bacterial progenitor is most clearly shown by aligning the nine

C1 or C2 catalytic domains ± the single catalytic domain from the

mycobacterial AC Rv1625c, a potential prognitor (Figure 7). Due

to the evolutionary history from cyanobacteria to mammals it is

unsurprising that to conserve enzymatic functionality the

catalytic domains of class III ACs display pronounced

sequence similarities (Linder and Schultz, 2003). In the

physically linked vertebrate “AC-dimers” the two catalytic

domains C1 and C2 diverged only slightly. The catalytic

amino acids, positionally conserved, are distributed between

the C1 and C2 domains (Tesmer and Sprang, 1998). Neither

FIGURE 5
Top: Alignment of the first hexahelical membrane domains of
mAC isoforms 3 (28 isoforms) and 8 (34 isoforms). The joint
alignment shows scant conservation between the domains from
mAC3 and 8. Single α-helices are indicated above the
sequences. Below: alignments of the TM1 domains from
mAC3 and mAC8. Note the high degree of conservation across a
large variety of species. Shading: black, invariant; dark grey,
conserved; light grey, slightly conserved; white: disparate.
(Sequences used: AC3: Callithrix jacchus; alligator; antelope;
ceratotherium simum simum; brown bat; chicken; chinchilla;
desert mouse; dog; falcon; Mustela putorius furo; frog; goat;
guinea pig; hog; horse; human; macaque; mouse;
Heterocephalus; orca; coelacanth; rat; manatee; sheep; turtle;
catfish. AC8: myotis brandtii; Bos taurus; camel; cat; chicken; dog;
Mustela putorius furo; frog; gibbon; guinea pig; hog; human;
hedgehog; lemur; macaque; monkey; mouse; Heterocephalus;
rhino; orca; baboon; Ochotona princeps; pigeon; rat; manatee;
sheep; Melopsittacus undulatus; squirrel; vicuna; walrus).
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FIGURE 6
Clustermap of cyclase-transducing-elements (CTEs). For preparation of the figure, the data set from Ziegler et al. (2017) was used. The bacterial
sequences were removed and vertebrate class IIIa CTEs were analyzed using CLANS (Frickey and Lupas, 2004). Each dot represents a single
sequence. The CTE_1 and CTE_2 sectors are separated by a solid line. Cluster labeling indicates the mAC isoform. The segregation shows that CTEs
from class IIIa ACs are highly specific for their C1- and C2-domain origins as well as for AC isoforms.

FIGURE 7
An alignment of the C1 and C2 catalytic domains from human adenylyl cyclases isoforms 1 through 9 ± the catalytic domain from the
mycobacterial adenylyl cyclase Rv1625c.
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C1 nor C2 by itself has catalytic activity. Extensive evolutionary

mutations in the catalytic domains probably would have

compromised activity and abolished system signaling

capability. The major evolutionary gain in eukaryotic mACs

then appears to be the acquisition regulation by G-proteins.

Over the years we have been unable to unlock the molecular

determinants which finally enable G-protein activation. We

generated > 100 purposeful mutations in the mycobacterial

mAC Rv1625c without attaining G-protein sensitivity

(unpublished). The available structures of eukaryotic mACs

obviously do not yet give a picture detailed enough to show

exactly how Gsα-binds to and initiates the conformational

changes leading to activation of the catalytic heterodimer

(Tesmer et al., 1997; Dessauer et al., 1998; Tesmer and

Sprang, 1998; Tesmer et al., 1999; Qi et al., 2019).

The C1b domain

C1b connects the halves of the pseudoheterodimer.

Formally, one may assume that in the fusion event C1b

originated from the C-terminus of the first half and the

N-terminus of the second half. Resemblances to such

partial sequences have not been identified, probably due to

mutational adaptations during evolution. Combined

alignments of C1b regions from 258 eukaryotic mAC

isoforms show no similarity (see Figure 3). The

conservation among any category of isoforms, however, is

very high (Figure 8). This should be taken as an indication of

an evolutionary functionalization of the C1b region fitting

each mAC isoform with a peculiar regulatory potential. In

fact, in the past the C1b region has been studied as a

calmodulin-binding region in mAC isoforms, target of

phosphorylation and of Ca2+-binding modulating activity.

The C-terminal domains

Formally, the mAC C-terminal corresponds to the C1b

region of the monomeric progenitor. Therefore, it is often

termed C2b. Compared with C1b the sequences

(148 aa–205 aa long) the C2b are shorter (25 aa–110 aa). No

similarity is detected. The C-termini in general are diverged

when compared as a set of 258 mACs (Figure 3), yet as with the

other subdomains of mACs are highly conserved among

isoforms (Figure 9). This would afford them distinct roles in

mAC regulation. The general diversity and isoform conformity is

indicative that no uniform functionality may be expected but

functions tailored by evolution for each isoform.

Discussion

The establishment of conserved sequence patterns of the nine

eukaryotic mACs is necessarily a reduction which simplifies the

complexity of mAC regulation. Yet even as a superficial sequence

analysis it proves beyond a reasonable doubt that the system

evolved up to a point around 0.5 billion years ago at which it

reached a final state of functionality and, concomitantly,

importance in regulating essential life functions. Obviously, this

FIGURE 8
Alignment of the C1b subdomains of the mammalian mAC isoforms. The number of isozymes used for each alignment and the respective
C-terminal lengths are indicated above. Shading: black, invariant; dark grey, conserved; light grey, slightly conserved; white: disparate.
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final evolutionary status of eukaryotic mAC isoforms was not

visibly affected by subsequent events of whole-genome duplication

in teleost’s about 350 to 216 million years ago (Glasauer and

Neuhauss, 2014; Davesne et al., 2021), or the genome duplication

in salmonids around 95 million years ago (Robertson et al., 2017).

So, a comprehensive comparative analysis of protein sequences of

mAC isoforms is presented. As such, this does not permit specific

predictions concerning regulatory modalities connected with a

specific subdomain. However, it should be helpful to focus future

questions and experimental approaches systematically for each

isoform on rather distinct domains of a mAC isoform. The

established patterns of mAC regulation, as reported in the past

(Sunahara et al., 1996; Sadana and Dessauer, 2009) should now be

centered on individual isoforms and particular subdomains

thereof. Each domain, i.e., N-termini, TM1 and TM2, C1b and

C-termini appear to be fine-tuned to a specific isoform. It appears

likely that patterns of regulatory inputs presently attributed to

several isoforms are only an approximation.

In fact, over the years essentially all subdomains except for

the TM1 and TM2 membrane anchors were implicated in one

way or the other in regulatory mechanisms. The N-terminus of

mAC isoform 6 was implicated in Gαi inhibition (Kao et al.,

2004). The N-terminus of mAC8 was reported to bind protein

phosphatase 2A (Crossthwaite et al., 2006; Simpson et al., 2006).

The C1b region jointly with the N-terminus of mAC7 was

implicated in the regulation by the G13 pathway (Jiang et al.,

2013). The C-terminus of mAC2 has been implicated in

regulation by phosphorylation (Levin and Reed, 1995; Böl

et al., 1997a; Böl et al., 1997b; Pálvölgyi et al., 2018) and in

mAC9 C2b region is implicated in autoinhibition (Vercellino

et al., 2017; Qi et al., 2019; Qi et al., 2022). In mAC8 C2b has been

reported as autoinhibitory and to contribute to the stimulation of

the enzyme with Ca2+/calmodulin (Macdougall et al., 2009). An

excellent example of the regulatory partition of the mAC

subdomains may be the multiple mutations of

mAC5 identified in humans. Thirteen point mutations have

been identified. Affected are the N-terminus, the C1 domain,

C1b domain, α-helix 7 of TM2, C2, and the C-terminus. Each

mutation results in a distinct clinical pattern of hyperkinetic

disorders (Ferrini et al., 2021).

A notable property of vertebrate mAC isozymes are the

succinct differences of their 6TM membrane anchors. We can

assume that after the early evolutionary dimerization event

considerable diversification of the 6TM subdomains occurred.

This fact may be interpreted in two ways: 1) the membrane

domains may simply anchor the ACs into the cellular membrane

and are otherwise physiologically inconsequential. The

mutational diversifications may be fortuitous and of no

further functional meaning. From this follows that one

ascribes regulation of AC activity solely to the cytosolic

portions of the proteins. 2) the succinct differences in

membrane domains may be and, in the opinion of this

author, should be taken as a sign of distinct regulatory

properties affecting transmembrane signaling. One must ask

why do nine vertebrate AC isoforms exist when these proteins

anyway are uniformly activated by cytosolic Gsα, released upon

GPCR activation and by forskolin, a non-physiologic activator of

mAC isoforms (Seth et al., 2020)? To this author, signalling

compartmentation appears a rather meager argument for

disputing a regulatory functionality of the diverged membrane

FIGURE 9
Alignment of C-termini ofmammalianmAC isoforms. For eachmAC isoform the number of analyzed proteins is indicated.mAC1: C-terminus is
65 aa–75 aa long. mAC2: C-terminus is uniformly 25 aa long. mAC3: C-terminus is 25 aa long. mAC4: length is 15 aa. AC5: length invariably 7 aa.
mAC6: length 6 aa–7 aa. mAC7: 13 aa long; mAC8: highly conserved with a length of 81 aa. mAC9: uniform length of 110/111 aa’s. Shading: black,
invariant; dark grey, conserved; light grey, slightly conserved; white: disparate.
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anchor. To plausibly explain how cAMP levels are regulated in

mammals it will be necessary to incorporate a major and highly

specific functionality of the membrane anchors. Needless to state

that the consequences for physiology, pharmacology and the

potential for development of therapeutics is enormous. With no

chemically identified ligand the acceptance of a receptor

hypothesis is, however, currently depending on whether one is

willing to accept bioinformatic data as solid evidence and

guidance for further explorations.
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The translation of extracellular signals to intracellular responses involves a

number of signal transduction molecules. A major component of this signal

transducing function is adenylyl cyclase, which produces the intracellular

“second messenger,” cyclic AMP. What was initially considered as a single

enzyme for cyclic AMP generation is now known to be a family of nine

membrane-bound enzymes, and one cytosolic enzyme. Each member of

the adenylyl cyclase family is distinguished by factors that modulate its

catalytic activity, by the cell, tissue, and organ distribution of the family

members, and by the physiological/behavioral functions that are subserved

by particular family members. This review focuses on the Type 7 adenylyl

cyclase (AC7) in terms of its catalytic characteristics and its relationship to

alcohol use disorder (AUD, alcoholism), and major depressive disorder (MDD).

AC7may be part of the inherited system predisposing an individual to AUD and/

or MDD in a sex-specific manner, or this enzyme may change in its expression

or activity in response to the progression of disease or in response to treatment.

The areas of brain expressing AC7 are related to responses to stress and

evidence is available that CRF1 receptors are coupled to AC7 in the

amygdala and pituitary. Interestingly, AC7 is the major form of the cyclase

contained in bone marrow-derived cells of the immune system and platelets,

and in microglia. AC7 is thus, poised to play an integral role in both peripheral

and brain immune function thought to be etiologically involved in both AUD and

MDD. Both platelet and lymphocyte adenylyl cyclase activity have been

proposed as markers for AUD and MDD, as well as prognostic markers of

positive response to medication for MDD. We finish with consideration of paths

to medication development that may selectively modulate AC7 activity as

treatments for MDD and AUD.

KEYWORDS

type 7 adenylyl cyclase (AC7), alcohol use disorder, depression, disease markers,
medication development
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Introduction

“In the beginning. . ..”, Blenkinsopp (2011) (which for cyclic

adenosine 3′-5′ monophosphate (cyclic AMP, cAMP) and

adenylyl cyclase, by the Western calendar, was 1957),

Sutherland and Rall identified a chemical which was produced

during incubation of liver “particles” (homogenates) with ATP,

magnesium, glucagon, and epinephrine (Sutherland and Rall,

1957). They reported that “similar or identical” compounds

could be isolated from heart, skeletal muscle, and brain. This

was the first identification of the “second messenger” (Sutherland

et al., 1968) molecule formally known as adenosine 3′-5′
monophosphate or cyclic AMP. In 1962, Sutherland, Rall, and

Menon described “adenyl cyclase” the enzyme that catalyzed the

synthesis of cyclic AMP from ATP (Sutherland et al., 1962). It

soon became obvious that adenyl cyclase (now referred to as

adenylyl cyclase) and cyclic AMP were critical intermediaries in

the actions of a plethora of hormones and other first messengers

which interacted with their cognate receptors and modulated

adenylyl cyclase activity. The receptors that can modulate

adenylyl cyclase activity are within the family of G-protein-

coupled receptors (GPCRs).

The discovery of guanine nucleotide binding proteins

(G-proteins), which couple the GPCRs to adenylyl cyclase, is

ascribed to Alfred Gilman and Martin Rodbell. Martin Rodbell

showed in 1971 that the relay of a signal from a receptor on the

exterior of a cell to the cell interior requires three functional units:

1) the receptor, 2) a “transducer” that utilizes GTP and, 3) an

“amplifier” that generates a second messenger (Rodbell et al.,

1971a; Rodbell et al., 1971b). The character of the transducer that

interacts with adenylyl cyclase (the “amplifier”) was then

described by the laboratory of Alfred Gilman and colleagues

in 1980 (Schleifer et al., 1980). They isolated trimeric proteins

(“G proteins” consisting of α, β and γ subunits) from brain that

could restore coupling of receptors to adenylyl cyclase in mutant

leukemia cells which lacked such proteins (Schleifer et al., 1980).

Through such reconstitution, one could restore the responses of

the mutant cell to hormones. Interestingly, in the Nobel Lecture

by Rodbell on the occasion of the Nobel Prize to Gilman and

Rodbell in 1994, it was stated, “In some common disease states

the amounts of G-proteins in cells are altered. There can be too

much or too little of them. In for example diabetes and in

alcoholism there may be some symptoms that are due to

altered signaling via G-proteins” (Rodbell, 1995). This

statement bears some truth, but there is more to the story.

Before proceeding, one should touch on how the second

messenger cyclic AMP produces its effects within the cell. The

initial discovery of an effector mediating the signal initiated by

intracellular levels of cyclic AMP garnered yet another Nobel

prize. This prize went to Edwin G. Krebs and Edward Fischer for

their discovery and characterization of protein kinase A (Krebs

et al., 1964; Walsh et al., 1968), and the description of protein

phosphorylation cascades that are the final mediators of much of

cellular function, from energy metabolism to gene transcription,

to cell survival (Ahn et al., 1991). Although it was initially

thought that protein kinase A was the sole mediator of cyclic

AMP action, it is now evident that cyclic AMP acts through

several effectors. The three most studied effectors are: 1) protein

kinase A, 2) the exchange proteins activated by cyclic AMP

(Epac) (Robichaux and Cheng, 2018), and 3) cyclic nucleotide-

gated ion channels (CNG channels (van der Horst et al., 2020).

More recently additional cAMP effector proteins have been

identified including hyperpolarizing activated cyclic

nucleotide-gated potassium channels (HCN1-4) (Brand, 2019;

Santoro and Shah, 2020); the Popeye domain-containing

proteins (POPDC proteins) (Brand, 2019); and cyclic

nucleotide receptors involved in sperm function (CRIS)

(Krähling et al., 2013). In addition, some isoforms of

phosphodiesterases (PDE) which degrade cAMP are also

regulated allosterically by cAMP (Omori and Kotera, 2007).

In the late 1970s and early 1980s, the proposal that ethanol

produced its neurobiological effects by perturbing the physical

structure of neuronal membranes held dominance in the area of

alcohol research. It struck us (Tabakoff and Hoffman, 1979) that

the adenylyl cyclase system of brain would be a good test of how,

and if, in neuronal membrane preparations, a disruption of

membrane structure would translate into a perturbation of an

important signal transduction system (i.e., adenylyl cyclase). By

then the work of Sutherland, Rall and Gilman had demonstrated

that at least three different membrane-bound protein

components had to act in concert to modulate the production

of cyclic AMP (this is not counting the fact that G-proteins were

trimers of α, β and γ protein subunits). Thus we thought that the

adenylyl cyclase system would be excellent for reflecting ethanol’s

lipid perturbing properties.

This review puts in historical context the work that

established that ethanol, at concentrations found in the brain

of inebriated individuals, can significantly alter adenylyl cyclase

activity and the adaptive responses seen in the adenylyl cyclase

signaling system with chronic exposure of the brain to ethanol.

The discoveries of multiple isoforms of adenylyl cyclase disclosed

that one particular isoform was most sensitive to ethanol’s

actions, and genetic manipulation of the expression of this

isoform revealed the biological context for this isoform’s

actions within particular neuronal systems, such as the GABA

neurons of the amygdala and nucleus accumbens, and the

corticotropes of the pituitary. The effects of genetic

manipulation of this isoform on the behavioral repertoire of a

genetically modified animal, indicated that alcohol consumptive

behavior, and behaviors associated with animal models of MDD,

were related to the levels of expression of the alcohol sensitive

adenylyl cyclase in brain, but these effects were influenced by the

sex of the animal. Extrapolating frommouse to human, the levels

of expression of the alcohol-sensitive adenylyl cyclase in brain or

cells in blood, established that measures of this enzyme’s

expression or activity could be considered state or trait
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markers of AUD or MDD. A more recent finding, demonstrating

that the alcohol-sensitive adenylyl cyclase is the primary cyclase

in cells of the immune system, opens another aspect in the

biology of this enzyme isoform, and its relation to ethanol’s

action in humans. An added facet to this observation is the

dominant presence of this isoform in microglia in brain, and the

possible implications of this fact on microglial activation, and the

effects of ethanol on this aspect of brain function. We finish with

some observations on the prospects of isoform-specific

modulators of adenylyl cyclase activity, and the possibility of

their use as medications in treating AUD and MDD.

Ethanol’s action on brain membrane-
bound adenylyl cyclase

In our initial studies, we used cell membrane preparations of

the striatum of mouse brain and measured the production of

cyclic AMP (Luthin and Tabakoff, 1984). We found that

concentrations of ethanol up to 500 mM had no effect on

basal adenylyl cyclase activity. Only after the addition of Gpp

(NH)p, the non-hydrolysable analog of GTP, to the assaymixture

did ethanol, at concentrations as low as 50 mM, produce

significant increases in production of cyclic AMP. This was

the first indication that ethanol’s actions on adenylyl cyclase

were related to the presence of the activated G protein in the

assay, but the low ethanol concentration necessary to produce the

measurable effect did not well support the hypothesis that

ethanol was acting by perturbing membrane lipid structure.

We followed these studies with the examination of the acute

and chronic effects of ethanol administration on dopamine-

stimulated adenylyl cyclase activity in striatal membrane

preparations (Tabakoff and Hoffman, 1979). Ethanol, at

concentrations of 50 mM, added to striatal membrane

preparations from “ethanol naive” mice increased dopamine-

stimulated adenylyl cyclase activity without changing the potency

of dopamine. Mice were then chronically treated with ethanol to

produce physical dependence, and sacrificed at various times

over the ensuing 7 days following withdrawal. We noted that

after ethanol was cleared from their systems (8–24 h), the

response of striatal membrane adenylyl cyclase to dopamine

was reduced in a time-dependent manner. The reduction in

response became evident at a time when withdrawal signs were

reaching their peak, and continued to decrease through the initial

24 h of the withdrawal period. The phenomenon was reversible,

with the responsiveness to dopamine beginning to return to

control levels by 36 h post withdrawal. The responsiveness to

exogenously added ethanol remained intact during this period.

Thus, ethanol could still increase the response of adenylyl cyclase

to addition of dopamine, and at particular concentrations

(50 mM), produce a response to dopamine that equaled the

response to dopamine of the membranes from control mice,

measured without the addition of ethanol. From these studies, we

surmised that the withdrawal from a chronic ethanol feeding

paradigm generated the diminution of the response of striatal

adenylyl cyclase to dopamine, and the reintroduction of ethanol

could “normalize” this function of dopamine. Rabin and

colleagues (Rabin et al., 1980; Rabin and Molinoff, 1981)

followed with an attempt to replicate our results. Their work

demonstrated that the addition of ethanol (≥ 68 mM) to

incubations containing striatal homogenates increased

dopamine stimulated adenylyl cyclase activity, but when they

treated mice chronically with an ethanol-containing liquid diet to

produce physical dependence, and isolated striatal membranes

from control and ethanol-fed mice 24 h after withdrawal, they

found no difference in response to dopamine between the

preparations from the ethanol-treated and control mice

(Rabin et al., 1980). Interestingly, they replicated additional

aspects of our prior studies such as the increase in levels of

muscarinic cholinergic receptors in the striatum of the ethanol-

fed and withdrawn mice (Tabakoff et al., 1979). Further research

using rats chronically treated with intraperitoneal (ip) injections

of ethanol, produced ambiguous results regarding dopamine-

stimulated adenylyl cyclase activity in striatum of the ethanol-

treated rats during withdrawal. Seeber and Kuschinsky (1976)

found that 15 h after withdrawal, there was a “slight

postjunctional subsensitivity to dopamine,” but the differences

were not statistically significant. One of the variables

contributing to the disparate findings regarding the effects of

chronic treatment with ethanol and withdrawal on dopamine-

stimulated adenylyl cyclase activity in the striatum, is the time of

measurement of the enzyme activity after withdrawal. Our

studies demonstrated that the differences become evident after

some period after withdrawal, are evident during the first 24 h,

and begin to disappear by 72 h after withdrawal (Tabakoff and

Hoffman, 1979). The measurements at a single timepoint during

the first 24 h after withdrawal in mice (Rabin et al., 1980), or rats

(Seeber and Kuschinsky, 1976), may miss the optimal time to

demonstrate the changes in the striatum. Such studies that will

have to be better designed in the future, including a careful

preparation of the cell membranes used in the analysis. As will be

discussed later, the phosphorylation state of particular isoforms

of the adenylyl cyclase is important in the measure of G-protein

stimulated activity. Thus, a more careful assessment of the time

course of changes in striatal dopamine-stimulated adenylyl

cyclase activity, and more concern about factors that may

contribute to ethanol-induced changes, continue to be

warranted. It should be noted that there is consistent evidence

that the changes in the dopamine-stimulated adenylyl cyclase

activity in the striatum are not due to changes in the

D1 dopamine receptors (Tabakoff and Hoffman, 1979; Rabin

et al., 1980), and probably not due to changes in the quantity of

the stimulatory G-protein α subunit (Tabakoff et al., 1995).

A reason for giving emphasis to changes in dopamine

function in the striatum of ethanol withdrawn animals, is the

currently popular concept regarding allostasis and reward deficit
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that drive withdrawal-induced alcohol consumption (Koob and

Volkow, 2016). If dopamine function in the striatum is

compromised, and ethanol can normalize (increase) the

response to dopamine effects, these factors could put

biological context to the behavioral phenomena.

Receptor-activated adenylyl cyclase activity has also been

measured in other brain areas of animals chronically treated

with ethanol (Saito et al., 1987). Isoproterenol (β-adrenergic
receptor agonist)-stimulated adenylyl cyclase activity in cerebral

cortical membranes was shown to be reduced after chronic

treatment of mice with ethanol. These changes were normalized

within 24 h after withdrawal (Saito et al., 1987). Rabin (1990a),

however, found that there were no differences in isoproterenol-

stimulated adenylyl cyclase when measured 20 h after withdrawal.

Again, the changes seen in the cortical tissue follow a particular time

course, and studies of the changes need to include measurement at

several time points after withdrawal. Interestingly, Rabin (1990a),

Rabin (1990b) did find that ethanol treatment of cells (cerebellar

granule cells and PC12 cells) in culture for several days decreased

the maximum activation of adenylyl cyclase in these cells by

isoproterenol or 2-chloroadenosine. Studies with HEL cells in

cultures containing ethanol also demonstrated ethanol-

dependent reduction in PGE1-stimulated adenylyl cyclase

activity (Rabbani and Tabakoff, 2001). It may be concluded that

a down-regulation of adenylyl cyclase activity in certain areas of

brain, and in immune/platelet cell precursors, does take place in

animals or cells chronically treated with ethanol, but a careful and

more extensive monitoring of the time course of events is necessary

to further substantiate such phenomena. Given this observation, the

mechanism of this phenomenon becomes of interest.

Forskolin is a diterpene alkaloid which has been shown to

bind to most forms of adenylyl cyclase, and radioactively-labeled

forskolin has also been used to quantify adenylyl cyclase protein

levels (Insel and Ostrom, 2003). Measurement of forskolin-

stimulated adenylyl cyclase activity in cerebral cortical

membranes of chronically ethanol-treated mice, demonstrated

that the stimulation by forskolin had a similar potency in tissue

from control and ethanol-treated mice, but the maximal effects

were significantly lower in the ethanol-fed animals (Valverius

et al., 1989). Autoradiographic analysis of 3H-forskolin binding

across the various areas of mouse brain revealed differences

between control and ethanol-fed animals in several brain

areas (Valverius et al., 1989). It should be noted that in these

studies, the animals were sacrificed while still intoxicated. Lower

levels of forskolin binding were found in areas such as the cortical

areas, nucleus accumbens, amygdala, hippocampus, and globus

pallidus, while no significant differences were noted in the

caudate putamen or cerebellum at this point in time. One can

come to a conclusion that chronic ethanol administration to

rodents produces diminutions in the expression of adenylyl

cyclase protein in certain areas of brain, and the physiological

phenomena accompanying the withdrawal from ethanol may

produce changes in adenylyl cyclase activity in other brain areas.

Overall, the early studies demonstrated that ethanol’s

stimulation of adenylyl cyclase activity was dependent on the

presence of G protein, and chronic exposure of cells in culture to

ethanol resulted in a down-regulation of GPCR-mediated

activation of adenylyl cyclase. The results with brain tissue

taken from animals that had been chronically treated with

ethanol are somewhat ambiguous, but the ambiguity comes

mainly from the fact that the diminution in GPCR-stimulated

adenylyl cyclase activity after ethanol treatment and withdrawal

follows a particular time course, and the phenomenon may be

missed if only one timepoint after withdrawal is studied. The

down-regulation of GPCR-stimulated adenylyl cyclase activity by

chronic exposure of the organism to ethanol may well be related

to ethanol craving and CNS hyperexcitability that occur during

withdrawal.

The identification of adenylyl cyclase
isoforms and the ethanol-sensitive
adenylyl cyclase

The work described to this point was performed prior to the

discovery that there were multiple forms of adenylyl cyclase.

Gilman’s laboratory (Krupinski et al., 1989; Tang et al., 1991)

reported on the first isoform of adenylyl cyclase aptly named the

Type 1 adenylyl cyclase. Soon after Type 2 adenylyl cyclase was

described (Feinstein et al., 1991). Type 3 adenylyl cyclase was first

described by Bakalyar and Reed (1990), Type 4 by Gao and

Gilman (1991), Type 5 by Ishikawa et al. (1992), Type 6 by

Katsushika et al. (1992), Yoshimura and Cooper (1992) and

Krupinski et al. (1992), Type 8 by Cali et al. (1994), and Type 9 by

Hacker and Storm (1998) and Premont et al. (1996). All of these

were membrane-bound forms of adenylyl cyclase and there was

one form of adenylyl cyclase that was found to be cytosolic (Type

10) (Buck et al., 1999). Soon after the findings regarding the Type

6 adenylyl cyclase, we isolated a sequence from human

erythroleukemia (HEL) cells that showed sequence similarities

to other adenylyl cyclases, but also displayed characteristic

functional differences (Hellevuo et al., 1993). After cloning the

full length sequence, expressing the protein, and characterizing

its activity, it became clear that this adenylyl cyclase was unique

and was named the Type 7 adenylyl cyclase (Hellevuo et al.,

1995). At the same time, Watson et al. (1994), isolated and

characterized a similar adenylyl cyclase from rat brain illustrating

that the Type 7 adenylyl cyclase (AC7) was present in rodents, as

well as in human tissues.

The characteristics of the discovered adenylyl cyclases were

such that they could be fitted into 4 families (Devasani and Yao,

2022). AC7 joined the family containing the Type 2 and Type

4 adenylyl cyclases. This family was distinguished by its

insensitivity to calcium with or without calmodulin,

insensitivity to inhibition by the Gαi protein and by the

stimulatory effects of phorbol esters acting through PKC, as
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well as the co-stimulation by the βγ subunits of the G proteins

acting simultaneously with the Gαs protein (Yoshimura et al.,

1996). The βγ subunits that act in concert with Gαs were found to
be derived from Gi/o proteins coupled to GPCRs that are many

times thought to be inhibitory to adenylyl cyclase activity

(Yoshimura et al., 1996; Rhee et al., 1998). Thus, for example

activation of opiate or cannabinoid receptors (coupled to Gi)

simultaneously with activation of D1 dopamine receptors

(coupled to Gs) further activates AC7 and the other members

of its family.

We found another feature that distinguished the AC7,

i.e., ethanol could stimulate the activity of AC7 to a two-to-

three times greater extent than any of the other adenylyl cyclases

(Yoshimura and Tabakoff, 1995; Yoshimura and Tabakoff,

1999). An activated Gαs protein was still necessary to witness

this effect of ethanol (Yoshimura and Tabakoff, 1995). AC7 was

also the most responsive to activation by phorbol esters, in

comparison to the other members of its family (Type 2 and

Type 4), and the stimulation of AC7 by phorbol esters involved

the presence of an activated Gαs (Yoshimura and Cooper, 1993;

Hellevuo et al., 1995). It became of interest to consider whether

ethanol and phorbol esters may be utilizing a similar pathway to

accomplish the activation of AC7. Phorbol esters are known

activators of members of the protein kinase C(PKC) family

(Reyland, 2009). There are 10 known PKCs and 8 of them are

activated by phorbol esters (classical PKCs: α, β1, β2 and γ, which
are responsive to phorbol esters and diacylglycerol, and are

dependent on calcium binding for their activity; novel PKCs:

δ, θ, ε, ηwhich are responsive to phorbol esters and diacylglycerol
but insensitive to calcium; and atypical PKCs: ζ, λ/ι, which
depend on binding of phosphatidylinositol 3, 4, 5-

trisphosphate or ceramide for activation (Reyland, 2009;

Newton and Brognard, 2017)). All of the PKC enzymes are

processed by a series of ordered phosphorylations and

conformational changes to attain a catalytically active form.

The enzymes are maintained in an inactive state until the

binding of the proper second messenger (in the case of PKCδ,
for example, the second messenger is diacylglycerol) and a

conformational change leading to a catalytically active, open,

form of this enzyme is then attained (Newton and Brognard,

2017).

At the time that involvement of PKC in the action of ethanol

on adenylyl cyclase was being studied, little of the detail of the

activation process for PKCs was known. However, through a

series of studies dependent on the process of elimination, the

PKC most likely to interact with AC7, and increase its activity,

was found to be PKCδ (Nelson et al., 2003). Nelson et al. (2003)

using HEL cells which contain predominantly AC7 (Hellevuo

et al., 1993), demonstrated that PKCδ could phosphorylate

AC7 protein, with the likely site of phosphorylation being the

C1b domain of AC7 (Nelson et al., 2003).

The catalytic conversion of ATP to cyclic AMP by adenylyl

cyclases involves the juxtaposition of two domains of the enzyme

protein. The C1a region of the intracellular loop between the

membrane spanning domains, M1 and M2 has to align with the

C2 region of the C terminal tail of the adenylyl cyclase protein to

form the catalytic domain. The addition of Gsα activated by

GTPγS to a mixture of the C1a region peptide of the Type

1 adenylyl cyclase and the C2 region peptide of the Type

2 adenylyl cyclase increased the enzymatic activity of this

mixture (cyclic AMP production) well over a thousand-fold

(Yan et al., 1996). The explanation for this increase in

enzymatic activity is that the activated Gsα acts as a link

between the two adenylyl cyclase fragments and aligns them

into the proper conformation for catalysis. Analysis of the crystal

structure of the C1a and C2 regions of adenylyl cyclase in

combination with Gαs and forskolin demonstrated the

binding of Gαs to the C2 region and interaction with C1a

region resulting in a change in orientation of these regions to

each other with the resultant increase in catalytic activity

(Tesmer et al., 1997).

Interposed between the C1a region and the

M2 transmembrane domains is a region referred to as C1b

and this region has been considered to be important for

conferring isoform-specific regulatory properties to members

of the adenylyl cyclase family (see references in Beeler et al.

(2004)). A particularly interesting function of the C1b region is to

modulate the ability of activated Gsα to promote the catalytic

function of the C1a•C2 dimers (Scholich et al., 1997). Beeler et al.

(2004) generated a recombinant protein representing the C1b

region from AC7 (aa 506–584) and examined its effects on the

catalytic function of the mixture of C1a and C2 regions from

AC7. It was found that the C1b peptide inhibited the activation

by Gαs of the mixture of C1a and C2 peptides derived from the

AC7. The inhibition was only evident at the lower concentrations

of Gαs and no effect was evident at higher concentrations

(>2 μM) Gαs.
The C1b region can be phosphorylated by PKC. Shen et al.

(2012) demonstrated the phosphorylation of serine 490 and

543 in the C1b region of the Type 2 adenylyl cyclase (AC2) by

PKC with resultant changes in response of the enzyme to Gαi
and βγ. In the AC7 sequence, several PKC phosphorylation

sites are evident in the C1b region, but serines 505 and 536 are

most interesting since they exist in an area of alignment to a

putative binding region for PKCδ on SRBC protein (a PKCδ
binding protein) and phosphorylation of these serines by

PKCδ (Izumi et al., 1997) in the SRBC protein has been

demonstrated. The phosphorylation of serines 505 and

536 may well allow for a more productive interaction

between the C1a and C2 domains.

One can speculate that the effect of ethanol on the activity of

AC7 is mediated by phosphorylation of serines in the C1b region

of the AC7 enzyme. The phosphorylation could reduce the

inhibition of high affinity Gαs binding by the C1b region,

resulting in a greater catalytic response of AC7 to binding of

Gαs in the presence of ethanol (Figure 1).
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There is a caveat to this explanation of ethanol’s actions on

AC7. Yoshimura et al. (2006) produced chimeras of different

regions of AC2 and AC7. When expressed in HEK 293 cells,

which were also transfected with dopamine (D1) receptors, the

chimera containing the C1b and M2 region of AC7 with the C1a

and C terminal region (C2) of AC2 responded to ethanol

potentiation of dopamine-stimulated activity as would AC2,

while the chimera containing the C1b and M2 region of

AC2 with the C1a and C2 region of AC7 responded to

ethanol as would be expected for AC7 (3–4 times greater

response). These results led Yoshimura et al. (2006) to

conclude that the C1b region of AC7 was not important for

ethanol’s action. This conclusion omits consideration of the fact

that ethanol’s actions on AC7 are dependent on the presence of

the activated form of Gαs and that the effects of the C1b region

are not independent of the other domains of the adenylyl cyclase

protein. The effect of the AC7 C1b may well be tuned to the

specific sequences of the C1a and C2 regions which bind Gαs in
particular adenylyl cyclases (Beeler et al., 2004; Shen et al., 2012).

It was notable that the chimeras in which the C1b regions of

AC7 and AC2 were combined with heterologous C1a and

C2 regions of these enzymes had significantly lower

(5–8 times lower) dopamine-stimulated activity than in their

homologous environment, and the activity in the presence of

ethanol was also low. In the end, Yoshimura et al. (2006)

concluded that ethanol directly influences the interaction of

FIGURE 1
Proposedmechanism for ethanol potentiation of Gαs-mediated activation of AC7 (A,B). The presence of ethanol in the water layer immediately
adjacent to the C1a, C1b and C2 domains (Bagchi, 2005) promotes the alignment of these domains and interaction with Gαs (Yan et al., 1996) (C).
Further modification of the secondary or tertiary structure of the C1b domain can promote access to this region by PKCδ (protein•protein
interaction) and phosphorylation of AC7, further enhancing Gαs-mediated activation of AC7 enzyme activity.
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C1a and C2 regions of particular adenylyl cyclases, but the

mechanism of this effect was left open. The control of Gαs
binding by phosphorylation of the C1b region of particular

adenylyl cyclases, i.e., AC7, thus remains an attractive hypothesis.

Finally, it should be noted that there is evidence that ethanol

is not simply activating PKCδ to produce its effects on AC7.

Rabbani et al. (1999) utilized HEL cells which naturally express

AC7 to demonstrate that the effects of phorbol esters and ethanol

were additive even though both the ethanol and phorbol ester

effects were blocked by PKC inhibitors. This brings forth the

possibility that the phorbol esters and ethanol act in a

complementary manner with phorbol esters activating PKCδ,
and ethanol enhancing the phosphorylation of particular

substrates such as AC7. The C1b region of AC7 may be

particularly sensitive to ethanol’s amphiphilic properties

(Klemm, 1998) which could influence the secondary or

tertiary structure of the C1b region (Beeler et al., 2004), and

allow phosphorylation of serines in that region (Figure 1).

At this point, the best characterization of ethanol’s action on

AC7 is that it acts as a “conditional” stimulus, with its actions

dependent on the presence of the activated Gαs, and additional

work needs to be performed to clarify the molecular events

attendant to ethanol’s potentiation of Gαs activating

properties. Ethanol’s actions on AC7 activity are evident at

concentrations of 50 mM (230 mg%) or higher in cell systems

in which AC7 is naturally expressed (e.g., HEL cells), and such

pharmacological considerations should be applied when

evaluating the physiological implications of the effects of

ethanol on adenylyl cyclase-related events. It can be noted

that blood alcohol levels of 200 mg% and over are not

unusual for individuals coming to emergency rooms or even

driving (Maruschak, 1999; Allely et al., 2006). An important issue

to consider when one is evaluating the physiological impact of the

effects of ethanol on adenylyl cyclase activity is the fact that

adenylyl cyclases exist in “microdomains” within a cell and it is

the local concentration of cAMP that instigates the downstream

consequences (Zaccolo et al., 2021). At this time, the effects of

ethanol on levels of cAMP have not taken this fact into account,

and the changes in cAMP concentrations have been measured on

a whole cell level or within an incubation volume. Localized, and

possibly quite significant effects of ethanol may be diluted by

such experimental approaches.

Genetic manipulation of AC7 and the
neurobiological phenotype

The generation of AC7 transgenic (TG) and heterozygous

(HET) knock- down mice (Yoshimura et al., 2000; Hines et al.,

2006), allowed for the qualitative assessment of the behavioral

and physiological effects of AC7. The transgene used for

generating the TG mice was the human form of AC7 under

the control of a synapsin promoter (Yoshimura et al., 2000),

while the HET mice were generated by homologous

recombination with the deletion of exon 3 of AC7 (Hines

et al., 2006). We were not able to produce the homozygous

knock-out because the fetuses bearing the homozygous deletion

died in utero on GD11 (Hines et al., 2006). The phenomenon of

the fetus bearing two copies of the disrupted AC7 gene dying in

utero was also noted more recently by Duan et al. (2010),

highlighting the importance of AC7 in development. The

initial choice of the biological systems, and then the behaviors

to be examined, were based on the known involvement of

adenylyl cyclase as an effector for dopamine D1 and

D2 receptors and the corticotropin-releasing factor (CRF)

receptors. An elegant addition to the work on involvement of

AC7 in the functions of CRF in brain and pituitary, was the work

of Duan et al. (2010) who used genetic manipulation of

AC7 expression in cells of the peripheral immune system to

demonstrate that AC7 was integral to the innate and adaptive

responses of the immune system.

AC7 and CRF receptor coupling in the amygdala
CRF acting within the amygdala has been linked to

depression and anxiety disorders in humans (Binder and

Nemeroff, 2010), and to anxiety-like, and alcohol consumptive

behaviors in rodents (Agoglia and Herman, 2018). CRF and

CRF1 receptors also appear to be involved in alcohol withdrawal-

induced anxiety and increased alcohol consumption in alcohol-

dependent animals after withdrawal (craving?) (Agoglia and

Herman, 2018). Marissa Roberto and her colleagues have

examined the effects of ethanol on CRF-sensitive neurons in

the central amygdala (CeA) (Roberto et al., 2021). CRF acting

through the CRF1 receptor, which is coupled to Gs protein, can

increase GABA release, and activate post synaptic GABA-A

receptors. The increased release of GABA can be measured by

the increases in inhibitory post-synaptic potentials (IPSPs)

(Roberto et al., 2021). Ethanol or CRF added to the CeA slice

preparations were shown to significantly increase the GABA-

mediated IPSPs (Roberto et al., 2021). Using the CeA slices from

the WT and AC7 HET mice, Cruz et al. (2011), showed that the

IPSPs measured in the presence of CRF or ethanol were reduced

or absent, respectively, in the preparations from the HET mice

compared to the WT mice (Cruz et al., 2011). This led to the

suggestion that AC7, which in part is located presynaptically

(Mons et al., 1998), can be involved in the signaling initiated by

the CRF1 receptor and culminating in release of GABA. There is

prior evidence that CRF1 receptors couple to both AC7 and Type

9 adenylyl cyclase (Antoni et al., 2003), and the significant

diminution of AC7 in brains of the HET knock-down mice

may be responsible for the reduced effects of CRF and ethanol in

the CeA slice preparations. Work by Bajo et al. (2008), had

demonstrated that PKCε was also involved in CRF1 receptor-

mediated and ethanol-potentiated GABA release in slices of the

CeA. Recording of “basal” IPSP activity attributed to

spontaneous GABA release was significantly increased in
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tissue from animals whose PKCε was disrupted by homologous

recombination (PKCε−/−) (Khasar et al., 1999). Additionally, the
CRF1 receptor- mediated enhancement of GABA release, as well

as ethanol-mediated GABA release in the CeA slices, was blocked

in tissue from the PKCε−/− mice (Bajo et al., 2008). There is a

significant difference in the results obtained from AC7 HET

mouse tissue versus the tissue from the PKCε−/− mice (Bajo et al.,

2008; Cruz et al., 2011). The basal GABA release in the slices of

the PKCε−/− mice was substantially increased, and thus the stores

available for release by CRF or ethanol may have been depleted.

In AC7 HET mice, there was no change in the basal release of

GABA and thus an explanation based on depletion of GABA

stores would not resonate with reduced effects of CRF and

ethanol in the HET mice. The evidence for mechanistic

differences in PKCε effects and the effects of AC7, thus do

not contradict the evidence for PKCδ mediation of the

interaction of Gαs and AC7 whether induced by receptor

activation or by ethanol.

A parsimonious reconciliation (Figure 2) of the involvement

of both PKCε and the adenylyl cyclase system can be considered

by invoking a cAMP to PKCε communication link. Such a link

has already been established for excitatory transmitter release in

the CNS (Gekel and Neher, 2008). Hucho et al. (2005) presented

evidence that Epac is central for the activation and translocation

of PKCε in neurons of the dorsal root ganglion, and that adenylyl

cyclase activation via Gαs is the initiator of this cascade. Wang

et al. (2022b) further elucidated the role of Epac-PKCε in the

facilitation of docking and release of the contents of synaptic

vesicles in parallel fibers of the cerebellum. If similar events are

evident in GABAergic neurons (Robichaux and Cheng, 2018),

then two related pathways (adenylyl cyclase/cAMP/PKA or

PKCε-mediated) or one sequential pathway (adenylyl cyclase,

Epac, PKC) could explain the effects of both AC7 and PKCε on
modulation of CRF-mediated GABA release by ethanol.

AC7 and CRF receptor coupling in the pituitary
The effects of ethanol on CRF-mediated signaling (Figure 3)

have been further investigated using CRF-mediated ACTH

release in the pituitary of the HET knock-down and TG mice

overexpressing AC7. Assessment of the forms of adenylyl cyclase

present in the mouse pituitary indicated the presence of the Type

2, Type 3, Type 6, and Type 7 (Pronko et al., 2010). It should be

noted that Type 9 adenylyl cyclase has been reported to be

present in rodent corticotropes (Antoni et al., 2003), but was

not found in the mouse pituitary using microarray analysis

(Pronko et al., 2010).

In the WT, AC7 HET, and AC7 TG mice (Pronko et al.,

2010), the most profound differences were noted in the plasma

ACTH levels of the male and female mice after injection of

ethanol (Pronko et al., 2010). Significant quantitative differences

among WT, HET and TG mice were found in both the peak

levels and AUC of the ACTH responses to injection of ethanol

(these values well surpassed the levels seen after saline

injection). The levels of corticosterone correlated in

magnitude with plasma ACTH levels after ethanol injection.

The rank order of the plasma ACTH and corticosterone levels

after ethanol injection was AC7 HET < WT < TG. In all cases,

female mice had higher levels of corticosterone than the males of

that genotype (Pronko et al., 2010). The results of these studies

again establish AC7 as an important component of the link

between the CRF1 receptor, and the downstream consequences

of its activation, but the differences in the corticosterone

response between males and females are not explained by

FIGURE 2
Proposed mechanism of ethanol potentiation of CRF-
mediated GABA release in the central amygdala. In the pre-
synaptic terminal CRF interacting with CRF1 receptors coupled to
Gs protein acts to enhance the activity of AC7. Ethanol
potentiates the Gαs-mediated catalytic activity of AC7 and
increases the generation of cAMP. cAMP can interact with two
effector molecules, PKA and Epac (Hucho et al., 2005; Robichaux
and Cheng, 2018; Wang et al., 2022a) to engage two distinct
pathways (Gekel and Neher, 2008) modulating transmitter release
(e.g., GABA). The exocytosis of the contents of vesicles requires
fusion of the vesicle with the pre-synaptic membrane and
positioning of the vesicle in proximity to N or P/Q-type Ca++

channels (Südhof and Rizo, 2011). cAMP has also been shown to
modulate vesicle loading with neurotransmitter (Costa et al., 2017).
The fusion of vesicles with the synaptic membrane, pore
formation, and transmitter release requires the interaction of
several proteins including RIM proteins, Munc 13–1, Munc 18–1,
and SNAP proteins. These proteins can be phosphorylated by PKA
or PKCε (Lonart et al., 2003; Sossin, 2007; Brockmann et al., 2020)
and such phosphorylation modifies their function. The change in
function of the transmitter release machinery can be measured by
amplitude and frequency of post-synaptic mIPSPs or mEPSPs.
Ethanol-induced potentiation of CRF-initiated GABA release in the
central amygdala (Nie et al., 2009) was diminished by knockdown
of AC7 or knockout of PKCε (see text), and this illustration provides
a rendition of the interactive pathways by which the observed
effects can be explained.
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differences between sexes in expression of AC7 in the pituitary.

The genetic manipulation of the Adcy7 gene produced similar

levels of AC7 RNA in the pituitary of the male and female mice

of the HET or TG genotypes (Pronko et al., 2010), and the

protein levels for AC7 followed the same pattern as the RNA

levels with no statistically significant differences between males

and females (Pronko et al., 2010). In the WT and AC7 HET

mice, the higher levels of corticosterone in females may reflect

higher ACTH levels. However, ACTH levels did not differ

significantly between AC TG male and female mice. One

explanation of the lack of sex differences in AC7 in the

pituitary, but significant sex differences in the corticosterone

response of AC7 TG mice, is the observation that the adrenal

tissue of females may be more responsive to ACTH than that of

males (Rao and Androulakis, 2017), and at a particular level of

ACTHmore corticosterone would be released from the adrenals

of females.

The probable involvement of AC7 in the CRF1 receptor-

mediated release of ACTH brings into further consideration the

importance of microdomains in the actions of ethanol on AC7.

AC7 is part of what was referred to as a “signalosome” consisting

of Gα12, AC7, PDE3B, PKA and other kinases organized around

AKAP13 on the endoplasmic reticulum (Zaccolo et al., 2021).

This type of signalosome has been shown to be important in the

regulation of secretory function of the endoplasmic reticulum for

recently synthesized and properly folded proteins (Subramanian

et al., 2019). The presence of Gα12 in this signalosome complex is

consistent with the presence of AC7 since Jiang et al. (2008)

demonstrated that AC7 is a specific downstream target of the

Gα12/13 subunits that produce an increase in AC7 activity

(Figure 3).

The involvement of the “ethanol sensitive” AC7 in the

ACTH/corticosterone response to ethanol administered in

vivo, helps explain a seeming enigma with regard to responses

FIGURE 3
Proposed dual sites of action of AC7 in peptide (ACTH) synthesis and release. AC7 can participate in both the control of synthesis and release of
ACTH. CRF (CRH) activates AC7 through a Gs-coupled mechanism and increases production of cAMP. The cAMP enhances the active state of both
PKA and Epac2. PKA acts through its canonical CREB transcription activator pathway by phosphorylating CREB and translocating it to the nucleus to
bind to its DNA promoter sequence. The binding of CREB to DNA is necessary but not sufficient to activate the transcription of POMC (the
precursor to ACTH). The activation andDNAbinding of Nur77 is a requirement for initiation of transcription. The phosphorylation and translocation of
Nur77 to the nucleus, requires a coordinated interaction of ERK, PKA and CAMKII (Kovalovsky et al., 2002; Zhang and Heaney, 2020). Two sites for
Nur77-binding exist upstream of the POMC transcription initiation site, a Nur77-binding response element (NBRE), and a Nur response element
(NurRE), and both need to be occupied by Nur77 to initiate the transcription of POMC. Once the POMC RNA is produced, it is translocated to the
endoplasmic reticulum for protein synthesis, and the processing of the pre-propeptide (POMC) by proprotein convertase (PC1/3) into ACTH and the
other POMC derived peptides. The ACTH has to be loaded into dense core vesicles which are generated by “budding” of the endoplasmic reticulum,
and the “cargo” of these vesicles (ACTH) is then readied for release by a calcium-dependent mechanism through fusion with the cellular membrane.
AC7 is integral in the process of loading and preparing vesicles for release. AC7 is located on the endoplasmic reticulum membrane where it can be
activated by Gαq12. The activation of Gq12 by guanine nucleotide exchange is instigated by a sensor on the budding vesicle, SEC24. The cAMP
produced by AC7 at this site can activate PKA (which is recruited to this site by an AKAP). PKA-dependent phosphorylation of an ill-defined substrate is
then central to the process of release of the concentrated cargo by controlling the uncoating and separation of the maturing vesicles from the
endoplasmic reticulum. This Figure was generated based on illustrations and information provided by Fukuoka et al. (2020), and Subramanian et al.
(2019).
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to imbibed ethanol. Ethanol is considered an anxiolytic drug, but

several reports have provided evidence that ethanol ingestion

generates an increase in the circulating levels of cortisol (stress

hormone) in humans. Since the anxiolytic and the cortisol

elevating effects of ethanol can arise by different mechanisms

and involve different areas of brain (Pronko et al., 2010; Olsen

and Liang, 2017), these results can be quite compatible.

AC7 mediation of dopamine effects on DARPP-
32 and ethanol’s actions

The DARPP-32 signaling pathway has been proposed as a

therapeutic target for AUD medication development (Greener

and Storr, 2022). The phosphorylation of glutamate receptors

(NMDA, AMPA) on the medium spiny neurons of the nucleus

accumbens is the major event which controls the strength of

excitatory input to these neurons. The actions of DARPP-32 are

integral in controlling the phosphorylation state of NMDA and

AMPA receptors and DARPP-32 function is itself controlled by

phosphorylation/dephosphorylation events (Nishi et al., 2005).

The medium spiny neurons of the nucleus accumbens are the

integrators of dopaminergic signals from the ventral tegmentum

and glutamatergic signals from the pre-frontal cortex (Figure 4)

and play an important role in mediating the reinforcing/

rewarding effects of addictive drugs (Surmeier et al., 2007;

Allichon et al., 2021). An important component of this

integration is dopamine D1 receptor-mediated generation of

cyclic AMP, the activation of PKA, the phosphorylation of

DARPP on residue threonine 34 (T34 Phospho-DARPP), the

inhibition of protein phosphatase-1, and the maintenance of the

ionotropic glutamate receptors in their phosphorylated state (see

Figure 4). Donohue et al. (2005) used the AC7 TG mice to study

the phosphorylation of the DARPP-32 protein on the threonine-

34 residue in the nucleus accumbens, caudate/putamen, and

amygdala. The effects of ethanol administered in vivo on

tissue obtained from these brain areas were also examined. In

the brains of AC7 TG mice and WT mice, no differences in total

levels of the DARPP-32 protein were evident in any of the tested

brain areas (Donohue et al., 2005). In the amygdala and caudate/

FIGURE 4
Phosphorylation of DARPP-32 mediated by dopamine through AC7 and actions of ethanol. The activity of medium spiny neurons (GABAergic
neurons) in the nucleus accumbens and other areas of the striatum are important in the control of reward-related dopamine signals mediated via
D1 and D2 dopamine receptors, with D1 receptors acting to enhance dendritic excitability (Surmeier et al., 2007). The increase in dendritic excitability
is proposed to be dependent onmodulation of cortico-striatal glutamatergic signaling viaNMDA receptors located on the dendrites which also
contain the D1 receptors. The link between the dopamine and glutamate signals is provided by the actions of PKA, DARPP-32, and protein
phosphatase 1 (PP1) (Fernandez et al., 2006). The figure illustrates that ethanol, by acting on AC7, increases the production of cAMP which activates
PKA, which in turn phosphorylates DARPP-32 on threonine 34. When phosphorylated on threonine 34, DARPP acts as an inhibitor of PP1, preventing
dephosphorylation of the PP1 substrates. One of the PP1 substrates is the NMDA receptor which is a substrate for phosphorylation by protein tyrosine
kinases (PTK), PKC, casein kinase (CKII), and calcium calmodulin kinase (CaMKII) (Chen and Roche, 2007). TheNMDA receptor/channel ismore active
in its phosphorylated state (Nakazawa et al., 2001), and also resistant to the inhibitory effect of ethanol on the NMDA receptor/channel (Hoffman
et al., 1989; Miyakawa et al., 1997). The overall result of these events is the sparing of the NMDA receptor from the inhibitory effects of ethanol in
particular neuronal populations (Yaka et al., 2003). The implication is that ethanol can depress excitatory glutamatergic activity in certain types of
cells and brain areas, but the reward-related neurons of the striatumwould be spared from this inhibitory effect of ethanol by the action of DARPP-32
via PP1.
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putamen of saline-treated (control) WT mice, the levels of

T34 Phospho-DARPP were significantly lower than those in

the saline-treated AC7 TG mice. Interestingly, just the

opposite was true in the nucleus accumbens. The acute

administration of ethanol, in vivo, increased the levels of T34-

Phospho-DARPP in all brain areas of the WT mice. But, only in

the amygdala was the effect of the transgene evident. In the

amygdala of the TG mice, the administration of alcohol

significantly increased the levels of T34-Phospho-DARPP

beyond those produced by saline or by the same dose of

ethanol in WT mice. A somewhat similar experiment was

performed by Bjork et al. (2010), in which ethanol was

administered to C57BL/6 mice and levels of T32-Phospho-

DARPP were measured in the “striatum,” an area including

the nucleus accumbens and amygdala. Ethanol administration

produced a “robust” increase in T32-Phospho-DARPP which

was blocked by the dopamine D2 receptor antagonist, sulpiride.

The effect of ethanol was also blocked by administration of

naloxone given prior to the administration of ethanol. The

results with the dopamine D2 receptor antagonist, and the

opiate receptor antagonist naloxone, do indicate more

complexity to the phosphorylation of DARPP in the

“striatum” than a simple activation of the D1 dopamine

receptor to initiate the phosphorylation cascade. A possibility

not considered by Bjork et al. (2010) was that the presence of

AC7 in the “striatum” would offer the opportunity for activation

of dopamine D2 or opiate receptors to potentiate the activity of

AC7 through release of βγ subunits from the Gi/Go trimers

(Yoshimura et al., 1996). Naloxone administration would block

the opiate/D1 dopamine receptor additive effect (via Gsα and βγ)
on AC7.

The contention that opiates are acting in the striatum by

coupling to Gi/Go proteins to release βγ, and produce additional

activation of AC7, is further supported by the work of Karlsson

et al. (2016). In this work, the role of melanin-concentrating

hormone in modulating ethanol-induced conditioned place

preference (CPP) was investigated. This included measurement

of DARPP-32 phosphorylation inWT andMCH1 receptor knock-

out mice. Administration of ethanol produced a significant

increase in T32-Phospho-DARPP in the shell region of the

nucleus accumbens in the WT mice, but not in the

MCH1 knock-out mice. The MCH1 knock-out mice also

showed diminished propensity to develop ethanol-induced CPP

compared to WT mice. The results seen with mice carrying the

deletion of the MCH1 gene could be replicated in WT mice by the

use of a MCH1 receptor antagonist (Karlsson et al., 2016). An

important consideration in interpreting these results is that the

MCH1 receptor is a Gi/Go-coupled receptor (Lembo et al., 1999),

which is co-expressed with dopamine receptors on medium spiny

neurons (Zhang et al., 2006). Again, the generation of βγ subunits
upon activation of the MCH1 receptor, could act in concert with

Gsα to produce an accentuated activation of AC7, andmore robust

generation of cAMP.

An interesting conclusion can arise from data on ethanol’s

effects on DARPP phosphorylation, as well as the above-

described studies on CRF-mediated GABA release in the

central amygdala. One can speculate that, in neurons of the

limbic system, AC7, which is responsive to both ethanol and to

βγ subunits, would be the mediator of ethanol and βγ subunit

effects on phosphorylation cascades in these neurons. The PKA-

and Epac-mediated events downstream of the activity of

AC7 would set the tone for both metabolic and

neurotransmission functions in these neurons.

AC7 in the immune system
Duan and colleagues (Duan et al., 2010) bred mice in which

one allele of the Adcy7 gene was disrupted, and although most of

the offspring that were double mutants (AC7 −/−) died in utero,

approximately 2–3% survived through birth. The bone marrow

from these AC7 knockout animals and bone marrow from their

wild type littermates was isolated and transplanted into mice

whose immune system had been destroyed by irradiation. The

immune system of the recipient mice fully regenerated,

producing chimeric mice bearing the donor bone marrow

cells. The total number of splenocytes was reduced by more

than half in the chimeric mice generated from the bone marrow

of the AC7−/− mice, indicating the importance of AC7 in

proliferation of both B and T lymphocytes. On the other

hand, when challenged with LPS, the chimeric mice with the

AC7−/− bone marrow generated a 3–4 times greater TNFα
response compared to the mice which received the wild type

bone marrow. LPS was also more lethal in the mice carrying the

AC7-deficient bone marrow. Macrophages from the AC7-

deficient mice produced significantly higher levels of TNFα
when challenged with LPS in vitro, compared to mice carrying

the wild type bone marrow (this response also involved yet-to-

be-identified serum factors). Duan et al. (2010) also

demonstrated that AC7 was necessary for an optimal antibody

response when mice were exposed to antigens. The deficiency in

the AC7−/− chimeric mice was primarily due to AC7-dependent

function of the T helper cells, even though B cell function was

also disrupted in the animals with AC7−/− bone marrow. In

conclusion, Duan et al. (2010) state: “. . .AC7 is the key AC

isoform in mediating cAMP response and its downstream

physiological functions in the immune system”. Table 1

summarizes the neurobiological phenotypes elucidated in mice

in which the expression of AC7 was manipulated.

Genetic manipulation of the type
7 adenylyl cyclase and the behavioral
phenotype

Given the electrophysiological, neurochemical, and

physiological results of studies with the HET, WT, and TG

AC7 mice, these animals were used for behavioral measures of
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ethanol consumption and measures of anxiety-like and

depressive phenotypes.

In measures of alcohol consumption and preference,

AC7 HET mice on two genetic backgrounds (C57BL/6 and

129/SvEv) were used. C57BL/6 mice normally show a high

preference for alcohol-containing solutions, and using the

HET mice on the C57BL/6 background, no statistically

significant differences were found between the HET and WT

mice in the quantities of ethanol consumed by males or females.

When AC7 was knocked down in the 129/SvEv strain, which

drinks low to moderate amounts of ethanol, the females of the

HET genotype consumedmore ethanol, particularly at the higher

concentrations of 10 and 20%. This increase in ethanol

consumption resulted in a higher calculated “preference” for

ethanol when water intake was taken into account (Desrivières

et al., 2011). In the male HET mice on the 129/SvEv background,

the amount of ethanol consumed at the highest concentration

was actually less than that consumed by the WT mice, and there

was no statistically significant change in the preference measure

(Desrivières et al., 2011). The measure of what is called

“preference” has an important concept attached. A

“preference” ratio of 0.5 indicates neutrality of choice between

the alternatives of the ethanol solution or plain water, while a

preference ratio above 0.5 indicates a greater desire for the

ethanol solution, and a preference ratio of less than

0.5 indicates an aversion to the ethanol solution. In the case

of the HET female mice on the C57BL/6 background and their

corresponding WT littermates, all preference ratios were above

0.8, irrespective of the status of AC7 (even though there was an

evident increase to almost 1.0 in the HET mice at the lower

ethanol concentrations). In the WT females of the 129/SvEv

background, the “preference” for the 10 or 20% ethanol solutions

was approximately 0.15 and in the HET females the ratio

increased to 0.3. These results can be interpreted as indicating

that on the 129/SvEv background, the diminution of AC7 in

female mice, diminishes the aversion to consuming ethanol

solutions containing the higher concentrations of ethanol.

Measures of behavior which is interpreted as “depressive” or

“learned helplessness” were also performed in HET, WT, and TG

AC7 mice (Hines et al., 2006). Using the forced swim test (FST),

female HETmice were shown to exhibit a significantly lesser time

of being immobile during the duration of this test compared to

the femaleWTmice (i.e., less “depression”). AC7 TG female mice

were, on the other hand, found to exhibit longer periods of

immobility than the femaleWTmice (more “depression”). There

were no differences in the immobility time of male WT mice

versus male TG, or male HET mice in the FST. In the tail

suspension test (TST), female HET mice did not differ in

immobility from WT mice, but the female TG mice showed

greater periods of immobility. Again, there were no differences in

immobility time in the TST between male HET, WT, and TG

mice. These results indicate that in females, the overexpression of

AC7 results in a higher level of “learned helplessness”

(depressive-like behavior), while a reduction in

AC7 expression produces greater resilience to depressive-like

behaviors. A major caveat to this simple explanation, is the fact

that the knock-down of AC7 in the HET female mice resulted in

significant changes in gene expression of 30 other transcripts, and

there were no changes in other transcript expression in the male

mice. One of these transcripts in female strains, peroxiredoxin,

has been implicated in behavior in the FST and TST (Scotton

et al., 2020).

Table 1 summarizes the behavioral and physiological

phenotypes elucidated in mice in which the expression of

AC7 was manipulated.

Genetic association of the ADCY7 gene
with alcoholism and/or depression in
humans

The results with genetic manipulation of AC7 expression in

mice qualified this adenylyl cyclase as a possible candidate gene

for a genetic contribution to human AUD (Boezio et al., 2017)

and/or MDD. Desrivières et al. (2011) examined single

nucleotide polymorphisms (SNPs) within the ADCY7 gene in

humans for association with alcohol dependence (defined by

DSM-IV and ICD-10 criteria). The subjects consisted of

1,703 individuals classified as alcohol dependent and

1,347 controls, and both men and women were included in

this Caucasian population. A SNP (rs2302717) that defined a

haplotype across a portion of AC7 gene (ADCY7) was found to

be associated with alcohol dependence, but this association was

only significant in the females. The minor allele (T) at this locus

reduced the risk to develop alcohol dependence (OR = 0.71).

Desrivières et al. (2011) noted that the haplotype identified by

this SNP extended into the promoter region of ADCY7, and

performed an analysis of the quantity of RNA for AC7 that was

present in whole blood or adipose tissue from another large

sample of Caucasian individuals. These studies revealed that the

minor allele of rs2302717 correlated with lower ADCY7

expression in both tissues. This was seemingly at odds with

the data from the studies with mice (Desrivières et al., 2011), in

which knock-down of Adcy7 and resultant diminution of

AC7 RNA in brains of females resulted in less aversion to

drinking, while in humans, a polymorphism that was

protective against alcohol dependence was also responsible for

lower levels of AC7 RNA. An obvious caveat is that the RNA

measures in the HET mice were made in brain tissue while the

human AC7 RNA was measured in blood and adipose tissues

(Desrivières et al., 2011). The other caveat, already mentioned

above, is the fact that the knock-down of Adcy7 in female mice

results in changes in expression of a number of other transcripts

in brains of the HET female mice, and this phenomenon will have

to be explored in future studies, possibly in postmortem tissue of

humans.
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TABLE 1 Phenotypes of WT, AC7 HET, and AC7 TG mice.

Behavioral phenotype Neurobiological phenotype

I. Alcohol consumption and preference I. CRF- and ethanol-induced GABA release (IPSP) in CeA*

Alcohol consumption Alcohol preference WT (CRF)

AC7 HET (C57) vs. WT = = AC7 HET (CRF)

AC7 HET (129SvEv) vs. WT M = = WT (EtOH)

F AC7 HET (EtOH) NC

II. Immobility in forced swim test (Depression) II. Ethanol-mediated ACTH release (AUC)

AC7 HET vs. WT M = HET WT TG

F M

AC7 TG vs. WT =

F F

III. Immobility in tail suspension test (Depression) III. Ethanol-mediated increase (vs. Saline) in T34 pDARPP*

AC7 HET vs WT M = NucAcc Caudate Amygdala

F =

AC7 TG vs WT M = WT AC7 TG WT AC7 TG WT AC7 TG

F =

IV. Immune system function

Innate (Macrophages, TNFα) Adaptive (Antibodies, B Cell/T-helper)

AC7−/− Chimera vs. WT Chimera**
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Given the finding that an allele that is protective against

alcohol dependence in women, is also associated with lower levels

of AC7 RNA in human blood, it is instructive to review a number

of studies which measured adenylyl cyclase activity in human

platelets and lymphocytes of alcoholics and control (non-

alcoholic) subjects. The first of such studies (Tabakoff et al.,

1988) included 95 alcoholic subjects and 33 controls, and the

majority of the alcoholic subjects (all except 5 who had been

abstinent by self-report for 12–48 months) were abstinent for

23 ± 16 days. All of the subjects were male. Measures of platelet

adenylyl cyclase activity demonstrated no differences in basal

activity, but significant differences between alcoholic and control

subjects in cesium fluoride-, Gpp (NH)p-, and prostaglandin 1

(PGE1)-stimulated adenylyl cyclase activity, with the alcoholic

subjects having lower stimulated adenylyl cyclase activity. At the

time of this study, the various isoforms of adenylyl cyclase had

not yet been described, but currently, it is known that AC7 is the

dominant form of adenylyl cyclase in both platelets and

lymphocytes (Hellevuo et al., 1993; Duan et al., 2010). Given

the earlier discussion regarding the role of PKCδ in promoting

the activation of AC7 by Gs protein, the presence of PKCδ and its
significant physiological function in platelets, and the fact that all

stimulatory agents used in the study of Tabakoff et al. (1988),

were acting via the Gs protein to activate adenylyl cyclase, one

cannot distinguish the effects as being related to upstream effects

involving PKCδ, or to adenylyl cyclase per se. An additional

observation made in this study, was that the five alcoholic

individuals who had abstained for over 12 months, still

displayed lower cesium fluoride-stimulated adenylyl cyclase

activity. This led to the suggestion that the stimulated

adenylyl cyclase activity in platelets may be a “trait” rather

than a “state” marker in alcoholism (Tabakoff et al., 1988).

A different conclusion regarding adenylyl cyclase activity

measured in lymphocytes of alcoholic and control subjects was

provided by Szegedi et al. (1998). These investigators followed the

adenylyl cyclase activity in lymphocytes of 73 alcohol-dependent

subjects at admission to the clinic while intoxicated, at the time of

maximal withdrawal signs, and after detoxification. Lymphocyte

adenylyl cyclase activity of the alcohol-dependent subjects was

also compared to control subjects. Their findings indicated that

there were no differences in lymphocyte adenylyl cyclase activity

between the control subjects and the alcohol-dependent subjects

at admission, while the dependent subjects were intoxicated, but

2 days later basal, GTPγS-stimulated, and forskolin-stimulated

adenylyl cyclase activity were significantly lower in the alcohol-

dependent subjects going through withdrawal. After the

withdrawal period, there again was no difference in adenylyl

cyclase activity in lymphocytes of the control and alcohol-

dependent subjects. The time course of changes in lymphocyte

adenylyl cyclase activity in the studies of Szegedi et al. (1998) with

humans, mirror the changes described in the striatum (Tabakoff

and Hoffman, 1979) and cerebral cortex (Saito et al., 1987) of

groups of mice chronically fed ethanol, during the early

withdrawal period, and also several days after withdrawal. The

earliest publication to note the differences in adenylyl cyclase

activity (decreased adenosine (A2) receptor-mediated cyclic

AMP production) in lymphocytes was that of Diamond et al.

(1987). The alcohol-dependent subjects in that study were

individuals described as “actively drinking” but having little or

no alcohol in blood when blood was taken for isolation of

lymphocytes. Thus, these subjects would resemble the

“withdrawal” group in the studies of Szegedi et al. (1998). The

changes described by Diamond et al. (1987) were evident in both

B and T cells in the lymphocyte fraction, and more recent

evidence examining the isoform of adenylyl cyclase in T and

B cells, as well as macrophages, has identified the major adenylyl

cyclase in these cells to be AC7 (Duan et al., 2010). Overall, the

measurement of AC7 in lymphocytes may be advantageous for

extrapolating to the activity of AC7 in brain of individuals

undergoing withdrawal from chronic heavy alcohol

consumption. It should be noted that the lower levels of

adenylyl cyclase activity in platelets of alcoholics may also be

a result of lowering of AC7 expression. But this change of

expression would have to take place in the megakaryocytes,

which are the precursors of platelets, since platelets do not

contain DNA. Thus, at the least, the platelet measures of

adenylyl cyclase activity would follow a time course more

related to the time course of platelet turnover in blood, rather

than a time course for changes in AC7 expression in cells replete

with DNA and expression/translation machinery.

The platelet adenylyl cyclase activity measured in alcoholics

may be confounded by other variables, particularly by the

presence of comorbid MDD (Hoffman et al., 2002). In fact,

the platelet adenylyl cyclase activity may be a trait marker for

MDD which is in turn confounded by current alcohol use by the

depressed subject (Hines and Tabakoff, 2005). The initial studies

of platelet adenylyl cyclase activity in depressed subjects

indicated that forskolin-stimulated adenylyl cyclase activity

was particularly lower in individuals diagnosed with MDD,

compared to control subjects (Menninger and Tabakoff,

1997). Since forskolin acts directly on the adenylyl cyclase

protein to enhance activity (Seamon et al., 1981), one can

surmise that depressed subjects have reduced quantities of

adenylyl cyclase protein in platelets, and since there is

evidence that the major form of adenylyl cyclase in platelets is

AC7, one can go further to consider that depressed subjects have

lower levels of AC7 in platelets. This supposition was

strengthened by the work of Hines et al. (2006), which also

proposed an explanation for the lower levels of AC7 in platelets

of humans suffering from depression. Hellevuo et al. (1997)

demonstrated that the AC7 gene in humans is characterized by a

series of polymorphic repeats in the 3′-UTR. The findings of

Hines et al. (2006) indicated that the lowest levels of forskolin-

stimulated adenylyl cyclase activity in platelets were in depressed

subjects whose DNA in the 3′-UTR harbored the longest stretch

(seven repeats) of the tetranucleotide AACA (Hellevuo et al.,
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1997). Some other observations generated by the work of Hines

et al. (2006) were: the most prominent diminution in forskolin-

stimulated platelet adenylyl cyclase activity was noted in

depressed subjects who also had a family history of depressive

illness; females diagnosed with MDD with a family history of

depression; and in individuals having a genotype for the seven

repeats of AACA.

Through a combination of studies on gene expression and

informatics using AC7 TG and WT mice, AC7 was linked to

function of the proopiomelanocortin (POMC) system and

immune system function. Clearly there is a link between the

POMC transcript, stress, and the immune system, since POMC is

the precursor to ACTH, and pituitary ACTH release, instigated

by CRF, stimulates release of adrenal glucocorticoids, and

modulates the activity of the immune system (Leistner and

Menke, 2018). Chronic stress, in conjunction with childhood

trauma, has been considered a significant contributory factor to

the development of major depression (Heim and Nemeroff,

2001). Although the relationship of stress and depression has

been considered to arise via the activation of corticosteroid

receptors in brain (Holsboer, 2000), with polymorphisms in

FKBP5 (a co-chaperone for the glucocorticoid receptor) being

an important component of this relationship (Binder et al., 2004),

the above described function of AC7 in control of CRF-mediated

ACTH release (Antoni et al., 2003; Pronko et al., 2010) should

also be considered in the etiology of depression. Furthermore, it

is now becoming evident that AC7 is the major form of adenylyl

cyclase in the immune system, and controls activation of

macrophages, as well as B and T lymphocytes (Jiang et al.,

2008; Duan et al., 2010). Recent studies also indicate that

AC7 is the major form of adenylyl cyclase expressed in mouse

and human microglia (Bennett et al., 2016; Galatro et al., 2017).

Microglia are considered the “macrophages” of the CNS, and it is

not surprising that AC7 is expressed in microglia. (Table 2 shows

the expression levels of the various isoforms of adenylyl cyclase in

microglia). Cyclic AMP levels are important for conversion of

microglia from the M1 to M2 phenotype (M1 describes a

proinflammatory phenotype, and M2 an activated but

reparatory phenotype) (Ghosh et al., 2016). The relationship

of stress to microglial activation is well summarized in Yirmiya

et al. (2015) and these authors propose that some forms of MDD

may be a “microglial disease,” dependent on microglia

transitioning to the M1 phenotype. In all, the involvement of

AC7 in the CRF-mediated release of ACTH from the pituitary,

and involvement in microglia activation status, may play an

important role in the etiology of depression. Assuming that

AC7 is mediating the CRF-stimulated ACTH release, and the

stress response is of consequence in the etiology of MDD, the sex

differences described earlier in the ACTH and glucocorticoid

responses in the WTmice, versus those with genetically modified

expression of AC7, are notable (Pronko et al., 2010).

Further evidence for the involvement of AC7 in depression

emanated from the laboratories of Etienne Sibille (Joeyen-

Waldorf et al., 2012). This group used mice lacking the

serotonin transporter (SERTKO), which have been considered

to be a model for studying depressive behaviors and emotionality

(Lira et al., 2003), to assess gene expression in amygdala and

cingulate cortex. They then compared the differentially expressed

transcripts noted between the SERTKO and WT mice to

differentially expressed transcripts noted in postmortem

samples of amygdala and cingulate cortex from humans with

familial MDD, and matched controls. “Conserved changes” were

found for 31 transcripts in the amygdala, and 20 transcripts in

cingulate cortex in comparisons of the mouse and human brain

samples, and the transcript for AC7 was found to be significantly

upregulated in the brain tissue from the SERTKO mice, compared

to the WT controls, and in the brain tissue of depressed subjects

compared to their matched controls. Their further studies

examined (using BOLD (MRI)) threat-related amygdala

reactivity in two independent samples of human subjects and

its association with a single nucleotide polymorphism in the

ADCY7 gene. This SNP (rs1064448) has previously been shown

to identify a haplotype including a major portion of the

ADCY7 and the 3′UTR containing the tetranucleotide repeats

(Hines et al., 2006). In both samples, there was a significant

association of rs1064448 with greater threat-related amygdala

reactivity (Joeyen-Waldorf et al., 2012). These studies illustrate

the possible importance of ADCY7 in fear-related amygdala

function, and “conserved changes” in the expression of

AC7 transcript in brain tissue from mice used as a model of

depressive behavior (Joeyen-Waldorf et al., 2012), and in human

subjects diagnosed with MDD, amplify the studies of Hines, et al.

(2006). The SERTKO mice exhibited higher levels of expression of

AC7 in brain tissue, as did the post-mortem tissue of the

depressed human subjects, and in the studies of Hines et al.

TABLE 2 Microglia were isolated at autopsy from parietal lcortex of
39 human subjects. RNASeq was performed on total RNA
extracted from flow cytometry-sorted cells. Values represent median
microglia expression levels (RPKM, reads per kilobase of transcript per
million reads mapped). Galatro et al., 2017.

Expression levels of
adenylyl cyclase

Isoforms in microglia

AC isoform RPKM

ADCY1 0.071

ADCY2 0.038

ADCY3 1.867

ADCY4 0.619

ADCY5 0.023

ADCY6 2.073

ADCY7 52.570

ADCY8 0

ADCY9 1.219

ADCY10 0.223
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(2006), it was the genetically manipulated mice with lower levels

of AC7 in brain that exhibited the lesser depressive-like behavior

in the FST, and the female animals with the higher expression of

AC7 showed higher immobility in the FST. It is parsimonious to

think that deletion or pharmacologic blockade of SERT is

coupled to upregulation of AC7 RNA, but this implication of

the relationship of SERT and AC7 expression in development or

treatment of depression does not appear straightforward. One

has to be careful in making generalizations from the results

obtained with the SERTKO mice produced on the 129/SvEv

genetic background since the same genetic manipulation

produced no effect in the C57BL/6 mice (Lira et al., 2003).

The effect of antidepressants on the activity and possibly the

expression of adenylyl cyclase in brain may or may not be

reflected in measures of adenylyl cyclase activity in platelets

since platelet adenylyl cyclase activity was found to be lower

in depressed subjects compared to controls (Hines et al., 2006). A

more recent study of platelet adenylyl cyclase activity stimulated

by PGE1 (via the GS-coupled prostaglandin EP1 receptor) also

demonstrated that subjects diagnosed with MDD had

significantly lower PGE1-stimulated platelet adenylyl cyclase

activity than control subjects (Targum et al., 2022). This

study, however, followed a subset of subjects through a 6-

week period of treatment with antidepressants which were

primarily inhibitors of SERT (SSRIs). In the subjects that

showed significant improvement in their Hamilton Depression

Ratings (Ham D17 and Ham D6), there was also a significant

increase in their PGE1-stimulated adenylyl cyclase activity

toward levels measured in control subjects. Targum et al.

(2022), therefore, replicated the lower adenylyl cyclase activity

in platelets of clinically depressed subjects (Hines et al., 2006), but

also added the fact that the platelet adenylyl cyclase can be not

only a marker for depression, but also for measuring response to

antidepressants. Targum et al. (2022) also proposed amechanism

for their observed results to be the sequestration of the Gs protein

in lipid rafts (Allen et al., 2009) in the platelets of the depressed

subjects and suggested that antidepressant treatment would

result in the release of Gs from sequestration to be available

for stimulation of adenylyl cyclase. Unfortunately, forskolin-

stimulated adenylyl cyclase activity was not measured in the

studies of Targum et al. (2022) to distinguish between the

proposed mechanism, and the diminution of the adenylyl

cyclase protein as proposed in other studies (Hines et al.,

2006). There may well be different mechanisms in play which

result in higher levels of the RNA for AC7 in brain in conjunction

with signs of depression in genetically manipulated mice, and

depressed human subjects (Hines et al., 2006; Joeyen-Waldorf

et al., 2012), and the lower levels of adenylyl cyclase activity

(presumably AC7), activated by various means, in platelets of

depressed humans. Although forskolin can enhance adenylyl

cyclase activity independent of other factors (Seamon et al.,

1981), and forskolin (radioactively labeled), can be used to

quantify adenylyl cyclase protein (Insel and Ostrom, 2003),

there is clear evidence that Gsα can further activate adenylyl

cyclase catalytic function (Insel and Ostrom, 2003). Thus, the

lower levels of adenylyl cyclase activity, stimulated by forskolin or

agents acting via Gs proteins, in platelets of depressed subjects

may be either a result of lower levels of the adenylyl cyclase

protein, a sequestration of Gs protein, or both mechanisms.

Whether the proposed mechanism involving the sequestration

of Gs in platelets (Targum et al., 2022) in depressed subjects

extends to brain (Senese and Rasenick, 2021), bears scrutiny.

Summary and consideration of AC7 as
a therapeutic target to treat
alcoholism and/or depression

AC7 is a member of the sub-family of adenylyl cyclases (Type

2, 4, and 7) whose activity is insensitive to Giα proteins, is

potentiated by the βγ subunits of G proteins in conjunction with

Gsα stimulation, and whose responsiveness to Gsα is modulated

by the state of phosphorylation catalyzed by PKCδ. This enzyme

is also insensitive to calcium in the presence or absence of

calmodulin. The distinguishing feature that separates

AC7 from the Type 2 and Type 4 adenylyl cyclases is the

particularly high level of activation of this enzyme by ethanol

when the enzyme activity is also influenced by Gsα. AC7 also has
a cellular/tissue distribution that distinguishes it from the other

members of its sub-family. Particularly notable is the evidence for

its presence in the amygdala, nucleus accumbens, hippocampus,

and frontal cortical regions in brains of animals, with evidence

for presynaptic and postsynaptic localization (Mons et al., 1998),

and its presence in the corticotrophs of the pituitary. The

presence of AC7 in the pituitary, and its involvement in the

release of ACTH, speaks to the possible importance of AC7 in the

hypothalamic/pituitary/adrenocortical response to stress. The

presence of AC7 in the amygdala, and possibly in other parts

of the striatum, as well as in frontal cortical regions, and its

coupling to the CRF1 receptor in the amygdala, as well as in the

pituitary, bespeaks a deeper involvement in stress and negative

affect. It is, thus, not surprising that associations have been

reported between measures of adenylyl cyclase activity in

brain, platelets, and lymphocytes of alcoholics, and subjects

diagnosed with MDD. This association has been extended to

genetic markers which identify the haplotype in which the

ADCY7 gene is located.

The significant comorbidity that exists between AUD and

MDD is well accepted (Hasin et al., 2018). There are two

manifestations of the co-occurrence of depression in

individuals who fit the criteria for AUD. In one manifestation,

the signs of depression are evident only during the initial period

of time that an individual dependent on alcohol tried to abstain

(i.e., alcohol withdrawal), and once abstinence has been achieved

for some period of time, the signs and symptoms of depression

abate (Raimo and Schuckit, 1998). In another manifestation, the
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signs of depression become evident during the initial stages of

abstinence but continue to persist throughout sobriety (Raimo

and Schuckit, 1998). When one considers the time course of

changes in brains of animals that have been chronically fed

ethanol, and have undergone forced abstinence, one notes that in

brain areas such as the cortex, the activity of adenylyl cyclase is

within the normal range while the animal is intoxicated, drops

below normal levels during the first days of abstinence, and then

returns to normal. One wonders whether the lower levels of

adenylyl cyclase activity in brain during the initial stages of

withdrawal is a contributing factor to the signs of withdrawal

(i.e., depression), or simply a byproduct of the withdrawal

hyperexcitability syndrome. It is of interest that measures of

adenylyl cyclase in platelets of human alcoholics present a picture

resembling the time course of fluctuations in adenylyl cyclase

activity seen in brains of alcohol dependent and withdrawing

animals. Adenylyl cyclase activity in platelets was in the normal

range while the individual was actively consuming alcohol,

dropped below normal levels during early stages of

withdrawal, and then returned to normal after a period of

abstinence. It might seem that the stress of abstaining from

alcohol may be a factor in diminishing adenylyl cyclase activity

during withdrawal. The alcohol withdrawal-induced changes in

brain and platelet adenylyl cyclase activity can be classified as a

state marker of withdrawal from chronic use of alcohol.

On the other hand, the genetically generated increased

expression of adenylyl cyclase in brains of animals is

associated with more permanent depressive symptomology.

There are a number of missing pieces of evidence that need to

be added to assume that increases in mRNA for AC7 are related

to higher activity of this enzyme in brain of depressed subjects.

Even accurate measures of AC7 protein have not been

accomplished (Joeyen-Waldorf et al., 2012).

The differences in adenylyl cyclase activity between

depressed human subjects and controls, are related to lower

levels of adenylyl cyclase activity in depressed subjects in

platelets, and activity of this adenylyl cyclase in response to

Gsα is enhanced when the subject is being successfully treated

with antidepressants (Targum et al., 2022). Even though the exact

relationship between expression and activity of AC7 and MDD is

still enigmatic, the development of pharmacological tools for

isoform-selective manipulation of AC7 would help resolve the

enigmatic features of the relationship and may lead to novel

therapeutics for depression and/or AUD.

AC7 as a therapeutic target

A prior review (Price and Brust, 2019) suggested the possibility

that AC7may be “A new target for depression,” but did not propose

how to “medicate this target.” An excellent review of molecules that

inhibit adenylyl cyclase activity is available (Seifert et al., 2012)

including many P-site inhibitors (adenosine analogues) and

substituted nucleotides that act at the catalytic site of the

adenylyl cyclases. This review emphasizes the problems

encountered in trying to generate inhibitors that interact with the

catalytic domains of the adenylyl cyclases, and would also have some

substantial selectivity among the nine membrane-bound adenylyl

cyclases, and would not have off-target effects on ion channels and

glucose transporters. The effects of the large number of compounds

developed as catalytic site inhibitors have not been tested for activity

and selectivity for AC7. The diterpene alkaloids, such as forskolin,

have generally been thought of as activators of adenylyl cyclase

(Seamon et al., 1981), however, 1-deoxy-forskolin and 1,9-dideoxy-

forskolin have been found to inhibit adenylyl cyclase activity (Seifert

et al., 2012). One of the most interesting analogues of forskolin is

referred to as BODIPY-FS (Pinto et al., 2008). BODIPY-FS is an

activator of Type 1 and 5 adenylyl cyclases, has little effect on Type

3 and 6, but inhibits the activity of the Type 2 adenylyl cyclase

(Seifert et al., 2012). The other members of the Type 2 adenylyl

cyclase family, i.e., Type 4 and Type 7, have not been explored with

regard to their responses to BODIPY-FS.

The search for isoform-specific inhibitors (Brand et al.,

2013) or activators of adenylyl cyclases may benefit from a

more thorough consideration of structural/regulatory

differences. In this regard, peptide analogues designed to

correspond to the regions of the Type 2, 4 and 7 adenylyl

cyclases that are phosphorylated by PKC may prove valuable

modulators of these isoforms, and may even distinguish

between these isoforms. Interestingly, a peptide based on

the C1b region of AC7 was found to be an inhibitor of this

enzyme (Yan et al., 2001). The other sequence that bears

attention in trying to modulate the activity of AC7 is the

region that binds the β/γ subunits (Diel et al., 2006; Brand,

2015). The sequences in this region of the isoforms responsive

to β/γ need to be carefully examined and information should

be gathered on the variants of the β and γ subunits that may

have selectivity for the particular cyclase isoforms Diel et al.

(2006). Such peptide modulators would have an additional

advantage (or possible disadvantage) of being coordinate

regulators of, for example, AC7 requiring the binding of

Gsα, for evidence of their activity (Wang et al., 2005).

Development of peptides as drug molecules is a

complicated endeavor and as mentioned above, targeting

AC7 should be preceded by a clear knowledge of its role in

brain function [e.g. opiate tolerance/dependence (Wang et al.,

2005), AUD, depression, etc.] as well as in the periphery [e.g.

in the immune system (Duan et al., 2010)]. At this point, the

evidence for AC7 activity in depression and AUD is

tantalizing, but far from definitive. The actions of lithium

(a mood stabilizer) as an inhibitor of AC7 (Mann et al., 2008),

and the possible upregulation of AC7 by antidepressants such

as SSRIs (Targum et al., 2022) should raise interest in the role

of this enzyme in mood disorders. On the other hand, the

more immediate use of AC7 activity may be as a peripheral

state marker in AUD, state or trait marker in depression and a
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diagnostic distinguishing MDD from AUD (Tabakoff et al.,

1986) or manic-depressive illness (Tabakoff et al., 2010).
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The relationship between depression, its etiology and therapy, and the cAMP

signaling system have been studies for decades. This reviewwill focus on cAMP,

G proteins and adenylyl cyclase and depression or antidepressant action. Both

human and animal studies are compared and contrasted. It is concluded that

there is some synteny in the findings that cAMP signaling is attenuated in

depression and that this is reversed by successful antidepressant therapy. The G

protein that activates adenylyl cyclase, Gαs, appears to have diminished access

to adenylyl cyclase in depression, and this is rectified by successful

antidepressant treatment. Unfortunately, attempts to link specific isoforms of

adenylyl cyclase to depression or antidepressant action suffer from

discontinuity between human and animal studies.

KEYWORDS

GPCR, cAMP, lipid rafts, cytoskeleton, depression, antidepressant

Introduction

The World Health Organization states that major depressive disorder (MDD) is the

most common cause of disability worldwide. The medical and non-medical costs of MDD

in the US are now estimated at nearly $300B. The current COVID-19 pandemic is likely to

exacerbate this. Treatment of MDD also poses significant obstacles. Despite undergoing

multiple treatment regimes, about one-third of patients never achieve remission, and it is

this “treatment-resistant” group who are at the greatest risk of suicide. Thus, there

remains a pressing need for novel compounds that are effective in this nonresponsive

population. New antidepressant drugs are needed, and in order to develop them, greater

insight is needed into the biology of depression and antidepressant response. Additionally,

diagnosis of depression is both difficult, imprecise, and based on subjective inventories.

Both diffusely-targeted therapy and imprecise diagnosis are a result of our failure to

understand the molecular and cellular biology of depression. Discovery and verification of

cellular hallmarks (biomarkers) for both depression and antidepressant response is a

pressing need.
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cAMP, BDNF, and depression

No common mechanism has emerged to link the activities of

the diverse compounds used in therapy for depression. Although

not necessarily linked to therapeutic action, most antidepressants

elevate cAMP production and evoke a cascade of events resulting

from sustained increase in cAMP (e.g. increased P-CREB and

BDNF) (Donati and Rasenick, 2003). Antidepressant treatment

also causes a shift in the localization of the heterotrimeric G

protein, Gαs, from lipid rafts to more “fluid” membrane regions,

facilitating Gαs activation of adenylyl cyclase (AC). Both

diminished Gαs-adenylyl cyclase coupling and an increase in

the proportion of Gαs in lipid rafts are seen in depression (post-

mortem and peripheral tissue) (Donati et al., 2008; Singh et al.,

2020; Targum et al., 2022), and this is consistent with the

augmentation of cAMP production by antidepressants. There

are also compounds, such as ketamine, and, perhaps

psychedelics, that appear to exert more rapid effects on

depression, acting in hours rather than weeks for traditional

antidepressants. Ketamine shows similar, but more rapid, effects

on Gαs and cAMP compared to traditional antidepressants

(Wray et al., 2018).

Several studies (vide infra) indicate that chronic

antidepressant treatment increases physical coupling between

Gαs and adenylyl cyclase, resulting in increased cAMP

generation. This is consistent with the observation that

chronic treatment with antidepressants results in long-term

increases in cellular cAMP (Malberg and Blendy, 2005).

Consistent with this, depressed subjects show decreased 11C

rolipram binding that recovers with successful antidepressant

treatment (Fujita et al., 2016). Furthermore, increasing cAMP

with inhibitors of phosphodiesterase have showed a promising

antidepressant-adjuvant properties in a recent clinical study

(Zhao et al., 2003; El-Haggar et al., 2018).

The initial studies showing that CREB knockout blocks the

behavioral response to antidepressants date back at least 20 years

(Conti et al., 2002) and more recent papers target serotonergic and

noradrenergic neurons in achieving this effect (Rafa–Zabłocka et al.,

2017). BDNF and TrkB knockout also ablated antidepressant effects

in mice (Björkholm and Monteggia, 2016). Both humans and mice

with the BDNF val66met allele are more vulnerable to stress-

induced anxiety and depression, but this is variable with age and

sex (Hwang et al., 2006) (Verhagen et al., 2010). A polymorphism in

the regulatory region of the human BDNF gene, which reduces

BDNF expression and release, is also associated with depression

(Björkholm and Monteggia, 2016).

Activated by phosphorylation, pCREB in combination with

coactivator CPB (CREB binding protein) is able to act as a

transcription factor at CRE (cAMP response element),

promoting transcription of cAMP-regulated genes, particularly

BDNF (brain-derived neurotrophic factor) (Blendy, 2006;

Dwivedi and Pandey, 2008). Animal models of stress and

depression-like behavior have revealed decreased BDNF

expression, as well as loss of synaptic plasticity, particularly in

the hippocampus (Duman et al., 1999), as well as restoration of

BDNF expression with extended antidepressant treatment

(Fujimaki et al., 2000; Coppell et al., 2003; Foubert et al.,

2004). Likewise, human postmortem samples show decreases

in BDNF expression in depression (Dunham et al., 2009; Castrén

and Monteggia, 2021), and increases with antidepressant

treatment (Chen et al., 2001). BDNF itself may be required

for the action of antidepressants (Adachi et al., 2008),

including ketamine (Autry et al., 2011). The decreased

expression of BDNF in stress models and in depression, and

restoration of BDNF expression with antidepressant treatment,

could be linked by the cAMP changes in depression, and with

antidepressant treatment, noted above.

Antidepressants and cAMP

Monoamine centric antidepressants

The majority of extant antidepressants are targeted at

monoamine reuptake and metabolism; particularly, inhibition of

these. More recently, drugs targeting melatonergic (agomelatine)

(Kennedy and Eisfeld, 2007) and glutamatergic (rapid acting

antidepressant ketamine) (Matveychuk et al., 2020) systems have

been developed or approved for use in depression. Nonetheless,

reuptake inhibitors acting at various combinations of SERT, NET,

and DAT (serotonin, norepinephrine, and dopamine reuptake

transporters) remain the predominant antidepressant class in

clinical use. Reuptake inhibitors have shown, collectively, relevant

affinities at numerous sites, including reuptake transporters, their

canonical targets, as well as monoamine and cholinergic receptors.

Despite 60 + years of research, no clear direct mechanism of action

has emerged to link their activities. In the case of serotonin, perhaps

the most widely implicated neurotransmitter in depression in lay

and scientific press alike, a recent review found no clear association

between serotonin and depression and also cited several studies

demonstrating decreased serotonin content in human and animal

subjects post-antidepressant treatment (Moncrieff et al., 2022).

Sulser and his colleagues suggested that one role of extended

treatment with tricyclic antidepressants was desensitization of

the β−adrenergic receptor and a generalized dampening of cAMP

signaling (Sulser et al., 1984). This was contradicted, in part, by

results of Menkes et al., showing augmented cAMP signaling in

multiple rat brain regions (but not other tissues) after 3 weeks of

antidepressant treatment (including ECS) in rats (Menkes et al.,

1983). The apparent controversy was resolved through the use of

a cellular model system for antidepressant activity, where the

time required for an antidepressant response was 3 days (vs

3 weeks in rats and 8 weeks in humans). In this system,

antidepressant exposure desensitized the β-receptor on a

much faster timescale (24 h) that required for augmented Gαs-
activation of AC (Chen and Rasenick, 1995b).
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Model systems for determining
antidepressant action

We have tested a variety of cell lines including C6 glioma,

PC12 pheochromocytoma, SK-N-SH neuroblastoma, as well as

patient stem cell-derived neural and glial cell lines, for G protein-

based antidepressant response. All compounds with

antidepressant activity elicited translocation of Gαs out of

lipid rafts, enhanced Gαs–mediated cAMP generation, and

slowed FRAP (fluorescence recovery after photobleaching) of

GFP-Gαs. Collectively, antidepressant actions on Gαs and

adenylyl cyclase are summarized in Figure 1.

Antidepressants from all functional and chemical classes

tested, promoted movement of Gαs out of lipid rafts, and

enhanced stimulation of adenylyl cyclase promoting increased

cAMP production. Total cellular Gαs content is unchanged; the
shift out of lipid rafts represents a redistribution of Gαs.
Furthermore, G proteins Gαi, Gαo, and Gαq are unaffected.

The redistribution of Gαs out of lipid rafts occurs in a dose-

and time-dependent fashion, with maximal effect occurring after

approximately 3 days of antidepressant treatment, perhaps

mirroring the delayed onset of effects in human subjects

(which typically requires several weeks of treatment). Notably,

the “rapid acting antidepressant”, ketamine, also produces these

effects, and on an accelerated timeline), matching the rapid

effects seen in humans.

The above findings have consistently been seen in cells of

neural/glial character, either cell lines (such as C6 glioma,

PC12 pheochromocytoma, and SK-N-SH neuroblastoma, or

induced neural stem cells (Yu et al., 2021), while the effect

has not been seen in cell lines of non-neural origin such as

HEK293 and COS7. This has also raised the question of why cell

lines, which cannot be considered to be “depressed” (though the

tissue from which they were generated may be from a depressed

subject, as in our patient stem cell-derived lines), nonetheless

show an “antidepressant response.” This is a consistent empirical

finding in the antidepressant responsive cell lines. Likewise,

“normal” rodents respond to antidepressant administration in

many behavioral tests. Selected studies reflecting the above

findings are presented below.

Chen and Rasenick examined in C6 glioma the effect of

chronic tricyclic antidepressant desipramine treatment for

1–5 days at 5 and 10 μM (note: 50 mM was also tested but

was deleterious to cells) on membrane cAMP production in

response to stimulation with nonhydrolyzable GTP analog

Gpp (NH)p (direct G protein activator) or isoproterenol

(Chen and Rasenick, 1995b). Membrane cAMP production

was significantly enhanced in a dose- and time-dependent

fashion. This effect was not seen in membranes treated acutely

(at the time of assay) with desipramine. The effect of

desipramine treatment on total membrane content (lipid

rafts were not considered at this point) of Gαs, Gαi, Gαo,
and Gβ was assessed by western blot, and no difference was

found, compared to control. A similar contemporaneous

study in rats, also by Chen and Rasenick, showed findings

consistent with those in C6 glioma (Chen and Rasenick,

1995a). Here, rats treated with tricyclic antidepressants

amitriptyline and desipramine were assessed for cortical

membrane cAMP production and G protein disposition, as

well as Gαs/adenylyl cyclase interaction via co-

immunoprecipitation. Also tested were amphetamine

(which elevates synaptic norepinephrine and serotonin

(Berman et al., 2009), the canonical mechanism of action of

most extant antidepressants, but without recognized clinical

antidepressant activity) and ECT (electroconvulsive therapy).

As in C6 glioma, treatment of rats with antidepressant drugs

resulted in enhanced membrane cAMP production in

response to Gpp (NH)p or forskolin stimulation, compared

to controls. Unlike C6 glioma, no effect was seen with 1-day

treatment; 21-day treatment was required, which is more

similar to the extended treatment period required for

clinical effects in humans. ECT (11 sessions) produced

similar effects, and no effect was seen with amphetamine.

These findings were consistent with an earlier study in rats,

which also found increased cAMP in cortical and

hippocampal membranes post chronic, but not acute,

antidepressant or ECT treatment (Menkes et al., 1983).

Additionally, antidepressant treatment and ECT resulted in

increased adenylyl cyclase activity immunoprecipitated with

Gαs as measured by assay of the immunoprecipitated complex.

Again consistent with the results in C6 glioma, total

membrane content of Gαs, Gαi, Gαo (as well as adenylyl

cyclase 1and2) were unchanged by antidepressant or ECT

treatments.

While the above studies revealed enhancement of cAMP

production by antidepressant treatment (and ECT), without

change in total G protein content, further studies noted an

enhancement by antidepressant treatment upon detergent

extractability of Gαs, bringing lipid rafts into this scheme. Toki

et al. (Toki et al., 1999) treated C6 glioma for 3 days with

antidepressants iprindole, amitriptyline, and fluoxetine, as well

as chlorpromazine (antipsychotic drug, structurally similar to

tricyclics and without clinical antidepressant activity).

Membrane proteins were sequentially extracted with Triton X-

100 and Triton X-114, with Triton X-100 acting upon less

hydrophobic membrane regions, and Triton X-114 acting upon

more hydrophobic regions (Regula et al., 1986) (now considered as

nonraft and lipid raft domains) and allowing differential

separation of proteins from these membrane domains. While

drug treatments again did not affect total Gαs content, Gαs
extraction by Triton X-100 was increased, and extraction by

Triton X-114 decreased, by all antidepressant treatments,

suggesting a change in the membrane environment of Gαs
subsequent to antidepressant treatment–in contemporary

parlance, a redistribution of Gαs from lipid raft to nonraft

membrane fractions. In contrast, Gαi was unaffected and
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treatment with non-antidepressant chlorpromazine had no effect

on Gαs. Cortical membranes from antidepressant-treated rats also

showed similar redistribution of Gαs. C6 glioma membranes were

additionally fractionated via sucrose density gradient, and

consecutive fractions assayed for forskolin-stimulated cAMP

production. Membrane fractions from antidepressant-treated

cells showing increased Gαs content had significant increases in

cAMP production, compared to controls. Collectively, the above

studies illustrate a cellular response to chronic antidepressant

treatment specifically targeting Gαs, but not other G proteins,

with redistribution of Gαs out of lipid rafts into nonraft membrane

fractions, and enhanced association with adenylyl cyclase/

increased cAMP production.

Creation of a fluorescent GFP-tagged Gαs construct with
normal membrane expression and adenylyl cyclase activation

(Yu and Rasenick, 2002) and stable C6 GFP-Gαs cell line

allowed development of a higher-throughput assay utilizing

FRAP (Czysz et al., 2015). Treatment with antidepressants

and resulting redistribution of Gαs out of lipid rafts results in

slower lateral membrane mobility of Gαs, seen as a slower

recovery of GFP-Gαs fluorescence after photobleaching,

presumably due to increased interaction between GFP-Gαs
and the larger, more slowly moving adenylyl cyclase molecule.

Again, treatment with numerous antidepressants from varied

classes resulted in significantly slowed GFP-Gαs mobility

(i.e., longer half-time of recovery), while psychiatric drugs

lacking antidepressant activity did not alter GFP-Gαs
mobility. Among notable findings were the contrasting

results of currently popular antidepressant escitalopram

(S-citalopram) and its clinically inactive stereoisomer

R-citalopram. While escitalopram showed the

antidepressant-characteristic slowing of GFP-Gαs mobility,

R-citalopram had no effect, which is consistent with

traditional biochemical assays of the two drugs (Zhang and

Rasenick, 2010). Also consistent with past findings were the

dose-and time-dependence of antidepressant-induced Gαs
redistribution, as well as restriction of this effect to Gαs
and not other G protein types.

FIGURE 1
Depression and antidepressant effects on Gαs plasma membrane localization. Gαs is normally distributed between non-raft regions of the
membrane where it moves freely and promotes neurotransmitter-activated adenylyl cyclase activity and a specialized region of the membrane rich
in cholesterol (lipid raft), where themovement/adenylyl cyclase activation of Gαs is impaired. During depression, Gαs is enriched in the lipid raft region
and it is anchored there by the structural protein, tubulin (α/β). Antidepressant treatment changes Gαs such that it exits from the raft and moves
to the non-raft region where it completes the process of neurotransmitter action by activating the enzyme, adenylyl cyclase. Increased Gαs-
mediated adenylyl cyclase activity results in increased generation of cAMP, PKA activation, phosphorylation of CREB, and increases in BDNF
transcription and translation. cAMP phosphodiesterase (e.g., PDE4) is another point of regulation for cAMP and inhibition here will also result in
increased cAMP activity. Gαs-coupled GPCRs that may be relevant to depression include receptors for corticotropin releasing factor (CRF 1&2),
serotonin (5-HT4,6,7), dopamine (D1), and β-adrenergic receptors. Antidepressant treatment also causes some Gαs to be released from the plasma
membrane, where it associates with microtubules and modifies their dynamic behavior.
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PDE4 inhibitors

Phosphodiesterases (PDEs) regulate the activity of cyclic

nucleotides cAMP and cGMP by catalyzing their degradation

into adenosine- and guanosine-5′ monophosphate, respectively.

They comprise 11 isoforms, with a growing catalog of subtypes

with varied subcellular localization (Delhaye and Bardoni, 2021).

They display varying selectivity for cAMP and cGMP, with some

targeting both (PDE1,2,3,10,11), some cGMP-selective (PDE5,6,9),

and others cAMP-selective (PDE4,7,8) (Azevedo et al., 2014).

Inhibitors of cAMP-targeted phosphodiesterases, particularly

PDE4, have been investigated as potential antidepressants

Rolipram (ZK 62711) was identified in the 1970s as an inhibitor

of phosphodiesterase (and later, as a PDE4-specific inhibitor),

elevating cAMP, but not cGMP, concentrations in rat brain

tissue homogenates and slices (Schwabe et al., 1976). Early

studies of rolipram in rodents as a potential antidepressant

examined the drug’s (and other cAMP-selective PDE inhibitors)

ability to reverse reserpine-induced hypothermia and hypokinesia

(reserpine inhibits vesicular monoamine transporters, depleting

synaptic monoamines) and potentiate yohimbine-induced

toxicity (Wachtel, 1983). Other rodent studies identified

rolipram’s ability to suppress avoidance of foot shock in a rat

model of depression (“Flinders sensitive line”) (Overstreet et al.,

1989). Zhang et al. examined the behavioral phenotype of

heterozygous and homozygous PDE4D-subtype mouse

knockouts (Zhang et al., 2002). Both knockouts showed

significantly reduced immobility in tail suspension- and forced

swim tests, an antidepressant-like effect, with the strongest effect

seen in the heterozygous knockouts. The antidepressant effect of

rolipram in the forced swim test was significantly blunted in the

knockout mice, suggesting subtype PDE4D may be responsible for

these effects. Additional PDE4 inhibitors Ro 20–1724, ICI 63,197,

and CP 67,593 have also shown antidepressant-like effects in rats

(O’Donnell, 1993). Interestingly, this study also examined the effect

of forskolin, which broadly activates adenylyl cyclase isoforms,

increasing cellular cAMP (Insel and Ostrom, 2003; Pinto et al.,

2008), finding it to lack antidepressant activity. This could reflect a

requirement for a microdomain-specific enhancement of cAMP,

rather than an overall increase in cellular cAMP.

Numerous clinical studies evaluated the antidepressant

activity of rolipram in humans, finding it efficacious (Zeller

et al., 1984), comparable to tricyclic imipramine (Bertolino

et al., 1988), but less effective than tricyclic amitriptyline

(Scott et al., 1991). However, clinical use of rolipram has been

limited by side effects, particularly nausea and sedation

(O’Donnell and Zhang, 2004).

Other antidepressants

More recently, HDAC6 (histone deacetylase) inhibitors have

been suggested as a possible new antidepressant class (Jochems et al.,

2013). Unlike other HDACs, which are targeted at nuclear histones,

HDAC6 acts outside of the nucleus, particularly at Lys40 of

α-tubulin in microtubules and inhibiting deacetylation of this

residue (Hubbert et al., 2002). Singh et al. compared the effects

ofHDAC6 inhibitor tubastatin A to traditional antidepressants SSRI

escitalopram and tricyclic imipramine in C6 glioma (Singh et al.,

2018). While all drugs promoted the typical redistribution of Gαs
out of lipid rafts and increased expression of downstream cAMP

effectors phospho-CREB and BDNF, only tubastatin A promoted

tubulin acetylation. So while the three compounds ultimately

converge upon Gαs and Gαs signaling, tubulin acetylation is not

a sharedmechanism of action. It is also notable that Lys40 is located

in the microtubule interior on α-tubulin (Janke and Montagnac,

2017), while Gαs interacts with β-tubulin (Layden et al., 2008),

suggesting acetylation does not directly interfere with Gαs binding.
Also notable in this regard is the recent finding that postmortem

brain from depressed subjects shows decreased acetylation of

membrane-associated tubulin (typically associated with lipid

rafts) (Singh et al., 2020), compared to controls, as well as

increased Gαs localized to lipid rafts (Donati et al., 2008)).

Nasal esketamine (S-ketamine) has recently been approved

for depression and, in contrast to traditional antidepressants

which take weeks to manifest clinical effects, esketamine (as

well as racemic ketamine given intravenously or sub-lingually)

has almost immediate effects lasting up to a week (Yavi et al.,

2022). While ketamine’s canonical target/mechanism is

antagonism of the NMDA glutamate receptor, racemic

ketamine metabolite (2R,6R)-hydroxynorketamine has been

suggested to possess antidepressant activity in animal

models, and that its antidepressant activity, as well as those

of ketamine, are independent of NMDAR activity (Zanos et al.,

2016). Wray et al. examined the effect of ketamine upon Gαs
membrane disposition and signaling of ketamine and (2R,6R)-

hydroxynorketamine in C6 glioma or primary astrocytes, as

well as the effect of other NMDA antagonists (Wray et al.,

2018). A single ketamine treatment produced rapid (within

15 min) translocation of Gαs out of lipid rafts, persisting at least
12 h and returning to baseline within 24 h, as well as enhanced

cAMP production compared to control. FRAP assay also

showed the characteristic slowing of GFP-Gαs membrane

mobility. In contrast, NMDA antagonists memantine, AP5,

and MK-801 had no effect on Gαs membrane localization or

mobility, suggesting NMDA antagonism is insufficient to

explain ketamine’s effects in this system. Likewise,

knockdown of NMDA subunit GluN1 (i.e., NR1) did not

inhibit ketamine’s potentiation of cAMP production. The

ketamine metabolite, (2R, 6R)-hydroxynorketamine also

potentiated cAMP production and slowed GFP-Gαs mobility.

Together, these results suggest that ketamine shares traditional

antidepressants’ effects upon Gαs, though in a highly

accelerated fashion, mirroring ketamine’s clinical timeline,

and that these effects are NMDA receptor-independent

(Wray et al., 2018).
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Studies with human tissue

The human data in this area are derived from studies on

peripheral tissue, such as various blood cells, from living

subjects, studies on postmortem brain tissue from deceased

subjects, as well as noninvasive imaging studies on living

subjects.

Postmortem studies

In a series of papers, Trevor Young’s group examined changes in

cAMP, CREB, and BDNF in postmortem samples from depressed

patients. Dowlatshahi et al. found significantly decreased CREB

immunoreactivity in temporal cortex samples from nonmedicated

depressed subjects, compared to control, while depressed subjects

receiving antidepressant treatment were significantly higher than the

nonmedicated and did not differ from healthy control subjects

(Dowlatshahi et al., 1998). Chen et al. examined postmortem

hippocampus from depressed, bipolar, and schizophrenic

subjects, comparing BDNF expression in unmedicated and

medicated (antidepressant) subjects (Chen et al., 2001). Overall,

subjects receiving antidepressants displayed significantly increased

BDNF immunoreactivity across several hippocampal regions,

compared to subjects not receiving antidepressants. When

depressed subjects were considered separately, these hippocampal

regions showed increased BDNF expression in the medicated, but

did not reach significance. A third related study examined temporal/

occipital cortical brain tissue from postmortem mood disorder

subjects for G protein content, cAMP production, and CREB

expression (Dowlatshahi et al., 1999). While G protein (Gαs and
Gαi) content did not differ among controls and depressed and

bipolar subjects, forskolin-stimulated cAMP production was

decreased in the depressed and bipolar samples, though not

reaching significance. CREB expression did not differ among the

three groups overall; however suicide subjects did have significant

reductions in CREB expression compared to nonsuicide subjects.

Donati et al. examined prefrontal cortex and cerebellum of

postmortem suicide subjects and found differences in detergent

extractability (Triton X-100/Triton X-114) of Gαs, suggesting
altered membrane localization of Gαs in depressed suicide

subjects (Donati et al., 2008). Sequential detergent extractions

of cellular membranes from both brain regions showed an

increased fraction of Gαs localized to lipid raft vs. nonraft

membrane, where it is less able to activate adenylyl cyclase

(Chen and Rasenick, 1995a), consistent with the above

findings in Dowlatshahi (Dowlatshahi et al., 1999).

Blood studies

Alterations in cAMP signaling are perhaps the oldest specific

biomarker of depression and response to antidepressant treatment,

and these changes are seen in varied cell types. Studies reporting

reduced cAMP production in samples from depressed patients

extend back to the 1970s. Alterations in platelets in depression

have also noted formany years, and due to their short lifespanmay

serve as a better model, particularly for antidepressant response,

than other circulating cells. While red blood cells persist for

approximately 120 days (Thiagarajan et al., 2021), and

lymphocytes for at least several months (Westera et al., 2013;

Jones et al., 2015), platelet lifespan is approximately 7–10 days

(Josefsson et al., 2020). Because of this, platelets may be better

positioned to reflect any early changes in cellular behavior as a

consequence of antidepressant treatment.

An early study on platelets from depressed patients found no

significant difference in platelet cAMP production in response to

PGE1 and norepinephrine stimulation, compared to controls

(Wang et al., 1974). However, subsequent studies have shown

decreased cAMP production in platelets from depressed subjects,

as well as increased cAMPproduction in subjects successfully treated

with antidepressants. Hines and Tabakoff examined unstimulated

and agonist-stimulated (CsF, forskolin, GppNHp) cAMP

production in platelets from depressed subjects, finding

significantly decreased cAMP production in platelets from

depressed subjects (Hines and Tabakoff, 2005). Furthermore,

significance increased as subjects with history of various recent

drug use (drugs of abuse, analgesics, antidepressants) were

excluded from the analysis due to these drugs’ effects on adenylyl

cyclase activity. Overall, subjects with the lowest platelet cAMP

production had a 2–6X risk of depression compared to subjects with

the greatest cAMP production. Likewise, Mooney et al. examined

cAMP production in mononuclear leukocytes and platelets from

depressed subjects (Mooney et al., 2013). Their results revealed two

subgroups of depressed patients whose demographics and medical

histories were not substantially different. One depressed group (“DP-

1”) showed significant differences in cAMP production compared to

controls as well as the other depressed subgroup (“DP-2”), which did

not significantly differ from each other: in mononuclear leukocytes,

cAMP production in response to fluoride (AlF) stimulation was

significantly lower, and the ratio of GTPγS/AlF-stimulated cAMP

was significantly higher; for platelets, fluoride, PGE2, and

PGD2 stimulation produced significantly lower cAMP, while

PGE2/AlF ratio was significantly higher. Gαi activity was assessed

in the three groups and did not significantly differ.

More recently, Targum et al. (2022) have examined platelet

PGE1-stimulated cAMP from depressed subjects before and after

antidepressant treatment, with subjects stratified into “responder”

or “nonresponder” groups based on HAMD17 (Hamilton

Depression Rating Scale) rating post-treatment (Targum et al.,

2022). Consistent with Hines and Tabakoff, and Mooney et al.,

depressed subjects had lower PGE1-stimulated cAMP production

compared to normal controls at the start of treatment. Post-

treatment, responders and nonresponders differed significantly,

with responders showing increased PGE1-stimulated cAMP

relative to basal, compared to pre-treatment values, while this
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value actually decreased in nonresponders. This is notable because

it suggests that restoration of cAMP production is a function of

clinical improvement, rather than antidepressant exposure per se,

and as such is promising as a marker of successful antidepressant

response. Because of the short platelet lifetime/high turnover, these

changes may be evidenced in advance of clinical improvement and

serve to guide antidepressant selection and drug changes early in

treatment.

Imaging

An interesting series of experiments approximating direct

visualization of altered brain cAMP content in depressed

patients, and patients treated for depression, was done by the

groups of Zarate and Innis. These experiments utilized PET

detection of 11C-labeled PDE4 inhibitor rolipram as a proxy for

cAMP concentration. Briefly, PDE4 isoenzyme PDE4D3 activity is

regulated by cAMP as a target of PKA phosphorylation on two

serine residues, Ser54 and Ser13, with Ser54 phosphorylation

upregulating phosphodiesterase activity. PDE4D3 activated via

serine phosphorylation shows both increased sensitivity to

rolipram inhibition (MacKenzie et al., 2002) as well as increased

affinity for rolipram binding (Hoffmann et al., 1998). Expression of

PDE4 isoenzymes is also enhanced by increased cellular cAMP

levels (Ye et al., 2002) (Campos-Toimil et al., 2008). Thus, both

expression and activity of PDE4 are regulated by cAMP. The PET-

detectable binding of 11C-labeled rolipram provided the basis for the

following studies. Fujita et al. (Fujita et al., 2012) showed consistent

decreases in 11C-rolipram binding across 10 brain regions in

unmedicated depressed patients compared to healthy controls,

suggesting corresponding decreases in cAMP in these regions,

reflected as decreased PDE4 expression or activity. This study

was followed by Fujita et al. (Fujita et al., 2016), which examined

the effect of antidepressant treatment on 11C-labeled rolipram

binding. Again, depressed patients demonstrated decreased

labeled rolipram binding in these brain regions compared to

controls. After the initial PET scan, the depressed patients were

treated for 2 months with SSRI antidepressants citalopram,

escitalopram, or sertraline and subjected to a second PET scan.

Sertraline treatment produced significant and consistent increases in
11C-labeled rolipram binding in the depressed patients, but the

increases in rolipram binding did not correlate with improvement of

depressive symptoms. These studies support the theory of cAMP

changes in depression and with antidepressant treatment, and

provide a technique whereby brain cAMP can be assessed in

vivo, but also reflect the uncertainty of cAMP’s specific role in

depression pathology and treatment.

Note also advances in cellular imaging related to GPCR

signaling and adenylyl cyclase. Irannejad et al. (Irannejad

et al., 2013) have used conformation-sensitive nanobodies to

identify intracellular activation of Gαs. Senese and Rasenick

(Senese and Rasenick, 2021) have used fluorescent cAMP

reporters targeted to different cellular and membrane domains

to illustrate sustained action of certain antidepressants.

Adenylyl cyclase isoforms and
neuropsychiatric disease

Several studies exist for genetic association in humans and

genetic manipulation in mice. Few human neurological or

psychiatric diseases are associated with mutations in adenylyl

cyclase, with only AC5 specifically implicated. Sporadic

mutations in ADCY5 result in dyskinesia (Chen D.-H. et al.,

2015; Ferrini et al., 2021). Several mutations have been identified;

the number of established cases is very small (<500). There is no
mechanism linking ADCY5mutations to the exaggerated muscle

movements seen in this disorder. Likewise, AC5 knockout mice

display Parkinsonian-type movement disorders (Iwamoto et al.,

2003). In contrast, mouse models with AC5 disruption through

knockout or small molecule inhibitors show protective

cardiovascular or metabolic effects (Okumura et al., 2003,

2007; Zhang et al., 2018) and tend to be “health-promoting,”

with increased lifespan and reduced age-related degeneration

(Yan et al., 2007) The beneficial cardioprotective effects of

AC5 disruption are particularly curious, given the reported

predominance of AC5 (and AC6) in cardiomyocytes (Sadana

and Dessauer, 2009). Studies on adenylyl cyclase isoforms and

depression are summarized in Table 1.

Depression and adenylyl cyclases
regulated by Ca2+

Numerous studies have examined the role of Ca2+-regulated AC

isoforms in the context of depression and other mood disorders,

both singly and in combination. Rodent models allow genetic

experimental manipulation, which is not possible in human

subjects. Therefore, the most “direct” studies of AC isoform

effect upon behavior have been done in rodents, typically

through knockdown studies, though overexpression studies have

also been done (as with AC7, vide infra).

Krishnan et al. contrasted the behavioral effects of AC1/

8 double knockouts to that of AC5 knockouts (Krishnan et al.,

2008). First, the two knockout models displayed differences in

locomotor habituation, which developed later in the testing

period (>60 min), as well as sex-based differences. While

female mice did not show a statistical difference compared to

wild type in either knockout model, male AC5 knockouts mice

displayed significantly increased locomotion, while male AC1/

8 double knockout mice displayed significantly decreased

locomotion. Further behavioral tests including elevated plus

maze, dark-light, and forced swim tests. Elevated plus maze

and dark-light tests showed clear differences between the two

knockout models: for both males and females, the AC5 knockout
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model showed a less anxiety-like phenotype, while the AC1/

8 double knockout mice did not differ from wild type. In the

forced swim test, AC5 knockout females showed significantly less

immobility (i.e., a less “despondent” phenotype), while AC1/

8 double knockout males showed a similar effect. Sucrose

preference tests showed no significant effect of AC5 knockout,

with significantly decreased sucrose preference (“anhedonia”) for

AC1/8 double knockout males and females. Finally, social

interaction tests showed decreased sociability among the

AC5 knockout (males only), while both males and females

showed increased sociability in the context of the AC1/

8 double knockout. Overall, AC5 knockout mice displayed a

less anxiety- or anti-depressive-like behavioral phenotype, while

AC1/8 knockout mice displayed a more anxiety- or depressive-

like behavioral phenotype, with some curious exceptions as noted

above. The authors suggest that the knockouts may have

divergent effects on different behaviors, such as sociability.

Biochemical analysis of several brain regions was notable for

decreased BDNF and TrkB (BDNF receptor) in the amygdala of

AC5, but not AC1/8 knockouts, while AC1/8 knockouts showed

increased BDNF signaling in the nucleus accumbens, which is

also previously reported by the authors in the context of mice in a

social defeat paradigm (Krishnan et al., 2007). Others

(Govindarajan et al., 2006) have reported divergent effects in

a transgenic mouse model overexpressing BDNF in the amygdala

and hippocampus. There, mice showed increased anxiety-like

behavior in open field and elevated plus tests, while showing an

antidepressant-like effect in the forced swim test. Although brain

cAMP was not measured in the Krishnan et al. study, simply

knocking out adenylyl cyclase isoforms clearly does not lead to

depression, which is characterized by decreased cAMP in the

brain globally (Fujita et al., 2012, 2016), as illustrated in the

divergent behavioral effects seen in the two knockout models, as

well as the apparent behavioral inconsistencies noted above.

Krishnan et al. (Krishnan et al., 2008) is the first of numerous

studies presented herein which illustrate this “contradiction,”

perhaps better viewed as the complexity of associating specific

genetic variations with specific behavioral phenotypes.

AC3

Numerous studies in rodents as well as humans have implicated

AC3 in depression. Chen et al. evaluated in global, forebrain, and

forebrain-targeted inducible AC3 knockouts, depressive behavioral

phenotypes (Chen X. et al., 2015). Constitutive AC3 knockouts

demonstrated a collection of depressive behaviors in behavioral

assessments including forced swim, tail suspension, novelty-

suppressed feeding/drinking, grooming, 3-chamber sociability,

and nest quality. Sleep patterns were disrupted. Total brain and

hippocampal volume were reduced, a finding also associated with

human depression (Sapolsky, 2001). Reductions in hippocampal

neural activity and long-term potentiation were also noted, as were

deficits in spatial navigation/learning. Forebrain AC3 knockouts

displayed a similar depressive-like phenotype in behavioral tests

(though tests of anxiety such as elevated plus maze and 3-chamber

sociability did not differ from wild-type) and also shared deficits

memory and navigation. To rule out developmental deficits due to

AC3 ablation, an inducible AC3 forebrain knockout was also

considered. Again, a depression-like behavioral phenotype was

observed. Together, their findings implicate AC3 as a factor in

depression.

TABLE 1 Animal and human studies of AC and depression.

AC isoform Finding References

AC1/8 double knockout (mice) Mixed results; overall depression-like Krishnan et al., 2008

AC3 knockout (mice) Depression- and anxiety-like behaviors Chen et al., 2015b; Yang et al., 2021;
Liu et al., 2020

AC3 (Human) Decreased blood AC3 transcript in depressed subjects Redei et al., 2014

AC4 (Human) Temporal cortex from suicide subjects shows decreased AC4 immunoreactivity and
forskolin-stimulated cAMP compared to controls

Reiach et al., 1999

AC5 knockout (mice) Mixed results; overall decreased anxiety- and depression-like behaviors Krishnan et al., 2008

AC5 (Human) ADCY5 related dyskinesia, not directly related to depression Chen et al., 2015a; Ferrini et al., 2021

AC7 knockout and
overexpression (mice)

Heterozygous knockdown reduced depression-like behavior (females); Overexpression
increased depression-like behaviors (females); no effect in males
Upregulation of AC7 mRNA in amygdala in mouse SERT knockout depression model

Hines et al., 2006; Joeyen-Waldorf et al.,
2012

AC7 (Human) Hines et al. identified depression-associated tandem repeat and haplotype in females; Joeyen-
Waldorf et al. showed upregulation of AC7 in amygdala in depressed subjects (only males
tested) and identified G to T SNP associated with increased threat-related amygdala reactivity,
though G allele is found in depression associated-haplotype identified in Hines et al.

Hines et al., 2006; Joeyen-Waldorf et al.,
2012

AC9 (Human) AC9 genetic polymorphisms identified, not associated with depression Toyota et al., 2002

Studies on adenylyl cyclase in depression demonstrate no clear or consistent role of the enzyme. Though studies of depression identify decreases in cAMP in depressed subjects, both human

and animal, animal knockout studies have shown depressive, antidepressive, or no effect, depending on the study as well as the specific behavioral tests employed in the study. Likewise,

human studies have associated depression with both increased and decreased expression of adenylyl cyclase, with genetic polymorphisms showing varied effect as well.
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Yang and others ablated, in a mouse model, AC3 in

somatostatin- and parvalbumin-expressing interneurons (Yang

et al., 2021). Here, deletion of AC3 resulted in a variety of

depressive- or anxious-like behaviors, but only through deletion

in somatostatin-expressing interneurons. The authors note other

studies implicating somatostatin interneurons in depression,

including Douillard-Guilloux et al., who showed significantly

diminished number of somatostatin interneurons in postmortem

amygdala of depressed female subjects (Douillard-Guilloux et al.,

2017). The connection to AC3, however, is unclear.

AC3 is highly expressed in olfactory cilia, and loss of AC3 results

in anosmia (Wong et al., 2000) (Wang et al., 2006). Depressive (but

also anxiolytic) behaviors have been reported (Ahn et al., 2016, 2018)

in mouse models of anosmia chemically induced by application of

zinc sulfate solution (McBride et al., 2003). Liu et al. examined

behavior in mouse AC3 knockouts, olfactory epithelium-targeted

AC3 knockouts, and zinc sulfate-induced anosmia mice (Liu et al.,

2020). Consistent with other studies of AC3 knockouts, mice

displayed increased depressive- and anxious-like behaviors

compared to controls. Interestingly, the olfactory epithelium

AC3 knockouts displayed similar depressive- and anxiety-like

behaviors, while the zinc sulfate anosmic mice displayed primarily

depressive behaviors. All three models also showed decreases in

dopaminergic and glutaminergic pathways in the hippocampus, with

reductions in mRNA or expressed protein for tyrosine hydroxylase,

various dopamine receptors, and glutamate receptor subunit

GluN2B. Again, it is unclear how AC3 ablation affects the above

parameters, or how chemically-induced anosmia results in a similar

behavioral and biochemical profile.

In human subjects, Redei et al. have examined blood RNA

biomarkers of depression in a depressed population undergoing

cognitive behavioral therapy (Redei et al., 2014). ADCY3

expression was found to be significantly decreased in the

depressed population compared to nondepressed subjects, and

this difference normalized after the completion of the therapy

period (although all patients did not achieve full remission).

Targum et al. used platelet PGE1 stimulated cAMP production as

a blood biomarker of depression as well as antidepressant

response, finding significant decreases in depressed subjects

compared to healthy controls, as well as increases in platelet

cAMP, but only in subjects who achieved remission post-

antidepressant treatment (Targum et al., 2022). This is

relevant in the context of AC3, because AC3 has been

reported as the primary adenylyl cyclase isoform expressed in

platelets (Katsel et al., 2009). Still, questions remain regarding the

relevance of AC3 for human depression (Rasenick, 2016).

Adenylyl cyclases not regulated by Ca2+

AC4
Reiach and others have compared adenylyl cyclase

expression (AC1, AC4, AC5/6) in postmortem brain

(temporal cortex) from suicide, bipolar, and nondepressed

control subjects via western blot (Reiach et al., 1999). While

no difference was seen in bipolar vs normal subjects, the suicide

group showed a significant decrease in AC4 immunoreactivity

compared to control. Membranes from these tissues were also

assayed for basal, forskolin, and GTPγS-stimulated cAMP

production. Forskolin-stimulated cAMP relative to basal was

significantly decreased in the suicide group compared to controls.

This is consistent with others’ findings in depression, but the

relevance of cAMP changes attributable to any given isoform to

the overall clinical phenotype is unclear. Furthermore, antibodies

available for adenylyl cyclase isoforms are of notoriously poor

quality, rendering quantitation difficult.

AC7
A role for AC7 in depression, as well as sex-based differences,

has been identified through human gene array analysis and

studies of genetically altered mice. Hines et al. examined mice

overexpressing AC7, as well as heterozygous AC7 knockout mice

in forced swim and tail suspension tests (Hines et al., 2006). In

forced swim tests, female mice overexpressing AC7 had a longer

period of immobility compared to their wild-type counterparts,

suggesting a depressive-like phenotype, while female

heterozygous knockouts had a shorter period of immobility,

suggesting an anti-depressive-like phenotype. In tail

suspension tests, female mice overexpressing AC7 displayed

longer immobility compared to wild type, with no effect of

the heterozygous knockout. However, the performance of

male mice in both behavioral tests was unaffected by either

genetic manipulation. These results suggest overexpression of

AC7 as promoting a depression-like phenotype, with reduced

expression promoting the opposite effect, but only in female

mice. The same study also examined polymorphisms in ADCY7,

specifically a variable tetranucleotide (AACA) repeat, in the 3’

UTR of human populations in relation to depression. In

particular, a seven-fold repeat of (AACA) was associated with

depression in humans. The study considered separately, “family

history of depression” (history of depression in a first degree

relative) as well as “familial depression” (depressed subject, plus

history of depression in a first-degree relative). The (AACA)7
repeat was significantly associated with family history of

depression in females, but not in males, or females and males

grouped together. For familial depression, (AACA)7 was

significantly associated with depression in females as well as

females plus males grouped together, and nearly significant for

males alone (p = 0.08). Finally, the authors examined a series of

SNPs in ADCY7 and found no association of depression with any

particular SNP, but identified a particular haplotype (TG7AT)

associated with increased depression risk, and significant in

females.

Joeyen-Waldorf et al. examined AC7 expression and

polymorphisms in the context of human depression, as well as

a SERT knockout mouse depression model (Joeyen-Waldorf
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et al., 2012). Both postmortem tissue from humans, as well as

mouse SERT knockout mice, showed significant changes in

expression of a large number of genes, with an increase of

AC7 transcript seen in the amygdala in both mice and

humans (note, only male humans were tested in this part of

the study). The second part of the study assessed threat-related

amygdala activity via fMRI in a population of human males plus

females, in the context of rs1064448, a G to T SNP in the region of

the female depression-associated haplotype identified above in

Hines (Hines et al., 2006). Carriers of the T allele showed

significant elevation of amygdala reactivity, compared to G

homozygotes; no sex difference was observed. Interestingly,

the authors note that while the T allele was associated with

increased threat-related amygdala reactivity in this study, the G

allele is represented in the female depression-associated TG7AT

haplotype identified in Hines et al., and suggest that this apparent

contradiction may be due to the difficulties in extrapolating

clinical phenotypes from genetic polymorphisms, versus the

more consistent associations seen between genetics and more

“proximate” biological findings, such as the fMRI imaging data

obtained in this study. Another possibility is that variety of

depression phenotypes seen clinically may be associated with

a variety of genetic polymorphisms.

Also notable for both studies is the association of increased

AC7 expression with depression. While Joeyen-Waldorf et al.

examined only mRNA, Hines et al. additionally examined

AC7 protein expression and AC7-specific cAMP production,

finding protein and cAMP highest for AC7 overexpression,

lowest for heterozygous knockouts, and intermediate for wild-

type mice. Given the large number of studies identifying decreased

cAMP in brain and other cell types such as platelets in depression,

as well as downstream targets of cAMP, it is counterintuitive that

increased AC7 expression and cAMP production are associated

with depression. Others such as Krishnan et al. have found similar

results, with AC1/8 double knockout mice showing a depressive-

like phenotype, and AC5 knockouts showing an anti-depressive-

like phenotype (Krishnan et al., 2008). Perhaps this apparent

contradiction again reflects the complexity of the combined

effect of a variety of cyclase isoforms, or regional effects in

cyclase isoform regulation. Finally, Price and Brust have

reviewed AC7 and neuropsychiatric disorders and this review

may be of interest to the reader (Price and Brust, 2019).

AC9
Toyota et al. examined polymorphisms in ACDY9 in a

depressed (unipolar and bipolar) population of males and

females, compared to non-depressed controls (Toyota et al.,

2002). Seven SNPs and one tandem repeat of (TTTA)4 or 5 in

the 3’UTR were identified, with one SNP (2316A>G; Ile772Met)

constituting a missense mutation. The tandem repeat and

missense mutation were selected for further study due to their

potential for altered regulation or function. In both cases, the

polymorphism was not associated with depression, compared to

controls, and no difference was seen when unipolar and bipolar

depression were considered separately or together. The

functional consequences of the missense mutation were later

examined in Small et al. through expression in HEK293 and the

polymorphism demonstrated altered sensitivity to β2 adrenergic
stimulation via isoproterenol (Small et al., 2003). While EC50 did

not differ between the two variants, isoproterenol was

significantly less efficacious in stimulating cAMP production

from the Met variant. Significantly diminished efficacy was

also observed upon stimulation with fluoride (direct activator

of Gαs) as well as Mn2+ (direct activator of adenylyl cyclase).

Conclusion

Consistently inconsistent, is the term best describing the

studies described above on depression and adenylyl cyclase. This

underscores the difficulty of translating alterations in the activity

of a given adenylyl cyclase isoform to the development of a

clinically significant phenotype.

While a great deal has been published on adenylyl cyclase and

depression, it is difficult to develop a viable framework to house

these myriad results. While it does appear that cAMP is lower in

depression and that antidepressants increase overall cAMP, there

is no evidence linking this to the etiology of depression or

mechanism of antidepressant action. While the association

between Gαs and adenylyl cyclase seems relevant for

depression and antidepressant therapy, the identity of the

isoforms involved is yet to be determined. Further

complications could be distribution of adenylyl cyclase

isoforms in the many types of cells resident in the human

brain and the possibility that those isoforms are unequally

distributed amongst membrane microdomains (e.g. lipid

rafts). Further complicating this is that this differential

distribution may differ in mouse and human. Nonetheless,

techniques developed with support from the BRAIN Initiative

have permitted rapid advances in identifying circuitry in the

brains of both mice and humans. Hopefully, a resolution will

accompany the development of improved tools (e.g. opto- and

chemogenetics and sophisticated fluorescent reporters) for

investigation of adenylyl cyclase, its distribution, and its

regulation.
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