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Introduction: In both rats and humans, methamphetamine (Meth) seeking

progressively increases during abstinence, a behavioral phenomenon termed

“incubation of Meth craving”. We previously demonstrated a critical role

of dorsal striatum (DS) in this incubation in rats. However, circuit-specific

molecular mechanisms in DS underlying this incubation are largely unknown.

Here we combined a newly developed fluorescence-activated sorting (FACS)

protocol with fluorescence-conjugated cholera toxin subunit B-647 (CTb-

647, a retrograde tracer) to examine gene alterations in the direct-pathway

(striatonigral) medium spiny neurons (MSNs) associated with incubation of Meth

craving.

Methods: We injected CTb-647 bilaterally into substantia nigra before or after

training rats to self-administer Meth or saline (control condition) for 10 days

(6 h/d). On abstinence day 1 or day 28, we collected the DS tissue from both

groups for subsequent FACS and examined gene expressions in CTb-positive

(striatonigral MSNs) and CTb-negative (primarily non-striatonigral MSNs). Finally,

we examined gene expressions in DS homogenates, to demonstrate cell-type

specificity of gene alterations observed on abstinence day 28.

Results: On abstinence day 1, we found mRNA expression of Gabrb3 decreased

only in CTb-positive (but not CTb-negative) neurons of Meth rats compared with

saline rats, while mRNA expression of Usp7 decreased in all sorted DS neurons.

On abstinence day 28, we found increased mRNA expression for Grm3, Opcml,

and Usp9x in all sorted DS neurons, but not DS homogenate.
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Discussion: Together, these data demonstrated that incubation of Meth craving

was associated with time-dependent, circuit-specific, and cell type-specific

gene alterations in DS involved in glutamatergic, GABAergic, opioidergic, and

protein degradation signaling.

KEYWORDS

methamphetamine craving, cholera toxin subunit B, fluorescence-activated cell sorting,
striatonigral projection neurons, gene expression

Introduction

Relapse is a key challenge for treating methamphetamine
(Meth) addiction, for which no pharmacotherapy approved by
Food and Drug Administration is available (Elkashef et al., 2008;
Karila et al., 2010; Megan et al., 2023). In both rats and humans,
cue-induced Meth seeking progressively increases after abstinence
from Meth use (Shepard et al., 2004; Wang et al., 2013; Adhikary
et al., 2017). Our prior work has demonstrated a critical role
of dorsal striatum (DS) in this incubation of Meth craving in
rats (Li et al., 2015). Specifically, we showed that cue-induced
Meth seeking after prolonged abstinence is associated with DS
activation, assessed by neuronal activity marker Fos. Furthermore,
blockade of dopamine 1 receptor (D1R) signaling in DS
decreased Meth seeking after prolonged, but not short abstinence
(Li et al., 2015).

Previous work has also explored molecular mechanisms in DS
associated with prolonged abstinence from extended-access Meth
self-administration (Schwendt et al., 2012; Krasnova et al., 2013; Li
et al., 2015; Daiwile et al., 2024), a behavioral procedure that leads
to robust incubation of drug craving in rats (Lu et al., 2004). Most
of these studies used the DS homogenate and showed alterations
of mRNA or protein expressions of candidate targets (e.g.,
glutamate receptors or epigenetic enzymes) in DS homogenate
after prolonged abstinence from Meth self-administration. In
addition, using fluorescence-activated cell sorting (FACS), we
found a selective increase of several candidate genes in Fos-
positive DS neurons (activated by cue-induced Meth seeking
after prolonged abstinence) compared with Fos-negative neurons
(Li et al., 2015). While these studies uncovered the molecular
mechanisms within DS associated with Meth relapse, circuit-
specific molecular mechanisms underlying incubation of Meth
craving, which could be critical for the action of DS to its
downstream projection regions, have not been explored.

Over 95% of DS neurons are GABAergic projection medium
spiny neurons (MSNs), which are divided into two major
subpopulations based on their circuit specificities. The direct-
pathway MSNs, which primarily express D1R, project to internal
globus pallidus (Gpi) and substantia nigra pars reticulata (SNr).
The indirect-pathway MSNs, which primarily express dopamine 2
receptor (D2R), project to external globus pallidus (Gpe) (Deng
et al., 2006; Lobo, 2009). To examine circuit-specific molecular
mechanisms in DS associated with incubation of Meth craving, here
we combined a newly-developed FACS protocol with fluorescence-
conjugated cholera toxin subunit B (CTb-647, a retrograde tracer,
injected into SN), to measure the mRNA expression of candidate

genes in striatonigral projections neurons (the direct-pathway
MSNs) in DS after 1-day (low Meth seeking) or 28-day (incubated
Meth seeking) abstinence from Meth self-administration. We
focused on the direct-pathway MSNs because previous reports have
demonstrated a critical role of D1R signaling in DS in Meth relapse
across different animal models (Rubio et al., 2015; Li et al., 2015;
Caprioli et al., 2017). It is of note that although previous studies
demonstrated distinct roles of subregions of DS (dorsomedial and
dorsolateral striatum) in drug-seeking behavior (Bossert et al., 2009;
Wang et al., 2010; Corbit et al., 2012; Murray et al., 2012; Rubio
et al., 2015; Caprioli et al., 2017), we found no sub-region specificity
of DS in their roles in Meth seeking after prolonged abstinence (Li
et al., 2015). Therefore, we focused on the entire DS in the current
study.

We assessed whether there were time-dependent changes in
mRNA expression of 33 candidate genes in striatonigral neurons
during incubation of Meth craving. These genes were divided
into four classes. The first class includes glutamate receptors
because previous work in rodents implicated glutamate signaling
across multiple brain areas in incubation of Meth craving (e.g., Li
et al., 2015; Scheyer et al., 2016; Murray et al., 2019; Pena-Bravo
et al., 2019). The second includes GABAergic receptors, based
on previous work demonstrating the critical roles of GABAergic
signaling in DS in context-induced reinstatement of Meth seeking
(Rubio et al., 2015) and Meth-induced conditioned place preference
(Jiao et al., 2016) in rats. Gene variations of GABAergic receptors
have also been linked to Meth dependence in females (Xie
et al., 2023). The third class includes opioid receptors and
opioid-binding protein/cell adhesion molecules because previous
work in rodents implicated opioidergic transmission in Meth-
induced neuronal activation in DS and Meth-induced behavioral
sensitization (Tien and Ho, 2011). The fourth class includes
multiple ubiquitin-specific peptidases (USPs), which belong to
the family of deubiquitinating enzymes and regulate synaptic
function by controlling the specificity of protein degradation
(Ciechanover, 2005; Patrick, 2006; Mabb and Ehlers, 2010; Bingol
and Sheng, 2011). The roles of USPs in addiction-associated
behavior are largely unknown, but a recent study demonstrated
that systemic inhibition of ubiquitin-specific peptidase 7 (USP7)
abolished cocaine-induced locomotor sensitization (Cheron et al.,
2023). Finally, to examine whether differentially expressed genes
(DEGs) are specific to isolated striatonigral MSNs (CTb-positive
neurons) in DS, we measured mRNA expressions of these DEGs
in both CTb-negative neurons (primarily non-striatonigral MSNs)
and DS homogenate after abstinence from saline or Meth self-
administration.
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Materials and methods

Subjects

We used male (Charles River Laboratories; total n = 50) Sprague
Dawley rats, including one rat for Experiment 1, 17 rats (Saline:
n = 8, Meth: n = 9) for Experiment 2, 18 rats (Saline: n = 9,
Meth: n = 9) for Experiment 3, and 10 rats (Saline: n = 5,
Meth: n = 5) for Experiment 4. We excluded four rats due to
health-related issues (n = 3) or failure to acquire stable Meth self-
administration (n = 1). The male rats weighed 300–400 g before
surgery. Rats were maintained under a reverse 12 h light/dark cycle
with food and water available ad libitum, housed four per cage
before surgery, and then single-housed after surgery. We performed
the experiments under the protocols approved by the University
of Maryland College Park Animal Care and Use Committee and
in accordance with the Guide for the Care and Use of Laboratory
Animals (National Institute of Health).

Intravenous surgery

Rats were anesthetized with isoflurane gas (5% induction; 2–
3% maintenance), and silastic catheters were inserted into each rat’s
jugular vein as previously described (Li et al., 2013; Li et al., 2018).
We injected the rats with ketoprofen (2.5 mg/kg) after surgery to
relieve pain and inflammation and allowed the rats to recover for
5–7 days before the start of self-administration training. During the
recovery and training phases, catheters were flushed every 24–48 h
with gentamicin (5 mg/mL) dissolved in saline.

Apparatus

We trained the rats in self-administration chambers located
inside sound-attenuating cabinets and controlled by a Med
Associates system (Georgia, VT). Each chamber has two levers
located 8–9 cm above the floor. During self-administration
training, presses on the retractable (active) lever activated the
infusion pump, which delivered saline/Meth infusions; presses on
the stationary (inactive) lever were not reinforced. For intravenous
infusions, we connected each rat’s catheter to a liquid swivel
via polyethylene-50 tubing protected by a metal spring. We
then attached the liquid swivel (Instech) to a 20-mL syringe
via polyethylene-50 tubing and to a 22-gauge modified needle
(Plastics One, VA).

Meth (saline) self-administration training

We used an extended-access training procedure as described
previously (Li et al., 2018; Li et al., 2019). We trained the rats to self-
administer saline or Meth (kindly provided by National Institute
on Drug Abuse Drug Supply Program) under a fixed-ratio 1 (FR1)
with a 20-s time-out reinforcement schedule. Each training session
included six 1-h sessions with 10 min off in between sessions. We
dissolved Meth in saline, and the rats self-administered Meth at

a dose of 0.1 mg/kg/infusion over 3.5 s (0.10 mL/infusion). We
trained the rats for 10 sessions over an 11-day period (off day on
the fifth or sixth day). We used Brevital (3–4 mg/kg) to check the
functionality of the catheter for low responders during the training
period.

The sessions started at the onset of the dark cycle and began
with the extension of the active lever and the illumination of
the red house light, which remained on for the duration of the
session. During training, active lever presses led to the delivery of a
Meth/saline infusion and a compound 5-s tone/light cue [the tone
and light modules (Med Associates) were located above the active
lever]. During the 20-s time-out, we recorded non-reinforced lever
presses. To prevent overdose, we set 90 infusions as the maximum
for the 6-h training session, with 15 infusions as the maximum for
each 1-h session. After the rats received the maximum infusions
or at the end of the 6-h training session, the red house light was
turned off and the active lever was retracted. Rats were taken out of
the operant chamber and returned to their home cages daily after
each 6-h training session.

Abstinence phase

During this phase, rats were individually housed in the animal
facility and handled two to three times per week.

Cholera toxin subunit B-Alexa Fluor 647
conjugate (CTb-647) injections into SN

We injected CTb-Alexa Fluor 647 conjugate (CTb-647, Cat#
C34778, ThermoFisher Scientific) dissolved in phosphate-buffered
saline (4 µg/µL) (Mandelbaum et al., 2019), bilaterally into SN
(400 nl/side). CTb-647 was delivered by a 10-µL, 33-gauge Nanofil
syringe attached to UltraMicroPump (UMP3) with Sys-Micro4
Controller (World Precision Instruments) at a rate of 80 nl/min.
We then left the needle in place for an additional 5 min to
allow diffusion. The coordinates for SN were as follows; anterior-
posterior (AP): −5.3 mm, medial-lateral (ML): ± 2.5 mm, dorsal-
ventral (DV): −8.5 mm (Deng et al., 2006). Representative images
of CTb-647 injection site in the SN and CTb-647 retrograde
labeling in DS are shown in Figures 1A,B.

CTb-647 histology

Rats were anesthetized with isoflurane and perfused
transcardially with ∼100 mL of 0.1 M phosphate-buffered
saline (PBS), followed by 400 mL of 4% paraformaldehyde (PFA)
in PBS. We extracted the brain, which was then postfixed in 4%
PFA for 2 h before being transferred to 30% sucrose in PBS for
48 h at 4◦C. After freezing the brains on dry ice, we cut serial
coronal sections (40 µm) using a Leica Microsystems cryostat.
After rinsing sections in PBS, we mounted the sections onto glass
slides (BasixTM Adhesion Microscope Slides, Cat #23-888-115).
After air drying, sections were coverslipped with Fluormount G
(Electron Microscopy Sciences).

Frontiers in Cellular Neuroscience 03 frontiersin.org

https://doi.org/10.3389/fncel.2025.1542508
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-19-1542508 February 8, 2025 Time: 17:57 # 4

Altshuler et al. 10.3389/fncel.2025.1542508

FIGURE 1

Validation of CTb-647 injection site in substantia nigra (SN) and CTb-647 labeling in dorsal striatum (DS). (A) A representative image of CTb-647
injection site in SN. (B) A representative image of CTb-647 labeling in DS of the same rat.

Image acquisition

For Experiment 1, we digitally captured dark-field images of
CTb-647 in SN and DS using a Hamamatsu Flash 4.0 LT Plus
camera attached to the Nikon Ti2 microscope.

FACS

We dissected DS from a 2-mm coronal section (between
approximately Bregma AP +2.28 and +0.36 mm) (Paxinos and
Watson, 2005) using a brain matrix (ASI instruments). We froze
the brain tissue in microcentrifuge tubes on dry ice and stored the
tissue at −80◦C. To sort CTb-positive and CTb-negative neurons
from frozen tissue, we used a modified protocol based on previous
studies (Rubio et al., 2016; Martin et al., 2017). Briefly, we placed
the microcentrifuge tube containing the frozen tissue on ice and
fixed the tissue with 1 mL 2% PFA (diluted from a 16% PFA stock
solution, Cat # 15170-S, Electron Microscopy Science) for 40 min
on ice. Next, we quickly washed the tissue twice with 1 mL PBS. To
remove any residual PFA, we incubated the tissue with PBS at 4◦C
for 10 min with end-over-end mixing and rinsed the tissue again
with PBS.

We transferred the tissue from the microcentrifuge tube onto
the cold glass plate on ice. We minced the tissue with razor blades
15 times for each orthogonal direction and then transferred the
tissue into 0.6 mL cold PBS. We triturated the tissue with an 18-
gauge needle 5–8 times, then centrifuged the tissue at 370 g for
2 min (4◦C). After discarding the supernatant, we added 1 mL
cold Accutase (Cat # SCR005, Millipore) to the pellet and mixed
it by pipetting up and down 4 times. We then incubated the tissue
for 30 min at room temperature with end-over-end mixing. The
tissue was centrifuged at 830 g for 2 min (4◦C). After discarding the
supernatant, we re-suspended the pellet in 0.6 mL cold PBS. We
triturated each tissue sample twice in series using 23-gauge and 25-
gauge needles. Each trituration step consisted of triturating up and
down fifteen times, followed by 5 min on ice to sediment the larger
debris and un-dissociated cells. We combined the supernatant from
each trituration step in a total volume of 1.2 mL. We filtered the
supernatant with a 100-µm strainer, followed by a 40-µm cell
strainer (Falcon brand, BD Biosciences). After collecting the cells
by centrifugation (1,125 g, 3 min, 4◦C), we re-suspended the cells
with 0.5 mL cold PBS and proceeded to cell staining.

We incubated the cells with PE-labeled anti-NeuN antibody
(1:500, FCMAB317PE, Millipore, RRID:AB_10807694) for 30 min
at 4◦C and added DAPI (1 µg/mL, Cat # FCMAB317PE, Millipore
Sigma) during the last 5-min of the incubation period. We then
washed the cells by adding 0.8 mL cold PBS and centrifuged the
cells (1,125 g, 3 min, 4◦C). The cells were washed again with
1 mL cold PBS, followed by centrifugation (1,125 g, 3 min, 4◦C),
and resuspended with 0.5 mL cold PBS. We filtered the cells
again through a 40-µm filter before sorting in a FACSAria II cell
sorter (BD Sciences).

As previously reported (Li et al., 2015; Rubio et al., 2016; Li
et al., 2019), neurons can be identified based on the distinct forward
(FSC) and side (SSC) scatter properties (Figure 2D). After defining
the cell population by the presence of DAPI positive events, we
gated single cells by the area and height of FCS and conducted
subsequent sorting within this single-cell population. We sorted
neurons according to PE (NeuN-immunopositive) and Alexa
Fluor 647 (CTb-647) fluorescence signals. We set the threshold
of Alexa Fluor 647 fluorescence signal based on background
fluorescence signals of NeuN-negative populations. We collected
NeuN-positive+CTb-positive events (CTb-positive neurons) and
NeuN-postive+CTb-negative events (CTb-negative neurons). The
FACS data were analyzed by using FCS Express 6 (De Novo
Software, Glendale, CA).

RNA extraction, cDNA synthesis, and
qPCR from FACS-isolated neurons

We collected sorted cells directly into 50 µL of the extraction
buffer from the PicoPure RNA isolation kit (Cat # KIT0204,
Applied Biosystems) and lysed the cells by pipetting up and
down 10 times, followed by incubating for 30 min at 42◦C. After
centrifuging the suspension at 2,300 g at 4◦C for 2 min, we collected
the supernatant for RNA extraction. We extracted the RNA using
PicoPure RNA isolation kit and synthesized single-strand cDNA
using the Superscript III First-Strand Synthesis Kit (Cat # 18-080-
051, Fisher Scientific) according to the manufacturers’ protocol.

We used gene-targeted preamplification of cDNA as described
previously (Li et al., 2015; Li et al., 2019). Briefly, we used
pooled primer solution with 0.2X concentration of TaqMan ABI
primer/probes (20X TaqMan gene expression assay as the stocking
solution) and 80 nM of customized primer sets (Table 1). Each
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TABLE 1 Primer/probe sequences.

Full names Known as TaqMan probe or
primer/probe

Forward primer Reverse primer

Dopaminergic signaling

Dopamine receptor D1 Drd1 Rn03062203_s1 NA NA

Dopamine receptor D2 Drd2 Rn00561126_m1 NA NA

GABAergic signaling

Gamma-aminobutyric acid type B receptor subunit
2

Gabbr2 Rn00582550_m1 NA NA

Gamma-aminobutyric acid type A receptor subunit
alpha1

Gabra1 Rn00788315_m1 NA NA

Gamma-aminobutyric acid type A receptor subunit
alpha3

Gabra3 Rn00567055_m1 NA NA

Gamma-aminobutyric acid type A receptor subunit
alpha5

Gabra5 Rn00568803_m1 NA NA

Gamma-aminobutyric acid type A receptor subunit
beta2

Gabrb2 Rn00564149_m1 NA NA

Gamma-aminobutyric acid type A receptor subunit
beta3

Gabrb3 Rn00567029_m1 NA NA

Gamma-aminobutyric acid type A receptor subunit
gamma2

Gabrg2 Rn01464079_m1 NA NA

Housekeeping genes

Glyceraldehyde-3-phosphate dehydrogenase Gapdh CTCATGACCACAGTCCA GACAACTTTGGCATC
GTGGAA

CACAGTCTTCTGAGTGG
CAGTGA

RNA binding fox-1 homolog 3 NeuN CACTCCAACAGCGTGAC GGCCCCTGGCAGA
AAGTAG

TTCCCCCTGGTCC
TTCTGA

Glutamatergic signaling

Glutamate ionotropic receptor AMPA type subunit 1 Gria1 Rn00709588_m1 NA NA

Glutamate ionotropic receptor AMPA type subunit 2 Gria2 Rn00568514_m1 NA NA

Glutamate ionotropic receptor AMPA type subunit 3 Gria3 Rn00583547_m1 NA NA

Glutamate ionotropic receptor AMPA type subunit 4 Gria4 Rn00568544_m1 NA NA

Glutamate ionotropic receptor NMDA type subunit
1

Grin1 Rn01436038_m1 NA NA

Glutamate ionotropic receptor NMDA type subunit
2a

Grin2a Rn00561341_m1 NA NA

Glutamate ionotropic receptor NMDA type subunit
2b

Grin2b Rn00680474_m1 NA NA

Glutamate metabotropic receptor 1 Grm1 Rn01440619_m1 NA NA

Glutamate metabotropic receptor 2 Grm2 Rn01447672_m1 NA NA

Glutamate metabotropic receptor 3 Grm3 Rn01755349_m1 NA NA

Glutamate metabotropic receptor 4 Grm4 Rn01428450_m1 NA NA

Glutamate metabotropic receptor 5 Grm5 Rn00690337_m1 NA NA

Opioidergic signaling

Opioid-binding protein/cell adhesion molecule Opcml Rn00587759_m1 NA NA

Opioid receptor delta 1 Oprd1 Rn07310941_m1 NA NA

Opioid receptor kappa 1 Oprk1 Rn00567737_m1 NA NA

Opioid receptor mu 1 Oprm1 Rn00565144_m1 NA NA

Ubiquitin specific peptidase (protein degradation signaling)

Ubiquitin specific peptidase 5 Usp5 Rn01492298_m1 NA NA

Ubiquitin specific peptidase 7 Usp7 Rn01169349_m1 NA NA

(Continued)
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TABLE 1 (Continued)

Full names Known as TaqMan probe or
primer/probe

Forward primer Reverse primer

Ubiquitin specific peptidase 9x Usp9x Rn01430666_m1 NA NA

Ubiquitin specific peptidase 11 Usp11 Rn01430793_m1 NA NA

Ubiquitin specific peptidase 14 Usp14 Rn01236255_m1 NA NA

Ubiquitin specific peptidase 15 Usp15 Rn00595467_m1 NA NA

Ubiquitin specific peptidase 22 Usp22 Rn01773117_m1 NA NA

Ubiquitin specific peptidase 34 Usp34 Rn01231137_m1 NA NA

Ubiquitin specific peptidase 47 Usp47 Rn00623739_m1 NA NA

Ubiquitin specific peptidase 48 Usp48 Rn01640090_m1 NA NA

cDNA sample (7.5 µL) was mixed with 7.5 µL of the pooled
primer solution and 15 µL of TaqMan PreAmp Master Mix (Cat
# 4391128, Thermo Fisher). We preamplified cDNA in a MJ Mini
Thermal Cycler (Cat # PTC1148EDU, Bio-Rad) using the following
program: 95◦C hold for 10 min, denaturation at 90◦C for 15 s, and
annealing and extension at 60◦C for 4 min (14 cycles). We diluted
the preamplified cDNA product seven times before performing
quantitative PCR (qPCR). We performed qPCR in duplicates with a
Fam-labeled probe for each target gene and a Vic-labeled probe for
the endogenous control gene (NeuN). We used TaqMan Advanced
Fast PCR Master Mix (Cat # 4444965, Thermo Fisher) in a Bio-
Rad CFX96 system using the following program: 95◦C hold for 20
s, then 40 cycles with denaturation at 95◦C for 3 s, and annealing
and extension at 60◦C for 30 s. We analyzed reactions using the
11Ct method with NeuN as the housekeeping gene.

We chose NeuN as the housekeeping gene for consistency with
our previous studies (Li et al., 2015; Li et al., 2019). We also
verified the uniformity of the pre-amplification step by comparing
cDNA templates from the unamplified and pre-amplified samples.
All 11Ct values of the tested genes between pre-amplified and
unamplified cDNA samples were within the range of ± 1.5 (data
not shown).

RNA extraction, cDNA synthesis, and
qPCR from DS homogenates

We dissected and stored the DS tissue using the same
procedure as described above. We extracted RNA from DS
homogenates using the miRNeasy Mini Kit (Cat # 217004, Qiagen)
and synthesized single-strand cDNA using the Superscript III
First-Strand Synthesis Kit (Fisher Scientific, Cat # 18-080-051)
according to the manufacturer’s protocol. We measured mRNA
concentrations using Nanodrop and diluted cDNA 20 times before
performing qPCR. We performed qPCR in duplicates with a Fam-
labeled probe for each target gene and a Vic-labeled probe for
the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase
(Gapdh). We used TaqMan Advanced Fast PCR Master Mix
(Thermo Fisher) in Bio-Rad CFX96 system using the following
program: 95◦C hold for 20 s, then 40 cycles with denaturation at
95◦C for 3 s, and annealing and extension at 60◦C for 30 s. We
analyzed the reaction using the 11Ct method with Gapdh as the
housekeeping gene.

Experiment 1: validation of CTb-647
injection site in SN and retrograde
labeling in DS

We injected CTb-647 ipsilaterally into SN of one male rat.
One week later, we perfused the rat to validate CTb-647 as
described above.

Experiment 2: mRNA expression of
candidate genes in striatonigral
projection neurons after 1-day
abstinence from saline or Meth
self-administration

The experimental timeline of this experiment is illustrated in
Figure 2A. We performed intravenous surgery on two groups of
male rats and injected CTb into the SN immediately following the
intravenous surgery. We trained the rats to self-administer Meth
(n = 9) or saline (n = 8) as described above. On abstinence day
1, we performed live decapitations, collected DS, and froze the
tissue. We then processed the tissue for FACS as described above,
and collected CTb-positive + NeuN-positive cells (CTb-positive
neurons) and CTb-negative + NeuN-positive cells (CTb-negative
neurons). Next, we extracted the RNA, and performed cDNA
synthesis, gene-targeted preamplification and qPCR. We compared
mRNA expressions of several candidate genes between saline and
Meth rats in CTb-positive and CTb-negative neurons.

Experiment 3: mRNA expression of
candidate genes in striatonigral
projection neurons after 28-day
abstinence from saline or Meth
self-administration

The experimental timeline of this experiment is illustrated
in Figure 4A. We performed intravenous surgery on two groups
of male rats and trained them to self-administer either saline
(n = 9) or Meth (n = 9) as described above. On abstinence day
18, we injected CTb-647 bilaterally into the SN. On abstinence
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day 28, we performed live decapitations, collected DS, and
froze the tissue. We then processed the tissue for FACS as
described above and collected CTb-positive + NeuN-positive
cells (CTb-positive neurons) and CTb-negative + NeuN-positive
cells (CTb-negative neurons). Next, we extracted the RNA, and
performed cDNA synthesis, gene-targeted preamplification and
qPCR. We compared mRNA expressions of several candidate genes
between saline and Meth rats in CTb-positive and CTb-negative
neurons, respectively.

Experiment 4: mRNA expression of
candidate genes in the DS homogenate
after 28-day abstinence from saline or
Meth self-administration

The experimental timeline of this experiment is illustrated
in Figure 6A. To examine whether gene alternations observed
in Experiment 3 were specific in sorted striatal neurons, we
measured mRNA expression of these genes in DS homogenates
on abstinence day 28. We performed intravenous surgery on two
groups of male rats and trained them to self-administer either
saline (n = 5) or Meth (n = 5) as described above. On abstinence
day 28, we performed live decapitations, collected DS, and froze
the tissue. We performed RNA extraction and cDNA synthesis,
then used qPCR to quantify genes that were significantly altered
in Experiment 3.

Statistical analysis

We analyzed the behavioral and molecular data with SPSS
(version 27), GraphPad (version 10), FCS Express (Version 6)
using mixed ANOVAs or t-test, as appropriate. We used univariate
ANOVAs to perform post hoc tests following significant main
effects. For gene expression data, we excluded one outlier value
above and/or below the threshold [defined by above or below
three median absolute deviations (MADs) (Leys et al., 2013)] and
samples with undetectable Ct values from the data presentation
and statistical analysis. To correct for multiple t-tests comparing
the mRNA expression of 33 genes in CTb-positive neurons between
saline and Meth groups, we used the false discovery rate approach
in Graphpad (Two-stage linear step-up procedure of Benjamini,
Krieger and Yekutieli) and set the Q value at 15% (false discovery
rate). Between- and within-subject factors of the analyses are
indicated in the Results section, and all statistical comparisons are
listed in Supplementary Table S1.

Results

Experiment 1: validation of CTb-647
injection site in SN and retrograde
labeling in DS

A representative image shows the injection site of CTb-647 in
SN (Figure 1A). One week after CTb-647 injections, we observed
dense CTb-647 labeling in the dorsal striatum (Figure 1B).

Saline or Meth self-administration
(Experiments 2–4)

Rats in all experiments demonstrated escalation of Meth, but
not saline, self-administration and showed a strong preference for
the Meth-associated active lever over the inactive lever during the
training phase (Figures 2B, 4B, 6B). Detailed statistical information
is provided in Supplementary Table S1.

Experiment 2: mRNA expression of
candidate genes in striatonigral
projection neurons in DS after 1-day
abstinence from saline or Meth
self-administration

FACS of striatonigral projection neurons in DS
We measured mRNA expression of candidate genes in FACS-

isolated striatonigral neurons (CTb-647 labeled cells in DS as
shown in Figure 1B) after 1-day abstinence, when Meth craving
is low, from Meth or saline self-administration. In Figure 2C,
we illustrated the pipeline of the FACS protocol. To ensure the
retention of cytoplasmic markers like CTb-647 for subsequent
FACS, we incubated the frozen striatal tissue with 2% PFA while
the frozen tissue gradually thawed on ice for 40 min (see more
in Discussion). In Figure 2D, we used one saline rat from
Experiment 2 to illustrate representative FACS analysis. All events
during FACS are shown in the light scattergrams as a density
plot in which the forward-scatter (FSC, x-axis) indicates the
size of particles and the side-scatter (SSC, y-axis) indicates the
granularity of particles (Figure 2D,i). DNA-bearing cell populations
were identified by DAPI staining (Figure 2D,ii). Next, we defined
the “Singlets” gate from the “DAPI-positive” gate based on the
height and area of FSC (Figure 2D,iii), to exclude cells that were
not dissociated completely (e.g., doublets). Within the “Singlets”
gate, we gated CTb-positive and CTb-negative neurons based
on both immunolabeling of NeuN with anti-NeuN-PE antibody
and CTb-647 signals. In this scatter plot (Figure 2D,iv), the
purple and organge dots represent CTb-positive and CTb-negative
neurons, respectively, and the blue dots represent all non-neuronal
cells.

Applying the FACS analysis above to all rats in Experiment
2, we observed a similar number of CTb-positive neurons and a
similar percentage of CTb-positive neurons out of the total number
of neurons in the DS between saline and Meth groups (Figure 2E,
p > 0.05). In addition, we found a significant enrichment of Drd1
mRNA and a significant depletion of Drd2 mRNA in CTb-positive
neurons compared with CTb-negative neurons. This analysis,
which includes the between-subjects factor of Drug (Saline, Meth)
and the within-subject factor of Cell-type (CTb-negative, CTb-
positive), showed a significant main effect of Cell type (Figure 2F,
Drd1: F1,15 = 178.872, p < 0.001; Drd2: F1,15 = 67.335, p < 0.001)
but no main effect of Drug or significant interaction between
Drug and Cell type (p > 0.05). Together, these data validated
that our FACS protocol successfully isolated the striatonigral
projection neurons, which are primarily D1R-expressing neurons
(Deng et al., 2006).
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FIGURE 2

Isolation of striatonigral projection neurons by fluorescence-activated cell sorting (FACS) after 1-day abstinence from saline or methamphetamine
(Meth) self-administration. (A) Experimental timeline for Experiment 2. (B) Saline and Meth self-administration. Data are mean ± SEM number of
saline of Meth (0.1 mg/kg/infusion) infusions or lever presses during the ten 6-h daily self-administration sessions. Saline: n = 8; Meth: n = 9.
(C) FACS-qPCR workflow. (D) Gating strategy for FACS of CTb-positive neurons (striatonigral projection neurons) by FACS. (i,ii) Density plots show
the cell gate based on the area of forward scatter (FSC-A), the area of side scatter (SSC-A) properties, and DAPI-positive signals. (iii) A density plot
shows the singlet gate based on the area and height of FCS within the DAPI-positive gate. (iv) A scatter plot of events within the singlet gate shows
FACS of NeuN-positive (x-axis) and CTb-positive or CTb-negative (y-axis) cells (striatonigral or non-striatonigral neurons) in dorsal striatum.
CTb-positive and CTb-negative neurons are in the top right and bottom right quadrants, respectively. (E) Number and percentage of CTb-positive
neurons (out of the total number of neurons) isolated by FACS in saline and Meth rats. Saline: n = 8; Meth: n = 9. (F) Drd1 and Drd2 mRNA expression
in CTb-positive and CTb-negative neurons. Data are presented as folds of mean values in CTb-negative neurons, and error bars indicate SEM.
*Different from CTb-negative neurons, p < 0.001, Saline: n = 8; Meth: n = 9.

mRNA expression of candidate genes in
striatonigral projection neurons after 1-day
abstinence

We analyzed the mRNA data using the between-subjects factor
of Drug (Saline, Meth) and found that no glutamate receptor genes
exhibited statistically significant changes (Figure 3A), but that

two genes exhibited significantly decreased mRNA expression in
striatonigral projection neurons of Meth rats compared with those
of saline rats, including Gabrb3 (Figure 3B, t14 = 4.275, p < 0.001)
and Usp7 (Figure 3C, t14 = 3.335, p = 0.005). The volcano plot in
Figure 3D illustrated -Log10(q value) and mean differences between
Meth and Saline for all candidate genes. Finally, to examine
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FIGURE 3

Gene expression in dorsal striatal neurons was isolated by fluorescence-activated cell sorting (FACS) after 1-day abstinence from saline or
methamphetamine (Meth) self-administration. (A–C) Gene expression of glutamate receptors, GABA receptors, opioid receptors, opioid binding
protein, and ubiquitin-specific peptidases in CTb-positive neurons. Data are presented as folds of mean values in CTb-positive neurons from saline
rats, and error bars indicate SEM. *Different from CTb-positive neurons from saline rats, p < 0.05, Saline: n = 6–8; Meth: n = 8–9. (D) A volcano plot
of mRNA expressions of all genes in CTb-positive neurons with the x-axis representing mean differences between Meth and saline rats (where the
dashed vertical line is set as 0) and the y-axis representing -Log10 (q value) (where q ≤ 0.15 is considered significant; dashed horizontal line).
(E) Gene expression of Gabrb3 and Usp7 in CTb-negative neurons. Data are presented as folds of mean values in CTb-negative neurons from saline
rats, and error bars indicate SEM. *Different from CTb-negative neurons of saline rats, p < 0.05, Saline: n = 7–8; Meth: n = 9.

whether the decreases in mRNA expression of Gabrb3 and Usp7 are
specific to striatonigral projection neurons, we analyzed the mRNA
expression of these two genes in CTb-negative neurons and found
that Gabrb3 (Figure 3E, p > 0.05) exhibited no changes, while Usp7
exhibited significantly decreased mRNA expression in Meth rats
compared with saline rats (Figure 3E, Usp7: t15 = 2.200, p = 0.044).

In summary, using our newly developed retrograde-tracer-
based FACS protocol, we successfully isolated striatonigral MSNs
(CTb-positive neurons), in which we detected a significant

enrichment and depletion of Drd1 and Drd2 mRNA expressions,
respectively, compared with CTb-negative neurons. Furthermore,
our results demonstrated that mRNA expression of Gabrb3
exhibited a selective decrease in striatonigral neurons, while mRNA
expression of Usp7 decreased in all neurons in Meth rats compared
with saline rats on abstinence day 1.

To examine whether there were time-dependent changes in
mRNA expression of candidate genes after prolonged abstinence,
we measured the mRNA expression of these candidate genes in

Frontiers in Cellular Neuroscience 09 frontiersin.org

https://doi.org/10.3389/fncel.2025.1542508
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-19-1542508 February 8, 2025 Time: 17:57 # 10

Altshuler et al. 10.3389/fncel.2025.1542508

FIGURE 4

Isolation of striatonigral projection neurons by fluorescence-activated cell sorting (FACS) after 28-day abstinence from saline or methamphetamine
(Meth) self-administration. (A) Experimental timeline for Experiment 2. (B) Saline and Meth self-administration. Data are mean ± SEM number of
saline of Meth (0.1 mg/kg/infusion) infusions or lever presses during the ten 6-h daily self-administration sessions. Saline: n = 9; Meth: n = 9. (C) A
scatter plot of events within the singlet gate shows FACS of NeuN-positive (x-axis) and CTb-positive or CTb-negative (y-axis) cells (striatonigral or
non-striatonigral neurons) in dorsal striatum. CTb-positive and CTb-negative neurons are in the top right and bottom right quadrants, respectively.
(D) Number and percentage of CTb-positive neurons (out of the total number of neurons) isolated by FACS in saline and Meth rats. Saline: n = 9;
Meth: n = 9. (E) Drd1 and Drd2 mRNA expression in CTb-positive and CTb-negative neurons. Data are presented as folds of mean values in
CTb-negative neurons, and error bars indicate SEM. *Different from CTb-negative neurons, p < 0.001, Saline: n = 9; Meth: n = 9.

striatonigral projection neurons after 28-days abstinence, when
Meth seeking is incubated, from Meth or saline self-administration.

Experiment 3: mRNA expression of
candidate genes in striatonigral
projection neurons after 28-day
abstinence from saline or Meth
self-administration

FACS of striatonigral projection neurons in DS
Figure 4C shows a representative FACS analysis from a

saline rat. Using the same analysis as described in Experiment
2, we observed a similar number of CTb-positive neurons and
a similar percentage of CTb-positive neurons out of the total
number of neurons in the DS between saline and Meth groups
(Figure 4D, p > 0.05). The analysis of Drd1 and Drd2 mRNA
showed a significant main effect of Cell type (Figure 4E, Drd1:
F1,16 = 108.206, p < 0.001; Drd2: F1,16 = 99.526, p < 0.001) but
no main effect of Drug or significant interaction between Drug and
Cell type (p > 0.05). These data indicated a significant enrichment
and depletion of Drd1 and Drd2 mRNA, respectively, in CTb-
positive neurons, compared with CTb-negative neurons.

mRNA expression of candidate genes in
striatonigral projection neurons after 28-day
abstinence

We analyzed the mRNA data using the between-subjects factor
of Drug (Saline, Meth) and found that three genes exhibited
significantly increased mRNA expression in striatonigral projection
neurons of Meth rats compared with those of saline rats,
including Grm3 (Figure 5A, t14 = 5.358, p < 0.001), Opcm1
(Figure 5B, t14 = 3.602, p = 0.003), and Usp9x (Figure 5C,
t15 = 2.995, p = 0.009). The volcano plot in Figure 5D illustrated
-Log10(q value) and mean differences between Meth and Saline
for all candidate genes. To examine whether the increases of
Grm3, Opcm1 and Usp9x mRNA expression were specific to
striatonigral MSNs, we analyzed the mRNA expression of these
three genes in CTb-negative neurons and found that all three
genes also exhibited significantly increased mRNA expression in
Meth rats compared with saline rats (Figure 5E, Grm3: t15 = 2.827,
p = 0.013, Opcm1: t15 = 2.453, p = 0.027; Usp9x: t15 = 2.832,
p = 0.013).

In summary, we found that mRNA expressions of Grm3,
Opcm1, and Usp9x increased in both CTb-positive and CTb-
negative neurons in Meth rats compared with saline rats on
abstinence day 28.
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FIGURE 5

Gene expression in dorsal striatal neurons was isolated by fluorescence-activated cell sorting (FACS) after 28-day abstinence from saline or
methamphetamine (Meth) self-administration. (A–C) Gene expression of glutamate receptors, GABA receptors, opioid receptors, opioid binding
protein, and ubiquitin-specific peptidases in CTb-positive neurons. Data are presented as folds of mean values in CTb-positive neurons from saline
rats, and error bars indicate SEM. *Different from CTb-positive neurons from saline rats, p < 0.05, Saline: n = 7–9; Meth: n = 8–9. (D) A volcano plot
of mRNA expressions of all genes in CTb-positive neurons with the x-axis representing mean differences between Meth and saline rats (where the
dashed vertical line is set as 0) and the y-axis representing -Log10 (q value) (where q ≤ 0.15 is considered significant; dashed horizontal line).
(E) Gene expression of Grm3, Opcml, and Usp9x in CTb-negative neurons. Data are presented as folds of mean values in CTb-negative neurons
from saline rats, and error bars indicate SEM. *Different from CTb-negative neurons from saline rats, p < 0.05, Saline: n = 8; Meth: n = 9.

Experiment 4: mRNA expression of
candidate genes in the DS homogenate
after 28-day abstinence from saline or
Meth self-administration

Finally, to examine whether the changes of mRNA expression
observed in Experiment 3 were specific to neurons, we measured
mRNA expression of Grm3, Opcm1, and Usp9x in DS homogenate

and found no changes of all three genes on abstinence day 28 in
Meth rats compared with saline rats (Figure 6C, p > 0.05).

Discussion

We used the CTb-based FACS and examined mRNA
expressions of candidate genes in striatonigral MSNs during
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FIGURE 6

Gene expression in dorsal striatal homogenate after 28-day abstinence from saline or methamphetamine (Meth) self-administration.
(A) Experimental timeline for Experiment 3. (B) Saline and Meth self-administration. Data are mean ± SEM number of saline of Meth
(0.1 mg/kg/infusion) infusions or lever presses during the ten 6-h daily self-administration sessions. Saline: n = 5; Meth: n = 5. (C) Gene expression of
Grm3, Opcml, and Usp9x in dorsal striatal homogenate. Data are presented as folds of mean values in saline rats, and error bars indicate SEM. Saline:
n = 4–5; Meth: n = 4–5.

incubation of Meth craving. First, we validated that in sorted
CTb-positive neurons (striatonigral MSNs), there was a significant
enrichment of Drd1 mRNA expression and a significant depletion
of Drd2 mRNA expression compared with CTb-negative neurons
(primarily non-striatonigral MSNs). Next, we found that on
abstinence day 1, mRNA expression for Gabrb3 decreased only
in CTb-positive (but not CTb-negative) neurons of Meth rats
compared with saline rats, while mRNA expression for Usp7
decreased in all sorted DS neurons regardless of projection-
specificity. On abstinence day 28, mRNA expression for
Grm3, Opcml, and Usp9x in all sorted DS neurons (but not
DS homogenate) increased in Meth rats compared with saline
rats, regardless of projection-specificity. Together, these data
demonstrated that incubation of Meth craving was associated
with time-dependent, circuit-specific, and neuron-specific gene
alterations involved in glutamatergic, GABAergic, opioidergic, and
protein degradation signaling.

The use of CTb-based FACS to profile
projection-specific gene alterations

For the past two decades, FACS has emerged as a powerful
approach to profile molecular alterations in distinct cell
populations within the nervous systems (e.g., Lobo et al., 2006; Liu
et al., 2014; Rubio et al., 2015; Li et al., 2015; Rubio et al., 2016; De
Biase et al., 2017; Li et al., 2019; Zhang et al., 2021). These distinct
cellular populations can be defined either by genetic tools (e.g.,
Lobo et al., 2006; Zhang et al., 2021) or antibodies that recognize
specific cellular markers (e.g., Liu et al., 2014; Rubio et al., 2015;
Li et al., 2015; Rubio et al., 2016; Li et al., 2019). We and others
previously developed a FACS protocol to isolate behaviorally
activated neurons using the fluorescence-conjugated antibodies
against NeuN (the neuronal marker) and Fos (the neuronal activity
marker) in fresh brain tissue (Liu et al., 2014; Rubio et al., 2015;

Li et al., 2015). Subsequently, we adapted this FACS protocol to
frozen brain tissue (Rubio et al., 2016; Li et al., 2019), which allows
researchers to collect samples after complex behavioral procedures
on the same experimental day before FACS.

Here, we modified this frozen-tissue FACS protocol to sort
neurons anatomically defined by retrograde tracers like CTb-647.
It is important to note that both NeuN and Fos, cellular markers
used previously, are localized in the nucleus. Therefore, they can
be used for subsequent FACS from frozen tissue because both are
mostly retained in the nucleus after thawing. In our preliminary
work (data not shown), we found that cytoplasmic makers (e.g.,
CTb-647) were easily lost during the thawing process, which left the
cell population of interest unidentifiable during FACS. To ensure
the retention of the CTb-647, we incubated the frozen striatal tissue
with a low concentration of fixative (2% PFA) while the frozen
tissue gradually thawed on ice in the following 40 min. We found
that this modification successfully retained CTb-647 inside the
cells, which was confirmed by the identification of a distinct CTb-
positive population during FACS with significant enrichment and
depletion of Drd1 and Drd2 mRNA expression, respectively. Taken
together, our modified FACS protocol allows sorting cells from
previously frozen brain tissue based on fluorescence-conjugated
retrograde tracer CTb. This FACS protocol can also easily be
applied to cells genetically labeled by various cytoplasmic localized
fluorescent markers (e.g., green fluorescent protein) or labeled by
antibodies against cytoplasmic cellular markers (e.g., parvalbumin).

However, there are two major limitations to using this CTb-
based FACS protocol. First, CTb can label incorrect projections via
passing fibers through the target region (Chen and Aston-Jones,
1995). On this front, we have attempted to isolate indirect-pathway
neurons in DS after injecting CTb-647 into Gpe, only to find
no enrichment of Drd2 or depletion of Drd1 mRNA expression
in CTb-positive compared with CTb-negative neurons (data not
shown). This data indicated the possibility of CTb labeling of
direct-pathway neurons via their passing fiber through Gpe (Deng
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et al., 2006; Okamoto et al., 2020). To address this limitation,
future studies can adapt this protocol to other retrograde tracing
strategies (e.g., fluorescent latex microspheres) to minimize the
entry of retrograde tracers into the passing fibers (Katz et al., 1984;
Saleeba et al., 2019). The second limitation is the downstream
application of RNA obtained from this FACS protocol. Similarly
to our previous FACS protocols that involve cell fixation (Rubio
et al., 2015; Li et al., 2015; Rubio et al., 2016; Li et al., 2019), the
integrity of RNA obtained from our FACS protocol is low, with the
RNA integrity number (RIN) ranging between 2 and 3. While we
and others have successfully used PCR and microarray to measure
gene expression of many candidate genes (Guez-Barber et al., 2011;
Rubio et al., 2015; Li et al., 2015; Rubio et al., 2016; Li et al.,
2019), the low integrity of RNA obtained here may limit the use
of this protocol for unbiased next-generation sequencing studies
(either bulk sequencing or single-cell sequencing), which usually
requires the RIN number to be above 7. However, further studies
can test if it is possible to perform sequencing studies combining
this FACS protocol and the library preparation kits specifically
designed for formalin-fixed paraffin-embedded tissue. Nonetheless,
our FACS protocol is well-suited for profiling projection-specific
gene alterations to answer hypothesis-driven questions.

Circuit-dependent and neuron-specific
gene alterations in DS during incubation
of Meth craving

On abstinence day 1, we observed both circuit-dependent and
circuit-independent decreases in mRNA expressions of Gabrb3 and
Usp7, respectively. These gene alterations are transient because
we observed no statistical differences for these two genes in
striatonigral neurons on abstinence day 28. On abstinence day 28,
we observed circuit-independent but neuron-specific increases in
mRNA expression of three candidate genes (Grm3, Opcml, and
Usp9x) in DS. These gene alterations in DS were not observed on
abstinence day 1, indicating that these gene alterations are time-
dependent during incubation of Meth craving. Together, these
data suggest that incubation of Meth craving is associated with
transient perturbation of GABAergic transmission in striatonigral
neurons during early abstinence, but time-dependent perturbation
of glutamatergic transmission and opioidergic signaling in DS
neurons after prolonged abstinence, and distinct perturbation
of USP-associated protein degradation signaling in DS neurons
throughout the abstinence.

Our data also identified neuron-specific Grm3, Opcml, and
Usp9x as potential candidate gene targets for future studies on their
roles in incubation of Meth craving. The finding on Grm3 aligns
with substantial evidence supporting the critical role of altered
glutamatergic signaling in drug craving (Kalivas, 2009; Wolf,
2016; Caprioli et al., 2018). Grm3 encodes metabotropic glutamate
receptor 3 (mGlu3), which belongs to Group II metabotropic
glutamate receptors. Unlike presynaptic-localized metabotropic
glutamate receptor 2, mGlu3 is expressed on postsynaptic neurons
and glia cells (Tamaru et al., 2001). In neurons, mGlu3 activates
both the canonical Gi/o-protein-mediated signaling and the
non-canonical Gq-protein-mediated signaling via metabotropic
glutamate receptor 5 (mGlu5, Group I metabotropic glutamate

receptor)(Di Menna et al., 2018; Dogra et al., 2021). Emerging
evidence supports the role of mGlu3 across various psychiatric
disorders, such as schizophrenia and addiction (Dogra et al., 2022).
For example, mGlu3 knockout mice show increased Meth-induced
CPP and sensitization (Busceti et al., 2021). In contrast, our
data suggest that enhanced mGlu3 function in DS neurons may
contribute to incubation of Meth craving, a hypothesis to test in
future studies.

Opcml encodes opioid-binding protein/cell adhesion molecule-
like, which belongs to the immunoglobulin-like family of cell
adhesion molecules (Schofield et al., 1989). The genome-wide
associate studies have linked the single nucleotide polymorphism
of OPCML gene with schizophrenia (Athanasiu et al., 2010; Ji
et al., 2010; Schol-Gelok et al., 2010; Zhang et al., 2019) and
later studies using Opcml-deficient mice support this association
(Zhang et al., 2019; Sun et al., 2024). However, the role of Opcml
in addiction is completely unknown, and our finding for the first
time linked Opcml to drug-associated behaviors. Similarly, the
role of Usp9x, which encodes ubiquitin-specific peptidase 9x, in
addiction is largely unknown. An early study found that the USP9x
protein expression in prefrontal cortex increases after 21-day
withdrawal from repeated non-contingent cocaine administration
in rats (Xu et al., 2010), which is in line with our data here showing
increased Usp9x mRNA expression in DS neurons after prolonged
abstinence from Meth self-administration. In mice, USP9x is also
identified as one of the top hub genes in nucleus accumbens after
chronic non-contingent morphine administration (Lefevre et al.,
2020). Moreover, decreased Usp9x mRNA expression was observed
in the hippocampus of non-human primates with a history of
chronic Meth or heroin expression (Choi et al., 2022). These
findings together highlighted the potential role of USP9x across
different brain regions in mediating drug-associated behaviors and,
more broadly, the role of protein degradation signaling in the
context of drug addiction (Massaly et al., 2013; Ren et al., 2013;
Massaly et al., 2014; Werner et al., 2015; Werner et al., 2018;
Werner et al., 2019).

One limitation of our study is that, due to our candidate
gene approaches, we may have overlooked other gene targets
in DS that are implicated in incubation of Meth craving. For
example, a recent study showed changes in gene expressions
in DS associated with neurotrophic factor or orexin signaling
during incubation of Meth craving after punishment-imposed
abstinence (Daiwile et al., 2024). It is also of note that the only
genes we examined in CTb-negative neurons were those that
showed differential expression in CTb-positive neurons because we
aimed to test whether gene alterations observed in CTb-positive
neurons generalized to all neurons regardless of circuit-specificity.
Therefore, whether the mRNA expression of other candidate
genes changed in CTb-negative neurons is unknown. However,
since CTb-negative neurons contain mixed neuronal populations,
significant gene alterations detected in CTb-negative neurons are
not informative. A final limitation is that we did not examine gene
alterations in DS homogenate on abstinence day 1, and therefore,
whether gene alterations observed on abstinence day 1 are neuron-
specific remains unknown.
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Conclusion

We developed a CTb-based FACS protocol, which allows for
the isolation of projection-specific neurons from previously frozen
brain tissue. Along with qPCR, our pipeline is well-suited for
profiling projection-specific gene alterations using a candidate-
gene approach after complex behavioral procedures. Using our
pipeline to profile gene alterations in striatonigral neurons in DS,
we found both circuit-dependent and circuit-independent gene
alternation associated with glutamatergic, opioid signaling and
protein-degradation signaling during incubation of Meth craving.
Moreover, our data revealed time-dependent increases of novel
neuron-specific candidate genes in DS neurons during abstinence,
and future studies will examine the causal roles of these genes in DS
neurons in Meth craving.
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