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An overactive orexin (OX) system is associated with neurogenic hypertension and
an exaggerated chemoreflex in spontaneously hypertensive rats (SHRs).
However, the chronology and mechanism of this association is unclear. We
hypothesized that increased postnatal neurogenesis of OX neurons in SHRs
precedes and contributes to the aberrant increase in mean arterial blood
pressure (MAP) and the exaggerated response to hypercapnia during postnatal
development. Using immunohistochemical methods and bromodeoxyuridine,
we mapped the timeline of orexin neuron neurogenesis and maturation during
early postnatal development. We then used whole-body plethysmography with
EEG and EMG to map the development of mean arterial pressure (MAP) and state
regulation. Finally, we used OX-targeted saporin toxin to determine the effects of
eliminating excess OX neurons on the elevated MAP and exaggerated
chemoreflex in adult SHRs. We found that both SHRs and Wistar–Kyoto (WKY)
rats experienced postnatal increases in OX neurons. However, SHRs experienced
a greater increase than WKY rats before P15, which led to significantly more OX
neurons in SHRs than age-matched WKY controls by P15–16 (3,720 ± 780 vs.
2,406 ± 363, p = 0.005). We found that neurogenesis, as evidenced by BrdU
staining in OX-positive neurons, was the primary contributor to the excess OX
neurons in SHRs during early postnatal development. While SHRs develop more
OX neurons by P15–16, SHRs and normotensive WKY control rats have similar
MAP during postnatal development until P25 in wakefulness (81.6 ± 6.6 vs. 67.5 ±
6.8 mmHg, p = 0.006) and sleep (79.3 ± 6.1 vs. 66.6 ± 6.5, p = 0.009), about
10 days after the surge of OX neurons. By selectively eliminating excess (~30%)
OX neurons in SHRs, we saw a significantly lowered MAP and hypercapnic
ventilatory chemoreflex compared to non–lesioned SHRs at P40. Additionally,
we found unique signatures in state indicative of the attention defecit phenotype
commonly associated with this model. We suggest that the postnatal increase of
OX neurons, primarily attributed to exaggerated postnatal OX neurogenesis, may
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be necessary for the development of higher MAP and exaggerated chemoreflex in
SHRs, and modulation of the overactive OX system may have a potential
therapeutic effect during the pre-hypertensive period.
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1 Introduction

Hypertension is a major health concern associated with
increased risks for heart disease, stroke, and other serious health
issues while being associated with nearly 700,000 deaths each year in
the United States alone (CDC). Hypertension treatments often focus
on sodium management and the renin–angiotensin system.
However, about 95% of hypertensive cases can be categorized as
essential hypertension wherein the disease is idiopathic and no
secondary causes of hypertension are present (Carretero and
Oparil, 2000). Thus, a better understanding of the circuits and
mechanisms underlying neural control of blood pressure and
neurogenic hypertension is needed to inform upon patient care.

Participation of hypothalamic orexinergic (OX) neurons in
cardiorespiratory regulation has been well established over the
last 2 decades (Li and Nattie, 2014; Samson et al., 1999;
Shirasaka et al., 1999; Shahid et al., 2011). OX neurons project to
and excite many cardiorespiratory control nuclei in the central
nervous system, including the paraventricular nucleus (PVN),
nucleus tractus solitarius (NTS), retrotrapezoidal nucleus (RTN),
medullary raphe, rostro–ventrolateral medulla (RVLM), and
sympathetic preganglionic neurons of the intermediolateral
column (Peyron et al., 1998; Trivedi et al., 1998; Shirasaka et al.,
2001; Marcus et al., 2001; Yang and Ferguson, 2003; Huang et al.,
2010; Shahid et al., 2012; Van Den Pol, 1999; Antunes et al., 2001;
van den Top et al., 2003). Central administration of OX leads to
significant and sustained increases in mean arterial blood pressure
(MAP), heart rate, catecholamine release, and renal sympathetic
nerve activity (RSNA) in conscious and anesthetized rats, an effect
that is prevented by pre–treatment with OX receptor antagonists (Li
and Nattie, 2014; Samson et al., 1999; Shirasaka et al., 1999; Shahid
et al., 2011; Huang et al., 2010).

A link between an overactive OX system and the pathophysiology
of neurogenic hypertension has been established in spontaneously
hypertensive rats (SHRs) and mice (BPH/2J) (Jackson et al., 2016; Lee
et al., 2015; Lee et al., 2013; Li et al., 2013; Clifford et al., 2015). On
average, adult spontaneously hypertensive mice (BPH/2J) and rats
have about 30% more OX–producing neurons than their
normotensive background controls (Jackson et al., 2016; Lee et al.,
2015; Li et al., 2016). Inhibition of OX neurons and their signaling in
the hypertensive rat model using a dual OX receptor antagonist can 1)
significantly lower MAP (by 20–30 mmHg), sympathetic nerve
activity (SNA), and catecholamine release in conscious adult SHRs
(Li et al., 2013) and normalize MAP in younger SHRs (postnatal day
(P)30–58), and 2) normalize the exaggerated ventilatory hypercapnic
chemoreflex at both ages (Li et al., 2016). These findings suggest that
excessive OX–producing neurons may play important roles in the
pathophysiology of neurogenic hypertension in SHRs including the
regulation of bothMAP and the hypercapnic ventilatory chemoreflex.

OX neurons proceed through pre–and post–natal
developmental changes and mature postnatally in mammals
(Yamamoto et al., 2000; Steininger et al., 2004; Stoyanova et al.,
2010; Iwasa et al., 2015; Sawai et al., 2010; Amiot et al., 2005). Using
in situ hybridization, Yamamoto et al. showed that prepro–orexin
mRNA in the rat hypothalamus gradually increased during early
postnatal development and peaked by 3 weeks of age (Yamamoto
et al., 2000). Further, Sawai et al. showed a clear increase in the
number of OXA–and OXB–peptide–expressing neurons from
2 weeks to 9 weeks of age (Sawai et al., 2010). It is not clear
whether the postnatal increase in OX was due to postnatal
maturation of existing neurons or neurogenesis. Additionally,
these studies were completed in normotensive animals and did
not include comprehensive cell counts at various ages.

Currently, little is known about whether the increased number
of OX neurons in SHRs is developed prenatally or postnatally, how
OX neuron development and blood pressure development are
chronologically correlated, and whether or not modulation of the
OX system can change the course of developing higher MAP during
development.

In this study, using SHRs and their normotensive background
control Wistar–Kyoto (WKY) rat pups, we aimed to address the
following questions: 1) What is the developmental timeline of
MAP and number of OX neurons in SHRs and WKY rats; 2) What
is the primary mechanism that produces excess OX–producing
neurons during postnatal development in SHRs; 3) What is the
chronological relationship between excess OX neurons and the
development of hypertension in SHRs and WKYs; and 4) Does
elimination of excess OX neurons in SHRs have an impact on the
development of a higher MAP and exaggerated hypercapnic
chemoreflex during development. We hypothesized that
increased postnatal OX neurogenesis leads to a postnatal
increase of OX neurons in SHRs, which is required for the
aberrant increase in MAP in SHRs, and that elimination of
these excess OX neurons can prevent SHRs from developing a
higher MAP and exaggerated hypercapnic chemoreflex during
early development.

2 Methods

2.1 Ethical approval

All animal experimental and surgical protocols were within the
guidelines of the National Institutes of Health for animal use and
care and were approved by the Institutional Animal Care and Use
Committee at the Geisel School of Medicine at Dartmouth. All
animals were reared and transported in accordance with regulations
of these governing bodies.
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2.2 Animal use and care

Spontaneously hypertensive rats (SHRs, Charles River strain
007) and normotensive Wistar–Kyoto (WKY, Charles River strain
008) rats were used for the experiments in this study. All rats were
housed in a temperature–and light–controlled environment set on a
12 h–12h light–dark cycle (lights on at 00.00 h; lights off at 12.00 h).
Food and water were provided ad libitum. A total of 75 SHRs and
44 WKY rats between the ages of P7 and P40 were used in four sets
of anatomical and physiological experiments, and males and females
were evenly distributed across each group. At the conclusion of the
experiments, the rats were euthanized with an overdose of sodium
pentobarbital (>75 mg kg–1, i.p.; Euthasol; Virbac Inc., Fort Worth,
TX, United States: PVS111).

2.3 Surgeries and procedures

Blood pressure probes. All animals used to study MAP were
surgically implanted with a telemetric blood pressure probe. For
animals aged P7–P30, rats were anesthetized with 4% isoflurane
(Piramal Enterprises Ltd.: NDC#66794–017) for initial induction
followed by 1%–2% isoflurane to maintain a surgical level of
anesthesia. Ketoprofen (3 mg/kg, subcutaneously) was used as an
analgesic after surgery. Rats were implanted with an
HD–X11 telemetric probe (DSI, St. Paul, MN, United States),
which allows continuous, reliable recording of MAP and body
temperature in wakefulness and sleep as similarly described in
previous publications (Li et al., 2013; Li et al., 2016; Li et al.,
2008). In brief, the catheter of the probe was inserted into the
descending aorta of the rat via the femoral artery for MAP; two wire
leads were tunneled subcutaneously and placed on the surface of the
parietal bone in the skull for EEG, and the body of the
HD–X11 transmitter was placed inside the abdominal cavity for
core body temperature. The incision site was sutured, and animal
allowed to recover for at least 2 days prior to whole body
plethysmography.

For animals aged P35–40, rats were anesthetized with a
ketamine (Putney, Inc., Portland, ME, United States:
NDC#67457–181) and xylazine (Lloyd Labs, Walnut, CA,
United States: NDC#59399–110) cocktail (90/15 mg kg–1, I.M.).
Ketoprofen (3 mg/kg, subcutaneously) was used as an analgesic after
surgery. Rats were implanted with a PA–C10 telemetric probe (DSI,
St. Paul, MN, United States), which allows for uninterrupted and
reliable recording of MAP during the experiment as similarly
described in our previous publications (Li et al., 2013; Li et al.,
2016; Li et al., 2008). In brief, the catheter of the probe was inserted
into the descending aorta of the rat via the femoral artery and was
secured between the descending aorta and the renal artery. The
probe was fastened in a subcutaneous pocket in the flank region on
the corresponding side of the target femoral artery. Incision sites
were sutured, and animals allowed to recover for at least 2 days prior
to whole body plethysmography.

EEG/EMG. For EEG activity in P7–P30 rats, two wire leads of
HD–X11 transmitter were tunneled subcutaneously on to the
surface of the parietal bone in the skull. This was performed
during the blood pressure probe procedure and, therefore, all
drugs used were the same for these animals as those outlined above.

For animals at P35–40, 7 days prior to whole body
plethysmography experiments, rats were anesthetized with a
ketamine (Putney, Inc., Portland, ME, United States:
NDC#67457–181) and xylazine (Lloyd Labs, Walnut, CA,
United States: NDC#59399–110) cocktail (90/15 mg kg–1, I.M.).
Following confirmed anesthesia, three EEG electrodes were screwed
onto the skull (from bregma: 1) +2 mm lateral, +2 m rostral; 2)
+2 mm lateral, −3 mm caudal; 3) −2 mm lateral, −2 mm caudal)
resulting in a fronto–parietal EEG with a group attachment on the
opposite hemisphere. In these same P35–40 animals, two EMG
electrodes were sutured onto the dorsal neck muscles on each lateral
side. All electrode leads (3 EEG and 2 EMG) were inserted into a
sterilized six–prong plastic pedestal that was secured to the skull
using Ortho Jet Acrylic (LangDental, Wheeling, IL, United States).
The incision was sutured and the animal allowed to recover for at
least 7 days prior to whole body plethysmography. During all
procedures level of anesthesia was verified with a toe pinch prior
to initiation and anesthesia level was monitored by watching the
respiratory patterns of the animal throughout the procedures.

BrdU (Bromodeoxyuridine) injection. Newly proliferated OX
neurons in the hypothalamus were marked using BrdU and
identified by BrdU and OX–ir double staining. Rat pups were
injected with BrdU (i.p. 50 mg kg–1 day–1 BrdU in saline; Roche
Diagnostics, Indianapolis, IN, United States) for 5 consecutive days,
i.e., from P5 to P9, P10 to 14, or P15 to P19, respectively (hereafter,
the simplified P5–9, P10–14 and P15–19 injected rats terminology
will be used). For P5–9, rats were euthanized 3–5 days following the
last injection and brain tissue was harvested. For P10–14 and
P15–19, rats were euthanized 1 day after the final injection and
brain tissue harvested.

Hcrt–SAP injection. Elimination of excess OX neurons was
achieved using an OX neuron–targeted toxin, Hcrt–SAP
(hypocretin–2–saporin, Advanced Targeting Systems, San Diego,
CA, United States). Rats were anesthetized with a ketamine (Putney,
Inc., Portland, ME, United States) and xylazine (Lloyd Labs, Walnut,
CA, United States) cocktail (90/15 mg kg–1, I.M.), and then fixed in a
Kopf stereotaxic frame. Hcrt–SAP or its control IgG–SAP was
unilaterally injected (0.5 μL, 90 ng/μL) into the hypothalamus
from bregma: 1.4 mm lateral, 2.3 mm caudal and 8.8 mm below
the surface of the skull. All injections were made using a 1 μL
Hamilton syringe, and each microinjection lasted at least 5 min
(maximum injection flow rate: 0.1 μL/min) and the needle remained
in position for another 5 min before removal to prevent reuptake of
the drug during removal and ensure release of the drug from the
needle. Following syringe removal, the incision was closed, and the
animal was allowed to recover. Hcrt–SAP was allowed to lesion for
12–day as other studies have shown significant OX neuron cell loss
at this timepoint and it is in line with timelines of other
saporin–conjugates (Waite et al., 1994; Mantyh et al., 1997;
Gerashchenko et al., 2001; Gerashchenko et al., 2003).

2.4 Whole body plethysmography

The methods used to measure MAP and EEG were those in
common use in our laboratory (Li et al., 2013; Li et al., 2016; Penatti
et al., 2011; Cummings et al., 2011). For all animals, body
temperature measurements were used in combination with the
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plethysmography recordings to calculate an estimate of tidal volume
and EEG/EMG was used to determine state. EEG/EMG values are
not shown as independent findings as they are incorporated in the
outcomes presented, i.e., quiet wakefulness versus NREM sleep.

For study in P15–P30 rats, pups were placed in a water–jacketed
glass chamber with body temperature held at 36°C ± 0.5°C throughout
the experiment by controlling the temperature of the water perfused
through the chamber. The signals of MAP, EEG, core body
temperature, and barometric pressure of the HD–X11 telemetric
probe were collected continuously throughout the experiment via a
PhysioTel Connect device enabler system (DSI, St. Paul, MN,
United States) using LabChart 8 software (ADInstruments,
Colorado Springs, CO, United States). MAP, systolic pressure, and
diastolic pressure signals were sampled at 1,000 Hz. Breathing, EEG,
and body temperature were sampled at 150 Hz.

For study in P37–40 rats, animals were placed in a traditional
whole–body plethysmograph with food ad libidum as described
previously (Li et al., 2013; Li et al., 2016). Rectal body temperature
was measured before and after recording and those two values were
averaged for respiratory calculations. Raw EEG and EMG outputs
from the skull and neck skeletal muscle electrodes were filtered at
0.3–70 and 0.1–100 Hz, respectively, using a Grass Physiodata
Amplifier System (NatusNeurology Inc., Grass Products,
Middleton, WI, United States). All data were collected
continuously throughout the experiment via a PhysioTel Connect
device enabler system (DSI, St. Paul, MN, United States) using
LabChart 8 software (ADInstruments, Colorado Springs, CO,
United States). MAP signals were sampled at 1,000 Hz whereas
breathing, EEG, and body temperature were sampled at 150 Hz.

2.5 Histology

Tissue processing and harvesting. Rats were euthanized with an
overdose of sodium pentobarbital (>75 mg kg–1, i.p.; Euthasol;
Virbac Inc., Fort Worth, TX, United States: PVS111) and then
transcardially perfused with saline followed by chilled 4%
paraformaldehyde (PFA, 4% in 0.1 M phosphate buffer, pH 7.4).
The brain was harvested and post–fixed overnight in 4% PFA at 4°C,
then cryoprotected in 30% sucrose for at least 48 h at 4°C. 40 μm
thick brain sections spanning the entire orexinergic population
within the hypothalamus were used for immunohistochemical
(IHC) staining of either OX only, or OX and BrdU.

OX only staining. Free–floating sections were incubated in
anti–orexin–A primary antibody (1:10,000 dilution; goat
polyclonal, SC–8070, Santa Cruz, Dallas, TX, United States) for
48 h at 4°C. Sections were washed 3 times for 15 min each with 0.1%
Triton X–100 phosphate–buffered saline (PBST) followed by
biotinylated horse anti–goat IgG secondary antibody (1:
1,00 dilution; Vector laboratories, Burlingame, CA, United States)
overnight at 4°C or 2 h at room temperature. Sections were washed
3 times for 15 min each with PBST followed by visualization with
peroxidase and diaminobenzidine (DAB) with nickel (black
coloring). The visualization reaction was stopped when the color
change was visible with the addition of PBST to the wells.

BrdU and OX double staining. The brain sections were first
denatured with 2N HCl for 45 min, followed by neutralization in
0.1M boric buffer for 30 min (min), and then washed 3 times for

15 min each with PBST. The initial denaturing step allowed for access
to the nucleus by the antibodies. The sections were then incubated in
mouse anti–BrdU primary antibody (1:100 dilution; G3G4,
Developmental Studies Hybridoma Bank, Iowa City, Iowa,
United States) for 48 h at 4°C followed by 3 washes for 15 min
each with PBST. Sections were then incubated in a biotinylated horse
anti–mouse IgG secondary antibody (1:1,000 dilution; Vector
Laboratories, Burlingame, CA, United States) overnight at 4°C or
2 h at room temperature. Peroxidase and diaminobenzidine with
nickel were used to visualize the BrdU (black nuclei). Brain sections
were washed 3 times for 15 min each with PBST, then incubated in a
goat polyclonal anti–OXA primary antibody (1:10,000 dilution;
SC–8070, Santa Cruz, Dallas, TX, United States) for 48 h at 4°C.
Sections were washed 3 times for 15 min each with PBST, then
incubated with biotinylated horse anti–goat IgG secondary antibody
(1:1,000 dilution; Vector Laboratories, Burlingame, CA, United States)
overnight at 4°C or 2 h at room temperature. Peroxidase and
diaminobenzidine without nickel were used to visualize OX
(brown neurons). The visualization reactions were stopped when
the color change was visible with the addition of PBST to the wells.

Three types of neurons were identified for the quantification in
this study (Figures 2B,C). BrdU/OX–ir neurons, positive for both
BrdU and OX, were identified as brown neurons with black nuclei,
which were likely postnatally proliferated OX neurons. OX–ir only
neurons, positive for OX–ir but negative for BrdU, were identified as
brown without black nuclei, which were generated prior to the
postnatal period in this study. BrdU–ir only neurons, positive for
BrdU but negative for OX–ir, identified as black nuclei only, which
were likely postnatally generated non–OX neurons in the
hypothalamus.

Cell counts. The hypothalamus was divided into three zones (the
dorsomedial hypothalamus (DMH), the perifornical hypothalamus
(PeF) and the lateral hypothalamus (LHA)) using count boxes in
Neurolucida and Stereo Investigator (MFB Bioscience, Williston,
VT, United States). Region boundaries per hemisphere were abut
with the PeF centered on the fornix, which was clearly visible in all
slices. The angle and size of the regions were changed per
hemisphere as needed for each slice to ensure all OX neurons
were counted in each study and assigned the proper region. Cells
were counted from the live bright field images on the computer
software and the microscope view was consulted for any neurons
where parfocality was questioned. Cell counts were quantified in
total and by hemisphere boxes when the entire slice was completed.
There were no z–plane guard zones, but only wholly visible neurons
were counted to offset the possibility of double counting neurons
that were on the z extremities. That said, all slices were counted this
way to ensure consistency across counted brains. For OX only
neuron counts, all whole OX–ir neurons were counted. For BrdU
and OX neuron counts, all whole OX–only–ir neurons were counted
(brown neurons) and all whole BrdU+/OX + neurons were counted
(brown neurons with black nuclei). The same investigator
completed all cell counts for consistency in identification.

2.6 Experimental designs and data analysis

Experiment 1: Postnatal developmental changes in number of
orexin neurons in SHRs vs. WKYs.
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To determine at which developmental age the number of OX–ir
neurons in SHRs diverges from normotensive WKY rats, SHR and
WKY rat pups were divided into three age groups for brain harvest
and OX–ir cell counts, P7–8 (SHR n = 6; WKY n = 3), P15–16 (SHR
n = 11; WKY n = 4), and P25–40 (SHR n = 5; WKY n = 6).

Data analysis: The total number of OX–ir neurons were
quantified and compared between SHRs and WKY rats at three
ages (P7–8, P15–17, and P25–40) using a linear mixed effects model
with a Tukey posthoc where age, strain (SHR and WKY rats), and
region were used as independent variables. All values are reported as
mean ± standard deviation.

Experiment 2: Postnatal neurogenesis of orexin neurons.
To determine whether SHR pups have greater postnatal

proliferation of OX neurons than age matched normotensive
WKY pups during development, we used bromodeoxyuridine
(BrdU) to mark newly proliferated cells. Rats were divided into
three sex–matched age groups P5–9 (SHR n = 5; WKY n = 5),
P10–14 (SHR n = 5; WKY rats n = 5), and P15–19 (SHR n = 4; WKY
rats n = 3). The brains were harvested 1 day after the fifth BrdU
injection except for P5–9 injected rats, which were harvested
3–5 days after the conclusion of BrdU injections. The delay in
the P5–9 age group was to make the tissue more resilient to the
staining procedure, which tended to be too harsh for the tissue to
remain intact if harvested at P10.

Data analysis: All OX–ir neurons that were positive for BrdU
(BrdU/OX–ir) in the hypothalamus and all OX–ir only neurons
were quantified and compared between SHRs andWKY rats at three
age groups using a linear mixed effects model with a Tukey posthoc
where age, strain (SHR and WKY rats), and region were the
independent variables. All values are reported as mean ±
standard deviation.

Experiment 3: Development of higher MAP in SHRs vs. WKYs.
To determine at which age SHRs develop a significantly higher

MAP than age matched normotensive WKY controls and its
chronological relationship to postnatal changes in the OX system.
Rat pups at four ages were used to measure the developmental
change ofMAP, P15 (SHR n = 5;WKY n = 4), P20 (SHR n = 9;WKY
n = 6), P25 (SHR n = 8;WKY n = 8), and P30 (SHR n = 11;WKY n =
8). Table 1 shows average weights for all rats by strain at each age
group and Table 2 show the number of rats, and breakdown of males
vs. females measured at each age. One day after implantation of BP
telemetry and EEG, rat pups were acclimatized in a water–jacketed
chamber for at least 1 h and body temperature was maintained at
36°C ± 0.5°C. MAP, EEG, and body temperature in wakefulness and
sleep were collected continuously for 1.five to three h in room air
conditions.

Data Analysis: The mean MAP, diastolic blood pressure (DBP)
and systolic blood pressure (SBP) of SHR and WKY rat pups in

wakefulness and NREM sleep at P15, P20, P25, and P30 were
analyzed and compared separately using a linear mixed effects
model with a Tukey post–hoc where age and strain (SHR and
WKY rats) were independent variables. Body weight was
analyzed separately with strain and age as independent variables.
All values are reported as mean ± standard deviation.

Experiment 4: The effects of eliminating excess orexin neurons
on MAP and ventilatory chemoreflex.

To determine if eliminating excess OX neurons via Hcrt–SAP
can prevent SHRs from developing a higher MAP and exaggerated
hypercapnic response, P30–40 SHRs received either Hcrt or IgG
unilateral injections into the perifornical zone of the hypothalamus.
SHRs were randomly assigned into two groups to receive either
Hcrt–SAP or IgG–SAP injection between P25–28 (n = 6, weight =
90.4 g; n = 5, weight = 82.2 g, respectively). Five days post–injection,
rats were implanted with EEG/EMG and 10 days post–injection rats
were implanted with blood pressure telemeters. Twelve days
post–injection at P37–40, SHRs were allowed to acclimatize for
1–2 h in an experimental whole–body plethysmography. MAP and
ventilatory data in wakefulness and sleep were collected for 1–2 h
during the dark period in room air and 1–2 h during the dark period
in a 5% CO2mixed gas (5% CO2 21%O2 balanced with nitrogen). At
the conclusion of the recording, the brain was harvested for OX–ir
staining and quantification. Ages of both groups at the day of
injection and at the day of physiological experiments are
included in Table 3.

Data Analysis: The number of OX neurons, mean MAP and
ventilation were compared between Hcrt–SAP and IgG–SAP treated
SHRs 12 days post injection. The total number of OX neurons per
hemisphere was quantified and tested using a linear mixed effects
model with a Tukey post–hoc where hemisphere, region, and
treatment (IgG–SAP vs. Hcrt–SAP) were independent variables.
We also analyzed the percentage loss of orexin neurons within the
injected hemisphere in each animal using the following equation:

Equation 1:

Percent loss ofOXneurons �
#OXneurons in uninjected hemisphere − #OXneurons in injected hemisphere( )

#OXneurons in uninjected hemisphere
( )x 100

(1)

We tested differences in percentage loss of OX neurons using a
linear mixed effects model with a Tukey post–hoc where region and
treatment (IgG–SAP vs. Hcrt–SAP) were independent variables. All
values are reported as mean ± standard deviation.

For the physiological effects of OX lesion, mean MAP,
ventilation, respiratory frequency, and tidal volume were
compared between Hcrt–SAP and IgG–SAP treated animals in
room air and 5% CO2 using a linear mixed effects model with a

TABLE 1 Body weight of animals from experiment 3, developmental
timeline of blood pressure. Average body weight at P15, P20, P25 and
P30 of SHR and WKY rat pups used in Experiment 3. Both SHR and WKY rat
pups showed an age–dependent increase in body weight. Data are shown
as mean ± standard deviation.

Strain P15 (g) P20 (g) P25 (g) P30

SHR 22.91 ± 1.6 36.5 ± 9.2 41.8 ± 8.9 63.9 ± 7.2 g

WKY 33.8 ± 3.9 31.8 ± 2.3 40.2 ± 7.9 57.3 ± 9.9

TABLE 2 Number of animals and number of female rats from experiment 3,
developmental timeline of blood pressure. Number of rats measured
(number of female rats, number of male rats) at P15, P20, P25 and P30 of
SHR and WKY rat pups used in Experiment 3. Male and female rats were
evenly distributed across all groups.

Strain P15 P20 P25 P30

SHR 5 (2F, 3M) 9 (4F, 5M) 8 (4F, 4M) 11 (6F, 5M)

WKY 4 (2F, 2M) 6 (3F, 3M) 8 (3F, 5M) 8 (4F, 4M)
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Tukey post–hoc where treatment (IgG–SAP vs. Hcrt–SAP), state
(quiet wakefulness vs. NREM sleep), and inspired gas (room air vs.
5% CO2) were independent variables. Body weight at injection and
physiology were analyzed with a linear mixed effects model with a
Tukey post–hoc where treatment and timepoint were independent
variables. Age at injection and physiology were analyzed with a
linear mixed effects model with a Tukey post–hoc where treatment
and timepoint were independent variables. All values are reported as
mean ± standard deviation.

We also analyzed the frequency distributions for all EEG signals to
determine the effects of lesion and gas on CNS state. We exported two
sections of EEG data as text files from the original LabChart file for all
but one animal. Two 45-min segments of the recording were taken from
both room–air following acclimation and from 5% CO2 exposure when
the gas concentration reached 4%. Each text file was imported into a
Jupyter notebook running Python 3.9.16. Within the Jupyter notebook,
the EEG file was visualized as a raw time–series, as a Fast Fourier
Transform (FFT), and as aWelch periodogram (power spectral density).
One animal was removed as an outlier based on these data. We also
generated more granular time series spectrograms demonstrating
2.5 min before an EMG spike and 2.5 min after, or 5 min in a quiet
EMG period for each group both in room air and 5% CO2. Power
Spectral Density (PSD) measurements were collected using the FFT
results and previous work (Aydin–Abidin et al., 2011; Schneider et al.,
2014; Kent et al., 2018) computing bands for delta (0–4 Hz), theta (four
to eightHz), alpha (8–15Hz), beta (15–30Hz), and gamma (30–200Hz)
frequencies using the trapezoid rule for integration. All data were
combined and normalized values for each band were calculated as a
percentage of the total PSD. We checked normality using a
Shapiro–Wilk test and then used non–parametric tests to compare
the groups (Kruskal–Wallis and Mann–Whitney–U) in R 4.2.2.

Data are reported as significantly different with p-values less
than 0.05 and as a trend with p-values between 0.05 and 0.08.

3 Results

3.1 Postnatal developmental changes in the
number of orexin neurons in SHRs
versus WKYs

The number of OX–ir neurons in the three hypothalamic zones
(dorsomedial hypothalamus: DMH, perifornical zone: PeF, and
lateral hypothalamic area: LHA) and across the hypothalamus
(three zones combined) at three developmental ages (P7–8,
P15–16 and P25–40) are summarized and shown in Figure 1.
Only SHRs experienced a developmental increase in the number
of OX–ir neurons in the hypothalamus (Figure 1). SHRs showed
significantly more OX neurons than WKYs in the total

hypothalamus at P15–16 (Figure 1A) but showed significantly
more OX neurons specifically in the PeF region at P15–16 and
P25–40 (Figure 1B).

TABLE 3 Age and body weight of SHRs used in experiment 4, effect on blood pressure of elimination of OX neurons with Hcrt–SAP. There were no
statistically significant differences in body weight or age at the day of injection or the day of physiological measurement between Hcrt–SAP and IgG–SAP
groups. Data are shown as mean ± standard deviation. Abbreviations: BW, body weight.

Treatment
group

Number of animals
(# female)

Age at
injection

BW at
injection (g)

Age at physiology
experiment

BW at physiology
experiment (g)

Hcrt–SAP 6 (3) 26.2 ± 0.5 56.1 ± 2.6 38.2 ± 0.5 90.4 ± 4.4

IgG–SAP 5 (2) 27.2 ± 0.6 52.7 ± 3.6 39.2 ± 0.6 82.2 ± 5.8

FIGURE 1
Postnatal developmental changes of OX neurons in the
hypothalamus in SHRs and WKY rats. Total number of OX neurons in
(A) total hypothalamus at three developmental ages, P7–8, P15–16,
and P25–40 in SHRs and WKY rats. Where in A, *With a dashed
line indicates significant age–dependent differences within a strain,
and *With a solid line indicates significant age–specific,
region–specific changes between strains. In B, *indicates specific
differences and lines indicate between which strains and ages, and (B)
the three hypothalamic zones (DMH, LHA, PeF). All significant
differenceswere determined as per a linearmixed effectsmodel with a
Tukey Honestly Significant Difference (HSD) post–hoc test.
Abbreviations: DMH, dorsomedial hypothalamus; PeF, perifornical
zone; LHA, lateral hypothalamic area. Data are shown as mean ±
standard deviation.
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SHR pups at ages P15–16 (3720.5 ± 780.3) and P25–40 (3808.4 ±
365.8) had significantly more OX–ir neurons in the total
hypothalamus than the pups at P7–8 (2347.2 ± 500.1) (p =
0.0006, P7–8 vs. P15–16; p = 0.002, P7–8 vs. P25–40; Figure 1A).
The increase in total number of OX neurons in the total
hypothalamus was primarily contributed by the PeF, where
significantly more OX–ir neurons were found in the PeF of pups
at P15–16 (2349.5 ± 498.2) and P25–40 (2342.8 ± 375.7) than at
P7–8 (1679.8 ± 320.2) (p = 0.0003, P7–8 vs. P15–16; p = 0.007,
P7–8 vs. P25–40; Figure 1B).

In WKY rats, the total number of OX–ir neurons in the
hypothalamus increased with age; however, the change was not
statistically significant among the three age groups (Figure 1A).

There were also no significant differences between specific
hypothalamic regions over time in WKY rat pups (Figure 1B).

Between SHR and WKY pups, there was an age-related
difference in the number of OX–ir neurons in the total
hypothalamus during postnatal development at P15–P16 (SHR =
3720.5 ± 780.3; WKY = 2406.8 ± 363.6) (p = 0.005; Figure 1A). At
P7–8, there was no statistical difference in the number of OX–ir
neurons in the total hypothalamus (SHR = 2347.2 ± 500.1; WKY =
2156 ± 213) or any of the three hypothalamic zones (DMH, PeF, and
LHA) between SHR and WKY rat pups (Figure 1A). There was a
trend for an increased total number of OX–ir neurons at P25–40 in
SHRs compared to WKY rats (SHR = 3808.4 ± 365.8; WKY =
2823.5 ± 429.1) (p = 0.073; Figure 1A).

FIGURE 2
Postnatal OX neurogenesis in SHRs and WKY rats at three developmental periods. (A) Shows the experimental paradigm for the BrdU experiments
shown. Representative images show OX–ir and BrdU/OX–ir neurons within comparable hemispheres of the hypothalamus in (B) SHRs and (C)WKY rats
from the P5–9 group, and an expanded view ofOX–ir neurons (blue arrows; brown neurons), BrdU/OX–ir neurons (red arrows; brown neuronswith black
nuclei), and BrdU–ir nuclei (green arrows; black nuclei). The total number of BrdU/OX–ir neurons in (D) the hypothalamus and (E) the three
hypothalamic zones in SHRs and WKY rats in each BrdU–injected age group are shown. Where in E, *With a dashed line indicates significant
age–dependent differences within a strain, and *With a solid line indicates significant age–specific, region–specific changes between strains. (F) Shows
the percentage of OX neurons positive for BrdU. All statistical differences were determined as per a linear mixed effects model with a Tukey HSD
post–hoc test. Abbreviations: DMH, dorsomedial hypothalamus; PeF, perifornical zone; LHA, lateral hypothalamic area; BrdU, bromodeoxyuridine; OX,
orexin–A; ir, immunoreactive. Data are shown as mean ± standard deviation.
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Additionally, no statistically significant differences were noted
between SHRs and WKY rats in the DMH or LHA at any age.
However, there was a statistically significant difference in the PeF
between SHRs and WKY rats at P15–16 (SHR = 2349.5 ± 498.2;
WKY = 1470.3 ± 127.9; p = 1.54 × 10−5) and P25–40 (SHR = 2342.8 ±
375.7; WKY = 1652.3 ± 266.8; p = 0.004) (Figure 1B).

3.2 Postnatal neurogenesis of
orexin neurons

A schematic of the BrdU injection, tissue harvesting, and
staining protocol is shown in Figure 2A. Representative images of
newly proliferated OX–ir neurons marked by BrdU are shown for
SHRs (Figure 2B) and WKY rats (Figure 2C).

In SHRs, there was a non-significant age-dependent–reduction
in the number of newly proliferated BrdU/OX–ir neurons in the
hypothalamus at P5–9 (878.2 ± 248.2), P10–14 (765 ± 546.3), and
P15–19 (372 ± 111.7) (Figure 2D). The majority of BrdU/OX–ir
neurons were found in the PeF, where significantly more BrdU/
OX–ir neurons were observed in P5–9 (644.4 ± 180.8) injected
pups than in P15–19 injected pups (274 ± 84), (p = 0.012;
Figure 2E). No statistically significant age-dependent changes in
BrdU/OX–ir neurons in SHRs in the DMH or LHA or the
percentage of OX–ir neurons positive for BrdU were
found (Figure 2F).

In WKY rats, there were no age-dependent statistically
significant changes in the number of BrdU/OX–ir neurons in the
total hypothalamus at any age tested. There were also no statistically
significant changes in the number of BrdU/OX–ir neurons in WKY
rats within any of the three hypothalamic regions between the three
ages studied. We also found no significant differences in the
percentage of OX–ir neurons positive for BrdU in WKY
rats (Figure 2F).

When comparing the difference between SHR and WKY rat
pups, there was a trend for more BrdU/OX–ir neurons in the total
hypothalamus in SHRs compared to WKY rats at P5–9, but not
P10-14 (SHR = 878.2 ± 248.2; WKY = 329.6 ± 134.9) (p = 0.079,
P5–9; Figure 2D). There were no significant differences in the
percentage of OX–ir neurons positive for BrdU at P5–9 and
P10–14 (Figure 2F). There was a significant difference in the
hypothalamic PeF between SHRs, and WKY rats, where P5–9
(644.4 ± 180.8) injected SHR pups had significantly more BrdU/
OX–ir neurons than that of age-matched WKY rat pups (229.8 ±
91.5), (p = 0.00096; Figure 2E). There were no significant
differences in the DMH or LHA between SHRs and WKY rats
at any age studied.

3.3 Development of higher MAP in
SHRs vs. WKY rats

Developmental changes of MAP were accessed in SHRs and
their WKY normotensive controls at P15, P20, P25, and P30 to
outline the timeline for the development of a higher MAP and
ultimately compare this timeline with the development of excess
OX–ir neurons (Figure 3). The conditions between age-matched
SHRs and their background normotensive control WKY pups are

similar. There were age-related increases in body weight in both
SHRs and WKY rats. However, there were no significant differences
in body weight between the two strains at any age (Table 1). Mean
MAP, SBP, and DBP of SHRs and WKY rat pups at P15, P20, P25,
and P30 are shown in wakefulness (Figures 3A,C,E) and NREM
sleep (Figures 3B,D,F).

Both SHRs and WKY rats experienced postnatal developmental
increases in blood pressure. In SHR pups, an age-dependent increase in
MAP was observed in both wakefulness and sleep between the age
groups P15 (55.4 ± 2.3 and 52.7 ± 3.9 mmHg, respectively), P20 (74.8 ±
7.5 and 73.1 ± 7.5 mmHg, respectively), P25 (81.6 ± 6.6 and 79.3 ±
6.1 mmHg, respectively), and P30 (92.3 ± 7.1 and 90.4 ± 7.2 mmHg,
respectively) [Wakefulness: P15 vs. P20 (p= 0.0003), P25 (p= 1.5 × 10−6),
P30 (p = 1.7 × 10−11); P20 vs. P30 (p= 4.6 × 10−5); P25 vs. P30 (p= 0.047);
Figure 3A] [NREM Sleep: P15 vs. P20 (p = 3.9 × 10−5), P25 (p = 1.8 ×
10−7), P30 (p = 0); P20 vs. P30 (p = 1.4 × 10−5); P25 vs. P30 (p =
0.017); Figure 3B].

An age-dependent increase in SBP was also observed in SHRs
in both wakefulness and sleep between the age groups P15
(72.5 ± 2.4 and 69.6 ± 3.9 mmHg, respectively), P20 (103.9 ±
11.5 and 101.2 ± 11.1 mmHg, respectively), P25 (110.2 ± 6.7 and
107.3 ± 6.95 mmHg, respectively), and P30 (120.6 ± 8.4 and
118.7 ± 8.2 mmHg, respectively) [Wakefulness: P15 vs. P20 (p =
1.1 × 10−6), P25 (p = 1.8 × 10−8), P30 (p = 0); P20 vs. P30 (p =
0.002); Figure 3C] [NREM Sleep: P15 vs. P20 (p = 3.1 × 10−7),
P25 (p = 5.3 × 10−9), P30 (p = 0); P20 vs. P30 (p =
0.00058); Figure 3D].

An age-dependent increase in DBP was also observed in SHRs in
both wakefulness and sleep between the age groups P15 (46.9 ±
2.6 and 44.2 ± 4.0 mmHg, respectively), P20 (60.3 ± 6.9 and 59.0 ±
7.3 mmHg, respectively), P25 (67.3 ± 9.9 and 65.3 ± 9.8 mmHg,
respectively), and P30 (77.3 ± 8.1 and 75.5 ± 8.2 mmHg,
respectively) [Wakefulness: P15 vs. P25 (p = 0.0009), P30 (p =
8.98 × 10−8); P20 vs. P30 (p = 0.0004); Figure 3E] [NREM Sleep:
P15 vs. P20 (p = 0.027), P25 (p = 0.0004), P30 (p = 3.2 × 10−8); P20 vs.
P30 (p = 0.0005); Figure 3F].

In normotensive WKY rat pups, MAP also rose with age during
wakefulness and sleep between the age groups P15 (62.4 ± 7.3 and
60.4 ± 5.4, respectively) and P30 (77.4 ± 6.5 and 75.6 ± 5.5,
respectively) [Wakefulness: P15 vs. P30 (p = 0.03); Figure 3A]
[NREM sleep: P15 vs. P30 (p = 0.01); Figure 3B]. SBP also rose
with age in WKY rats during wakefulness and sleep between the age
groups P15 (86.8 ± 11.6 and 86.7 ± 10.5, respectively) and P30
(104.5 ± 6.3 and 103.7 ± 6.9, respectively) [Wakefulness: P15 vs. P30
(p = 0.03); Figure 3C] [NREM sleep: P15 vs. P30 (p = 0.03);
Figure 3D]. There were no statistically significant changes in
diastolic blood pressure with age in WKY rats.

Between SHR and WKY rat pups, there was an age-dependent
difference in MAP during the developmental period studied. At P25,
SHRs showed a significantly higher MAP than WKY rats in
wakefulness (SHR = 81.6 ± 6.6; WKY = 67.5 ± 6.8; p = 0.006;
Figure 3A) and in sleep (SHR = 79.3 ± 6.1; WKY = 66.6 ± 6.5; p =
0.009; Figure 3B). We saw the same significant difference in MAP at
P30 in wakefulness (SHR = 92.3 ± 7.1; WKY = 77.4 ± 6.5; p = 0.001;
Figure 3A) and sleep (SHR = 90.4 ± 7.2; WKY = 75.6 ± 5.5; p = 0.0004;
Figure 3B).We found a significant difference in SBP between SHRs and
WKY rats at P25 both in wakefulness (SHR = 110.2 ± 6.7; WKY =
93.6 ± 8.6; p = 0.009; Figure 3C) and sleep (SHR = 107.3 ± 7.0; WKY =
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FIGURE 3
Postnatal changes of MAP in SHRs andWKY rats. MAP at P15, P20, P25, and P30 in SHR and normotensive WKY rats in (A)wakefulness and (B)NREM
sleep are shown. Systolic pressure in SHRs andWKY rats is shown in (C)wakefulness and (D)NREM sleep. Diastolic pressure in SHRs andWKY rats is shown
in (E)wakefulness and (F) NREM sleep. In all panels, *With a dashed line indicates significant age–dependent differences within a strain, and *With a solid
line indicates significant age–specific, region–specific changes between strains. All significant differences were determined using a linear mixed
effects model with a Tukey HSD post–hoc test. Data are shown as mean ± standard deviation.
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92.5 ± 8.3; p = 0.02; Figure 3D).We also found a significant difference in
SBP between SHRs andWKY rats at P30 inwakefulness (SHR= 120.6 ±
8.4;WKY = 104.5 ± 6.3; p = 0.005; Figure 3C) and sleep (SHR = 118.7 ±
8.2; WKY = 103.7 ± 6.9; p = 0.007; Figure 3D). We further report a
significant difference in DBP between SHRs and WKY rats P30 in
wakefulness (SHR = 77.3 ± 8.1;WKY = 63.4 ± 6.8; p = 0.009; Figure 3E)
and NREM sleep (SHR = 75.5 ± 8.2; WKY = 62.1 ± 6.5; p = 0.01;
Figure 3F), but only in wakefulness at P25 (SHR = 67.3 ± 9.9; WKY =
54.8 ± 7.0; p = 0.047; Figure 3E).

Notably, there were no significant differences in MAP between
SHRs andWKY rats in wakefulness at P15 or P20 or NREM sleep at
P15 or P20. This persisted for SBP and DBP except for DBP in
NREM sleep, where there were no significant differences at P15,
P20, or P25.

3.4 Effects of eliminating excess OX neurons
onMAP and ventilatory chemoreflex in SHRs

To determine whether excess OX activity is necessary for
developing hypertension during development, we evaluated the

effects of eliminating some OX–neurons via Hcrt–SAP injection
into the hypothalamus on MAP and ventilatory hypercapnic
chemoreflex in SHRs during a developmental period (Figures 4, 5).

Table 2 records the ages and body weights at the time of
injection and the physiology experiment. There were no
significant differences in these parameters between the two
groups. Physiology experiments were completed exactly 12 days
post–lesion for each animal, with injection ages ranging from P25 to
P28 and experimental ages ranging from P37 to P40.

Figure 4A shows the experimental protocol for the SHRs, where
the starting age at 0 days is P25–28 and the age at physiology at
12 days is P37–40. Representative images of Hcrt–SAP injected and
uninjected hemispheres, as well as IgG–SAP injected and uninjected
hemispheres in an SHR, are shown in Figure 4B, and the quantified
effect of Hcrt–SAP on the number of OX neurons is shown in
Figures 4C,D.

To determine the number of remaining OX neurons in the
hypothalamus, the number of OX neurons was first compared
between the injected and uninjected hemispheres in the same
SHR (Figure 4C). In IgG-SAP injected control SHRs, there was a
minimal decrease in the number of OX neurons in the injected

FIGURE 4
Verification of Hcrt–SAP effect on eliminating excess OX neurons in SHRs. (A) Schematic showing the experimental paradigm for these experiments
including the physiological outcomes shown in Figure 5. Representative images (B) left panel show a full view of the hypothalamus (10X) of Hcrt–SAP
injected (left) and non–injected (right) hemisphere, and lower panels show higher and right panel ×20 magnification photomicrographs of the areas
encompassed by the squares of the left panel, where Hcrt–SAP–injected lesion is shown in the top and IgG–SAP–injected control is shown in the
bottom. (C) Shows a comparison of the total number of orexin neurons in Hcrt–SAP vs. IgG–SAP injected SHRs separated by hemisphere (injected vs.
uninjected). (D) Shows the percent loss of OX neurons in the injected hemisphere in each region and the total hypothalamus as calculated using Equation 1.
*Statistically significant difference as indicated with a linear mixed effects model and a Tukey HSD post–hoc test. Abbreviations: Hcrt–SAP,
hypocretin–2–saporin; IgG–SAP, IgG–saporin; OX, orexin–A; DMH, dorsomedial hypothalamus; PeF, perifornical zone; LHA, lateral hypothalamic area. Data
are shown as mean ± standard deviation.
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hemisphere relative to the uninjected hemisphere, mostly notable in
the PeF. However, the loss was not statistically significant and was
likely due to mechanical injury during the injection procedure
(Figure 4B bottom panel). While in Hcrt–SAP injected SHRs,
there was a significant decrease in the number of OX neurons in
the PeF resulting from the Hcrt–SAP lesion in the injected
hemisphere vs. uninjected hemisphere (injected = 284.9 ± 248.6;
uninjected = 918.3 ± 288.1; p = 6.13 × 10−7). There was also a
significant difference in the number of OX neurons in the injected
hemisphere when comparing Hcrt–SAP and IgG–SAP in the PeF
(Hcrt = 284.9 ± 248.6; IgG = 649.2 ± 283.1; p = 0.03).

Cell loss was then compared between Hcrt–SAP and IgG–SAP
injected SHRs using the percentage loss of OX neurons as calculated
using Equation 1 (Figure 4D). In the injected hemisphere, Hcrt–SAP
injected SHRs lost significantly more OX neurons than IgG–SAP
injected control SHRs in the PeF (Hcrt = 65.8% ± 30.5; IgG = 21.5% ±
18.2; p = 0.04).We also see a trend in the total percent OX neuron loss
(Hcrt = 63.3% ± 25.8; IgG = 20.8% ± 10.2; p = 0.05). Additionally, we
can estimate the total overall loss of OX neurons in the unilateral
injection paradigm in the whole brain based on the assumption that
both hemispheres would have an equal number ofOXneurons if there
were no injections. Thus, the total percentage loss of OX neurons in
the whole brainwould equal roughly½ of the percent loss of OX in the
injected hemisphere described in Figure 4D. In Hcrt–SAP injected
SHRs, the estimated total percent loss of OX neurons in the brain
would be 31.6%, which is half of the percent loss in the injected
hemisphere (63.3%) versus 10.4% in IgG–SAP control SHRs. This is a
rough estimation as we cannot know how many OX neurons existed
in injected animals before injection. So, this is our proxy to estimate
the total loss overall. This is a crucial estimation as previous studies
have shown that SHRs have ~30% more OX neurons than age-
matched normotensive WKY rats. Therefore, the reduction of OX
neurons in SHRs reached in our experiments would roughly bring OX
neuron levels to that of control WKY rat levels. However, the loss in
our experiment is not evenly distributed across both hemispheres.

The effects of elimination of excess OX neurons on the
cardiorespiratory response to hypercapnic challenge are shown in
Figure 5. All data are from the dark period because OX is most active
during this period and was expected to show the largest measurable
outcome. At baseline in room air, Hcrt–SAP lesioned SHRs showed
a trend for reduced MAP compared to IgG–SAP control SHRs in
quiet wakefulness (Hcrt = 107.9 ± 1.9; IgG = 121.4 ± 11.1; p = 0.07)
and a significant reduction in NREM sleep (Hcrt = 96.6 ± 4.5; IgG =
112.1 ± 12.3; p = 0.02). We saw no significant differences in tidal
volume, respiratory frequency, or ventilation in room air during
quiet wakefulness and NREM sleep.

In 5% CO2, there is a significant reduction in MAP for Hcrt–SAP
treated SHRs in quiet wakefulness (Hcrt = 105.3 ± 6.6; IgG = 120.8 ±
6.0; p = 0.02; Figure 5A), but no change in NREM sleep. However, we
saw no significant increase in MAP in response to 5% CO2 for either
group. We did note a significant increase in ventilation in response to
5% CO2 for both Hcrt–SAP SHRs and IgG–SAP SHRs during quiet
wakefulness [Hcrt (Room air = 97.4 ± 19.9; 5% CO2 = 159.0 ± 40.4; p =
0.0003); IgG (Room air = 90.2 ± 8.7; 5% CO2 = 179.7 ± 14.7; p = 2.42 ×
10−6)] and NREM sleep [Hcrt (Room air = 76.8 ± 11.9; 5% CO2 =
127.4 ± 22.7; p = 0.005); IgG (Room air = 79.8 ± 7.4; 5% CO2 = 138.0 ±
19.1; p = 0.003)](Figure 5C). We only saw a significant increase in tidal
volume in response to 5% CO2 in IgG–SAP SHRs in quiet wakefulness

(Room air = 0.98 ± 0.17; 5% CO2 = 1.47 ± 0.33; p = 0.02; Figure 5G).
However, we did see a significant increase in respiratory frequency in
response to 5% CO2 for both Hcrt–SAP SHRs and IgG–SAP SHRs
during quiet wakefulness [Hcrt (Room air = 113.2 ± 7.2; 5% CO2 =
140.2 ± 10.4; p = 5.76 × 10−5); IgG (Room air = 102.6 ± 5.9; 5% CO2 =
132.6 ± 8.4; p = 4.40 × 10−5)], and NREM sleep [Hcrt (Room air =
111.1 ± 6.3; 5% CO2 = 138.2 ± 5.1; p = 5.41 × 10−5); IgG (Room air =
103.4 ± 4.6; 5% CO2 = 133.0 ± 14.7; p = 6.01 × 10−5)](Figure 5E), which
is likely the driver for the increase in ventilation noted in both groups in
each state (Figure 5C). Overall, when analyzing the hypercapnic
response, we did not see a change in the percent MAP hypercapnic
response compared to baseline during quiet wakefulness. There was a
pattern for a reduced respiratory frequency (Figure 5F) and tidal
volume (Figure 5H) in response to 5% CO2 in quiet wakefulness.
While these were not significant differences, they created a
combinatorial effect of a significant reduction in the ventilatory
response to 5% CO2 in Hcrt–SAP SHRs compared to IgG–SAP
SHRs in quiet wakefulness (Hcrt = 163.0% ± 29.4; IgG = 199.7% ±
12.4; p = 0.04; Figure 5D). No changes were seen in any hypercapnic
chemoreflex as a percent baseline in NREM sleep.

For state changes, representative Welch’s periodograms for
Hcrt–SAP and IgG–SAP in both room air and 5% CO2 are shown
in Figure 6A. While we see no appreciable differences between gas
exposures, there are qualitative differences in the distribution of the
EEG frequencies between Hcrt–SAP and IgG–SAP groups. To
examine further state differences between the gas exposure
conditions, we created a time series of spectrograms showing
frequencies from 2.5 min before and 2.5 min after a peak in the
EMG signal or a quiet period (valley) in the EMG signal for each group
during room air and 5% CO2 (Figure 6B). While additional noise and
slight suppression of higher frequency bands during 5% CO2 exposure
are noted, there are no fundamental differences in distribution by gas
condition. However, you can see an appreciable change in lower
frequency bands in the Hcrt-SAP group at the middle time point
that is absent in the IgG-SAP group. These qualitative patterns are
quantified as the raw Power Spectral Density (PSD) bands in each
frequency group (delta (0–4 Hz), theta (four to eight Hz), alpha
(8–15 Hz), beta (15–30 Hz), and gamma (30–200 Hz) (Figure 7A).
There were no significant differences by gas type across any of the PSD
bands. There was a significant increase in the beta band between
Hcrt–SAP and IgG–SAP during room air (p = 0.0472), but not in 5%
CO2 (p = 0.75). There was also a significant difference between
Hcrt–SAP and IgG–SAP groups in the gamma band when data
were combined (p = 0.01911). In the normalized data, there were
significant differences between the lower frequency bands (delta, theta,
and alpha) during both room air and 5% CO2 [(delta: p = 0.00902 RA,
p = 0.0163 CO2) (theta: p = 0.0163 RA, p = 0.0163 CO2) (alpha: p =
0.0283 RA, p = 0.0283 CO2)](Figure 7B). We also saw a significant
increase in the gamma band between Hcrt–SAP and IgG–SAP during
room air (p = 0.0472), but not 5% CO2. The IgG–SAP group showed
greater variability in all PSD bands as seen in Figure 7.

4 Discussion

An overactive OX system has been linked to neurogenic
hypertension in adult SHRs (Lee et al., 2013; Li et al., 2013; Li
et al., 2016). Our key findings are:
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FIGURE 5
Effects of elimination of excess OX neurons on MAP and CO2 chemoreflex in SHRs. MAP in Hcrt–SAP and IgG–SAP injected SHRs (A) in quiet
wakefulness and NREM sleep during room air and 5% CO2 exposure and (B) the percent of baseline MAP response to hypercapnia in quiet wakefulness
and NREM sleep are shown. (C) Shows ventilation in room air and 5% CO2 in quiet wakefulness and NREM sleep and (D) shows the percent of baseline
ventilatory response to hypercapnia. (E) Represents respiratory frequency and (G) tidal volume in quiet wakefulness and NREM sleep during room air
and 5% CO2 exposure and the percent of baseline responses to hypercapnia for (F) respiratory frequency and (H) tidal volume. *Indicates significant
differences as determined with a linear mixed effects model and a Tukey HSD post–hoc test. Abbreviations: NREM, non–rapid eye movement sleep; Ctr,
controls; Hcrt–SAP, hypocretin–2–saporin; IgG–SAP, IgG–saporin; VE, ventilation; MAP, mean arterial blood pressure; RA, room air. Data are shown as
mean ± standard deviation.
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1. SHRs have significantly more OX neurons than WKY rats by
P15 before a measurable difference in MAP at ~ P25.

2. The increase in OX neurons is likely due to exaggerated
neurogenesis during postnatal development rather than the
maturation of existing neurons.

3. Reducing the number of OX neurons prevents the
rise in MAP and the heightened chemoreflex,
which indicates that these neurons contribute to
the development of neurogenic hypertension in the
SHR model.

FIGURE 6
Frequency distribution of EEG following OX elimination in SHRs. (A)Welch periodograms of EEG signal frequencies of two representative rats, one
treated with Hcrt–SAP (left) and one with IgG–SAP (right) during room air (top row) and 5% CO2 (bottom row). Each Power Spectral Density (PSD) band is
labeled by color showing the spectral range included in each band where delta (0–4 Hz) is purple, theta (four to eight Hz) is dark blue, alpha (8–15 Hz) is
light blue, beta (15–30 Hz) is green, and gamma (30–200 Hz) is yellow. (B) Time series spectrograms showing EEG frequency prevalence 2.5 min
before and after a peak in EMG signal and 5 min during quiet EMG (valley) for each group in both room air and 5% CO2. Abbreviations: Hcrt–SAP,
hypocretin–2–saporin; IgG–SAP, IgG–saporin; Hz, Hertz; PSD, Power Spectral Density.

Frontiers in Physiology frontiersin.org13

Lusk et al. 10.3389/fphys.2024.1341649

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1341649


FIGURE 7
Effects of eliminating excess OX neurons on normalized EEG frequency distributions. (A) Box plots indicating the normalized band value averages for
Hcrt–SAP and IgG–SAP animals in room air (orange) and 5%CO2 (blue) in each of the spectral bands. The percent indicates the percent of PSD comprised
of the given frequency band. Diamonds indicate possible outliers. The middle line on the boxplot is the average and error bars show the standard
deviation. (B) Box plots indicating the raw band value averages for Hcrt–SAP and IgG–SAP animals in room air (orange) and 5% CO2 (blue) in each of
the spectral bands. Diamonds indicate possible outliers. The middle line on the boxplot is the average and error bars show the standard deviation.
*Indicates significant differences as determined with a Kruskal Wallis test. *Indicates significant differences as determined with a Kruskal Wallis test.
Abbreviations: Hcrt–SAP, hypocretin–2–saporin; IgG–SAP, IgG–saporin.
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4.1 Postnatal development of excess OX
neurons via increased OX neurogenesis
in SHRs

In normotensive animals, mRNA expression of OX begins
around E12–18 with progressively increasing levels of mRNA and
protein expression during postnatal development until about P30,
wherein levels remain stable into adulthood (Yamamoto et al., 2000;
Steininger et al., 2004; Stoyanova et al., 2010; Iwasa et al., 2015; Sawai
et al., 2010; Amiot et al., 2005; den Pol et al., 2001; Ogawa et al.,
2017). In adult hypertensive rodents, SHRs and hypertensive mice
(BPH/2J) have about 30% and 20% more OX–ir neurons,
respectively, than their age–matched normotensive controls
(Jackson et al., 2016; Clifford et al., 2015). We have previously
reported this increase can be observed in a pre–hypertension period
at P30–58 22. However, it was not clear whether SHRs were born with
excess OX neurons or if the excess population developed postnatally,
and if the increase was due to later OX marker expression
(maturation) or increased neurogenesis in postnatal development.

In this study, we found that SHRs and normotensive WKY rats
had similar numbers of OX neurons at P7–8; however, by P15, SHRs
had significantly more OX neurons than age-matched normotensive
controls (Figure 1). These data suggest that SHR pups experienced
an exaggerated surge in the total number of OX neurons postnatally
between P7 and P16, which BrdU labeling indicates is driven by
newly born neurons that express OX rather than embryonically born
neurons expressing OX later in development. However, this does not
eliminate the possibility that some of the difference could be driven
by a difference in the number of prenatally born neurons that has
not reached statistical significance in our study. BrdU is commonly
used to identify newly proliferating cells in the brain (Menyhárt
et al., 2016; Miller and Nowakowski, 1988; Cameron and Mckay,
2001), and multiple 50 mg kg–1 injections (i.p.) of BrdU can
specifically and sufficiently label newly generated neurons (Miller
and Nowakowski, 1988; Cameron andMckay, 2001; Takahashi et al.,
1992; Wojtowicz and Kee, 2006). While there are several caveats
with BrdU as a marker of neurogenesis, including the innate toxicity
of BrdU and the possibility of labeling other changes in DNA
structure, our WKY control groups experienced the same
treatment as the SHR study group. Furthermore, the mutagenic
properties of BrdU are not a concern due to the acute nature of our
experiments. Additionally, the increased number of OX-positive
neurons at later time points strongly suggests that the number of
neurons marked due to DNA repair or cell death mechanisms, if
any, is exponentially smaller than the number of neurons marked for
true neurogenesis.

Compared to age-matched normotensive WKY pups, SHR pups
had significantly more newly proliferated OX neurons, which were
positive for both BrdU and OXA (BrdU/OX–ir), in the
hypothalamus at P5–9 (Figure 2E). Importantly, because of the
experimental paradigm, this age group also likely includes neurons
born within the P10–14 group. Therefore, the increased
neurogenesis may represent a larger developmental period than
solely P5–9. SHR pups had ~1,300 more OX–ir neurons in the
hypothalamus than age-matched WKY rat pups at P15. Of all
neurons counted at P15–16 in SHRs (~3,700), it is estimated that
~44% (~1,600) were contributed by newly proliferated BrdU/OX–ir
neurons from combined P5–9 and P10–14 neurogenesis and the

remaining 54% were likely contributed by OX–ir neurons born
before P5 that matured during the same period. In WKY rats, we
only measured ~2,400 neurons at the same age, wherein ~32%
(~770) were contributed by neurogenesis from P5–14. It is also
important to emphasize that these newly proliferated OX neurons
are expected to be functional, as evidenced by their production of
OX neuropeptide identified via positive immunohistochemical
staining for orexin–A, similar to a previous report in
8–weeks–old rats (Xu et al., 2005). Importantly, there is only a
~10% difference in newly generated neurons at P15–16 when we see
a significant difference between SHR and WKY rat pups. This
indicates that neurogenesis of OX neurons is a natural
maturation of this system. Still, it does suggest there may be
other factors before this period contributing to increased OX
neurons in SHRs. However, the number of OX neurons derived
from neurogenesis in SHRs (~1,600) is greater than the total
difference between SHR and WKY rats (~1,300), which indicates
that despite comparable percentage contributions of neurogenesis at
P5–14, the number derived from neurogenesis in SHRs is much
greater and probably responsible for the significant difference in
neurons at that age.

Emerging evidence shows that postnatal and adult neurogenesis
are present in the hypothalamus (Xu et al., 2005; Kokoeva et al.,
2005; Rojczyk–Gołȩbiewska et al., 2014; Sousa–Ferreira et al., 2014),
and α–tanycytes are likely the neural progenitor cells for generating
peptidergic neurons, e.g., OX neurons, in the hypothalamus (Xu
et al., 2005; Lee, 2012; Rizzoti and Lovell–Badge, 2017). Using BrdU,
Amiot et al. demonstrated that most OX neurons are generated
between embryonic days 11 and 14 28, while others showed that OX
neurogenesis in the hypothalamus persists post–E14 and into
adulthood (Chang et al., 2013; Chang et al., 2012). Xu et al.
further showed that hypothalamic BrdU–identified neurogenesis
persists into postnatal 8 weeks of age, and they determined that some
of the BrdU–positive neurons expressed OX (Xu et al., 2005). Thus,
our findings are aligned and consistent with previous reports of
thalamic postnatal neurogenesis, offering additional confirmatory
evidence of this relatively new phenomenon. Notably, our work
describes a time course of SHR OX neurogenesis shortly (~10 days)
preceding the development of a higher MAP in SHRs that provides a
plausible cellular mechanistic explanation for SHR hypertension
(see discussion below).

It is currently unknown what may cause this increase in OX
neurogenesis; however, we can speculate that genetic predisposition
combined with early postnatal triggers may play a role. Many studies
have identified single nucleotide polymorphisms that, when taken
together, significantly contribute to hypertension in rats and
humans (Pravenec and Kurtz, 2010; Natekar et al., 2014).
McCarty and Lee further showed that SHR pups that were cross-
fostered by WKY dams had significantly lower MAP than SHRs
reared by their own mother. On the other hand, WKY pups that
were cross-fostered by an SHR dam had no change in their MAP
(McCarty and Lee, 1996), suggesting a contributing maternal care
component that only manifests on the SHR background. These data
suggest that while the genetic factors are essential to the
development of higher MAP in postnatal development, some
aspect of the postnatal development of SHRs is likely stress-
related and serves as a contributing factor that is also required
for the full development of hypertension. SHR dams have been
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shown to have increased stress levels, increased tactile stimulation of
the pups, altered nutrient exchange during lactation, excessive
grooming, and restlessness–all of which could be or contribute to
this secondary trigger (McCarty and Kopin, 1978; Tucker and
Johnson, 1981; Myers et al., 1989; McCarty et al., 1992; Krukoff
et al., 1999). Additionally, chronic stress, e.g., foot–shock, can induce
hypertension and double the number of OX neurons in the
hypothalamus in normotensive rats (Xiao et al., 2013). It is
possible that a polygenic predisposition accompanied by prenatal
and/or postnatal exposures to increased levels of stress produces an
additive effect that leads to the exaggerated OX neurogenesis. The
OX system is associated with hyperarousal, anxiety/stress, and
autonomic functions (Huang et al., 2010; Kayaba et al., 2003;
Furlong et al., 2009; Johnson et al., 2010; Nattie and Li, 2010),
and this early surge of OX activity in SHRs may produce an aberrant
excitatory drive to many cardiovascular-related nuclei in the
brainstem and spinal cord, resulting in the facilitation of the
pathological development of hypertension in SHRs.

4.2 Relationship between surge in OX
activity and MAP during development
in SHRs

The chronological relationship between increased OX activity
and MAP in SHRs during development was largely unknown. It is
known that MAP increases progressively and rapidly from newborn
(~15–25mmHg) through the first 3 weeks of life (~80–90mmHg) in
normotensive rats (Zicha and Kunes, 1999). Similar to these
previous reports, in this study, we have found that SHR pups
have comparable MAP, diastolic blood pressure (DBP), and
systolic blood pressure (SBP) to the background normotensive
WKY rat pups during the first 2 weeks of life (Figure 3) (Li
et al., 2013; Zicha and Kunes, 1999; Sei et al., 2002; Nagai et al.,
2003; Friberg et al., 1989; Dickhout and Lee, 1998). Around
3–4 weeks of age a measurable difference in MAP between SHR
andWKY rat pups emerges and the divergence of MAP between the
two strains escalates between weeks 4 and 12 (Zicha and Kunes,
1999; Sei et al., 2002; Nagai et al., 2003; Friberg et al., 1989; Dickhout
and Lee, 1998; Lais and Brody, 1977). Using a telemetric method in
conscious animals, we confirmed that by P25, a small but significant
difference inMAP began to emerge between SHR andWKY rat pups
in both wakefulness and sleep. As discussed above, in SHRs, the
number of OX neurons surges to significantly higher than
normotensive controls by P15–16, which is about 10 days prior
the emergence of the difference in MAP between SHR and
normotensive WKY pups. Even though at this point it is unclear
the exact mechanism of such a chronological relationship between
increased OX activity and MAP, the closely associated sequential
events suggest a potential causal role for the OX system in
developing hypertension in SHRs. We speculate that the early
surge of OX signaling may provide excess, and necessary,
excitatory drive to many cardiorespiratory–related nuclei in the
brainstem and sympathetic preganglionic neurons in the spinal cord
to increase SNA, which in turn contributs to developing
hypertension in SHRs during postnatal development. A causal
role for increased OX neurogenesis in SHR hypertension is
further supported by our OX cell ablation experiments.

4.3 Effects of eliminating excess orexin
neurons on MAP and CO2 chemoreflex
in SHRs

In addition to higher MAP and exaggerated CO2 chemoreflex,
SHRs also have ~30% more OX neurons than normotensive control
WKY rats at two ages, P30–58 and adult (Li et al., 2016). Here we
further showed that excess OX neurons and higher MAP in SHRs
emerges in a sequential order during postnatal development at P15 and
P25, respectively. If excess OX neurons are necessary for developing
and/or maintaining a higher MAP during postnatal development, then
elimination of the excess OX neurons in the hypothalamus may be
beneficial in preventing or reducing the aberrant increase in MAP
during this period. To test this hypothesis, we selectively eliminated
some of the OX neurons using Hcrt–SAP in a subset of SHRs from
P25–28 and compared theirMAP andCO2 chemoreflex with IgG–SAP
injected SHR controls 12 days post–lesion at P37–40. The result that
eliminating ~30% OX neurons was sufficient to prevent these
OX–lesioned SHRs from developing higher MAP and exaggerated
CO2 chemoreflex during a postnatal developmental period (P37–40;
Figures 4, 5), demonstrates that excess OX neurons are required for
maintaining increased MAP and exaggerated CO2 chemoreflex and
aligns with their developmental trajectories, indicating that increased
OX neurogenesis is a key component for the development of increased
MAP in SHRs.

On average, the lesioned–SHRs without excess OX neurons had a
MAP that was ~14 mmHg lower than non–lesioned SHRs with excess
OXneurons (121 vs. 107mmHg inwakefulness during dark period) at
P37–40. The change was similar to that found with OXR blockade in
SHRs (Li et al., 2016), where OXR blocker significantly lowered MAP
from 121 to 103mmHg, a level similar to that ofWKY rats at the same
age (99 mmHg). Although we did not directly compare the MAP of
lesioned–SHRs with normotensive WKY rats, our results, combined
with previously published reports, suggest that the MAP resultant
from excess OX neuron elimination is comparable to the expected
MAP of WKY rats at the same age. It should be noted that less
conservative statistical approaches were used in the previously cited
paper from the lab and that with those less stringent approaches, the
difference in MAP during quiet wakefulness also becomes significant
in our dataset whereas our more rigorous statistical analysis only
shows significance during NREM sleep.

In terms of CO2 chemoreflex, we previously showed that SHRs
have elevated ventilatory and MAP responses to hypercapnia at
young (P30–58) and adult ages and that treating with OXR blocker
can normalize such exaggerated CO2 chemoreflex in SHRs in
wakefulness and sleep. Here, we found that the lesioned–SHRs
without excess OX neurons had a significantly lower ventilatory
response to hypercapnia than non–lesioned rats with excess OX
neurons only in wakefulness (Figure 5D). We speculate that the
vigilance state–dependency found here could be contributed by 1) a
proven effect of Almorexant to promote sleep, 2) possible
developmental differences between OX neurons and OXRs
during postnatal developmental period, and 3) methodological
differences in OX system modulation, e.g., elimination of OX
neurons vs. blockade of OXRs. Eliminating excess OX neurons
will result in loss of other neuropeptides that are also produced
by OX neurons, e.g., dynorphin (Chou et al., 2001), even though at
this point the role of dynorphin onMAP remains unclear. Of course,
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a long–term study on the effect of eliminating excess OX neurons or
OX peptide onMAP and CO2 chemoreflex in the future may further
provide therapeutic significance in human hypertension.

State changes following decreased OX resulted in decreased low-
frequency EEG and increased high-frequency EEG signal (Figures 6,
7). These results suggest that lowering OX to an expected normal
level increases wakefulness across room air and 5% CO2 exposure.
Surprisingly, we did not see a difference in EEG PSD bands between
the two gas exposures. This is likely because of the length of the
recording analyzed for the EEG analysis wherein a homeostatic
steady state would be reached following this level of hypercapnic
exposure rather quickly. This may also be of interest for future work
as it seems to indicate the effects of a moderate hypercapnic
exposure in rodents is not as influential on state as was expected.
Perhaps due to the burrowing nature of these animals their tolerance
for state changes based on hypercapnia are different than their
respiratory and cardiovascular adjustments. Unexpectedly, we saw
significant reductions in the normalized PSD bands for the lower
frequency bands (delta, theta, and alpha), which would suggest a
decrease in sleep states. Lack of OX is the known cause of a subset of
narcolepsy and therefore, we would’ve expected an increase in
sleep. However, because we are only decreasing the levels to
around normal, it is possible that this would not be enough to
elicit a pathological sleep response despite the OX activity baseline
for SHRs (which is higher than normotensive animals). One possible
phenotype captured in this data is the established ADHD
characteristics of the SHR (Sagvolden, 2000; Kantak et al., 2008).
Although the ADHD and hypertensive phenotypes can be bred
apart, which indicates separate genetic drivers, both phenotypes are
present in the SHR model. The increase in gamma bands may
indicate greater attentive behavior and focus (Guan et al., 2022;
Ramlakhan et al., 2020). Although changes in sleep were expected, it
may be that the ADHD phenotype complicated the results of the
EEG analyses in this particular study. It would be interesting to see
these results in SHRs wherein the ADHD phenotypes have been
bred out. We would expect to see better sleep consolidation in these
cases as SHRs are known to suffer fragmented sleep (Lai et al., 2016).

Together, we report a plausible cellular mechanism for the
development of higher MAP and an exaggerated CO2 response in
SHRs compared to WKY rats using anatomical timelines
demonstrating neurogenesis increases before the establishment of
increased OX neuron populations in SHRs and ablation of OX
neurons eliminating the increased MAP and CO2 response. This
work significantly contributes to our understanding of OX and
provides much–needed evidence to support prior associations. It
also paves the way for future work into therapeutic intervention for
essential hypertension.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement

The animal study was approved by Institutional Animal Care
and Use Committee at the Geisel School of Medicine at Dartmouth.
The study was conducted in accordance with the local legislation
and institutional requirements.

Author contributions

SL: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Project administration, Validation,
Visualization, Writing–original draft, Writing–review and
editing. AM: Data curation, Methodology, Writing–review and
editing. NI: Formal Analysis, Visualization, Writing–review and
editing. CW: Formal Analysis, Visualization, Writing–review and
editing, Supervision. AL: Funding acquisition, Resources,
Supervision, Writing–review and editing. RR: Funding
acquisition, Resources, Supervision, Validation, Writing–review
and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The study
was supported by R01 HL28066 (AL), the Dartmouth UGAR (AL),
R01 .... (RR), F32 ... (SL), and NASA NNH16ZTT001N-FG
(ROSBFP_PI).

Acknowledgments

The authors thank Dartmouth undergraduate students Julia
Stevenson, Jade Yen, Emily Chen, Armin Tavakkoli, and Logan
Briggs for their assistance. Figures 2A and 4A were created with
Biorender.com.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Frontiers in Physiology frontiersin.org17

Lusk et al. 10.3389/fphys.2024.1341649

http://Biorender.com
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1341649


References

Amiot, C., Brischoux, F., Colard, C., La Roche, A., Fellmann, D., and Risold, P. Y.
(2005). Hypocretin/orexin–containing neurons are produced in one sharp peak in the
developing ventral diencephalon. Eur. J. Neurosci. 22, 531–534. doi:10.1111/j.1460-
9568.2005.04224.x

Antunes, V. R., Brailoiu, G. C., Kwok, E. H., Scruggs, P., and Dun, N. J. (2001).
Orexins/hypocretins excite rat sympathetic preganglionic neurons in vivo and in vitro.
Am. J. Physiology – Regul. Integr. Comp. Physiology 281, R1801–R1807. doi:10.1152/
ajpregu.2001.281.6.R1801

Aydin, Abidin S., Yildirim, M., Abidin, İ., Akca, M., and Cansu, A. (2011). Comparison
of focally induced epileptiform activities in C57BL/6 and BALB/c mice by using in vivo
EEG recording. Neurosci. Lett. 504, 165–169. doi:10.1016/j.neulet.2011.09.030

Cameron, H. A., and Mckay, R. D. G. (2001). Adult neurogenesis produces a large
pool of new granule cells in the dentate gyrus. J. Comp. Neurology 435, 406–417. doi:10.
1002/cne.1040

Carretero, O. A., and Oparil, S. (2000). Essential hypertension. Part I: definition and
etiology. Circulation 101, 329–335. doi:10.1161/01.cir.101.3.329

CDC.National Vital Statistics System, Mortality 2018-2022 on CDCWONDER Online
Database, released 2024. Data are from the Multiple Cause of Death Files, 2018-2022, as
compiled from data provided by the 57 vital statistics jurisdictions through the Vital
Statistics Cooperative Program. National Center for Health Statistics. Available at:
http://wonder.cdc.gov/ucd-icd10-expanded.html (Accessed August 28, 2024).

Chang, G. –Q., Karatayev, O., and Leibowitz, S. F. (2013). Prenatal exposure to
nicotine stimulates neurogenesis of orexigenic peptide–expressing neurons in
hypothalamus and amygdala. J. Neurosci. official J. Soc. Neurosci. 33, 13600–13611.
doi:10.1523/JNEUROSCI.5835-12.2013

Chang, G. Q., Karatayev, O., Liang, S. C., Barson, J. R., and Leibowitz, S. F. (2012).
Prenatal ethanol exposure stimulates neurogenesis in hypothalamic and limbic peptide
systems: possible mechanism for offspring ethanol overconsumption. Neuroscience 222,
417–428. doi:10.1016/j.neuroscience.2012.05.066

Chou, T. C., Lee, C. E., Lu, J., Elmquist, J. K., Hara, J., Willie, J. T., et al. (2001). Orexin
(hypocretin) neurons contain dynorphin. J. N 21, RC168–6. doi:10.1523/JNEUROSCI.
21-19-j0003.2001

Clifford, L., Dampney, B. W., and Carrive, P. (2015). Spontaneously hypertensive rats
have more orexin neurons in their medial hypothalamus than normotensive rats.
Exp. Physiol. 100 (4), 388–398. doi:10.1113/expphysiol.2014.084137

Cummings, K. J., Hewitt, J. C., Li, A., Daubenspeck, J. A., and Nattie, E. E. (2011).
Postnatal loss of brainstem serotonin neurones compromises the ability of neonatal rats
to survive episodic severe hypoxia. J. Physiology 589, 5247–5256. doi:10.1113/jphysiol.
2011.214445

den Pol, A. N., Patrylo, P. R., Ghosh, P. K., and Gao, X. B. (2001). Lateral
hypothalamus: early developmental expression and response to hypocretin (orexin).
J. Comp. Neurol. 433, 349–363. doi:10.1002/cne.1144

Dickhout, J. G., and Lee, R. M. (1998). Blood pressure and heart rate development in
young spontaneously hypertensive rats. Am. J. physiology 274, H794–H800. doi:10.
1152/ajpheart.1998.274.3.H794

Friberg, P., Karlsson, B., and Nordlander, M. (1989). Autonomic control of the
diurnal variation in arterial blood pressure and heart rate in spontaneously hypertensive
and Wistar–Kyoto rats. J. Hypertens. 7, 799–807. doi:10.1097/00004872-198910000-
00005

Furlong, T. M., Vianna, D. M. L., Liu, L., and Carrive, P. (2009). Hypocretin/orexin
contributes to the expression of some but not all forms of stress and arousal. Eur.
J. Neurosci. 30, 1603–1614. doi:10.1111/j.1460-9568.2009.06952.x

Gerashchenko, D., Blanco–Centurion, C., Greco, M. A., and Shiromani, P. J. (2003).
Effects of lateral hypothalamic lesion with the neurotoxin hypocretin–2–saporin on
sleep in Long–Evans rats. Neuroscience 116, 223–235. doi:10.1016/s0306-4522(02)
00575-4

Gerashchenko, D., Kohls, M. D., Greco, M., Waleh, N. S., Salin-Pascual, R., Kilduff, T.
S., et al. (2001). Hypocretin–2–saporin lesions of the lateral hypothalamus produce
narcoleptic–like sleep behavior in the rat. J. Neurosci. official J. Soc. Neurosci. 21,
7273–7283. doi:10.1523/JNEUROSCI.21-18-07273.2001

Guan, A., Wang, S., Huang, A., Qiu, C., Li, Y., Li, X., et al. (2022). The role of gamma
oscillations in central nervous system diseases: mechanism and treatment. Front. Cell
Neurosci. 16, 962957. doi:10.3389/fncel.2022.962957

Huang, S. –C., Dai, Y. –W. E., Lee, Y. –H., Chiou, L. –C., and Hwang, L. –L. (2010).
Orexins depolarize rostral ventrolateral medulla neurons and increase arterial pressure
and heart rate in rats mainly via orexin 2 receptors. J. Pharmacol. Exp. Ther. 334,
522–529. doi:10.1124/jpet.110.167791

Iwasa, T., Matsuzaki, T., Munkhzaya, M., Tungalagsuvd, A., Kuwahara, A., Yasui, T.,
et al. (2015). Developmental changes in the hypothalamic mRNA levels of
prepro–orexin and orexin receptors and their sensitivity to fasting in male and
female rats. Int. J. Dev. Neurosci. 46, 51–54. doi:10.1016/j.ijdevneu.2015.07.005

Jackson, K. L., Dampney, B. W., Moretti, J. L., Stevenson, E. R., Davern, P. J., Carrive,
P., et al. (2016). Contribution of orexin to the neurogenic hypertension in BPH/2J mice.
Hypertension 67, 959–969. doi:10.1161/HYPERTENSIONAHA.115.07053

Johnson, P. L., Truitt, W., Fitz, S. D., Minick, P. E., Dietrich, A., Sanghani, S., et al.
(2010). A key role for orexin in panic anxiety. Nat. Med. 16, 111–115. doi:10.1038/nm.
2075

Kantak, K. M., Singh, T., Kerstetter, K. A., Dembro, K. A., Mutebi, M. M., Harvey, R.
C., et al. (2008). Advancing the spontaneous hypertensive rat model of attention deficit/
hyperactivity disorder. Behav. Neurosci. 122, 340–357. doi:10.1037/0735-7044.122.2.340

Kayaba, Y., Nakamura, A., Kasuya, Y., Ohuchi, T., Yanagisawa, M., Komuro, I., et al.
(2003). Attenuated defense response and low basal blood pressure in orexin knockout
mice. Am. J. physiology. Regul. Integr. Comp. physiology 285, R581–R593. doi:10.1152/
ajpregu.00671.2002

Kent, B. A., Strittmatter, S. M., and Nygaard, H. B. (2018). Sleep and EEG power
spectral analysis in three transgenic mouse models of alzheimer’s disease: APP/PS1,
3xTgAD, and Tg2576. J. Alzheimers Dis. 64, 1325–1336. doi:10.3233/JAD-180260

Kokoeva, M. V., Yin, H., and Flier, J. S. (2005). Neurogenesis in the hypothalamus of
adult mice: potential role in energy balance. Sci. (New York, N.Y.) 310, 679–683. doi:10.
1126/science.1115360

Krukoff, T. L., MacTavish, D., and Jhamandas, J. H. (1999). Hypertensive rats exhibit
heightened expression of corticotropin–releasing factor in activated central neurons in
response to restraint stress. Mol. Brain Res. 65, 70–79. doi:10.1016/s0169-328x(98)
00342-8

Lai, C. T., Chen, C. Y., Kuo, T. B. J., Chern, C. M., and Yang, C. C. H. (2016).
Sympathetic hyperactivity, sleep fragmentation, and wake–related blood pressure surge
during late–light sleep in spontaneously hypertensive rats. Am. J. Hypertens. 29,
590–597. doi:10.1093/ajh/hpv154

Lais, L., and Brody, M. (1977). Pathogenesis of hypertension in spontaneously
hypertensive rats. New York: Spectrum.

Lee, D. (2012). Identification and characterization of neural progenitors in the
mammalian hypothalamus. Johns Hopkins University.

Lee, Y., Tsai, M. C., Li, T. L., Dai, Y. W. E., Huang, S. C., and Hwang, L. L. (2015).
Spontaneously hypertensive rats have more orexin neurons in the hypothalamus
and enhanced orexinergic input and orexin 2 receptor-associated nitric oxide
signalling in the rostral ventrolateral medulla. Exp. Physiol. 100, 993–1007.
doi:10.1113/EP085016

Lee, Y. –H., Dai, Y. –W. E., Huang, S. –C., Li, T. –L., and Hwang, L. –L. (2013).
Blockade of central orexin 2 receptors reduces arterial pressure in spontaneously
hypertensive rats. Exp. Physiol. 98, 1145–1155. doi:10.1113/expphysiol.2013.072298

Li, A., Emond, L., and Nattie, E. (2008). Brainstem catecholaminergic neurons
modulate both respiratory and cardiovascular function. New York, NY: Springer,
371–376. doi:10.1007/978–0–387–73693–8_65

Li, A., Hindmarch, C. C. T., Nattie, E. E., and Paton, J. F. R. (2013). Antagonism of
orexin receptors significantly lowers blood pressure in spontaneously hypertensive rats.
J. Physiology 591, 4237–4248. doi:10.1113/jphysiol.2013.256271

Li, A., and Nattie, E. O. (2014). Orexin, cardio-respiratory function, and hypertension.
Front. Neurosci. 8, 22. doi:10.3389/fnins.2014.00022

Li, A., Roy, S. H., and Nattie, E. E. (2016). An augmented CO 2 chemoreflex and
overactive orexin system are linked with hypertension in young and adult
spontaneously hypertensive rats. J. Physiology 594, 4967–4980. doi:10.1113/JP272199

Mantyh, P. W., Rogers, S. D., Honore, P., Allen, B. J., Ghilardi, J. R., Li, J., et al. (1997).
Inhibition of hyperalgesia by ablation of lamina I spinal neurons expressing the
substance P receptor. Sci. (New York, N.Y.) 278, 275–279. doi:10.1126/science.278.
5336.275

Marcus, J. N., Aschkenasi, C. J., Lee, C. E., Chemelli, R. M., Saper, C. B., Yanagisawa,
M., et al. (2001). Differential expression of orexin receptors 1 and 2 in the rat brain.
J. Comp. neurology 435, 6–25. doi:10.1002/cne.1190

McCarty, R., and Kopin, I. J. (1978). Alterations in plasma catecholamines and
behavior during acute stress in spontaneously hypertensive and Wistar–Kyoto
normotensive rats. Life Sci. 22, 997–1005. doi:10.1016/0024-3205(78)90365-x

McCarty, R., and Lee, J. H. (1996). Maternal influences on adult blood pressure of
SHRS: a single pup cross–fostering study. Physiology and Behav. 59, 71–75. doi:10.1016/
0031-9384(95)02034-9

McCarty, R., Tong, H., and Forsythe, R. C. (1992). Electrolyte content of milk differs
in normotensive and spontaneously hypertensive rats. Psychobiology 20, 307–310.
doi:10.3758/bf03332065

Menyhárt, O., Harami-Papp, H., Sukumar, S., Schäfer, R., Magnani, L., de Barrios, O.,
et al. (2016). Guidelines for the selection of functional assays to evaluate the hallmarks of
cancer. Biochimica Biophysica Acta 1866, 300–319. doi:10.1016/j.bbcan.2016.10.002

Miller, M. W., and Nowakowski, R. S. (1988). Use of
bromodeoxyuridine–immunohistochemistry to examine the proliferation, migration
and time of origin of cells in the central nervous system. Brain Res. 457, 44–52. doi:10.
1016/0006-8993(88)90055-8

Myers, M. M., Brunelli, S. A., Squire, J. M., Shindeldecker, R. D., and Hofer, M. A.
(1989). Maternal behavior of SHR rats and its relationship to offspring blood pressures.
Dev. Psychobiol. 22, 29–53. doi:10.1002/dev.420220104

Frontiers in Physiology frontiersin.org18

Lusk et al. 10.3389/fphys.2024.1341649

https://doi.org/10.1111/j.1460-9568.2005.04224.x
https://doi.org/10.1111/j.1460-9568.2005.04224.x
https://doi.org/10.1152/ajpregu.2001.281.6.R1801
https://doi.org/10.1152/ajpregu.2001.281.6.R1801
https://doi.org/10.1016/j.neulet.2011.09.030
https://doi.org/10.1002/cne.1040
https://doi.org/10.1002/cne.1040
https://doi.org/10.1161/01.cir.101.3.329
http://wonder.cdc.gov/ucd-icd10-expanded.html
https://doi.org/10.1523/JNEUROSCI.5835-12.2013
https://doi.org/10.1016/j.neuroscience.2012.05.066
https://doi.org/10.1523/JNEUROSCI.21-19-j0003.2001
https://doi.org/10.1523/JNEUROSCI.21-19-j0003.2001
https://doi.org/10.1113/expphysiol.2014.084137
https://doi.org/10.1113/jphysiol.2011.214445
https://doi.org/10.1113/jphysiol.2011.214445
https://doi.org/10.1002/cne.1144
https://doi.org/10.1152/ajpheart.1998.274.3.H794
https://doi.org/10.1152/ajpheart.1998.274.3.H794
https://doi.org/10.1097/00004872-198910000-00005
https://doi.org/10.1097/00004872-198910000-00005
https://doi.org/10.1111/j.1460-9568.2009.06952.x
https://doi.org/10.1016/s0306-4522(02)00575-4
https://doi.org/10.1016/s0306-4522(02)00575-4
https://doi.org/10.1523/JNEUROSCI.21-18-07273.2001
https://doi.org/10.3389/fncel.2022.962957
https://doi.org/10.1124/jpet.110.167791
https://doi.org/10.1016/j.ijdevneu.2015.07.005
https://doi.org/10.1161/HYPERTENSIONAHA.115.07053
https://doi.org/10.1038/nm.2075
https://doi.org/10.1038/nm.2075
https://doi.org/10.1037/0735-7044.122.2.340
https://doi.org/10.1152/ajpregu.00671.2002
https://doi.org/10.1152/ajpregu.00671.2002
https://doi.org/10.3233/JAD-180260
https://doi.org/10.1126/science.1115360
https://doi.org/10.1126/science.1115360
https://doi.org/10.1016/s0169-328x(98)00342-8
https://doi.org/10.1016/s0169-328x(98)00342-8
https://doi.org/10.1093/ajh/hpv154
https://doi.org/10.1113/EP085016
https://doi.org/10.1113/expphysiol.2013.072298
https://doi.org/10.1007/978�0�387�73693�8_65
https://doi.org/10.1007/978�0�387�73693�8_65
https://doi.org/10.1007/978�0�387�73693�8_65
https://doi.org/10.1007/978�0�387�73693�8_65
https://doi.org/10.1007/978�0�387�73693�8_65
https://doi.org/10.1113/jphysiol.2013.256271
https://doi.org/10.3389/fnins.2014.00022
https://doi.org/10.1113/JP272199
https://doi.org/10.1126/science.278.5336.275
https://doi.org/10.1126/science.278.5336.275
https://doi.org/10.1002/cne.1190
https://doi.org/10.1016/0024-3205(78)90365-x
https://doi.org/10.1016/0031-9384(95)02034-9
https://doi.org/10.1016/0031-9384(95)02034-9
https://doi.org/10.3758/bf03332065
https://doi.org/10.1016/j.bbcan.2016.10.002
https://doi.org/10.1016/0006-8993(88)90055-8
https://doi.org/10.1016/0006-8993(88)90055-8
https://doi.org/10.1002/dev.420220104
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1341649


Nagai, R., Nagata, S., Fukuya, F., Higaki, J., Rakugi, H., and Ogihara, T. (2003).
Changes in autonomic activity and baroreflex sensitivity with the hypertension process
and age in rats. Clin. Exp. Pharmacol. Physiology 30, 419–425. doi:10.1046/j.1440-1681.
2003.03852.x

Natekar, A., Olds, R. L., Lau, M. W., Min, K., Imoto, K., and Slavin, T. P. (2014).
Elevated blood pressure: our family’s fault? The genetics of essential hypertension.
World J. Cardiol. 6, 327–337. doi:10.4330/wjc.v6.i5.327

Nattie, E., and Li, A. (2010). Central chemoreception in wakefulness and sleep:
evidence for a distributed network and a role for orexin. J. Appl. Physiology 108,
1417–1424. doi:10.1152/japplphysiol.01261.2009

Ogawa, Y., Kanda, T., Vogt, K., and Yanagisawa, M. (2017). Anatomical and
electrophysiological development of the hypothalamic orexin neurons from embryos
to neonates. J. Comp. Neurology 525, 3809–3820. doi:10.1002/cne.24261

Penatti, E., Barina, A., Schram, K., Li, A., and Nattie, E. (2011). Serotonin transporter
null male mouse pups have lower ventilation in air and 5% CO2 at postnatal ages P15 and
P25. Respir. Physiology and Neurobiol. 177, 61–65. doi:10.1016/j.resp.2011.02.006

Peyron, C., Tighe, D. K., van den Pol, A. N., de Lecea, L., Heller, H. C., Sutcliffe, J. G.,
et al. (1998). Neurons containing hypocretin (orexin) project to multiple neuronal
systems. J. Neurosci. official J. Soc. Neurosci. 18, 9996–10015. doi:10.1523/JNEUROSCI.
18-23-09996.1998

Pravenec,M., and Kurtz, T.W. (2010). Recent advances in genetics of the spontaneously
hypertensive rat. Curr. Hypertens. Rep. 12, 5–9. doi:10.1007/s11906-009-0083-9

Ramlakhan, J. U., Zomorrodi, R., Blumberger, D. M., Noda, Y., and Barr, M. S. (2020).
The role of gamma oscillations in the pathophysiology of substance use disorders.
J. Pers. Med. 11, 17. doi:10.3390/jpm11010017

Rizzoti, K., and Lovell, Badge R. (2017). Pivotal role of median eminence tanycytes for
hypothalamic function and neurogenesis.Mol. Cell. Endocrinol. 445, 7–13. doi:10.1016/
j.mce.2016.08.020
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