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Sleep Loss Mediates the Effect of Stress on Nitrergic Signaling
in Female Mice

Emily Chiem1, India Nichols!, Christine Vanl, Samuel Koril, Ketema Paull
1Department of Integrative Biology and Physiology, University of California, Los Angeles, Los
Angeles, California 90095, United States

Abstract

Nitric oxide (NO) has been implicated as an important neurotransmitter in stress responses and
sleep regulatory processes. However, the role of NO in the relationship between stress and sleep
remains unclear. The medial septum (MS) and vertical diagonal band (\VDB), regions of the basal
forebrain involved in sleep regulation, contain nitric oxide synthase (NOS) producing neurons.
Additionally, NOS neurons in the dorsal raphe nucleus (DRN) encode information about stress
duration. The role of nitrergic neurons in these regions in subserving sex-specific responses to
stress and sleep loss has yet to be elucidated. In this study, NADPH-d, an index of NOS activity,
was used to examine the effects of acute restraint stress and sleep loss on NOS activity in the MS,
VDB, and DRN. We show that NOS activity in response to restraint stress, total sleep deprivation
(TSD), and partial sleep restriction (PSR) differs based on sex and region. Initial analysis showed
no effect of restraint stress or TSD on NOS activity in the basal forebrain. However, investigation
of each sex separately revealed that restraint stress and TSD significantly decrease NOS activity in
the MS of females, but not males. Interestingly, the difference in NOS activity between restraint
stress and TSD in females was not significant. Furthermore, PSR was not sufficient to affect
NOS activity in males or females. These data suggest that restraint stress and sleep loss regulate
NOS activation in a sex-dependent manner, and that the NOS stress response in females may be
mediated by sleep loss.
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Introduction

There is a reciprocal relationship between stress and sleep [1,2,3]. Stress often produces
sleep loss which, in turn, can worsen physiological stress responses. The mechanisms that
underlie this complex interaction remain unclear. Nitric oxide (NO), a diffusible signaling
molecule, plays a role in many physiological responses. While NO signaling is crucial
throughout the body, such as in the cardiovascular [4] and gastrointestinal [5] systems, it
also has a functional role in the central nervous system [6]. In mammals, stressful stimuli in
the environment triggers nitric oxide synthase (NOS) activation in the brain [7], particularly
in the dorsal raphe nucleus (DRN) of the brainstem [8], prefrontal cortex, hippocampus, and
hypothalamus [9]. Thus, NO signaling serves as a critical mediator of stress responses.

NO signaling is also involved in sleep regulation [10,11]. In the basal forebrain, NO has
been implicated in sleep homeostasis, the process which underlies the ability to recover
from sleep loss. Sleep deprivation induces NO production in the basal forebrain [12], and
NO production in this area is necessary for recovery sleep [13]. Specifically in the medial
septum (MS) and vertical diagonal band (VDB) of the basal forebrain, NOS has been shown
to localize in cholinergic neurons [14,15,16]. Due to the convergence of stress and sleep
regulatory mechanisms on the nitrergic system, we hypothesized that restraint stress and
sleep loss may result in similar downstream effects on NOS activity.

There are sex differences in susceptibility to stress and sleep disturbances [17,18,19,20]. For
instance, females are more resilient to chronic stress [21], and acute stress [22] than males.
Also, there are sex differences in the risk for stress-sensitive psychological disorders, such
as post-traumatic stress disorder and depression [23,24]. Furthermore, the ability to recover
from sleep loss is partially dependent on sex. Females exhibit a more robust recovery
response than males following sleep loss [25], and this sex difference is driven by gonadal
hormones [25,26] and sex chromosome complement [27]. However, the mechanisms that
establish sex differences in the interaction between stress and sleep regulation are not well
understood.

In this study, we examined the relationship between stress-induced and sleep loss-induced
NOS activity, and whether sex-specific responses to acute stress and sleep loss are reflected
in distinct changes in NOS activity. In order to investigate this, we exposed mice to one

of three conditions: a) restraint stress, b) total sleep deprivation (TSD), or c) partial sleep
restriction (PSR), and NOS activity was measured using a NADPH-d stain following these
interventions.

Material and Methods

Animals

Male and female adult C57BL/6J mice (Jackson Laboratory) were maintained on a 12h:12h
light/dark cycle. Food and water were provided ad /ibitum. Mice were group housed in a
standard cage (4/cage) before being randomly assigned to groups. This study used a total of
66 mice divided into 2 cohorts. The first cohort of male (n=18) and female (n=18) mice were
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used to determine and compare the effects of restraint stress and TSD. The second cohort of
male (n=14) and female (n=16) mice were used to determine the effects of PSR.

Restraint stress

Mice were separately held in semi-cylindrical, plastic restraint devices while breathing and
movement were closely monitored [28]. Restraint devices were placed in the animal’s home
cage. Criteria for removal from the device were abnormal breathing, lesions, illnesses,

or other irregular behavioral changes. No animals needed to be removed. Control mice
were maintained in their home cage with ad /ibitum access to food and water. Mice were
restrained for 6h starting at the onset of the light phase in a 12h:12h light/dark cycle, and
were sacrificed immediately following restraint.

Total sleep deprivation (TSD)

Mice underwent 6h of TSD using a gentle-handling protocol, which includes cage tapping,
introduction of novel objects, and gentle touching when mice displayed signs of sleep onset
[29]. TSD began at the onset of the light phase in a 12h:12h light/dark cycle. Control

mice were left undisturbed with ad /ibitum access to food and water. Mice were sacrificed
immediately following TSD.

Partial sleep restriction (PSR)

Mice habituated to slowly rotating wheels for 1 week in a 12h:12h light/dark cycle.
Following habituation, wheels began rotating at the onset of the light phase at 1
revolution/min for 24h [29]. Food and water were provided ad /ibitum while mice were

in wheels. Control mice were maintained in their home cage with ad /ibitum access to food
and water. Animals were sacrificed immediately following PSR.

Corticosterone extraction

To assess whether restraint stress or TSD induced activation of the hypothalamic-pituitary-
adrenal (HPA) axis, fecal corticosterone (CORT) levels were measured. CORT was extracted
from the feces using a corticosterone competitive ELISA kit (ThermoFisher Scientific).

Tissue collection

Animals were anesthetized with sodium pentobarbital administered at a concentration of
150 mg/kg to each mouse. Animals were perfused transcardially with phosphate buffered
solution (PBS), followed by 10% formalin. Brains were collected and placed to post-fix in
formalin overnight at 4 ° C. Following fixation, brains were placed in 30% sucrose at 4 ° C
until sectioning. Coronal sections from 1.34 mm to 0.38 mm relative to bregma containing
the basal forebrain regions of interest (MS and VDB) were sectioned at 40 pm on a cryostat.
Coronal sections from —4.66 mm to —5.32 mm relative to bregma containing the DRN were
sectioned at 20 um. Sections were collected based on figures from the mouse brain atlas
[30]. Following collection, sections were placed in PBS and stored at 4 ° C. Four brains were
damaged during the tissue collection stage (2 controls, 1 restraint stress, 1 TSD), and were
removed from analysis.
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NADPH-d staining

Imaging

Free floating sections were placed in a 24-well plate containing PBS with tween at

room temperature for 30 min to allow for membrane permeability. A NADPH-diaphorase
(NADPH-d) stain was used to label NOS+ cells. In the presence of NADPH, NOS reduces
tetrazolium dyes, such as nitroblue, to a dark blue formazan product. NADPH-d staining
solution was made using 200 pL of nitroblue, 400 uL of NADPH TS, 60 uL of Triton X-100,
and 20 mL of PBS. The PBST was aspirated out of each well, and 500 pL of NADPH-d
solution was applied to each well. Wells were covered in aluminum foil, and allowed to
incubate at 37 ° C for 1h. Once sections were stained dark purple after 1h, sections were
held in wells containing PBS at 4 ° C until mounting [31]. Tissue sections were mounted
onto chromealum gelatin-coated slides, dried, and coverslipped.

The mouse brain atlas [30] was used to define anatomical areas of interest. Every tenth
section from 1.34 mm to 0.38 mm relative to bregma for the basal forebrain, and every tenth
section from —4.66 mm to —5.32 mm relative to bregma for the DRN was stained and used
for analysis. Images were acquired using a 20X objective lens on an EVOS FL AUTO light
microscope. Lower magnification images were acquired on a Zeiss Stereomicroscope (Stemi
SV 11 Apo) equipped with an Axiocam using the AxioVision software (Carl Zeiss).

NOS measurement

All images were converted from RGB color to gray scale for analysis using ImageJ. 2-5
sections for each animal were used to measure NADPH-d optical density and cell count. All
analysis was performed by a single observer. Optical density was obtained by measuring the
mean gray pixel value from representative cells in the MS, VDB, and DRN using ImageJ. A
calibrated optical density curve was used to obtain the optical density value. The mean gray
value is the sum of the gray values of all pixels in the selection divided by the number of
pixels [8].

Statistical analysis

Statistical analysis was performed using SPSS software. To determine the effect of restraint
stress and TSD in the MS, VDB, and DRN, a two-way analysis of variance (ANOVA)

was performed for each region with sex and condition as factors. The Tukey post hoc test
was used when appropriate. Percentage change from control was calculated using GraphPad
Prism 8. In order to determine the effect of PSR in the MS and VDB, a two-way ANOVA
was performed for each region using sex and condition as factors. To determine changes

in CORT levels, a two-way ANOVA was performed with sex and condition as factors. The
Tukey post hoc test was used when appropriate.

Neurosci Lett. Author manuscript; available in PMC 2023 April 10.
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Results

Restraint stress and total sleep deprivation (TSD) significantly decrease NOS activity in
the medial septum (MS) of females

First, we examined the effects of restraint stress and TSD on NOS activity in the MS,
VDB, and DRN. NADPH-d optical density was used as a measure of NOS activity. A
two-way ANOVA was performed for each brain region. In the MS, there was a significant
interaction between sex and condition. This suggests that the ability of restraint stress or
TSD to alter NADPH-d optical density is sex-dependent. A post hioc analysis revealed

a significant difference in NADPH-d optical density between control and restraint stress
conditions, and between control and TSD conditions in females. However, there was no
significant difference between restraint stress and TSD conditions. There were no significant
differences between conditions in males (Fig. 1A, C; Table 1). In the VDB, there was no
effect of sex or condition, and no significant interaction between the factors (Fig. 1B, D;
Table 1). In the DRN, there was no effect of sex or condition, and no significant interaction
between the factors (Table 1).

Partial sleep restriction (PSR) has no effect on NOS activity in the medial septum (MS) and
vertical diagonal band (VDB)

Next, we examined the effect of PSR in a slowly-rotating wheel on NOS activity in the MS
and VDB. A two-way ANOVA revealed a significant effect of sex. However, there was no
effect of condition, and no significant interaction between the factors (Fig. 2; Table 1). These
results suggest that PSR has no effect on NOS activity.

Total sleep deprivation (TSD) via gentle-handling does not elevate corticosterone levels

A hypothalamic-pituitary-adrenal (HPA) axis response to stress includes increased
corticosterone (CORT) levels [32,33]. Fecal CORT measurements are non-invasive, reliably
reflect circulating CORT levels, and act as a biomarker of stress responses [34,35]. In
order to ensure that gentle-handling during TSD did not induce a HPA stress response, we
examined CORT levels in feces following the intervention. A two-way ANOVA revealed

a significant difference in CORT levels between conditions (F(2,17)=14.201; p=0.001), no
difference between sex (F(1,17)=0.402; p=0.538), and no signicant interaction between the
two factors (F(2,17)=0.469; p=0.637). Post hoc tests showed significantly elevated CORT
levels in restrained mice as compared to controls (p=0.002) and as compared to TSD

mice (p=0.002). However, there were no significant changes in CORT levels in TSD mice
(p>0.05) as compared to controls. This suggests that TSD does not activate a HPA stress
response resulting in CORT release.

Discussion

Sex differences in physiological and behavioral responses to acute stress have been
frequently reported [36,37]. However, the mechanisms mediating these sex differences in
susceptibility to stress are unclear. In this study, we show a significant decrease in NOS
activity in females following restraint stress and TSD, with no significant difference between
the restraint stress and TSD groups. This finding suggests that sleep loss which occurs
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during the restraint stress episode may contribute to the effect of restraint stress on NOS
activity, rather than solely a consequence of stress mechanisms. Thus, a sleep regulatory
mechanism, mediated by NOS, may encode the stress responses in females but not males.

Interestingly, NOS activity is not affected by PSR. During PSR in the slowly rotating wheel,
animals find opportunities for microsleep that increases with duration in the wheel, and thus
dissipates some sleep pressure during that period [38]. Therefore, it appears that acute TSD
is required to affect NOS activity in the MS, and PSR in a slowly-rotating wheel is not
sufficient.

NOS activity in the DRN of rats has been shown to respond dynamically to restraint stress
[8]. In order to determine if the NOS response in rats could be recapitulated in mice, we
examined the effect of restraint stress and TSD on NOS activation in the DRN of mice.
Since the mouse DRN does not contain NOS in the midline, our study focused on the lateral
DRN [39]. We show that restraint stress and TSD have no effect on NOS activity in the
lateral DRN of mice, which suggests that nitrergic neurons in the DRN of mice do not
process stress information in the same way they do in rats.

NO has been shown to stimulate the release of adenosine in the basal forebrain [40].

During periods of wakefulness, extracellular adenosine accumulates in the basal forebrain,
where it acts to inhibit wake-promoting neurons and activate sleep-promoting neurons [41].
However, blocking adenosine alpha-1 (A1) receptors do not completely mitigate NO action,
which suggests that NO may have effects on sleep regulatory mechanisms independent of
adenosine [42]. Previous work has shown that NO levels increase in the basal forebrain
during sleep deprivation, thus suggesting its role as a sleep-promoting factor [13]; however,
this study only examined males. While our study examined NOS activation as a proxy

for NO levels, our results suggest that NO levels may be differentially affected by TSD
depending on sex. We show that NOS activity is significantly decreased in females following
TSD, which may imply that NOS in the MS of females does not carry a sleep-promoting
function. Also, the difference in NOS activation between TSD and restraint stress in females
is not significant. This finding suggests that NOS activity in response to sleep loss may act
as a mediator of stress responses in females, rather than functioning as a somnogen. Our
results add to the literature on sex differences in NO action, which have also been shown in
motor coordination [43], and affective behaviors [44].

The NADPH-diaphorase (NADPH-d) assay is a well-established method to localize and
measure activity-dependent changes in NOS producing neurons. A diaphorase defines

an enzyme that can oxidize a reduced form of coenzyme NAD, for example, NADPH,

which is a reduced form of NADP+. It has been shown that NADPH-d is a NOS [45];

thus, the intensity of NADPH-d staining provides an accurate measure of NOS activity
[46,47,48]. Furthermore, NADPH-d staining has been used to show that NOS colocalizes

in magnocellular cholinergic neurons in the MS and VDB of the rat basal forebrain [16].
Therefore, the NOS reported in our findings may be colocalizing with cholinergic neurons of
the MS.

Neurosci Lett. Author manuscript; available in PMC 2023 April 10.
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In order to validate that TSD via gentle-handling does not induce a HPA stress response,
CORT levels were measured. There was a significant elevation in CORT levels in restrained
mice as compared to controls, which corroborates previous literature [28]. However, there
was no significant difference in CORT levels between control and TSD mice. This suggests
that TSD via gentle-handling does not induce a HPA stress response. While there are other
stress responses that do not depend on HPA overstimulation, due to the role of the basal
forebrain as a sleep regulatory center, it is likely that this change in NOS activity is mediated
by sleep homeostasis. While CORT levels were not measured in the PSR group, it has

been shown that PSR does increase CORT levels [49, 50]. Regardless of the elevation of
CORT levels, there was no effect of PSR on NOS activity due to the insufficient sleep loss
that occurs during PSR. Thus, this supports our finding that a HPA stress response is not
responsible for the change in NOS activation in the MS.

In summary, these data show that the ability of acute restraint stress to decrease NOS
activity in the MS of females is dependent on sleep loss. Therefore, this stress response

may be encoded by a sleep regulatory mechanism. The sex-dependent regulation of NOS
activity in the basal forebrain may underlie key sex differences in stress and sleep regulatory
systems.
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Highlights
Sleep loss and restraint stress affect NOS activity in the basal forebrain
NOS activity decreases following sleep loss and restraint stress in females

The effect of stress on NOS activity in females results from sleep loss
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Figure 1. Effect of total sleep deprivation (TSD) and restraint stress on NOS activity in the basal
forebrain
The NADPH-d optical density, a measure of NOS activity, is shown in the (A) medial

septum (MS) and (B) vertical diagonal band (\VDB). The percent change from control mean
NADPH-d optical density in the (C) MS and (D) VDB are shown following TSD or restraint
stress. Data are presented as mean = SEM. * p<0.05 compared between condition (Tukey
post hoc test).
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Figure 2. Partial sleep restriction (PSR) has no effect on NOS activity in the basal forebrain
The NADPH-d optical density, a measure of NOS activity, is shown in the (A) medial

septum (MS) and (B) vertical diagonal band (\VDB) under control or PSR conditions. Data
are presented as mean + SEM. * p<0.05 compared between sex (two-way ANOVA).
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Figure 3. NADPH-diaphorase staining in the medial septum (MS) and vertical diagonal band
(VDB)

A NADPH-diaphorase (NADPH-d) stain was used to measure NOS activity in the MS
and VDB under control, TSD, and restraint stress conditions. Both TSD and restraint
stress significantly decrease NOS activity in the MS of females. Arrowhead indicates a
representative cell. Scale bar size 200um in all figures.
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Table 1.
Restraint stress and total sleep deprivation (TSD) affect NOS activity in females
Region Sex Condition (Control vs. Stress Interaction (Sex * Tukey Multiple Comparisons
vs. TSD) Condition)
MS F(1,26)=1.673; p=0.207 F(2,26)=0.876; p=0.428 F(2,26)=3.893; p=0.033 Male Control vs. Stress  p=0.361
Control vs. TSD ~ p=0.726
Stress vs. TSD p=0.773
Female  Control vs. Stress  p=0.032
Control vs. TSD p=0.011
Stress vs. TSD p=0.793

VDB F(1,26)=2.321; p=0.140
DRN  F(1,26)=0.811; p=0.376

F(2,26)=1.686; p=0.205
F(2,26)=0.785; p=0.467

F(2,26)=2.964; p=0.069
F(2,26)=0.822; p=0.451

Region Sex Condition Interaction
(Control vs. PSR) (Sex * Condition)
MS F(1,26)=6.128; p=0.020  F(1,26)=1.513; p=0.230  F(1,26)=2.437; p=0.131

VDB F(1,23)=9.214; p=0.006

F(1,23)=0.279; p=0.603

F(1,23)=3.624; p=0.070

Data from each region were analyzed with a two-way ANOVA using sex and condition as factors. The Tukey post hoc test was used when

appropriate. p values <0.05 were considered significant and are shown in bold.
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