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ABSTRACT
The neuropeptide S receptor (NPSR) has been identified as a po-
tential therapeutic target for anxiety and post-traumatic stress dis-
order. Central administration of neuropeptide S (NPS) in male
mice produces anxiolytic-like effects, hyperlocomotion, andmem-
ory enhancement. Currently, the literature is limited in the number
of studies investigating the effects of NPS in female test subjects
despite females facing a higher prevalence of anxiety-related pa-
thology, as well as greater risk for adverse effects while taking
psychoactive drugs. Moreover, no previous studies have consid-
ered the influence of estrous cycle on the effects of NPS. The
present study investigates whether NPS-mediated behavioral
phenotypes seen in males translate to females, and whether they
are affected by estrous cycle stage. Female C57BL/6NCr mice
were intracerebroventricularly cannulated and underwent behav-
ioral paradigms to test locomotion, anxiety, and memory. Estrous
cycle stage was determined through examination of vaginal cytol-
ogy. Our results provide evidence that NPS-mediated behaviors

are influenced by the estrous cycle. Administration of NPS de-
creased anxiety-like behaviors more robustly when the female
mice were in high estrogen stages of the estrous cycle. Therefore,
the desired anxiolytic-like effects of targeting the NPSR are intact
in female mice. However, these effects may to be influenced by
the stage of the estrous cycle. The NPSR remains a strong poten-
tial drug target for new anxiolytic compounds and based on our
initial observations further studies exploring the interaction of es-
trous cycle and the NPS system are warranted.

SIGNIFICANCE STATEMENT
The neuropeptide S (NPS) receptor has been identified as a po-
tential target for treating anxiety, a condition that is most preva-
lent in females. Therefore, the potential interaction of estrous
cycle with the NPS system described in the present study is an
important first step in understanding the function of the NPS
system in females.

Introduction
From 2001 to 2003, an estimated 19.1% of adults in the

United States suffered from an anxiety disorder (NIMH,
https://www.nimh.nih.gov/health/statistics/any-anxiety-disorder),
and the situation may have worsened due to the COVID-19 pan-
demic (Salari et al., 2020; Nochaiwong et al., 2021). Included
among these are generalized anxiety disorder, panic disorder,
obsessive compulsive disorder, and post-traumatic stress disor-
der. Women show a higher prevalence for all of these disorders
and are up to two times more likely than men to meet the crite-
ria for a life-long anxiety disorder (Kessler et al., 1994). In pre-
clinical investigation of potential anxiolytic compounds, high
male subject bias during in vivo animal testing has been com-
mon (Beery and Zucker, 2011). Thus, female subjects are often
underrepresented in these antianxiety drug development stud-
ies, which may contribute to the fact that females are more

likely to have adverse reactions to psychoactive drugs (Ekhart
et al., 2018). These facts lead to two important areas of unmet
need: necessity for new antianxiety treatments and for the inclu-
sion of female animals in in vivo drug development. Research on
novel neuropeptide systems may provide insight into potential
drug targets.
Neuropeptide S (NPS) is an endogenous peptide that acti-

vates the G protein-couple receptor neuropeptide S receptor
(NPSR). Both genetic and preclinical studies support a role for
this system in sleep disorders, anxiety-related pathologies, and
obesity (Xu et al., 2004; Niimi, 2006; Gottlieb et al., 2007;
Okamura et al., 2007; Cline et al., 2008; Leonard et al.,
2008; Donner et al., 2010; Raczka et al., 2010; Dannlowski
et al., 2011; Domschke et al., 2011; Lennertz et al., 2012;
Glotzbach-Schoon et al., 2013; Kumsta et al., 2013; Tupak
et al., 2013; Klauke et al., 2014; Laas et al., 2014a, 2014b,
2015; Spada et al., 2014; Streit et al., 2014, 2017; Xing et al.,
2019). For example, a common (allelic frequency 50%) gain-of-
function single nucleotide polymorphism in the NPSR is
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associated with anxiety/stress phenotypes in humans
(Okamura et al., 2007; Dannlowski et al., 2011; Kumsta
et al., 2013). Centrally administered NPS has previously been
shown to have anxiolytic-like effects, hyperlocomotion, and en-
hanced memory phenotypes in rodents. This is in line with
high expression of the NPSR in the basolateral amygdala, par-
asbuiculum, hypothalamus, and a number of cortical and sub-
cortical areas (Clark et al., 2011). However, research into the
pharmacological effects of NPS has been conducted almost ex-
clusively in male rodents, despite females showing a higher
prevalence in anxiety disorders (Kessler et al., 1994). More-
over, research has shown that alternating levels of ovarian
hormones modulate anxiety-like behaviors, especially around
estrus (Inoue, 2022). In regard to the NPS system, other
groups have failed to show the hyperlocomotive effects of NPS
in rats, although these groups did not habituate the rats be-
fore NPS administration (Badia-Elder et al., 2008; Cannella
et al., 2016). Most NPS-sex studies have been done using
NPSR knockout (KO) mice, where littermates are compared.
Unlike males, female NPSR-KO mice did not exhibit depres-
sion-like behavior in forced swim test (Zhu et al., 2010), there
were no changes in safety learning (Kreutzmann et al., 2020),
and corticosterone treatment did not produce weight increases
(Kolodziejczyk and Fendt, 2020). In addition, the effects of
NPS in rats was both sex- and strain-dependent (Wegener
et al., 2012). Taken together, these data suggest that there is
an interaction between biological sex and the NPS system.
However, it remains to be determined whether this is organiza-
tional or due to circulating hormones that may have differing ef-
fects depending on the stage of estrous.
In the present study, we investigated the effects of NPS ad-

ministration in female mice and the influence of the estrous
cycle on a series of behavioral paradigms to assess locomotion,
anxiety, and memory. The results of the studies suggest inter-
play between the estrous cycle on acute and long-term effects
of NPS administration.

Materials and Methods
Animals. Female C57BL/6NCr mice (#556; Charles River Labora-

tories) were housed with free access to water and food under a 12-hour
light/dark cycle. Mice were cannulated intracerebroventricularly at
8–9 weeks of age. After surgery, mice were single-housed in cages with
corncob bedding. All experiments were approved by the Institutional
Animal Care and Use Committee of the State University of New York
at Buffalo (PMY09073N) and conducted in accordance with the
National Institutes of Health Guide for the Care and Use of Labo-
ratory Animals.

Stereotaxic Surgery. Mice were given an intraperitoneal injection
of ketamine (100 mg/kg) and xylazine mixture (10 mg/kg) as presurgical
anesthetic, and then secured into the stereotaxic surgery equipment.
Coordinates for intraventricular cannulation were determined relative
to bregma using a mouse brain atlas (AP, 0.4 mm from bregma; ML,
1.0 mm from midline; DV, 2.0 mm from dura) (Paxinos and Franklin,
2004). Dental cement was used to secure cannula in place (Metabond,
Parkell, Brentwood, NY). Cannula caps were used to keep the cannula
free of debris. For postoperative care, mice were given 1 ml of saline
and 5 mg/kg Carprofen (Zoetis Inc., MI). Carprofen was given subcuta-
neously for 3 days following surgery at 5 mg/kg. Animals were given a
subcutaneous injection of antibiotic Baytril (2.27%) (Norbrook, North-
ern Ireland, UK), at a dose of 5 mg/kg every day after surgery as pre-
ventative treatment until the animals were euthanized.

Microinjections. Neuropeptide S (mouse form, AnaSpec, Free-
mont, CA) was dissolved in artificial cerebrospinal fluid (aCSF) with

0.1% BSA to create a 0.5 mM solution. Other concentrations were
made from these stocks by diluting in aCSF/0.1% BSA. Before treat-
ment, individual syringe pumps were set up for injections for each of
the concentrations of compounds (e.g., 1 nmol NPS). Each mouse was
assigned a treatment group, and when treated always received the
same treatment (e.g., NPS-treated in light–dark box and NPS-treated
in marble burying). Each pump contained one Hamilton syringe con-
nected to polyethylene tubing with a sterilized intracerebroventricular
injector at the end. Sterile deionized distilled water was drawn into
the syringe to fill both the syringe and the tubing. After this, air was
drawn into the tubing to create an air bubble before drawing up either
aCSF/0.1% BSA or NPS. The pumps dispensed 2 ll/min for 1 minute
so that the appropriate dose was delivered (e.g., 0.5 mM NPS, 2 ll, for
a total of 1 nmol of NPS). For drug administration, cannula caps were
gently removed and the injector was placed securely inside the can-
nula. Mice were previously habituated to the handling required to
administer treatment. After the treatment was administered, the in-
jector was removed and the cannula cap was replaced. At the end of
the study, angiotensin II was used to verify cannula patency. A micro-
injection of 1 ll of angiotensin II (AnaSpec, Freemont, CA, AS-20633,
10 lM) was used to induce drinking behavior (Epstein et al., 1970).
Mice who failed to drink robustly after injection were considered to
have incorrect intracerebroventricular cannula placement and were
excluded from analysis.

Estrous Staging. After each behavioral test in experiments 2, 3,
and 4, samples were taken by a female experimenter to determine the
estrous stage at the time of testing not necessarily the day of treat-
ment (e.g., for acoustic startle and inhibitory avoidance this was test
day). Before the vaginal lavage was performed, two pictures, one with
flash and one without, were taken of the vaginal opening of each
mouse. Pictures were saved for future reference when determining es-
trous stage from cytology. To perform vaginal cytology, mice were held
with ventral side facing upward. Using a pipette, the vaginal opening
was flushed with 10 ll of distilled water. The vaginal opening was
then flushed with 10 ll of PBS four times, with samples saved from
the third and fourth flushes. Cytology samples were kept on glass mi-
croscope slides and allowed to fully dry. Once dry, slides were stained
using Cresyl violet for 30 minutes. Coverslips were not placed on the
slides. Slides were viewed under a microscope by blinded experiment-
ers to determine the estrous phase of each mouse. Estrous phase was
determined by the ratio of cells present in the sample as described by
Byers et al. (2012), and those that were ambiguous were not used in
the analysis for that particular behavioral assay. Briefly, estrus is
dominated by the presence of cornified epithelial cells. As the cycle
moves to metestrus, leukocytes begin to appear. The longest phase, di-
estrus, has abundant polymorphonuclear leukocytes. This will wane
as nucleated epithelial cells will dominate during proestrus, which
will cycle back to predominately cornified epithelial cells once again
back in estrus. Proestrus and estrus are considered high estrogen
phases (Hi-E), whereas metestrus and diestrus are low estrogen
phases (Lo-E). The use of the terms Hi-E and Lo-E are a method of
classification and should not be interpreted as estrogen causing the ef-
fects observed in our results. There are many organizational differ-
ences between males and females, as well, there are many circulating
factors whose levels fluctuate over the estrous cycle. All of which
should be equally considered in future mechanistic studies.

Behavioral Testing. Experiment 1 was performed with 40 mice
and estrous staging was not performed. Experiment 2 established dose–
response of NPS (55 animals and estrous stage was assessed). The pur-
pose of experiment 3 was to directly compare the effects of the biased
NPSR agonist RTI-263 (Clark et al., 2017) to the effects of NPS
(53 mice). Experiment 4 established the estrous cycle–NPS system
interactions more concretely by comparing a single dose of NPS to
vehicle (79 animals and estrous stage samples were collected). All
experiments were conducted by female experimenters (as per rec-
ommendations from colleagues and Sorge et al., [2014]). All experi-
ments were conducted during the light phase of the 12-hour light/dark
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cycle. Animals were habituated to the testing room for 30 minutes prior
to behavioral testing.

Experiment 1—Locomotor Activity. Locomotor activity was
performed as a surrogate measure for NPS-mediated arousal that
has been previously established by electroencephalogram (Xu et al.,
2004). Transparent Plexiglas boxes (L 51 × W 39 × H 35 cm) were
used as an open-field, in which infrared beams connected to a com-
puter system tracked and quantified the movements of the mice
(Omnitech Instruments, Columbus, OH). Mice were habituated to
the locomotor box for 90 minutes. The mice were then administered
a test compound and placed back into the apparatus immediately for
an additional 60 minutes. Estrous stage was not assessed during
this experiment because its purpose was to simply establish the
starting dose of NPS that is efficacious in males. The data are col-
lected by a computer and the subjects are identified as to the treat-
ment group during the analysis phase.

Experiment 2—Dose–Response Trial. Behavioral paradigms
that administered NPS were done 1 week apart, whereas the acoustic
startle reflex (ASR) was assessed without treatment between the in-
hibitory avoidance and locomotor activity testing (Fig. 1). One week
between testing sessions was used to optimize the workflow and to
lessen the stress on the animal, which could be induced by back-to-
back testing. The NPS should be degraded within minutes to hours af-
ter administration by endogenous peptidases. To control for potential
confounding effects of NPS-induced locomotor changes in mice on
measures of anxiolysis, we employed two separate tests with opposing
reliance on locomotor activity to gauge anxiety-like behavior. In the
marble burying task, less movement (less burying) is indicative of an
anxiolytic-like effect, whereas in the light–dark box, more movement
(exploration of light side) is considered anxiolytic. The acoustic startle
paradigm is also used to test anxiety-like states in the mice. In hu-
mans, the magnitude of ASR is believed to be an endophenotype for anx-
iety. We use this test to probe for long-lasting effects of NPS treatment.
The exploration of long-lasting effects is warranted because a gain-of-
function single nucleotide polymorphism in the NPSR has been found to
be associated with anxiety and/or stress phenotypes in humans (Oka-
mura et al., 2007; Dannlowski et al., 2011; Kumsta et al., 2013). There-
fore, it was posited that the repeated injection of NPS in a rodent may
produce similar effects as a more active NPSR in humans. Last, the in-
hibitory avoidance paradigm is used to assay for the NPS-mediated ef-
fects on memory consolidation. This effect on memory has been well-
established in the literature (Okamura et al., 2011; Clark et al., 2017).
In experiment 2, locomotor activity was performed last because our pre-
vious experience is this is the most robust of the behavioral effects and

is impacted little by the order in which the behavioral testing is per-
formed. Therefore, apart from locomotor activity, the least stressful as-
says were performed first. The inhibitory avoidance was prioritized
because there was no treatment during the ASR. Once a mouse was
placed into a treatment group, they remained in that group for the dura-
tion of the experiment.

Experiment 3—NPS versus RTI-263 Efficacy Study. The bi-
ased NPSR ligand RTI-263 (Clark et al., 2017) retains the anxiolytic-
like and memory consolidation effects of NPS but has dramatically
lower hyperlocomotive effects in male mice and rats (Clark et al.,
2017; Huang et al., 2023). The effects of RTI-263 have not been previ-
ously assessed in female rodents. Therefore, using the efficacious dose
of 1 nmol, NPS and RTI-263 were compared for their effects in habitu-
ated locomotor activity, marble burying, and acclimatized acoustic
startle. Each paradigm was carried out 1 week apart (as per Fig. 1),
with the first paradigm conducted 1 week after surgery. A total of 53
mice were used for this series of experiments (aCSF, n 5 18; NPS, n 5
18; RTI-263 n5 17).

Experiment 4—Large Cohort for Testing the Influence of
Estrous Cycle. This experiment was done with a large set of animals
to solidify the influence of estrous cycle; aCSF compared with one dose
of NPS (1 nmol). Each behavioral paradigm was performed 1 week
apart in the following order: marble burying, light–dark box, acclima-
tized acoustic startle, and inhibitory avoidance. The order of the as-
says was established so that the least stressing paradigms were done
first. The initial goal was to have a total of 90 animals in the study.
There was significant attrition during and postsurgery (11 mice). A to-
tal of 79 animals began the study, with eight being removed from all
analyses due to poor cannula placements (angiotensin II or cap dis-
lodgement). Another 15 mice were found at some point during the
testing to have signs of illness (e.g., hunching, scruffy fur, scabby eyes,
hindlimb reflex deficit) and were removed from the study and any
analysis that was performed 2 or less days before removal. Therefore,
please refer to individual results sections for the number of animals
per experimental group. Power analysis was conducted using male
marble burying data from Clark et al. (2017). We calculated for com-
paring two means [seven buried marbles and three buried marbles;
see Fig. 6A from Clark et al., (2017)] with a standard deviation of 2. A
standardized effect size of 1 was calculated for a two-way ANOVA,
with the following limitations: 1) two levels of the first factor, 2) two
levels of the second factor, 3) interaction is paramount, 4) compute
sample size for 80% power, and 5) define statistical significance as
P < 0.05. The resulting standardized effect size of 1 results in experi-
mental group numbers of nine (18 per treatment, half of which would

Fig. 1. Experimental timelines. Experiment 2—establish dose-responsiveness of NPS in female mice (aCSF, NPS – 1, 0.1, 0.01 nmol). Experiment 3—test
the efficacy of the biased NPSR agonist RTI-263 (aCSF, NPS 1 nmol, RTI-263 1 nmol). Experiment 4—a larger cohort of female mice were
used to test the effects of free estrous cycling on NPS administration (aCSF, NPS 1 nmol). After the completion of the ASR paradigm, 20 mice
were removed from the main study to verify the voltage necessary to produce reliable effects in the inhibitory avoidance paradigm. The voltage–
response relationship, where we test groups of animals with different intensities of electric shock, is completed to guard against cohort-to-
cohort variation in the responsiveness to the shock. The remainder of the mice proceeded into the inhibitory avoidance using the optimal voltage as
determined by the voltage–response test (see below). Those mice that are used as part of the voltage–response testing are not used for any subsequent
studies.
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be for Hi-E or Lo-E), with four groups (N 5 36). This number was
more than doubled (N 5 90). Final sample numbers per experiment
fluctuate due to some animals having ambiguous estrous stage or
other factors such as flooding their cages, and these are described in
the individual results sections. All behavioral experiments were con-
ducted by female experimenters.

Marble Burying. A novel 45 cm × 22 cm cage containing 5 cm of
corncob bedding (same type as home cage) with 18 mm diameter mar-
bles evenly spaced in three rows of six. The ambient light at the point
where the chambers were placed was 530 lux. Mice were placed into
cages 10 minutes after administration of test compound. Animals
were left in the test cages for 45 minutes. Pictures were taken after re-
moving the mice and later used to score the number of buried marbles
by a blinded observer. Marbles were considered buried if two-thirds or
more of the marble was covered by bedding.

Light–Dark Box. A custom-built Plexiglas box containing two
equal compartments (12 cm × 15 cm × 22 cm) separated by an opening
was used. The light section of the chamber consisted of transparent
Plexiglas walls with an open top. This side of the light–dark box was
exposed to a light source of between 3700 to 4200 lux that was
checked between each run. The dark section was made of black infra-
red transparent acrylic walls with a removable black acrylic top. Mice
were administered test compound 10 minutes before being put into
the light compartment. Movements of the mice were tracked for 10 mi-
nutes using infrared beams (OMNITECH Electronics, Columbus,
OH). Data were used to detect the total time spent on the light side
and number of transitions between the compartments. The data are
collected by a computer, and the subjects are identified as to the treat-
ment group during the analysis phase.

Acclimatized Acoustic Startle. The acclimatized acoustic startle
test consists of mice being placed in the apparatus the day before test-
ing to acclimatize the mice to the testing paradigm. Purpose-built
sound-attenuated boxes (Kinder Scientific, Ponway, CA) were used to
measure startle responses. On acclimatization day, mice were placed
in the startle box for 30 minutes. No sound stimuli were presented.
Twenty-four hours later, on test day, mice are placed in the startle
chamber, and sound stimuli were presented. No treatments were
given before or after this paradigm, however, animals had been
treated in the previous paradigms (e.g., light–dark box, see Fig. 1).
The program consisted of a 5-minute acclimatization period, four trials
presenting a 120 db noise, followed by 64 sound trials randomized be-
tween the range of 70 db–125 db. Throughout the course of the pro-
gram, a background noise of 65 dB was played. Estrous staging was
assessed after ASR testing was complete. The startle data are col-
lected by a computer and the subjects’ treatment group is identified
during the data analysis phase.

Inhibitory Avoidance. A custom-made rectangular chamber that
was uniformly wider at the top and narrowed toward the bottom was
used [modeled after that used by McGaugh et al., (2002)]. The cham-
ber is divided into two sections separated by a manual door. One sec-
tion was made from black acrylic with a hinged, black acrylic top and
had stainless steel plates on the inside walls attached to square-pulse
stimulator (Grass model S-48), in series with a constant current unit
(Grass model CCU-1). This was connected to a handheld pushbutton
switch that administered a shock when pressed. The other section of
the chamber was made from white acrylic with a clear, removable top,
and was exposed to ambient light (530 lux). A camcorder atop a tripod
recorded all trials.

On training day, mice were placed on the light side. Once the mouse
crossed over to the dark side, the experimenter closed the door sepa-
rating the compartments and a shock was administered through the
metal floor (0.5 mA, 1 second). Mice were left in the dark side for 30
seconds postshock, then removed and placed in their home cage. Mice
were injected with test compound 20 minutes after training. Forty-
eight hours later, mice were tested for their latency to enter the dark
side in the same manner as training day, except no shock was deliv-
ered. Videos were taken and later used to score the latency to enter
the dark side by a blinded observer.

Statistical Analysis. Statistical analysis and graphing were per-
formed using the two-way ANOVA and mixed-effects analysis features
in GraphPad Prism Software (v9.0) as well as unpaired t tests and
Bonferroni posthoc tests as needed. QQ plots were generated in
GraphPad Prism and linearity of this plot was interpreted that the
data were normally distributed. All results are expressed as mean ±
S.E.M. Group means were considered significantly different when P #

0.05. A single asterisk (*) indicates significant difference at the P #

0.05; double asterisk (**) indicates significance at P # 0.01; triple as-
terisk (***) indicates significance at P # 0.001; quadruple asterisk
(****) indicates significance at P # 0.0001.

Results
Experiment 1

Locomotor Activity. A 1 nmol dose of NPS or vehicle
(aCSF) was administered intracerebroventricularly to habitu-
ated female mice and assessed for locomotor activity. As previ-
ously seen in males (Xu et al., 2004; Clark et al., 2017), NPS
produced significant hyperlocomotion in females (Fig. 2) (two-
way ANOVA with treatment as the between group and time
as within variable; there was a significant treatment effect:
P 5 0.0397 [F(1,34) 5 4.575]; significant time effect: P < 0.0001
[F(5.756,195.7) 5 48.26], and a significant interaction time ×
treatment P < 0.0001 [F(14,476) 5 13.59]). Multiple compari-
sons posthoc analysis revealed that NPS treatment significantly
increased distance traveled at each of the 100-, 110-, 120-, 130-,
140-, and 150-minute time points, P 5 0.0027, 0.0005, 0.0003,
<0.0001, 0.0002, and 0.0152, respectively. Estrous staging was
not performed, however, low variability in the data suggest
there may be no effects of estrous on this measure. Two mice
were excluded from the analysis due to incorrect cannula place-
ment and illness.

Experiment 2—Dose–Response Trial

Light–Dark Box—Light Intensity Trial (No Treat-
ment). This experiment was performed because in our and
others’ experience female mice are seemingly less anxious
(more time on the light side) in the light–dark box than males.
Therefore, we assessed whether a higher intensity of light was
required for the female mice to display an optimal dark side
bias (typically 25%–30% of time on the light side). After can-
nulation, mice were randomly assigned one of three groups:
900, 2000, or 6000 lux. There were no significant differences
between the conditions (light intensities) for either the time
spent on the light side (Fig. 3A; P 5 0.2301) or the number of
entries to the light side (Fig. 3B; P 5 0.2750). However, there
is a numerical decrease in the number of entries for the 2000
and 6000 lux groups compared with the 900 lux group. There-
fore, the midpoint between 2000 and 6000 lux was used for
our subsequent studies.
Initially, we ran experiment 2 hypothesizing there would be

no influence of estrous cycle on NPS-mediated behaviors. How-
ever, we did collect vaginal cytology samples as described in
the Materials and Methods. The data generated were highly
variable and were segregated based on estrous cycle stage.
This resulted in group sizes that are below the ideal for statis-
tical analysis. Nonetheless, the data are shared as “trial” or
“preliminary” data to inform the reader of our process and
thinking as we moved through this project.
Marble Burying. There were no significant effects de-

tected in the marble burying dose–response experiment
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(mixed-effects model; estrous P 5 0.3464, treatment P 5
0.8674, estrous × treatment P 5 0.1036) (Fig. 3C). This is
primarily due to low sample numbers because of the es-
trous cycle distribution. However, there is one trend of
note. Animals that were treated with 1 nmol NPS in the
high estrogen stages appear to have lower marble burying
than Hi-E stage mice treated with aCSF.
Inhibitory Avoidance. There are no significant results

on training day, as expected (mixed-effects model: estrous,
P 5 0.7775; treatment, P 5 0.7932; estrous × treatment, P 5
0.6471) (Fig. 3D). On test day, there is an interaction between
estrous stage and treatment, with no main effects (mixed-
effects model: estrous, P 5 0.1042, F[1,22] 5 2.873; treatment:
P 5 0.0573, F[3,22] 5 2.909; estrous × treatment: P 5 0.0084,
F[3,22] 5 5.026) (Fig. 3E). The lack of main effects is likely
due to low sample numbers because of the distribution after
estrous cycle staging in freely cycling mice. Latencies on train-
ing day for Hi-E mice were typical of what is seen in our hands
for this assay when experimenting with male mice (Clark
et al., 2017). However, on test day, control and 0.01 nmol-
treated mice that were in Lo-E stages did not display the typi-
cal longer latency indicative of aversive association, whereas
the two highest doses of NPS produced expected “NPS-medi-
ated” levels of latency (aCSF vs. 1 nmol, P 5 0.0068). Con-
versely, in the high estrogen stages, vehicle-treated control
mice exhibited the typical latency indicative of an associative
memory, whereas 1 nmol NPS-treated animals had very low
latency. There is one data point missing for a 1 nmol-treated
animal on training day, due to file corruption (video). To iter-
ate, we are sharing these data and pointing to trends and nu-
merical differences to allow the reader to follow our process
and thinking as we navigated through this study.
ASR. Mice were run without acute treatment (not treated

the week of ASR testing), and so the animals are segregated
by what they had been administered twice previously (2 days
before for inhibitory avoidance, and 9–10 days before for mar-
ble burying). Traditionally ASR in our laboratory has been
performed without acclimatization to the box (the day before)
and is run simply with 5-minute acclimatization directly

before presenting the acoustic stimuli. Due to the number of
animals, we split the cohort into two groups to be run on sub-
sequent days. However, due to a technical error the first group
was not presented with acoustic stimuli but rather was simply
in the boxes for 30 minutes. Therefore, these mice were run
with the proper acoustic stimuli the following day. This re-
sulted in the two groups being different in that one group was
acclimatized to the boxes the day before data acquisition and
the other group was not. There was no statistically significant
difference between the groups of the nonacclimatized mice
(Fig. 3F). Running a two-way ANOVA for the acclimated mice
data did not show significant effect of treatment or an interac-
tion, only the expected effect of sound intensity (Fig. 3G; P <

0.0001). However, when calculating the area under the curve
(AUC), the subsequent one-way ANOVA revealed a significant
effect (P 5 0.0211). Although the post hoc analysis (Dunnett’s
multiple comparisons) did not identify the point of signifi-
cance. This is despite the NPS 1 nmol group had having a
startle magnitude less than 50% of the aCSF-treated animals
(Fig. 3H).
Locomotor Activity. All doses of NPS produced signifi-

cant hyperlocomotion, as compared with the aCSF-treated ani-
mals (two-way ANOVA, time × treatment: P < 0.0001,
F[42,574] 5 4.650; time: P < 0.0001, F[6.634,272.0] 5 48.82;
treatment: P 5 0.0021, F[3,41] 5 5.811) (Fig. 3I). Post hoc
analysis revealed that the point of significance was each of the
dose groups was significantly different from aCSF from the
time of injection to the end of the experiment, with the one ex-
ception the lowest dose of NPS (0.001 nmol) was significant
postinjection just not during the last time bin. There was no
difference between the different doses and so a clear dose–
response relationship was not observed.

Experiment 3—RTI-263 Study

Using the efficacious dose of 1 nmol (as per Figs. 2 and 3) a
series of experiments were conducted to compare NPS effects
to that of RTI-263 (a biased NPSR agonist) (Clark et al., 2017)
in female mice. The workflow is depicted in Fig. 1, with one

Fig. 2. NPS-mediated hyperlocomotion. Mice were habituated to the apparatus for 90 minutes. They were then administered vehicle or test com-
pound and returned to the apparatus for testing. Their overall movement was recorded for 60 minutes. Mice that received NPS treatment (1 nmol
i.c.v.) displayed significantly higher distance traveled than mice aCSF-treated at the 100-, 110-, 120-, 130-, 140-, and 150-minute time points, P 5
0.0027, 0.0005, 0.0003, <0.0001, 0.0002, and 0.0152, respectively (see Results section for analysis details). aCSF, n 5 18; NPS, n 5 18.
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week separating each of the behavioral tests; locomotor activ-
ity (treated), marble burying (treated), and ASR (no acute
treatment; long-lasting effects test). Once a mouse was placed
into a treatment group, they remained in that group for the
duration of the experiment. Any discrepancy in the number of
mice per group from one assay to another are solely due to
some animals having ambiguous estrous stage and so were ex-
cluded from the data analysis for that specific test.

Locomotor Activity. After a 90-minute habituation phase,
animals were injected intracerebroventricularly with either
NPS (1 nmol), RTI-263 (1 nmol), or aCSF. Two-way ANOVA re-
vealed a significant effect of time (P < 0.0001, F[6.163,308.2] 5
77.67), a significant effect of treatment (P 5 0.0319, F[2,50] 5
3.694), and a significant time × treatment interaction (P <

0.0001, F[28,700] 5 15.08). Post hoc analysis identified that
NPS (1 nmol) produced a significant effect from 100 minutes

Fig. 3. Dose–response of NPS effects in female mice.
(A and B) After cannulation, but before treatments,
mice were used to assess conditions for the light–dark
box paradigm. (C) The highest dose of NPS produced
a nonsignificant decrease in marble burying in the Hi-E
stages. The aCSF-treated mice in the Lo-E stages had
a numerically lower number of marbles buried (Hi-E:
aCSF, n 5 5; NPS–1 nmol, n 5 2; 0.1 nmol, n 5 5;
0.01 nmol, n 5 4; Lo-E aCSF, n 5 2; NPS – 1 nmol,
n 5 7; 0.1 nmol, n 5 6; 0.01 nmol, n 5 4). (D and E)
Inhibitory avoidance: there were no numerical or sta-
tistically significant effects observed during training
day. There was a significant increase in latency dur-
ing the Lo-E stages with the highest dose of NPS.
However, this appears to be driven by the fact that
the Lo-E aCSF mice did not learn the association (Hi-E:
aCSF, n 5 3; NPS – 1 nmol, n 5 8; 0.1 nmol, n 5 6;
0.01 nmol, n 5 2; Lo-E aCSF, n 5 3; NPS – 1 nmol,
n 5 2; 0.1 nmol, n 5 2; 0.01 nmol, n 5 3). (F and G)
ASR: when mice were acclimatized to the behavioral
apparatus 24 hours prior to testing, there were nu-
merical differences in the amplitude of the startle.
This was not observed in animals that did not have
the opportunity to acclimatize to the apparatus (accli-
matized: aCSF, n 5 4; NPS – 1 nmol, n 5 3; 0.1 nmol,
n 5 4; 0.01 nmol, n 5 4; nonacclimatized: aCSF, n 5 5;
NPS – 1 nmol, n 5 5; 0.1 nmol, n 5 6; 0.01 nmol, n 5 6).
(H) After calculating the AUC for responses in acclima-
tized mice, there is a numerical decrease in startle am-
plitude in the highest NPS dose group (�50%). (I) All
the doses of NPS used produced robust hyperlocomo-
tion when administered after a 90-minute habitua-
tion period (aCSF, n 5 11; NPS – 1 nmol, n 5 10; 0.1
nmol, n 5 12; 0.01 nmol, n 5 12).
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to the end of the session (after injection) (Fig. 4A). RTI-263
(1 nmol) produced significant locomotor activity only dur-
ing the 100- and 110-minute bins (Fig. 4A). The determina-
tion of estrous phase during this paradigm was not done.
Marble Burying. Due to the groups having an uneven

number of animals caused by the randomness of the es-
trous cycle, these data were analyzed by fitting a mixed
model. There was a significant effect of estrous stage (P 5
0.0157, F[1,9] 5 8.821) (Fig. 4B), with treatment having no
significant effect (P 5 0.6205, F[2,24] 5 0.4868). However,
there was a significant estrous stage × treatment interac-
tion (P 5 0.0180, F[2,9] 5 6.492). The only notable post hoc
result was the comparison of aCSF versus NPS in the Hi-E
stage (post hoc, P 5 0.0979). No effects of RTI-263 (1 nmol)
were noted. Due to segregation into estrous, this study was
underpowered.
ASR. ASR was assessed 7 days after the last NPS or RTI-

263 treatment, without treatment on the acclimation day or
the testing day. There was no significant effect of RTI-263 nor
any other statistically significant effects during Lo-E phase
(Fig. 4C). In the Hi-E phases (Fig. 4D), two-way ANOVA re-
vealed an expected significant effect of dB (P < 0.0001,
F[2.525,47.98] 5 49.46), a significant effect of treatment
(P 5 0.0089, F[2,19] 5 6.116), and a significant dB × treat-
ment interaction (P < 0.0001, F[22,209] 5 3.482). Post hoc

analysis revealed specific points of significant difference be-
tween aCSF- and NPS-treated mice during Hi-E stages at 95
dB (P 5 0.0132), 100 dB (P 5 0.0176), 110 dB (P 5 0.0324),
and 120 dB (P 5 0.0345).

Experiment 4—Large Cohort

Marble Burying. In the marble burying paradigm, treat-
ment of 1 nmol NPS caused a significant decrease in the num-
ber of marbles buried compared with control animals in mice
in estrous stages defined by Hi-E (Fig. 5A). Because groups
had uneven number of animals due to the randomness of the
estrous cycle, these data were analyzed by fitting a mixed
model (estrous stage significant effect [P 5 0.0229, F[1,26] 5
5.852]) with treatment having a significant effect (P 5 0.0302,
F[1,34] 5 5.115), and there was a significant estrous stage ×
treatment interaction (P 5 0.0497, F[1,26] 5 4.235). Post hoc
multiple comparisons detected a significant difference between
aCSF- and NPS-treated animals during the Hi-E stages (P 5
0.0021) and between NPS-treated animals between estrous
stages (P 5 0.0067). From these results, and consistent with
our smaller scale studies (Fig. 3C; Fig. 4B), it appears that
NPS produced an anxiolytic-like effect in animals in estrous
stages characterized by high estrogen. Five mice were ex-
cluded from data analysis due to ambiguous estrous stage.

Fig. 4. Comparison of the effects of NPS and RTI-263 in female mice. Comparison of the effect of NPS to that of RTI-263 (aCSF, NPS, 1 nmol;
RTI-263, 1 nmol). (A) Hyperlocomotion: female mice were injected intracerebroventricularly after a 90-minute habituation phase. NPS produced
the expect hyperlocomotion, and RTI-263 produced an unexpected increase in locomotor activity during the first 20 minutes after injection as com-
pared with aCSF-injected mice (aCSF, n 5 18; NPS, n 5 18; RTI-263, n 5 17). (B) Marble burying: there were no significant effects. However, the
expected NPS-mediated decrease in marble burying appeared to be only present in the Hi-E mice. Hi-E: aCSF, n 5 7; NPS, n 5 8; RTI-263, n 5
12; Lo-E: aCSF, n 5 2; NPS, n 5 5; RTI-263, n 5 5. (C and D) ASR: mice previously treated with NPS had lower startle amplitudes during Hi-E
stages of estrous. There were no effects of prior treatment in those animals in Lo-E stages of estrous during the testing. Hi-E: aCSF, n 5 5; NPS,
n 5 11; RTI-263, n 5 6; Lo-E: aCSF, n 5 5; NPS, n 5 4; RTI-263, n 5 5.
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Light–Dark Box. Mice were given a microinjection treat-
ment of either aCSF or NPS 10 minutes prior to testing. Mice
that were treated with 1 nmol NPS spent significantly more
time in the light side of the light–dark box compared with
aCSF animals regardless of estrous phase (Fig. 5B). Intracere-
broventricular microinjection of NPS also significantly in-
creased the total number of entries into the light side (a
measure of locomotor activity) of the light–dark box with no
interaction between estrous stage and treatment (Fig. 5C). For
the total time spent on the light side, because groups had un-
even number of animals due to the randomness of the estrous
cycle, these data were analyzed by fitting a mixed model (es-
trous stage no significant effect: P 5 0.4540, F[1,48] 5 0.5699)
with treatment having a significant effect (P 5 <0.0001,

F[1,48] 5 62.51), and there was no significant estrous stage ×
treatment interaction (P 5 0.9753, F[1,48] 5 0.0009700). Sim-
ilarly, for the number of entries to the light side, because
groups had uneven number of animals due to the randomness
of the estrous cycle, these data were analyzed by fitting a
mixed model (estrous stage no significant effect: P 5 0.8758,
F[1,48] 5 0.02468) with treatment having a significant effect
(P 5 0.0024, F[1,48] 5 10.23), and there was no significant es-
trous stage × treatment interaction (P 5 0.9094, F[1,48] 5
0.01310). The number of entries into the light side is often con-
sidered a measure of locomotive activity. Therefore, the in-
crease in entries in NPS-treated mice, regardless of estrous
stage, may be indicative of a hyperlocomotive effect (Fig. 2;
Fig. 3I; Fig. 4A) rather than an anxiolytic-like effect in

Fig. 5. Estrous cycle interacts with short-term and long-term effects of NPS administration. (A) Marble burying: mice administered vehicle or
test compound 10 minutes before testing. The number of marbles buried was recorded after 45 minutes. Hi-E mice that received NPS treatment
buried significantly less marbles than mice treated with aCSF (**P 5 0.0021) (aCSF Hi-E, n 5 17; NPS Hi-E, n 5 18; aCSF Lo-E, n 5 17; NPS
Lo-E, n 5 12). (B and C) Light–dark box: mice were administered vehicle or test compound ten minutes before testing. The time spent on the light
side and the number of entries into the light side was measured. (B) NPS-treated mice spent significantly more time on the light side, regardless
of estrous stage. (****<0.00001). (C) NPS-treated mice showed a significant increase in the number of entries into the light side, regardless of es-
trous stage (*P 5 0.0024) (aCSF Hi-E, n 5 15; NPS Hi-E, n 5 9; aCSF Lo-E, n 5 14; NPS Lo-E, n 5 14). (D–F) ASR: magnitude of startle elicited
from 64 sound trials between 70 dB and 125 dB in (D) Lo-E mice and (E) Hi-E mice that had been microinjected with NPS or aCSF twice prior
(1 and 2 weeks prior). (F) Previous NPS treatment reduced startle response in female mice, and the mice in Lo-E stages appear to have higher
startle magnitudes (aCSF Hi-E, n 5 11; NPS Hi-E, n 5 10; aCSF Lo-E, n 5 5; NPS Lo-E, n 5 7). (G and H) Inhibitory avoidance: on training
day, mice were trained to associate an electrical shock with the dark compartment and were then administered vehicle or test compound
20 minutes later. Before that day’s treatment, those mice which were in Lo-E age and previously treated with NPS had a significantly higher la-
tency to enter the dark compartment. After 48 hours, on test day, the latency to enter the dark compartment was measured again (aCSF Hi-E,
n 5 7; NPS Hi-E, n 5 11; aCSF Lo-E, n 5 9; NPS Lo-E, n 5 8).
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females. Ten mice were excluded from data analysis due to
ambiguous estrous stage.
Acclimatized Acoustic Startle. At the time of acclima-

tized acoustic startle testing, animals had been previously
treated with either aCSF or NPS during the marble burying
(2 weeks prior) and light–dark box (1 week prior) tests. Mice
were not treated at any point during the ASR testing. Twenty-
four hours before testing, mice were habituated to the acoustic
startle chambers. In Lo-E stages, a two-way ANOVA showed
that there was no effect of treatment but also no interaction
between dB and treatment (two-way ANOVA treatment: P 5
0.2393, F[1,10] 5 1.566; dB: P < 0.0001, F[2.212,22.12] 5 60.87;
and dB × treatment: P 5 0.2451, F[11,110] 5 1.280) (Fig. 5D).
In Lo-E stages of the estrous cycle, it does not appear that
NPS is producing an anxiolytic-like effect.
In mice that were in Hi-E stages of estrous on the day of ASR

testing, previous treatment (1 and 2 weeks prior, as above) pro-
duced a significant effect and an interaction (two-way ANOVA
dB: P < 0.0001, F[1.736,32.98] 5 40.64; treatment: P 5 0.0388,
F[1,19] 5 4.925; and dB × treatment: P 5 0.0004, F[11,209] 5
3.225) (Fig. 5E). Post hoc analysis did not reveal a specific point
of significant difference between aCSF- and NPS-treated. De-
spite the significant effect of NPS only in Hi-E stages (above),
we performed a more extensive analysis. When calculating the
AUC, the subsequent two-way ANOVA revealed a significant ef-
fect of treatment (P < 0.0001) and estrous stage (P < 0.0001),
but there was no interaction (P 5 0.0854) (Fig. 5F). It is inter-
esting, but not surprising that there is an effect of estrous stage
on ASR. Despite the analysis of AUC not revealing a specific ef-
fect in the post hoc analysis, the analysis of the raw data (Fig. 5,
D and E) did reveal a significant effect of NPS during Hi-E
stages.
Inhibitory Avoidance. For inhibitory avoidance behav-

ioral testing, the latency for mice to enter the dark side of the
chamber on a training day was recorded and compared with
the latency recorded on test day 48 hours later. On training
day, mice were treated 20 minutes after entering the dark
side of the chamber. When training day latencies were
grouped by estrous phase, a mixed-effects analysis showed
that there was an effect of estrous stage on latency time, as
well as a significant interaction between estrous stage and
treatment (two-way ANOVA estrous stage: P 5 0.0483,
F[1,31] 5 4.226; treatment: P 5 0.2634, F[1,31] 5 1.297;
and estrous stage × treatment: P 5 0.0063, F[1,31] 5 8.578)
(Fig. 5G). Post hoc analysis revealed a significant difference
between aCSF- and NPS-treated in the animals in Lo-E on
training day (P 5 0.0073). When looking at test day laten-
cies grouped by estrous phase, there were no significant dif-
ferences (mixed-effects analysis estrous stage: P 5 0.0801,
F[1,13] 5 3.604; treatment: P 5 0.3295, F[1,18] 5 1.005;
and interaction estrous stage × treatment: P 5 0.2977,
F[1,13] 5 1.177) (Fig. 5H). Twenty mice were not run in the
present experiment because they were used for validation of
the voltage-response prior to the experiment. Five mice
were excluded from analysis due to ambiguous estrous stage
and one mouse was excluded due to “timing out” in training
day (>300 seconds to enter the dark compartment).

Discussion
The purpose of this study was to determine if NPS-mediated

phenotypes translate across sexes. Our results suggest that

NPSR activation produces the same behavioral phenotypes in
females as compared with males (Xu et al., 2004; Clark et al.,
2017), however, these may be influenced by the phase of
the estrous cycle. Specifically, central administration of
NPS resulted in hyperlocomotion likely independent of es-
trous (Fig. 2; Fig. 3I; Fig. 4A), whereas the anxiolytic-like
effect (as initially measured in marble burying) (Fig. 5A)
was expressed only in animals during Hi-E stages (proes-
trus and estrus). In addition, it was revealed that when
tested in Hi-E stages in ASR, NPS treatment in the weeks
prior to testing produces lowered startle magnitudes, also in-
dicative of an anxiolytic-like effect. (Fig. 4D; Fig. 5E). Whether
this is due to treatment alone, or is an interaction between
treatment, estrous stage, and the context (behavioral para-
digm at time of treatment) remains to be determined.
The hyperlocomotive effect produced by NPS treatment in

females appears to be as efficacious as previously determined
in males (Fig. 2; Fig. 3I; Fig. 4A). If estrous phase was modu-
lating the hyperlocomotion effect of NPS, we would expect sig-
nificant variance in the NPS-treated group, which was not the
case. This low variation was seen in all of the locomotor data
we collected. The biased NPSR agonist RTI-263, which does not
produce appreciable hyperlocomotion in male mice (1 nmol)
(Clark et al., 2017), produced hyperlocomotion in female mice
(Fig. 4A). This effect was to a degree that was far less than the
NPS-mediated effects in female mice but far more than previ-
ously seen in male mice (Clark et al., 2017). Additionally, it was
determined that NPS-treated female mice had significant hyper-
locomotion in the light–dark box test regardless of estrous phase
(Fig. 5C), as seen by the number of crossings between compart-
ments. Together, the light–dark box entries and locomotor activ-
ity data, at least within the testing context of our studies,
suggests that the hyperlocomotive effects of NPS does not ap-
pear to be impacted by the estrous cycle. However, estrous ef-
fects on NPS-mediated hyperlocomotion could be masked by the
hypersensitivity of this effect in females. In our hands, all of the
doses of NPS tested were efficacious in the locomotor testing
(Fig. 3I). The lowest dose used (0.01 nmol) does not produce hy-
perlocomotion in male mice, and the second lowest dose used in
our studies when administered to males produces only half the
maximal effect (Xu et al., 2004). In addition, that RTI-263
produces a hyperlocomotor effect in females that reaches
significance (Fig. 4A), suggesting that female mice are
more susceptible to the arousal effects of NPS. More com-
prehensive future investigations should be completed in fe-
male mice, with a lower dose range and in parallel with
males. In addition, more direct measures of arousal (e.g.,
electroencephalogram) (Xu et al., 2004) should be included
in those future studies.
In the marble burying paradigm, NPS-treated females bur-

ied significantly less marbles only if they were in a high estro-
gen phase at the time of testing (Fig. 5A). This effect was
significant in experiment 4 where there were a large number
of animals, but was seen as a numerical change in the other
two experiments (Fig. 3C; Fig. 4B) (experiment 3, P 5 0.097).
In low estrogen phases (metestrus or diestrus), there was no
statistically significant difference in the number of marbles
buried (Fig. 5A). It needs to be highlighted that marble bury-
ing was the first test completed in which NPS was adminis-
tered in experiments 2 and 4 (Fig. 1) and so would not be
impacted by the long-term effects we saw in acoustic startle
(Fig. 3G; Fig. 4D; Fig. 5E). Therefore, there appear to be
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biological changes during estrous that influences the anxio-
lytic-like effects of the NPS system as assayed by marble bury-
ing. Alternatively, marble burying has been considered a
measure of compulsive behavior. However, this interpretation
of marble burying is contentious. Therefore, the view that
marble burying is a bioassay for clinically efficacious anxio-
lytics may be the most straightforward and for which there is
the most evidence.
In the light–dark box test, NPS treatment caused mice to

spend significantly more time in the light side of the box re-
gardless of estrous stage (Fig. 5B). Due to the repeated dosing
study design that was used, it is possible that effects seen in
the light–dark box are long-lasting effects from the treatment
during the marble burying. However, the long-lasting effects
that were seen in the present study (e.g., acoustic startle Fig.
4D [post hoc effects] and Fig. 5E [treatment effect, P 5
0.0388]) were only significant during Hi-E stages. The effects
in ASR are indicative of an anxiolytic-like effect, but only dur-
ing Hi-E stages, which is counter to what was observed in
the light–dark box test. Moreover, in our RTI-263 study
(experiment 3), mice had been treated in the locomotor activity
assay a week before the marble burying assay, and the anxio-
lytic-like effects of NPS seem to be only during Hi-E stages
(nonsignificant posthoc effect, P 5 0.097) (Fig. 4B). If the ef-
fects seen in light–dark box are viewed as not having been af-
fected by the previous NPS treatment, the light–dark box
results support the notion that NPS treatment produced a sig-
nificant anxiolytic-like effect regardless of estrous stage. How-
ever, caution must be taken because this result may be
attributed to NPS producing hyperlocomotion and not an
anxiolytic-like effect. Mice treated with NPS had signifi-
cantly more entries into the light side of the light–dark box
than aCSF-treated mice regardless of estrous stage (Fig. 5C).
Again, there was no significant effect of estrous stage or in-
teraction between estrous stage and treatment. This signifi-
cant increase in number of entries was also seen in male
mice that were treated with NPS and could be attributed to
hyperlocomotion (Xu et al., 2004). However, in male mice, the
biased NPSR agonist RTI-263 shows very little arousal ef-
fects but still produces significant anxiolytic-like effects
(Clark et al., 2017). The confounding effect of NPS-mediated
hyperlocomotion is particularly relevant for female mice be-
cause they appear to be more sensitive to the hyperlocomotor
effects of NPSR agonists (Fig. 3I; discussed above). In sum-
mary, single and acute treatment with NPS produced anxi-
olytic-like effects in marble burying that were dependent
on estrous stage, and although anxiolytic-like effects are
seen in light–dark box test, there may be confounding fac-
tors (hyperlocomotion) that make interpretation of these
results less than clear.
Perhaps the strongest evidence from our studies that the

NPS system can produce anxiolytic-like effects in female mice
is from data when the mice did not have recent acute treat-
ment. Mice previously treated with NPS had lower startle
magnitudes, again when in Hi-E phases of the estrous cycle
(Fig. 4D; Fig. 5E). In contrast, within the group of mice that
were in low estrogen stages at the time of testing, there were
no differences seen (Fig. 5D). This same finding was observed
in our RTI-263 study (Fig. 4C). Because a decrease in the force
of startle is associated with decreased anxiety levels, this
again suggests that NPS is producing an anxiolytic-like effect
in mice during Hi-E stages of the estrous cycle. Therefore, due

to the anxiolytic-like effects of NPS being only observed during
Hi-E stages in marble burying (acute treatment) (Fig. 5A) and
ASR (long-lasting effects) (Fig. 4D; Fig. 5E), we speculate that
there is an interaction between the NPS system and the es-
trous cycle. Because anxiolytic-like effects were seen in both
stages in the light–dark box, more studies are required to dis-
entangle these issues.
Our results in the inhibitory avoidance paradigm are incon-

sistent and likely suggest that more thorough and in-depth
study of female subjects in this paradigm is warranted. After
only one prior exposure to NPS, female mice showed a signifi-
cant memory enhancement effect of NPS only in Lo-E stages
(experiment 2) (Fig. 3E). This effect was not seen after two
prior exposures to NPS (experiment 4) (Fig. 5, G and H). Ex-
periment 4 showed that mice in Lo-E stages that were previ-
ously treated with NPS had a longer latency to enter the dark
compartment of the apparatus during training (Fig. 5G). This
is prior to the postshock injection of aCSF or NPS, and the ef-
fect appears to be due to the long-lasting effects of NPS (the
mice had not been injected for 2 weeks). How exactly this
should be interpreted is difficult. The increases in latency
could mean that these mice have a lower imperative to enter
the dark compartment (e.g., less risk avoidance). The in-
creased latency on “training day” is seen during the Lo-E
phases and so may be a different phenomenon than what is
seen in the acoustic startle. However, it should be emphasized
that the estrous stage for inhibitory avoidance was determined
on “test day” which is 2 days after “training day.” Therefore,
even though we accounted for this in our estrous staging, it is
conceivable that the “training day” data are indeed showing
an effect during high estrogen estrous phases (estrous cycle is
only 3–4 days in mice). Alternatively, the increased latency on
training day could be the result of freezing and a sign of anxi-
ety. Taken together, our data suggest that there are long-last-
ing effects of NPS that manifest during Lo-E stages (Fig. 5G;
Fig. 3E, 2 weeks [during training] and 2 days post-treatment
[during testing], respectively). However, there appears to be a
lack of literature that addresses the effects of estrous cycle on
the inhibitory avoidance or related-paradigms. Therefore, to
overlay the effects of NPS in female mice onto this paradigm
is likely premature at this point. Moreover, because the para-
digm uses a noxious stimulus, possible explanations for the
complications with the inhibitory avoidance paradigm could be
due to pain sensitivity differences over the estrous cycle. One
study has provided evidence for this cause, showing that pa-
tients exhibit a worsening of panic and/or anxiety symptoms
in premenstrual phases that would correlate with high estro-
gen phases in mice (Perna et al., 1995). Another study has
shown that female rats in metestrus and diestrus, which are
both low estrogen phases, had increased pain sensitivity dur-
ing a hot plate test (Ibironke and Aji, 2011). If these mice are,
in fact, experiencing increased pain sensitivity during low es-
trogen phases, the voltage of the shock used on “training day”
may be too high and cause these animals to have stronger as-
sociative learning, hiding any NPS-mediated effects. Unfortu-
nately, it seems that there is not enough research on pain
sensitivity during the rodent estrous cycle. The studies that
do exist have differing results, and pain sensitivity seems to
be test-dependent in rodents (Vinogradova et al., 2001; Ibir-
onke and Aji, 2011). However, to properly test this, founda-
tional studies on the influence of the estrous cycle on this

Neuropeptide S Is Anxiolytic during Proestrus and Estrus 469



paradigm need to be completed. The results would then allow
for the effects of NPS to be tested in relation to estrous cycle.
For the purposes of this discussion and data analysis, the

animals were segregated into stages of estrous that are known
to exhibit high or low levels of estrogen. However, this should
not be interpreted as estrogen levels per se, are regulating the
effects that are described in the present study. The estrous cy-
cle is a multidimensional physiological phenomenon with
many circulating factors fluctuating over the course of the cy-
cle. In addition, due to organizational differences between the
sexes, it should also be appreciated that low estrogen stages in
a female, just as an ovariectomized adult female mouse, is not
equivalent to a male mouse. Therefore, that low estrogen
stages in female mice seem to be resistant to the anxiolytic-
like effects of NPS should not be interpreted as being inconsis-
tent with NPS-mediated anxiolytic-like effects being observed
in males (also low estrogen). The interplay between the NPS
system and the estrous cycle, in light of the current observa-
tions, should be thoroughly investigated. Paramount would be
to determine whether the NPS administration or even the
lack of the NPSR (NPSR-KO mice) alters aspects of the es-
trous cycle. In the present study, the estrous cycle was shown
to influence NPS-mediated anxiolytic-like effects, but had no
apparent effect in locomotion. This suggests that these NPS-
mediated behavioral phenotypes are mechanistically distinct.
The same conclusion has been put forth with the use of biased
NPSR agonists that separate hyperlocomotor effects from the
anxiolytic-like in male mice; RTI-263 (Clark et al., 2017). The
mediation of these behaviors has even been suggested to be
due to the activation of distinct signaling pathways (Clark
et al., 2017). How the estrous cycle modulates these signaling
pathways within specific NPSR expressing neurons will need
to be investigated.

Conclusion
Our study found that the main NPS-mediated phenotypes

are translatable across sexes and they may be influenced by
the estrous cycle in female mice. We observed anxiolytic-like
effects in marble burying (Fig. 5A) and ASR (Fig. 4D; Fig. 5E)
only during Hi-E stages. In addition, NPS treatment produced
effects in inhibitory avoidance only during Lo-E stages (Fig. 3E;
Fig. 5G), but further research is warranted. Additional work on
the long-lasting effects of NPS, especially how it relates to
anxiety and stress, will need to be completed. Specifically,
light–dark box and marble burying should be run on mice
that have been previously treated with NPS but are run with
“no treatment.” The potential long-lasting anxiolytic effects
could elevate NPSR as a strong drug target. The NPS-mediated

hyperlocomotive effects, however, appear to be independent
of estrous cycle influence [low variability in locomotor assays
(Fig. 2; Fig. 3I; Fig. 4) and increased entries in light–dark box
(Fig. 5B)]. Overall, these results support the concept of the
NPSR as being a target to treat anxiety disorders (Table 1).
However, in light of 1) the apparent higher sensitivity to the hy-
perlocomotor effects in females, and 2) the potential that the re-
peated administration of NPS itself could influence the estrous
cycle, further research into these interesting effects in females
is needed.
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