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Abstract

Rationale Anxiety, a negative state of high arousal and vigilance, is especially prevalent in women, making identification
of underlying mechanisms critical for developing effective therapies. With the challenge of disentangling biological and
social factors in humans, animal tests can provide valuable insights, although such tests, developed in males, have unclear
validity for females.

Objective To better understand patterns of sex differences across multiple measures within two classical rodent anxiety tests.
Methods We examined female and male adult Wistar rats (n=15-18/group) that were single-housed in the novelty sup-
pression of feeding test (NSFT) that involves food under a bright light in food-restricted animals, and light—dark test (LDT),
which reflects innate aversion to bright light. To further validate these tests in females, we also examined the impact of
1 mg/kg diazepam.

Results NSFT measures of the most direct interaction with food, latency to grab food and food consumed, indicated increased
anxiety-like behavior in females versus males, with diazepam altering these behaviors in females but not males. Most other
measures showed more similar effects of diazepam across the sexes, with some evidence of reduced anxiety-like behavior
in LDT for females. Principal component analyses indicated limited relationships across behavioral factors, underscoring
previous suggestions of the importance of assessing multiple measures to maximize information and ethological relevance.
Conclusions Combining our findings and previous studies, we speculate that increased anxiety-like behavior in females
manifests especially when there is a specific, life-relevant condition (e.g., food in the NSFT). Our findings also validate
NSFT and LDT use in females.
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Introduction

Anxiety represents a state of high arousal and negative feel-
ings that can result in enhanced vigilance in the absence
of an immediate threat (Palanza and Parmigiani 2017).
Although healthy individuals experience sporadic epi-
sodes of anxiety during life, when this state is persistent,
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disruptive, or disproportionate, it can be become debilitating
and is considered pathological (Chisholm et al. 2016). Such
anxiety and mood conditions are a major cost to society,
with recent estimates finding > 700 billion US$ in lost pro-
ductivity globally (Chisholm et al. 2016). Epidemiological
data shows that women have a higher prevalence of anxi-
ety disorders than men (Altemus et al. 2014; Palanza and
Parmigiani 2017), but it is challenging to disentangle
biological and social factors (Altemus et al. 2014). Thus,
animal tests could provide valuable insights into biologi-
cal mechanisms. Also, anxiety is a multi-faceted construct
(Bangasser and Wicks 2017; Becker and Chartoff 2019;
Palanza and Parmigiani 2017), and it is considered impor-
tant to assess multiple measures to comprehensively analyze
potential behavioral differences and ethological relevance of
rodent tests for human conditions (Olvera-Hernandez and
Fernandez-Guasti 2011; Ramos 2008).
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Potential sex differences in anxiety behaviors have
long been studied (Becker and Chartoff 2019; Palanza and
Parmigiani 2017). Reduced female anxiety-like behavior
relative to males has been observed in tests such as elevated
plus maze (EPM) and open field (see Donner and Lowry
2013), while greater anxiety-like behavior versus males is
seen in tasks such as shocked licking in a thirsty animal
(De Jesus-Burgos et al. 2016; Johnston and File 1991)
and following exposure to unconditioned predator stimuli
(see Albonetti and Farabollini 1995). However, there are
also mixed findings, and differences in test, strain, spe-
cies, age, and other factors could contribute (see Discus-
sion). Females also often show greater locomotion and
rearing than males (Le Moene et al. 2020; Palanza and
Parmigiani 2017), although lower female anxiety-like
behavior can persist when accounting for locomotor differ-
ences (Johnston and File 1991; Ou et al. 2019; Scholl et al.
2019). Also, effects of the classical anxiolytic benzodiazepine
(BZD) diazepam suggest that some locomotor measures may
also involve anxiety-like states (e.g., Bourin and Hascoet
2003). Another often-noted concern is that anxiety-like tests
have mostly been tested in males, which may lead to inac-
curate interpretations when examined in females (Bangasser
and Wicks 2017; Becker and Chartoff 2019; Ramos 2008).
Indeed, females show more active responding than males
during some anxiety-like behaviors (Olvera-Hernandez and
Fernandez-Guasti 2011; Scholl et al. 2019), including dart-
ing more than freezing with fear (Bangasser and Wicks
2017), less freezing and more avoidance in a shuttle box task
(Lopez-Aumatell et al. 2011), and more active defensive
responses under some social stressors (Albonetti and Farabollini
1995; Fernandes et al. 1999; Palanza and Parmigiani 2017,
Shepherd et al. 1992). Thus, anxiety-like states could increase
activity in females under some conditions, perhaps akin to the
need to judge danger near a nest, rather than restrain/reduce
activity as in males (Becker and Chartoff 2019; Palanza and
Parmigiani 2017). Thus, while findings overall indicate sex dif-
ferences, the presence of mixed findings indicates that additional
studies are needed, and several groups (e.g., Olvera-Hernandez
and Fernandez-Guasti 2011; Ramos 2008) have underscored
the importance of assessing multiple measures in each task in
order to give maximal information about the specific aspects of
anxiety-like responding that differ between the sexes.

Here, we examined single-housed animals, as social
isolation is recognized as a stressful factor in both sexes
for humans (Martin and Brown 2010; Mead et al. 2010)
and rodents (Albrechet-Souza et al. 2020; Palanza et al.
2001). Furthermore, isolation increases anxiety-like behav-
ior relative to group housing in females (which show less
anxiety-like responding than males), with no or opposite
effects in males (Palanza et al. 2001). Isolation can also
increase female but not male anxiety-like behavior in EPM
(Abramov et al. 2004), and increase stretch postures in
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female but not male mice (Palanza et al. 2001). In humans,
isolation contributes to multiple mood disorders, and women
report greater concern about isolation (Martin and Brown
2010; Mead et al. 2010, but see Heinrich and Gullone 2006).
Thus, isolation can increase anxiety-like behavior in humans
and rodents, with evidence for greater anxiety-like responses
in some measures for females (see also Discussion).

Based on the previously described findings, we hypoth-
esize here that sex differences may involve differential
responses to particular aspects of anxiety-like tests. To
address the need to better understand the nature of sex dif-
ferences in expression of anxiety-like behavior, we examined
a number of within-task measures in female and male adult
Wistar rats in two classical rodent anxiety-like tests, the
novelty suppression of feeding test (NSFT) and light—dark
test (LDT). The NSFT measures conflict between the natu-
ral tendency to feed after food restriction and the ethologic
aversion to novel, brightly lit, and central places, while the
LDT measures the innate aversion to bright light. Both tests
are validated by their sensitivity to chronic SSRIs which
are effective treatment for many human anxiety disorders
(Ramaker and Dulawa 2017), where anxiolysis after chronic
(but not acute) SSRIs is seen for both NSFT (Bodnoff
et al. 1989; Oh et al. 2009; Santarelli et al. 2003) and LDT
(Vicente and Zangrossi 2014). Furthermore, limited studies
have compared male and female responses to anxiolytics,
and thus, we also examined the impact of a moderate dose of
diazepam, since BZDs impact both NSFT and LDT (Bodnoff
et al. 1989; Shephard and Broadhurst 1982). By assessing
multiple measures within each test, we find specific sex dif-
ferences in responses under control and diazepam conditions
in particular measures (including direct interaction with food
in NSFT), while many other measures showed limited sex
differences in diazepam effects. Together, our studies pro-
vide novel and useful information regarding specific patterns
of sex differences in expression of anxiety-like behavior,
laying a foundation for future work to help elucidate under-
lying mechanisms and facilitate development of novel trans-
lational strategies.

Methods
Animals

All procedures were conducted in accordance with Guide for
Care and Use of Laboratory Animals provided by National
Institutes of Health and approved by Institutional Animal
Care and Use Committee of University of California San
Francisco. All efforts were undertaken to reduce number of
animals needed and minimize pain and suffering.

All studies used 5—6-month-old rats, which were sin-
gly-housed from ~2 months old. Rats were maintained
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on 12-12-h light/dark cycle (lights off 10:00 A.M.-10:00
P.M.) with food and water available ad libitum, except
during NSFT (see below). Female and male rats were off-
spring from a colony with heterozygous Wistar/Crh-Cre rats
(Pomrenze et al. 2015) outcrossed to Wistar (Envigo), with
use of equal number of wild-type Wistar and heterozygotes.
Females and males were from 9 and 10 litters total, respec-
tively, with 3.8 + 0.2 females and 3.6 + 0.4 males per litter
(range 2-5). No other manipulations were performed on
these animals except behavioral testing, with no significant
differences between genotypes (not shown); thus, results are
combined.

Behavior tests: General

The overall rationale for NSFT and LDT arises from rodents’
innate aversion to brightly illuminated areas (Acevedo et al.
2014; Bourin and Hascoet 2003). NSFT involves conflict
between bright light and food in a food-restricted animal.
The LDT has two compartments, one lit and one dark, with
an opening between, and involves conflict between explora-
tion during mild stressor and avoiding lit areas and neopho-
bia more generally (Bourin and Hascoet 2003).

Results are from two large, approximately equal cohorts,
performed March—April (38 rats, 18 females) and Octo-
ber—November (32 rats, 16 females), to obviate concerns
about season-related differences (Lopez-Aumatell et al.
2011). Rats had balanced numbers of drug versus vehicle
and male versus female run concurrently as much as possible
within each cohort, to alleviate any possible litter effects.
NSFT sample sizes were 15 female-saline from 9 litters, 16
female-diazepam from 9 litters, 15 male-saline from 9 litters,
and 18 male-diazepam from 9 litters. Open field had only
15 female-diazepam. LDT sample sizes were 16 female-
saline from 8 litters, 17 female-diazepam from 8 litters, 17
male-saline from 9 litters, and 18 male-diazepam from 10
litters. One week before starting experimental sessions, rats
were gently handled, once/day for ~5 min, to familiarize
with experimental conditions and reduce non-specific stress
responses during testing. In addition, rats were acclimatized
to the testing room 1 h/day for 5 days before testing, and
with at least 30 min in the testing room before tests on test
days. All tests were in the dark cycle (between 10:30 A.M.
and 5:00 P.M.), with behavior room illuminated by ceiling
red lamps. Maximum 5 rats/day were tested in NSFT-open
field, and 7/day in LDT, to allow testing at approximately the
same circadian period across days. Males and females were
tested separately on alternate days. Due to some technical
failures with the camera and other factors, only one day’s
experiments were measured for some animals. Each behav-
ioral apparatus was cleaned between animals with 0.025%
bleach and allowed 5 min to air dry.

Finally, we were more interested in NSFT, with the
specific point of conflict (food versus light), but one limi-
tation is that we did not counterbalance NSFT and LDT
tests across rats, and we cannot rule out that NSFT testing
impacted LDT.

Novelty-suppressed feeding test (NSFT) and open
field

Rats received 3 days of food restriction (Blasco-Serra et al.
2017). Food intake was first averaged across five 24-h peri-
ods in each individual, which was later used to give rats
80% normal intake in two food restriction days, then 20%
normal intake the third day. NSFT testing was the following
day in a square arena (60X 60 x40 cm, black plastic) with
a bright light shining at the center, targeting ~3 g food on a
3-inch circular white paper (160 lux at center, < 60 lux along
chamber edges) (Gobinath et al. 2018; Olivier et al. 2008).
After saline/diazepam injection (see Reagents), animals
were placed in the corner and allowed 15 min to explore,
filmed by video camera.

After NSFT, the rat was returned to home cage for 5 min,
and then placed in open field (the same NSFT arena except
with dim red light and no food). Rats were placed in the
center and movement video-recorded for 10 min. Total dis-
tance and average velocity were determined with EthoVision
XT10 (Noldus, Netherlands).

After open field, rats were returned to home cage and
allowed ad libitum consumption, with intake level measured
after 30 min.

Light-dark test (LDT)

One week after NSFT, rats were exposed to the LDT appa-
ratus (Amodeo et al. 2018; Vicente and Zangrossi 2014),
with two equal-sized (41 X 41 x41 cm) chambers, one black
(with black lid) and one white (with 100 lux light and clear
lid), connected by an 8 X 8 cm opening between chambers at
floor level. After saline/diazepam injection (see Reagents),
rat was placed in middle of the lit compartment facing away
from the doorway and allowed to explore for 10 min, with
sessions video-recorded.

NSFT and LDT measures

NSFT and LDT analyses were performed blinded and scored
by eye (Bourin and Hascoet 2003). In NSFT, latency to grab
food (Blasco-Serra et al. 2017) is widely measured (often
called latency to feed) and validated as a measure of anxiety-
like behavior by anxiolysis after chronic SSRIs or acute diaz-
epam (Bodnoff et al. 1989; Santarelli et al. 2003; Shephard
and Broadhurst 1982). We used latency to grab food instead
of latency to feed since many animals moved to the center,
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grabbed the food, then dragged it to the edge where feed-
ing occurred. We also examined total food consumed dur-
ing test, where lower intake, indicating greater anxiety-like
response, can be increased by diazepam (Shephard and
Broadhurst 1982). Furthermore, we measured home cage
intake after NSFT testing, since this is often used as a con-
trol for ability to eat in non-anxiety-provoking conditions,
as it shows no changes by anxiolytics (Blasco-Serra et al.
2017; Santarelli et al. 2003). In addition, we assessed time
in center (central 20 X 20 cm), and number of approaches
to center (of which>90% did not involve grabbing food),
which could be reduced under greater light-induced anxiety-
like response. Finally, non-test-day intake, averaged across
5 days, was assessed before the food restriction period.

In LDT, latency to move into dark chamber, latency to
re-enter lit chamber, and total time in lit chamber are con-
sidered to reflect anxiety-like behavior through avoidance
of light (Acevedo et al. 2014; Amodeo et al. 2018). Entry
into a given chamber was indicated by placing four paws in
a compartment (Acevedo et al. 2014). In addition, number
of transitions and rearings were measured and interpreted
as activity and exploration, although they can also reflect
anxiety-like behavior (Acevedo et al. 2014; Griebel et al.
1997). Finally, we examined stretched postures at the door
between chambers, which have been considered risk assess-
ment responses (Griebel et al. 1997; Shepherd et al. 1992).

Reagents

Rats were injected i.p. 30 min before testing sessions with
vehicle (saline) or 1 mg/kg diazepam (Hospira, INC, Lake
Forest, IL), considered a moderate dose that provides
anxiolytic-like effects while minimizing locomotor effects
(Chaouloff et al. 1997; Griebel et al. 1997; Olvera-Hernan-
dez and Fernandez-Guasti 2011).

Statistics and analyses

Our primary analyses used two-way analysis of variance
(ANOVA) tests, with sex and drug treatment as independ-
ent, between-subject factors, using SPSS v27. Post hoc
effects were determined in GraphPad Prism using f-tests,
or Kolmogorov—Smirnov (KS, indicated where used) for
non-normal data. Bonferroni correction for 6 possible post
hoc multiple comparisons yielded a significance threshold
of p<0.0083. All data are shown as mean + standard error
of the mean. Principal component analyses (PCA) were per-
formed separately for the seven NSFT and six LDT measures
in SAS v9.4 utilizing the correlation matrix (Kosobud et al.
2015), using data from animals where all measures were
acquired.

It would also be quite interesting to compare within-
animal baseline responses in the NSFT with those in the
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LDT. However, in our design, animals received a single
NSFT test, with vehicle or diazepam, and a single LDT test,
with vehicle or diazepam, but animals were randomized for
vehicle/diazepam in NSFT then separately randomized for
vehicle/diazepam in LDT. Thus, fewer rats received vehicle
in both NSFT and LDT, and thus, the correlation of NSFT
and LDT behavior was insufficiently powered. This limita-
tion could be addressed in future studies where no animals
receive diazepam.

We also note it would be optimal to test multiple diaz-
epam doses, and in a within-animal design. Unfortunately,
our preliminary results found that repeated testing of NSFT
within an animal changed behavior across repeated testing
(also seen with LDT). With similar effects for Elevated Plus
Maze, many groups only use a single EPM test in a given
animal (with or without experimental intervention) (e.g.,
Gonzalez and File, 1997, Pereira et al. 1999). The need for
a single NSFT (or LDT) test is part of the reason we tested a
single diazepam dose, picking a more moderate dose which
has been widely examined (see above), allowing us to retain
large sample sizes per group.

Results

Figure 1 shows a timeline schematic for behavioral tasks.
Data were primarily analyzed with two-way ANOVA, with
sex and drug treatment as the two between-subject factors.

Novelty suppression of feeding task

NSFT involves conflict between bright light and drive to
eat in a food-restricted animal. Interestingly, two measures
more directly related to interaction with food showed sig-
nificant sex differences and sex-drug interactions. First,
latency to grab food, where longer latency can indicate
greater anxiety-like behavior (see Methods), showed sig-
nificant effects of drug and a sex-drug interaction (Fig. 2A)
(sex: F(1,64)=0.560, p=0.457; drug: F(1,64)=23.153,
p <0.001; interaction: F(1,64)=4.959, p=0.030). Diaz-
epam significantly reduced latency to grab food in females
(» <0.001 KS) but not males (p =0.067 KS), and latency in
saline-treated animals was slower in females versus males
(»p=0.003 KS). Females thus exhibited increased anxiety-
like behavior under saline, expressed as delayed approach to
grab food, and greater diazepam impact.

Another measure of food interaction, food consumed
during test, showed a similar pattern (Fig. 2B), with sig-
nificant effects of sex, drug, and sex-drug interaction
(sex: F(1,64)=13.437, p=0.001; drug: F(1,64)=13.966,
p <0.001; interaction: F(1,64)=4.130, p=0.047). Females
ate significantly less food than males under vehicle condi-
tions (p <0.001), and diazepam increased food consumed
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Fig. 1 Timeline schematic for behavioral tasks. All rats were
5-6 months old, after single housing since~2 months old, and
thus potential effects of differences in animal age should have lim-
ited impact for our findings. During the testing period, 30 min after
diazepam or vehicle injection, rats were tested in NSFT for 15 min.
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Fig.2 Significant interactions of sex and drug in NFST for measures
most directly related to food interaction. A Latency to initially grab
food was significantly longer under saline in females than males, and
significantly reduced by diazepam in females but not males. B Food
consumed during the test period under saline was significantly lower
in females than males, and increased by diazepam in females but not
males. DZP, diazepam; Sal, saline vehicle. *** indicates p <0.001 for
diazepam within a particular sex; ##, ### indicate p <0.01, p<0.001
across sexes for a given treatment condition (saline or drug)

Rats were removed to home cage for 5 min, then placed in open field
(OField) for 10 min, then returned to the home cage for 30-min feed-
ing assessment. One week later, 30 min after diazepam or saline
injection, rats were tested in LDT for 10 min. DZP, diazepam; sal,
saline

in females (p <0.001), with no effect on males (p =0.293).
Thus, similar to latency to grab food, females displayed
greater food intake-related anxiety-like behavior, and diaz-
epam only impacted female consumption.

In contrast to latency to grab food and food consumed
during test, other NSFT measures indicated more similar
patterns in females and males. Time in center had only a
significant effect of drug (Fig. 3A) (sex: F(1,64)=0.997,
p=0.322; drug: F(1,64)=20.947, p<0.001; interaction:
F(1,64)=0.013, p=0.911), with a significant post hoc
effect of diazepam in both sexes (female: p <0.001; male:
p=0.008). Thus, female and male rats had similar anxiety-
like behavior, and a similar diazepam reduction, in the total
time spent in the brightly lit center of the NSFT apparatus.

A related pattern was observed for number of approaches
to center (where animals move to center but largely do not
touch the food, which is >90% of approaches). There was a
significant effect only of drug (Fig. 3B) (sex: F(1,64)=2.483,
p=0.120; drug: F(1,64)=18.695, p<0.001; interaction:
F(1,64)=2.863, p=0.096), with a significant post hoc
effect of diazepam in males (male: p <0.001) with a trend
in females (p =0.061). Thus, females and males had similar
number of center approaches under saline, with an overall
diazepam effect that was significant in males.

Since many studies observe greater locomotion in
females (see Introduction), distance travelled in the open
field was assessed after NSFT (Fig. 1, see Methods).
Females traveled more than males (Fig. 4A), with signifi-
cant main effects of sex and drug (sex: F(1,63)=64.138,
p<0.001; drug: F(1,63)=4.805, p=0.032; interaction:
F(1,63)=0.831, p=0.366). Post hoc revealed no effect
of diazepam in females (p =0.1024) or males (p =0.173),
but significant sex differences under saline (p <0.001) and
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diazepam (p <0.001). The limited impact of diazepam on
locomotion suggests that diazepam impacts on other, puta-
tive anxiety-like measures were unlikely to simply reflect
locomotor effects (see Discussion). Females also had
slower velocity (Fig. 4B), with a significant effect of sex
(sex: F(1,63)=23.295, p<0.001; drug: F(1,63)=0.081,
p=0.777; interaction: F(1,63)=1.640, p=0.205). However,
it is important to note that, since open field was tested after
NSFT, open field results could be impacted by carry-forward
effects from NSFT testing. We consider this less likely, since
diazepam showed small effects in open field, unlike what
was observed in NSFT, especially food-related measures.
Many NSFT studies examine home cage intake after the
NSFT test, where consumption often recovers in the more
familiar context. Unexpectedly, home cage intake (Fig. 4C)
showed a similar pattern as NSFT intake (Fig. 2B), with
reduced intake levels and diazepam effects only in females,
and significant main effects of sex, drug, and interaction
(sex: F(1,64)=25.143, p<0.001; drug: F(1,64)=5.448,
p=0.023; interaction: F(1,64)=6.023, p=0.017; post hoc
p <0.001 diazepam effect in females, p <0.001 male versus
female saline). While the reason is unclear, we speculate
that anxiety-like states experienced during NSFT carried
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Fig.4 Overall similar locomotion across sexes, although home cage
intake on test day after NSFT showed sex effects. A Total distance
traveled in the open field was significantly greater in females under
both saline and diazepam. B Velocity in open field was slower in
females under saline, with a similar trend under diazepam. C Home
cage intake after the NSFT test showed similar responding as intake
during the test (Fig. 2B), with less intake in saline females, and diaze-
pam enhancement of intake in females but not males. DZP, diazepam;
Sal, saline vehicle. *** indicates p <0.001 for diazepam within a par-
ticular sex; ### indicates p <0.001 across sexes for a given treatment
condition (saline or drug)

forward into the home cage (although this seemed not to be
apparent in the preceding open field). Another possibility
is that there were systematic differences in body weight or
food consumption levels in females destined to be tested
with diazepam versus vehicle. Arguing against this, body
weight and home cage intake before NSFT test (see Meth-
ods) (Online Resource 1A,B) only showed significant effects
of sex (weight: [sex: F(1,68)=564.19, p<0.001; drug:
F(1,68)=3.845, p=0.055; interaction: F(1,68)=0.176,
p=0.676]; consumption: [sex: F(1,68)=203.17,
p<0.001; drug: F(1,68)=2.255, p=0.138; interaction:
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F(1,68)=0.073, p=0.788]), and females are widely seen
to weigh less than males and thus also eat less. Thus, these
results suggest that reduced home cage intake after the
NSFT test did not reflect differences in basic consumma-
tory drives across rats.

Light-dark task

One week after NSFT, rats were examined in LDT. Rats
were placed in the lit chamber (see Methods), and the first
measure was the latency to enter the dark chamber (i.e., to
move from the lit chamber, where the rat is first placed,
into the dark side), and shorter latency is taken to indi-
cate increased anxiety-like behavior (see Methods). This
latency to enter the dark chamber demonstrated a significant
effect of sex, drug, and interaction (sex: F(1,68)=28.851,
p=0.004; drug: F(1,68)="7.844, p=0.007; interaction:
F(1,68)=26.074, p <0.001) (Fig. 5A). Females exhibited a
trend for less anxiety-like behavior than males (p =0.044),
with diazepam reducing anxiety-like response (increasing
latency) in males (p <0.001). There was a seemingly para-
doxical effect in females, where diazepam tended to shorten
this latency (p=0.022), addressed further in the Discussion.
Overall, there were significant sex differences in latency to
enter the dark chamber, with shorter latency in males and
different diazepam effects across sexes.

A different pattern was observed for several other anxiety-
like LDT measures. Both latency to re-enter the lit chamber
(Fig. 5B) and total time in the lit chamber (Fig. 5C) revealed
a significant effect of sex and drug but no interaction (latency
to re-enter light: [sex: F(1,68)=28.088, p=0.006; drug:
F(1,68)=6.728, p=0.012; interaction: F(1,68)=0.002,
p=0.962]; total time in light: [sex: F(1,68)=14.216,
p<0.001; drug: F(1,68)=9.544, p=0.003; interaction:
F(1,68)=0.019, p=0.892]). Thus, females exhibited less
anxiety-like behavior than males in these measures, with no
clear sex differences in diazepam effects.

Several LDT measures have been considered to indi-
cate locomotor activity, including number of transitions
between the two chambers (Fig. 5D) and number of rears
(Fig. 5E). Both demonstrated a significant effect of sex and
drug but no interaction (transitions: [sex: F(1,68)=14.590,
p<0.001; drug: F(1,68)=10.280, p=0.002; interaction:
F(1,68)=2.056, p=0.157]; rearing: [sex: F(1,68)=13.752,
p<0.001; drug: F(1,68)=12.588, p=0.001; interaction:
F(1,68)=2.008, p=0.161]). These results agree with our
(Fig. 4) and others’ work suggesting greater locomotion
in females, while the overall impact of diazepam suggests
some aspects of anxiety in these measures. Finally, we
examined stretch responses (see Methods) which showed
a different pattern from other measures (Online Resource
2), with significant effect of sex (sex: F(1,68)=5.151,
p=0.027; drug: F(1,68)=0.748, p=0.390; interaction:
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Fig.5 Behavioral measures in LDT overall suggest reduced female
anxiety-like responding relative to males. A Latency to enter the dark
chamber was slowed by DZP in males but not females. B-E Latency
to re-enter the lit chamber (B), time in the lit chamber (C), transitions
between the lit and dark chambers (D), and rearing (E) had signit-
icant effects of sex and drug but no interaction (see Results). DZP,
diazepam; Sal, saline vehicle. ** indicates p<0.01 for diazepam
within males
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Table 1 Principal component analysis results for the seven NSFT/
open field measures. Data for shown for the top five PCAs. The top
two rows show, for each principal component (PC), the eigenvalue
and proportion of variance (in %) explained by that PC. The weights
for each behavioral measure are provided for the first five PCs, dem-
onstrating the relative contribution of each behavior measure to each
PC

PC1 pPC2 PC3 PC4 PC5

Eigenvalue 1.988 1.601  0.864 0.736  0.682
Proportion 2840  22.87 12.35 10.52 9.74

Food_During_Test  0.496 0.103 —-0.540 -0.111 0.359
Food_After_Test 0.250 0.464 0450 -0.502 0416
Time_to_Grab —-0.510 0260 0.141 -0.039 -0.092
Time_in_Center 0439 -0.133 0.674 0337 -0.115
Num_Approach -0326 0427 0.023 0532 0522
OF_Veloc 0364  0.398 -0.161 0.531 -0.249
OF Distance —-0.030 —-0.590 0.077 0236  0.585

Table 2 Principal component analysis results for the six LDT meas-
ures. Data for shown for the top five PCAs. The top two rows show,
for each principal component (PC), the eigenvalue and proportion of
variance (in %) explained by that PC. The weights for each behavioral
measure are provided for the first five PCs, demonstrating the relative
contribution of each behavior measure to each PC

PC1 PC2 PC3 PC4 PC5

Eigenvalue 1.963 1.164 1.057 0.781 0.613
Proportion (%) 32.72 19.40 17.62 13.02 10.22

Lat_Enter_Dark —0.341 0.587 —0.045 0.484 0.550
Lat_Reenter_Lit —0.388 0.040 0.680 0.225 0.403
Time_Lit 0.456 0276 —-0.412 0.418 0.459
Numb_Trans 0.409 0.531 0.392 -0.037 -0.571
Numb_Stretch 0317 -0.537 0.240 0.681 —0.238
Numb_Rear 0.508 0.084 0.394 -0.273 0.494

F(1,68)=2.539, p=0.116). These results are less consist-
ent with other behaviors examined, and will require future
work to understand.

Relationship between anxiety-like measures

Given our sex-specific and -general patterns in anxiety-like
behavior and diazepam effects, understanding possible rela-
tionships between behavioral measures could provide useful
information. For example, some measures might better cap-
ture overall anxiety-like patterns, while others could relate
more to locomotion. Therefore, we performed correlations
(Online Resources 3 and 4) and PCA separately on NSFT
measures (Table 1) and LDT measures (Table 2). Correla-
tions face the challenge of determining significance with the
great many possible comparisons, but overall suggest both
separation and overlap of putative anxiety and locomotor
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measures (Online Resources 3 and 4). In addition, the first
principle component (PC1) for each paradigm accounted for
only a modest proportion of the variance (28.4% for NSFT,
32.7% for LDT). In addition, while certain measures were a
priori considered to reflect locomotion rather than anxiety-
like behavior (open field velocity and distance, transitions
and rearing in LDT), these putative locomotor factors did not
clearly segregate relative to other, more traditional anxiety-
like measures. This lack of clear clustering across measures,
combined with the low variability accounted for by PC1,
suggests the necessity of examining all behavioral meas-
ures and a potential non-linear relationship between them,
as indicated by interaction effects in only particular meas-
ures reported above. Thus, as suggested by other groups,
our results validate the suggestion that it is important to
determine multiple measures from each task examined to
maximize ethological relevance (see Introduction).

In addition, PC1 and PC2 estimated from NSFT data
both demonstrated significant effects of sex and drug (all
p <0.007), with PC1 revealing a sex-drug interaction
(p=0.017; see Online Resources). These PCs, accounting
for 51.8% of the variability in all NSFT measures, largely
separated the sex and drug groups (Online Resources SA).
Conversely, PC1 from the LDT measures revealed only a
significant effect of sex (»p <0.001), and PC2 only an inter-
action effect (p <0.001; see Online Resources 5B), despite
both PCs combined accounting for a similar proportion of
variability (~52%) as NSFT. These results are consistent
with the strong sex-drug interaction seen in particular NSFT
measures, latency to grab food, and food eaten during the
NSFFT test (Fig. 2A, B), while LDT measures showed some
sex differences (Fig. 5) but overall demonstrated more sex-
similar diazepam effects.

Discussion

Anxiety disorders are highly prevalent, with women at
greater risk of developing such conditions. Understanding
sex-specific and -general mechanisms that promote anxiety,
important for treatment development, is made challenging
due to hard-to-disambiguate biological and social/cultural
contributions in humans. Thus, animal tests can provide
valuable insights into biological sex differences. However,
while sex-related anxiety-like patterns have been broadly
studied, there remain a number of mixed results, which
could be resolved by more in-depth examination of differ-
ent behavioral measures within each anxiety-like test, as well
as use of larger sample sizes. Thus, we examined anxiety-
like behaviors in single-housed female and male adult rats
in two widely used tests, NSFT and LDT, which are vali-
dated by their sensitivity to chronic SSRIs and BZDs (see
Introduction). Interestingly, NSFT measures more directly
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related to food interaction, initial latency to grab food and
food consumed in the NSFT test, indicated greater anxiety-
like behavior under control conditions in females relative to
males, and where diazepam produced anxiolytic-like effects
in females but not males. In contrast, other NSFT measures
more distal to food interaction showed limited sex differ-
ences. In the LDT, where bright light evokes conflict but
has no localized anxiety-provoking stimulus, most meas-
ures suggested reduced anxiety-like behavior in females and
general diazepam efficacy; one exception was rearing, often
considered a locomotor response but which was greater
under saline in females but reduced by diazepam only in
females. Thus, our results indicated less female anxiety-
like behavior and similar sex effects of diazepam in several
measures, except for strong sex-by-drug interactions and
greater female anxiety-like responses in NSFT measures
most directly related to food interaction. Together with pre-
vious studies, we speculate that sex differences in anxiety-
like patterns may primarily reflect greater female responding
under conditions involving a specific, life-relevant stimulus
(discussed below).

As noted in the Introduction, sex differences in anxiety-
like behavior have been widely studied, where both consist-
ent and mixed results have been observed across putative
anxiety-like tests. While females can show less anxiety-like
behavior in EPM and open field (see Donner and Lowry
2013), greater anxiety-like behavior is seen in tasks such
as shocked licking (De Jesus-Burgos et al. 2016; Johnston
and File 1991) and some predator responses (see Albonetti
and Farabollini 1995), and with some diverse results regard-
ing primary reactivity to aversive stimuli (Johnston and File
1991; Olvera-Hernandez and Fernandez-Guasti 2011). How-
ever, there are also mixed findings (see below). Females
also often show greater locomotion and rearing, including
velocity differences (Belviranli et al. 2012), although BZD
modulation of some locomotor measures (LDT transitions
and rearing, open field distance) suggests the presence of
anxiety-like contributions to locomotion (e.g., Bourin and
Hascoet 2003). In addition, there are likely sex differences
in the nature of responding under anxiety, where females can
show more active responding (see Introduction). Here, the
slower velocity in females, despite greater distance traveled,
may be consistent with greater caution even with greater
total exploration. Thus, anxiety-like states could increase
activity in females under some conditions, perhaps akin to
the need to judge danger near a nest, rather than restrain/
reduce activity as in males (Becker and Chartoff 2019;
Palanza and Parmigiani 2017).

We addressed these different challenges in several ways.
First, we examined a number of measures within each task,
a strategy which has been suggested to be important to
maximize information gained and ethological relevance,
and provide clearer insight into the nature of sex and other

differences (Olvera-Hernandez and Fernandez-Guasti 2011;
Ramos 2008). Also, to assess whether particular responses
reflected anxiety-like behavior, we utilized a moderate dose
of diazepam, which should provide some anxiolytic-like
effects while minimizing locomotor effects (Chaouloff et al.
1997; Griebel et al. 1997; Olvera-Hernandez and Fernandez-
Guasti 2011). In this regard, several reviews have noted
that most anxiety-like tests were developed and validated
in males, making their interpretation in females less cer-
tain. Here, most factors examined showed diazepam effi-
cacy, which provides useful evidence that many NSFT and
LDT measures can be used to interpret female anxiety-like
behavior. One important consideration when interpreting our
diazepam findings is that, taken overall, diazepam seems
to have stronger impacts for conditions exhibiting higher
levels of anxiety-like behavior. This interpretation might be
a strength of our findings, since they would imply that base-
line sex differences in different measures do reflect anxiety-
related differences, validating use of these tasks in females
(as noted above), although our results would suggest that
the tasks did not generate high levels in anxiety in all meas-
ures in males (although we note that other measures, such as
time in NSFT center, show strong diazepam effects in both
sexes). Another caveat for NSFT food measures is that BZDs
can promote hyperphagia (Pittman et al. 2012), which might
lead to the increased food intake in the NSFT chamber and
home cage in females; however, our results would suggest
that any such diazepam effects would be sex-specific (since
intake did not increase in males). Furthermore, we note that
chronic SSRIs are effective against many human anxiety
disorders (Ramaker and Dulawa 2017), and anxiolysis after
chronic (but not acute) SSRIs in rodents is considered to
provide validation for human relevance. In this regard, both
NSFT (Bodnoff et al. 1989; Oh et al. 2009; Santarelli et al.
2003) and LDT (Vicente and Zangrossi 2014) show such
chronic SSRI anxiolysis, supporting that tests we examined
tap into substrates relevant to human anxiety. Importantly,
chronic SSRIs do not alter locomotion (Homberg et al. 2011;
Vicente and Zangrossi 2014), in agreement with a lack of
diazepam effect in our open field locomotion measure. Also,
differences in diazepam pharmacokinetics could contribute
to observed sex differences, but some measures we examined
show equivalent effects of diazepam across the sexes (e.g.,
time in center of NSFT).

Since we found sex differences in anxiety-like responding
and diazepam effects only in particular measures, especially
NSFT factors most directly related to food acquisition and
consumption, it is important to relate our findings to those in
previous studies. Indeed, some of our findings concur with
previous work. One study in adult rats (Olivier et al. 2008)
found a longer latency to eat in females under group-housed
conditions (although it did not report consumption level). In
contrast, other groups found different results, but there were
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substantial methodological differences: one study found no
sex differences in latency to feed (Gobinath et al. 2018),
although the method did not utilize the bright overhead light
over the food, while another work found no sex differences
in several measures at baseline or with diazepam (Shephard
and Broadhurst 1982), although there were several meth-
odological differences (including use of a 6—18-h dark-light
cycle). In younger animals, NSFT studies find that females
eat less food and have fewer entries in the center, although
with no differences in latency to eat (Amodeo et al. 2018;
Miragaia et al. 2018). Thus, while there are some mixed
findings in the literature, methods closest to ours with adult
rats (Olivier et al. 2008) find greater female anxiety-like
responses (expressed as latency to eat), similar to our find-
ings. One other challenge is that many previous studies
report a limited number of NSFT measures.

Similar to NSFT, several aspects of our LDT results were
also similar to those previously reported. One group (Kokras
et al. 2020) found that adult female rats spend more time in
the lit chamber and have more inter-chamber transitions, and
other studies (Hughes 2011; Ramos 2008) also show greater
interaction with the lit chamber in adult female rats. However,
further studies find little sex difference in LDT (Amodeo et al.
2018; Fleming et al. 2019), although these used younger
adults (~P75) rather than somewhat older adults in our work
here and other findings (Hughes 2011; Kokras et al. 2020).
Also, as discussed below, the differences relate to anxiety-
like behaviors are often not apparent or of a different pattern
in younger animals (e.g., Albrechet-Souza et al. 2020). Other
methodological differences could also contribute to differ-
ential results, although methods in Amodeo et al. (2018) are
very similar to those used here except animal age.

Our studies used socially isolated animals, since isola-
tion is known to induce stress in humans and rodents, and
can enhance anxiety-like and related states (see above).
Some sex differences have been reported (see Introduc-
tion), and isolation increases rearing in isolated females
more than males (Dalla et al. 2005), consistent with our
LDT findings. Interestingly, greater anxiety-like behavior
after social stressors (including isolation) in adult females
has been linked to sex-specific inflammatory mechanisms
(Slavich and Sacher 2019). It is also interesting that women
can report greater concern about social isolation (Martin
and Brown 2010; Mead et al. 2010), and isolation can pro-
mote depression (Heinrich and Gullone 2006), which is also
more prevalent in women and often co-morbid with anxi-
ety (Altemus et al. 2014; Baratta et al. 2018; Palanza and
Parmigiani 2017). Thus, isolation can cause mood-related
disruptions in humans and rodents. We also note that some
mixed findings in isolation studies may reflect use of ado-
lescents (e.g., Du Preez et al. 2020; Pisu et al. 2016), such
as where isolation has limited effects in LDT (Amodeo
et al. 2018; Fleming et al. 2019; Martin and Brown 2010).
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However, our single housing results agree with group-
housed 4 + -month-old females showing less anxiety-like
behavior than males in LDT (Hughes 2011; Kokras et al.
2020). We also note that part of our reason for using single
housing is that the present findings are meant to undergird
our future studies of stress interactions with alcohol, where
single housing is widely used (e.g., Wegner et al. 2019).
Nonetheless, taken together with previous studies, our stud-
ies concur that isolated adult females have greater anxiety-
like responding in some measures.

We speculate that our results, together with previous find-
ings, provide new insights into sex-specific and -general pat-
terns of anxiety-like behavior. Here, NSFT measures most
directly related to food interaction, latency to first grab food
and food intake in test, were the main factors showing sex-
drug interactions. In both, females displayed significantly
greater anxiety-like behavior under control conditions and
diazepam only significantly impacted females. In contrast,
other NSFT measures were similar across sexes under
control and diazepam. One possibility is that, in females,
anxiety-like behavior is more pronounced in the pres-
ence of a specific stimulus of high motivational relevance
(like food in NSFT). In possible support, females versus
males show increased anxiety-like behavior to lick-paired
shocks in water-restricted animals (De Jesus-Burgos et al.
2016; Olvera-Hernandez and Fernandez-Guasti 2011).
Similarly, females show quicker latency to bury a shocking
probe than males, and lower-dose diazepam slows latency-
to-bury in females but not males (Olvera-Hernandez and
Fernandez-Guasti 2011), similar to our NSFT findings,
while more basic measures (number of shocks tolerated
and diazepam enhancement of shock tolerance) do not dif-
fer between sexes. In addition, diazepam reduces stretches
in response to predator odor more in females than males
(Shepherd et al. 1992). Also interesting are the lack of sex
differences in a social task when a conspecific is confined in
a cage, but clear sex differences when direct physical inter-
action is possible (see Le Moene et al. 2020). Thus, greater
female anxiety-like behavior may primarily occur in relation
to specific, life-relevant stimuli (food when food restricted;
imminent dangers). In contrast, responding here was more
similar across sexes for behaviors more distal to the specific
motivational focus in NSFT, and in the LDT which lacks a
localized anxiety-provoking stimulus. One exception was the
first action in LDT, movement from lit to dark chamber; this
could be interpreted as increased anxiety-like behavior in
females, which delayed movement from the light as the situ-
ation was assessed, perhaps akin to longer avoidance reac-
tions in human females (Sheynin et al. 2014). LDT rearing
and transitions and diazepam reduction were also greater in
females, which may reflect greater anxiety-like exploring
in females. Taken together, our and previous findings sug-
gest that sex differences in anxiety-like behavior may in part
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reflect different strategies to most salient anxiety-provoking
stimuli; considerable future work will be required to fully
assess such possibilities.

To better understand the potential relationship between
different measures examined, we performed correlations
between measures, and PCA across measures, within each
anxiety-related task. PC weightings did not reveal patterns
delineating locomotor from anxiety-like behaviors, and no
particular behavioral domain was central to explaining over-
all behavior in either test, congruent with a previous analy-
sis (Fernandes et al. 1999). Simpler correlation analyses of
NSFT/open field measures (Online Resource 3) and LDT
measures (Online Resource 4) also provided mixed findings,
where some putative locomotor measures did dissociate
from anxiety measures, while others did not. For example,
in the NSFT, greater time to grab food (a putative indica-
tor of greater anxiety) did not correlate with level of open
field locomotion (dissociating anxiety from locomotion), and
did correlate with less time in center and less food intake
(both indicators of greater anxiety), but also correlated with
more approaches, a measure sometimes considered to be
a locomotor measure in NSFT (Online Resource 3). One
limitation is that we measured open field after NSFT, and
stress during NSFT could increase anxiety in open field;
indeed, we were most interested in NSFT, and did not want
open field testing to impact subsequent NSFT behavior.
Also, at present, we measure anxiety-like states indirectly,
through behavior changes, and thus all anxiety-like behav-
iors intrinsically have motor components. Such considera-
tions highlight the challenges of examining multiple putative
anxiety-related tasks within the same individual, and the
general need for future work to better assess and understand
mechanisms underlying different aspects of behavior in anx-
iety-like and locomotor tasks. However, we note that our
PCAs did confirm the overall results for each task, where
NSFT in particular showed strong effects of sex, drug, and
sex-drug interaction, congruent with specific behavioral
measures closest to food interaction (latency to grab and
food intake) which showed the strongest sex-drug patterns.
Thus, taken together, these findings underscore the previ-
ously suggested importance of measuring multiple behaviors
within a given test (Olvera-Hernandez and Fernandez-Guasti
2011; Ramos 2008), especially when seeking to understand
diverse mechanisms that likely contribute to sex differences
in anxiety-like behaviors, and the need for continued work
in this direction.

One central future question relates to the molecular/
circuit mechanisms that underlie sex differences in anxi-
ety, once there is a clear understanding of the actual sex-
similar and -different patterns in expression of anxiety-
like responses. It is clear there are likely a number of
sex differences in neuronal signaling mechanisms which
could contribute, including CRF, opiates and dopamine

(Bangasser and Wicks, 2017; Becker and Chartoff 2019)
Our future studies should also examine possible estrous
cycle influences. Many studies show reduced anxiety-
like behavior in proestrus (Amodeo et al. 2018; Miragaia
et al. 2018; Palanza et al. 2001), although other groups
find no estrous influence in EPM or open field (Henricks
et al. 2017; Scholl et al. 2019). Locomotion can also vary
across estrous cycle (e.g., Roman and Arborelius 2009),
although with inconsistent findings (Jaric et al. 2019; Keeley
et al. 2015). Also, lower shocked licking in females under
Vogel conflict can be independent of estrous stage (De Jesus-
Burgos et al. 2016). Here, we examined a large sample size
of females, tested across several days, in a partial, although
likely incomplete, attempt to sample across estrous stages,
but estrous-related effects represent an important future
direction given anxiety differences across the menstrual
cycle in women (Altemus et al. 2014).

Taken together, the present studies provide new con-
text for understanding sex-specific and -general anxiety-
like behavioral expression, including the speculation
that female anxiety-like response differences may occur
for specific, most salient anxiety-provoking stimuli. Our
findings also provide strong foundation for examining sex
differences in stress- and/or alcohol-related increases in
anxiety-like behaviors (Becker and Chartoff 2019).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00213-021-05893-w.
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