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Abstract—Remarkable sex difference has been observed in emotional processing including anxiety. The hippocam-

pus, its ventral pole in particular, modulates anxiety-like behavior in rodents. However, most researches have been per-

formed in male animals only, leaving hippocampal modulation of anxiety in females poorly defined. In the present

study, we showed that excitotoxic lesioning of the ventral hippocampus with ibotenic acid produced anxiolytic effects

in three behavioral tests (novelty-suppressed feeding, marble burying, and elevated-plus maze) in male but not female

C57BL/6 J mice. Locomotion in the open field remained similar after lesioning in either sex. More c-Fos-positive neu-

rons were observed in the ventral hippocampus in male than in female mice after exploration in an elevated plus-

maze, indicating stronger enrollment of this region in anxiety-like behavior in males. These results reveal significant

biological sex difference in ventral hippocampal modulation on anxiety in mice and provide a new sight for anxiety

modulation and hippocampal function. © 2019 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Anxiety disorders are prevalent (Kessler et al., 2010) and
cover 7.3% of the population (Baxter et al., 2013). Signifi-
cant sex difference has been observed in mood disorders:
women are more likely than men to experience anxiety
(Kessler et al., 1994; Craske and Stein, 2016) or depression
(Nolen-Hoeksema and Girgus, 1994) from early adoles-
cence through adulthood. Brain regions in the limbic system
underlie emotional processing (Rosen and Schulkin, 1998).
In rodents, ventral hippocampus shows dense connection
with affect-related regions including amygdala, prefrontal
cortex and hypothalamus (Bannerman et al., 2004; Fanse-
low and Dong, 2010). Excitotoxic lesioning of the ventral
hippocampus in rats reduces anxiety-related behaviors in
elevated plus-maze and hyponeophagia tests (Kjelstrup
et al., 2002; Bannerman et al., 2003), whereas optogenetic
activation of granule cells in the ventral dentate gyrus sup-
presses innate anxiety in mice (Kheirbek et al., 2013).
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Furthermore, local field potentials in the ventral hippocam-
pus show increased correlation in theta-frequency
oscillations with medial prefrontal cortex in anxiogenic
environments in mice (Adhikari et al., 2010). Optogenetic
activation and inhibition of basolateral amygdala to
ventral hippocampus projections increase and decrease
anxiety-related behaviors in mice, respectively (Felix-Ortiz
et al., 2013). More recently, “anxiety cells” have been dis-
covered in ventral hippocampal CA1 in mice (Jimenez
et al., 2018).
However, most of these studies were performed only in

male animals. To our knowledge, effects of ventral hippo-
campal lesioning on anxiety in female rodents have not
been reported. Previous work has shown that males have
larger hippocampal (Ruigrok et al., 2014; Meyer et al.,
2017) and amygdala (Giedd et al., 1996; Goldstein et al.,
2001; Ruigrok et al., 2014) volumes, as well as greater
within-hemispheric connectivity (Ingalhalikar et al., 2014),
than females in both mice and humans. The present study
aims to explore potential sex difference in hippocampal
modulation of anxiety, by examining anxiety-like behavior
in male and female C57BL/6 J mice with excitotoxic lesion-
ing of the ventral hippocampus and assessing hippocampal
neuronal activation with c-Fos staining after an anxious
experience.

https://doi.org/10.1016/j.neuroscience.2019.08.032
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EXPERIMENTAL PROCEDURES

Animals

Adult weight-matched (26–30 g) male and female C57BL/6
mice at the age of 6–8 weeks were housed 4–6 per cage
under a 12 h light/dark cycle with food and water provided
ad libitum (except before the novelty-suppressed feeding
test). Corn cobs were laid in the cage as bedding. All experi-
ments were conducted in a blind manner and in accordance
with the Institutional Animal Care and Use Committee of
Peking University Health Science Center (LA2016061). All
mice were handled for three days before behavioral experi-
ments. 32 male and 36 female mice were used in behavioral
experiments. Mice were randomly allocated to sham and
lesion groups (16 male and 18 female mice in each group).
For c-Fos staining, 6 male and 6 female mice were used.
Hippocampal lesioning

Mice were anesthetized with 1% pentobarbital sodium, and
positioned in a stereotaxic instrument (RWD Life Science,
Shenzhen, China); 0.4 μl of ibotenic acid (pH 7.4, 10 mg/
ml, Sigma-Aldrich, USA) was injected into bilateral ventral
hippocampus (AP -3.40 mm, ML ±3.0 mm, DV -3.2 mm
relative to Bregma) (Paxinos and Franklin, 2001) through a
1-μL Hamilton microsyringe within 5 min, at a flow rate of
0.08 μl/min. Sham lesion was performed by injecting the
same amount of normal saline at the same flow rate. After
stereotaxic injection, the needle was left in place for another
5 min to allow for drug diffusion before slow withdrawal.
Mice were allowed to recover for 7 days before further
experiments.
Novelty-suppressed feeding test

The timeline of behavioral experiments was shown in Fig. 1.
After recovery from surgery, mice were first examined in the
novelty-suppressed feeding test as previously reported
(Zhang et al., 2017). The apparatus consisted of a chamber
(40 × 40 cm) filled with cob bedding materials at a depth of
5 cm. Under 300 lx illumination, a standard chow pellet
(5 g) was placed on a piece of white filter paper (10 cm in
diameter) positioned in the center of the arena. Each mouse
was left single in a new cage for 30 min after 24 h food
deprivation before being placed in a random corner of the
chamber facing the chamber wall. The amount of time
passed before the mouse approached and ate the pellet
was recorded. After the first bite or a 10 min cut-off time,
the mouse was transferred to the prior new cage. A new sin-
gle food pellet, which was weighed in advance, was placed
in the cage. The mouse was allowed to eat the food pellet
for 5 min. After that, the mouse was returned to its home
Fig. 1. Timeline of behavioral experiments. NSF: novelty-suppressed
feeding test, MBT: marble burying test, OFT: open field test, EPM: ele-
vated plus-maze test.
cage, and the food pellet was weighed again to obtain the
amount of food consumed.
Marble burying test

The marble burying test (Zhang et al., 2017) was performed
7 days after the novelty-suppressed feeding test. Twenty
marbles, with 4 × 5 arrangement, were put on cob bedding
materials at a depth of 5 cm in home cage. Each mouse
was left single in its home cage for 30 min before placed
in a random corner of the test apparatus facing the chamber
wall. A marble with two-thirds or more in the cob bedding
was treated as a buried marble. The number of buried mar-
bles was counted after 30 min.
Open field test

7 days after the marble burying test, each mouse was
placed in a 60 × 60 × 60 cm open field chamber with 30 lx
illumination and allowed to explore freely for 5 min (Jiang
et al., 2018). Locomotive activity was videotaped and the
total distance traveled in the field was measured using the
SMART software (v2.5.21, Panlab). The chamber was
cleaned by 75% ethanol between tests.
Elevated plus-maze test

Seven days after the open field test, mice performed the
elevated plus-maze test (Zheng et al., 2017). The maze
consisted of two open (5 × 30 cm) and two closed arms
(same size with 15 cm walls) and was placed 50 cm above
the floor. In a room with 30 lx illumination, each mouse was
placed onto the central area heading towards the same
open arm. Animal activity was videotaped and the time
spent in open arms and the percent of entries into open
arms in the following 5 min were assessed by hand-score.
The maze was cleaned by 75% ethanol between tests.
Estrus cycle identification

The estrus cycle of female mice consisted of proestrus,
estrus, metestrus and diestrus phases, and was defined
by vaginal cytology after each behavioral test. Proestrus
and estrus were allocated to high-estradiol phase (HEP),
while metestrus and diestrus were allocated to low-
estradiol phase (LEP). Vaginal smears were obtained by
toothpicks scraping gently in vagina after each behavioral
test. 95% alcohol was used to fix vaginal smears for
15 min after drying in air for 15 min. Harris–Shorr staining
was carried out to stain vaginal epithelial cells. Vaginal
smears were put in Shorr stain solution for 10 min, then
put in 95%, 95%, 100% and 100% alcohol for 1–2 min in
turn, finally put in xylol for 10 min. After that, vaginal smears
were sealed by neutral gum, dried in a 37 °C oven. Vaginal
cytology was observed with a light microscope (Leica
DMI 4000B, Germany) as previously described (Nelson
et al., 1982).
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Histology of hippocampal lesioning

After the elevated plus-maze test, mice were anesthetized
with 1% pentobarbital sodium (50 mg/kg, i.p.), intracardially
perfused with 50 ml normal saline and 50 ml 4% parafor-
maldehyde (PFA, in 0.1 M phosphate buffer, pH 7.4) in turn.
Brains were post-fixed with PFA for 24 h, and cryoprotected
in 20% and 30% sucrose solutions in turn. Coronal brain
sections were cut at 30-μm using a cryostat microtome
(Leica 1950, Germany) and mounted on positive charged
plus slides, which were dried in 37 °C oven for a week.
Fig. 2. Histology of ventral hippocampal excitotoxic lesion. Schematic of ventral
in male (A) and female mice (B). Coronal sections were made from AP −2.5 mm
to Bregma. Gray and black zones in schematic figure represented maximum an
respectively. No lesions were detected in the slice of −2.46 mm in either male
Representative slices of dorsal and ventral hippocampus from male (C) and fema
acid lesioning. Dorsal hippocampus was intact (left), whereas ventral hippocam
Filled arrows indicated borders between intact and damaged tissues.
Slides were rehydrated through phosphate buffer saline
and stained in Cresyl violet solution for 8 min, then put in
75%, 75%, 80%, 80%, 90%, 100% and 100% alcohol in turn
(1 min for each step). Finally, slides were put in xylol for
2 min twice and sealed by neutral gum. Lesion sites in ven-
tral hippocampus were confirmed by microscopic inspection
(Leica DMI 4000B, Germany).
Immunofluorescence and quantification of c-Fos
expression
hippocampal lesion size
to AP −3.6 mm relative

d minimum lesion areas,
or female mice. (C, D)

le (D) mice after ibotenic
pus was lesioned (right).
To assess hippocampal neuronal
activation, male and female mice
were sacrificed either 90 min after a
5-min exploration in the elevated
plus-maze (anxiety group) or directly
from the home cage (control group).
Estrus cycle of female mice were
identified before sacrifice. To
exclude influences from the estrus
cycle (Marcondes et al., 2001), we
selected female mice showing simi-
lar levels of open arm exposure to
males, representing similar level of
innate anxiety. Of the 6 female mice
used for c-Fos staining, 3 were in the
estrus phase and 3 were in the
metestrus phase. Procedures of per-
fusion and post-fixing were similar to
described above. 30-μm sections
were sliced coronally through ventral
hippocampus, amygdala and prelim-
bic cortex. Free-floating sections
were washed in PBS (5 min × 3
times), blocked for 60 min with
blocking-buffer containing 3% bull
serum albumin and 0.3% triton X-
100 dissolved in PBS, and incu-
bated with the rabbit anti-c-Fos (Cell
Signaling Technology 2250S, USA)
in 4 °C for 24 h. The primary anti-
body was dissolved 1:200 in
blocking-buffer. Sections were then
washed in PBS (10 min × 3 times)
and incubated with Alexa Fluor
594-conjugated goat anti-rabbit anti-
body (Invitrogen A11032, USA) at
room temperature for 60 min, fol-
lowed by PBS-washing (10 min × 3
times), and finally mounting and
cover-slipping on microscope slides
after incubated with DAPI (1: 1000).
The secondary antibody was dis-
solved 1: 500 in blocking-buffer.
Images were taken on a Leica
STED laser scanning microscope
using a 10× objective for quantifica-
tion of c-Fos immunoreactivity in
brain regions. Identical image
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acquisition settings were maintained for all subsequent ima-
ging of c-Fos.
For quantification of c-Fos expression, three slices were

counted for ventral hippocampal CA1 (AP -3.3 mm,
−3.4 mm, and − 3.5 mm relative to Bregma), basolateral
amygdala (AP -1.5 mm, −1.6 mm, and − 1.7 mm relative
to Bregma) and prelimbic cortex (AP 1.9 mm, 1.8 mm, and
1.5 mm relative to Bregma), respectively. c-Fos expression
was quantified for each of these brain regions by ImageJ
(Version 1.52, National Institutes of Health, USA). The num-
bers of c-Fos-positive neurons in left and right hemispheres
was pooled since no significant differences were observed
(data not shown).
Fig. 3. Ventral hippocampal lesioning relieves anxiety-like behavior in
the novelty-suppressed feeding test in male but not female mice. Bilat-
eral ventral hippocampal lesioning decreased feeding latency in the
novelty-suppressed feeding test in male (A) but not female (B) mice,
Statistical analysis

All datawere analyzed and plotted using theGraphPadPrism6
software. Data were expressed as mean ± SEM (standard
error of the mean). Males and females were analyzed sepa-
rately. The assumption of normality and equality of variance
was tested by Shapiro–Wilk test and F-test, respectively. All
data met the normal distribution and had equal variances in
each group. Unpaired Student's t test was performed in males.
Two-way ANOVA with Bonferroni post hoc test was performed
in females, with lesion and estrus cycle as the two factors.
Probability values of P < .05 were considered to represent sig-
nificant differences.
despite significant influences from estrogen levels in females. Similar
amount of food was consumed in two groups of male (C) and female
(D) mice. *P < .05, **P < .01, ***P < .001, unpaired t test or two-way
ANOVA with Bonferroni's test. n = 15/group for males, n = 8/group for
females in HEP and LEP, respectively. HEP: high-estradiol phase,
LEP: low-estradiol phase.
RESULTS

Reduced anxiety in male, but not female, mice
with ventral hippocampal lesions

To examine biological sex differences in hippocampal mod-
ulation of anxiety-like behavior, we first performed excito-
toxic lesions of bilateral ventral hippocampus by local
injection of ibotenic acid. Fig. 2A and Fig. 2B showed sche-
matic illustration of damages from male and female mice,
respectively. The lesion extended throughout bilateral ven-
tral hippocampus and included all cell fields, with minimal
extrahippocampal damages. 2 male and 4 female mice
were excluded from analysis due to incorrect lesion site,
resulting in 30 male and 32 female mice in final statistical
analysis. Male and female mice had an average of 56%
(40%–77%) and 60% (37%–70%) bilateral tissue loss,
respectively. No significant differences of lesion size were
observed between males and females [t(60) = 1.07, P =
.291, unpaired t test].
In the novelty-suppressed feeding test, bilateral ventral

hippocampal excitotoxic lesioning shortened the feeding
latency in male mice [t(28) = 2.21, P = .036, unpaired t test,
Fig. 3A], indicating reduced anxiety. By sharp contrast, in
female mice, the same lesion did not produce anxiolytic
effects in this test [lesion effect: F(1, 28) = 0.23, P = .64;
interaction: F(1, 28) = 0.38, P = .541, Fig. 3B], despite a sig-
nificant effect of the estrus cycle [F(1, 28) = 597.00,
P < .001, two-way ANOVA with Bonferroni post hoc test]
as previously reported (Mora et al., 1996; Seeman, 1997;
Gangitano et al., 2009). No significant differences in food
consumption were observed in either biological sex [male:
t(28) = 0.30, P = .765, unpaired t test, Fig. 3C; female:
estrus cycle effect: F(1, 28) = 0.33, P = .568; lesion effect:
F(1, 28) = 0.05, P = .818; interaction: F(1, 28) = 0.02, P =
.899, two-way ANOVA with Bonferroni post hoc test,
Fig. 3D], indicating similar levels of hunger and motivation.
The same conclusion could be reached after food consump-
tion was normalized to body weight [male: t(28) = 0.52, P =
.607, unpaired t test; female: estrus cycle effect: F(1, 28) =
0.25, P = .623; lesion effect: F(1, 28) = 0.46, P = .505; inter-
action: F(1, 28) = 1.01, P = .323, two-way ANOVA with Bon-
ferroni post hoc test].
In the marble burying test, bilateral ventral hippocampal

excitotoxic lesion resulted in fewer buried marbles in male
mice [t(28) = 2.59, P = .016, unpaired t test, Fig. 4A], indicat-
ing decreased anxiety level. Again, we failed to observe
such effects in female mice, despite a significant effect of
the estrus cycle [estrus cycle effect: F(1, 28) = 108.80,
P < .001; lesion effect: F(1, 28) = 0.22, P = .642; interaction:
F(1, 28) = 2.55, P = .121, two-way ANOVA with Bonferroni
post hoc test, Fig. 4B].
In the elevated plus-maze test, male mice spent more

time [t(28) = 0.29, P = .023, Fig. 5A] and exhibited more
entries into the open arms [t(28) = 2.53, P = .018, unpaired
t test, Fig. 5C] after ventral hippocampal excitotoxic lesions.
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This effect was not observed in female mice [time in open
arms: estrus cycle effect: F(1, 28) = 23.66, P < .001; lesion
effect: F(1, 28) = 0.01, P = .973; interaction: F(1, 28) = 0.11,
P = .741, Fig. 5B; entry into open arms: estrus cycle effect:
F(1, 28) = 5.68, P = .024; lesion effect: F(1, 28) = 0.54, P =
.469; interaction: F(1, 28) = 0.07, P = .797, two-way
ANOVA with Bonferroni post hoc test, Fig. 5D].
Bilateral ventral hippocampal excitotoxic lesions did not

affect exploring behavior in male [t(28) = 0.78, P = .441,
unpaired t test, Fig. 5E] or female [estrus cycle effect: F(1,

28) = 2.52, P = .124; lesion effect: F(1, 28) = 0.08, P = .778;
interaction: F(1, 28) = 0.02, P = .904, Fig. 5F] mice, indicated
by similar total arm entries in the plus maze. This was
further confirmed by the open field test, where lesion effects
were observed in neither biological sex [male: t(28) = 0.86,
P = .398, unpaired t test, Fig. 6A; female: estrus cycle
effect: F(1, 28) = 0.05, P = .828; lesion effect: F(1, 28) =
3.70, P = .065; interaction: F(1, 28) = 0.51, P = .482, two-
way ANOVA with Bonferroni post hoc test, Fig. 6B].
Overall, these findings indicate anxiolytic effects of ventral

hippocampal excitotoxic lesions in male but not female mice.
Fig. 5. Ventral hippocampal lesioning relieves anxiety-like behavior in the
elevated plus-maze test in male but not female mice. Bilateral ventral hippo-
campal lesioning increased time spent in open arms in male (A) but not
female (B) mice, and increased entries into open arms in male (C) but not
female (D) mice. Bilateral ventral hippocampal lesioning had limited effect
on total arm entries in male (E) or female (F) mice. *P < .05, **P < .01,
Stronger ventral hippocampal enrollment under
innate anxiety in male than female mice

Several brain regions are involved in anxiety modulation,
such as ventral hippocampus (Kjelstrup et al., 2002; Ban-
nerman et al., 2003), amygdala (Davis, 1992; Davidson,
2002) and prefrontal cortex (Jinks and McGregor, 1997;
Shah et al., 2004; Stern et al., 2010). One possible mechan-
ism of the biological sex difference revealed above is that an
anxiogenic context activated more hippocampal neurons in
males than females. We observed increased c-Fos expres-
sion in ventral hippocampal CA1 [vCA1; exposure effect:
F(1, 31) = 367.30, P < .001; biological sex effect: F(1, 31) =
20.84, P < .001; interaction: F(1, 31) = 25.31, P < .001,
Fig. 7A-C], basolateral amygdala [exposure effect: F(1,

31) = 10.82, P = .003; biological sex effect: F(1, 31) = 4.22,
P = .048; interaction: F(1, 31) = 2.73, P = .109, Fig. 7D-F]
Fig. 4. Ventral hippocampal lesioning relieves anxiety-like behavior in the
marble burying test in male but not female mice. Bilateral ventral hippocam-
pal lesioning resulted in fewer marbles buried in male (A) but not female (B)
mice, despite a significant effect of estrogen levels in females. *P < .05,
**P < .01, ***P < .001, unpaired t test or two-way ANOVA with Bonferroni's
test. n = 15/group for males, n = 8/group for females in HEP and LEP,
respectively. HEP: high-estradiol phase, LEP: low-estradiol phase.

***P < .001, unpaired t test or two-way ANOVA with Bonferroni's test. n =
15/group for males, n = 8/group for females in HEP and LEP, respectively.
HEP: high-estradiol phase, LEP: low-estradiol phase.
and prelimbic cortex [exposure effect: F(1, 31) = 277.20,
P < .001; biological sex effect: F(1, 31) = 0.01, P = .960;
interaction: F(1, 31) = 0.03, P = .868, Fig. 7G-I] in both male
and female mice. More interestingly, we detected signifi-
cantly more c-Fos-positive neurons in vCA1 in males than
females (Fig. 7C), indicating stronger enrollment of ventral
hippocampal neurons in male mice under innate anxiety.
DISCUSSION

Substantial evidence supports sex difference in anxiety dis-
orders (Kessler et al., 1994; Nolen-Hoeksema and Girgus,
1994; Craske and Stein, 2016). But the neural correlates
remain insufficiently understood. In the present study, we



Fig. 6. Ventral hippocampal lesioning does not affect locomotive activity in
the open field test. Bilateral ventral hippocampal lesioning did not affect dis-
tance traveled in the open field in male (A) or female (B) mice. *P < .05,
**P < .01, ***P < .001, unpaired t test or two-way ANOVA with Bonferroni's
test. n = 15/group for males, n = 8/group for females in HEP and LEP,
respectively. HEP: high-estradiol phase, LEP: low-estradiol phase.
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show that excitotoxic lesioning of ventral hippocampus
yields anxiolysis in novelty-suppressed feeding, marble
burying and elevated plus-maze tests in male C57BL/6 J mice
(Figs. 3-5), consistent with previous reports (Bannerman et al.,
2002; McHugh et al., 2004). By sharp contrast, the same
lesion did not affect anxiety in female mice.
Sex hormones are important factors underlying biological

sex difference in anxiety. The fluctuation of estrogen in the
menstrual cycle, concomitant with alteration in levels of pro-
gesterone, androgens and their metabolites, increases sus-
ceptibility of women to develop affective disorders (Roca
et al., 2003; Walf and Frye, 2006; Sahingoz et al., 2011).
Our findings indicate that the estrus cycle has a robust
effect on anxiety level in C57BL/6 J mice, showing low
and high levels of anxiety in high- and low-estradiol phases,
respectively (Figs. 3-5). This is consistent with a number of
previous studies using the marble burying test in Wistar
(Fernandez-Guasti and Picazo, 1992; Schneider and Popik,
2007) and Long–Evans rats (Llaneza and Frye, 2009), the
elevated-plus maze test in Sprague–Dawley (Mora et al.,
1996; Diaz-Veliz et al., 1997), Wistar (Marcondes et al.,
2001) and Long–Evans rats (Walf and Frye, 2007), and
the elevated T-maze test in Wistar rats (Gouveia Jr. et al.,
2004). The hippocampus shows high-level expression of
sex hormone receptors. Systemic, intra-hippocampal and
intra-amygdala administration of estradiol all produces
anxiolysis in rats (Frye and Walf, 2004; Walf and Frye,
2006). Estradiol binds to estrogen receptors α and β, which
are widely distributed in hippocampus, amygdala, hypotha-
lamus and other regions in rodents and humans (Shughrue
et al., 1997; Osterlund et al., 2000), and exerts its anxiolytic
effect at least partly through upregulating brain-derived neu-
rotrophic factor expression in the brain (Gourley et al., 2008;
Deltheil et al., 2009; Bath et al., 2012). However, the pre-
sent study carefully differentiated between high and low
estrogen level phases in the female, but did not observe dif-
ferent lesioning effects in either phase (Figs. 3-5). These
findings indicate that the biological sex difference of hippo-
campal modulation of anxiety in the present study is inde-
pendent of estrogen levels.
Human neuroimaging studies have revealed significantly
stronger activation of hippocampus and amygdala under
stress (Seo et al., 2011), as well as stronger correlation
between trait anxiety and white matter tract integrity of the
temporal lobe (Montag et al., 2012), in males than females.
In the present study, we observed higher expression of c-
Fos in vCA1, basolateral amygdala and prelimbic cortex in
both male and female mice after the elevated-plus maze
test, indicating enrollment of these brain regions in task-
induced anxiety. However, we noticed significantly greater
c-Fos expression in vCA1 in male than in female mice,
despite similar levels of anxiety in the elevated plus-maze
test (Fig. 7C). vCA1 and basolateral amygdala have robust
reciprocal connections (O'Donnell and Grace, 1995;
Pikkarainen et al., 1999) and participate in anxiety modula-
tion in mice (Felix-Ortiz et al., 2013). It is possible that vCA1
is more strongly modulated by basolateral amygdala in
male than in female mice after anxiety tests. Both
ventral hippocampus and basolateral amygdala exert inhibi-
tion on the hypothalamic–pituitary-adrenocortical (HPA)
axis (Jacobson and Sapolsky, 1991; Bhatnagar et al.,
2004), and disinhibition of the HPA axis induces secretion
of glucocorticoids and initiates numerous physiological
effects (Herman and Cullinan, 1997; Herbert et al., 2006).
Female HPA axis shows relative inability of adaptation,
demonstrated by deficits in glucocorticoid receptor regula-
tion in female but not male rats following chronic stress
(Bourke et al., 2013). The deficits may result from distinct
ventral hippocampus enrollment in anxiety in different
sexes. However, we need to note that the present study
checks c-Fos expression only in the elevated plus-maze
test, thus could not exclude the possibility of a test-specific
phenomenon unless other anxiety tests are carried out.
The weaker hippocampal involvement in anxiety-like

behavior in female mice indicates alternative neural sub-
strate of anxiety modulation in females. One possible candi-
date is the prefrontal cortex. Neuroimaging studies have
shown stronger enrollment of prefrontal areas in anxiety
tests in women (Hakamata et al., 2009; Marumo et al.,
2009; Seo et al., 2017). However, we did not observe stron-
ger activation in the prelimbic cortex in our study (Fig. 7I),
which might be caused by different subregion included: only
the prelimbic area was examined in the present study,
whereas neuroimaging studies included all prefrontal
subregions.
Neurons in vCA1 are heterogenous and different vCA1

subpopulations project to different downstream targets such
as amygdala, infralimbic cortex and hypothalamus
(Fanselow and Dong, 2010). Several studies have demon-
strated hippocampal modulation of anxiety behavior by tem-
poral and reversible manipulation of ventral hippocampal
circuits. Inhibiting ventral hippocampal inputs to medial pre-
frontal cortex elicits anxiolysis (Padilla-Coreano et al., 2016;
Parfitt et al., 2017), while inhibiting inputs to lateral septum
(Parfitt et al., 2017) or activating inputs to lateral hypothala-
mus (Jimenez et al., 2018) elicits anxiogenic effects in mice.
These seemingly conflicting data are consistent with the
finding that distinct sub-populations of ventral CA1 pyrami-
dal neurons target different downstream regions



Fig. 7. Stronger enrollment of ventral hippocampus in innate anxiety in male mice. (A, B) Representative images of vCA1 (AP -3.4 mm relative to Bregma)
c-Fos expression in males (A) and females (B) after exploration in an EPM. (C) Increased c-Fos expression in the vCA1 of both sexes after EPM explora-
tion, especially in males. (D, E) Representative images depicting quantification of basolateral amygdala (AP -1.6 mm relative to Bregma) c-Fos expres-
sion in males and females after the elevated plus-maze test. (F) Increased c-Fos expression in the basolateral amygdala of both sexes after EPM
exploration, with similar expression levels between males and females. (G, H) Representative images of prelimbic cortex (AP 1.8 mm relative to Bregma)
c-Fos expression in males and females after the elevated plus-maze test. (I) Increased c-Fos expression in the prelimbic cortex of both sexes after EPM
exploration, with similar expression levels between males and females. Scale bar: 100 μm. *P < .05, **P < .01, ***P < .001, two-way ANOVA with Bon-
ferroni's test, 3 mice/group, 3 slices/mouse. EPM: elevated plus-maze.

Cheng Wang et al. / Neuroscience 418 (2019) xxx–xxx 7

NSC 19240 No of Pages 9

06 September 2019
(Cenquizca and Swanson, 2007). However, most of these
studies are performed in male animals. The present study
did not dissect specific hippocampal subpopulations or cir-
cuits in anxiety modulation, leaving it an open question for
further research.

ACKNOWLEDGMENTS

This study was supported by grants from the Ministry of
Science and Technology of China (2014CB548200 and
2015CB554503), National Natural Science Foundation of
China (31872774, 91732107, 81571067 and 81521063),
Beijing Natural Science Foundation (5182013) and “111” Pro-
ject of Ministry of Education of the People's Republic of China.
CONFLICT OF INTEREST

The authors declare no competing financial interests.

REFERENCES

Adhikari A, Topiwala MA, Gordon JA. (2010) Synchronized activity
between the ventral hippocampus and the medial prefrontal cortex
during anxiety. Neuron 65(2):257-269, https://doi.org/10.1016/j.
neuron.2009.12.002.

https://doi.org/10.1016/j.neuron.2009.12.002
https://doi.org/10.1016/j.neuron.2009.12.002


8 Cheng Wang et al. / Neuroscience 418 (2019) xxx–xxx

NSC 19240 No of Pages 9

06 September 2019
Bannerman DM, Deacon RM, Offen S, Friswell J, Grubb M, Rawlins JN.
(2002) Double dissociation of function within the hippocampus: spatial
memory and hyponeophagia. Behav Neurosci 116(5):884-901.

Bannerman DM, Grubb M, Deacon RM, Yee BK, Feldon J, Rawlins JN.
(2003) Ventral hippocampal lesions affect anxiety but not spatial
learning. Behav Brain Res 139(1–2):197-213.

Bannerman DM, Rawlins JN, McHugh SB, Deacon RM, Yee BK, Bast T,
Feldon J. (2004) Regional dissociations within the hippocampus –
memory and anxiety. Neurosci Biobehav Rev 28(3):273-283,
https://doi.org/10.1016/j.neubiorev.2004.03.004.

Bath KG, Chuang J, Spencer-Segal JL, Amso D, Altemus M, McEwen
BS, Lee FS. (2012) Variant brain-derived neurotrophic factor (Vali-
ne66Methionine) polymorphism contributes to developmental and
estrous stage-specific expression of anxiety-like behavior in female
mice. Biol Psychiatry 72(6):499-504, https://doi.org/10.1016/j.
biopsych.2012.03.032.

Baxter AJ, Scott KM, Vos T, Whiteford HA. (2013) Global prevalence of
anxiety disorders: a systematic review and meta-regression. Psychol
Med 43(5):897-910, https://doi.org/10.1017/S003329171200147X.

Bhatnagar S, Vining C, Denski K. (2004) Regulation of chronic stress-
induced changes in hypothalamic-pituitary-adrenal activity by the
basolateral amygdala. Ann N Y Acad Sci 1032:315-319, https://
doi.org/10.1196/annals.1314.050.

Bourke CH, Raees MQ, Malviya S, Bradburn CA, Binder EB, Neigh GN.
(2013) Glucocorticoid sensitizers Bag1 and Ppid are regulated by ado-
lescent stress in a sex-dependent manner. Psychoneuroendocrinology
38(1):84-93, https://doi.org/10.1016/j.psyneuen.2012.05.001.

Cenquizca LA, Swanson LW. (2007) Spatial organization of direct hippocam-
pal field CA1 axonal projections to the rest of the cerebral cortex. Brain
Res Rev 56(1):1-26, https://doi.org/10.1016/j.brainresrev.2007.05.002.

Craske MG, Stein MB. (2016) Anxiety. Lancet 388(10063):3048-3059,
https://doi.org/10.1016/S0140-6736(16)30381-6.

Davidson RJ. (2002) Anxiety and affective style: role of prefrontal cortex
and amygdala. Biol Psychiatry 51(1):68-80.

Davis M. (1992) The role of the amygdala in fear and anxiety. Annu Rev Neu-
rosci 15:353-375, https://doi.org/10.1146/annurev.ne.15.030192.002033.

Deltheil T, Tanaka K, Reperant C, Hen R, David DJ, Gardier AM. (2009)
Synergistic neurochemical and behavioural effects of acute intrahip-
pocampal injection of brain-derived neurotrophic factor and antide-
pressants in adult mice. Int J Neuropsychopharmacol 12(7):905-
915, https://doi.org/10.1017/S1461145709000017.

Diaz-Veliz G, Alarcon T, Espinoza C, Dussaubat N, Mora S. (1997)
Ketanserin and anxiety levels: influence of gender, estrous cycle,
ovariectomy and ovarian hormones in female rats. Pharmacol Bio-
chem Behav 58(3):637-642.

Fanselow MS, Dong HW. (2010) Are the dorsal and ventral hippocam-
pus functionally distinct structures? Neuron 65(1):7-19, https://doi.
org/10.1016/j.neuron.2009.11.031.

Felix-Ortiz AC, Beyeler A, Seo C, Leppla CA, Wildes CP, Tye KM. (2013)
BLA to vHPC inputs modulate anxiety-related behaviors. Neuron 79
(4):658-664, https://doi.org/10.1016/j.neuron.2013.06.016.

Fernandez-Guasti A, Picazo O. (1992) Changes in burying behavior
during the estrous cycle: effect of estrogen and progesterone. Psy-
choneuroendocrinology 17(6):681-689.

Frye CA, Walf AA. (2004) Estrogen and/or progesterone administered
systemically or to the amygdala can have anxiety-, fear-, and pain-
reducing effects in ovariectomized rats. Behav Neurosci 118
(2):306-313, https://doi.org/10.1037/0735-7044.118.2.306.

Gangitano D, Salas R, Teng Y, Perez E, De Biasi M. (2009) Progester-
one modulation of alpha5 nAChR subunits influences anxiety-
related behavior during estrus cycle. Genes Brain Behav 8(4):398-
406, https://doi.org/10.1111/j.1601-183X.2009.00476.x.

Giedd JN, Snell JW, Lange N, Rajapakse JC, Casey BJ, Kozuch PL,
Rapoport JL. (1996) Quantitative magnetic resonance imaging of
human brain development: ages 4-18. Cereb Cortex 6(4):551-560.

Goldstein JM, Seidman LJ, Horton NJ, Makris N, Kennedy DN, Cavi-
ness VS, Tsuang MT. (2001) Normal sexual dimorphism of the adult
human brain assessed by in vivo magnetic resonance imaging.
Cereb Cortex 11(6):490-497.

Gourley SL, Kiraly DD, Howell JL, Olausson P, Taylor JR. (2008) Acute
hippocampal brain-derived neurotrophic factor restores motivational
and forced swim performance after corticosterone. Biol Psychiatry
64(10):884-890, https://doi.org/10.1016/j.biopsych.2008.06.016.

Gouveia A, dos Santos UD, Felisbino FE, de Afonseca TL, Antunes G,
Morato S. (2004) Influence of the estrous cycle on the behavior of
rats in the elevated T-maze. Behav Processes 67(2):167-171,
https://doi.org/10.1016/j.beproc.2004.03.018.

Hakamata Y, Iwase M, Iwata H, Kobayashi T, Tamaki T, Nishio M,
Inada T. (2009) Gender difference in relationship between anxiety-
related personality traits and cerebral brain glucose metabolism.
Psychiatry Res 173(3):206-211, https://doi.org/10.1016/j.
pscychresns.2008.10.002.

Herbert J, Goodyer IM, Grossman AB, Hastings MH, de Kloet ER, Light-
man SL, Seckl JR. (2006) Do corticosteroids damage the brain? J
Neuroendocrinol 18(6):393-411, https://doi.org/10.1111/j.1365-
2826.2006.01429.x.

Herman JP, Cullinan WE. (1997) Neurocircuitry of stress: central control
of the hypothalamo-pituitary-adrenocortical axis. Trends Neurosci
20(2):78-84.

Ingalhalikar M, Smith A, Parker D, Satterthwaite TD, Elliott MA, Ruparel
K, Verma R. (2014) Sex differences in the structural connectome of
the human brain. Proc Natl Acad Sci U S A 111(2):823-828, https://
doi.org/10.1073/pnas.1316909110.

Jacobson L, Sapolsky R. (1991) The role of the hippocampus in feed-
back regulation of the hypothalamic-pituitary-adrenocortical axis.
Endocr Rev 12(2):118-134, https://doi.org/10.1210/edrv-12-2-118.

Jiang YY, Zhang Y, Cui S, Liu FY, Yi M, Wan Y. (2018) Cholinergic neu-
rons in medial septum maintain anxiety-like behaviors induced by
chronic inflammatory pain. Neurosci Lett 671:7-12, https://doi.org/
10.1016/j.neulet.2018.01.041.

Jimenez JC, Su K, Goldberg AR, Luna VM, Biane JS, Ordek G, Kheir-
bek MA. (2018) Anxiety cells in a hippocampal-hypothalamic circuit.
Neuron 97(3):670-683 e676 https://doi.org/10.1016/j.neuron.2018.
01.016.

Jinks AL, McGregor IS. (1997) Modulation of anxiety-related behaviours
following lesions of the prelimbic or infralimbic cortex in the rat. Brain
Res 772(1–2):181-190.

Kessler RC, McGonagle KA, Zhao S, Nelson CB, Hughes M, Eshleman
S, Kendler KS. (1994) Lifetime and 12-month prevalence of DSM-III-
R psychiatric disorders in the United States. Results from the
National Comorbidity Survey. Arch Gen Psychiatry 51(1):8-19.

Kessler RC, Ruscio AM, Shear K, Wittchen HU. (2010) Epidemiology of
anxiety disorders. Curr Top Behav Neurosci 2:21-35.

Kheirbek MA, Drew LJ, Burghardt NS, Costantini DO, Tannenholz L,
Ahmari SE, Hen R. (2013) Differential control of learning and anxiety
along the dorsoventral axis of the dentate gyrus. Neuron 77(5):955-
968, https://doi.org/10.1016/j.neuron.2012.12.038.

Kjelstrup KG, Tuvnes FA, Steffenach HA, Murison R, Moser EI, Moser
MB. (2002) Reduced fear expression after lesions of the ventral hip-
pocampus. Proc Natl Acad Sci U S A 99(16):10825-10830, https://
doi.org/10.1073/pnas.152112399.

Llaneza DC, Frye CA. (2009) Progestogens and estrogen influence
impulsive burying and avoidant freezing behavior of naturally cycling
and ovariectomized rats. Pharmacol Biochem Behav 93(3):337-342,
https://doi.org/10.1016/j.pbb.2009.05.003.

Marcondes FK, Miguel KJ, Melo LL, Spadari-Bratfisch RC. (2001)
Estrous cycle influences the response of female rats in the elevated
plus-maze test. Physiol Behav 74(4–5):435-440.

Marumo K, Takizawa R, Kawakubo Y, Onitsuka T, Kasai K. (2009) Gen-
der difference in right lateral prefrontal hemodynamic response
while viewing fearful faces: a multi-channel near-infrared spectro-
scopy study. Neurosci Res 63(2):89-94, https://doi.org/10.1016/j.
neures.2008.10.012.

McHugh SB, Deacon RM, Rawlins JN, Bannerman DM. (2004) Amyg-
dala and ventral hippocampus contribute differentially to mechan-
isms of fear and anxiety. Behav Neurosci 118(1):63-78, https://doi.
org/10.1037/0735-7044.118.1.63.

Meyer CE, Kurth F, Lepore S, Gao JL, Johnsonbaugh H, Oberoi MR,
MacKenzie-Graham A. (2017) In vivo magnetic resonance images
reveal neuroanatomical sex differences through the application of
voxel-based morphometry in C57BL/6 mice. Neuroimage 163:197-
205, https://doi.org/10.1016/j.neuroimage.2017.09.027.

http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0010
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0010
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0010
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0015
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0015
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0015
https://doi.org/10.1016/j.neubiorev.2004.03.004
https://doi.org/10.1016/j.biopsych.2012.03.032
https://doi.org/10.1016/j.biopsych.2012.03.032
https://doi.org/10.1017/S003329171200147X
https://doi.org/10.1196/annals.1314.050
https://doi.org/10.1196/annals.1314.050
https://doi.org/10.1016/j.psyneuen.2012.05.001
https://doi.org/10.1016/j.brainresrev.2007.05.002
https://doi.org/10.1016/S0140-6736(16)30381-6
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0055
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0055
https://doi.org/10.1146/annurev.ne.15.030192.002033
https://doi.org/10.1017/S1461145709000017
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0070
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0070
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0070
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0070
https://doi.org/10.1016/j.neuron.2009.11.031
https://doi.org/10.1016/j.neuron.2009.11.031
https://doi.org/10.1016/j.neuron.2013.06.016
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0085
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0085
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0085
https://doi.org/10.1037/0735-7044.118.2.306
https://doi.org/10.1111/j.1601-183X.2009.00476.x
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0100
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0100
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0100
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0105
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0105
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0105
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0105
https://doi.org/10.1016/j.biopsych.2008.06.016
https://doi.org/10.1016/j.beproc.2004.03.018
https://doi.org/10.1016/j.pscychresns.2008.10.002
https://doi.org/10.1016/j.pscychresns.2008.10.002
https://doi.org/10.1111/j.1365-2826.2006.01429.x
https://doi.org/10.1111/j.1365-2826.2006.01429.x
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0130
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0130
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0130
https://doi.org/10.1073/pnas.1316909110
https://doi.org/10.1073/pnas.1316909110
https://doi.org/10.1210/edrv-12-2-118
https://doi.org/10.1016/j.neulet.2018.01.041
https://doi.org/10.1016/j.neulet.2018.01.041
https://doi.org/10.1016/j.neuron.2018.01.016
https://doi.org/10.1016/j.neuron.2018.01.016
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0155
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0155
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0155
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0160
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0160
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0160
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0160
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0165
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0165
https://doi.org/10.1016/j.neuron.2012.12.038
https://doi.org/10.1073/pnas.152112399
https://doi.org/10.1073/pnas.152112399
https://doi.org/10.1016/j.pbb.2009.05.003
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0185
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0185
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0185
https://doi.org/10.1016/j.neures.2008.10.012
https://doi.org/10.1016/j.neures.2008.10.012
https://doi.org/10.1037/0735-7044.118.1.63
https://doi.org/10.1037/0735-7044.118.1.63
https://doi.org/10.1016/j.neuroimage.2017.09.027


Cheng Wang et al. / Neuroscience 418 (2019) xxx–xxx 9

NSC 19240 No of Pages 9

06 September 2019
Montag C, Reuter M, Weber B, Markett S, Schoene-Bake JC. (2012)
Individual differences in trait anxiety are associated with white mat-
ter tract integrity in the left temporal lobe in healthy males but not
females. Neuroscience 217:77-83, https://doi.org/10.1016/j.
neuroscience.2012.05.017.

Mora S, Dussaubat N, Diaz-Veliz G. (1996) Effects of the estrous cycle
and ovarian hormones on behavioral indices of anxiety in female
rats. Psychoneuroendocrinology 21(7):609-620.

Nelson JF, Felicio LS, Randall PK, Sims C, Finch CE. (1982) A longitu-
dinal study of estrous cyclicity in aging C57BL/6J mice: I. cycle fre-
quency, length and vaginal cytology. Biol Reprod 27(2):327-339.

Nolen-Hoeksema S, Girgus JS. (1994) The emergence of gender differ-
ences in depression during adolescence. Psychol Bull 115(3):424-
443.

O'Donnell P, Grace AA. (1995) Synaptic interactions among excitatory
afferents to nucleus accumbens neurons: hippocampal gating of
prefrontal cortical input. J Neurosci 15(5 Pt 1):3622-3639.

Osterlund MK, Gustafsson JA, Keller E, Hurd YL. (2000) Estrogen
receptor beta (ERbeta) messenger ribonucleic acid (mRNA) expres-
sion within the human forebrain: distinct distribution pattern to ERal-
pha mRNA. J Clin Endocrinol Metab 85(10):3840-3846, https://doi.
org/10.1210/jcem.85.10.6913.

Padilla-Coreano N, Bolkan SS, Pierce GM, Blackman DR, Hardin WD,
Garcia-Garcia AL, Gordon JA. (2016) Direct ventral hippocampal-
prefrontal input is required for anxiety-related neural activity and
behavior. Neuron 89(4):857-866, https://doi.org/10.1016/j.
neuron.2016.01.011.

Parfitt GM, Nguyen R, Bang JY, Aqrabawi AJ, Tran MM, Seo DK, Kim
JC. (2017) Bidirectional control of anxiety-related behaviors in mice:
role of inputs arising from the ventral Hippocampus to the lateral
septum and medial prefrontal cortex. Neuropsychopharmacology
42(8):1715-1728, https://doi.org/10.1038/npp.2017.56.

Paxinos G, Franklin K.B.J.. (2001) The mouse brain in stereotaxic coor-
dinates. 2nd ed. San Diego: Academic Press, 2001.

Pikkarainen M, Ronkko S, Savander V, Insausti R, Pitkanen A. (1999)
Projections from the lateral, basal, and accessory basal nuclei of
the amygdala to the hippocampal formation in rat. J Comp Neurol
403(2):229-260.

Roca CA, Schmidt PJ, Altemus M, Deuster P, Danaceau MA, Putnam
K, Rubinow DR. (2003) Differential menstrual cycle regulation of
hypothalamic-pituitary-adrenal axis in women with premenstrual
syndrome and controls. J Clin Endocrinol Metab 88(7):3057-3063,
https://doi.org/10.1210/jc.2002-021570.

Rosen JB, Schulkin J. (1998) From normal fear to pathological anxiety.
Psychol Rev 105(2):325-350.

Ruigrok AN, Salimi-Khorshidi G, Lai MC, Baron-Cohen S, Lombardo
MV, Tait RJ, Suckling J. (2014) A meta-analysis of sex differences
in human brain structure. Neurosci Biobehav Rev 39:34-50, https://
doi.org/10.1016/j.neubiorev.2013.12.004.
Sahingoz M, Uguz F, Gezginc K. (2011) Prevalence and related factors
of mood and anxiety disorders in a clinical sample of postmenopau-
sal women. Perspect Psychiatr Care 47(4):213-219, https://doi.org/
10.1111/j.1744-6163.2010.00296.x.

Schneider T, Popik P. (2007) Attenuation of estrous cycle-dependent
marble burying in female rats by acute treatment with progesterone
and antidepressants. Psychoneuroendocrinology 32(6):651-659,
https://doi.org/10.1016/j.psyneuen.2007.04.003.

Seeman MV. (1997) Psychopathology in women and men: focus on
female hormones. Am J Psychiatry 154(12):1641-1647, https://doi.
org/10.1176/ajp.154.12.1641.

Seo D, Ahluwalia A, Potenza MN, Sinha R. (2017) Gender differences
in neural correlates of stress-induced anxiety. J Neurosci Res 95
(1–2):115-125, https://doi.org/10.1002/jnr.23926.

Seo D, Jia Z, Lacadie CM, Tsou KA, Bergquist K, Sinha R. (2011) Sex
differences in neural responses to stress and alcohol context cues.
Hum Brain Mapp 32(11):1998-2013, https://doi.org/10.1002/
hbm.21165.

Shah AA, Sjovold T, Treit D. (2004) Inactivation of the medial prefrontal
cortex with the GABAA receptor agonist muscimol increases open-
arm activity in the elevated plus-maze and attenuates shock-probe
burying in rats. Brain Res 1028(1):112-115, https://doi.org/10.1016/
j.brainres.2004.08.061.

Shughrue PJ, Lane MV, Merchenthaler I. (1997) Comparative distribu-
tion of estrogen receptor-alpha and -beta mRNA in the rat central
nervous system. J Comp Neurol 388(4):507-525.

Stern CA, Do Monte FH, Gazarini L, Carobrez AP, Bertoglio LJ. (2010)
Activity in prelimbic cortex is required for adjusting the anxiety
response level during the elevated plus-maze retest. Neuroscience
170(1):214-222, https://doi.org/10.1016/j.
neuroscience.2010.06.080.

Walf AA, Frye CA. (2006) A review and update of mechanisms of estro-
gen in the hippocampus and amygdala for anxiety and depression
behavior. Neuropsychopharmacology 31(6):1097-1111, https://doi.
org/10.1038/sj.npp.1301067.

Walf AA, Frye CA. (2007) Estradiol decreases anxiety behavior and
enhances inhibitory avoidance and gestational stress produces
opposite effects. Stress 10(3):251-260, https://doi.org/10.1080/
00958970701220416.

Zhang Y, Jiang YY, Shao S, Zhang C, Liu FY, Wan Y, Yi M. (2017) Inhi-
biting medial septal cholinergic neurons with DREADD alleviated
anxiety-like behaviors in mice. Neurosci Lett 638:139-144, https://
doi.org/10.1016/j.neulet.2016.12.010.

Zheng J, Jiang YY, Xu LC, Ma LY, Liu FY, Cui S, Yi M. (2017) Adult hip-
pocampal neurogenesis along the dorsoventral axis contributes dif-
ferentially to environmental enrichment combined with voluntary
exercise in alleviating chronic inflammatory pain in mice. J Neurosci
37(15):4145-4157, https://doi.org/10.1523/JNEUROSCI.3333-
16.2017.
(Received 25 March 2019)
(Available online 25 August 2019)

https://doi.org/10.1016/j.neuroscience.2012.05.017
https://doi.org/10.1016/j.neuroscience.2012.05.017
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0210
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0210
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0210
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0215
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0215
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0215
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0220
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0220
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0220
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0225
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0225
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0225
https://doi.org/10.1210/jcem.85.10.6913
https://doi.org/10.1210/jcem.85.10.6913
https://doi.org/10.1016/j.neuron.2016.01.011
https://doi.org/10.1016/j.neuron.2016.01.011
https://doi.org/10.1038/npp.2017.56
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0245
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0245
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0250
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0250
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0250
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0250
https://doi.org/10.1210/jc.2002-021570
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0260
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0260
https://doi.org/10.1016/j.neubiorev.2013.12.004
https://doi.org/10.1016/j.neubiorev.2013.12.004
https://doi.org/10.1111/j.1744-6163.2010.00296.x
https://doi.org/10.1111/j.1744-6163.2010.00296.x
https://doi.org/10.1016/j.psyneuen.2007.04.003
https://doi.org/10.1176/ajp.154.12.1641
https://doi.org/10.1176/ajp.154.12.1641
https://doi.org/10.1002/jnr.23926
https://doi.org/10.1002/hbm.21165
https://doi.org/10.1002/hbm.21165
https://doi.org/10.1016/j.brainres.2004.08.061
https://doi.org/10.1016/j.brainres.2004.08.061
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0300
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0300
http://refhub.elsevier.com/S0306-4522(19)30605-0/rf0300
https://doi.org/10.1016/j.neuroscience.2010.06.080
https://doi.org/10.1016/j.neuroscience.2010.06.080
https://doi.org/10.1038/sj.npp.1301067
https://doi.org/10.1038/sj.npp.1301067
https://doi.org/10.1080/00958970701220416
https://doi.org/10.1080/00958970701220416
https://doi.org/10.1016/j.neulet.2016.12.010
https://doi.org/10.1016/j.neulet.2016.12.010
https://doi.org/10.1523/JNEUROSCI.3333-16.2017
https://doi.org/10.1523/JNEUROSCI.3333-16.2017

	Ventral Hippocampus Modulates Anxiety-Like Behavior in Male But Not Female C57BL/6J Mice
	INTRODUCTION
	Experimental Procedures
	Animals
	Hippocampal lesioning
	Novelty-suppressed feeding test
	Marble burying test
	Open field test
	Elevated plus-maze test
	Estrus cycle identification
	Histology of hippocampal lesioning
	Immunofluorescence and quantification of c-Fos expression
	Statistical analysis

	RESULTS
	Reduced anxiety in male, but not female, mice with ventral hippocampal lesions
	Stronger ventral hippocampal enrollment under innate anxiety in male than female mice

	DISCUSSION
	section17
	Acknowledgments
	Conflict of Interest
	References




