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Mechanisms underlying the female preponderance in affective
disorders are poorly understood. Here we show that hippocampal
nitric oxide (NO) plays a role in the sex difference of depression-
like behaviors in rodents. Female mice had substantially lower NO
production in the hippocampus and were significantly more likely
to display negative affective behaviors than their male littermates.
Eliminating the difference in the basal hippocampal NO level
between male and female mice mended the sex gap of affective
behaviors. Estradiol exerted a positive control on hippocampal NO
production via estrogen receptor-p-mediated neuronal NO syn-
thase expression. Thus, low estrogen in the female hippocampus
accounts for lower local NO than in the male hippocampus. Al-
though estrogen has important significance in modulating affec-
tive behaviors, it is not estrogen but NO in the hippocampus that
mediates the sex difference of affective behaviors directly, be-
cause hippocampal NO was necessary for the behavioral effects
of estradiol, and NO was an independent factor in modulating
behaviors. Stress promoted hippocampal NO production in males
because of glucocorticoid release, thus leading to local NO excess.
In contrast, stress suppressed NO production in females because of
decreased estrogen, thereby resulting in hippocampal NO short-
age. Whereas activating cAMP response element binding protein
(CREB) rescued the depression-like effects of the intrahippocampal
NO donor diethylenetriamine/nitric oxide adduct (DETA/NON-
Oate), inactivating CREB abolished the antidepressant-like effects
of the intrahippocampal NO donor DETA/NONOate. Our findings
suggest a molecular mechanism underlying the sex difference of
affective behaviors.

gender difference | psychiatric disorders | chronic mild stress |
depressive behaviors | corticosterone

ffective disorders such as depression and anxiety, life-

threatening and highly prevalent stress-related disorders,
rank among the top causes of worldwide disease burden and
disability (1, 2). It is commonly suggested that a female pre-
ponderance in depression and anxiety is universal and sub-
stantial. The prevalence of depression and anxiety for women is
approximately twice that for men (2-6). Although there are
advocates for the implications of hypothalamic—pituitary—adre-
nal axis hyperactivity in the sex differentiation in some expres-
sions of both depression and anxiety (7), it is not clear what
underlies the sex gap in these affective disorders.

Neuronal nitric oxide synthase (nNOS) has been implicated in
the psychiatric disorders characterized by depression (8, 9),
schizophrenia (10), and aggressiveness (11). We recently dem-
onstrated that hippocampal nNOS mediates the stress-related
depressive behaviors of glucocorticoids (9) and the role of 5-
hydroxytryptamine receptor 1A (5-HT1A) receptor in modulat-
ing anxiety-related behaviors (12). Evidence from clinical and
biological studies indicates that the hippocampus plays an im-
portant role in major depression disorder (13). We found that
chronic mild stress (CMS) increased hippocampal NO pro-
duction by nNOS in male mice (6-9). In contrast, CMS di-
minished hippocampal NO production by nNOS in female mice
(14). Here we show that hippocampal NO plays a role in the sex
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difference of depression-like behaviors in rodents. The basal level
of hippocampal NO in female mice was substantially lower than
that in male mice. Abolishing the difference in NO levels in the
hippocampus between male and female mice mended the sex gap
of depression-like behaviors. Because 17p-estradiol (E2) exerted
a positive control on nNOS expression, the lower E2 level in the
female hippocampus (15) accounts for the sex difference in local
NO levels. However, the sex difference of depression-like behav-
iors was not caused by estrogen but NO in the hippocampus,
because hippocampal NO was essential for the behavioral effects
of estrogen. Whereas stress promoted hippocampal NO pro-
duction in males because of glucocorticoid release, thus leading to
local NO excess, it suppressed NO production in female because
of decreased estrogen, thereby resulting in hippocampal NO
shortage. Both NO excess and shortage resulted in depression-like
behaviors through affecting cAMP response element binding
protein (CREB) activation. Our findings suggest a mechanism
underlying the vulnerability of females to affective disorders.

Results

Hippocampal NO Is Essential for the Sex Difference of Affective
Behaviors. To determine whether hippocampal NO contributes
to the sex difference in affective behaviors, we measured nNOS
and NO levels in the hippocampus in male and female mice and
compared their immobility in the tail suspension test (TST) and
latency to feed in the novelty suppressed feeding (NSF) test,
previously used to assess depressive behaviors in rodents (16).
Compared with their male littermates, female mice had signifi-
cantly scanty hippocampal NO production (Fig. 1 A and B),
decreased nNOS expression during the diestrus and metestrus
(Fig. 1C), and increased immobility in the TST and latency in the
NSF (Fig. 1D), suggesting sex differences. To test whether the
different basal levels of hippocampal NO between males and
females account for the sex difference of affective behaviors, we
microinjected the NO donor DETA/NONOate into the bilateral
hippocampi of the female mice subjected to ovariectomy (OVX-
female mice) to elevate local NO level, and measured hippo-
campal NO and assessed immobility in the TST and forced
swimming test (FST) at 48 h after treatment. Fig. 1E shows that
intrahippocampal NO donor at doses of 1.0 or 10 nmol di-
minished immobility in the TST and FST significantly. Most
importantly, when approximating the NO level in female hip-
pocampus to that in male by microinjecting 10 nmol DETA/
NONOate into the hippocampi of OVX-female mice, the sex
difference in immobility in the TST and FST disappeared
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Fig. 1. Hippocampal NO is crucial for sex differences in affective behaviors.
(A) Fluorescence images of a cultured rat hippocampal slice loaded with an
NO-sensitive fluorescent dye, 3-Amino, 4-aminomethyl-2’,7'-difluorofluorescein
Diacetate (DAF-FM DA). Fluorescence intensity shown in pseudocolor (Left),
and a statistical graph showing relative fluorescence intensity (Right) (n = 4).
For females, one mouse each stage in estrous cycle. (Scale bar, 400 pm.) (B) NOx
contents in male and female hippocampus (n = 9; for female, diestrus, pro-
estrus, or metestrus stage, n = 2, estrus stage, n = 3). (C) Immunoblots showing
hippocampal nNOS levels in male or the female mice being within an estrus
cycle or subjected to OVX (n = 3). (D) Immobility in the TST and latency in the
NSF test in male and female mice (n = 10; for female, diestrus or proestrus
stage, n = 2, metestrus or estrus stage, n = 3). (E) Immobility in the TST and FST
for the DETA/NONOate-treated OVX-female mice (intrahippocampal infusion,
n = 12). (F) Immobility in the TST and FST and hippocampal NOx contents in
male and 10 nmol DETA/NONOate-treated OVX-female mice (intrahippo-
campal infusion). Means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 in A-D,
compared with male.

(Fig. 1F). Thus, hippocampal NO contributes to the sex differ-
ence of affective behaviors.

Estrogen Is Implicated in the Hippocampal NO-Mediated Sex Difference
in Affective Behaviors. Why do females have relatively low hippo-
campal NO? Because E2 in the female hippocampus was low
relative to males (approximately 8 nM for males and 0.5-2 nM for
females) (15), and because the hippocampal nNOS level fluctu-
ated as E2 did (Fig. 1C) and NO was predominantly derived from
nNOS in the hippocampus (Fig. 24), we hypothesized that es-
trogen-mediated nNOS expression in the hippocampus is critical
(Fig. 2B). To address this notion, we investigated the effect of E2
on nNOS expression. We incubated hippocampal neurons with E2
for 24 h and found that E2 up-regulated nNOS dose-dependently
(Fig. 2C) and that nNOS returned to the basal level after E2
withdrawal (Fig. 2D). To further confirm these findings in vivo, we
treated the OVX-female mice with systemic E2 for 7 d starting at
2 h after surgery. E2 reversed OVX-induced hippocampal nNOS
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decrease (Fig. 2E). The actions of estrogen are ascribed to two
nuclear estrogen receptors (ERs), ERa and ERp (17). Beneficial
effects of estrogens on mood are mainly due to ERp signaling (18).
By incubating the cultured hippocampal neurons with ICI182,780
(a nonselective ER antagonist), 4,4’,4''-(4-Propyl-[1H]-pyrazole-
1,3,5-triyl)trisphenol (PPT) (an ERa-selective agonist), or diary-
Ipropionitrile (DPN) (an ER-selective agonist), we demonstrated
that E2 promoted nNOS expression via activating ERp (SI Ap-
pendix, Fig. S1). Delivering DPN into the female hippocampus up-
regulated nNOS and diminished immobility in the TST and FST,
whereas PPT had no effect (SI Appendix, Fig. S2 A-D). Moreover,
intrahippocampal E2 increased nNOS and decreased immobility in
the TST dose-dependently, and the effects of E2 on nNOS and
immobility were abolished by LV-ERpB-shRNA, a lentiviral vector
containing the shRNA of ERp (SI Appendix, Fig. S2 E-J), further
supporting the significance of ERp.

Is it NO or estrogen in the hippocampus that is critical for the
sex difference of affective behaviors? To answer this question, we
infused E2 with or without the nNOS inhibitor 7-Nitroindazole
(7-NI) (given at 30 min before E2) into the bilateral hippocampi
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Fig. 2. Estrogen is implicated in the hippocampal NO-mediated sex differ-

ence in affective behaviors. (A) Fluorescence images of cultured rat hippo-
campal slices from nNOS KO or WT male mice loaded with DAF-FM DA.
(Scale bar, 400 um.) (B) A hypothesized mechanism underlying the sex dif-
ference in depression-like behaviors. (C) Immunoblots showing nNOS levels
in E2-treated hippocampal neurons (n = 4). (D) Immunoblots showing nNOS
levels in the hippocampal neurons incubated with 10 nM E2 for 24 h or
withdrawal (n = 5). (E) Immunoblots showing hippocampal nNOS levels in
OVX-female mice treated with E2 or vehicle (n = 4). (F) Immobility time in
the TST and FST for OVX-female mice treated with intrahippocampal E2
alone or in combination with 7-NI (n = 13-19). (G and H) Immobility time in
the FST (G) and TST (H) of nNOS KO (n = 12-14) and WT (n = 17-18) mice
treated with intrahippocampal E2. (/) Immobility time in the TST and FST of
OVX-female mice treated with intrahippocampal DPN alone or in combi-
nation with C-PTIO or ODQ (n = 14-16). Means + SEM. *P < 0.05; **P < 0.01,
***P < 0.001. In C, vs. vehicle.
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of OVX-female mice and assessed immobility in the TST and
FST 48 h after microinjection. Pretreatment with 7-NI abolished
the behavioral effects of E2 (Fig. 2F). Next we infused E2 into
the bilateral hippocampi of nNOS KO and WT OVX-female
mice and assessed immobility in the TST and FST 48 h after
microinjection. Intrahippocampal E2 significantly decreased im-
mobility in WT mice but was ineffective in KO mice (Fig. 2 G and
H). Similarly, 7-NI pretreatment or deleting nNOS abolished the
behavioral effects of DPN (SI Appendix, Fig. S3). To further link
nNOS-derived NO and ERB-mediated behavioral effects, we in-
fused DPN with or without 2-(4-Carboxyphenyl)-4,4,5,5-tetrame-
thylimidazoline-1-oxyl-3-oxide (C-PTIO) (given at 30 min before
DPN), a cell-impermeable NO scavenger, into the bilateral hip-
pocampi of OVX-female mice and tested the TST and FST 48 h
after microinjections. The NO-mediated actions are mostly due to
c¢GMP formation (9). Accordingly, we also pretreated the hippo-
campus with 1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one(ODQ)
(given at 30 min before DPN), a soluble guanylate cyclase in-
hibitor, to inhibit cGMP production. Interestingly, both C-PTIO
and ODQ abolished the DNP-induced immobility decreases in the
TST and FST (Fig. 2I), suggesting a requirement of hippocampal
NO for estrogen-mediated behavioral modifications.

Hippocampal NO Shortage Contributes to Stress-Induced Depressive
Behaviors in Females. Stressful life events have a substantial causal
association with affective disorders (19). Previously, we found that
CMS caused hippocampal nNOS and NO up-regulation in male
mice (8, 9). We thus investigated whether there is a sex difference
of nNOS expression in the hippocampus after exposure to CMS.
Interestingly, CMS up-regulated nNOS in male mice, whereas it
significantly down-regulated nNOS in female mice (Fig. 34). To
answer why stress has the opposite effects on nNOS, we in-
vestigated effects of glucocorticoid owing to its significant role in
mediating stress-induced behavioral modifications (20) and nNOS
expression in males (9). We measured nNOS expression after in-
cubating organotypic hippocampal slice cultures from male or
female mice with 10 pM corticosterone for 24 h, or microinjecting
corticosterone into the hippocampus of male or OVX-female
mice for 24 h. Corticosterone up-regulated hippocampal nNOS in
male mice and had no effect in female mice both in vivo and
in vitro (Fig. 3B and SI Appendix, Fig. S4), suggesting the contri-
bution of glucocorticoid to nNOS regulation for males only. Given
that corticosterone induced hippocampal nNOS expression via
activating mineralocorticoid receptor (MR) (9), the failure of
corticosterone to regulate nNOS in females may be explained by
low MR in the female hippocampus (21) (SI Appendix, Fig. S5).

Next, we measured gonadal hormone changes in the blood of
mice after exposure to CMS for 21 d. The CMS caused dramatic
decreases in E2 for females (Fig. 3C) and testosterone for males
(Fig. 3D) and significant increases in immobility in the TST and
FST in both male and female mice. Replacement therapy with E2
for females reversed the CMS-induced behavioral modifications
and hippocampal NO reduction (Fig. 3 E and G), suggesting the
importance of estrogen decrease for females. However, re-
placement therapy with testosterone did not change the CMS-in-
duced behavioral modifications for males (Fig. 3F), and castration
in male mice did not change nNOS expression and behaviors (S/
Appendix, Fig. S6 A-C), excluding significance of androgen. Al-
though E2 up-regulated nNOS in the male hippocampus (SI Ap-
pendix, Fig. S6D), it significantly increased immobility in the TST
for males (SI Appendix, Fig. S6 E and F), suggesting different
effects of E2 between males and females. Additionally, endothelial
NOS (eNOS) is not involved in CMS-induced depressive behaviors
and the effects of gonadal hormone (SI Appendix, Fig. S7).

To know the physiological meaning of the CMS-induced
nNOS up-regulation for males and down-regulation for females,
we delivered 10 nmol DETA/NONOate into the male hippo-
campus or 100 nmol DETA/NONOate into the hippocampus of
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Fig. 3. Hippocampal NO shortage explains stress-induced depressive
behaviors for females. (A) Immunoblots showing hippocampal nNOS levels
in male and female mice exposed to CMS for 21 d (n = 4). For females, one
mouse each stage in estrous cycle. (B) Representative immunoblots showing
nNOS levels in the corticosterone-treated hippocampus from male and fe-
male mice in vitro and in vivo. (Histograms showing statistical analysis of
nNOS levels are shown in SI Appendix, Fig. S4). (C and D) Blood E2 Levels in
female mice (n = 6-7) (C) and testosterone levels in male mice (n = 7-8) (D).
These mice were exposed to CMS for 21 d. (E) Immobility in the TST and FST
of female mice exposed to CMS for 21 d and treated with E2 or vehicle (n =
11-13). (F) Immobility in the TST and FST of male mice exposed to CMS for 21
d and treated with testosterone or vehicle (n = 11-13). (G) NOx contents in
the hippocampus of female mice exposed to CMS for 21 d and treated with
E2 or vehicle (n = 5). (H) Immobility in the TST and FST of male mice treated
with DETA/NONOate (n = 13-14). (/) Immobility in the TST and FST of female
mice subjected to OVX and treated with 100 nmol DETA/NONOate (n = 12—
13). () Immobility in the TST and FST of female mice treated with C-PTIO (n =
16, 4 mice each stage in estrous cycle). In H and J, drugs were microinjected
into the hippocampus. Cort, corticosterone. Means + SEM. *P < 0.05; **P <
0.01, ***P < 0.001. In A-D, vs. control; in H-J, vs. vehicle.

OVX-female mice. As expected, the intrahippocampal NO do-
nor significantly increased immobility in the TST and FST both
in males (Fig. 3H) and females (Fig. 3I). Moreover, micro-
injecting 10 nmol C-PTIO into the bilateral hippocampi of intact
female mice increased immobility in the TST too (Fig. 37). Thus,
both NO excess and shortage in the hippocampus bring about
depression-like behaviors.

CREB Is Necessary for the Hippocampal NO-Mediated Sex Difference
in Affective Behaviors. Because hippocampal CREB plays an im-
portant role in the pathophysiology and treatment of depression
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(22) and is essential for the behavioral effects of nNOS (12), it
was appropriate to determine whether CREB is critical for the
hippocampal NO-mediated sex difference in affective behaviors.
In female hippocampus, the phosphorylated cAMP response
element binding protein (pCREB) level was significantly lower
than that in males (Fig. 44). DETA/NONOate changed pCREB
levels bidirectionally in the hippocampus of OVX-female mice
(Fig. 4B) and in the cultured hippocampal neurons (S Appendix,
Fig. S8), implicating CREB in the effect of NO. To prevent
CREB activation specifically, we generated a recombinant len-
tivirus, LV-CREB;33-GFP, expressing a mutant variant of CREB
protein that could not be phosphorylated at Ser133. It effectively
infected the hippocampal dentate gyrus (Fig. 4C). We infused
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Fig. 4. CREB function is essential for the behavioral effects of hippocampal
NO. (A) Immunoblots showing pCREB levels in the hippocampus from male
and OVX-female mice (n = 4). (B) Immunoblots showing pCREB levels in the
hippocampus of mice treated by intrahippocampal DETA/NONOate at 48 h
after infusion (n = 4). (C) Representative hippocampal slice infected with LV-
CREB133-GFP. (Scale bar, 20 pm.) (D) Hippocampal pCREB levels (n = 3) and
immobility in the TST and FST (n = 14-15) of OVX-female mice that received
intrahippocampal DETA/NONOate with LV-CREB133-GFP or LV-GFP in-
fection. (E) Representative hippocampal slice infected with LV-VP16-CREB-
GFP. (Scale bar, 20 pm.) (F) Hippocampal pCREB levels (n = 3) and immobility
in the TST and FST (n = 13) of male mice that received intrahippocampal
DETA/NONOate with LV-VP16-CREB-GFP or LV-GFP infection. (G) A model of
different signal pathways whereby stress causes depressive behaviors in
males and females. NO, DTEA/NONOate in D and F; (-), negative regulation;
(+), positive regulation. Means + SEM. *P < 0.05; **P < 0.01.
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LV-CREB3;5-GFP or its control LV-GFP into the bilateral
hippocampi of OVX-female mice. Seven days later, we delivered
10 nmol DETA/NONOate into the bilateral hippocampi by mi-
croinjection and assessed immobility in the TST and FST and
pCREB levels 48 h after treatments. DETA/NONOate caused
significant increases in pCREB levels and decreases in immo-
bility in the TST and FST. Pretreatment with LV-CREB,35-GFP
abolished these effects of DETA/NONOate (Fig. 4D). To acti-
vate CREB specifically, we generated a recombinant lentivirus,
LV-VP16-CREB-GFP, expressing constitutively active CREB,
VP16-CREB. We infused it or its control LV-GFP into the bi-
lateral hippocampi of male mice. Seven days later, we delivered
10 nmol DETA/NONOate into the bilateral hippocampi by mi-
croinjection and assessed immobility in the TST and FST and
pCREB levels 48 h after delivering DETA/NONOate. LV-VP16-
CREB-GFP effectively infected the hippocampal dentate gyrus
(Fig. 4F). Intrahippocampal DETA/NONOate caused significant
decreases in pCREB levels and increases in immobility in the
TST and FST. Using LV-VP16-CREB-GFP rescued the behav-
ioral effects of DETA/NONOate (Fig. 4F). Levels of pCREB in
the hippocampus of female mice fluctuated within an oestrous
cycle. Moreover, in the OVX-female mice, E2 and DPN up-reg-
ulated pCREB, and pretreatment with N-[2-(p-Bromocinnamyla-
mino)ethyl]-5-isoquinolinesulfonamide dihydrochloride (H89), a
protein kinase A (PKA) inhibitor, neutralized the behavioral ef-
fects of DPN (SI Appendix, Fig. S9 A-C). The effect of DPN on
pCREB disappeared in female mice lacking nNOS (SI Appendix,
Fig. S9D), suggesting a requirement of nNOS for the ERp-medi-
ated CREB activation. However, inactivating CREB by microin-
jecting 10 nmol H89 into the hippocampus of female mice or
pretreating the cultured hippocampal neurons with LV-CREB;33-
GFP did not influence E2- or DPN-induced nNOS expression
(SI Appendix, Fig. S9 E-G), putting CREB downstream of E2—
nNOS signaling. In addition, in the male hippocampus, cortico-
sterone did not affect ERp expression, and LV-ERp-shRNA
did not change corticosterone-induced nNOS expression (S/
Appendix, Fig. S9 H and I). Our data suggest a model of signal
pathways whereby stress causes depressive behaviors in males
and females (Fig. 4G).

Discussion

It is well established that women have a higher prevalence of
depression and anxiety disorders (2-6), but the biological
mechanisms underlying the sex gap in these stress-related dis-
orders have been less well researched. We have shown that
hippocampal NO production is implicated in anxiety-like and
depression-like behaviors in male rodents (8, 9, 11). Here, we
demonstrated that hippocampal NO contributes to the sex dif-
ference of depression-like behavior in mice. Causality is sup-
ported by four arguments: (i) the basal NO level in the female
hippocampus was substantially lower than that in the male hip-
pocampus; (i) female animals were significantly more likely to
display negative affective behaviors than male; (iii) whereas
CMS, a classic chronic stress model of depression, promoted
nNOS expression and led to NO excess in male hippocampus, it
inhibited nNOS expression and caused NO shortage in the fe-
male hippocampus; and, most importantly, (iv) eliminating the
difference in hippocampal NO levels between males and females
by delivering an NO donor into the female hippocampus mended
the sex gap of affective behaviors.

Not surprisingly, many researchers have paid close attention to
the functional roles of estrogens in the vulnerability of women to
affective disorders. Dozens of reports indicate that females are
vulnerable to affective disorders when dramatic estrogen fluc-
tuation occurs (18, 23-25). Consistent with our current obser-
vation that immobility in the TST and FST in female mice
changed as estrogen fluctuated (SI Appendix, Fig. S10), a large
body of evidence (18) demonstrates that depression-like
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behavior in the TST and FST varies as a function of the estrous
cycle. Furthermore, there are several studies that report that
estrogen replacement therapy is beneficial to women who suf-
fered postpartum and perimenopausal affective disorders (18,
26, 27). We show here that E2 reverses CMS-induced behavioral
modifications in female mice. Thus, the fluctuation of estrogen
may be a primary contributor to the onset of mood disorders in
females. In essence, however, it is not estrogen but NO in the
hippocampus that is a direct mediator for the sex gap in affective
behaviors, because hippocampal NO is essential for the behav-
ioral effects of estrogen.

Interestingly, similar to the E2 level (15), the basal level of NO
in the female hippocampus is substantially low. We demonstrate
that estrogen exerts positive control on hippocampal NO pro-
duction. In the female hippocampus, a low NO level is due to low
E2. The biological effects of estrogen are mediated by binding to
two intracellular ERs, ERa and ERp (17). ERa is critical for
reproductive function. In contrast, ERp is important for modu-
lating affective behaviors (18). The effects of E2 on hippocampal
NO production, as we have shown, is mediated by ERp. ERf} may
mediate hippocampal NO production for males too, because
ERp expressed in the male hippocampus at an extent compa-
rable to that in the female hippocampus (28) (SI Appendix,
Fig. S6G).

Both gonadal hormones and glucocorticoid participate in
stress responses (18). We have shown that glucocorticoid is re-
sponsible for stress-induced nNOS expression and NO pro-
duction in the male hippocampus (9). Here, we demonstrate that
for females, estrogen decrease accounts for stress-induced be-
havioral modifications and hippicampal nNOS reduction. For
males suffering from stress, however, androgen decrease has no
effect on behaviors and hippocampal nNOS. Furthermore, we
demonstrate that both NO excess and shortage in the hippo-
campus led to depression-like behaviors, likely reflecting an ex-
quisite sensitivity of the brain to both high and low levels of
hippocampal NO for correctly modulating effective behaviors.
Considering the interaction of hormonal status with stress in the
female (18), the vulnerability of females to affective disorders
may be due to intense fluctuation of hippocampal NO during
periods of marked hormonal fluctuations. Furthermore, given
the high basal level of NO in the male hippocampus (15), NO
excess owing to the E2-mediated nNOS up-regulation may
explain why E2-treated male mice displayed depression-like
behavior.

CREB is a well-known nuclear transcription factor contribut-
ing to the pathophysiology and treatment of depression (23).
Estrogen has been shown to elicit phosphorylation of CREB in
the hippocampal neurons (29). A previous report (30) and our
results indicate that males have more pCREB than females in
the hippocampus, which may be due to lower estrogen levels in
the female hippocampus than in male. Here, we demonstrate
that estrogen mediates CREB activation by activating ERp, and
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most importantly, nNOS is necessary for the ERf-mediated
CREB activation in the female hippocampus. Stress causes
NO shortage in the female hippocampus, whereas it leads to NO
overproduction in the male hippocampus. However, either NO
shortage or overproduction impairs CREB activation, thereby
causing depression-like behaviors (Fig. 4G). Additionally, OVX
may be another variable in addition to sex. Because of the dif-
ficulty in avoiding the interference of the estrous cycle for
gonadally intact female mice, it is acceptable to investigate the
effects of intrahippocampal drugs using OVX-mice to make their
estrogen levels similar.

Experimental Procedures

Animals. Young adult (6- to 7-wk-old) homozygous nNOS-deficient mice
(B6;12954-Nos1tm1Plh, KO, stock number: 002633) and their wild-type
controls of similar genetic background (B6129SF2, WT) (both from Jackson
Laboratories; maintained at the Model Animal Research Center of Nanjing
University, Nanjing, China), and young adult (6- to 7-wk-old), newborn
(postnatal day 0), and juvenile (15-d-old) ICR (swiss Hauschka) mice (from the
Model Animal Research Center of Nanjing University, Nanjing, China) were
used in this study. Animals were housed in an air-conditioned room (20 + 2 °C,
12 h light/dark cycle), with food and water ad libitum, except when specified
otherwise. The female mice received ovariectomy (OVX) and the male mice
received castration were allowed an adaptation period of one week before
the beginning of the experiments. All procedures involving the use of animals
were approved by the Institutional Animal Care and Use Committee of
Nanjing Medical University. Every effort was made to minimize the number of
animals used and their suffering.

Drugs. Systematic administration. E2 (160 pg/kg per day) and testosterone (160
pa/kg per day) were s.c. injected. All drugs were consecutively administrated
for 7 d.

Hippocampal infusion. Stereotaxic surgery was used to deliver 20 nmol E2, 20
nmol DPN, 20 nmol PPT, 0.1 nmol corticosterone, 1.0, 10, or 100 nmol DETA/
NONOate, 10 nmol 7-NI, 10 nmol C-PTIO, 10 nmol ODQ, or 10 nmol H89 into
the hippocampus (coordinates: 2.3 mm posterior to bregma, 1.3 mm lateral to
the midline, and 2.0 mm below dura, 0.2 pL/min). If one drug was micro-
injected alone, the volume was 2 pL. If one drug was used in combination
with another drug, the volume of each drug was 1 pL. For stereotaxic sur-
gery, adult mice were anesthetized with 0.2% chloral hydrate (0.2 mL/10 g
body weight).

Hippocampal slice treatments. Corticosterone was dissolved in DMSO and di-
luted with serum-free culture medium to the final concentration.
Hippocampal neurons treatments. E2, DPN, PPT, or ICl 182,780 were dissolved in
DMSO and diluted with serum-free culture medium to the final concentra-
tion. DETA/NONOate was dissolved in physiological saline and diluted with
serum-free culture medium to the final concentration.

Other Experiments. Other experiments are described in S/ Appendix, S/
Experimental Procedures.
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