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Analyzing the influence of BDNF heterozygosity on spatial
memory response to 17β-estradiol
YWC Wu1,2, X Du1, M van den Buuse1,2,3 and RA Hill1

The recent use of estrogen-based therapies as adjunctive treatments for the cognitive impairments of schizophrenia has produced
promising results; however the mechanism behind estrogen-based cognitive enhancement is relatively unknown. Brain-derived
neurotrophic factor (BDNF) regulates learning and memory and its expression is highly responsive to estradiol. We recently found that
estradiol modulates the expression of hippocampal parvalbumin-positive GABAergic interneurons, known to regulate neuronal
synchrony and cognitive function. What is unknown is whether disruptions to the aforementioned estradiol–parvalbumin pathway
alter learning and memory, and whether BDNF may mediate these events. Wild-type (WT) and BDNF heterozygous (+/− ) mice were
ovariectomized (OVX) at 5 weeks of age and simultaneously received empty, estradiol- or progesterone-filled implants for 7 weeks. At
young adulthood, mice were tested for spatial and recognition memory in the Y-maze and novel-object recognition test, respectively.
Hippocampal protein expression of BDNF and GABAergic interneuron markers, including parvalbumin, were assessed. WT OVX mice
show impaired performance on Y-maze and novel-object recognition test. Estradiol replacement in OVX mice prevented the Y-maze
impairment, a Behavioral abnormality of dorsal hippocampal origin. BDNF and parvalbumin protein expression in the dorsal
hippocampus and parvalbumin-positive cell number in the dorsal CA1 were significantly reduced by OVX in WT mice, while E2
replacement prevented these deficits. In contrast, BDNF+/− mice showed either no response or an opposite response to hormone
manipulation in both behavioral and molecular indices. Our data suggest that BDNF status is an important biomarker for predicting
responsiveness to estrogenic compounds which have emerged as promising adjunctive therapeutics for schizophrenia patients.
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INTRODUCTION
Adolescence is a time of increasing incidence for many psychiatric
disorders including schizophrenia. Although childhood-onset
(before age 13) schizophrenia is rare,1 the incidence of schizo-
phrenia rises sharply after puberty which is marked by a
significant surge in sex steroid hormone release.2 A robust
difference in age of onset between the sexes is well established,
with a peak onset age of 15–24 in men and 20–29 in women.3,4

Moreover, women have been found to have a second peak of
onset after age 45, which may correspond with the emergence of
menopause and the associated rapid decline of ovarian hormone
levels.5 Data from a number of groups suggest lower cognitive
function in men with schizophrenia relative to women.6 Cohen
et al.7 found that an earlier age of menarche was associated with a
later age of onset of psychotic symptoms and first hospitalization,
whereas no significant correlation was found between puberty
and disease onset in men. Psychopathology scores in premeno-
pausal women with schizophrenia fluctuate across the menstrual
cycle, with symptom deterioration during the low-estrogen phases
of the cycle.8 Reports also indicate that chronic psychoses improve
during pregnancy, when E2 levels are 200-fold higher than
normal.9 Conversely, women become more vulnerable to psy-
chosis at the perimenstrual phase of the menstrual cycle, post
menopause10 and following abortion,11 all representing periods of
estrogen withdrawal. Premenopausal women have been found to
show a less severe course of illness, displaying less

psychopathology and disability, and a better response to
antipsychotics compared with men.12,13 However, it is unclear
whether these findings are due to the later age of onset or simply
the better compliance to medication in women. Alternatively, their
premenopausal sex hormones may serve as an endogenous
antipsychotic agent. Indeed, Seeman14 found that women with
schizophrenia at 20–40 years were protected from relapse and
achieved maximal functioning at lower doses of antipsychotics
than older women or men of comparable age.14 It is therefore not
surprising that their rapid decline may result in detrimental
changes in central neurotransmission and thus psychotic, negative
and cognitive symptoms. Female sex hormones thus appear to
have a significant role in buffering disease onset and severity.
Estradiol (E2) and progesterone (P4) are major ovarian

hormones predominantly found in females, but also present in
lower concentrations in males. E2 and P4 have been shown to act
via genomic and non-genomic signaling mechanisms to regulate
several key functions including mammalian brain development,
cognition, memory and mood.15,16 Further, serum levels of E2 are
associated with heightened well-being and enhanced perfor-
mance on certain cognitive tasks in healthy individuals17 as well as
those with schizophrenia.18–20 Both E2 and P4 serum levels have
been reported to be low in schizophrenia patients on
admission.20–23 Data from a number of clinical trials conducted
by Kulkarni and others suggest that adjunctive E2 results in an
improvement of symptomatology in women of child-bearing age
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with schizophrenia.22,24–26 Recent reports on selective-estrogen
receptor modulators as a safer option compared with E2 due to
lower risk of peripheral side-effects, have yielded encouraging
results in both pre- and postmenopausal women, particularly with
regard to cognitive function.27–29 However, the mechanisms
governing estrogen-based cognitive enhancement in schizophre-
nia remain unclear, and a better understanding of what mediates
optimal treatment response is needed.
The molecular targets of E2 and P4 are diverse but accumulating

animal and human data suggest that brain-derived neurotrophic
factor (BDNF) is a key mediator in regulating the cognitive-
enhancing effects of estradiol.30–33 Early hypotheses of an
interaction between estrogen and BDNF were made on the basis
of the colocalized expression of estrogen receptors with BDNF and
its affinity receptor, tropomyosin-related kinase B, in the hippo-
campus of rats and mice.34 Later, the rat BDNF gene was found to
contain a sequence with close homology to the estrogen response
element indicating that estrogen may directly modulate BDNF
expression via activating this putative estrogen response element.35

Further, estrogen signaling has common downstream pathways as
tropomyosin-related kinase B signaling, such as the MAPK cascade,
which can activate CREB to drive BDNF transcription.36 Alternatively,
E2 may interact with GABAergic interneurons to increase BDNF
synthesis by an activity-dependent mechanism.37 Studies in adult
female rats have shown that ovariectomy (OVX) decreases
hippocampal BDNF mRNA33,38 and protein39 expression while E2
replacement restored this deficit. Studies in humans and rodents
also point to a critical role of BDNF in the development and
function of organs in the endocrine and reproductive systems.40

Reduced BDNF level has been reported in the hippocampus of
schizophrenia patients.41,42 In addition, the Val66Met BDNF
polymorphism, which results in disrupted intracellular trafficking
and release of BDNF43 has been associated with aspects of
schizophrenia including antipsychotic treatment response44,45 and
cognitive functioning.46 Furthermore, serum BDNF levels of
schizophrenia patients show positive correlations with verbal
working memory scores.47

A loss of BDNF (BDNF KO) is accompanied by reduced
expression of a number of GABA neuron markers.48,49 Dysfunction
of inhibitory GABAergic circuits has emerged as a key factor
contributing to cognitive impairments in schizophrenia, now
regarded as the core clinical feature of the illness.50 Specifically,
parvalbumin (PV)-containing interneurons are involved in mediat-
ing inhibitory-based synchronized gamma rhythms, which are
associated with cognition and sensory processing.51 Reduced
number of hippocampal PV-expressing interneurons as well as
lower mRNA and protein expression of PV and glutamate
decarboxylase 67 (GAD67) have been documented in postmortem
studies of schizophrenia.52–54 Markers for other GABA neuron
subtypes including somatostatin (SST) have also been implicated
in schizophrenia55 whereas calretinin (CR) expression, which is
independent of BDNF signaling, appears to be spared.54,55

Recent data from our group suggest that circulating levels of E2
may regulate the protein expression of hippocampal PV during
adolescent development in female but not male mice through
ER-α signaling.56 Moreover, PV expression in the dorsal hippo-
campus (DHP) of female mice was more responsive to changes in
serum E2 levels compared with the ventral hippocampus (VHP).
This may be behaviorally relevant given the known function of the
dorsal segment in mediating affect-neutral spatial memory and
the role of the ventral segment in modulating anxiety-related
behaviors.57 It should be noted, however, that circulating E2 levels
may not reflect CNS levels. Indeed, E2 levels in the plasma
(o0.02 pg μl− 1) of adult male rats are much lower compared with
E2 levels in the hippocampus (~0.05 pg μl− 1), whereas in adult
female rats, E2 levels in plasma (~0.37 pg μl− 1) reflect E2 levels in
the hippocampus (~0.4 pg μl− 1).58 Nevertheless, E2 levels in the
hippocampus of adult female rats are considerably higher than

that of males.58 To dissect and analyze the mechanisms of female
sex steroids in bolstering cognition, we performed OVX and
hormone replacement with either estradiol or progesterone at
pre-pubescence in health and in a state of BDNF deficiency, using
wild-type (WT) and BDNF heterozygous (+/− ) mutant mice,
respectively. In adulthood, we then assessed spatial and recogni-
tion memory followed by protein analysis of hippocampal PV, SST,
CR and GAD67.

MATERIALS AND METHODS
Animals
Female WT and BDNF+/− mice on a C57Bl/6 background were derived from
a breeding colony at the Florey Institute of Neuroscience and Mental
Health. Mice were housed in groups of 3–5 in individually ventilated cages
with a 12/12 h light/dark cycle and ad libitum access to water and standard
mouse chow (Specialty Feeds, Glen Forrest, WA, Australia). Behavioral
testing for all animals was conducted at the same time of the year (within
3 months apart). All experimental procedures were approved by the
Animal Experimentation Ethics Committee of the Florey Institute of
Neuroscience and Mental Health, University of Melbourne at Parkville,
Victoria, Australia.

Surgical techniques
Mice were either sham-operated or ovariectomized (OVX) at pre-
pubescence (5 weeks) and were simultaneously implanted with 0.5 cm
of silastic tubing filled with E2, P4 or received placebo treatment (empty
implant). See Supplementary 1 for surgical technique details.

Behavioral studies
At 10 weeks of age, short-term spatial memory was assessed using the
Y-maze. At 11 weeks of age, recognition memory was assessed using the
novel-object recognition test and this was followed by the open-field test
to examine spontaneous locomotor activity and the general level of
anxiety. Behavioral testing procedures and analysis were performed as
previously described59,60 and are detailed in Supplementary 1.

Western blot analysis
Following Behavioral testing, seven mice per group were killed at 12 weeks
of age by cervical dislocation between 1200 and 1700 h and their brains
were harvested. The whole hippocampus was dissected from the brain,
divided into the dorsal and ventral section with weight ratio of 50/50, then
snap-frozen for protein extraction followed by western blot analysis as
described previously.56 See Supplementary 1 for antibody details.

Immunofluorescence labeling of PV+ cells
Following Behavioral testing at 12 weeks of age, four to five mice per
group were anaesthetized and transcardially perfused with 4% parafor-
maldehyde solution. Brains were removed, postfixed, cryoprotected and
snap-frozen. Serial (1:6) 20 μm-thick coronal sections of the hippocampus
were cut on a cryostat between − 1.46 and − 3.40mm relative to bregma
and mounted on gelatine-coated slides. The immunofluorescence labeling
was processed on the same day by the same individual. Coronal sections
from WT animals including intact, OVX, OVX+E2 and OVX+P4 treatment
groups were stained for PV+ cells and counted by an individual blind to the
experimental groups. The representative sections were imaged using a
Leica DFC310 FX camera. See Supplementary 1 for antibody details.

Statistical analysis
Two-way analysis of variance (ANOVA) was performed with genotype (two
levels: WT and BDNF+/− ) and treatment (four levels: intact, OVX, OVX+E2
and OVX+P4) as the main factors. If significant effects of genotype or
treatment, or an interaction were found, separate two-way ANOVAs for
genotype ×OVX (OVX vs intact), genotype× E2 (E2 vs OVX) and genotype×
P4 (P4 vs OVX) effects were performed. Correlation analysis was conducted
on individual western blot protein expression and Y-maze ratio data from
each animal (N = 7 per group). PV cell counts were analyzed by one-way
ANOVA followed by Bonferroni-corrected post hoc comparisons. If Po0.05,
differences were considered statistically significant and if 0.05oPo0.1,
this was considered to represent a trend.
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RESULTS
Y-maze
Two-way ANOVA revealed a significant interaction between
genotype and treatment (F(3,83) = 4.22, P= 0.008). We therefore
proceeded to assess genotype×OVX, genotype × estradiol and
genotype× progesterone effects.
A significant genotype ×OVX interaction was found (Figure 1a),

F(1,41) = 10.5, P= 0.002, whereby OVX reduced Y-maze discrimina-
tion ratio (preference for novel arm over the other arms) in WT
mice, but increased this ratio in BDNF+/− mice. A significant
genotype× E2 interaction was found (Figure 1a), F(1,41) = 9.4,
P= 0.004, with E2 treatment increasing the discrimination ratio in
WT OVX mice, but reducing it in BDNF+/− OVX mice. No significant
effects of P4 and no significant interactions between P4 and
genotype were found.

Novel-object recognition test
Two-way ANOVA revealed a trend for a genotype × treatment
interaction (F(3,73) = 2.3, P= 0.07). Further analysis revealed a
significant genotype ×OVX interaction (Figure 1b), F(1,38) = 8.7,
P= 0.005, whereby OVX reduced the time spent with the novel
object in WT mice but had no effect in BDNF+/− mice. E2
treatment appeared to partially prevent the effect of OVX in WT
mice (Figure 1b), however, this did not reach statistical
significance and no interaction between genotype and E2 was
found. Similarly, there was no significant effect of genotype on P4
treatment.

Open field
There were no significant effects of either genotype or treatment
in the percentage of time spent in the center of the open-field
arena (Figure 1c).

Spontaneous locomotor activity
A significant treatment effect on spontaneous locomotor activity
was detected (Figure 1d), F(3,85) = 3.9, P= 0.01. Further analysis
revealed no significant effect of OVX or genotype, but a trend for
an effect of E2 treatment (F(1,42) = 3.3, P= 0.07), whereby E2-
treated WT and BDNF+/− OVX mice appear to show less
spontaneous locomotor activity.

BDNF expression in the hippocampus
In the DHP (Figure 2a), an expected genotype effect (F(1,45) = 7.10,
P= 0.01) as well as a treatment effect (F(3,45) = 3.26, P= 0.03) and a
treatment × genotype interaction (F(3,45) = 4.72, P= 0.006)
were found.
A significant effect of OVX (F(1,23) = 5.3, P= 0.03) and a

significant genotype ×OVX interaction (F(1,23) = 14.3, P= 0.001)
were found, whereby OVX significantly reduced BDNF expression
in the DHP of WT but not BDNF+/− mice (Figure 2a). In addition, a
significant effect of E2 (F(1,22) = 12.4, P= 0.002) and a significant
genotype× E2 interaction (F(1,22) = 11.4, P= 0.003) were detected.
E2 treatment in WT OVX mice significantly increased BDNF
expression compared with WT OVX, but had no effect on BDNF
expression in BDNF+/− OVX mice (Figure 2a). In marked contrast
to the DHP, BDNF protein levels remained unchanged in the VHP
following OVX and hormone replacement in WT mice (Figure 2b).
Similarly, BDNF expression in OVX and hormone-replaced BDNF+/-

Figure 1. Behavior of WT and BDNF heterozygous (+/− ) mice at young adulthood following pre-pubescent ovariectomy (OVX), OVX and
estradiol (E2) implant (OVX+E2) or OVX and progesterone (P4) implant (OVX+P4). Intact controls (sham) received sham surgery and an
empty implant. (a) Y-maze performance is expressed as a discrimination ratio (preference for novel arm over the start arm and other arm). (b)
Novel-object recognition test (NORT) score is expressed as percentage of time spent with the novel object. (c) Open field behavior is
expressed as percentage of time spent in the center of the square arena. (d) Spontaneous locomotor activity is expressed as distance traveled
in centimeters during the open-field test. N = 10–12 per treatment group per genotype, short horizontal lines without end brackets
=genotype ×OVX effect, short horizontal lines with end brackets=genotype × estradiol effect, **Po0.01, #Po0.1. BDNF, brain-derived
neurotrophic factor; WT, wild type.
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mice did not significantly differ from intact BDNF+/− controls
(Figure 2b).

PV expression in the hippocampus
Two-way ANOVA of PV expression in the DHP revealed
main effects of genotype (Figure 2c); F(1,45)= 5.6, P=0.022
and treatment (F(3,45)= 6.2, P=0.001) and a trend for a
treatment×genotype interaction (F(3,45) = 2.4, P=0.07). Separate
two-way ANOVA revealed a significant genotype×OVX interaction
(F(1,24) = 11.5, P=0.002) with OVX causing a significant reduction in
PV expression in WT but not BDNF+/− mice. A significant
genotype× E2 effect (F(1,24) = 4.8, P=0.03) was also found, whereby
E2 treatment in WT OVX mice increased PV expression to that of
intact controls, but had no effect on PV expression in BDNF+/− mice.
Further, a significant genotype×P4 effect on PV expression in the
DHP (F(1,24) = 8.0, P=0.009) was detected. P4 treatment increased
PV expression in WT OVX mice, but had no effect in BDNF+/− OVX
mice relative to their untreated OVX counterparts (Figure 2c). In
contrast to the DHP, no significant effect of genotype or treatment
was found for PV expression in the VHP (Figure 2d).

Association of Y-maze performance and BDNF/PV expression in
the DHP
There was a significant correlation between BDNF expression in
the DHP and performance on the Y-maze in WT mice (Figure 3a),
r2 = 0.17, P= 0.03, whereas no such correlation was found in

BDNF+/− mice (Figure 3b). Similarly, we found a significant
correlation between Y-maze performance and PV expression in
the DHP in WT mice (Figure 3c), r2 = 0.28, P= 0.0048, but no such
correlation in BDNF+/− mice (Figure 3d).

PV cell number in the hippocampus
One-way ANOVA showed a strong trend for a significant
difference in total PV cell count across treatment groups in the
DHP (P= 0.055). In the dorsal CA1, one-way ANOVA revealed
significant differences among treatment groups (P= 0.0096).
Bonferroni-corrected post hoc analysis showed a significant
difference between intact and OVX mice (P= 0.024), with OVX
mice showing a reduction in PV cell number (Figure 4a–c). In
addition, E2 treatment significantly prevented this deficit where a
significant difference in PV cell number between OVX and OVX+E2
was detected (P= 0.048, Figure 4a, c and d). No significant
differences in PV cell number were found in CA2, CA3 or dentate
gyrus (Figure 4a). In addition, no significant differences in PV cell
number were detected throughout the VHP (data not shown).

SST, CR and GAD67 expression in the hippocampus
No significant effects of genotype or treatment were found for
SST, CR and GAD67 protein expression in either DHP or VHP of WT
and BDNF+/− mice (Figure 5a and f).

Figure 2. Hippocampal BDNF and PV protein expression in WT and BDNF heterozygous (het) (+/− ) mice at young adulthood following pre-
pubescent ovariectomy (OVX), OVX and estradiol (E2) implant (OVX+E2) or OVX and progesterone (P4) implant (OVX+P4). Intact controls
(sham) received sham surgery and an empty implant. (a) BDNF expression in the dorsal (DHP) and (b) ventral (VHP) hippocampus. (c) PV
expression in the dorsal (DHP) and (d) ventral (VHP) hippocampus. N= 5–7 per treatment group per genotype, short horizontal lines
without end brackets=genotype ×OVX effect, short horizontal lines with end brackets=genotype × estradiol effect, gray horizontal
lines=genotype ×progesterone effects, *Po0.05 and **Po0.01. BDNF, brain-derived neurotrophic factor; WT, wild type.
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DISCUSSION
We believe our data are the first to show that female BDNF+/−

mice exhibit drastically altered responses to ovarian hormone
depletion in both behavioral and molecular pathways involved in
spatial memory. Genetic variation in BDNF is associated with
antipsychotic treatment resistance in schizophrenia patients.44,45

The present data suggest that BDNF may also have an important
role in predicting response to estrogenic compounds, which have
recently emerged as promising adjunctive therapeutics for
schizophrenia patients.24,26,61 We find that hormone deprivation
during adolescent development in WT mice disrupts spatial
memory and recognition memory in young adulthood. Simulta-
neous E2 replacement prevented the disruption in spatial memory
but not recognition memory in WT OVX mice, suggesting a critical
role for E2 in modulating dorsal hippocampus-dependent tasks.
We further found that circulating levels of E2 in WT mice regulate
PV cell number and protein expression in a region-dependent
manner. In contrast, protein expression of SST, CR and GAD67
appear to be insensitive to changes in serum levels of E2. Our
correlative evidence suggests that spatial memory performance
depends on BDNF and PV protein levels in the DHP of WT mice
but not BDNF+/− mice. Together, these findings indicate an
altered estrogenic response in BDNF+/− mice and this may be an
important step toward understanding the effects of therapeutics
which target estrogen signaling under impaired BDNF expression,
as often observed in schizophrenia.
Our data demonstrate that higher circulating E2, during

adolescence, is crucial for DHP-dependent spatial memory. This
selective effect of E2 is reflected in our molecular analysis which
showed E2 regulation of BDNF and PV protein levels in the DHP

and not in the VHP of OVX mice. Further analysis of the
hippocampal subregions revealed a significantly lower number
of PV-expressing cells in the dorsal but not in the ventral CA1 of
OVX mice compared with intact controls. Moreover, E2 treatment
was able to prevent this deficit. Interestingly, male schizophrenia
patients exhibit a greater PV cell reduction than females in each
hippocampal subfield.54 The dorsal CA1 forms prominent projec-
tions to the splenial and anterior cingulated cortices that are
primarily involved in cognitive processing of visuospatial informa-
tion and memory as well as navigation and exploration.62–65

Disruption of CA1 PV cells may result in unsynchronised gamma
oscillations due to diminished inhibitory control of pyramidal
cells51,66 and thus contribute to spatial memory impairments, as
observed in the current study. Indeed, a population of PV-
expressing CA1 interneurons in the DHP of mice have been
documented to selectively support the encoding of spatial
working memory.67 Given that both verbal and spatial memories
rely on the integrity of the hippocampus,68–70 testing spatial
memory in animals may be a relevant model for evaluating the
link between steroid hormones and more human-specific
cognitive tasks like verbal memory. Recent work in humans
suggests that the same place cells in the hippocampus that
represent location during spatial navigation also code elements of
verbal recall.71 Interestingly, both WT and BDNF+/− OVX mice
replaced with E2 showed a significant reduction in motor activity
compared with intact controls, as measured by the distance
traveled during the open-field test. Prior studies suggest that E2
replacement in OVX mice may result in lower general activity in
anxiety-provoking situations, whereas they display increased
activity in the safer home-cage environment.72 Importantly,

Figure 3. Correlation analysis of BDNF and PV protein expression with Y-maze performance expressed as a discrimination ratio (novel:other
arms) in the dorsal hippocampus (DHP) of WT and BDNF heterozygous (+/− ) mice. (a) WT mice display a significant positive correlation
between BDNF expression and Y-maze performance (r2= 0.17, P= 0.03) and this is not found in BDNF+/− mice (b). (c) WT mice display a
significant positive correlation between PV expression and Y-maze performance (r2= 0.28, P= 0.0048) and this is not found in BDNF+/− mice
(d). BDNF, brain-derived neurotrophic factor; PV, parvalbumin; WT, wild type.
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however, these changes in activity do not appear to influence the
animals’ memory performance in the present experiments when
compared with their intact counterparts.
In contrast to E2-treated WT mice, those that received P4

showed no significant difference in BDNF expression compared
with their OVX counterparts. Consistent with our findings, in
cultured rat hippocampal slices, treatment with E2 at 10 nM
resulted in an increase in BDNF protein levels whereas the same
dose of P4 had no effect.30 While PV expression was significantly
higher in P4-treated mice relative to OVX mice, both PV cell
number as well as spatial memory performance were statistically
indistinguishable from OVX mice. These results suggest again that
the efficacy of hormone-based compounds may depend critically
on BDNF expression. Likewise, BDNF expression in the

hippocampus has been shown to be significantly affected by
physiological changes in the levels of circulating E2.73,74 The
interaction between BDNF and E2 thus appears to be complex and
bidirectional. It should be noted that the estrous cycle of sham-
operated mice were not controlled for in the present study and
this is a limitation which should be addressed in future
investigations. Previous studies suggest that E2 may also regulate
another major class of inhibitory interneurons, neuropeptide Y
(NPY), via BDNF.75 One study by Nakamura and McEwen76 showed
that ER-α is primarily located on hippocampal neurons which co-
expressed GABA and NPY. Conversely, almost all ER-β immuno-
reactive cells within the subiculum of the hippocampus colocalize
with PV in the adult female rat.77 PV- and NPY-expressing
interneurons are not identical albeit there are some overlapping

Figure 4. (a) Total PV+ cell count and across each subfield of the dorsal hippocampus including cornus ammonis (CA) 1, CA2, CA3 and dentate
gyrus (DG) in WT mice at young adulthood following pre-pubescent ovariectomy (OVX), OVX and estradiol (E2) implant (OVX+E2) or OVX and
progesterone (P4) implant (OVX+P4). Intact controls (sham) received sham surgery and an empty implant. (b) Representative image of the
dorsal CA1 of an intact WT control. (c) Representative image of the dorsal CA1 of a WT OVX mouse. (d) Representative image of the dorsal CA1
of a WT OVX+E2-treated mouse. (e) Representative image of the dorsal CA1 of a WT OVX+P4-treated mouse. Negative control in the right
hand corner of e. Scale bar, 100 μm, × 20 magnification. N= 4–5 per treatment group, *Po0.05. PV, parvalbumin; WT, wild type.
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features.8,78 In the dentate gyrus, PV-positive interneurons form a
basket-like plexus around granule cells while NPY-positive
interneurons form a population that innervates the outer
molecular layer. However, some PV-positive basket cell popula-
tions also express NPY.75 Hippocampal GABAergic interneurons
modulate neuronal activity79 and network oscillations,80 control
size and propagation of neuronal assemblies,81 and neuronal
plasticity.82 Hence, the expression profile of ERs on these

interneurons needs to be fully examined in future experiments
to further understand the mechanism by which E2 regulates the
GABAergic system. To date, only a limited number of reports have
addressed the impact of ovarian steroids on the GABAergic system
in the adult hippocampus and even less is known about their role
during adolescent development. The present study provides
further support for an estrogenic effect on PV expression in
female WT mice, in line with our previous findings.56 Moreover,

Figure 5. Hippocampal SST, CR and GAD67 protein expression in WT and BDNF heterozygous (het) (+/− ) mice at young adulthood following
pre-pubescent ovariectomy (OVX), OVX and estradiol (E2) implant (OVX+E2) or OVX and progesterone (P4) implant (OVX+P4). Intact controls
(sham) received sham surgery and an empty implant. (a) SST expression in the dorsal (DHP) and (b) ventral (VHP) hippocampus. (c) CR
expression in the dorsal (DHP) and (d) ventral (VHP) hippocampus. (e) GAD67 expression in the dorsal (DHP) and (f) ventral (VHP)
hippocampus. N= 5–7 per treatment group per genotype. BDNF, brain-derived neurotrophic factor; CR, calretinin; SST, somatostatin; WT,
wild type.
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our data suggest that E2 specifically regulates PV cell number in
the dorsal CA1 while it appears to have no significant influence on
SST, CR and GAD67 protein expression under the current
experimental paradigm.
BDNF null mice do not usually survive past 2–4 weeks after birth

due to the development of severe sensory deficits.83 BDNF
heterozygous (+/− ) mice expressing only one allele have
approximately half the level of BDNF compared with WT controls
and are viable, fertile and have a normal life span.84 Hence,
compared with the BDNF null mice, BDNF+/− mice more closely
resemble the human schizophrenia condition.85 These constitutive
mutants show no significant changes in ER-α/β protein expression
in the hippocampus (Supplementary Figure 2). However, in their
early adulthood, BDNF+/− mice exhibit enhanced inter-male
aggressiveness and hyperphagia with significant weight gain.84

Prior work from our laboratory have found increased activation of
tropomyosin-related kinase B in the hippocampus of both male
and female BDNF+/− mice relative to their WT counterparts.86

Further, a marked region-specific increase in neurotrophin-4
expression was found in the striatum of BDNF+/− mice in both
sexes.86 Together, these findings suggest possible developmental,
central and peripheral compensatory mechanisms in BDNF+/−

mice which should be considered with data interpretation.
Current antipsychotic drugs are at least partially effective

against the positive symptoms of schizophrenia but they have
little effect on the negative symptoms and cognitive deficits of the
illness.87 In light of our data, future studies should compare E2 and
antipsychotics as cognitive mediators, potentially via BDNF.
Atypical antipsychotics would be particularly interesting to
investigate due to some reports of their efficacy on certain
domains of cognitive function88,89 albeit these results have not
been consistently replicated.90,91 Reduced BDNF may be a
biomarker of impaired memory and general cognition in
women.92 Our data and those of others show only subtle or no
effects of BDNF heterozygosity on spatial and nonspatial memory
in BDNF+/− mice,59,60,93,94 albeit other behavioral anomalies have
been noted.95,96 An intriguing finding here is that these
constitutive mutants showed either no response or an opposite
response to hormone manipulation in both behavioral and
molecular indices. A strong positive correlation between plasma
BDNF and serum E2 concentrations has been demonstrated in
fertile women but this was not found in women diagnosed with
functional hypothalamic amenorrhea.97,98 Women with functional
hypothalamic amenorrhea have decreased plasma BDNF levels
and an impaired pulsatile secretion of gonadotropin-releasing
hormone, which subsequently affects the pituitary gland leading
to decreased gonadotropin production and secretion and
ultimately hypoestrogenism.98 Several studies in humans and
rodents suggest an important role for ovarian BDNF in the
formation and initiation of ovarian follicular growth.40 An altered
hypothalamic–pituitary–gonadal axis may thus be evident in
BDNF-deficient mice. Researchers have speculated that reduced
gonadal hormone levels found in psychotic and clinical high-risk
individuals reflect decreased hypothalamic–pituitary–gonadal axis
activity.99 In fact, selective-estrogen receptor modulators, particu-
larly raloxifene, which has recently emerged as a promising
adjuvant in women with schizophrenia, modulates the hypothal-
amic–pituitary–gonadal axis and appears to change circulating
levels of gonadotropin-releasing hormone, E2 and other estro-
gens. We propose that a reduction in BDNF, the important
intermediary of positive estrogen effects as well as a regulator of
hypothalamic–pituitary–gonadal axis functions, fundamentally
upsets the estrogen signaling cascade and may underlie the lack
of response to hormone manipulation seen in the BDNF+/− mice.
This area of research deserves more in-depth study, which may
help improve current therapeutic options for treatment-resistant
schizophrenia patients with genetic variations in BDNF.

In conclusion, our data suggest that E2 is involved in the
regulation of dorsal hippocampal PV expression and cell number
in the CA1 subfield, corresponding to their positive effects on
spatial memory. This may be a novel mechanism by which the
higher circulating levels of E2 in female patients with schizo-
phrenia compared with male patients preserves cognition and
delays the onset of psychosis. These effects of E2 seem to depend
critically on BDNF expression as BDNF heterozygosity diminished
the response of female mice to hormone manipulation on both
molecular and behavioral indices. Our results raise the intriguing
possibility that the treatment response to estrogenic compounds
such as selective-estrogen receptor modulators will depend on
the genetic status of females with schizophrenia, namely on
variants of the BDNF gene.
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