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Calbindin-D(28K) (Calb1), a high-affinity calcium buffer/sensor, shows abundant expression in
neurons and has been associated with a number of neurobehavioral diseases, many of which are
sexually dimorphic in incidence. Behavioral and physiological end points are affected by experi-
mental manipulations of calbindin levels, including disruption of spatial learning, hippocampal
long-term potentiation, and circadian rhythms. In this study, we investigated novel aspects of
calbindin function on social behavior, anxiety-like behavior, and fear conditioning in adult mice of
both sexes by comparing wild-type to littermate Calb1 KO mice. Because Calb1 mRNA and protein
are sexually dimorphic in some areas of the brain, we hypothesized that sex differences in behav-
ioral responses of these behaviors would be eliminated or revealed in Calb1 KO mice. We also
examined gene expression in the amygdala and prefrontal cortex, two areas of the brain intimately
connected with limbic system control of the behaviors tested, in response to sex and genotype. Our
results demonstrate that fear memory and social behavior are altered in male knockout mice, and
Calb1 KO mice of both sexes show less anxiety. Moreover, gene expression studies of the amygdala
and prefrontal cortex revealed several significant genotype and sex effects in genes related to
brain-derived neurotrophic factor signaling, hormone receptors, histone deacetylases, and �-ami-
nobutyric acid signaling. Our findings are the first to directly link calbindin with affective and social
behaviors in rodents; moreover, the results suggest that sex differences in calbindin protein in-
fluence behavior. (Endocrinology 157: 1967–1979, 2016)

Calbindin-D(28K) (Calb1) is exclusively expressed in
brain in which it functions as a high-affinity calcium

buffer/sensor in neurons (1–4). Calb1 is expressed in both
pyramidal and nonpyramidal neurons and in �-aminobu-
tyric acid secreting (GABAergic) inhibitory neurons in-
cluding the Purkinje cells of the cerebellum and interneu-
rons in the prefrontal cortex, amygdala, and hippocampus
(5–8). Moreover, Calb1 is sexually dimorphic (females
have more than males) in the cerebellum and prefrontal
cortex of juvenile mice, two brain regions associated with
cognitive and affective behaviors impacted by sex-specific
neurobehavioral disorders (9). Calbindin is also a bio-
marker for the sexually dimorphic nucleus of the preoptic

area: males have significantly greater numbers of calbin-
din-positive cells than females (10, 11). This population of
Calb1 cells is regulated by both estrogen receptor-� and
androgen receptors during development (12, 13). Differ-
ences in expression are effected only by developmental
actions of steroids, and calbindin immunoreactivity in the
sexually dimorphic nucleus of the preoptic area is not
changed by exposure to steroid hormones in adults (13).

Reduced calbindin has been associated with a number
of neurobehavioral diseases, many of which are sexually
dimorphic. There are significantly fewer calbindin-immu-
nopositive neurons in the cerebral cortex of individuals
with schizophrenia, but not bipolar disorder, compared
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with control subjects (14, 15). During aging, calbindin-
containing neurons in the basal forebrain gradually die,
and this process is accelerated in individuals with Alzhei-
mer’s disease (16). Decreased calbindin immunoreactivity
in the hippocampus is also associated with temporal lobe
epilepsy (17, 18). Postmortem studies report fewer and
smaller Purkinje cells in individuals with autism (19, 20).
Transgenic mouse models of fragile X syndrome have
lower-than-normal numbers of calbindin-immunoreac-
tive neurons (21, 22) and significantly decreased Calb1
expression (23). In other transgenic mouse models of neu-
rological disease, altering Calb1 levels affects the pheno-
type. For example, suppressing Calb1 expression worsens
the disease phenotype in an Alzheimer’s disease model
(24), whereas Calb1 overexpression in dopamine-produc-
ing cells has a neuroprotective effect in a Parkinson’s
model (25).

Behavioral and physiological end points are also af-
fected by experimental manipulations of calbindin levels.
In rats, overexpression of calbindin in the dentate gyrus
produces deficits in water maze learning and T-maze re-
versal learning (26). Male transgenic Calb1 knockdown
mice have deficits in spatial learning in the Morris water
maze and the eight-arm radial maze as compared with
controls (27). Complete Calb1 knockout (KO) mice have
disrupted circadian rhythms and impaired hippocampal
long-term potentiation maintenance as compared with
wild types (28, 29).

Here we investigated novel aspects of calbindin func-
tion on social behavior, anxiety-like behavior, and fear
conditioning in adult mice of both sexes by comparing
wild-type (WT) with littermate Calb1 KO mice. We hy-
pothesized that a lack of calbindin would alter inhibitory
neurotransmission by disrupting downstream genes re-
lated to synaptic plasticity. Because neocortical GABAe-
rgic interneurons temper excessive stimulation from ex-
citatory neurons, and molecular and cellular dysfunction
of these neurons leads to cognitive, affective, and behav-
ioral impairments (6, 30), we hypothesized that Calb1
KOs would differ in the behaviors tested compared with
WT littermates. Moreover, we predicted sex differences in
the behavioral responses of wild-type mice would be elim-
inated in Calb1 KO mice. Next, we examined gene ex-
pression in the amygdala and prefrontal cortex (PFC), two
areas of the brain intimately connected with limbic system
control of the behaviors tested, in response to sex and
genotype.

Materials and Methods

Animals
All procedures were approved by, and conducted in accor-

dance with, the University of Virginia Animal Care and Use

Committee guidelines. Breeding dams and sires, both of which
were heterozygous for the null Calb1 allele, produced the mice
used for all experiments (31). To set up the breeding colony, mice
were ordered from Jackson Labs (stock number 003079), the
background strain was C57BL/6J. Offspring were genotyped be-
fore weaning (postnatal day 21), and all homozygotes (WT and
complete knockouts) were group housed by sex and age and
maintained on a 12-hour light, 12-hour dark cycle (lights on at
1:00 PM). At all times the animals had access to water and food
(number 7912; Harlan Teklad) ad libitum.

Between 50 and 70 days of age, all mice were gonadecto-
mized, and at that time each received an estradiol-filled
SILASTIC brand implant (Dow Corning, Corp; tubing 1.98 mm
inner diameter � 3.17 mm outer diameter). Estradiol was pre-
pared in sesame oil (estradiol-17� 50 �g/mL) and placed sc in the
back of the neck. This procedure was used to provide equivalent
hormone level regardless of the genotype or sex of the mouse.
After surgery, mice were housed individually. Ten to 14 days
after surgery, mice were tested for one of the three behaviors. The
observers who scored the behaviors were blind to the sex and
genotype of the mice. All behavioral tests were conducted in the
light portion of the light/dark cycle.

At the end of the experiment, all mice were anesthetized using
sodium pentobarbital and euthanized. Brains were rapidly re-
moved and frozen on dry ice. Using a cryostat, brains were cut in
coronal sections (120 �m) onto slides. A tissue punch (1 mm) was
used to dissect the complete amygdala and the prefrontal cortex
using anatomical guidelines established by visually comparing
slices with figures in the Mouse Brain Atlas (32). The amygdala
was collected in two bilateral punches from eight sections cor-
responding to Figures 31–40. The prefrontal cortex was col-
lected in two medial punches from prelimbic and infralimbic
areas in Figures 14–20.

Fear conditioning
We used a modified fear conditioning protocol (33). Before

testing, mice were moved, one at a time, into the testing room. On
the first test day, the subject was placed in half of a mouse shuttle
box (Med Associates; number ENV-010MC; each interior com-
partment was 20.3 cm � 15.9 cm � 21.3 cm) for 10 minutes to
explore the novel environment and then returned to their home
cage. Twenty-four hours later, the animals were returned to the
same test chamber. Freezing behavior was observed at 10-second
intervals for 2 minutes (baseline, trial 1). Freezing was defined as
no movement (other than natural respiratory motions). Next, an
80-dB white noise was presented for 30 seconds and immediately
followed by a 2-second, 0.35-mA foot shock. This pairing was
repeated after a 2-minute intertrial interval (training). Each an-
imal was returned to the home cage 30 seconds after the second
shock. The next day, freezing behavior was recorded in the same
environment for 5 minutes (context, trial 2). One to 2 hours later,
the mice were introduced to the novel side of the shuttle box,
which had been altered in the following way: a divider was placed
on the diagonal to divide the chamber into a triangularly shaped
area. Pieces of dark tape were affixed to the walls, the floor was
covered with a solid piece of plastic, and a drop of orange extract
on a cotton swab was suspended from the ceiling of the chamber,
out of reach of the mouse. The animals were observed for a total
of 6 minutes. During the first 3 minutes (preconditioned stimu-
lus, trial 3), no auditory stimulus was presented. In the last 3
minutes, the auditory stimulus was presented (preconditioned
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stimulus, trial 4). Freezing behavior was recorded at 10-second
intervals for the entire 6-minute testing period. The amount of
time in context-dependent freezing was expressed as a percent-
age of baseline freezing: ([trial 2 freezing time � trial 1 freezing
time]/total time) � 100%. Percentage time in cue-dependent
freezing was calculated in the same way: ([trial 4 freezing time �
trial 3 freezing time]/total time) � 100%. In total, data from 36
mice were used in the analysis (KO, n � 10 of each sex; WT
males, n � 7; and WT females, n � 9).

Elevated plus maze
Mice were habituated to the testing room for at least 30 min-

utes. At the start of the test, each subject was placed in the center
of the elevated plus maze (EPM) facing an open arm. Mice ex-
plored the maze for 10 minutes and videotaped from above.
Between subjects, the maze was thoroughly cleaned with ethyl
alcohol. The floors and walls of the EPM (ENV-560A; Med
Associates, Inc) were black polypropylene. Each runway mea-
sured 6 cm wide � 35 cm long � 71.25 cm tall. The walls on the
closed arms were 20.3 cm high. Observers, blind to the sex and
genotypes of the mice, scored the time spent in each portion of the
maze (open, closed, or center) as well as the number of crosses
between each portion. In addition, because others have reported
motor coordination differences between KO and WT mice (34),
we scored the number of times each animal turned around in the
open arms of the maze and the total amount of time spent turn-
ing. Time spent turning was subtracted from total time in the
open arms. Group sizes were as follows: WT males, females, and
KO males, n � 7; KO females, n � 9).

Social investigation
Mice were tested in a Plexiglas cage divided into three cham-

bers: two equal-size end areas (31.5 � 25.5 cm each) and a
smaller neutral section between them (10.5 � 25.5 cm). During
the habituation phase, the end areas contained an empty holding
cell (10.16 cm in diameter and 13.97 cm tall). Each mouse was
placed in the center of the box and allowed to explore the entire
box for 10 minutes. The subject was then restricted in the center
while a gonad-intact adult male was placed under the holding cell
(on one randomly selected side), and an ovariectomized, estro-
gen-implanted adult female (both were C57BL/6 WT mice) was
placed on the opposite side. These stimulus mice were habituated
to the holding cells in their home cages for at least 10 minutes
before the test. During the test phase, the subjects were allowed
to investigate the entire box for 10 minutes. Observers blind to
sex and genotype scored the number of entrances into each side
and the time spent investigating the stimulus mouse. Investiga-
tion was defined as the test mouse’s nose touching the stimulus
mouse through the bars or sniffing within 1 cm of the mouse. The
test arena was carefully cleaned with ethanol between subjects.
We tested the following numbers of subjects: WT males, n � 9;
all other groups, n � 10.

Quantitative real-time PCR (qRT-PCR)
We selected genes that are either related to the behaviors we

examined or are associated with calbindin neurons/signaling.
We assesssed brain-derived neurotrophic factor (BDNF) signal-
ing targets because BDNF has been shown to regulate calbindin
(35). Because Calb1 is primarily expressed in inhibitory neurons,
we examined two �-aminobutyric acid (GABA)-related genes.

We measured both nuclear estrogen receptors because estradiol
regulates Calb1 expression. We also investigated the potential
effects on three epigenetic regulators; Hdac3, Hdac4, and
Mecp2. Other targets, Nr3c1, Crhr1, and Avp, were selected
because they are involved in the behaviors we tested. Addition-
ally, many of these genes have been shown to have sexually di-
morphic expression in the brain.

The RN easy lipid tissue minikit (QIAGEN) was used to
isolate total RNA according to the manufacturer’s protocol.
The quantity and quality of the RNA were determined using
a NanoVue spectrophotometer. cDNA templates were pre-
pared using an AffinityScript quantitative PCR cDNA syn-
thesis kit (Agilent Technologies) according to the manufac-
turer’s protocol. The StepOnePlus real-time PCR system
(Applied Biosystems) was used to perform qRT-PCR. Either
TaqMan probe or SYBR Green-based detection (Applied Bio-
systems) were used to detect PCR products of interest. The
following TaqMan gene expression assays were used: estrogen
receptor-� (Esr1, Mm00433149m1), estrogen receptor-�
(Esr2, Mm00599821 m1), histone deacetylase 4 (Hdac4,
Mm01299557_m1), methyl CpG binding protein 2 (Mecp2,
Mm01193537 g1), and neurotrophic tyrosine kinase, recep-
tor, type 2 (Ntrk2, Mm00435422_m1). All TaqMan assays
were normalized to mouse �-actin (Actb, number 4352933E).
Oligonucleotide primers (Table 1) were either designed for
SYBR-Green based analysis using consensus sequences from
the National Center for Biotechnology Information genomic
alignment database or derived from prior publications and
were synthesized by Invitrogen. The following primers were
based on previously published constructs: Bdnf-exon IV (36);
Calb1 (9); and Gabrb1 and Gad67 (37). All other primers
were designed to span an exon-exon junction to prevent bind-
ing to genomic DNA. For all SYBR assays, samples were nor-
malized to the endogenous control, �2-microglobulin (B2m).

Table 1. Quantitative RT-PCR Primer Sequences

Gene Sequence (5�–3�)

Avp F, TGCTCGCCAGGATGCTCAACAC
R, TTGCCGCCTCTGGGCAGTT

B2M F, GGCTCACACTGAATTCACCCCC
R, ACATGTCTCGATCCCAGTAGAC

Bdnf, all exons F, TTAAGCGGCTTCACAGGAG
R, CCTGCTGCCATGCATAAAAC

Bdnf, exon IVa F, CTCCGCCATGCAATTTCCAC
R, GCCTTCATGCAACCGAAGTA

Calbb F, ACTCTCAAACTAGCCGCTGCA
R, TCAGCGTCGAAATGAAGCC

Crhr1 F, CTGAACAGTGAGGTCCGCTC
R, GGCTCTGATGGAGTGCTT

Gabrb1c F, GCCATGGACTGGTTTATTGC
R, CCACGCATACCCTCTCTTGGTG

Gad67c F, GGGTTCCAGATAGCCCTGAGCGA
R, TGGCCTTGTCCCCTTGAGGCT

Hdac3 F, ATGACAGGACTGACGAGGCCGA
R, TGGGTGCTTCTGGCCTGCTGTA

Nr3c1 F, GGATGCCATTATGGGGTGC
R, TCGTTTTTCGAGCTTCCAGG

Abbreviations: F, forward; R, reverse.
a Primer from elsewhere (36).
b Primer from elsewhere (9).
c Primers from elsewhere (37).
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Validation experiments were conducted to test for equally
efficient target and endogenous control gene amplification, and
primers were between 90% and 110% efficient for all amplifi-
cations. In each qRT-PCR reaction using SYBR-Green, primers
were verified for a single PCR product of expected size with the
disassociation melting curve stage. For TaqMan and SYBR-
Green-based detection, target and endogenous control genes
were measured in triplicate for each cDNA sample during each
real-time run to avoid intersample variance. All genes of interest
were analyzed with Step One software (Applied Biosystems) us-
ing the comparative cycle thresholds method.

Serum corticosterone
Blood was collected from awake, adult male mice of both

genotypes (n � 6 WT and n � 7 KO). These mice had been tested
in the EPM at least 2 weeks prior to blood collection. Each mouse
was sampled twice: once for a baseline measurement and again
after 15 minutes of restraint stress. Samples were collected at
least 1 week apart and the order of the conditions was counter-
balanced by genotype. Samples were obtained by submandibular
punctures using a 4-mm Goldenrod lancet during the first hour
of the light period. This blood collection method is rapid (less
than 2 min) and requires no anesthesia (38). Samples were cen-
trifuged at 12 000 rpm for 10 minutes, and serum was collected
and frozen until assay. We assessed the serum concentrations of
corticosterone using an enzyme immunoassay kit (DetectX cor-
ticosterone immunoassay kit; Arbor Assays). Control serum was
assayed in duplicate and interpolated from the standard curve,
which was fitted with a 4PLC nonlinear regression in GraphPad
Prism 6 for Mac. The sensitivity of the kit was 18.6 pg/mL; the
limit of detection was 16.9 pg/mL. The average coefficient of
variance was 3.89%.

Statistics
All data were analyzed using NCSS Software (2000). Data

points greater than 2 SD from the mean were tested using
Grubb’s outlier test. For data analyses two-way or repeated-
measures ANOVAs were used, as appropriate, to assess the con-
tributions of genotype and sex. Paired comparisons were con-
ducted using Fisher’s least significant differences multiple
comparison tests.

Results

Male KO mice display reduced conditioned fear in
response to an auditory cue

A repeated-measures ANOVA revealed an interaction
between sex and genotype (F[1,95] � 5.73, P � .025) for
freezing time across trials 1–4 and an interaction between
trial and genotype (F[1,95] � 3.21, P � .03). The geno-
type-by-sex interaction was caused by male KO mice,
which displayed less freezing behavior than male WT or
female KO mice over all trials (P � .05). The genotype
difference was noted only on the cued conditioned stim-
ulus trial (trial 4; Figure 1). To further investigate this
interaction, we ran repeated measures analysis on the
baseline and cued conditioned stimulus trials. Again, a

significant interaction between sex and genotype was in-
dicated along with interactions between sex and trial and
between genotype and trial (F[1,95] � 4.13, 5.73, and
8.67, respectively, P � .05 or less). A main effect of trial
was also noted (F[1,95] � 343.19, P � .0001). The sex-
by-genotype interaction was caused by a difference be-
tween KO and WT males, whereby KO males displayed
significantly less freezing than did WT males (P � .05).
The interaction between sex and trial was caused by a sex
difference on the conditioned stimulus trial; males froze
more than females (P � .05). The genotype-by-trial effects
were noted on the final trial in which KO mice were less
reactive to the tone than WT mice (P � .05).

Calb1 KO mice show less anxiety-like behavior on
the elevated plus maze

Calb1 KO mice spent more time than WT mice explor-
ing the open arms of the EPM (F[1,29] � 9.78; P � .004;
Figure 2A). KO mice spent more time turning around in
the open arms (F[1, 29] � 14.40, P � .001) (Figure 2C)
and made more turns than WT mice (F[1, 29] � 9.67, P �

.005). The genotype effect on time spent exploring the
open arms mice remained significant, even after we sub-
tracted the amount of time spent turning around from
total time in the open arms (F[1, 29] � 10.81; P � .004).
There were no effects of sex nor were there any sex-by-
genotype interactions. Additionally, WT mice spent more
time in the closedarms thanKOanimals (F[1,29] �10.67;
P � .003; Figure 2B), but no other effects or interactions
were noted. No significant effect of sex was found in the
total number of crosses (open, closed, and center areas)
made during the test. However, there was a trend toward

Figure 1. Impaired retention of cued fear memory in Calb1 KOs.
Mean � SEM percentage of time spent freezing for context-specific
and cue-specific fear conditioning expressed as a percentage of
baseline freezing: (context trial freezing � baseline trial freezing/total
time) � 100% and (cue trial freezing � baseline trial freezing/total
time) � 100%. *, Male WT significantly different from all other groups
(P � .05).
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a genotype effect (F[1, 29] � 3.9 P � .06): KO mice made
more crosses in the maze than WT mice (Figure 2D).

Male Calb1 KO mice display enhanced
investigation of novel mice

The duration of social interactions during the social
preference test proved to differ by genotype and/or sex.
Analyses revealed main effect of genotype, with KO mice
spending more time than WT mice investigating the female
stimulus mouse (F[1,35] � 4.58, P � .04; Figure 3A).
There was also an overall effect of sex, in which females of
both genotypes investigated the male stimulus mouse less
than males of both genotypes (F[1,35] � 11.23, P � .002;
Figure 3B); however, no interaction was noted. No group
showed a significant sexual preference, calculated by sub-
tracting time spent with male from time spent with the
female, nor were there differences between the groups for
this measure. Interestingly, the time spent investigating
both stimulus mice of either sex (male and female) was
significantly affected by sex and genotype, and we noted
an interaction between these factors (F[1,35] � 16.04,
5.13, 4.46; P � .0003, 0.03, and 0.05 respectively). The
effects were caused by the male KO mice, which spent
more time with the stimulus animals than females or WT
males (P � .05; Figure 3C). Lastly, the total number of
entries into each chamber was not significantly different
by genotype, nor was there a sex-by-genotype interaction
(Figure 3D). There was a trend for a sex difference in

which females were more active than
males (F[1,35] � 3.74, P � .06).

Sexually dimorphic genes in the
prefrontal cortex and amygdala

Consistent with our previous re-
search (9), WT females expressed
more Calb1 mRNA than males in
the prefrontal cortex (t [12] � 2.85,
P � .02) but not in the amygdala (t
[13] � 0.54, P � .60). We also
noted region-specific, sexually di-
morphic expression of estrogen re-
ceptor-� (Esr1), GABA-A receptor
subunit-� (Gabrb1), and methyl
CpG binding protein 2 (Mecp2). In
the amygdala, all three genes were
more highly expressed in females
than males, regardless of genotype
(Esr1: F[1,29] � 12.7, P � .001;
Gabrb1: F[1,31] � 4.92, P � .034;
Mecp2: F[1,28] � 4.93, P � .035;
Figure 4A). In contrast, the oppo-
site pattern was true in the prefron-

tal cortex: males had higher expression than females
(Esr1: F[1,27] � 8.59, P � .007; Gabrb1: F[1,30] �
17.03, P � .00001; Mecp2: no sex difference; Figure
4B). There was a significantly higher expression of
brain-derived neurotrophic factor (Bdnf) in the
amygdala of WT males than in WT females (F[1,29] �
8.17, P � .009; Figure 5A). There were no significant
effects noted in the expression of Bdnf exon IV in the
amygdala (Figure 5B).

Genes affected by Calb1 KO in the amygdala and
PFC

In the amygdala, there was a significant main effect
of genotype (KO � WT) on CRH receptor 1 (Crhr1:
F[1,30] � 4.69, P � .04; see Figure 7A), histone deacety-
lase 4 (Hdac4: F[1,30] � 4.48, P � .04; Figure 6B), and
neurotrophic tyrosine kinase receptor type 2 (Ntrk2:
F[1,31] � 12.08, P � .002; Figure 6C). However, ge-
notype effects on Hdac4 and Ntrk2 predominated in the
males as indicated by significant sex by genotype inter-
actions for both genes [Hdac4 [F]1,30] � 8.76, P �
.006] and Ntrk2 [F]1,31]�16.54, P � .00001]). More-
over, post hoc tests revealed an effect on Crhr1 limited
to males in which WT males had higher levels than KO
males (P � .05).

Similar to the amygdala results, the male KO group also
drove several genotype effects in the prefrontal cortex.
Male KO mice expressed significantly more Bdnf in the

Figure 2. Decreased anxiety-like behavior in Calb1 KO mice on the elevated plus maze. Mean �
SEM time (seconds) spent in the open arms (A), in the closed arms (B), and turning around in the
open arms (C) during the 10-minute (600 sec) test. Total crosses between open, closed, and
center portions of the maze are represented in panel D. *, Significant main effect of genotype
(P � .05); &, genotype trend (P � .06).
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PFC compared with WT males as indicated by a significant
sex-by-genotype interaction (F[1,29] � 6.52, P � .017;
Figure 5C). More specifically, exon IV of Bdnf was in-
creased in KO compared with WT mice (F[1,29] � 5.97,
P � .02) and a significant interaction between sex and
genotype (F[1,29] � 14.29, P � .0008) limited the KO
effect to males (Figure 5D). Expression of the GABA syn-
thesis enzyme glutamate decarboxylase (Gad67) in the
PFC was also significantly reduced in KO males as com-
pared with WT males, but female KOs were unaffected
(P � .05; Figure 6D). Unlike the amygdala, however, the
expression of Hdac4 was unaffected by genotype or sex
(Figure 6E). In contrast, gene expression was reduced in
the KO mice of both sexes for the BDNF receptor gene,
Ntrk2 (F[1,30] � 5.97, P � .021; Figure 6F).

Only two of the genes investiga-
ted showed significant main effects
driven by female KOs. In the pre-
frontal cortex, we noted a significant
sex effect in glucocorticoid receptor
(Nr3c1) expression in which the fe-
males were greater than males
(F[1,28] � 6.13, P � .02). However,
a significant interaction between sex
and genotype (F[1,28] � 6.52, P �
.02) showed that the sex effect was
specific for KO mice: female KOs
had higher expression than male
KOs only (P � .05; Figure 7B). His-
tone deacetylase 3 (Hdac3) expres-
sion was also significantly higher in
the amygdala of KO as compared
with WT mice (F[1,31] � 4.18, P �
.05; Figure 6A). Hdac3 expression
also tended to be higher in females
compared with males; however, the
interaction between sex and geno-
type was not statistically significant

(F[1,31] � 3.93, P � .06). Finally, there were no signifi-
cant genotype or sex effects on the expression of vaso-
pressin (Avp) and estrogen receptor-� (Esr2) in either
brain area (P � .05; Table 2).

Stress response is not affected by genotype
As expected, serum corticosterone concentrations sig-

nificantly increased immediately after restraint stress (re-
peated measures ANOVA: F[1,25] � 46.68, P � .00003).
Corticosterone concentrations were unaffected by geno-
type, nor was there a stress by genotype interaction
(F[1,25] � 0.82, 0.18; P � .05, respectively; Figure 7C).
Additionally, there was no effect of trial (ie, stressed on
first or second trial) on serum corticosterone concentra-
tions (F[1,25] � 0.97, P � .05).

Discussion

We hypothesized that loss of calbin-
din, via dysfunction of calcium sig-
naling in neurons would influence
affective and social behaviors. Cal-
bindin is present in specific prefron-
tal cortical and limbic brain regions
that underlie emotional and cogni-
tive behavior (5, 8, 30, 39, 40). We
also predicted that, because Calb1 is
sexually dimorphic in the mouse pre-

Figure 3. Increased investigation during the social preference task by male KOs. Mean � SEM
time (seconds) spent investigating female stimulus mouse (A), male stimulus mouse (B), and total
time with either stimulus (C) are shown. Total number of transitions between different
compartments of the three-chambered box are represented in panel D. #, Significant main effect
of sex (P � .05; *, significantly different from all other groups (P � .05).

Figure 4. Sexually dimorphic expression of Esr1 and Gabrb1 in amygdala and PFC independent
of genotype. Relative quantity (RQ) estrogen receptor (Esr1) (A) and GABA receptor subunit-�
(Gabrb1) (B) mRNA in two brain areas: amygdala and PFC. WT and KO RQ values are combined
by sex. Gray bars, Mean � SEM WT male � KO male, white bars, Mean � SEM WT female � KO
female; #, significant main effect of sex within brain region (P � .05.).
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frontal cortex, the elimination of Calb1 would likewise
influence sexual dimorphism in some of the behaviors we
tested (9, 12). In one of the three behaviors we tested, fear
conditioning, we found that sex differences in WT male
mice were not present in the KO mice. In another behavior,
social preference, sex differences were present in the KO
mice that were not noted in WT animals. It is worth noting
that we have previously observed a sex difference in WT
C57 mice using a Y-maze to test partner preferences be-
tween males and females in gonadectomized and hor-
mone-treated adults (12, 41). We noted a significant de-
crease in anxiety-like behavior on the elevated plus maze
in KO mice of both sexes. Thus, KO mice tended to show
less anxiety-like behavior and increased exploratory be-
havior in the other tests we performed. For example, in the
social preference test, KO males spent more time interact-
ing with the stimulus mice than the other groups, which
suggests a reduction in anxiety-like behavior. Moreover,
in the cued portion of the fear conditioning task, KO mice
of both sexes displayed less freezing behavior than the WT
males, also indicative of a reduction of anxiety-like be-
havior in Calb1 KO mice.

Because an earlier study reported an increase in pain
threshold in Calb1 KO mice (42), we tested reaction times
to shock, and all mice reacted the same, with very short
latencies. It has been previously documented that Calb1
KO mice do not have auditory impairments, and we there-
fore assumed that they heard the tone we conditioned to

the shock (43). Alternatively, the ge-
notype effect may be due to the loss
of a calbindin-dependent sex differ-
ence in fear behavior. Freezing be-
havior in response to an auditory cue
tended to be higher in WT males than
in WT females, despite the fact that
all groups of mice were gonadecto-
mized and treated with estradiol.
Therefore, ruling out adult differ-
ences in circulating gonadal hor-
mones, the normal sex difference in
fear behavior may depend on the
presence of calbindin.

In the elevated plus maze, Calb1
KO mice of both sexes spent more
time exploring the open arms and
less time in the closed arms as com-
pared with WT mice. These data in-
dicate that reduced anxiety-like be-
havior is associated with the loss of
calbindin. Due to potential differ-
ences in motor coordination (34), we
predicted that KO mice would take

longer to turn in the open arms of the maze than WT mice.
After correcting for the time spent turning around in the
open arms, the genotype effect remained significant. Given
that the Calb1 KO mice may have difficulty maneuvering
in the EPM, it is notable that they select to spend more time
in open arms and less time in the secure closed arms of the
maze as compared with WT mice.

We did not observe sex differences in any aspect of EPM
behavior for either genotype, unlike sex differences observed
in most studies when gonad-intact mice are tested (44–46).
Thus,ourdata suggest thatdifferences incirculatinggonadal
hormones between adult males and females produce the re-
ported sex differences in anxiety-like behavior on the EPM.
However, research using gonadectomized, testosterone, or
blank-implanted four-core genotype mice indicates that sex
chromosome complement also affects anxiety-like behavior.
In the elevated plus maze, mice with two X chromosomes
spent significantlymore time in theopenarms thanXYmice,
regardless of gonadal sex (47). However, using the four core
genotype mice, we have shown that XX mice have more
calbindin in the PFC than do XY mice (9). Thus, we believe
sex differences noted here are caused by sex chromosome
compliment.

To unravel the molecular underpinnings of the behav-
ioral results described above, we used quantitative PCR to
quantify gene expression changes in amygdala and pre-
frontal cortex tissue harvested from WT and KO gonad-
ectomized adult mice of both sexes. Three distinct classes

Figure 5. Elevated Bdnf expression in male Calb1 KO PFC but not amygdala. Mean � SEM
relative quantity (RQ) Bdnf (all exons) mRNA are expressed in the amygdala (A) and prefrontal
cortex (C). RQ values of Bdnf exon IV mRNA in the amygdala (B) and prefrontal cortex (D) are
shown. #, Significant main effect of sex (P � .05); *, significantly different from all other groups
(P � .05).
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of the genes examined were impacted by Calb1 knockout.
These include genes associated with BDNF signaling,
GABA neurotransmission, and histone deacetylation.
These genes are associated with the behaviors we exam-
ined. In the PFC, the BDNF receptor Ntrk2 was signifi-
cantly down-regulated in both male and female KO ani-
mals. The differences between male Calb1 KO mice and
the other groups drove the sex-specific genotype effects we
observed in the expression of Ntrk2 in the amygdala (male
KO less than all groups) and Bdnf/Bdnf exon IV in PFC
(male KO greater than all groups). Numerous studies have
shown a causal link between BDNF and calbindin. For
example, BDNF induced the expression of Calb1 mRNA
and protein in cultured hippocampal and cortical neurons
(35, 48). Additionally, Bdnf KO mice have reduced Calb1
expression in the hippocampus and cortex despite a nor-
mal density of GABAergic neurons (49). However, to our

knowledge, we are the first to dem-
onstrate reciprocity between the two
genes by showing changes in Bdnf-
Ntrk2 gene expression in the
amygdala and PFC as a result of cal-
bindin knockout.

The latter finding could offer an-
other explanation as to why male
KO mice displayed decreased freez-
ing behavior during the cued fear
conditioning trial. The acquisition of
conditioned fear is dependent on
normal BDNF signaling through
NTRK2 in the amygdala (50–52).
Changes in Bndf expression in the
PFC also align with our other behav-
ioral results. Overexpression of Bdnf
in forebrain neurons decreased anx-
iety-like behavior of mice on the
EPM, similar to the anxiolytic phe-
notype of the Calb1 KO mice (53).
We also noted that social investiga-
tion in male Calb1 KO mice is in-
creased as compared with WT males,
an effect that parallels the genotype
effects on Bdnf expression in the
PFC. These data are supported by a
study in mice, which showed that in-
creased affiliative behavior during a
social interaction test is associated
with significantly higher expression
of Bdnf in the frontal cortex of mice
(54). Bdnf IV transcription is regu-
lated by Ca2� influx through volt-
age-sensitive calcium channels (Cav1

L-type CA2�) that are activated in cortical neurons (55).
Calbindin colocalizes with these calcium channels in
mouse cortex (35, 48), which suggests one possible route
by which calbindin could regulate the expression of Bdnf.
However, it remains to be determined whether the effects
of Calb1 KO on NTRK2 are due to the loss of calbindin
itself or secondary effects caused by feedback regulation of
the receptor by BDNF (56).

Expression of the GABA synthesis enzyme, glutamate
decarboxylase 67 (Gad67), was reduced in the prefrontal
cortex of male Calb1 KO mice compared with WT con-
trols. We found a sex difference in the WT mice, in which
the males were greater than females; this was attenuated
by the loss of calbindin. This expression pattern parallels
the changes we observed in the social preference task. KO
males spent significantly more time investigating the stim-
ulus mice during the test than any other group. Similarly,

Figure 6. Genotype-dependent expression changes in amygdala and PFC. Mean � SEM relative
quantity (RQ) values for expression of histone deacetylase 3 (Hdac3) in the amygdala (A); histone
deacetylase 4 (Hdac4) in the amygdala (B) and PFC (E); neurotrophic tyrosine kinase receptor 2
(Ntrk2) in the amygdala (C) and in PFC (F). &, Trend for a sex-by-genotype interaction: female
knockout greater than female wild type (P � .06); §, significantly different from same-sex control
group (P � .05); *, significantly different from all other groups (P � .05).
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decreased Gad67 expression in the medial prefrontal cor-
tex has been associated with concomitant changes in be-
havior in a social interaction task (57). Others have re-
ported connections between Gad67 and social behavior,

such as social odor preference (con-
specific urine vs water), sociability
(novel mouse vs novel object), and
social preference (familiar mouse vs
novel mouse) (58, 59). In the pre-
frontal cortex of schizophrenic indi-
viduals, the expressions of Gad67
and Ntrk2 are positively correlated
(60). The authors suggest that de-
creased Ntrk2 may underlie a dys-
function of GABAergic neurons in
schizophrenia. Ntrk2 signaling may
also mediate the effect we observed
in the PFC of Calb1 KO mice because
Ntrk2 and Gad67 expression were
both decreased compared with
controls.

In the amygdala, two classes of hi-
stone deacetylases were affected in
response to a loss of calbindin. Class
I and IIa histone deacetylases
(HDACs) have opposite effects on
learning and memory. Class I
HDACs, such as HDAC3, tend to
impair memory and cognition,
whereas HDAC4, a class IIa HDAC,
improves learning (61). Male Calb1

KO mice showed reduced levels of Hdac4 and increased
expression of Hdac3 in the amygdala. Similarly, cued fear
conditioning in rats results in increased histone acetyl-
transferase activity in the amygdala, and treatment with

Figure 7. Calb1 KO affects stress-related genes in the brain but not serum corticosterone levels
in males. Mean � SEM relative quantity (RQ) values of the CRH receptor 1 (Crhr1) in the amygdala (A)
and glucocorticoid receptor (Nr3c1) in the prefrontal cortex (B). C, Serum corticosterone levels in WT
and KO males at baseline (gray bars) and 15 minutes after a 15-minute restrain stressor (dark gray
bars). §, Significantly different from WT male group (P � .05); #, significantly different from KO male
group (P � .05); **, significant main effect of stress (P � .05).

Table 2. Statistical Summary of qPCR Results From Amygdala and Prefrontal Cortex

Gene

Amygdala Prefrontal Cortex

Sex Effect Genotype Effect
Sex-Genotype
Interaction Sex Effect Genotype Effect

Sex-Genotype
Interaction

Avp Vasopressin NS NS NS NS NS NS
Bdnf (all exons) Brain-derived

neurotrophic factor
M � F, P � .008 NS NS M � F, P � .00 001 NS MKO � MWT,

FWT, FKO
Bdnf exon IV Brain-derived

neurotrophic factor
NS NS NS M � F, P � .00 001 KO � WT, P � .02 MKO � MWT,

FWT, FKO
Calb1 (WT only) Calbindin NS NA NA F � M, P � .007 NA NA
Crhr1 CRH receptor 1 NS WT � KO, P � 0.04 NS NS NS NS
Esr1 Estrogen receptor-� F � M, P � .001 NS NS M � F, P � .007 NS NS
Esr2 Estrogen receptor-� NS NS NS NS NS NS
Gabrb1 GABA A receptor,

subunit-�
F � M, P � .034 NS NS M � F, P � .0003 NS NS

Gad67 Glutamate decarboxylase
67

NS NS NS M � F, P � .005 WT � KO, P � .045 MWT � FWT,
FKO, MKO

Hdac3 Histone deacetylase 3 NS KO � WT, P � .05 NS trend FKO �
FWT

NS NS NS

Hdac4 Histone deacetylase 4 NS WT � KO, P � .043 MWT � MKO NS NS NS
Mecp2 Methyl CpG binding

protein 2
F � M, P � .035 NS NS NS NS NS

Ntrk2 Neurotrophic tyrosine
kinase receptor 2

F � M, P � .015 WT � KO, P � .001 MKO � MWT,
FWT, FKO

NS WT � KO, P � .02 NS

Nr3c1 Glucocorticoid receptor NS NS NS F � M, P � .02 NS FKO � MKO

Abbreviations: F, female; M, male; NA, not applicable; NS, not significant. Fisher’s least significant differences test was used for all interactions
(P � 0.05).
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HDAC3 reduces fear memory and conditioning (62). Con-
ditional forebrain only Hdac4 knockout animals exhibit
reduced fear in a context-dependent fear conditioning par-
adigm and also spend more time exploring the open arms
of the EPM (65). Likewise, Calb1 KOs show decreased
anxiety and reduced fear and express less Hdac4. In ad-
dition, because the amygdala is required for cue-depen-
dent associative fear memory (66), it follows that we ob-
served HDAC expression changes only in the amygdala
and not the PFC. Synaptic activity-dependent calcium sig-
naling affects the nuclear export of HDAC4, which may
explain calbindin’s role in regulating HDAC activity and
expression (67). We speculate that the synergistic interac-
tion of the two HDACs in the amygdala are part of a
network of genes that underlie the impaired retention of
cued fear and decreased anxiety in Calb1 KOs.

Changes in corticotropin releasing hormone (CRH) re-
ceptor (Crhr1) expression may also partially explain the
fear and anxiety-like phenotypes of calbindin knockouts.
Male Calb1KOmice express significantly less Crhr1 in the
amygdala than WT males. CRH signaling in the amygdala
is a crucial regulator of fear memory. Activation of
CRHR1 receptors in the basolateral amygdala enhances
fear memory consolidation (68), whereas antagonizing
CRHR1 in the central amygdala attenuates stress-induced
freezing behavior (69). Genetic variations in the Crhr1
gene have even been shown to affect fear acquisition be-
havior in humans (70). Additionally, Crhr1 in the
amygdala and forebrain is known to play a critical role in
anxiety-related behaviors, which serves to further explain
the anxiolytic phenotype of Calb1 KO mice (71–73). We
also noted gene expression changes in another regulator of
the stress and anxiety response, the glucocorticoid recep-
tor (Nr3c1). Female Calb1 KO mice express significantly
more Nr3c1 in the prefrontal cortex than male KO mice,
whereas there was no sex difference in WT mice. Based on
the genotype-dependent effects on expression of Crhr1
and Nr3c1 in the amygdala and prefrontal cortex, respec-
tively, we hypothesized that the hypothalamic-pituitary-
adrenal axis (HPA) would be affected by the loss of cal-
bindin. For example, mice lacking Crhr1 have a decreased
stress-induced corticosterone release and atrophy of the
adrenal gland (73). However, in this first-pass assessment
of the HPA axis, we did not note any differences in serum
corticosterone levels at baseline or poststress between
male Calb1 KO and WT mice. Therefore, we suggest that
the significant behavioral differences between genotypes
are due to gene expression changes within the limbic sys-
tem and not via a secondary effect of stress hormones.

We found several sex differences in gene expression in
the amygdala and PFC. First, we replicated our previous
work by showing that Calb1 expression is sexually dimor-

phic and biased to females in the prefrontal cortex (9). As
expected, we did not find a sex difference in Calb1 ex-
pression in the amygdala. Estrogen receptor-� (Esr1)
mRNA was sexually dimorphic in the PFC; expression in
males was significantly greater than in females, regardless
of genotype, and the opposite was true in the amygdala.
This finding is in contrast to other studies that reported a
sex difference in the opposite direction in Esr1 expression
in postnatal day 10 prefrontal cortex (74) and no sex dif-
ference in the PFC of postnatal day 21–25 mice (9). Early
postnatal and prepubertal mice have very low levels of
circulating sex hormones and have yet to undergo hor-
monal reorganization of the brain during puberty. This
may explain why our current results using adult estradiol-
implanted gonadectomized mice differ from those studies.

GABA-A receptor subunit-� (Gabrb1) expression was
also sexually dimorphic in opposing directions in both
brain areas: males had higher expression than females in
the PFC and the opposite was true for the amygdala. This
sex difference is interesting, considering the important role
of Gabrb1 in sexually dimorphic disorders, like autism
(75, 76). We also noted a sex difference in expression of
methyl CpG binding protein 2 (Mecp2) in the amygdala.
Females expressed higher levels of this X-chromosome
gene associated with the neurodevelopmental disorder,
Rett syndrome, than did males. Others have reported a
similar sex difference in Mecp2 expression in the postnatal
day 1 rat amygdala (77), which indirectly supports our
result by suggesting that the sex difference is organized by
early estradiol exposure. The same group also showed that
sexually dimorphic Mecp2 expression in the amygdala is
required for the development of sexually dimorphic be-
haviors in later life (78). We were able to detect significant
sex differences in neuronal gene expression despite equal-
ized estradiol levels across sexes, which suggests an orga-
nizational effect of steroid hormones/receptors and/or sex
chromosome complement rather than an activational ef-
fect of sex hormones (9, 79).

A number of previous studies have indirectly examined
the relationship between calbindin and affective and social
behavior via environmental manipulations. For example,
early maternal deprivation decreases the density of cal-
bindin-positive GABAergic neurons in the paraventricular
region of the hypothalamus of periadolescent rats. These
animals interact more with an unfamiliar conspecific and
demonstrated less anxiety-like behavior compared with
controls (80). Likewise, in juvenile Octodon degus, a ro-
dent species that shows biparental care, the absence of the
sire in the nest causes brain region- and age-specific
changes in Calb1 expression in the hippocampus, cortex,
and bed nucleus of the stria terminalis, areas that regulate
stress and anxiety (63, 81). Finally, early social isolation
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reduces the amount of calbindin in prefrontal cortex neu-
rons in male rats (64). The authors suggested that a re-
duction of calbindin in GABAergic interneurons compro-
mised their ability to interact normally with medial PFC
pyramidal neurons, which connect to subcortical limbic
networks underlying fear and anxiety. Therefore, these
behaviors would be disrupted if calbindin is reduced.

To our knowledge, this is the first set of studies to di-
rectly examine how calbindin affects affective and social
behaviors in rodents. In this study, we chose a more direct
route by using Calb1 KO mice. Moreover, we chose to
focus on global, as opposed to a region-specific, KO be-
cause Calb1 is expressed ubiquitously across multiple
brain regions that are intimately involved in regulating
emotional behaviors including fear, anxiety, and sociabil-
ity. We reported significant genotype- and sex-dependent
gene expression effects of Calb1 knockout in two of these
brain areas: the prefrontal cortex and amygdala. We also
demonstrated that loss of calbindin significantly alters
fear, anxiety, and social behaviors in adult mice, thereby
directly linking calbindin with affective behaviors.
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