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ABSTRACT: Disruption to dopamine homeostasis during brain
development has been implicated in a variety of neuropsychiatric
disorders, including depression and schizophrenia. Inappropriate
expression or activity of GABAergic interneurons are common
features of many of these disorders. We discovered a persistent
upregulation of GAD67+ and parvalbumin+ neurons within the
anterior cingulate cortex of dopamine D2 receptor knockout mice,
while other GABAergic interneuron markers were unaffected.
Interneuron distribution and number were not altered in the
striatum or in the dopamine-poor somatosensory cortex. The
changes were already present by postnatal day 14, indicating a
developmental etiology. D2eGFP BAC transgenic mice demon-
strated the presence of D2 receptor expression within a subset of
parvalbumin-expressing cortical interneurons, suggesting the possibility of a direct cellular mechanism through which D2
receptor stimulation regulates interneuron differentiation or survival. D2 receptor knockout mice also exhibited decreased
depressive-like behavior compared with wild-type controls in the tail suspension test. These data indicate that dopamine signaling
modulates interneuron number and emotional behavior and that developmental D2 receptor loss or blockade could reveal a
potential mechanism for the prodromal basis of neuropsychiatric disorders.
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Psychiatric disorders such as schizophrenia, bipolar disorder,
depression, and attention deficit disorder have a neuro-

developmental basis, despite the fact that symptoms are not
apparent until later in life, sometimes not emerging until
adulthood. Brain regions such as the striatum (STR) and
frontal cortex, particularly the anterior cingulate cortex (ACC),
are key regions of neuropathology in psychiatric disorders.
During sensitive periods of development, these regions are
highly influenced by neurotransmitters, such as dopamine
(DA), which alter neuronal migration, differentiation, and
signaling, contributing to the development of these disor-
ders.1−3 Drugs targeting DA receptors are also commonly used
to treat these disorders.4

This DAergic signaling is part of a complex circuitry that is
mediated in part by aspiny interneurons. These interneurons
comprise a small portion of the overall cell population and are
either cholinergic (STR) or GABAergic (STR and cerebral
cortex).5,6 Neurons containing DA receptors, on the contrary,
are quite populous in these regions. Disruption of DAergic
signaling early in development induces abnormal GABA neuron
development.7−11 In particular, the DA D2 receptor (D2R) is
important in proper neuronal development. Neonatal or
embryonic treatment with D2R agonists produces long-term
cognitive deficits and locomotor dysfunction.12,13 Overexpres-
sion of D2R in the striatum not only produces increased D1

receptor activation in the prefrontal cortex and deficits in
working memory, a task correlated to prefrontal activity,14 but
also decreases dendritic arborization while increasing mem-
brane excitability.15 Genetic loss of D2R results in fewer
DAergic neurons during development16 and altered GABAergic
transmission in adulthood.17 Indeed, proper D2R signaling is
necessary to maintain appropriate interneuron migration in the
cortex, indicating that the D2R is capable of influencing
GABAergic interneuron development.9

While the aforementioned findings indicate that D2R and
GABAergic expression and function are linked, the underlying
mechanisms are not clear, nor is it understood which
GABAergic interneuron subclasses are most affected or whether
developmental trajectory later normalizes. In vitro data indicate
that D2Rs alter neuronal differentiation in the cerebral cortex,
particularly of parvalbumin (PV)+ interneurons,18 one such
class of these GABAergic interneurons. D2R-mediated changes
to specific subsets of GABAergic interneurons are of great
interest, because alterations to various subsets are key features
in many neuropsychiatric disorders also involving D2Rs.19−23

The purpose of this study was to determine the alterations in
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subsets of GABAergic interneurons within the STR and ACC in
constitutive D2R knockout mice, based on the hypothesis that
specific interneuron markers would be altered in select brain
regions of the knockout mice.

■ RESULTS AND DISCUSSION

Alterations in brain DA signaling result in atypical neuronal
development, which can have long-lasting cellular and func-
tional consequences and lead to the prodromal bases of
cognitive and psychiatric disorders. D2 receptors have
previously been shown to modulate GABAergic interneuron
expression and function, thus suggesting that D2R activity alters

the development of inhibitory circuitry. The purpose of this
study was to determine which subsets of GABAergic
interneurons, and in which brain regions, would be affected
by genetic loss-of-function of the D2R.

GABAergic Neuronal Expression in the Adult D2R KO
Mouse. Coronal brain sections containing the ACC, STR, and
primary somatosensory cortex (SSC) of adult mice were
immunostained for GAD67. There was a significant increase in
the number of GAD67+ cells in the ACC of knockout (KO)
mice relative to wild-type (WT) controls (Figure 1A,D,E; t(12)
= 2.568, p < 0.05). No differences were found in either the STR
(Figure 1B; p = 0.185) or SSC (Figure 1C; p = 0.869). This is

Figure 1. GAD67 staining in the adult D2R knockout mouse. Increased levels were found in the ACC of the KO (N = 8) relative to the WT (A; N =
6). No such change was apparent in either the STR (B) or SSC (C). Representative micrographs in the ACC show expression of GAD67 in the WT
(D) and KO (E) mice. Scale bar = 100 μm. Cortical layers are indicated by Roman numerals. *p < 0.05.

Figure 2. PV cell density in the ACC (A), STR (B), and SSC (C) of the adult D2R knockout mouse. Increased PV+ cells were found in the ACC of
KO mice [E; N = 8 (N = 11 for STR counts)] relative to the WT mice [D; N = 6 (N = 10 for STR counts)]. Scale bar = 100 μm. *p < 0.05.
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perhaps not surprising given that PV does not colocalize with
D2eGFP in the STR, where PV+ neurons are of relatively low
density, or in the SSC, which has very low expression of D2R.
The increase in GAD67+ neurons was fairly uniform across
cortical layers; that is, it did not appear to be limited to only
superficial or deep layers. We then sought to determine
whether this effect in the ACC was specific to all GABAergic
markers or encompassed only a subset. Similar to the GAD67
staining, the ACC of KO mice showed increased parvalbumin
(PV)-expressing cells than in the WT brain (Figure 2A,D,E;
t(12) = 2.236, p < 0.05), with again no significant differences
found in either the STR (Figure 2B; p = 0.707) or SSC (Figure
2C; p = 0.333). In contrast, calretinin (CALR; Figure 3A−E)

and somatostatin (SST; Figure 3F−J) staining did not differ
between the genotypes in any of the regions examined.
Previous studies have demonstrated that alterations to DA

homeostasis during development alter the expression of
GABAergic interneurons.18 For example, prenatal cocaine
exposure in rabbits changes GABA levels and the dendritic
morphology of PV+ GABAergic interneurons.8,24,25 Bhide and
colleagues have demonstrated that prenatal cocaine exposure in
mice decreases GAD67+ neurons within the prefrontal
cortex,26 specifically those expressing PV.27 Interestingly,
application of a D2R agonist to embryonic slice cultures
decreased the total number of GABAergic cells that migrated to
the cerebral cortex, and cultures derived from D2R KO mice

Figure 3. Cell counts of CALR (A−C) and SST (F−H) in the ACC (A, F), STR (B, G), and SSC (C, H) of the adult D2R KO knockout mouse (N
= 6 for WT; N = 8, KO). Values did not differ for either of these two cell types between genotypes. Representative images at 20× magnification for
CALR (D, E) and SST (I, J) within the ACC are shown in WT (D, I) and KO (E, J) tissue. Scale bar = 100 μm.
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exhibited increased migration.9 However, the lack of changes in
SST and CALR in D2R KO mice is not unexpected. PV, SST,
and CALR originate from progenitor cells within the medial
ganglionic eminence, with some populations of CALR+ cells
also derived from the caudal ganglionic eminence.5,28 However,
these progenitor cells are functionally diverse and transcrip-
tionally distinct,29−31 owing to the diversity of expression and
localization of interneuron cell types.32−35 Ablation of the D2R
could be affecting upstream factors that result in aberrant
expression of PV but not SST or CALR (see ref 36).
D2R-modulation of PV expression was also region-specific,

because no regulation of GAD67 or PV was found in the STR
or SSC. It has been demonstrated that D2R overexpression
within the STR alters working memory, a functional output
correlated with the prefrontal cortex.14 Moreover, PV within
the frontal cortex has been shown to contribute to this
behavior.37 While D2R ablation in this model had no significant
effect on PV expression within the STR itself, we cannot rule
out that loss of striatal D2R might alter PV-mediated cortical
output. The lack of effect in SSC is not unexpected, because
this region has little or no DA innervations.24,38

Interneuron Expression in the Developing Forebrain.
To determine whether the differences in PV expression
originated during development or were confined to adulthood,
we next examined PV expression in animals at postnatal day
(P)14, the period during which PV expression rapidly increases
in the rodent brain.39−41 Again, we found that PV cell density
was significantly increased throughout the ACC of P14 D2R
KO mice (approximately +30%, Figure 4A,D,E; t(8) = 2.341, p
< 0.05). Once again, no differences were found between
genotypes in either the STR (Figure 4B; p = 0.936) or SSC
(Figure 4C; p = 0.196).
Colocalization of D2R and PV. Several previous studies

have suggested a significant degree of colocalization of PV and
D2R gene transcripts,42−45 but others have seen much less D2R
in cortical PV+ interneurons.46,47 We observed moderate
colocalization of Pvalb and Drd2 within the ACC via
fluorescent double-label in situ hybridization, but levels of
Drd2 were too low to allow for accurate quantification (data
not shown). Poor selectivity of existing D2R antibodies has

hampered colocalization studies at the protein level. We
therefore stained for PV in D2eGFP BAC transgenic mice.48

Approximately 24.3% ± 1.7% (67.1 ± 4.6 neurons/mm2) of PV
+ cells within the ACC coexpressed eGFP (Figure 5),
demonstrating that a considerable number of PV+ neurons in
the mouse ACC express D2R. Moreover, we did not observe
any significant colocalization of PV with D2eGFP within the
STR and SSC (data not shown). These data are consistent with
a potential direct cellular mechanism through which D2
receptor stimulation can regulate interneuron differentiation
or survival.

Reduced Depressive-Like Behavior in D2R KO Mice.
D2 receptors have been implicated in the onset of depression,
and disturbances in GABAergic function and expression are
characteristics of depression.49 Thus, the tail suspension test
(TST) was used to measure depressive-type behavior in a
separate cohort of mice. D2R KO mice spent significantly less
time immobile than WT mice under basal conditions (Figure 6;
t(23) = 3.425, p < 0.01). Of note, this response goes against the
well documented and dramatic hypoactivity exhibited by this
line in open field/locomotor assays;50 therefore, if anything,
this assessment in the TST would underestimate any
antidepressant-like phenotype in this line. Alterations both to
GABAergic interneuron expression and activity as well as to
D2R have been implicated in the onset of depression. For
instance, depression has been associated with decreased levels
of cortical GABA in humans.49,51 More specifically, decreases in
PV expression or activity within frontal cortex have been
correlated with depression in humans23 and depressive-like
behaviors in rodents.52,53 Dopamine also plays a key role in the
mechanisms underlying depression.54 D2 receptors, including
those within the ACC, are involved in the development of
depression,55,56 and D2R ligands can be used to treat the
disorder.54 Others have suggested that it is through the actions
of the polysialylated form of the neural cell adhesion molecule
(PSA-NCAM) that the D2R mediates its effects upon PV,57

effects that contribute to the onset of neuropsychiatric diseases
such as depression.58 Alternatively, the loss of D2R within other
regions, such as the striatum, could also contribute to this
phenotype. Recent studies have shown that VTA DA

Figure 4. PV cellular expression in the ACC (A), STR (B), and SSC (C) of the D2R KO transgenic mouse at P14 (N = 5/genotype). PV cell density
is elevated in the ACC of KO mice (E) relative to the WT mice (D). Scale bar = 100 μm. *p < 0.05.
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projections to the nucleus accumbens contribute to depressive-
like behaviors59−61 and that the D2R specifically is involved in
this phenotype.62,63 While our data cannot directly link the
D2R-mediated increase in cortical PV+ cells, or the loss of D2R
within the striatum, to the antidepressant behavioral phenotype,
these results suggest that these mechanisms potentially
contribute to depressive behaviors.

We note that alterations both to GABAergic interneuron
expression and activity as well as to D2R have been implicated
in the onset of depression. For instance, depression has been
associated with decreased levels of cortical GABA in
human,49,51 and decreases in PV expression or activity within
frontal cortex have been correlated with depression in
humans23 and depressive-like behaviors in rodents.52,53 Perhaps
most strikingly, Disc1 transgenic mice, an animal model of
schizophrenia-related phenotypes, display both reduced PV
interneurons in the frontal cortex and increased immobility in
depression-related tests,64 the converse of the responses we
found in the D2R nulls. Dopamine also plays a key role in the
mechanisms underlying depression.54 D2 receptors, including
those within the ACC, are involved in the development of
depression,55,56 and D2R ligands can be used to treat the
disorder.54 While our data are only correlative at this time and
do not directly link the D2R-mediated increase in PV+ cells to
the antidepressant behavioral phenotype, these results suggest
that these mechanisms potentially contribute to depressive
behaviors. The recent creation of D2R floxed mice65 will allow
specific inactivation of D2R within PV+ neurons, and it will be
of interest to examine such mice for these phenotypes.

Summary and Conclusions. Disruptions to DA homeo-
stasis have been implicated in a number of neuropsychiatric and
neurological disorders. Many of these disorders, such as
schizophrenia, autism, Rett syndrome, dystonia, and depression,
are also associated with GABAergic dysfunction.19,66−69 Indeed,
interneuron transplantation has recently been proposed as a
potential therapy for such conditions,70 as has targeting the
GABAergic system to treat neuropsychiatric disorders during
adolescence.71 Moreover, developmental alterations to PV
expression and function, in particular, can lead to disrupted
excitation and inhibitory balance that underlies many of these
disorders.19,36,69,72−77

In the current report, we demonstrate that D2R can regulate
interneuron expression and likely function in the ACC, as loss
of D2R results in elevated GAD67+ and PV+ cell density. This
effect is limited to this particular subset of GABAergic
interneurons, because no changes were seen in other subclasses,
and is long-lasting. Given the relatively high expression of D2R
in the ACC, it is likely that the D2R plays an inhibitory role
upon cortical circuits, including GABAergic PV+ interneurons.
These alterations in cell number suggest that increased
GAD67+ and PV+ cells contribute to increased inhibitory
control and altered microcircuitry within this region. Taken
together, our data indicate that alterations to the D2R during
development result in long-term consequences for interneuron
number and functional circuits.

■ METHODS
Animals. D2R knockout (KO) mice on a C57Bl/6J background

were obtained from Jackson Laboratories (Bar Harbor, ME).78 WT
and KO littermates were used for each assay. D2eGFP BAC transgenic
mice, created by the GENSAT project,48 were obtained via the
MMRRC (UC Davis). These mice, originally on a FVB/N
background, were backcrossed onto a C57Bl6/J background for
more than 10 generations. Adult mice were housed 3−5/cage and
were provided with rodent chow and tap water ad libitum, while
younger animals (P14 mice) remained with their dam and sire until
experimentation. Mice were housed in a temperature- and humidity-
controlled AAALAC-approved facility that is maintained on a 12:12 h
light/dark cycle (lights on 0600−1800 h). WT and KO mice were
attained by breeding heterozygotic pairs, while BAC transgenic mice
were produced by breeding hemizygotic and WT mice, with only the

Figure 5. Representative micrographs of colocalization of GFP
(indicating the D2R; A, green) and PV (B, red) in the ACC of
D2eGFP BAC transgenic mice (N = 5). Colocalized neurons are
apparent in the merged image (C), as denoted by asterisks (*). Scale
bar = 25 μm.

Figure 6. D2R-mediated changes in depressive-like behavior. D2R KO
mice (N = 16) spend significantly less time immobile in the tail
suspension test relative to WT mice (N = 9). **p < 0.01 vs WT.
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hemizygotic mice being used for experimentation. Both males and
females were utilized for the histological assays, while only males were
used for behavioral testing. All protocols were approved by the
Vanderbilt University Institutional Animal Care and Use Committee,
and all studies were performed in accordance with the recommenda-
tions in the National Institute of Health’s Guide for the Care and Use
of Laboratory Animals. Genotypes were confirmed by polymerase
chain reaction (PCR) analysis of tail tissue. The following forward and
reverse primers were used to identify the presence of a neomycin
(neo) cassette, which is present in D2R KO mice: 5′-CTT GGG TGG
AGA GGC TAT TC-3′ and 5′-AGG TGA GAT GAC AGG AGA TC-
3′. The following primer set was used to identify WT mice (forward
and reverse primers, respectively): 5′-TGT GAC TGC AAC ATC
CCA CC-3′ and 5′-GCG GAA CTC AAT GTT GAA GG-3′.
Touchdown PCR with primers at 1 μM final concentration was then
performed. Samples were incubated at 94 °C for 8 min. Samples were
then kept at 94 °C for 20 s, cooled to 64 °C (−0.5 °C × cycle
number) for 30 s, and then heated to 72 °C for 35 s for 12 cycles. After
the 12th cycle, samples were heated to 94 °C for 20 s, cooled to 58 °C
for 30 s, and then reheated to 72 °C for 35 s for 25 cycles. Afterward,
samples were held at 72 °C for 2 min, and then cooled to 4 °C. Bands
were visualized by gel electrophoresis (neo band at ∼270 bp and WT
band at 108 bp). BAC transgenic mice were genotyped using the
following primer sets against the eGFP gene (forward and reverse,
respectively): 5′-CCT ACG GCG TGC AGT GCT TCA GC-3′ and
5′-CGG CGA GCT GCA CGC TGC GTC CTC-3′. Dopamine
transporter primers (forward, 5′-CCC GTC TAC CCA TGA GTA
AAA-3′; reverse, 5′-CTC CAC CTT CCT AGC ACT AAC-3′) were
run simultaneously with each sample to identify WT (i.e., non-
hemizygotic mice) in lieu of relying upon the absence of the eGFP
band to determine the genotype. With 1 μM primers (final
concentration), samples were incubated at 94 °C for 3 min, followed
by 30 cycles at 94 °C (30 s), 61 °C (45 s), and 72 °C (45 s).
Afterward, samples were heated to 72 °C for 10 min, and then cooled
to 4 °C. Bands were visualized by gel electrophoresis (DA transporter
band at 565 bp and eGFP band at ∼300 bp).
Chromogenic Immunohistochemistry. Adult (P60 or older, N

= 5−11/genotype) and adolescent (P14, N = 6/genotype) mice were
anesthetized with sodium pentobarbital and transcardially perfused
with 4% paraformaldehyde. Brains were removed and fixed overnight
in paraformaldehyde at 4 °C. Following cryoprotection in a sucrose
gradient (10%, 20%, and 30% in phosphate-buffered saline), brains
were cut coronally into 40 μm sections on a freezing microtome and
stored at −20 °C in freezing solution until further experimentation.
Staining in the D2R KO and WT mice was performed as previously
described using the chromogen 3,3′-diaminobenzidine to visualize
proteins.7,79 Antibodies against mouse PV (1:500; Sigma-Aldrich, St.
Louis, MO), mouse GAD67 (1:2000; Millipore, Billerica, MA), rat
SST (1:400; Millipore), and rabbit CALR (1:4000; Swant) were used
with biotinylated secondary antibodies (1:1000; Jackson ImmunoR-
esearch, West Grove, PA). Because detergent disrupts GAD67
immunolocalization (unpublished observation), Triton X-100 was
eliminated from this assay to minimize membrane rupture; thus,
measured GAD67 counts are likely underreporting the total number of
GABAergic cells. Sections were visualized via a Zeiss AxioImager
microscope with a Zeiss AxioCam HRc camera and corresponding
AxioVision 4.1 software. The ACC, STR, and SSC were imaged at 20×
magnification. Sections included in analysis encompassed the range of
approximately +0.98 to +1.98, relative to Bregma, with three sections
(two hemispheres each) photographed and analyzed per region of
interest × hemisphere by an observer blinded to genotype. For each
hemisphere, one field from SCC, two fields of ACC (dorsal and
ventral portions), and four fields within the STR (dorsomedial,
dorsolateral, ventromedial, and ventrolateral regions) were counted. In
the latter two regions, the fields were nonoverlapping. For each region
examined, cells counts were summed per section and corrected for
profile size using the Abercrombie correction method80 and then
calculated as densities (corrected counts/mm2). Sections from WT
and KO mice were always immunostained in parallel within the same
experiment to ensure that any apparent differences cannot be

attributable to procedural variables, such as small differences in
chemical reaction time.

Fluorescent Immunohistochemistry. Hemizygotic D2eGFP
adult (P60, N = 5) mice were anesthetized and perfused as described
above. An antibody against mouse PV (1:200; Sigma-Aldrich) with a
Cy3-tagged secondary antibody (1:1000, Jackson ImmunoResearch)
was used to label PV+ neurons. An antibody against chicken GFP
(1:100; Life Technologies, Grand Island, NY), in conjunction with a
biotinylated secondary antibody (1:1000, Jackson ImmunoResearch),
standard ABC kit (Vector Laboratories, Burlingame, CA), and
AlexaFluor 488-TSA amplification kit (1:100; Invitrogen), was used
to amplify endogenous GFP expression. Imaging was performed as
previously mentioned, with 20× images captured of the ACC. Cells
were counted based on the presence of the red (PV+) with or without
green (GFP+) fluorophores. Representative images were captured via
a LSM 710 META inverted confocal microscope (Zeiss, Thornwood,
NY) and associated ZEN (Zeiss) software (Figure 5).

PV and D2R Fluorescent in Situ Hybridization. Clones for PV
(Pvalb, accession no. BC027424) and D2R (Drd2, accession no.
BC105666) were obtained commercially (Source Bioscience, Notting-
ham, UK, and Thermo Scientific, Pittsburgh, PA, respectively) and
used for dual fluorescent in situ hybridization.81 In these experiments,
DNP-labeled RNA probes were used to detect D2R mRNA followed
by amplification via anti-DNP-POD (1:200, PerkinElmer) and a biotin
TSA kit (1:100, PerkinElmer). Additional amplification via ABC Elite
kit (Vector Laboratories) and AlexaFluor 488 TSA kit (1:100, Life
Technologies) was then performed. PV probes were tagged with DIG
and detected via anti-DIG-AP (1:100, Roche) and HNPP-Fast Red
detection system (1:100, Roche). Slides were counterstained with
DAPI, and images were visualized via a Zeiss AxioImager microscope.

Tail Suspension Test (TST). Male mice (N = 9−16) were
suspended by the tail from a vertical aluminum bar attached to the top
of a box-like enclosure (33 × 33 × 32 cm3; Med Associates, St. Albans,
VT). Mice were attached to the bar by tape placed ∼1.5 cm from the
tip of the tail for 7 min. Force transducers and automated software
(Med Associates) were used to measure immobility.

Statistical Analysis. Histological and behavioral data from the
D2R KO and WT mice were analyzed via unpaired two-tailed t tests
using GraphPad Prism 5 (GraphPad Software; San Diego, CA), with
genotype (WT vs KO) as the main factor. Significance was set at p ≤
0.05; data are presented as mean ± SEM.
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