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GABAergic interneuron hypofunction is hypothesized to underlie
hippocampal dysfunction in schizophrenia. Here, we use the cyclin
D2 knockout (Ccnd2~'~) mouse model to test potential links be-
tween hippocampal interneuron deficits and psychosis-relevant
neurobehavioral phenotypes. Ccnd2~/~ mice show cortical PV*
interneuron reductions, prominently in hippocampus, associated
with deficits in synaptic inhibition, increased in vivo spike activity
of projection neurons, and increased in vivo basal metabolic activ-
ity (assessed with fMRI) in hippocampus. Ccnd2~/~ mice show sev-
eral neurophysiological and behavioral phenotypes that would be
predicted to be produced by hippocampal disinhibition, including
increased ventral tegmental area dopamine neuron population
activity, behavioral hyperresponsiveness to amphetamine, and
impairments in hippocampus-dependent cognition. Remarkably,
transplantation of cells from the embryonic medial ganglionic em-
inence (the major origin of cerebral cortical interneurons) into the
adult Ccnd2~'~ caudoventral hippocampus reverses these psychosis-
relevant phenotypes. Surviving neurons from these transplants
are 97% GABAergic and widely distributed within the hippocam-
pus. Up to 6 mo after the transplants, in vivo hippocampal meta-
bolic activity is lowered, context-dependent learning and memory
is improved, and dopamine neuron activity and the behavioral
response to amphetamine are normalized. These findings establish
functional links between hippocampal GABA interneuron deficits
and psychosis-relevant dopaminergic and cognitive phenotypes,
and support a rationale for targeting limbic cortical interneuron
function in the prevention and treatment of schizophrenia.
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Precursors of most y-aminobutyric acid (GABA)-releasing
interneurons of the cerebral cortex and the hippocampus
originate in the embryonic medial ganglionic eminence (MGE)
(1-3). A subpopulation of MGE-derived cells differentiates into
fast-spiking, parvalbumin-expressing (PV*) interneurons that
tightly regulate the activity and synchronization of cortical pro-
jection neurons (2, 4). Structural and functional deficits in PV™*
interneurons are hypothesized as a pathophysiological mecha-
nism in schizophrenia and psychotic disorders (4-6).

Although psychotic disorders are clearly heterogeneous in
etiology, disinhibition within temporolimbic cortical circuits is
postulated as a core pathophysiology underlying positive symp-
toms (e.g., delusions and hallucinations) and a subset of cognitive
disturbances that manifest with psychosis (4, 5, 7). Postmortem
studies of brains from individuals with psychotic disorders show
reduced molecular markers of the number and/or function of
PV™* interneurons in the hippocampus (6, 8). Consistent with
these observations, basal metabolic activity in the hippocampus,
as measured with functional magnetic resonance imaging (fMRI),
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is increased in schizophrenia, a phenotype that predicts psychosis
and positive symptom severity (5, 7). This abnormal resting ac-
tivity is postulated to underlie abnormal recruitment of hippo-
campal circuits during cognitive performance (5, 9). Striatal
dopamine (DA) release capacity is also increased and correlated
with positive symptoms in schizophrenia and its risk states (10, 11).
Importantly, hippocampal hyperactivity may contribute to DA
dysregulation (12), because rodent studies show that caudo-
ventral hippocampal (in the primate, anterior hippocampal)
efferents regulate the activity of DA neurons and medial
striatal DA release (13, 14).

Thus, converging evidence implicates hippocampal disinhibi-
tion in the abnormal striatal DA transmission and cognitive
impairment in schizophrenia. However, the role of hippocampal
inhibitory interneurons in psychosis-relevant circuitry remains
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to be established. To this end, we used the cyclin D2 (Ccnd2)
knockout mouse model (15), which displays a relatively selective
deficit in cortical PV* interneurons, and transplantation of
interneuron precursors from the MGE to elucidate relation-
ships between reduced hippocampal GABA interneuron function
and multiple psychosis-relevant phenotypes, and to explore
a novel treatment strategy for psychosis.

Results

PV* Cell Density and Functional Deficits in Ccnd2~'~ Hippocampus.
CCND2 is a G;-phase active cell cycle protein expressed within
the subventricular zone of the MGE. A loss-of-function mutation
of Ccnd?2 leads to reduced proliferation in the MGE and lower
PV* interneuron density in the cortex, while not affecting den-
sities of glutamatergic projection neurons or other interneuron
subtypes of the cerebral cortex (15, 16). To determine the impact
of the PV* neuron deficit on hippocampal output, we compared
PV™" interneuron density, GABA-mediated synaptic inhibition,
and in vivo activity of presumptive projection neurons in the
hippocampus of Ccnd2~'~ mice and their wild-type (Ccnd2*'™)
littermates. Stereology-based quantification showed a significant
reduction in PV* interneuron density in hippocampus, particu-
larly in CA1 (Fig. 1 4 and B and Fig. S1). The apparent PV™*
neuron deficit in these Ccnd2™~ mice showed regional hetero-
geneity, with no significant differences between genotypes in the
medial prefrontal cortex (mPFC) (Fig. S1). In parallel, GABA-
mediated miniature inhibitory postsynaptic currents (mIPSC)
frequencies at projection neurons were decreased in the Ccnd2 ™/~
hippocampus (Fig. 1 C and D) but not in mPFC (Fig. S1B). In-
dices of postsynaptic GABA function (e.g., mIPSC amplitude and
kinetics) and excitatory synaptic transmission appeared un-
changed in Ccnd2™~ mice (Fig. S2). Consistent with the loss of
inhibitory input observed in vitro, a reduction in the density of
spontaneously active presumptive inhibitory interneurons was
observed in Ccnd2™~ mice in vivo, a deficit corresponding with
increased in vivo spike activity of excitatory projection neurons
(Fig. 1 E-G and Fig. S3). Overall, these data suggest regional
heterogeneity in the deficits in PV* interneuron number and
function in the Ccnd2™'~ cortex, with a relatively greater deficit in
hippocampus leading to disinhibition of hippocampal outputs
in vivo.

fMRI Shows Increased in Vivo Basal Metabolic Activity in Ccnd2~/~
Hippocampus. Whether reduced GABA-mediated inhibition
increases hippocampal metabolic activity in vivo was assessed by
using basal cerebral blood volume (CBV) maps of the mouse
brain from gadodiamide-contrast fMRI (Fig. 1H and Fig. S44).
This method is used to characterize hippocampal hypermetab-
olism as a biomarker for psychosis (7). Relative to Ccnd2*'*
littermates, Ccnd2™'~ mice showed increased basal CBV in the
hippocampus (Fig. 17). Basal CBV in the cerebellum was not
different (Fig. S4B), despite an apparent deficit in cerebellar
stellate neurons in the Cend2™~ mouse (17). We thus used the
cerebellum as a reference region for analyses of additional brain
regions and hippocampal subregions. Consistent with the re-
gional variation in the cortical PV interneuron deficit, Ccnd2™/~
mice showed increased basal CBV in the hippocampus but not
in the mPFC or sensorimotor cortex (Fig. S4). Thus, whereas
loss of Ccnd2 function has multiple developmental effects,
decreases in PV* interneuron function and increased hippo-
campal activity comprise a prominent phenotype cluster as-
sociated with this mutation.

Impaired Hippocampus-Mediated Cognition in Ccnd2~~ Mice. The
increased basal or resting activity in hippocampus in schizo-
phrenia patients may compromise recruitment of this region in
response to cognitive demands (5). Thus, we evaluated contextual
fear conditioning (18), a cognitive process that recruits and
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Fig. 1. Impaired inhibition in the hippocampus of Ccnd2~~ mice. (A) Rep-
resentative sections of the rostral hippocampus showing PV* neuron distri-
bution. Right shows higher-magnification of the CA1 region outlined in
yellow on Left. (B) PV* interneuron density in CA1 is reduced in Cend2~-
mice (tg = 3.8, P < 0.05; n = 4). (C) Representative traces from whole-cell
voltage-clamp recordings showing GABA-mediated mIPSCs in CA1 pyramidal
neurons in Ccnd2*+ (Upper) and Ccnd2™'~ (Lower) mice. (D) mIPSC frequency
in CA1 pyramidal cells is reduced in Ccnd2™'~ mice (t;9 = 2.7, P < 0.05; n =
9-12). (E) Schematic showing starting track for in vivo single-unit recordings
in caudal hippocampus. (F) In vivo recording data showing fewer hippo-
campal units with spike characteristics of GABAergic (including PV*) inter-
neurons in Ccnd2™~ mice (t;7 = 3.9, P < 0.005; n = 6-7). (G) Increased in vivo
spike activity (average firing rate) of hippocampal excitatory projection
neurons in Ccnd2”~mice (t;; = 4.1, P < 0.005). (H) MRI images of horizontal
brain sections showing the hippocampal ROI. (/) Increased hippocampal CBV
in Ccnd2 ~~ mice (t;4 = 3.3, P < 0.01; n = 8). Box plots show interquartile
range; whiskers extend to the outermost data points within 1.5x of the
interquartile range. Means are marked by dotted lines and squares, medians
by solid lines, and outliers by solid circles. *P < 0.05, independent t tests.

depends on the hippocampus in rodents. Conditioning took place
in one distinct context (training context) by using five pairings of
tones (conditioned stimulus, CS*) and shock (unconditioned
stimulus, US"). Task parameters, including the use of highly
contrasting contexts, were adjusted to produce robust context-
dependent conditioned behavior in the wild-type mice (Fig. S5)
and minimize contribution of the adult neurogenesis deficit in the
dentate gyrus of Cend2™'~ mice (19, 20). Twenty-four hours later,
we measured freezing to the tone CS™ (without shock), an amyg-
dala-dependent, largely hippocampus-independent response (18).
During subsequent CS* presentations in the novel context, we
monitored posttone freezing, a behavior that is sensitive to hip-
pocampal lesions (21). Six hours after the tone CS™ test, we tested
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Fig. 2. Impaired hippocampus-dependent cognition in Ccnd2™~ mice.
Responses to tone CS* and training context 24-30 h following aversive
conditioning. (A) Conditioned behavioral freezing to the tone CS* presented
in a novel context (arrows indicate CS* presentation). Both Ccnd2*™* (blue
line) and Ccnd2~'~ (red line) mice show minimal baseline freezing (<300 s)
and robust conditioned freezing to the first tone CS* (ti¢ = 1.3, P> 0.25; n =9
per genotype). On subsequent tone CS* presentations, Ccnd2™~ mice show less
posttone freezing, a hippocampus-dependent behavior. (B) Average post-
tone freezing in the novel context (t;sg = 2.3, P < 0.05). (C) Cend2™~ mice
show reduced context-conditioned freezing (t;¢ = 2.3, P < 0.05). The mixed
repeated measures ANOVA showed a significant effect of genotype (F;,16 =
14.4, P < 0.01). Box plot parameters are described in Fig. 1. *P < 0.05,
planned comparisons with independent t tests.

memory for the training context. Cend2™'~ mice showed robust

and selective deficits in the hippocampus-dependent components
of learning and memory in this task (Fig. 2). This impairment was
not associated with qualitative changes in sensory or motor func-
tions or shock sensitivity (Table S1).

Increases in Mesolimbic DA Neuron Population Activity and
Responsiveness to Amphetamine in Ccnd2~/~ Mice. Projections from
the ventral hippocampus to the basal ganglia regulate ventral
tegmental area (VTA) DA neuron activity and responses to am-
phetamine (AMPH). Ventral hippocampal activation increases
DA neuron population activity via disinhibitory circuits involving
GABA neurons in the nucleus accumbens, ventral pallidum, and
VTA (14, 22). We thus predicted that the hippocampal disinhi-
bition in Cend2~'~ mice would lead to increased VTA DA neuron
activity. In vivo recordings within the VTA of anesthetized mice
(Fig. 34 and Fig. S6 4 and B) revealed increases in spontaneously
active DA neurons in Ccnd2™~ mice (Fig. 3B).

By modulating activity within the limbic basal ganglia, ventral
hippocampal activity can drive medial striatal DA release (13,
14) and behaviors mediated by this system, including the loco-
motor response to AMPH (23, 24). Consistent with this function
of the hippocampus, Ccnd2~'~ mice showed a dose-dependent
increase in AMPH-induced locomotion (Fig. 3 C and D and Fig.
S6C), a difference blocked by systemic administration of a DA
D2 receptor antagonist (Fig. S6D). Importantly, this augmented
response in the Ccnd2™'~ mice was eliminated by partial lesions
of the caudal (including caudoventral) hippocampus, but not by
lesions of the overlying parietal cortex (Fig. SOF). Together these
data indicate that the augmented response to AMPH in the
Cend2™~ mice is DA mediated and requires hippocampal activity.

Normalizing Effects of MGE-Derived Interneuronal Precursors
Transplanted into Adult Hippocampus. The data above support
the hypothesis that decreased PV* interneuron function in the
hippocampus contributes to the augmented DA system activity
and cognitive impairment in Ccnd2~'~ mice. However, because the
Ccnd2 mutation exerts its effects early in development, one must
manipulate hippocampal GABA interneuron population in
adulthood to test this hypothesis. Previous studies have shown
that MGE-derived cells transplanted into the postnatal cortex
differentiate into GABA" neurons with interneuron-like mor-
phology. These new GABA neurons enhance synaptic inhibition
of the surrounding neurons and attenuate seizures and related
memory deficits (3, 25). We thus quantified the distribution and

7452 | www.pnas.org/cgi/doi/10.1073/pnas.1316488111

phenotypes of neurons derived from embryonic MGE cells
transplanted into the hippocampus of adult Ccnd2™~ mice and
examined their impact on hippocampal metabolic activity, hippo-
campus-mediated cognition, and VTA DA neuron activity. Cells
were dissociated from the ventral MGE of green fluorescent
protein (GFP)-expressing mouse embryos at embryonic day 15.5
(Fig. 44) and transplanted bilaterally into the ventral hippo-
campus of 6- to 8-wk-old Cend2™~ mice. Control Cend2™'~ mice
received ventral hippocampal injections of killed (freeze-thawed)
MGE cells.

At 4-6 mo after transplantation, brains with active (live-cell)
MGE transplants contained an average of 3,706 [+573 (SEM);
n = 4] surviving (GFP*) cells. These cells showed features of
mature interneurons (Fig. 4 B-D) and were dispersed through-
out the longitudinal axis of the hippocampus. Nearly all of the
GFP™* cells in the hippocampus were GABAergic (97%), with
~56% and 35% expressing PV and somatostatin, respectively
(Fig. 4E). The new neurons were seen primarily in strata oriens
and pyramidale of CA fields. Remarkably, MGE transplants
normalized multiple aspects of the Ccnd2™'~ phenotype. Ccnd2™'~
mice with MGE transplants showed reduced hippocampal CBYV,
to levels similar to those observed in wild-type littermates (Fig.
54). Ccnd2™~ mice with active MGE transplants also showed
improved hippocampus-dependent cognition (Fig. 5 B and C), and
normalization of DA neuron population activity (Fig. 5D) and the
response to AMPH (Fig. 5 E and F).

Previous studies reported a neurogenesis deficit in the adult
dentate gyrus of Ccnd2”~ mice (26, 27). We thus examined the
effects of the transplanted interneurons on newly born neurons in
the adult Ccnd27~ dentate by quantifying cells expressing double-
cortin (DCX™"), a marker of immature neurons. Relative to wild-
type colonymates, both control- and active MGE-transplanted
Cend2™~ mice showed a similarly marked reduction in DCX*
dentate gyrus neurons (Fig. S7). Thus, the effects of MGE-derived
cells transplanted into the caudoventral hippocampus are not likely
mediated by a change in adult hippocampal neurogenesis.

Discussion

The PV* interneuron deficit in Cend2™~ mice is associated
with adult neurobehavioral phenotypes relevant to psychosis,
including increased hippocampal basal metabolic activity as
assessed with fMRI, increased midbrain DA neuron activity,

B/ B/
A B¥ B -/- C & -/- SAL -~ -/- AMPH D . -/-
. [ Q45 * - | gy
y T4 “ & =) ~&-+/+SAL -~ +/+ AMPH S *
N S 40 o = |
§ & 35 £ x 34
AN = |
¥ 830 ‘E'z
- < 25 g . 8%
It 2, 1 c
5, X ; @)
g | g 15 - ¢ 2 |
SToms B0 L & R
- B 30 90

time (min)

Fig. 3. Increased VTA dopamine neuron population activity and hyper-
responsiveness to AMPH in Ccnd2™~ mice. (A) Schematic of coronal section
through the VTA recording region (Upper) and representative extracellular
trace of VTA DA neuron spiking patterns in vivo (Lower) (see also Fig. S6). (B)
The number of spontaneously active DA cells is increased in Ccnd2™~ mice
(tgg = 6.3, P < 0.01; n = 6-7). (C) Locomotor activity before and after in-
jection of saline or AMPH (2.0 mg/kg, i.p.) (n = 4 and 13 per genotype for
saline and AMPH, respectively; arrow indicates time of injection). The pat-
tern shows an interaction between genotype and dose (F; 29 = 6.0, P < 0.05),
genotype and time (F1 9 = 11.2, P < 0.01), and a trend for a three-way in-
teraction (P = 0.078) (n = 4 per genotype for saline; 10-14 per genotype for
AMPH). Planned comparisons show no differences between genotypes be-
fore injection (t3; = 0.2, P> 0.25) or following saline (ts = 0.13, P > 0.25, drug
groups combined). (D) Average post-AMPH locomotion is increased in
Ccnd27"~ mice (ty3 = 4.5, P < 0.001). Box plot parameters are described in Fig. 1.
*P < 0.05, independent t tests.
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Fig. 4. MGE-derived progenitor cells transplanted into the adult hippo-
campus mature into GABAergic interneurons. (A) Summary of the transplant
approach. From GFP* embryos at embryonic day 15.5 (Top), cells were dis-
sociated from the ventral MGE (Middle, solid white arrow shows dissected
area) and transplanted bilaterally into the hippocampi of adult Ccnd2~/~
mice. (B) Representative coronal section through the hippocampus of an
adult host 6 mo after transplantation of active MGE cells showing surviving
GFP* cells with interneuron-like morphology. Images show progressive mag-
nifications of boxed regions. (C and D) Transplanted GFP* cells in the mature
hippocampus showing neurons coexpressing GABA (97% of GFP* neurons) (C)
and PV (D). (E) Percentage of total GFP™ cells colabeled with PV or somatostatin
(SST). Colabeling was assessed separately for PV, SST, and GABA. Remaining
portion (green slice) includes a mixture of GABAergic neuron subtypes.

augmented response to AMPH, and disruption of cognitive
processes that recruit and depend on the hippocampus. Par-
tial restoration of GABAergic interneurons to the adult hip-
pocampus of Ccnd2™'~ mice normalizes these interrelated in
vivo phenotypes, thus establishing the plausibility of causal links
between hippocampal interneuron hypofunction and specific psy-
chomotor and cognitive disturbances in psychotic disorders.
Cortical PV™ interneuron pathology, particularly in the hip-
pocampus, is a frequent feature of rodent models of schizo-
phrenia pathogenesis and may be an outcome common to
multiple susceptibility pathways in this disorder (6, 7, 12, 28).
The current study examines the impact of the loss of a major
regulator of cortical PV* interneuron progenitor proliferation.
Our findings are consistent with postmortem studies implicating
altered development of cortical interneurons in schizophrenia
patients (6, 29, 30). Cyclin D2 expression in the MGE sub-
ventricular zone is important for its selective regulation of PV*
interneuron precursors (15) and raises the possibility of a
CCND2-related mechanism underlying the regional heteroge-
neity in cortical PV interneurons, and greater vulnerability of
the hippocampal population. CCND?2 is robustly expressed in
human fetal brain (16), and its impacts on neural structure and
function are of potential relevance to developmental brain dis-
orders. Whereas loss of Ccnd?2 leads to a decrease in PV* in-
terneuron numbers across the cerebral cortex, the present
quantitative neuroanatomical study suggests a greater impact of
this deficit in the hippocampus. Taken together with the effects
of the MGE transplants, the data indicate that hippocampal
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GABAergic interneurons are important for a subset of the be-
havioral and neurophysiological effects of the Ccnd2 mutation
that is particularly relevant to psychosis and point to the potential
importance of mechanisms regulating cortical interneuron de-
velopment in the pathogenesis of schizophrenia (6).

Although the Cend2™~ mutation has quite selective effects on
brain structure and function, the potential contributions of
neurophenotypes other than the hippocampal PV* interneuron
deficit must be considered. Perhaps most relevant to the cogni-
tive domain tested in this study is the neurogenesis deficit in the
adult Ccnd2™'~ dentate gyrus (26, 27) (Fig. S7). The significance
of “adult neurogenesis” to behavioral health remains under in-
tense investigation (20, 26, 31), and we do not rule out that this
deficit may impact cognition in Ccnd2™~ mice (e.g., ref. 32).
However, the present study indicates that adding new MGE-
derived GABA interneurons to hippocampal CA fields of adult
Ccnd2™'~ mice can improve cognition without stimulating neu-
rogenesis. Ccnd2™'~ mice also show reduced cerebral cortical
volume (16) and a deficit in cerebellar stellate neurons (17).
Although we expect these abnormalities to have effects on cog-
nition and behavior, we and others have observed no evidence
for qualitative sensory or motor (including cerebellar) pheno-
types that would confound psychomotor or cognitive assessments
used in this study. Notably, in schizophrenia, and in several ro-
dent models of genetic susceptibility, hippocampal interneuron
deficits occur in the context of cerebral cortical thinning, cere-
bellar pathology, and cell metabolic abnormalities (6, 28, 29, 33-35).
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Fig. 5. Active MGE transplants into adult hippocampus normalize multiple
psychosis-relevant neural, behavioral, and cognitive phenotypes in Ccnd2™~
mice. (A) Hippocampal CBV (expressed relative to cerebellum) in Ccnd2™~ mice
with control (killed cells; red stipple) or active (live cells; gray stipple) transplants
derived from the ventral MGE. Active transplants in Ccnd2™~ mice lower CBV
(t = 20.2, P < 0.01; n = 3 per transplant condition) to CBV values similar to
Ccnd2*™ mice (blue reference line; data from Fig. S4C). (B and C) Hippocampus-
dependent cognition assessed using the fear conditioning paradigm described
for Fig. 2, showing a significant effect of transplant condition (Fy,11 = 5.3, P <
0.05; n = 3-8). Active MGE transplants lead to increased conditioned posttone
freezing (tested in the novel context) (ty = 3.1, P < 0.01) (B) and improved
learning and/or memory of the training context (ty = 2.8, P < 0.05) (C). (D-F) DA
neuron VTA population activity and locomotor responses to AMPH are nor-
malized (reduced) in Ccnd2™~ mice with active MGE cell transplants. (D)
Spontaneously active DA neurons in the VTA (active < control: t3 = 4.6, P <
0.01; n = 2-3). (E) Time course of locomotion in Ccnd2~"~ mice with control (red
squares; red dashed line) or active (gray squares; gray dashed line) MGE-
derived transplants. Also shown are reference data for nontransplanted
Cend2t* mice (solid blue line, triangles) and Cend2™~ mice (solid red line,
triangles); vertical arrow indicates time of AMPH injection. (F) Average post-
AMPH locomotor activity (active < control; t;; = 2.4, P < 0.05; n = 5-9). Data in
A-D and F are box plots as described for Fig. 1; solid blue horizontal lines show
expected mean values for Ccnd2*'* mice (derived from data in Figs. 1-3 and
Fig. S4C). *P < 0.05, one-tailed independent t tests.
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We thus consider the effects of the hippocampus-targeted
transplants demonstrated in the Ccnd2™~ model to be of par-
ticular relevance to schizophrenia in part because they occur on
a background of other schizophrenia-relevant neuropathologies
(see also ref. 36).

Increased resting metabolic activity in the hippocampus and
adjacent medial temporal cortex is characteristic of schizophre-
nia and its risk states (7). Interneuron dysfunction has been hy-
pothesized to be both a potential driver and consequence of this
abnormal state, in part through dysregulation of glutamatergic
signaling (4, 5, 7, 37). Our findings are consistent with a deficit in
PV™* interneurons driving abnormal hippocampal activity, and
highlight a need for additional studies on mechanisms linking
interneuron function to local cortical metabolism and hemody-
namics. Our in vitro and in vivo electrophysiological data in-
dicate that a disinhibition of hippocampal projection neurons
may contribute to the fMRI hypermetabolism phenotype in the
Cend2™'~ mouse. Although the potential effects of the Ccnd2
mutation on basal ganglia interneurons should also be studied,
our current data argue for a model in which a deficit in the
number or function in MGE-derived GABAergic interneurons in
the hippocampus dysregulates hippocampal projections to limbic
structures and the basal ganglia, leading to multiple phenotypes
associated with schizophrenia including increased basal or rest-
ing hippocampal activity, increased striatal DA neurotransmis-
sion, and related psychomotor and cognitive disturbances (5-7,
9, 12) (Fig. S8).

In the Cend2™~ mouse model, psychosis-relevant phenotypes
derived in part from a developmental PV* interneuron deficit
can be reversed in adulthood with transplantation of MGE-
derived cells into the hippocampus. We hypothesize that the
remarkable, sustained impact of the transplants observed here
is related to the source and developmental stage of the trans-
planted cells: the ventral MGE at mouse embryonic day 15.5.
Our findings extend previous studies showing that transplanted
MGE-derived GABA neurons establish a high degree of synaptic
connectivity and induce plasticity in the host cortex, and have
procognitive effects in disease models (3, 25, 38, 39). The impacts
of the MGE transplants on DA system function observed here
and in a recent report (36) further illustrate the potential of
GABA interneuron precursor-rich transplants in experimental
therapeutics in schizophrenia (3, 6). Indeed, determining the
molecular and physiological changes induced by these trans-
plants, GABA-related and otherwise, will lead to discovery of
novel treatment targets for schizophrenia.

In conclusion, the current findings support the hypothesis that
hippocampal PV™ interneurons play an important role in regu-
lating DA neurotransmission and specific aspects of cognition,
and provide a rationale for developing GABA interneuron
transplant therapies for treatment-resistant psychosis associated
with elevated hippocampal activity. Of equal or greater impor-
tance for experimental therapeutics in schizophrenia will be to
elucidate the mechanisms mediating the differentiation, survival,
migration, connectivity, and function of MGE-derived neuronal
precursors transplanted into the adult cortex.

Materials and Methods

Animals and Treatments. All experiments were approved by the New York
State Psychiatric Institute Animal Care and Use Committee in accordance with
standards set by the National Institutes of Health Office of Laboratory Animal
Welfare. Ccnd2 knockout mice (cf. ref. 15) were maintained on a C57BL/6J
background; sex- and age-matched wild-type littermates (or colony-mates)
were used as controls.

Immunohistochemistry and Neuron Quantification. Histological and cell
quantification protocols are fully described in SI Materials and Methods.
Briefly, paraformadehyde-fixed brains were cryosectioned into 40-um sections
and collected serially into five equal sets according to the principles of sys-
tematic random sampling. Sets were processed with primary antibodies for

7454 | www.pnas.org/cgi/doi/10.1073/pnas.1316488111

parvalbumin (anti-mouse a-PV-235), somatostatin (anti-rat polyclonal; Chem-
icon/Millipore), GABA (anti-rabbit; Sigma-Aldrich), doublecortin (anti-goat;
Santa Cruz Biotechnology), and/or GFP (anti-rabbit or -chicken; Molecular
Probes/Invitrogen). Fluorescent secondary antibodies were used (Rhodamine
Red, DyLight 488, Dylight 405, and DyLight 647; Jackson ImmunoResearch,
diluted to 1:250 or 1:200). A subset of sections were stained for PV by using
goat anti-mouse 1gG (1:200) and a standard avidin-biotin-peroxidase re-
action method. Region of interest (ROI) boundaries for the hippocampus,
medial prefrontal cortex, and somatosensory and motor cortices were
based on standard anatomical landmarks as described in S/ Materials and
Methods. The number of labeled neurons in the entirety of each ROI was
estimated by using a modified fractionator method. Density was calculated
by dividing the total cells counted by the ROl volume as determined with
the Cavalieri estimator.

In Vitro Slice Electrophysiology. Brains extracted from ketamine/xylazine-
anesthetized Ccnd2~'~ and sex-matched Ccnd2*/™ littermates, ages 3-6 wk,
were processed for slice electrophysiology by using a standard protocol
detailed in S/ Materials and Methods. Whole-cell voltage-clamp recordings
of identified pyramidal neurons used glass capillary pipettes (3-5 MQ im-
pedance) filled with a buffered CsCl solution to record GABA, currents or
a buffered potassium gluconate to record excitatory currents. GABAergic
mIPSCs, at a holding potential of —70 mV, were isolated by including te-
trodotoxin (TTX, 1 pM), 2-amino-5-phosphonopentanoic acid (AP5, 50 pM)
and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 40 pM) to the perfusion
solution and confirmed via blockade by gabazine (SR95531, 20 pM). Gluta-
matergic miniature excitatory postsynaptic currents were recorded at —80
mV, isolated by adding TTX and gabazine to the perfusion solution, and
confirmed via blockade with CNQX and AP5. Data were filtered at 5 kHz,
digitized at 10 kHz, and filtered offline by using a low-pass elliptic filter
(1 kHz cutoff) to remove high frequency noise. Amplitude threshold for
mPSC detection was set to three times the square root of mean of noise.
Averages of the frequency, amplitude, 10-90% rise time, and 10-90% decay
time of synaptic currents were calculated from at least 100 s of recording for
each cell and averaged across cells for each subject.

In Vivo fMRI. Design and procedures of imaging experiments were based on
methods developed by Small and colleagues (cf. ref. 7). Briefly, four sets of
axial T2-weighted images were acquired sequentially to generate 86 pm x
86 uym CBV maps, each set consisting of 24 images of 16 min each. Gado-
diamide was injected (13 mmol/kg i.p.) after a precontrast set was acquired.
CBV was mapped as the change in the transverse relaxation rate (R2) in-
duced by the contrast agent. CBV maps were measured from steady-state
T2-weighted images as CBV R2 = In(Spre/Spost)/TE, where TE is the effective
echo time, Spre is the signal before the contrast administration, and Spost is
the signal after the contrast agent reaches steady state. The derived maps
were normalized to the maximum four-pixel signal value of the posterior
cerebral artery. Standard atlases were used to identify anatomical landmarks
and define ROIs (SI Materials and Methods). The hippocampal ROI included
the CA fields, subiculum, and dentate gyrus. For additional genotype com-
parisons of CBV across brain regions and of active versus control MGE
transplants, CBV in the target region was expressed as a ratio to basal cer-
ebellar CBV (Fig. S4).

In Vivo Hippocampal and VTA DA Neuron Recordings. Stereotaxic surgery and
single-unit extracellular recording and neuron sampling methods were
performed in chloral hydrate- or urethane-anesthetized mice by adapting
published methods (14) as described in detail in SI Materials and Methods.
Briefly, glass electrodes (4-10 MQ) filled with 2 M NaCl were used to sample
four tracks spaced 150 um apart within the VTA (Fig. 3A and Fig. S6A) or six
tracks at 200 pm apart in the caudal hippocampus (Fig. 1E). VTA DA neurons
and hippocampal pyramidal and nonpyramidal neurons and the spontane-
ous activity thereof were quantified as described in S/ Materials and Meth-
ods (Figs. S3 and S6).

Behavioral Experiments. Ccnd2™~ mice and sex-matched Ccnd2*/+ littermates
2.5-4 mo of age were used for behavioral testing. Mice were habituated to
handling but were otherwise behaviorally naive for each experiment except
for some transplanted mice, for which contextual fear conditioning followed
locomotor testing by a few days. See SI Materials and Methods for full
details. Spontaneous and amphetamine-induced locomotor activity was mea-
sured in 17 x 17-inch open field boxes under standard lighting conditions. Mice
were placed in open field for 30 min, after which, amphetamine (2 mg/kg
dissolved in isotonic saline at 0.2 mg/mL) or saline was injected i.p. Activity
(distance traveled) was measured for another 60 min. A mixed ANOVA design
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with genotype and drug as factors, and time (before or after injection) as the
repeated measure, was used. This analysis was followed with planned Student
t test comparisons of genotypes within drug condition separately for baseline
and postinjection locomotion. Contextual fear conditioning methods were
adapted from previous studies (e.g., refs. 19 and 21 as detailed in S/
Materials and Methods. Briefly, mice were acclimated to the testing room
1 h before training. The training/testing apparatus was a chamber with
shock grid floors placed within a sound-attenuating chamber. The inner
chamber featured a distinctive combination of visuospatial, tactile, and
odor cues, which together defined the context. On the day of training, mice
were placed in one context (“training context”) and the CS* consisting of
a tone (85 dB, 20 s duration, 4.5 kHz) was presented at 300, 470, 580, 670,
and 840 s. During the last second of each tone, a 0.7-mA scrambled current
was delivered through the floor grid (US*). Mice were removed from the
training context 140 s following the last CS-US presentation. Twenty-four
hours later, mice were placed in a novel context and the tone CS* was
presented without shock at 300, 410, 580, 670, and 830 s. Six hours after the
tone CS* retrieval test, mice were placed in the training context for 600 s.
Conditioned freezing, defined as absence of movement except for respi-
ration, was quantified for the following epochs: (i) during the first pre-
sentation of the tone-CS™", (ii) for the 40-100 s following the offset of CS*
presentations 2-5 (posttone freezing; averaged for all five tones), and (iii)
in the training context. Data were analyzed with a mixed ANOVA with
retrieval phase as the repeated measure and genotype as the between-
subjects factor. Independent t tests were used for planned comparisons
between genotypes.

Transplantation of Progenitor Cells from the MGE. Methods were adapted
from those of Tyson and Anderson (3) as detailed in S/ Materials and
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Methods. Wild-type dams impregnated by transgenic male mice expressing
GFP (FVB.Cg-Tg (CAG-EGFP) B5Nagy/J Jackson Laboratories) were killed on
embryonic day 15.5. GFP* embryos, identified by fluorescence under 488-nm
light, were placed in Hanks' balanced salt solution. Brains were removed and
embedded in 4% (wt/vol) low melting point agarose (Invitrogen) and sliced
to produce 250-um sections from which the ventral two-thirds of the MGE
was dissected (Fig. 4A, Middle). Donor cells were collected as described in S/
Materials and Methods. For control transplants, cells were killed by repeated
freeze-thaw cycles. Active (live-cell) (average density of 30,000 live cells per
microliter) or control (killed-cell) suspensions were injected bilaterally into
the caudoventral hippocampal CA1 of 6- to 8-wk-old mice by using a glass
pipette (50-pm outer-tip diameter) connected to a nano-injector.

Statistics. Except as noted, effects of genotype or transplants were tested
with independent t tests. For experiments with multiple outcomes, multi-
variate analyses were also run to corroborate t tests. Results are reported as
“significant” if P < 0.05 and as “not significant (n.s.)” if P> 0.25; trends are
reported individually.
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