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Abstract

Cortical GABAergic dysfunction may underlie the pathophysiology of psychiatric disorders,
including schizophrenia. Here, we characterized a mouse strain in which the essential NR1 subunit
of the NMDA receptor (NMDAR) was selectively eliminated in 40-50% of cortical and hippocampal
interneurons in early postnatal development. Consistent with the NMDAR hypofunction theory of
schizophrenia, distinct schizophrenia-related symptoms emerged after adolescence, including
novelty-induced hyperlocomotion, mating and nest-building deficits, as well as anhedonia-like and
anxiety-like behaviors. Many of these behaviors were exacerbated by social isolation stress. Social
memory, spatial working memory and prepulse inhibition were also impaired. Reduced expression
of glutamic acid decarboxylase 67 and parvalbumin was accompanied by disinhibition of cortical
excitatory neurons and reduced neuronal synchrony. Postadolescent deletion of NR1 did not result
in such abnormalities. These findings suggest that early postnatal inhibition of NMDAR activity in
corticolimbic GABAergic interneurons contributes to the pathophysiology of schizophrenia-related
disorders.

The discovery! that the psychotomimetic drug phencyclidine noncompetitively blocks the
NMDAR led to the theory that NMDAR hypofunction is important for the etiology and
pathophysiology of schizophrenia2=®. This theory is supported by evidence that various
NMDAR antagonists, including MK-801 and ketamine, induce a psychotic reaction in human
subjects that resembles schizophrenia symptoms. These agents also reinstate pre-existing
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symptoms in stabilized schizophrenia patients’, suggesting that they utilize the same
mechanisms that are already compromised in this disorder. Several genetically engineered
mouse strains carrying mutations in the genes encoding NMDAR subunit proteins also
displayed phenotypes that were similar to schizophrenia®?°. However, it remains to be
determined whether a particular neuron type or a particular critical period of sensitivity
underlies schizophrenia-related behaviors resulting from NMDAR hypofunction.

Postmortem brains of schizophrenia subjects suggest that dysfunction of GABAergic
interneurons, particularly those containing the calcium-binding protein parvalbumin, may be
a core feature of schizophrenial®:11, Supporting this notion, reduced expression of the GABA-
synthesizing enzyme glutamic acid decarboxylase 67 (GAD67)12 and parvalbuminl3 have been
found in cortical interneurons of individuals with schizophrenia. The possibility that
corticolimbic GABAergic interneurons are a prime target for NMDAR hypofunctionl415 js
supported by three lines of evidence. First, acute systemic administration of NMDAR
antagonists results in hyperactivity of cortical pyramidal neurons1 and spillover of cortical
acetylcholinel’ and glutamatel8. These paradoxical cellular changes concur with brain-
imaging data showing net cortical excitation after NMDA antagonist treatment in human
subjects1?20, Second, GABAergic interneurons are disproportionally more sensitive to
NMDAR antagonists than pyramidal neurons®21, although the precise mechanisms for this
difference is unresolved. NMDAR antagonist—induced cortical excitation may be a result of a
preferential reduction in the firing of fast-spiking interneurons and resultant disinhibition of
cortical excitatory neurons. Third, repeated administration of NMDAR antagonists decreases
GADG7 and parvalbumin expression in cortical GABAergic neurons?2=26, linking NMDAR
hypofunction to dysfunction of GABAergic neurons.

To directly test the idea that NMDAR hypofunction in GABAergic interneurons produces
elements of schizophrenia pathophysiology, we used the cre-loxP system to create a
conditional knockout mouse strain in which early postnatal ablation of NR1 (also termed
GIuN1 or Grinl), an indispensable subunit of NMDAR, was targeted to cortical and
hippocampal GABAergic neurons, a majority of which contained parvalbumin. We also
generated a conditional NR1 knockout mutant in which NMDAR deletion occurs after
adolescence in the same neuron population to assess whether adult onset of NMDAR deletion
is critical for the emergence of schizophrenia pathophysiology.

Cre expression confined to corticolimbic GABAergic neurons

We generated a Cre recombinase transgenic line in which Cre expression was driven by the
Ppplr2 gene promoter (protein phosphatase 1, regulatory (inhibitor) subunit 2) (Fig. 1).
Endogenous Ppplr2 is expressed in GABAergic neurons in the striatum, cortex, hippocampus
and, to a lesser degree, pyramidal neurons in hippocampal CA1 (Fig. 1a and Supplementary
Fig. 1). When crossed with a loxP-flanked Rosa26-lacZ reporter mouse, our new line Cre #4127
(Ppplr2-cre*/~; referred to here as Ppplr2-cre or simply cre) resulted in a scattered distribution
of lacZ-positive neurons throughout the prefrontal cortex, neocortex and hippocampus (Fig.
1c—e and Supplementary Fig. 1). The dependence of Cre recombinase expression on the
Ppp1r2 promoter was confirmed by coexpression of lacZ and Ppplr2 (Fig. 1b). Over 92% of
lacZ-positive neurons were GABAergic, as demonstrated by their coexpression of GAD67
(Fig. 1f and Supplementary Fig. 2), and consisted of 40-50% of the cortical GABAergic
neurons across several cortical regions. No lacZ-positive neurons colocalized with the
excitatory neuron markers TBR1 (Fig. 1g) or aCaMKII (Supplementary Fig. 2), suggesting
that Cre recombination occurred exclusively in GABAergic neurons.
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Cre recombination was detected in the cortex and hippocampus first at postnatal day 7 and the
restriction of lacZ expression to GABAergic neurons was maintained for up to 18 weeks
(Supplementary Fig. 3). Immunofluorescence staining in primary somatosensory cortex (S1)
at 8 weeks revealed that >70% of the lacZ-positive neurons were parvalbumin positive (Fig.
1h) and 24% of the remaining population was labeled by antibody to Reelin (Supplementary
Fig. 2). In complementary analysis, Cre-targeted neurons represented 75% of parvalbumin-
positive interneurons and 30% of the Reelin-positive interneurons. In contrast, less than 3% of
Cre-targeted neurons in the cortex were colabeled with antibody to somatostatin
(Supplementary Fig. 2) and 15% of Cre-targeted neurons were labeled by antibody to
neuropeptide Y (Supplementary Fig. 2). No colocalization was observed with antibody to
calretinin in any brain area (Fig. 1i). Thus cre-loxP recombination in the Ppplr2-cre line
occurred early in postnatal development in 40-50% of cortical and hippocampal GABAergic
interneurons, the majority of which were parvalbumin positive.

Ablation of NMDARSs in corticolimbic interneurons

We crossed the Ppp1r2-cre mice with the loxP-flanked NR1 line A (NR1!9*P/0XP_[ine A or
simply Flox-A)27 to restrict NMDAR ablation to Cre-targeted GABAergic neurons.
Homozygous NR1!9XP/1oxP- ppn1r2_cre progeny (Ppplr2-cre*’~; NR1IOXP/I0XP_[ine A
hereafter postnatal knockout mutant or simply mutant) were viable and fertile, with no gross
morphological abnormalities revealed by Nissl staining. The spatial and temporal pattern of
NR1 mRNA was analyzed by in situ hybridization (Fig. 2a—c). Expression of NR1 mRNA in
control mice (Cre and Flox-A) was detected in most neurons expressing Gad67 mRNA. In
contrast, NR1 mRNA expression was absent in 40-50% of cortical and hippocampal GAD67-
positive neurons in 4-week-old mutant mice (Fig. 2c), suggesting that NR1 was knocked out
in Cre-targeted GABAergic neurons. This pattern was maintained in the mutant mice up to 20
weeks, with no noticable decrease in NR1 mRNA being detected in other areas, including
striatum, basolateral amygdala, thalamic reticular nucleus, cerebellum and the nucleus tractus
solitarius (Fig. 2c and Supplementary Fig. 4). No difference was found for the ratio of
Gad67 mRNA-—positive neurons to the total number of neurons between genotypes,
demonstrating an absence of neurodegeneration following NR1 ablation (medial prefrontal
cortex, 20.1 + 2.3% for control (Ppplr2-cre and Flox-A, n =4 in total) versus 19.6 + 3.4% for
mutant (n = 3), t test, P =0.91; S1 cortex, 21.5 + 2.3% for control versus 20.3 + 3.5% for
mutant, t test, P = 0.76). Moreover, there were no differences among genotypes in the number
of NR1 mRNA—positive, Gad67 mRNA-negative neurons in the Cre-targeted areas, including
the CAL pyramidal neuron layer of the hippocampus at 20 weeks of age, indicating that there
was no reduction of NR1 mRNA in excitatory neurons (Supplementary Fig. 5).

To evaluate whether NMDAR function was absent in the Cre-targeted neurons, we induced
coexpression of enhanced yellow fluorescent protein (EYFP) by Cre recombination (Fig. 2d)
by crossing mutants or Pppr12-cre mice with a loxP-flanked Rosa26-EYFP line. Whole-cell
patch-clamp recordings of EYFP-expressing neurons in S1 and hippocampal CA1 were
performed in mutants (Ppplr2-cre*’—; NR1!0xP/IoxP_jine A: Rosa26-EYFP!*P/*) and Cre
controls (Ppplr2-cre*’~; Rosa26-EYFP!oXP/+) at 6-26 weeks of age. In the presence of the
AMPA-type glutamate receptor channel blocker 6-nitro-7-sulfamoylbenzo(f)quinoxaline-2,3-
dione (NBQX), spontaneous excitatory postsynaptic currents (SEPSC) were observed in all the
neurons examined in Cre-control mice, including fast-spiking neurons (Fig. 2e,f and
Supplementary Fig. 6). SEPSCs were mediated by NMDAR channels, as they were
subsequently blocked by the addition of the NMDA channel blocker o(—)-2-amino-5-
phosphonovaleric acid (o-AP5). In contrast, in the presence of NBQX, no sEPSCs were
observed in the S1 of the mutant mice and no further blockade was observed following the
addition of o-AP5. EYFP-positive neurons in the hippocampal CA1 subfields of mutant mice
yielded similar results (Supplementary Fig. 6). Kinetic analysis under baseline conditions also
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showed that the mean decay time of SEPSCs in Cre-targeted neurons in the mutant mice was
significantly shorter than in Cre-controls (Mann-Whitney U test, P < 0.01, Supplementary Fig.
6), suggesting the absence of the slow NMDAR component of the SEPSC in the mutants.
Immunocytochemical analysis confirmed that all of the biocytin filled—neurons during whole-
cell patch-clamp recording of EYFP-positive neurons colocalized with GAD67. Many neurons
also colocalized with parvalbumin (Fig. 2d) and some displayed fast-spiking, nonadapting
firing patterns (Supplementary Fig. 6). Together, this suggests that NMDAR was functionally
eliminated from the Cre-targeted GABAergic neurons in the mutant mice.

Psychiatric symptoms precipitated by social isolation stress

To assess the behavioral consequence of knocking out NMDAR in corticolimbic GABAergic
neurons, we subjected mutant (Ppplr2-cre*’~; NR1I9XP/1oxP_|ine A) males and age-matched
control (Flox-A line, NR1!9xP/1oXP_[ine A or Cre, Ppp1r2-cre*/") males (8-18 weeks old) to a
battery of behavioral tests. Mice were single-housed for >1 week before testing unless
otherwise noted. The mutant mice had no significant impairment in basic functions, including
body growth rate, thermoregulation, basic auditory, visual and olfactory function, pain
sensitivity and motor coordination (Supplementary Fig. 7). Spatial acuity, assessed by visually
evoked potentials, was also normal. No obvious locomotor abnormality was apparent at 9-10
weeks of age (Supplementary Fig. 8). However, novelty-induced hyperlocomotion was
prominent in the mutant mice during the first 3 min of spontaneous exploration in an open-
field test (Fig. 3a), and they also spent substantially less time than controls exploring the
unprotected center area of the open field (Fig. 3b), consistent with an anxiety-like phenotype.
To explicitly test for anxiety-like behavior in the mutant mice, we subjected naive mice to an
elevated plus-maze task. Group-housed mutant mice (3-5 per cage) exhibited clear anxiety-
like behavior at 16 weeks of age, but not at 8 weeks (Fig.3c and Supplementary Fig. 8). This
phenotype was precipitated by social isolation—induced stress and became evident in 8-week-
old mutants that were single-housed for a week (Fig. 3c).

A two-bottle saccharine-preference test was conducted to explore the effect of social isolation—
induced stress on hedonistic-like/reward-seeking behavior. Mutant mice that received 8 weeks
of social isolation beginning at 8 weeks of age had a decreased preference for sweet solutions
(Supplementary Fig. 9) but showed no change in total fluid intake (Supplementary Fig. 9),
indicating a mild anhedonia-like state. We did not observe this phenotype in 12-week-old
mutant mice that received social isolation for 4 weeks (data not shown), suggesting that there
was a quiescent period before the emergence of anhedonia-like symptoms. Anhedonia is
commonly associated with depressive-like behavior. However, single-housed 12—-15-week-old
mutant mice performed normally in the forced swim test, a standard measure of behavioral
despair for rodents that is often used to evaluate the efficacy of antidepressants (Supplementary
Fig. 9).

Nest-building behavior was observed to assess social activity. Control mice consistently
formed a clean and identifiable nest in a distinct location of a new cage using all of the cotton
nestlet provided as starting material the evening before (Fig. 3d). In contrast, mutant mice did
not build a clear nest by the morning. Quantitative analysis revealed a clear nest-building
deficit, which was prominent in mutants older than 12 weeks of age. Notably, mutant mice that
were group-housed until 16 weeks of age had a milder nest-building deficit, suggesting that
this phenotype was also precipitated by the social isolation—induced stress.

Decreased breeding efficiency was also observed in the mutant mice compared with control
mice (data not shown). To determine whether the inefficient breeding was a result of an
impairment in mating behavior, mutant males were exposed to superovulated naive wild-type
C57BL/6N females in the evening and copulatory success was assessed 12 h later. The number
of females with copulatory plugs was significantly lower when paired with mutants (>12 week
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old) that had been socially isolated from 7 weeks of age. This deficit in mating behavior was
not a result of reproductive organ dysfunction, as pairs that successfully bred produced normal-
sized litters (Supplementary Fig. 9).

Behavioral features reminiscent of human schizophrenia

To extend our analysis of the mutant to social behaviors, we subjected 12-week-old mutant
mice and control littermates to a social-recognition test in a novel cage (Fig. 3e). Control mice
demonstrated social investigation (intense sniffing) toward a 4-week-old ‘stimulus male’
during the first 1-min presentation but spent less time investigating the same mouse in
subsequent presentations, reflecting an intact social short-term memory. During the last trial,
subjects were presented with a new stimulus male and controls again demonstrated social
investigation (increased sniffing), suggesting normal social recognition and intact social short-
term memory. In contrast, the mutant mice did not investigate the stimulus mouse during the
first 1-min presentation, which may be a result of enhanced novelty-induced anxiety
(Supplementary Fig. 9). However, mutant mice showed increased social investigation toward
the stimulus mouse after the second trial, which was maintained in subsequent trials without
habituation (Fig. 3e). If the stimulus male was present continuously for 10 min in a subsequent
test, both the mutant and control mice displayed decreased social investigation (Supplementary
Fig. 9). This suggests that the impaired habituation of social investigation by the mutants may
be a result of a deficit in short-term memory. To test for a short-term memory deficit, we
conducted a test of spontaneous Y-maze alternations, a spatial working memory task based on
the natural tendency of mice to alternate the choice of maze arms. Although reliable alternation
was observed in control mice, mutant mice displayed a reduction in alternation to chance levels
(Fig. 3f), suggesting the presence of a spatial working memory deficit, which is well
documented in schizophrenia2®,

Prepulse inhibition (PP1) of the startle reflex, a measure of sensorimotor gating, is also
decreased in human schizophrenia2®. We observed impaired PPI of the auditory startle reflex
in 10-12 week-old single-housed mutant mice (Fig. 3g), although they had normal reflex
amplitudes (Supplementary Fig. 7). Age-matched, group-housed mutant mice showed a similar
impairment in PPI (Supplementary Fig. 9), suggesting that this deficit is unaffected by social
isolation—induced stress.

To ask whether the behavioral deficits of our mutant could be reversed by antipsychotics, we
evaluated the behavior of the mutants following chronic treatment with the second generation
antipsychotic risperidone. Chronic oral administration of risperidone for 3 weeks alleviated
the deficit in spatial working memory (Fig. 3h) without affecting general locomotor activity
in the Y maze (Supplementary Fig. 9). The PPI deficits in the mutant mice (16 weeks old on
average) were also partially ameliorated by risperidone (Supplementary Fig. 9). However, not
all the behavioral deficits (such as the nest building deficit; Fig. 3i) were reversed by
risperidone.

Psychomotor effects elicited by systemic administration of the noncompetitive NMDAR
antagonist MK-801 provide an animal model for psychotic symptoms of schizophrenia3C.
Locomotor hyperactivity induced by intraperitoneal administration of MK-801, which was
observed in the Flox-A controls, was largely diminished in the mutant mice (Fig. 3j). The result
suggested that NMDAR deletion from 40-50% of corticolimbic GABAergic neurons during
early postnatal period may be sufficient to elicit a brain state similar to that of the MK-801-
sensitized mice, thereby resulting in the occlusion of MK-801-induced hyperlocomotion.
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Reduced GADG67 and parvalbumin with cortical disinhibition

We quantified the levels of GAD67 and parvalbumin proteins in GABAergic neurons under
confocal microscopy. GADG67 and parvalbumin expression was decreased in Cre-targeted
GABAergic neurons of mutants, but not in the nontargeted neurons (Fig. 4a—c and
Supplementary Fig. 10). Cre recombinase expression alone did not reduce the level of GAD67
or parvalbumin, suggesting that dysregulation of GABAergic neuron maturation was a specific
consequence of NMDAR deletion in postnatal development.

The decrease in GADG67 could lead to reduced GABA synthesis and release and a subsequent
state of disinhibition in cortical excitatory neurons'. To assess this possibility, we conducted
in vivo tetrode recordings from mouse S1 during exploration of unfamiliar linear tracks (Fig.
5). Putative pyramidal neurons were defined by a relatively broad spike waveform (peak to
trough width >380 ps; Fig. 5b) with a negative curvilinear afterhyperpolarization (Fig. 5a).
Putative pyramidal neurons from 13-14-week-old mutant mice showed increased mean firing
rates compared with age-matched controls (Fig. 5¢) and decreased cross-correlation with
nearby neurons (Fig. 5d,e). There was no difference in exploratory behavior between
genotypes, including running speed on the linear track (3.2 + 0.7 cm s~ for control versus 3.5
+ 1 cm s~1 for mutant mice, t test, P = 0.85). These results indicated that the mutant mice had
augmented, but unsynchronized, activity in excitatory neurons.

Early postnatal NR1 deletion crucial for phenotype development

NR1 mRNA is abundantly expressed in cortical and hippocampal interneurons throughout life
(Fig. 2c). We next asked whether knocking out NR1 in corticolimbic interneurons at a later
developmental time point would produce behavioral phenotypes similar to those observed
when NR1 was knocked out early in postnatal development. To achieve knockout of the
NR1 gene in adults in the same Cre-targeted populations, we used a second loxP-flanked
NR1 line (NR1I9XP/IoxP_jine B, referred to here as Flox-B)3! with two loxP sites located ~12
kb apart, resulting in substantially delayed recombination. NR1 ablation in corticolimbic
GABAergic neurons in the resultant knockout mutant (Ppp1r2-cre*/~; NR1!0XP/10xP_jine B,
referred to here as adult knockout mutant) obtained by crossing Ppp1r2-cre mice with the Flox-
B line began at 8 weeks and was completed by 20 weeks (Fig. 6a).

Behavioral analysis of single-housed adult knockout mutant males and Flox-B control
littermates were conducted 5 weeks after the completion of NR1 knockout (at 25 weeks) to
parallel the time course used in the postnatal knockout experiments. Adult knockout mutants
did not show the behavioral deficits observed in the postnatal knockout mutant mice and
displayed normal social recognition (Fig. 6b), normal PPI of the auditory startle reflex (Fig.
6¢) and normal behavior in the elevated plus maze (4.87 + 1.2 entries to open arms for Flox-
B control versus 3.82 + 1.4 for adult knockout mutant, t test, P = 0.58) and in the Y-maze
spontaneous alternation task (alternation index (%); 65.8 + 6.1 for Flox-B control versus 65.2
+ 4.6 for adult knockout mutant, t test, P = 0.93). Even at >32 weeks of age, adult knockout
mutants did not have a nest-building impairment (0.02 + 0.01 g of unused nestlet for Flox-B
control versus 0.016 + 0.02 g for adult knockout mutant) or anxiety-like behaviors (data not
shown), indicating that the absence of deficits in adult knockout mutants was not a result of a
delayed onset of schizophrenia-related symptoms. There was also no reduction in GAD67 or
parvalbumin immunoreactivity in the Cre-targeted neurons of the adult knockout mutants
immediately after the completion of NR1 deletion (20 weeks old; data not shown) or at 26-27
weeks (Fig. 6d), suggesting that GABAergic dysfunction in adult knockout mutants was
negligible. Moreover, in vivo electrophysiological recordings revealed no differences in mean
firing rates or cross-correlation values between nearby pyramidal neurons in adult knockout
mutants versus controls (Fig. 7a—c). Collectively, these results suggest that early postnatal
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NMDAR hypofunction in corticolimbic GABAergic neurons is crucial for the development of
schizophrenia-related symptoms in mice.

Discussion

We found, to the best of our knowledge, for the first time that the integrity of NMDAR in
cortical and hippocampal interneurons in early postnatal development was critical for
maintaining normal GABAergic function. Furthermore, a restricted deletion of NMDAR in
early postnatal corticolimbic interneurons was sufficient to trigger several behavioral and
pathophysiological features in mice that resemble human schizophrenia. Together, our results
provide strong experimental support for the long-standing hypothesis that corticolimbic
NMDAR hypofunction is a primary site of schizophrenia pathogenesisl415,

Cortical interneuron NMDAR hypofunction and schizophrenia

Our postnatal NR1 knockout mutant mice share several pathophysiological features that are
typical of major psychiatric disorders, especially, the constellation of symptoms found in
schizophrenia. In particular, the mutant mice exhibited both positive symptoms, such as
psychomotor agitation, and negative symptoms, such as a reduced preference for sweet solution
and deficits in nesting/mating, which mirror anhedonia and social withdrawal. In addition, the
mutant mice had cognitive symptoms such as deficits in spatial working memory and short-
term social memory. Impaired sensorimotor gating, as indicated by decreased PPI of the startle
reflex in our mutant mice, is also often observed in individuals with schizophrenia2®. Similarly,
the NR1-deleted cortical GABAergic neurons had reduced GAD67 and parvalbumin levels,
concurring with reduced expression of these markers12:13 in the postmortem cortex of
individuals with schizophrenia. The disinhibition of cortical excitatory neurons and reduced
neuronal synchrony that we observed in the postnatal knockout mutants is also consistent with
hyperactivity of the dorsolateral prefrontal cortex during a working-memory task, which is
seen in individuals with schizophrenia32.

Notably, several mutant phenotypes, including deficits in nest building and mating, anhedonic,
and anxiety-like behaviors were first observed after 12 weeks, suggesting that there is a latency
period between NR1 knockout and the emergence of these phenotypes. This latency period
resembles the premorbid stage that precedes the emergence of symptoms that is characteristic
of several major psychiatric disorders, particularly schizophrenia32. Social isolation—induced
stress exacerbated the expression of these phenotypes in the mutant mice, similar to the stress-
induced precipitation typical of psychiatric illnesses in human, which is particularly well-
characterized in schizophrenia3.

Utility of conditional NR1 mutants for schizophrenia research

The phenotypes observed in our mutants reflect many, but not all, of the clinical features of
human schizophrenia. For instance, the finding that spatial working memory deficits were
ameliorated by chronic treatment with risperidone is consistent with evidence that risperidone
alleviates phencyclidine-induced behavioral abnormalities in rodents, including working-
memory deficits3®. However, there are conflicting reports about the efficacy of risperidone to
ameliorate deficits in verbal and spatial working memory in schizophrenia subjects36:37.

Although a number of schizophrenia susceptibility genes have been implicated in the
modulation of NMDAR activity38, genetic linkage studies have not directly associated
polymorphisms in the NR1 subunit with schizophrenia3?. It is also unlikely that genetic
predispositions of human schizophrenia are manifested solely in corticolimbic GABAergic
neurons. Nevertheless, we expect that our strategy to spatially and temporally restrict NMDAR
hypofunction will provide insights into the mechanisms of cellular and behavioral
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manifestation of schizophrenia-related phenotypes. Indeed, restricting the genetic deletion of
NRL1 to corticolimbic GABAergic neurons during early postnatal development was sufficient
to trigger the development of schizophrenia-related phenotypes after adolescence in mice.

Evidence for neurodevelopmental origin of pathophysiology

Methods

Schizophrenia-related behaviors in mice were absent when genetic NR1 ablation in GABAergic
neurons occurred after adolescence. It appears that the dysregulation of GABAergic neurons,
as revealed by the reduction of GADG67 and parvalbumin levels, is not simply attributed to NR1
deletion from GABAergic neurons. Instead, the NR1 deletion impaired the postnatal
maturation of GABAergic neurons, and, in the absence of proper GABAergic inhibition, the
refinement of cortical circuitry may be impaired#?. Accordingly, postnatal NR1 knockout in
the corticolimbic GABAergic neurons contributed to an increase in excitatory neuronal activity
and reduced neuronal synchrony; no such phenotypes were observed in adult NR1 knockout
mutant mice. The mechanisms by which NMDA hypofunction impairs cortical maturation and
underlies the pathological phenotype warrants future research.

This idea of abnormal maturation of cortical circuits is consistent with the neurodevelopmental
hypothesis of schizophrenia®!. Notably, early postnatal NR1 deletion in our mice corresponds
to a period encompassing late gestation up to 2 years in human infants*2. We speculate that a
disturbance of NMDAR function in cortical interneurons during this early developmental
period, resulting from genetic or epigenetic alteration of NMDARs or downstream signaling
molecules, would lead to abnormal cortical maturation and increase susceptibility to
psychiatric illness after adolescence. Our postnatal NR1 knockout mutants promise to provide
insights into approaches for understanding the development of human psychiatric illnesses
such as schizophrenia.

Methods and any associated references are available in the online version of the paper at
http://www.nature.com/natureneuroscience/.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Generation of a corticolimbic GABAergic neuron-restricted Cre line. (a) Endogenous Ppp1r2
immunoreactivity in primary somatosensory cortex (S1) of a 4-week-old wild-type C57BL/
6N mouse (Alexa 488, green) colocalized with antibody to GAD67 (Cy3, red). (b) Ppplr2-
cre mice (8-week-old) crossed with the loxP-flanked Rosa26-lacZ reporter. Cre recombination
(B-galactosidase (B-gal)-Cy3, red) occurred in Ppplr2-positive neurons (Alexa 488, green) in
S1. (c-e) Spatial distribution of Cre recombinase activity in parasagittal sections from an 8-
week-old Ppplr2-cre; Rosa26-lacZ double-transgenic mouse stained with X-Gal (blue) and
Safranin O (red). Sections are from S1 cortex (c), prefrontal cortex (d) and hippocampus (g).
cc, corpus callosum, fim, fimbria; olf, olfactory bulb. (f- i) Immunofluorescence of coronal
sections from Ppp1r2-Cre; Rosa26-lacZ mice. High-magnification confocal images were used
to quantify colocalization. More than 92% of Cre-targeted neurons (B-gal positive) expressed
GADG67 (f) but not TBR1 (g). Approximately 75% of GADG67-positive neurons were
parvalbumin (PV) positive (h) and none were calretinin (CR) positive (i). Lower left insets,
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higher magnification of boxed regions. Scale bars represent 100 um (a,b,f-i) and 500 pm (c—

e).
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Figure 2.

Restricted NR1 deletion in GABAergic neurons in cortex and hippocampus. (a) Representative
photomicrographs of nonradioisotope double in situ hybridization of parasagittal sections of
S1 from 4-week-old Flox-A (NR1!0xP/1oxP_jine A) and mutant (Ppp1r2-cre*/~; NR1!0xP/loxP_
line A, KO) mice (GADG7, red; NR1 blue; colocalization, brown). Scale bars represent 50
um. (b) High magnification of boxed area in the mutant section depicting GABAergic neurons
with (brown arrows) and without (red arrows) detectable levels of NR1 mRNA. Non-
GABAergic neurons expressing NR1 mRNA are indicated by blue arrows. Scale bar represents
20 um. (c) Regional and temporal quantification of NR1 mRNA in GAD67-positive neurons.
BLA, basolateral amygdala; DG, dentate gyrus; mPFC, medial prefrontal cortex. n = 3 for each
mutant age, controls n = 4 at 4-20 weeks old. (d) Immunohistochemical characterization of a
neuron filled with biocytin (blue) during whole-cell patch-clamp recording in S1 slices from
Ppplr2-cre mice crossed with the loxP-flanked Rosa26-EYFP mice. Cre-targeted neurons
were identified by EYFP expression during recording and later stained for GFP (green). The
white arrow indicates triple colocalization of EYFP, biocytin and parvalbumin (red). (e)
Representative traces of whole-cell patch-clamp recordings from Cre-targeted neurons in S1
slices of Cre control (Ppplr2-cre*’~; Rosa26-EYFP!*P/+) and mutant (Ppplr2-cre*’~;
NR1/0xP/IoXP_[ine A; Rosa26-EYFP!o*P/+ KO) mice under different pharmacological
conditions (black traces; black scale bars indicate 20 pA and 500 ms). Spontaneous EPSCs
(arrowheads) recorded in the presence of NBQX in the Cre controls, but not in mutant mice,
were reduced by the NMDA channel blocker AP5. Blue traces indicate the average of 20
SEPSCs; blue scale bars represent 20 pA and 50 ms. The recording of Cre control is from the
neuron with the white arrow in d. (f) SEPSC amplitudes of Cre-targeted S1 neurons under
baseline conditions, AMPA blockade (+NBQX), and AMPA/NMDA blockade (+NBQX/
+APV). We observed no NMDA components in the mutant mice. Mann-Whitney U Test, *
P < 0.05 versus Cre control. Data are mean + s.e.m.; number of cells is indicated in parentheses
from KO (n = 11) and Cre control (n = 10).
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Figure 3.

Flox-A KO KO

Time (min) MK-801 Solvent

Early postnatal NR1 deletion leads to schizophrenia-related behaviors. (a,b) Increased
peripheral locomotion following exposure to a novel open field and decreased exploration of
the anxiogenic central area in mutant mice versus controls (Cre and Flox-A) (repeated measures
ANOVA/LSD post hoc test, * P < 0.05 versus Flox-A and Cre). (c) Social isolation induced
anxiety-like behavior in the elevated plus maze, as shown by the decreased number of entries
into unprotected open arms by mutant mice compared with controls (ANOVA/LSD post hoc
test, * P < 0.05 versus controls). (d) Left, representative pictures of the nests of Flox-A and
mutant mice (arrow, unused material). Right, single-housed mutant mice displayed a
significant deficit in nest construction starting at 14 weeks of age, as determined by weighing

Nat Neurosci. Author manuscript; available in PMC 2010 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Belforte et al.

Page 15

the unused nestlet material after overnight housing in a new cage (two-way ANOVA/LSD post
hoc test, * P < 0.05 versus Flox-A and Cre). Group-housed mutant mice had a smaller deficit
compared with age-matched single-housed mutants (16 weeks old, ANOVA/LSD post hoc
test, # P < 0.05 versus controls and single-housed mutant mice). () The social-recognition test
revealed impairment in social short-term memory in the mutant. Flox-A control mice decreased
social investigation time following repeated exposures (1 min each) to a stimulus mouse. A
fifth dishabituation trial elicited an increased response to a novel mouse, showing individual
recognition. In contrast, mutant mice did not show habituation after repeated presentations of
the stimulus mouse (second to fourth presentation, repeated measures ANOVA/LSD post
hoc test, * P < 0.05 versus Flox-A), suggesting social amnesia, and reduced investigation time
during the first presentation. (f) In the Y-maze spontaneous alternation task, the mutant mice
alternated between the arms at the chance level (dotted line; ANOVA/LSD post hoc test, * P
< 0.005 versus Flox-A and Cre). (g) Mutant mice at 10-12 weeks of age were impaired in
prepulse inhibition of the auditory startle reflex across prepulse intensities (two-way ANOVA/
LSD post hoc test, * P < 0.005 for genotype factor). (h) Chronic treatment with risperidone
(2.5 mg per kg of body weight per d for 3 weeks in drinking water) ameliorated the working
memory deficit of the mutant mice in the Y-maze spontaneous alternation task (repeated-
measures ANOVA/LSD post hoc test, * P < 0.05, versus. Flox-A, # P < 0.001 mutant mice
treated with risperidone versus solvent). Dotted line indicates chance level. (i) Chronic
risperidone treatment did not rescue the deficit in social nest building (repeated-measures
ANOVA/LSD post hoc test, P = 0.56 mutant mice treated with risperidone versus solvent, P
< 0.01 mutant mice treated with risperidone versus Flox-A treated with risperidone). (j)
Noncompetitive NMDAR antagonist—induced locomotion was diminished in mutant mice.
Left, time course of MK-801-induced locomotor activity (broken line, MK-801 injection, 0.2
mg per Kg intraperitoneal; repeated-measures ANOVA/LSD post hoc test, * P < 0.05 versus
MK801-treated mutant mice (MK), # P < 0.05 versus mutant mice treated with solvent). Right,
cumulative distance traveled after MK-801 treatment (30—120 min; one-way ANOVA/LSD
post hoc test, * P < 0.02). Data are mean % s.e.m.; n is indicated in parentheses or plot bars.
Cre, Ppplr2-cre*’~; Flox-A, NR1!9XP/IoXP_[ine A: KO, Ppp1r2-cre*/—; NR1I0XP/I0xP_[ine A
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Figure 4.

Decreased expression of GADG67 and parvalbumin in NR1-deleted neurons. (a) Confocal
photomicrographs of coronal sections (layer 11/111 S1) immunostained with antibodies to GFP
(green, Alexa488) and GADG67 (red, Cy3) to identify Cre-targeted neurons from mutant or
Ppplr2-cre mice crossed with loxP-flanked Rosa26-EYFP mice (12 weeks old). Scale bar
represents 40 um. (b,c) Quantitative analysis of GAD67 (b) and parvalbumin (c)
immunoreactivity in Cre-targeted and nontargeted neurons in S1 coronal sections from Cre
controls (Ppplr2-cre*/~; Rosa26-EYFP!?XP/*) and mutant mice (Ppplr2-cre*’~;
NR1loxP/loxP_[ine A: Rosa26-EYFPIOXP/*) at 1214 weeks old). Bars depict mean + s.e.m.,
animal number is indicated in parantheses, two-way ANOVA/LSD post hoc test, * P < 0.005,
** P <0.01.
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Figure 5.

Increased firing of cortical excitatory neurons accompanied by reduced neuronal synchrony.
(a) A representative cluster analysis of spike waveforms, sorted into individual units on the
basis of spike amplitude distribution. Inset, average spike shape for putative pyramidal neuron
(blue) and interneuron (red). Note the characteristic difference in the slope of the
afterhyperpolarization phase. (b) No difference in spike-width distributions in neurons
recorded from S1 in 13-14 week-old freely moving mutant mice (Ppp1r2-cre*;
NR1loxP/loxP_[ine A n = 4, KO) and controls (n = 2 for Cre (Ppp1r2-cre*/"), n = 2 for Flox-A
(NR1!oxP/IoxP_[ine A during exploration of an unfamiliar linear track. Units with spike widths
>380 us were considered to be putative pyramidal neurons. (c) Mean firing rates of putative
S1 pyramidal neurons were significantly higher in mutant mice compared with controls. Each
dot is the mean firing rate for an individual neuron (n = 34 control, n = 29 mutant mice). Box
plots depict medians (box centers), interquartile ranges (box boundaries) and 10-90t"
percentiles (whiskers). Mann-Whitney U test, * P < 0.005. (d) Synchronized activity of pairs
of nearby neurons from the recording shown in ¢ was assessed by computing the cross-
correlation for all pairs of pyramidal neurons recorded from a single tetrode. Representative
cross-correlograms from controls exemplifying three different correlation responses:
significantly positive (blue), significantly negative (red) and nonsignificant cross-correlation
(black). Dotted lines indicate 99% confidence interval. Mutants showed a higher incidence of
nonsignificantly correlated pairs of neurons (controls, 26 of 62 pairs (42%); mutant mice s, 31
of 42 pairs (74%); 52 test, * P < 0.005]. (e) Decrease in the magnitude of cross-correlations
across all pairs in mutant mice regardless of the polarity. Each dot represents an individual
pair. Mann-Whitney U test, * P < 0.0005.
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Figure 6.

No schizophrenia-related phenotypes were observed following adult NR1 deletion. (a) Left,
representative photomicrographs from cortex of the adult knockout mutant (Ppp1r2-cre*/=;
NR1!oxP/loxP_[ine B) prior to onset of recombination (8 weeks old) and after recombination was
completed (20 weeks old). Brown arrows indicate colocalization of Gad67 and NR1 mRNAs,
and red arrows indicate GAD67-positive neurons lacking NR1 mRNA. Right, quantification
of double in situ hybridization detection of NR1 and Gad67 mRNA in the adult knockout
mutants (n = 3 for each age). (b,c) Single-housed adult knockout mutants tested at 25-29 weeks
of age were not impaired in a social-recognition test (b) or PPI (c). (d) After crossing with the
loxP-flanked Rosa26-EYFP mice, adult knockout mutants (Ppp1r2-cre*/~; NR110xP/0xP_|jne
B; Rosa26-EYFP!oXP/*) showed no significant change in GAD67 or parvalbumin
immunoreactivity in Cre-targeted neurons of layer I1/I11 S1 compared to Cre controls (Ppplr2-
cre*’~; Rosa26-EYFP!OXP/I*+) at 26-27 weeks old. T, Cre-targeted neurons; Non-T, nontargeted
neurons. Data are mean * s.e.m.; n is indicated in parentheses.
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Figure 7.

Adult NR1 deletion did not alter firing rate or synchronous firing of cortical excitatory neurons.
(a) We found no difference in the mean firing rates of putative pyramidal neurons from S1
between 25-28-week-old controls (n = 2 for Cre (Ppplr2-cre*/~), n = 2 for Flox-B
(NR1!oxP/loxP_[ine B)) and adult knockout mutants (Ppp1r2-cre*/—; NR1!XP/IXP_[ine B, (n =
4) during exploration of an unfamiliar linear track. Each dot represents the mean firing rate of
an individual neuron (n = 31 for control, n = 33 for mutant). Mann-Whitney U test, P = 0.87.
(b) Synchronized activity of pairs of nearby neurons from the recording shown in a. No
difference was observed in the distribution of cross-correlation patterns between adult
knockout mutants and age-matched controls (2 test, P = 0.24). (c) There was no difference in
the magnitude of cross-correlations across all pairs between groups (Mann-Whitney U test,
P = 0.32). Box plots depict medians (box centers), interquartile ranges (box boundaries) and
10-90™ percentiles (whiskers). Each dot represents an individual pair.
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