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Altered Excitatory/Inhibitory (E/I) balance of cortical 
synaptic inputs has been proposed as a central patho-
physiological factor for psychiatric neurodevelopmental 
disorders, including schizophrenia (SZ). However, direct 
measurement of E/I synaptic balance have not been as-
sessed in vivo for any validated SZ animal model. Using 
a mouse model useful for the study of SZ we show that a 
selective ablation of NMDA receptors (NMDAr) in cor-
tical and hippocampal interneurons during early postnatal 
development results in an E/I imbalance in vivo, with syn-
aptic inputs to pyramidal neurons shifted towards excita-
tion in the adult mutant medial prefrontal cortex (mPFC). 
Remarkably, this imbalance depends on the cortical state, 
only emerging when theta and gamma oscillations are pre-
dominant in the network. Additional brain slice recordings 
and subsequent 3D morphological reconstruction showed 
that E/I imbalance emerges after adolescence concomi-
tantly with significant dendritic retraction and dendritic 
spine re-localization in pyramidal neurons. Therefore, early 
postnatal ablation of NMDAr in cortical and hippocampal 
interneurons developmentally impacts on E/I imbalance in 
vivo in an activity-dependent manner.

Key words:  prefrontal cortex/dendritic retraction/parval-
bumin/electrophysiology/adolescence/gamma oscillations

Introduction

Effective transfer of information in the neocortex relies 
on a correct balance between excitatory (E) and inhibi-
tory (I) circuits.1–3 Functionally, the maintenance of an 
E/I synaptic balance imposes a tight, but dynamic, con-
trol of pyramidal neuron (PN) activity with a network 
of diverse GABAergic interneurons providing a fine-
tuned, selective brake on cortical excitation. In particular, 

parvalbumin positive (PV) interneurons have been in-
volved in E/I balance not only because of their conspic-
uous control of PN firing and timing4–6 but also because 
their activity is associated with “divisive” rather than sub-
tractive inhibition, allowing a proportional inhibitory re-
sponse to dynamic excitation within the cortical circuit.7 
Thus, optimal inhibitory control by PV and other inter-
neurons is central to maintain E/I balance and preserve 
multiple cortical processes ranging from simple sensory 
processing to high cognitive functions.8 Considering that 
it is well accepted that PV interneurons are affected in 
schizophrenia (SZ),9–14 it is not surprising that an altered 
E/I balance has been proposed as a central pathophysi-
ological factor for SZ.15–18 However, evidence published 
connecting SZ with a synaptic E/I imbalance at cellular 
level is mostly based on indirect approaches19,20 or on 
direct electrophysiological assessment of E/I balance in 
brain slices (ex vivo) in SZ-related animal models.21–23 
Accordingly, drawing conclusions from these methods 
presents considerable limitations regarding the physio-
logical status of the E/I balance, which requires further 
in vivo studies.

We have previously shown that NMDA receptor 
(NMDAr) ablation predominantly in cortical GABAergic 
interneurons, including PV positive ones, during an 
early postnatal period preceding adolescence results in 
SZ-related phenotypes after animals reach adulthood.24 
Moreover, triggering SZ-related phenotypes in adulthood 
depends on a developmental time window of suscepti-
bility to NMDAr ablation.25,26 Here, we provide evidence 
showing that this early NMDAr ablation results in unbal-
anced E/I inputs onto medial prefrontal cortex (mPFC) 
PNs in vivo during adulthood exclusively under a de-
synchronized cortical state presenting theta and gamma 
oscillations.
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Methods

Full experimental procedures are described in the supple-
mentary material.

Animals

Grin1 KO male and female mice lacking NMDAr in cor-
tical and hippocampal GABAergic interneurons (mostly 
PV) were obtained by crossing Ppp1r2-Cre 4127+/− with 
Grin1tm2Stl mice.25 All animal protocols were approved 
by the University of Buenos Aires School of Medicine 
IACUC and government regulations (SENASA, 
Argentina). Preadolescent mice were studied between 
postnatal day 28 to 31 (hereafter juvenile), while 14 to 24 
weeks-old mice constitute the adult group.

Brain Slice Electrophysiology

Electrophysiology was performed in mPFC coronal slices, 
recording mainly from prelimbic region, similarly as be-
fore.27–29 Standard voltage clamp procedures were used to 
assess spontaneous and miniature excitatory and inhibi-
tory postsynaptic currents in layer 2/3 PNs (supplemen-
tary material). Excitatory events were detected by voltage 
clamping PNs at −60 mV; inhibitory events, by measuring 
outward currents at 0mV. In our recording conditions, −60 
mV and 0 mV represent the reversal potential for inhibi-
tory and excitatory currents (supplementary figure S1). 
Spontaneous and miniature events were identified using 
Mini Analysis software (Synaptosoft) and validated by 
visual inspection. Intrinsic membrane and action poten-
tial properties were assessed in current clamp experiments.

In vivo Electrophysiology

Adult mice were anesthetized with urethane and mounted 
on a stereotaxic frame. Whole-cell voltage clamp record-
ings of mPFC PNs were performed mostly on the cin-
gulate/prelimbic interphase region at 1.23  ± 0.04  mm 
(control) and 1.28 ± 0.04 mm (KO) of depth from brain 
surface on the right hemisphere, through a recording 
chamber. EEG was recorded over the contralateral mPFC 
(AP = 2 mm, ML = −0.5 mm).

Periods of recordings where the mPFC was in synchro-
nized or desynchronized state were determined by the 
presence of strong delta oscillatory activity or the pres-
ence of theta/gamma oscillatory activities, respectively.26,30 
Spontaneous excitatory and inhibitory events were de-
tected and measured from those sections as explained in 
the detailed materials and methods for slice experiments.

Histological Processing and Morphological 
Reconstruction of Neurobiotin-Filled Neurons

After whole-cell recordings, slices were quickly fixed 
and incubated with streptavidin-Cy3 (1:500 Invitrogen). 
Three-dimensional reconstructions of the dendritic 

arbor were performed and analyzed from fluorescence 
image stacks using the Neurolucida tracing system (MBF 
Bioscience). Dendritic spines were estimated from a 
single basal (3rd order) and a single apical (3rd order in 
the apical tuft) dendrite randomly selected for each PN 
(~100 μm of dendrite).

Immunohistochemistry

Floating coronal sections (30  µm) of perfusion-fixed 
mouse brains were stained with rabbit antibody to PV 
(PV27, Swant) and mouse to NeuN (MAB377, Millipore) 
followed by anti-rabbit Alexa 488 and anti-mouse Cy3 
(1:500, ThermoFisher).

Quantification and Statistical Analysis

Results are expressed as mean ± SEM, and all bar plots 
are shown along individual data. Significance between 
group means was determined using paired or 2 sample 
t-tests or ANOVA, as indicated in each case. As indi-
cated, when normality (estimated with Shapiro-Wilk or 
Kolmogorov-Smirnov tests) was rejected, natural loga-
rithm transformation of data was used (in figures, data 
is shown without transformation). Significant P values 
are indicated in the Results and Figure Legends and all 
statistical values, number of cells, and animals used in 
each experiment are shown in supplementary table 1. No 
animals or neurons fulfilling our quality inclusion cri-
teria were excluded from the analysis. Analyses were con-
ducted in SPSS (IBM Analytics) and Statistica (StatSoft).

Results

In order to test the hypothesis that a selective ablation 
of NMDAr in cortical and hippocampal interneurons re-
sults in an Excitation/Inhibition (E/I) imbalance, we re-
corded the in vivo activity of  mPFC PNs in voltage clamp 
mode under urethane anesthesia from adult control and 
mutant (KO) mice in which the NMDAr expression is 
abolished by ablation of Grin1 in a subset of  cortico-
hippocampal interneurons –mostly PV25– during early 
postnatal development (PD7-PD21). By simultaneously 
recording PN in whole-cell voltage clamp and the LFP in 
the contralateral mPFC (figure 1a), we were able to esti-
mate the excitatory and inhibitory synaptic activity onto 
each recorded PN (figure  1b) during 2 different states 
of  cortical activity: a slow wave state, with coordinated 
delta oscillatory activity reminiscent of  natural Slow 
Wave Sleep; and periods of desynchronized state, with 
enhanced theta and gamma-related high-frequency com-
ponents resembling wakefulness EEG (figure 1d–g). For 
instance, gamma power significantly increased over 2.5 
times from synchronized to desynchronized state in both 
groups (control: 0.46 × 10−12 to 1.31 × 10−12, KO: 0.61 × 
10−12 to 3.80 × 10−12, power spectral densities 40–50 Hz 
gamma band, median value of 7–8 mice, paired signed 
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P = .008 and P = .016). Only neurons where excitatory 
and inhibitory inputs could be recorded in both states for 
the same neuron were included in the analysis. We found 
that interneuron NMDAr ablation early on postnatal 

development results in a significant E/I imbalance in 
vivo, when compared with their control littermates, with 
synaptic inputs to PNs showing a shift towards excita-
tion in adult KO mice (figure 1g, 8 control, 8 KO mice). 

Fig. 1. Selective ablation of NMDA receptors on cortical and hippocampal interneurons results in Excitation/Inhibition imbalance 
of synaptic inputs to adult mPFC pyramidal neurons in vivo. (a) schematic reprsentation of recording conditions. (b) representative 
recordings of a pyramidal neuron (PN) voltage clamped at −60 mV (black, inward deflections represent EPSCs) and 0 mV (gray, 
outward deflections represent IPSCs). (c) average EPSC (black) and IPSC (gray) from (b). (d) example of a power spectral density (PSD) 
of the EEG with periods of synchronized (Synch) and desynchronized (deSynch) activity. Top: representative EEG recording, bottom: 
corresponding PSD analysis. The intervals of synchronized and desynchronized activity are color-coded and marked at the bottom. (e) 
PSD histogram for the periods highlighted in panel (d). (f) representative in vivo voltage clamp recordings of a PN, showing excitatory 
inputs in black for regions of deSynch (top) and Synch (bottom) periods. Contralateral mPFC EEG is plotted below each trace. (g), 
unbalanced Excitatory/Inhibitory inputs in PNs from KO mice during deSynch activity. Two-way repeated-measures ANOVA interaction 
F1,14 = 8.14, P = .0013. *P < .05 Sidak post hoc test. (h–k) analysis of spontaneous EPSCs (h) and IPSCs (i) in PNs from control and 
KO mice in vivo during deSynch activity. Left: voltage clamp recordings at −60 mV (excitatory inputs h) and 0 mV (inhibitory inputs 
i). Center left: average EPSC and IPSC from the examples shown on the left. Center: cumulative probability histograms for inter-event 
intervals for spontaneous EPSCs and IPSCs. The insets show averages. Center right: cumulative probability histograms for the inputs 
area. The insets show averages. Right: total current (mean area s−1) for each input. *P < .05, t-test sEPSC t14 = 2.79, P = .014. In all cases, 
data are mean ± SEM, n = 8 neurons from 7 to 8 mice for each group.
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Notably, the altered E/I balance is only evident when 
cortical activity, resembles that of  awake states char-
acterized by desynchronized global activity (figure  1g, 
deSynch). In contrast, during synchronized state domin-
ated by slow delta rhythm, the E/I inputs remained bal-
anced (figure 1g Synch). The in vivo recorded synaptic 
inputs did not change their amplitude, rise or decay time 
in the KO mice in comparison to controls (supplementary 
figure S2), and whereas we were not able to detect signifi-
cant changes in the frequency or in the integrated current 
of  the inputs during synchronized state (supplementary 
figure S2), the PNs of KO mice received an increased ex-
citatory drive during desynchronized global brain states 
compared with control (figure  1h). Given that the in-
hibitory drive remained within control levels (figure 1i), 
the E/I imbalance reported during cortical desynchroni-
zation was likely to result from an excess of  excitatory 
drive to PNs in KO mice. Thus, these findings indicate 
that a state-dependent E/I imbalance emerges in mutants 
during periods of elevated information-processing de-
mands and is not the sole consequence of the NMDAr 
ablation per se.

To dissect the underlying network mechanisms in-
volved in the E/I imbalance, we next recorded layer 2/3 
PNs of mPFC in brain slices from adult control and KO 
mice (figures 2a–c). All neurons recorded had common 
PN membrane and firing properties, with typical pyram-
idal shape and dendrite arborization (figures 2c–i). PNs 
from KO mice, however, displayed significantly higher 
input resistance (IR, 66%), slower membrane time con-
stant (tau, 34%), and subsequently higher excitability 
(26% lower rheobase) than control mice with no dif-
ferences in other membrane properties (supplementary 
figure S3). In order to estimate the E/I ratio of synaptic 
inputs arriving to PNs in the mPFC, we recorded excit-
atory (EPSCs) and inhibitory (IPSCs) currents in the 
same neuron by voltage clamping at −60 mV and 0 mV 
in the absence (spontaneous) and presence (miniatures) 
of  TTX. We found that, while the frequency of miniature 
EPSCs (mEPSCs) was preserved in the KO mice com-
pared to controls, the miniature IPSC (mIPSC) frequency 
was significantly reduced (41%, figures 2j and 2k). On the 
other hand, the magnitude of the inputs was not signifi-
cantly different between KO and controls. In correspond-
ence to the reduced mIPSC frequency, the neurons of the 
KO mice showed a significant shift in the E/I balance of 
the miniature currents towards excitation (figure 2l), thus 
suggesting that the main cause for the imbalance in the 
E/I ratio might be at the functional connectivity of  the 
inhibitory synapses. Surprisingly, neither the frequencies, 
magnitude, nor E/I ratio of spontaneous inputs, (spon-
taneous EPSCs [sEPSCs] and IPSCs [sIPSCs]) were al-
tered in mutant PNs (figures 2m–o). Figure 2 shows that 
inputs to PNs of KO mice display a shift towards exci-
tation in the miniature currents that is not manifested 
when some degree of synaptic activity is preserved in the 

slice. Importantly, neither amplitude, rise time nor decay 
time of miniature and spontaneous currents were altered 
in KO mice (supplementary figure S4).

Considering that postmortem examinations of PNs of 
PFC from schizophrenic patients have shown a number 
of morphological alterations, we next asked if  there was 
a structural correlate to the changes in excitatory and 
inhibitory inputs. We estimated the excitatory inputs 
by measuring the dendritic spine density in mPFC PNs 
of juvenile and adult control and KO mice. For inhib-
itory inputs, we focused on perisomatic inhibition by 
quantifying perisomatic PV puncta over the PNs. PNs 
of juvenile KO mice exhibited morphological features 
comparable to control ones (figure  3). As expected, a 
significant reduction in dendritic spine density occurred 
during adolescence in control mice. In contrast, dendritic 
spine pruning was absent in KO PNs, that retained spine 
densities similar to juveniles PNs (figures  3a and 3b). 
Interestingly, the total number of dendritic spines was 
similar between adult groups in both the basal and apical 
dendrites (figure  3b, bottom). Perisomatic PV putative 
inputs were not significantly altered in PNs of KO mice 
(figure 3c and supplementary figure S5).

Previously, we have reported that several behav-
ioral12,25,31 deficits found in adult KO mice emerge during 
adulthood. Accordingly, the membrane and action po-
tential properties were unaltered in the juvenile KO PNs 
(supplementary figure S6) and neither were the excitatory 
and inhibitory input properties nor E/I balance affected 
in the KO mice at this age (supplementary figure S6). 
Thus, early ablation of NMDAr is not sufficient to affect 
E/I balance in juvenile KO mice, suggesting that alter-
ations in PNs and circuit properties—including synaptic 
remodeling—observed in adulthood possibly emerge 
during adolescence.

We next analyzed the dendritic structure and arbori-
zation of the PNs recorded in mPFC slices from juve-
nile and adult mice (figure  4 and supplementary figure 
S7). We found a similar dendritic complexity and arbor-
ization in PNs from juvenile control and KO mice by 
Sholl analysis of intersections and distance per section 
(figure  4b), whereas this same analysis indicated a re-
duction in the complexity of basal and apical arbors of 
PNs from KO adults (figure 4h). Among juveniles, nei-
ther total length (figure 4d), apical (figure 4e) nor basal 
dendritic length (figure 4f) was modified in mutant mice. 
On the other hand, total, apical and basal dendrites from 
adult KO mice were shorter than controls (figure  4j–l). 
Importantly, the number of PNs principal basal den-
drites was similar in controls and KO of adult (8  ± 
1.01 vs 6.6  ± 0.54, P =  .238) and juvenile (6.45  ± 0.51 
vs 6.17 ± 0.44, P = .673) mice indicating a reduction of 
the length and complexity of each tree. The volume cov-
ered by each PN, however, was not altered in KO mice, 
indicating that they receive inputs arriving to similar vol-
umes (supplementary figure S7). Further analysis of the 
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Fig. 2. MDAr ablation in interneurons increases mPFC pyramidal neurons excitability and alters inhibitory synaptic inputs. (a) 
schematic drawing of the mPFC areas in a mouse coronal slice. (b) arrow points a PN recorded in an mPFC slice. (c) infrared differential 
interference contrast image illustrating the recorded PN and the glass pipette. (d) z-maximal projection of a fluorescent image stack from 
the neurobiotin-filled PN shown in b and c. (e) membrane potential of the control PN shown in d in response to a series of subthreshold, 
and one suprathreshold, rectangular current injections. (f–i) intrinsic membrane properties of PNs recorded from control and KO mice. 
Input resistance (IR, f), membrane time constant (tau, g), resting membrane potential (RMP, h) and minimum current step that elicit 
an action potential (rheobase, i). n = 12 neurons from 6 mice per group. *P < .05, t-test, IR P = .008; tau P = .035; RMP P = .845; 
Rheobase P = .011. (j–o) Unbalanced E/I miniature synaptic inputs in PNs from KO mice. Analysis of miniature and spontaneous 
IPSCs (voltage clamped at 0mV, mIPSCs, and k sIPSCs, n) and EPSCs (voltage clamped at −60 mV, mEPSCs, j and sEPSCs, m). Top 
left: recordings from one control and one KO representative PN recorded in all 4 conditions. Top right: averaged detected inputs for top 
left traces. Bottom left: cumulative probability histograms for input inter-event intervals. Insets show averages. *P < .05 t-test: t14 = 2.612 
mIPSC P = .025. Bottom right: cumulative probability histograms for inputs area. Insets show averages. E/I balance of miniature (l) and 
spontaneous inputs (o) were calculated as in vivo experiments. *P < .05, t-test: miniatures t14 = 2.68 P = .042. In all cases, n = 8 neurons 
from 4 mice for each group. Bar graphs depict data as mean ± SEM.
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total dendritic length from juvenile and adult control and 
KO PNs showed a significant interaction between age 
and genotype (figure 4m) arguing that the reduced den-
dritic lengths in adult KO PNs may result from dendritic 
retraction rather than from a reduced dendritic growth 
throughout development. Importantly, the ratio of apical 
vs basal dendrite length was not different between all 4 
conditions (figures 4n and 4o), indicating a proportional 
pruning of dendrites in adult KO mice.

Discussion

Here we show an activity-dependent in vivo E/I im-
balance of  synaptic inputs to PNs of  the prefrontal 
cortex in a previously validated mouse model useful for 
the study of  SZ. We provide evidence that ablation of 
NMDAr in cortico-hippocampal interneurons, during 
early postnatal neurodevelopment, impacts on adult 
PNs at multiple levels resulting in increased excita-
bility, dendritic retraction with spine re-localization, 
and altered excitatory and inhibitory inputs and bal-
ance. Importantly, these changes are not present before 
adolescence even though NMDAr ablation is already 
completed. Interestingly, the synaptic E/I imbalance 

detected at the network functional connectivity was 
masked in the PNs from KO mice by spontaneous ac-
tivity in the slice, and also during in vivo synchronized 
activity under anesthesia. However, when inputs were 
measured in vivo during a desynchronized cortical 
state presenting theta and gamma oscillations, the KO 
mice prefrontal circuit displayed an activity-dependent 
E/I imbalance biased towards excitation that cannot be 
anticipated from previous ex vivo studies. Since physio-
logically relevant mPFC inputs from ventral tegmental 
area and ventral hippocampus complete their matura-
tion during adolescence32–34 and NMDAr ablation in 
cortical interneurons flattens induced –but not basal– 
mPFC dopaminergic release24 and also impairs adult 
hippocampus-mPFC functional connectivity,26 further 
studies will be required to assess the relative contribu-
tion of  the local circuit and distal afferents to the al-
tered E/I balance described. Also, ablation of  NMDAr 
when animals reach adulthood may have a different 
impact on E/I balance or morphology than the ones 
reported here and must be addressed in further studies.

Whereas the functional connectivity deficits observed 
for miniature events in the slice lead to an E/I imbal-
ance, we show that circuit activity can overcome the 

Fig. 3. Interneuron NMDAr hypofunction leads to dendritic spine re-localization in mPFC pyramidal neurons without changes in 
perisomatic inhibitory terminals density. (a) z-projection of a fluorescence stack of a representative neurobiotin-filled PN and zoomed-in 
images of sections of apical and basal dendrites. (b) top: spine density for apical and basal dendrites of mPFC PNs of juvenile and 
adult control and KO mice. Mean ± SEM n = 10 neurons from 4 to 6 mice per group. Two-way ANOVA interaction: apical: F1,36 = 5.25, 
P = .028; basal: F1,36 = 4.70, P = .037. *P < .05 Sidak post hoc test. Bottom: estimated total spines per neuron. Mean ± SEM, n = 8–10 
neurons from 4 to 6 mice per group. Two-way ANOVAs Apical: no significant effects. Basal: age factor F1,34 = 16.7, P = .001, interaction 
F1,34 = 0.26, P = .61. # P < .05. (c) detail of a representative immunofluorescence image of a coronal mPFC slice, showing NeuN and 
PV labeling and mean number of perisomatic PV puncta of control and KO mice (n = 260–409 neurons from 9 to 14 mice). Two-way 
ANOVA: age factor F1,1334 = 17.05 P = .001, interaction F1,1334 = 1.53, P = .21. # P < .05.
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Fig. 4. Dendritic atrophy of mPFC pyramidal neurons emerges after adolescence in the interneuron NMDAr ablation mouse model. 
Analysis of morphological properties of PNs recorded and labeled in mPFC of juvenile (a–f) and adult (g–l) control and KO mice. (a) 
3D Neurolucida reconstructions of representative PNs: soma shown in black; apical dendrites shown in dark thick lines; basal dendrites 
in lighter thick lines; and axon, in thin lines; controls and KOs as indicated for each row. The discontinuous lines depict from top to 
bottom: pia position, layer 1–2 border, and white matter (b) Sholl analysis of dendrite intersections (top) and distance (bottom) show 
no significant difference by 2-way repeated-measures ANOVAs. Sholl rings distance: 10 μm. Mean ± SEM, n = 12 for each group. (c) 
Location of recorded neurons. t-test: P = .718. Juvenile KO mice exhibit normal dendritic morphology without any significant difference 
by t-test in: total (d, P = .87), apical (e, P = .77), or basal (f, P = .71) dendritic lengths. (g) 3D digital rendering of adult PNs (control and 
KO mice, coding as in a). (h) NMDAr ablation reduces the complexity of dendritic arborization in adult KO mice (10 neurons per group 
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unbalanced inputs. In the KO mice, deficits in GABAergic 
interneuron activity and connectivity may lead to sec-
ondary prefrontal circuit alterations of network func-
tions.35 Thus, E/I imbalance emerges only under certain 
activity levels, specifically when unsynchronized cortical 
inputs arrive to the PNs, coinciding with an increase in 
theta/gamma oscillations. Accordingly, KO mice may 
display a crucial reduction in the dynamic range of cor-
tical activity in which the network can balance E/I inputs. 
Indeed, the cognitive deficits observed in animal models 
of psychiatric disorders and SZ patients are related to 
high cognitive load and, concomitantly, high levels of 
asynchronous high-frequency oscillatory activity in the 
prefrontal network. Since network functions are highly 
dependent on the E/I balance,8,36,37 one interesting specu-
lation is that animals behave normally under low levels of 
circuit activity load in the mPFC, ie, during simple loco-
motion or basic visual processing.25 But, when the mPFC 
is recruited for more cognitively demanding tasks, like 
working memory, the PNs of KO mice receive imbalanced 
E/I inputs biased towards excitation, predisposing the cir-
cuit to altered computations that could underlie the be-
havioral deficits observed. Similarly, it can be speculated 
that a reduced dynamic range of E/I balance could be 
present in human patients, since the cognitive capacity 
and functional deficits found in SZ appear to be related 
to the cognitive load during a variety of tasks, including 
item recognition38 and working memory.39

Structurally, we found a marked dendritic retraction 
and spine reorganization in adult, but not juvenile KO 
mice. In particular, total spine number is conserved but 
their density is increased, thus synaptic integration in PN 
dendrites could be augmented and distal inputs could 
also have a stronger impact40 and also a higher proba-
bility of producing dendritic action potentials due to a 
less complex tree,41 resulting in an altered information fil-
tering capacity. Putative perisomatic PV terminals over 
PNs were normal and frequency of miniature inhibitory 
inputs was reduced. This discrepancy can be attributed 
to changes in synaptic connectivity of other interneuron 
subtypes or in the functional properties of PV synapses. 
Importantly, a conserved number of PV interneurons 
and perisomatic PV puncta has also been reported in 
human SZ studies42–44 suggesting a functional rather 
structural deficit in PV synapses.10,45–47 However, since a 
subpopulation of Reelin positive interneurons may also 

be affected by our NMDAr ablation25 we cannot rule out 
the possible contribution of other interneuron subtypes.

While PV-Cre transgenic lines may provide better cell-
type specificity by exclusively targeting PV interneurons48 
recombination is not restricted to cortical areas and 
NMDAr ablation presumably occurs in all regions with 
strong PV expression, including thalamic reticular nu-
cleus.49 Moreover, when PV-Cre is used to ablate Grin1, 
recombination occurs late in postnatal development at 
around 8 weeks.50 These regional and temporal differences 
may explain the apparent discrepancy in the behavioral 
profiles obtained after Ppp1r2-Cre vs PV-Cre mediated 
NMDAr ablation in relation to SZ-relevant phenotypes.51

In summary, early ablation of NMDAr in cortical and 
hippocampal interneurons triggers a series of compensa-
tory changes in PNs that, although sufficient to sustain 
normal E/I balance in preadolescent mice, results in an 
activity-dependent alteration of E/I balance once the cor-
tical circuit completes its maturation during adolescence.
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from 6 to 7 mice). Sholl analysis of dendrite intersections (top) and distance (bottom). Two-way repeated-measures ANOVA showed for 
intersections a significant genotype × distance interaction for apical dendrites (F69,1242 = 1.69, P = .009) and significant main effect for 
genotype factor for basal dendrite (F1,18 = 5.40, P = .032) and for distance a significant interaction for apical dendrites (F69,1242 = 3.01, 
P = .001) without significant effects for basal dendrites. *P < .05, LSD post hoc test vs control. T-tests for (i), soma depth (P = .178). 
(j) total dendritic length (P = .008). (k) length of apical dendrites (P = .038). (l) length of basal dendrites (P = .035). (m–o) comparison 
of morphological parameters across ages showed a global dendritic atrophy only when KO mice reach adulthood (m, 2-way ANOVA: 
genotype × age interaction F1,38 = 4.18, P = .047, *P < .05 Sidak post hoc test vs adult KO). Dendritic retraction in adult KO mice does 
not alter PNs apical/basal dendritic proportions. (n and o).
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