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Distorted neurocomputation by a small number of
extra-large spines in psychiatric disorders
Kisho Obi-Nagata1,2, Norimitsu Suzuki1, Ryuhei Miyake1, Matthew L. MacDonald3,
Kenneth N. Fish3, Katsuya Ozawa1, Kenichiro Nagahama4,5, Tsukasa Okimura6, Shoji Tanaka7,
Masanobu Kano4,5, Yugo Fukazawa8, Robert A. Sweet3, Akiko Hayashi-Takagi1,2*

Human genetics strongly support the involvement of synaptopathy in psychiatric disorders. However, trans-
scale causality linking synapse pathology to behavioral changes is lacking. To address this question, we exam-
ined the effects of synaptic inputs on dendrites, cells, and behaviors of mice with knockdown of SETD1A and
DISC1, which are validated animal models of schizophrenia. Both models exhibited an overrepresentation of
extra-large (XL) synapses, which evoked supralinear dendritic and somatic integration, resulting in increased
neuronal firing. The probability of XL spines correlated negatively with working memory, and the optical pre-
vention of XL spine generation restored working memory impairment. Furthermore, XL synapses were more
abundant in the postmortem brains of patients with schizophrenia than in those of matched controls. Our find-
ings suggest that working memory performance, a pivotal aspect of psychiatric symptoms, is shaped by distort-
ed dendritic and somatic integration via XL spines.
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INTRODUCTION
Mental disorders, such as schizophrenia (SZ), and neurodevelop-
mental disorders (NDDs), are leading causes of the global health
burden. Although these two disorders are distinct, they share a de-
velopmental origin and several clinical features, which are associat-
ed with alterations in neural connectivity (1). For example, working
memory deficit is one of the most prevalent symptoms of SZ (2),
which correlates with higher functional connectivity within the
default mode network, especially the medial prefrontal cortex
(PFC) (3). Moreover, cerebral cortical–thalamic hyperconnectivity
is related to impaired working memory (WM) performance and
predicts poorer clinical outcomes in patients with SZ (4, 5). In
regard to autism spectrum disorder (ASD), which is a major type
of NDD, higher functional connectivity predicts greater symptom
severity (6). Despite such accumulating evidence, the mechanisms
underlying this distorted connectivity at the synaptic and cellular
levels remain elusive, blurring the therapeutic targets for these
disorders.
Cutting-edge genomic research has demonstrated that disease-

relevant genetic variants are shared across these two disorders (7–
11), and these variants accumulate considerably in the excitatory
synaptic network (12–16). Most neocortical excitatory synapses
are located on dendritic spines (17, 18), and pathological studies
using postmortem brains have revealed a selective loss of smaller

spines and a shift in spine volume distributions toward larger
sizes in SZ individuals (19). However, because of the limitations
of functional studies of synapses in humans, the causality and path-
ological mechanisms of spine abnormalities in mental disorders
remain unclear.
Thus, we focused on two disease-related genetic variations with

large effect sizes. One is a loss of function (LoF) of SETD1A, which
encodes the active domain of H3K4 methyltransferase; it is current-
ly the only gene in which LoF variants are replicated in SZ and NDD
patients with genome-wide significance (11, 20). The second is an
LoF variant of DISC1, in which a chromosomal translocation was
found to segregate various mental disorders in a large Scottish
family (21). Whole-genome sequencing of NDD individuals
enabled the identification of an exonic deletion in the DISC1
gene, which was not detected in 15,000 control individuals (22).
We aimed to elucidate the relationship among synaptic inputs, neu-
ronal computation, and working memory performance of SETD1A
hetero-knockout (hKO) (23) and DISC1 conditional knockdown
(cKD) mice (24, 25) using two-photon glutamate uncaging of
single spines (26), patch-clamp electrophysiological analyses, bio-
physical simulation (27), behavioral analyses, and optical shrinkage
of extra-large (XL) spines (28). Furthermore, we performed the
structural analysis of spines in the postmortem brains of patients
with SZ and matched controls to determine the relevance of
synapse pathology in human patients.

RESULTS
XL spines are increased in two SZ mouse models
Morphological analysis revealed that both SETD1A hKO (23) and
DISC1 cKD (25) mice (table S1) had markedly larger spines than
controls in layers II/III PFC pyramidal neurons after postnatal
day 60 (P60) (Fig. 1, A and B). As an index of the strength of the
excitatory synapse, we used the diameter of the spine head, the ra-
tionale for which is described in fig. S1. To examine whether larger
spines have distinct properties, we experimentally measured the
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Fig. 1. Overrepresentation of XL spines in two SZ mouse models. (A and B) Histograms of pyramidal neuron spine head diameters in layers II/III of the PFC in SETD1A
hKO (A) and DISC1 cKDmice (B) at P60. n = 6 dendrites per condition. (C to E) Intra-spine Ca2+ events, as indicated by the fluorescence change of Cal-520 dye upon single-
spine glutamate uncaging. A representative image is shown (C). Relationship between spine diameter and integrals of the intra-spine Ca2+ event fitted a sigmoidal
function (red approximate line) rather than a linear function (gray approximate line). Fitting was supported by the corrected Akaike information criterion (AICc), in
which the model with the lowest AICc is considered to be most appropriate (D). Large intra-spine Ca2+ event in XL spines (E). (F and G) Probability of XL spines in (A)
and (B). (H) Pyramidal cells reconstructed from high-magnification images. Control (SETD1A hKO) and control (DISC1 cKD) indicatewild-type littermate of SETD1A hKO and
wild-typewith control short hairpin RNA, respectively. XL spines are represented by red dots. (I to L) Significant clustering of XL spines in the experimentally observed cells
(n = 9) of SETD1A hKO (J) and DISC1 cKD mice (L), as revealed by comparisons with randomly distributed virtual cells (n = 45). No clustering of XL spines was observed in
control mice (I) and (J). (M and N) Spine densities of SETD1A hKO (M) and DISC1 cKD mice (N). (O and P) miniature excitatory postsynaptic currents in acute slices of the
PFC. Representative traces (O), cumulative frequency plots (P), and amplitudes (P) of control and SETD1A hKO mice. n = 13 cells per condition. See also table S1 for
measurements and statics. *P < 0.05, **P < 0.01, ***P < 0.001. n.s., not significant.
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intra-spine Ca2+ response to synaptic inputs (Fig. 1C). The ampli-
tude of the intra-spine Ca2+ was well described by the steep sigmoi-
dal function with an inflection point at 0.8 μm in the spine diameter
(Fig. 1D), and the Ca2+ response of the XL spines was markedly in-
creased relative to other normal-size spines (Fig. 1E). We defined
spines in which the diameter was larger than 0.8 μm as XL spines
[>0.7 μm in fixed samples, considering shrinkage due to the fixative
(29)]. Both SETD1A hKO and DISC1 cKD models had significantly
higher numbers of XL spines than control mice (Fig. 1, F and G)
despite identical spine densities (Fig. 1, M and N) and neuronal
morphologies (fig. S2, A and B) as those of control neurons. To
exclude the possibility of off-target effects of RNAi against the
DISC1 gene, we also quantified spine size in another DISC1
model that lacks exons 2 and 3 of the DISC1 gene, resulting in
the KD of some isoforms of DISC1 (30). Because the probability
of XL spines was significantly increased in this model compared
to the littermate control mice, we concluded that the generation
of XL spines was due to the LoF of DISC1 (fig. S2, C and D). XL
spines in control mice did not cluster (Fig. 1, I and K), while XL
spines in both disease models formed clusters, most of which
were localized within 40 μm (Fig. 1, J and L) in the distal dendrites
(fig. S2E). Because dendritic computation units, which suprali-
nearly modulate synaptic inputs, are predicted to be within ~40
μm (31), the clusters of XL spines could potentially function as den-
dritic computation units. The measurement of miniature excitatory
postsynaptic currents (mEPSCs) demonstrated that the cumulative
distribution of mEPSC amplitudes was rightward-shifted in both
models, suggesting the presence of very large synaptic inputs (P <
0.001 for SETD1A hKO mice; P < 0.001 for DISC1 cKD mice)
(Fig. 1, O and P, and fig. S4, A and B). Consistently, electron micro-
scopic (EM) analysis revealed that putative XL spines (>0.3 μm3) in
DISC1 cKD mice formed large postsynaptic densities (PSDs)
apposed to active zones with synaptic vesicle accumulations in
axon terminals as were in those of control mice (fig. S3). Large
spines of control mice, although less common, had qualitatively
comparable properties to large spines of DISC1 cKD mice. Large
spines in both genotypes exhibited a significant correlation
between spine volume and PSD area (rs = 0.69, P < 0.001 for
DISC1 cKD mice; rs = 0.60, P < 0.01 for control mice; fig. S3) and
comparable cross section of the spine neck (P = 0.65; fig. S3). The
frequency of mEPSCs was not altered (P = 0.99 for SETD1A hKO
mice; P = 0.38 for DISC1 cKD mice), which was consistent with the
spine density analysis (Fig. 1, M and N). Intrinsic dendritic and
neuronal excitability was identical between the control and SZ
model mice (fig. S4, C to X), which suggested that the larger ampli-
tudes of the mEPSCs in both model neurons were derived from ex-
tremely strong functional synapses.

XL spines amplify supralinear dendritic summation
To examine the (patho)physiological function of XL spines, we es-
tablished a single-spine activation protocol using two-photon un-
caging of 4-methoxy-7-nitroindolinyl (MNI)–glutamate (26) and
the simultaneous measurement of dendritic Ca2+ responses and
the somatic membrane potential upon spine activation. Previous
studies demonstrated that excitatory postsynaptic potentials
(EPSPs) upon the coactivation of eight typical-sized spines on a
single dendritic branch are supralinearly summated, evoking an
action potential (AP) (32). This phenomenon was replicated in
our protocol (fig. S5, C to G). Notably, coactivation of only three

to four XL spines was sufficient to trigger an AP (Fig. 2, A to E),
although the arithmetic sum of their EPSPs and spine diameters
was smaller than those of eight non-XL spines (i.e., the “other”
spines) (Fig. 2C). Pooled data revealed that the activation of XL
spines significantly amplified supralinear summation, such that
the EPSP measured at the soma was larger than the arithmetic
sum of EPSPs (P < 0.05 for SETD1A hKO mice, P < 0.01 for
DISC1 cKD mice; Fig. 2, D and E), which suggested that a smaller
number of spines can evoke supralinear amplification when XL
spines receive synaptic inputs. The supralinear dendritic summa-
tion by XL spines was similarly observed in basal and apical den-
drites of layer II/III neurons and an apical dendrite of layer V
neurons in the prelimbic and secondary motor cortices (fig. S6, A
to C), which suggested that the XL spine–evoked AP is universal in
the neocortex. XL spines are extremely sparse in control mice, but
once we managed to locate the clustered XL spines in the control
neurons, an identical supralinear synaptic summation was observed
(fig. S6, D to K).

Supralinear summation by XL spines is NMDAR-dependent
To elucidate the molecular mechanism of supralinear synaptic sum-
mation by XL spines, we conducted time-series line-scan imaging of
an XL spine and the adjacent dendritic shaft during glutamate un-
caging (Fig. 2F). Evoked Ca2+ events originated at the head of the XL
spine and subsequently penetrated the dendritic shaft (Fig. 2G),
eventually evoking an AP. Blockade of voltage-dependent Na+
channels did not affect synaptic or dendritic events; however, it
completely abolished APs (Fig. 2, H to K). By contrast, the synaptic
event and resultant AP were completely blocked by D-AP5, a
blocker of the N-methyl-D-aspartate (NMDA) receptor
(NMDAR), but were not affected by cadmium, a blocker of
voltage-dependent Ca2+ channels (VDCCs) (Fig. 2, H to K). Con-
sidering that VDCCs are crucial contributors to active dendritic
processing, such as dendritic spikes (33), we noted that the depola-
rization of XL spines and subsequent passive propagation is suffi-
cient for AP generation and that dendritic spikes are dispensable
during this process. To examine how XL spines generate APs
without VDCC-dependent Ca2+ spikes, we performed biophysics
simulations in the NEURON platform (27), whereby voltage
changes were simulated at the spine, apical tuft, main bifurcation,
and soma (Fig. 3A). We used parameters from our single-spine
EPSC experiments (fig. S7 and table S2). In line with the experimen-
tal data (fig. S5, C to G), the simulation data replicated the genera-
tion of the AP via the coactivation of eight typical-sized spines; the
AP was inhibited when we set the conductance of the VDCCs (gCa)
to zero (Fig. 3B). By contrast, even with gCa at zero, the activation of
three XL spines reliably induced APs (Fig. 3B), which was consistent
with the experimental data (Fig. 2, I to K). During voltage propaga-
tion along the apical tuft and main bifurcation, the contributions of
gCa to the elevation of the membrane potential were identical for XL
spines and typical-sized spines (Fig. 3, C to E), which suggested that
synaptic depolarization inside XL spines, but not active dendritic
processing, is a determining factor for AP generation by XL spines.
Given the robust effect of XL spines, we next characterized the

effect of a single XL spine. The NEURON simulation demonstrated
that the amplitude of synaptic depolarization enhanced with the in-
crease in spine diameter (fig. S8A). The duration of the intra-spine
EPSP in XL spines was markedly longer than that in typical-sized
spines (fig. S8B), thus enhancing the probability of temporal
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summation. These results prompted us to directly demonstrate
whether the activation of a single XL spine can evoke an AP, and
we found one case in which stimulation of one XL spine (but not
neighboring typical-sized spines) reliably evoked an AP (Fig. 3F).
Intra-spine EPSPs in XL spines are predominantly shaped by
NMDAR conductance but not VDCC or voltage-gated Na+ chan-
nels (fig. S8, C to E).

Enhanced neuronal firing and unstable circuit dynamism in
SZ model mice
Given the substantial effect of XL spines, we next examined neuro-
nal firing and connectivity in the SZ models. In vivo cell-attached
recordings in the PFC revealed that the spontaneous firing of SZ

model neurons was significantly enhanced (P < 0.001 for SETD1A
hKO mice, P < 0.001 for DISC1 cKD mice; Fig. 4, A to D).
To gain insight into the contribution of XL spines to network

dynamics in vivo, we used computational approaches. A series of
prior studies using single-neuron recordings from task-performing
monkeys have established a link between the working memory
process and information-specific persistent neuronal activity in
the PFC (34). Using a biologically plausible model that reproduces
this phenomenon (35), we evaluated the effect of synaptic inputs
from XL spines on network dynamics. The leaky integrate-and-
fire model was used to construct a local circuit model of the PFC
to simulate the effect of each receptor (36). The model was com-
posed of 144 pyramidal neurons and 36 interneurons. Both types
of neurons were in a single compartment of the leaky integrate-

Fig. 2. XL spines amplify supralinear synaptic summation. (A) Two-photon image of a representative dendritic tuft with XL and normal spines. Green and blue color
codes indicate the uncaging of XL spine(s) and normal spines, respectively. XL spines (spines #4, #5, and #11 diameter average = 1.08 ± 0.03 μm) and normal spines (spine
#1, #2, #3, #6, #7, #8, #9, and #10 diameter average = 0.70 ± 0.02 μm). (B) EPSPs weremeasured at the soma, and dendritic∆F/F0 represents Ca2+ transients in the dendritic
branch adjacent to the stimulated spines of the same neuron. (C) Relationship between total evoked EPSP and the sum of single-spine–evoked EPSPs. (D) Supralinear
synaptic integration in SETD1A hKO mice. The y axis indicates the degree of supralinearity, which was calculated by the difference between measured EPSPs and the sum
of EPSPs. n = 3 cells per condition; XL spines 1.02 ± 0.03 μm (n = 23 spines); normal spines 0.67 ± 0.02 μm (n = 12 spines). (E) Supralinear synaptic integration in DISC1 cKD
mice. n = 5 cells per condition; XL spines 1.02 ± 0.03 μm (n = 19 spines); normal spines 0.67 ± 0.02 μm (n = 33 spines). (F) Time-series line-scan Ca2+ imaging of a stimulated
XL spine and its parent dendrite. (G) Latencies of synaptic and dendritic Ca2+ events after glutamate uncaging. (H and I) Line-scan Ca2+ imaging of a stimulated XL spine
and its parent dendrite upon glutamate uncaging in the presence of tetrodotoxin (TTX) (1 μM), Cd2+ (300 μM), and D-AP5 (250 μM). (J and K) Amplitudes of ∆F/F0 in a
stimulated XL spine and its parent dendrite in SETD1A hKO (J) and DISC1 cKD mice (K) before and after the application of TTX, Cd2+, and D-AP5. *P < 0.05, **P < 0.01. See
also table S1 for measures and statistics.
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and-fire model and had NMDARs, AMPA receptors (AMPARs),
and other ion channels (Fig. 4E). The model was applied using
the experimentally measured NMDA- and AMPA-EPSC values of
XL spines (fig. S7). As a working memory task, a cue signal input
was presented to the pyramidal neurons during the cue period (red
rectangle in Fig. 4F), and we observed that subpopulations of pyra-
midal cells that were exposed to the cue exhibited sustained firing
during the delay period in both control and SZ circuits (Fig. 4F). In
the SZ circuit, sustained ectopic activity was often observed in the
pyramidal neurons that did not receive the cue signal (Fig. 4, F and
G). The model suggested that EPSCs from NMDARs via XL spines,
but not AMPARs, are a critical factor for ectopic activity (Fig. 4H),
which may interfere with the cue-evoked activity and be related to
the impairment of working memory in SZ (2, 4).

Overrepresentation of large spines in human postmortem
SZ brains
We next examined the spine morphology of the human primary au-
ditory cortex of 20 patients with SZ and 20 matched controls.
Because spinophilin is a dendritic spine protein, and F-actin fills
the spine, the fluorescence intensity of the F-actin blob that overlaps
with the spinophilin puncta can be used to estimate the spine
volume in immunohistochemical preparations (Fig. 5A and fig.
S9) (19). The spine volume distribution of patients with SZ was sig-
nificantly different from that of the matched controls (P < 0.01;
Fig. 5B). Consistent with a previous report (19), we observed a
loss of smaller spines in the SZ group (Fig. 5C). In the analysis of
the mouse model, the definition of the XL spine was the functional
boundary, where the amplitude of the intra-spine Ca2+ event

increased steeply (Fig. 5D). Because functional experiments in
human synapses are not possible, we compared spine volumes at
thresholds of >0.8, >1.0, and >1.2 μm3 and found that large
spines were significantly increased in patients with SZ at all thresh-
olds (Fig. 5C). For patients who had died by suicide, the statistical
significance was more pronounced (Fig. 5D). We observed a signifi-
cant correlation between F-actin and spinophilin in each individual
spine (fig. S9E). This suggested that spine size was increased in the
brains of SZ participants, excluding the alternative possibility that
F-actin, but not spine volume, was somehow preferentially en-
hanced by disease. There is considerable evidence that the brains
of patients with SZ exhibit subtle cytoarchitectural disorganization
(37). Because of tissue fragility, SZ brains may undergo greater
shrinkage following paraformaldehyde (PFA) fixation, which may
have caused the large spines to appear more abundant in the SZ
group. To test this possibility, we compared the thickness of brain
sections before and after fixation and found no difference in the
degree of shrinkage (fig. S9F). Therefore, we concluded that the
overrepresentation of large spines exists in the brains of patients
with SZ.

Optical prevention of XL spine generation restoredworking
memory deficits
To determine the behavioral outcomes of XL spines, we returned to
the animal model. The T-maze test revealed that both model mice
showed impaired spatial working memory (P < 0.05 for SETD1A
hKO mice, P < 0.05 for DISC1 cKD mice; Fig. 6A and fig. S10A).
Locomotor activity in the open-field and prepulse inhibition tests
was not affected in the SZ model (fig. S10, B and C). To examine

Fig. 3. NMDAR-dependent supralinear summation by XL spines and unstable circuit dynamism in SZ models. (A) Simulated sites for determining membrane
potentials using the NEURON platform (1) inside the spine, (2) apical tuft, (3) main bifurcation, and (4) soma. (B) Membrane potentials after the coactivation of
spines (eight normal-sized spines and three XL spines) at each segment were stimulated, and differences between intact (w/ gCa) and zero (w/o gCa) conductance of
VDCCs were compared. (C and D) Elevation of membrane potential from baseline upon activation of three XL spines or eight typical-sized spines (C). Somatic membrane
potential of XL spine and normal-sized spine synaptic depolarization (D). (E) Difference in membrane potentials between intact and zero gCa in the dendrite. n = 8
dendrites. Parameters used in the NEURON simulation are available in table S2 (57, 58). (F) Induction of AP by a single XL spine but not its neighboring normal-sized
spines. Dendritic Ca2+ transients and somatic EPSPs upon glutamate uncaging are shown. **P < 0.01. See also table S1 for measures and statics.
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the relationship between XL spines and working memory perfor-
mance, pyramidal neurons were visualized by intracellular injection
of biocytin after T-maze testing. Working memory performance
was negatively correlated with both the probability and cluster
density of XL spines (probability, rs = −0.86, P < 0.01; cluster
density, rs = −0.84, P < 0.01) (Fig. 6, B and C). Because neither
working memory performance nor the increase in XL spines was
observed at P50 (fig. S10, D to H), we hypothesized that the over-
representation of XL spines contributes toworkingmemory impair-
ment. To test this hypothesis, we used our previously developed
synaptic optoprobe, activated synapse (AS)–targeting photoactivat-
able Rac1 (AS-PaRac1), which can specifically label enlarged spines
within 24 hours and induce selective shrinkage of AS-PaRac1–con-
taining spines upon photoactivation (PA) (28, 38). The number of
AS-containing spines was comparable between SETD1A hKO and
control mice (Fig. 6F); however, the size of AS-containing spines
was significantly larger in hKO mice (Fig. 6, D and E), which
prompted us to challenge the prevention of XL spine generation
during late neurodevelopment using PA treatment with AS-
PaRac1 (Fig. 6G). One day after the consecutive 9-day PA treatment
of the bilateral PFC, the acute slices were prepared from the mice,
and the pyramidal neurons were patch-clamped in the PFC to
measure the membrane potentials and impedances, which were
not affected by PA, suggesting that phototoxicity due to PAwas neg-
ligible (fig. S10, J and K). The identical PA treatment in SETD1A
hKO mice shifted the spine size distribution into a smaller popula-
tion (Fig. 6H). The number of spines in the control mice was not
affected by PA (Fig. 6I), which was presumably because of the

compensation of active spine generation during development. The
probability of XL spines was markedly reduced by PA, although the
number of total spines was unaffected (Fig. 6H). Following the treat-
ments of protocols #2 and #3, working memory performance as-
sessed using the T-maze and Y-maze tests progressively
deteriorated from P50 to P60 in the SETD1A hKO mice, whereas
the treatment of protocol #1 prevented this progressive trajectory
(Fig. 6J) without affecting locomotion activity (fig. S10H). The
identical procedure did not affect working memory performance
in the littermate controls (Fig. 6K). Together, we concluded that
the prevention of XL spine generation during late neurodevelop-
ment prevented the disease progression of SETD1A hKO mice.

DISCUSSION
Determining the causality between synaptic pathology and psychi-
atric disorders has been challenging because of the lack of function-
al studies of synapses in humans. Therefore, we focused on two
disease-related genetic variations with large effect sizes: disruptive
LoF mutations of the SETD1A and DISC1 genes. Both mice models
exhibited an overrepresentation of XL spines, which supralinearly
boosted neuronal firing via NMDAR-dependent regenerative elec-
trogenesis inside XL spines. Notably, the probability of XL spines
was significantly increased in the postmortem brains of patients
with SZ. Last, the probability of XL spines was negatively correlated
with working memory in SETD1A hKO and DISC1 cKO mice, and
optical prevention of XL spine generation during development

Fig. 4. Enhanced neuronal firing and unstable circuit dynamics in SZmodels. (A and B) Representative traces of in vivo cell-attached recordings of the prelimbic and
frontal association cortexes of SETD1A hKO mice at P60 to P75 (A). Cumulative probabilities of an individual recording (B). n = 9 to 10 cells per condition. (C and D) In vivo
cell-attached recording of the prelimbic and frontal association cortexes of DISC1 cKDmice at P60 to P75 (C). Cumulative probabilities of an individual recording (D). n = 7
cells per condition. (E) Leaky integration-and-firing network modeling of local circuits in the PFC. Parameters used for local circuit simulation are cited. (F) In silico raster
plot of the model in (E). Following the application of a cue signal (depicted in red), cue-evoked oscillation was observed in control and SZ circuits. In the model in which
raw data from SZ model neurons were applied, ectopic oscillatory activity was present. (G) Number of ectopic oscillations in each group (n = 10/each). (H) Ectopic os-
cillatory activity resulting from in silico manipulation of NMDAR and/or AMPA receptor (AMPAR) conductance. n = 10 simulations per condition. Experimental data
derived from SZ neurons were AMPAR 138% and NMDAR 143%. ***P < 0.001. See also table S1 for measures and statics. Parameters used for local circuit simulation
are available in table S3.
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successfully rescued the deterioration of working memory in the SZ
model (Fig. 7).
LoF variants of the SETD1A andDISC1 genes are associated with

both SZ and NDDs (20, 22, 39, 40). Although SZ and NDDs share
common genetic risk factors and clinical manifestations (1, 41, 42),
the neural underpinnings of the substantial phenotypic overlap of
these two disorders are poorly understood. The currently accepted
hypothesis for SZ pathophysiology is neuronal hypoconnectivity
due to the over-pruning of smaller spines (43), and loss of smaller
spines was replicated in SETD1A hKO andDISC1 cKOmice (Fig. 1,
A and B). In addition, alterations in cortical γ-aminobutyric acid
(GABA) neurons are involved in SZ pathophysiology (44).

Regarding ASD, local hyperconnectivity and long-range hypocon-
nectivity have been proposed; moreover, an increase in spine
density has been considered a possible contributing factor. Here,
we propose that hyperconnectivity due to distorted neuronal com-
putation via XL spines is one of the shared contributing factors to
these disorders. Several clinical symptoms of SZ and NDDs are
drug-resistant and extremely refractory. For example, hallucinations
and delusions of patients with chronic SZ are often persistent. In
patients with NDD, perseverative behaviors and repetitive cognition
are also refractory. The extreme robustness of these persistent symp-
toms suggests the existence of a disorder-related neuronal ensemble
that is easily activated. XL spines may be a contributing factor to
these symptoms, and the high stability (28) and strong influence
on AP generation of large spines are consistent with this hypothesis.
The ability for small numbers of spines to evoke an AP pro-

foundly influences firing probability (Pn): Pn = a1 × a2 × a3 × …
an, where n represents the required number of synaptic inputs to
evoke an AP (1 to 4 XL spines or ≥8 of the other spines), and an
represents the probability for each spine to receive the synaptic
input within a duration short enough for temporal summation.
Because the relatively sparse activity is a functionally important
feature of cortical layer II/III excitatory neurons (45), this multiplier
equation intuitively suggests the unusual influence of XL spines on
AP generation. The currently accepted dendritic computation for
neuronal firing has three gating thresholds (46, 47): (i) NMDA
spike at the distal dendrite, (ii) Ca2+ spike through VDCCs at the
proximal dendrite, and (iii) AP generation. Thus, neurons imple-
ment a hierarchical “synaptic democracy,” in which incoming
signals are filtered via integration to determine whether an AP is
evoked. This is bypassed in neurons with XL spines, and evocation
of the AP is potentiated by a small number of pathologically excit-
able “aristocratic” XL spines. Thus, the functional organization of
the circuit, including highly regulated AP generation, is disrupted.
A limitation of this study is that we are, at present, unable to provide
direct evidence because no methods are presently available to spe-
cifically manipulate only XL spines. However, multiple findings
support this notion. First, at P50, there was neither a significant in-
crease in the probability of XL spines nor WM impairment in
SETD1A hKO mice. By contrast, at P60, a significant increase in
XL spines was detected, which significantly correlated with WM
disturbance. In addition, the majority of AS-PaRac1–positive
spines in P60 SETD1A hKO mice met the criterion of XL spines.
Optical radiation for AS-PaRac1 from P50 to P60 markedly de-
creased the probability of XL spine development and completely
blocked the progressive deterioration of WM performance in the
SETD1A hKO mice. An identical manipulation did not affect
WM performance in WT mice, suggesting that the elimination of
non-XL spines did not affect WM performance. Together, it is fea-
sible that optical elimination of the XL spines prevented progressive
deterioration ofWM performance in the SETD1A hKOmodel. Fur-
thermore, our leaky integrate-and-fire model suggested that the
overrepresentation of XL spines is prone to generating cue-irrele-
vant ectopic activity. The emergence of a disorder-related neuronal
ensemble is consistent with the findings of a study using a different
line of SETD1A+/− mice (48), which exhibited altered ensemble ac-
tivity that was associated with pathological sensory cortical process-
ing. Such distortion of neuronal ensembles is likely to compromise
information flow within the brain, affecting cognitive and behavio-
ral manifestations.

Fig. 5. Spine analysis of the SZ participants’ postmortem brains. (A) Represen-
tative images of dendrites in the primary auditory cortexes of human of SZ partic-
ipants and matched controls. Arrowheads: Protrusions identified as “spines” using
deep learning. (B) Histograms of spine volumes in 20 SZ participants and 20
matched control participants. (C) Comparison of spine densities according to
spine volume thresholds of >0.8, >1.0, and >1.2 μm3. (D) Cumulative probability
showing the significant increase of larger spines in SZ participants. Comparison
between 20 SZ participants and matched controls (left), and between patients
with SZ who died of suicide and matched controls (right). **P < 0.01, ***P <
0.001. See also table S1 for measures and statics.
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Fig. 6. Optical prevention of XL spine generation restored working memory deficits. (A) T-maze performance illustrating spontaneous alterations in SETD1A hKO
mice. Circles indicate individual mice. (B and C) Probability of spontaneous alternations in the T-maze correlated with the prevalence (B) and cluster density (C) of XL
spines in SETD1A hKOmice. (D and F) Representative images of AS-PaRac1–containing spines [(D), arrowheads] and comparisons of spine diameter (E) and number (F) of
AS-PaRac1–containing spines between SETD1A hKO and control mice. (G) Experimental design. Mice were injected with adeno-associated virus (AAV) vectors in the
bilateral PFC cortex at P20. After undergoing a sleeve implantation operation, micewere subjected to behavioral analysis and photoactivation (PA). (H and I) Comparisons
of spine diameter, probability of XL spines, and spine density between SETD1A hKO (H) and littermate control mice (I) that received protocol #1 or #2. (J and K) Perfor-
mance trajectory in the T-maze and Y-maze tests of SETD1A hKO (J) and littermate control mice (K) that received protocol #1, #2, or #3. *P < 0.05, **P < 0.01, ***P < 0.001.
See also table S1 for measures and statics.
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Although we demonstrated the trans-scale causality of XL spines
in SETD1A and DISC1 model mice, this did not account for the
general principle of all populations of the disorders. Compared
with the marked increase in XL spines in SETD1A and DISC1
model mice, the group difference between the postmortem brains
of 20 patients with SZ and 20 controls was modest. This may be
because of species differences. However, given that the statistical
significance was more pronounced in those who died of suicide,
the heterogeneity of the disorders may have diluted the group dif-
ference. In mouse models, a significant increase in the number of
large spines has also been observed in mice with NR1 KD (49)
and calcineurin knockout (50), both of which are recognized as
SZ models with working memory deficits (51, 52). Maternal
immune activation (53) and Cx3cr1 KO (54) mice, both of which
are NDD animal models, exhibited significantly higher mEPSC am-
plitudes than their wild-type littermates, which is indicative of the
overrepresentation of large spines in these models. Given the etio-
logic heterogeneity of these disorders, the regulatory molecular
mechanisms for the pathological development of overabundant
large spines are likely model-specific. However, the functional
roles of large spine overabundance on distorted computation
could be shared in these disorders. Thus, in certain subsets of dis-
eases, distorted connectivity due to XL spines may be responsible,

and stratification of patients based on functional connectivity pat-
terns and genotypes may enable mechanism-oriented therapeutic
strategies for each subtype.

MATERIALS AND METHODS
Ethical considerations
All animal experiments were approved by the Animal Care and Use
Committee of RIKEN and the School of Medicine of Gunma Uni-
versity. All human experiments were approved by the Wako Third
Research Ethics Committee of RIKEN and the Committee for Over-
sight of Research and Clinical Training Involving Decedents of the
University of Pittsburgh. The experiments were conducted on the
basis of the ARRIVE guidelines 2.0. The contents included in the
ARRIVE Essential 10 checklist are described in table S1 or in the
methods associated with each experiment.

Plasmid construction for DISC1 cKD
pCAG-ERT2-Cre-ERT2 was purchased from Addgene (no. 13777),
and the ESARE promoter was a generous gift from H. Bito (Univer-
sity of Tokyo). Mutagenesis and subcloning of DISC1 (shRNA,
short hairpin RNA), ERT2-Cre, mRFP (monomeric red fluorescent
protein), tdTomato, and mVenus were conducted as previously de-
scribed (24, 25, 28). Briefly, microRNA (miRNA)-based shRNA
against DISC1 was generated by annealing the top (TCG AGA
AGG TAT ATT GCT GTT GAC AGT GAG CGA GGC AAA
CAC TGT GAA GTG CTA GTG AAG CCA CAG ATG TAG
CAC TTC ACA GTG TTT GCC GTG CCT ACT GCC TCG C)
and bottom (TCG AGC GAG GCA GTA GGC ACG GCA AAC
ACT GTG AAG TGC TAC ATC TGT GGC TTC ACT AGC ACT
TCA CAG TGT TTG CCT CGC TCA CTG TCA ACA GCA ATA
TAC CTT C) strand oligos for miR30 (DISC1 shRNA is under-
lined), which was inserted at the XhoI site of intron 1 of human he-
moglobin (NM_000518) to generate anmiR30 shRNAminicassette.
The minicassette was subcloned immediately downstream of tdTo-
mato in the pAAV-EF1a-DIO-tdTomato-WPRE vector. Scrambled
shRNA, GCC CGA AGC GTT AAA AGG T, was used as the neg-
ative control. Depending on the experiments, the proper promoter,
DIO, Cre, and fluorescence proteins were subcloned. Plasmid am-
plification was performed using JM109 competent cells.

Animals
SETD1A(+/−) knockout mice in a C57BL/6 N background were ob-
tained from M. Kano (23). DISC1 LoF mice in a C57BL/6J back-
ground were a gift from K. Kaibuchi (30). The generation of
DISC1 KD mice was genetically transferred with DISC1 shRNA
(24) constructs using adeno-associated virus (AAV) vectors into
C57BL/6J (see the “Virus injection” section below).

AAV production
According to a previously published protocol (28), we packaged the
AAV helper-free system (Agilent Technologies, Santa Clara, CA),
the pRep-Cap (AAV5; Applied Viromics, Fremont, CA), and the
pHelper plasmid. AAV was purified using a cesium chloride
density gradient, combined with ultracentrifugation. Virus titer
was determined using quantitative real-time polymerase chain reac-
tion analysis (SYBR green; Takara Bio Inc., Shiga, Japan).

Fig. 7. Distorted neurocomputation by heavily weighted synapses in psychi-
atric disorders. (A) Activation of XL spines boosted neuronal firing via intra-spine
supralinear voltage amplification, which is a previously unknown mechanism to
control firing. (B) Overrepresentation of XL spines was correlated with the increase
in firing, the generation of ectopic oscillation, and working memory impairment.
(C) Overrepresentation of large spines in the auditory cortex of patients with SZ.
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Virus injection
Mice at P18 to P20 were anesthetized with isoflurane. d-Mannitol (4
μg/g of body weight) and dexamethasone (7 μg/g of body weight)
were also administered intraperitoneally to prevent brain swelling.
Subcutaneous injections of ketoprofen (40 μg/g of body weight) and
penicillin/streptomycin (4 U/g of body weight) were administered
for four consecutive days from 1 day before the operation to prevent
inflammation. The skull was exposed over the frontal association
cortex according to stereotactic coordinates. A stainless steel drill
(ϕ 0.5 mm; 19007-05, Fine Science Tools, Foster City, CA) was
used to generate a small burr hole (ϕ < 1 mm) in the skull, and
0.5 μl of AAV (SETD1A hKO: AS-Venus 1.65 × 1013, DIO-tdToma-
to 1.46 × 1012, mixed with CaMK2-Cre 1.5 × 108–10, DISC1 cKD:
sDIO-mRFP-Disc1 shRNA or scrambled shRNA 1.8 × 1013 to 2.5
× 1013 genome copies/ml, mixed with ESARE-sCre 6.0 × 109–12
genome copies/ml) was injected using a glass pipette (tip diameter,
40 to 45 μm; beveled at 45°) at a rate of 80 nl/min using a syringe
pump (Legato130; KD Scientific, Holliston, MA). The location of
the injection site was standardized among animals using stereotaxic
coordinates (anterior-posterior = +1.8 mm; medial-lateral = +0.6
mm; dorsal-ventral = +0.4 mm) of the skull. The pipette was retract-
ed 5min later, the scalp was sutured, and antibiotic ointment (Hibix
ointment; Fujita Pharmaceuticals, Tokyo, Japan) was applied to
the wound.

Validation of DISC1 cKD
Western blotting and immunocytochemistry were performed to
examine the DISC1 cKD mice. Two days after the 293FT cells
were transfected (Lipofectamine LTX; Thermo Fisher Scientific,
Waltham, MA) with pCAG-DIO-tdTomato-DISC1 shRNA,
pCAG-DISC1-HA, and pCAG-Cre (2:0.5:0.5 μg per well of six-
well plate), cells were lysed in radioimmunoprecipitation assay
buffer [150 mM NaCl, 50 mM tris-HCl (pH 7.4), 1% NP-40 (v/v),
0.5% sodium deoxycholate (v/v), 0.1% sodium dodecyl sulfate (v/v),
1 mM dithiothreitol, and protease inhibitor cocktail (cOmplete;
Roche Diagnostics, Indianapolis, IN)] via sonication on ice, and
cell debris was cleared by centrifugation. Protein concentration
was measured using a BCA Protein Assay Kit (Thermo Fisher Sci-
entific). Ten micrograms of protein per lane was run on an SDS–
polyacrylamide gel electrophoresis gel, transferred to a membrane,
and immunoblotted with anti-hemagglutinin (HA) (M180-3;
Medical & Biological Laboratories Co., Ltd., Aichi, Japan) and
anti–β-actin (sc-47778; Santa Cruz Biotechnology Inc., Dallas,
TX) antibodies. The HA immunoreactivity (IR) of each band (the
net signal after subtracting the background signal, which was ob-
tained from the region adjacent to the band) was measured using
the Fiji software (NIH, Bethesda, MD). For the validation of cKD
in vivo, C57BL/6J mice that were transduced with KD constructs
were euthanized and sacrificed by transcardiac perfusion with 4%
PFA on P20. Their brains were postfixed overnight in the same fix-
ative at 4°C and treated as described below (see the “Immunohisto-
chemistry and histological analyses” section).

Immunohistochemistry and histological analyses
Brains were coronally sectioned (150 to 300 μm) using a vibratome
(VT1200S; Leica, Wezlar, Germany) at an angle of 20°, so that the
primary trunk of the apical dendrite was parallel to the section
angle, which ensured that the majority of the dendrite trees and
soma remained intact. Sections were permeabilized with 2.5%

normal goat serum (v/v) in phosphate-buffered saline (PBS) with
0.3% Triton X-100 (v/v) for 1 hour at room temperature, before in-
cubating overnight at 4°C with primary antibodies. After rinsing
with PBS (five times for 8 min each), the sections were stained
with the corresponding secondary antibodies before mounting.

EM analysis
Scanning electron microscopy (SEM) of XL spines in mouse PFC
was performed by focused ion beam (FIB)–SEM as described pre-
viously (55). Briefly, two pairs of control and conditional DISC1 KD
mice were anesthetized with pentobarbital and perfused with mod-
ified Karnovsky fixative [0.8% PFA (PFA: TAAB Laboratories
Equipment Ltd., UK) and 1.5% glutaraldehyde (Nacalai, Japan) in
0.15 M sodium cacodylate buffer containing 2 mMCaCl2 (pH 7.4)].
The brains were postfixed with 4% PFA overnight and coronally sec-
tioned into slices of 100-μm thickness with a vibratome (DSK Pro7).
The slices were serially fixed with reducedOsO4 (2%OsO4 and 1.5%
potassium ferrocyanide) and OsO4 (2%), and then metal-stained
with uranyl acetate and lead aspartate. For embedding into resin,
the slices were dehydrated with a graded series of ethanol solutions,
immersed in propylene oxide twice, and gradually equilibrated with
Durcupan resin (Sigma-Aldrich). The slices containing the PFC
were flat-embedded and polymerized first, re-embedded into a co-
lumnar shape resin block, and then the area of interest was exposed
to the surface with a diamond knife. After coating with a thick
carbon layer over the block, serial images (~350) of layer I/II of
the dorsomedial part of the PFC were collected with a scanning
electron microscope (Scios, FEI) equipped with a FIB and at a 40-
nmZ-step at an acceleration voltage of 1.5 kV. Images were captured
at a magnification of ×17500 and with 6144 and 4096 pixels for the x
and y axes, respectively. After a correction of y-axis distortion due to
a tilt observation by increasing the number of pixels for the y axis to
5198, the size of a pixel for x, y, and z is 1.927, 1.927, and 40 nm,
respectively. All images were analyzed and visualized with TrakEM2
in Fiji (56). Within each image volume (approximately 12 by 10 by
15 μm), dendritic spines were searched and manually segmented,
and the volume of the spine, the area of PSD, and the cross-sectional
area of the spine check were measured at the largest 30 spines.

Confocal imaging
Confocal imaging was performed using an inverted microscope
(IX81; Olympus, Tokyo, Japan) and an oil-immersion objective
lens [UPlanSApo, 60×, 1.35 numerical aperture (NA)]. The excita-
tion wavelength was 473 nm for imaging mVenus and Alexa Fluor
488 and 559 nm for mRFP. Images were acquired at 1 to 2× digital
zoom, 1024 × 1024 pixels, 4 ms/pixel dwelling time, and a z-axis
step size of 0.37 μm.

Acute slice preparation
Mice at P60 to P180 were deeply anesthetized and transcardially
perfused with ice-cold N-methyl-D-glucamine (NMDG) solution
(92 mM NMDG, 2.5 mM KCl, 1.25 mM NaH2PO4, 30 mM
NaHCO3, 20 mM HEPES, 25 mM glucose, 2 mM thiourea, 5 mM
ascorbic acid, 3 mM Na-pyruvate, 0.5 mM CaCl2, and 10 mM
MgCl2), as described previously. Brains were coronally cut at a
30° angle into 250-μm sections on a vibratome using Merkur
blades. The slices were transferred immediately to NMDG solution
for 10 min at 35°C and incubated in HEPES holding solution (92
mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 30 mM NaHCO3,
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20 mMHepes, 25 mM glucose, 2 mM thiourea, 5 mM ascorbic acid,
3 mM Na-pyruvate, 2 mM CaCl2, and 2 mM MgCl2) for 1 hour at
room temperature before transferring to a recording chamber (TC-
324B; Warner Instruments, Hamden, CT) containing artificial ce-
rebrospinal fluid (ACSF) (125 mM NaCl, 2.5 mM KCl, 1.25 mM
NaH2PO4, 26 mM NaHCO3, 25 mM glucose, 2 mM CaCl2, and 1
mMMgCl2) at 33° to 35°C for two-photon imaging and whole-cell
recording.

Whole-cell recording
Whole-cell patch-clamp recording was performed using a Multi-
Clamp 700B (Molecular Devices, San Jose, CA). Micropipettes
(BF150-86-10; Sutter Instrument, Novato, CA) were pulled with a
P1000 (Sutter Instrument) and fire-polished using a microforge
(MF-900; Narishige, Tokyo, Japan). For the voltage-clamp record-
ings, the pipette resistance was 4 to 5 megohms. For the current-
clamp recordings, the pipette resistances for the firing pattern/back-
propagation and line-scan experiments were 5 to 7 megohms and 8
to 10 megohms, respectively. The intracellular solution for the
voltage clamp was a Cs-based internal solution51[130 mM Cs-glu-
conate, 10 mM CsCl, 10 mM Hepes, 0.1 mM EGTA, 10 mM Na2-
phosphocreatine, 4 mM Mg–adenosine 5´-triphosphate (ATP), 0.3
mM Na2–guanosine 5´-triphosphate (GTP), and 0.05 mM Alexa
Fluor 488 (pH 7.25)]. The K-based internal solution was used for
the current clamp [130 mM K-gluconate, 10 mM KCl, 10 mM
Hepes, 0.1 mM EGTA, 10 mM Na2-phosphocreatine, 4 mM Mg-
ATP, 0.3 mM Na2-GTP, and 0.05 mM Alexa Fluor 488 (pH
7.25)]. Ca2+ imaging during current-clamping was performed in
the K-based internal solution [130 mM K-gluconate, 10 mM KCl,
10 mM HEPES, 10 mM Na2-phosphocreatine, 4 mM Mg-ATP, 0.3
mMNa2-GTP, 0.05 mM Alexa Fluor 594, and 0.1 mM Cal-520 (pH
7.25); AAT Bioquest, Sunnyvale, CA]. The liquid junction potential
was −10 mV and corrected. The bridge balance and pipette capac-
itance neutralization were checked during the current-clamp mode.
Data were filtered at 2 kHz and digitized at 20 kHz for the voltage
clamp and filtered at 10 kHz and digitized at 20 kHz for the current
clamp. All data were acquired using AxoGraph X (AxoGraph,
Sydney, Australia) with the interface of NI USB-6363 (National In-
struments, Austin, TX). All analyses were performed using Axo-
Graph X and Igor Pro 8.03 (WaveMetrics Inc., Lake Oswego,
OR). The AP voltage threshold was defined by the voltage when
the first time derivative exceeded 20 V/s. The voltage threshold
was defined as the EPSP amplitude when an AP was fired.

In vivo cell-attached recordings
Mice were anesthetized with 2% isoflurane and a single injection of
urethane (1.5 g/kg of body weight, ip) alongside atropine sulfate (0.2
mg/kg of body weight, ip) to suppress mucus secretion. A hemi-
sphere trapezoidal craniotomy covering the prefrontal and somato-
sensory regions was performed. A customized metal head plate with
a recording chamber (Saijo Inx Co., Ltd., Kyoto, Japan) was
mounted on the skull contralateral to the recording site using
dental cement (Shofu Inc., Kyoto, Japan) to tightly secure the
head in the stereotaxic apparatus (Narishige, Tokyo, Japan). The re-
cording chamber was filled with HEPES-buffered ACSF, and a dur-
otomy was carefully performed using a fine handmade hook. ACSF
was gently perfused through the recording chamber to control
bleeding, after which low-melting agar dissolved in HEPES-buff-
ered ACSF was applied to the brain surface. A rectangular coverslip

(<0.1-mm thickness; Matsunami Glass, Kishiwada, Japan) that
covered approximately half of the exposed brain surface was
applied. Mice were closely monitored for breathing (MP100 pulse
transducer; AD Instruments, Dunedin, New Zealand) and
warmed to 37°C using a heating pad (TR-200; FST, Foster City,
CA). The pipettes were filled with the K-based internal solution
containing 50 μM Alexa Fluor 488. Positive pressure (25 kPa) was
applied as the pipette went through the pia matter and was subse-
quently reduced to 6 to 8 kPa. When the pipette tip was adjacent to
the soma membrane of the target cell (tdTomato-positive), positive
pressure was released, followed by slight negative pressure to opti-
mize the seal. Cell-attached recordings (20- to 50-megohm seal re-
sistance) were performed for 15 min (5 min × 3 sessions), and cells
that exhibited constant firing during all three sessions were ana-
lyzed. The reference electrode was placed in the ACSF-containing
space of the headgear.

Two-photon imaging and glutamate uncaging
Two-photon imaging was performed using an upright microscope
(BX61WI; Olympus) equipped with an FV1000 laser scanning mi-
croscope system (W2, FV1000; Olympus) and water-immersion ob-
jective lenses (XLPLN25XWMP2, 25×, 1.05 NA). For the quality
control of the microscope setting, including laser alignment, we
used calibration microbeads (catalog no. 18859, 0.5-μm diameter
beads; catalog no. 18860, 1-μm diameter beads; Polysciences Inc.
Warrington, PA). A mode-locked, femtosecond-pulse Ti:sapphire
laser (MaiTai DeepSee; Spectra-Physics, Mountain View, CA) was
used at 940 nm for cell-attached recording (tdTomato and Alexa
Fluor 488), 980 nm for mRFP or Cal-520 imaging, and 1000 nm
for dual-color imaging of mRFP and Alexa Fluor 488. For two-
photon uncaging, another Ti:sapphire laser (MaiTai HP) was
used at 720 nm. For in vitro imaging, 10 to 40 images (10 to 14×
digital zoom; 1024 × 1024 pixels) were captured with a z-axis step
size of 0.5 or 1.0 μm. Two-photon Ca2+ imaging was performed at
15 Hz for 5 s. Line-scan imaging through spines and dendrites was
performed at 700 to 800 Hz for 6 to 7 s. For glutamate uncaging
(26), a glass pipette (70- to 120-μm tip diameter of GC150TF-10;
Harvard Apparatus) filled with 10 mM MNI-glutamate (Tocris Bi-
oscience, Bristol, UK), dissolved in ACSF containing 100 μM picro-
toxin (Tocris Bioscience), was applied locally at 20 μl/min to
dendrites via an injector (Legato100; KD Scientific, Holliston,
MA). The uncaging of MNI-glutamate at spine heads was per-
formed at 720 nm with a pulse duration of 0.72 ms. Because the
summation of synaptic inputs over a dendritic branch is counterbal-
anced by inhibitory inputs, the experiment was also performed in
the absence of picrotoxin. Therefore, for the strict quantification of
excitatory synaptic integration, all subsequent experiments were
performed in the presence of picrotoxin to exclude the influence
of GABA. To mimic physiological synaptic inputs, the two-
photon laser power was adjusted such that the ranges of uncag-
ing-evoked EPSP amplitudes and kinetics were identical to those
of mEPSP (fig. S5, A and B). Because voltage-dependent Na+ chan-
nels open near the AP threshold, cation entry via this channel could
affect the measured EPSP value, which could result in misinterpre-
tation of synaptic summation. To avoid this confounder, we com-
pared EPSP values upon synchronous synaptic inputs in the
presence or absence of tetrodotoxin (TTX) (1 μM), which is an in-
hibitor of this channel. The AP threshold in the absence of TTX and
the maximum amplitude of the somatic EPSP in the presence of
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TTXwere not significantly different (fig. S5, H to L). This supported
the use of the AP threshold as a proxy for the maximum amplitude
of the somatic EPSP when the neuron fired.

In vivo spine manipulation by optogenetics
In vivo two-photon imaging of the Fr2 area was performed from the
pia to a depth of 150 μm, and the number of AS-PaRac1-Venus was
calculated, among which puncta within 2-μm diameter were ap-
proximated as AS-containing spines. Gray matter volume was cal-
culated from the imaged area, excluding the vascular lumen, and the
number of AS-PaRac1-Venus puncta per 1000 μm3 was determined.
Fiber sleeves (ADAL1, 2.5 mm outer diameter, Thorlabs, Newton,
NJ) were placed onto the exposed skull, immediately above the bi-
lateral frontal cortex (AP = +2.5; ML = ±1.0). Before PA, the optical
fibers (BFYF4LF01; core diameter of 400 μm, 0.39 N.A.; Thorlabs)
were connected to the mice via the fiber sleeves and removed after
PA. Photostimulation was carried out using the COME-2 series
(Lucir, Japan), which consisted of 457-nm laser diodes and an
optical swivel. The laser diode was measured through the skull
and adjusted to an output of 20 mW, immediately after passing
through the skull. The light pulse was delivered for 150 ms at 1
Hz for 1 hour, and the process was controlled by customized
LabView programs (National Instruments, Austin, TX).

Measurement of Ca2+ transients
The membrane potential was set at −70 mV using a subtle current
injection, and the intensity of the uncaging laser was adjusted to
evoke an EPSP in typical-sized spines at an amplitude of 0.9 to
1.5 mV [similar to mEPSPs in terms of the amplitude and kinetics
(fig. S3, A and B)]. Because cortical pyramidal neurons are sensitive
to sequential synaptic activation (32), synaptic activation was
ordered from the distal to proximal branches. TTXwas not included
in the perfusion buffer to enable AP firing, which only occurred
with uncaging. Upon glutamate uncaging at three to five XL
spines, the spine with a z-center point that was nearest to the z
plane of the parental dendrite was selected for imaging. Depending
on the experiment, TTX (1 μM; FUJIFILM, Japan), Cd2+ (300 μM;
FUJIFILM), or D-AP5 (250 μM; Alomone Labs, Jerusalem, Israel)
was added.

AMPA- and NMDA-EPSC measurements
Neurons in the voltage-clamp mode were subjected to glutamate
uncaging in the presence of TTX (0.5 μM) and picrotoxin (100
μM). Laser power was adjusted to 12 mW and the two-photon
pulse duration was 0.72 ms. The membrane potential was main-
tained at−80 mV (after correction for the liquid junction potential)
for the AMPA-EPSC measurement, and NMDA-EPSCs were mea-
sured at a holding potential of +40 mVwith the AMPAR antagonist
6-cyano-7-nitroquinoxaline-2,3-dione (50 μM; Alomone Labs).

Image quantification
Images in the x-y plane were stacked by the summation of fluores-
cence values at each pixel. For each channel, the background inten-
sity was subtracted from the fluorescence intensity of each spine.

Sholl analysis
Concentric circles at 20-μm increments were centered on the neu-
ronal soma, and the number of dendritic intersections at each circle

was counted alongside the numbers of dendritic branch points and
dendritic terminals within each circle.

Spine head measurements
NeuronStudio method
Z-stacked dendritic images were subjected to automatic tracing and
reconstruction using the NeuronStudio software (Icahn School of
Medicine at Mount Sinai). The name of the stacked images was ano-
nymized to ensure that the analyzers were blinded to group alloca-
tion after the completion of the statistical analyses.
Gaussian function fitting method
The electrophysiological recordings were performed by K.O.-N.,
and the acquired images were quantified in a blinded manner by
N.S. After the background signals were subtracted from the
images, the axial profile of the fluorescence intensity of the Z-
stacked spine images was fitted to a Gaussian function using Micro-
soft Excel Solver. Tomeasure the spine head diameter, the full width
at half maximum of each fluorescence peak was obtained from the
axial profile of the best Gaussian fit.

Clustering assessment of XL spines
Fifteen simulated model cells were built and statistically compared
with data from the experimentally observed neurons. First, the dis-
tance to the nearest neighbor for each XL spine was measured using
the information of the neuron reconstructions in the NeuronStudio
software. Model cells with a random spine size distribution but
identical topological information were constructed by swapping
the spine sizes of all spines by random permutation. A two-
sample Kolmogorov-Smirnov test was used to compare the experi-
mentally observed distribution and the probability distribution of
the model cells.

Behavioral analysis
Mice were housed under standard laboratory conditions (12-hour
light/dark cycle with food and water available ad libitum). All be-
havioral analyses were performed in a dimly lit room (100 lux)
during the light phase. The experimenter was blinded to group al-
location for all behavioral experiments. Tests were conducted on
separate days in the following order: 1-day handling, open-field
test, and prepulse inhibition.
Handling
Before the behavioral analyses, mice were acclimatized to the envi-
ronment and handled by the experimenter. After gentle manual
handling of the mouse for 10 min, the mouse was immediately sub-
jected to the open-field test.
Open-field test
Mice were placed in and allowed to explore a square open-field
arena (50 × 50 cm) with 50-cm high walls for 10 min. Locomotor
activity and the spent time in each zone were automatically evalu-
ated by a video tracking system (TimeOF1, O’Hara & Co., Japan).
Prepulse inhibition assay
Prepulse inhibition was calculated using a commercially available
startle chamber (SR-LAB; San Diego Instruments, San Diego,
CA). Each trial consisted of a 20-ms pre-pulse period, a 100-ms
delay period, and a 40-ms startle pulse period. Under a controlled
70-dB background white noise, 50 trials were presented in a pseudo-
random order with 10 background-alone trials, 10 startle-alone
(120 dB) trials, and 30 prepulse (74, 78, and 86 dB) and startle
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trials. The average across each of the 10 trials was used to calculate
the percentage of prepulse inhibition.
T-maze test
The T-maze consisted of a gray plastic start arm (38-cm length, 10-
cm width, and 25-cm height) and two goal arms (30-cm length, 9-
cm width, and 25-cm height). The mice were placed in the start arm
and forced to visit one goal arm by blocking access to the other arm.
The mice were then returned to the start arm for the choice run, in
which both goal arms were open. Spontaneous alternation was
scored when the mouse selected a different goal arm from that se-
lected during the forced run.
Y-maze test
The apparatus was made of gray plastic and comprised three com-
partments [3.6 cm (W ) bottom and 12.5 cm (W ) top, 37.5 cm (L),
and 12 cm (H)] radiating out from the center platform (3.6 × 3.6 ×
3.6 cm triangle). Each mouse was placed in the center of the maze
and allowed to explore freely for 12 min.

Visualization of dendritic morphology
Acute slices of the PFC were prepared, and whole-cell patch-clamp
recordings were performed from layer II/III pyramidal cells to visu-
alize dendrite and spine morphology. Potassium-based internal sol-
ution supplemented with 0.4% biocytin (B4261, Sigma-Aldrich)
was used. ShRNA-infected (i.e., red fluorescent) pyramidal cells
in DISC1 cKD mice were identified under an epifluorescence mi-
croscope (BX61WI; Olympus). After recordings, slices containing
biocytin-filled neurons were fixed overnight with 4% PFA. Fixed
slices were permeabilized with 2.5% normal goat serum (v/v) in
PBS with 0.3% Triton X-100 (v/v) for 1 hour at room temperature
and subsequently incubated overnight with streptavidin–Alexa
Fluor 488 (1:1000; S32354, Invitrogen) in PBS with 2.5% normal
goat serum (v/v) and 0.3% Triton X-100 (v/v). Confocal microscopy
was performed as described above. The apical tuft dendrites of
layers II/III pyramidal cells in the prelimbic and frontal association
cortices were imaged in a blinded manner. Spine head quantifica-
tion was performed using the NeuronStudio software as de-
scribed above.

Spine morphology of postmortem brains
Tissue processing and image collection
At University of Pittsburgh brain bank, the primary auditory cortex
was dissected from 20 participants diagnosed with SZ and 20
control participants, who were matched for sex and as closely as
possible for age, postmortem interval, and handedness (19). De-
tailed immunohistochemical procedures are described elsewhere
(19). Briefly, to visualize the dendritic spines, we used two
markers in combination: a polyclonal antibody against spinophilin
(AB5669; Millipore, Billerica, MA), a protein that is specific to spine
heads, and Alexa Fluor 568 phalloidin (A12380; Invitrogen) for de-
tection of F-actin, which is also highly enriched in dendritic spines.
Image processing and analysis
Image acquisition was performed at University of Pittsburgh, for
which resultant data have been published previously (19). An iden-
tical image dataset was shared and analyzed at RIKEN. First, three-
dimensional (3D) stacked images were deconvolved using the Au-
toQuant adaptive blind deconvolution algorithm (AutoQuant X3,
version 3.1; MediaCybernetics, Rockville, MD), and the resultant
images were automatically analyzed usingMATLAB R2021a (Math-
Works, Natick, MA) in the manner described below. All voxels in

each stacked image were normalized from 0 to 1, and adaptive
thresholding was executed to binarize both phalloidin and spino-
philin channels. The binarized phalloidin channel and spinophilin
channel were merged to obtain overlapping images. Phalloidin
blobs with a spinophilin blob overlap of >2% were extracted as
“spine candidate blobs,” and their statistical properties were mea-
sured. Blobs with an area >10 μm3, <0.029 μm3, or a spinophilin
area greater than the phalloidin areawere excluded from subsequent
analyses.
Spine classification using deep learning
Microsoft Lobe, an image recognition platform based on a pre-
trained deep convolutional neural network (ResNet-50 V2), was
used to create and train the spine classification models. For super-
vised learning, 5758 images were manually labeled as “Spine,”
whereas 5761 images were labeled as “Non-spine.” These labels
were independently determined by two experts (K.O.-N. and
N.S.), and only those images with which both experts agreed were
used as supervisory images. We created multiple models, which
were trained using different supervisory images, and model perfor-
mance was evaluated using the receiver operating characteristic
(ROC) curve (fig. S9C). We implemented the best model using
the TensorFlow package (version 2.5.0), which provides a Python
application programming interface (version 3.8.10) for tensor ma-
nipulation. The structures that exhibited probability values higher
than the cutoff value were classified as Spine. The optimal cutoff
values for spine probability were determined by the ROC curve
mentioned above.
Reconstruction of spines on the dendrite
From the 3D stacked images with well-preservedMAP2-IR staining,
we reconstructed 3136 dendrites greater than 30 μm in length using
Neurolucida (MBF Bioscience, Williston, VT). MAP2-IR is signifi-
cantly decreased in SZ (52, 53) and so is inappropriate for dendrite
thickness quantification, but the center coordinates of the dendritic
shaft can be accurately tracked. The coordinates that depict den-
dritic morphology in the Neurolucida platform were converted
into MATLAB coordinates, in which the information of the deep
learning certified spines was integrated, resulting in the 3D recon-
structionmapwith precise coordinate information of the spines and
dendrites. Spines with a distance of 6 μm or less between the center
coordinates of a dendrite shaft and spines were considered the
spines that emerged from the dendrite. Spine density calculated
using this method is consistent with previously reported human
spine densities (54). The cluster analysis of spines was performed
according to the coordinates. Data analysts were blinded to diagnos-
es until the data analyses and subsequent statistical procedures had
been completed.

Modeling of pyramidal neurons
Simulations of AP generation were performed using the NEURON
7.7 simulation platform (27) for an extended multicompartment
model of a reconstructed layer II/III pyramidal neuron from the
prelimbic cortex. One to 11 spines in eight distal tufts of the den-
drite were incorporated into the model cell; the remaining dendrites
did not have spines, such that only the incorporated spines received
synaptic inputs. The majority of the known intrinsic and synaptic
ionic currents were included in the model (54), and appropriate ki-
netics were obtained from mouse neocortical pyramidal neurons.
The model with spines had a membrane potential of −73 mV.
The passive electrical properties of the model consisted of axial
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resistivity, membrane resistivity, and membrane capacitance of 100
ohm·cm, 80,000 ohm·cm2, and 1.2 μF/cm2, respectively. Spines were
1 μm apart and modeled as cylindrical compartments with a spine
neck length of 0.5 μm and diameter of 0.2 μm and a spherical head
with a diameter of 0.5 to 1.0 μm. The spine model comprised a
membrane capacitance of 1.2 μF/cm2 and a neck resistance of 500
megohms. Table S2 provides all the model parameters of each
segment. Parameters were optimized until they achieved good
agreement with the experimental data, and the number of spines,
spine volume, and channel conductance required to generate an
AP were investigated. Simulations closely followed the experimental
protocol. Tomimic the glutamate uncaging experiments, each spine
was activated individually. Spines were then coactivated in increas-
ing numbers, with an interval of 0.72 ms between activations, and
the change in the membrane potential was monitored at the stimu-
lated spine, tuft dendrite, trunk of the dendrite, and cell body.
Quantification was identical to that used in the wet experiments.
To mimic the VDCC blocking experiments, calcium-activated po-
tassium channel conductance, and VDCC conductance were elim-
inated. The peaks of AMPAR andNMDARconductancewere based
on experimental observations. Each conductance was assigned ac-
cording to the spine head diameter. To mimic the synchronous ac-
tivation of spines, the typical-sized spine diameter was set to 0.5 μm,
whereas the diameter of XL spines was set to 1.0 μm. First, the glu-
tamate conductance for the typical-sized spine was determined to
ensure that a single-spine–evoked EPSP was 0.9 to 1.5 mV at the
soma, consistent with the wet experiments. The glutamate conduc-
tance for XL spines was then calculated according to the correlation
between the spine diameter and glutamate conductance (Fig. 3, J
and K). Consequently, the conductance for AMPARs and
NMDARs at the spines fell in the ranges of 0.9 to 20.3 nS and 2.7
to 17.5 nS, respectively. AMPA-EPSCs were modeled as double ex-
ponentials with a rise time of 1 ms, a decay time of 9 ms, and a re-
versal potential of 0 mV. NMDA-EPSCs were also modeled as
double exponentials with a rise time of 10 ms, a decay time of 50
ms, and a reversal potential of 0 mV. The kinetics of the NMDA-
EPSC were modeled using the following function:

gðVÞ ¼ gmaxðe� t=50 � e�
t
10Þ=ð1þ 0:3e� 0:08vÞ

where V is the membrane potential (in millivolt).

PFC circuit model
The procedure was performed according to the previously pub-
lished protocol (36). Briefly, the neurons (pyramidal cells and inter-
neurons) were single compartments, and the leaky integrate-and-
fire model included NMDAR, AMPAR, GABAA receptor, persis-
tent Na+, calcium-dependent potassium, and leak channels.
Subtle parameter modifications were performed with respect to
βk, pyramidal-pyramidal connective weight, pyramidal-interneu-
ron connective weight and interneuron-pyramidal connective
weight (table S3).

Materials design analysis reporting and statistical analysis
Sample size determination
No statistical methods were used to predetermine sample sizes.
Sample sizes were chosen to be similar to those reported in previous
works.

Randomization
Animals and samples were assigned randomly to control and exper-
imental groups.
Blinding
Investigators were blind to the group allocation during all behavio-
ral experiments. Analyzers were blind to the group allocation for
spine head measurements.
Inclusion/exclusion criteria
Micewere excluded if the virus expression was not satisfactory.Mice
that did not enter all arms (2 in 22 mice) in the Y-maze test were
excluded from further analysis. In electrophysiological recordings,
neurons that failed to complete a series of recordings were excluded
from further analysis, and recordings with excessive noise contam-
ination or unstable baseline were abandoned. Most of the exclusion
criteria were established a priori, but for problems noticed during
the experiment, the exclusion criteria were based on literature ref-
erences to similar experiments. Statistical analyses were performed
using the R software (The R Foundation, Vienna, Austria). All data
are presented as means ± standard error of the mean. Detailed stat-
istical information is provided in table S1.

Supplementary Materials
This PDF file includes:
Figs. S1 to S10
Tables S1 to S3
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