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N E U R O S C I E N C E

A biomarker-authenticated model of schizophrenia 
implicating NPTX2 loss of function
Mei-Fang Xiao1†, Seung-Eon Roh1†, Jiechao Zhou1, Chun-Che Chien1, Brendan P. Lucey2,  
Michael T. Craig3, Lindsay N. Hayes1, Jennifer M. Coughlin4, F. Markus Leweke5,6, Min Jia1, 
Desheng Xu1, Weiqiang Zhou7, C. Conover Talbot Jr8, Don B. Arnold9, Melissa Staley4, 
Cindy Jiang4, Irving M. Reti4, Akira Sawa1,4,10,11, Kenneth A. Pelkey12, Chris J. McBain12, 
Alena Savonenko13, Paul F. Worley1,14*

Schizophrenia is a polygenetic disorder whose clinical onset is often associated with behavioral stress. Here, we 
present a model of disease pathogenesis that builds on our observation that the synaptic immediate early gene 
NPTX2 is reduced in cerebrospinal fluid of individuals with recent onset schizophrenia. NPTX2 plays an essential 
role in maintaining excitatory homeostasis by adaptively enhancing circuit inhibition. NPTX2 function requires 
activity-dependent exocytosis and dynamic shedding at synapses and is coupled to circadian behavior. Behavior-
linked NPTX2 trafficking is abolished by mutations that disrupt select activity-dependent plasticity mechanisms 
of excitatory neurons. Modeling NPTX2 loss of function results in failure of parvalbumin interneurons in their 
adaptive contribution to behavioral stress, and animals exhibit multiple neuropsychiatric domains. Because 
the genetics of schizophrenia encompasses diverse proteins that contribute to excitatory synapse plasticity, 
the identified vulnerability of NPTX2 function can provide a framework for assessing the impact of genetics and the 
intersection with stress.

INTRODUCTION
Schizophrenia presents in late adolescence or early adulthood with 
social withdrawal, social cognitive deficits, reduced spontaneous speech, 
delusions, and hallucinations (1). The diagnosis is based on clinical 
history and examination, which distinguish it from diseases that ex-
hibit partially overlapping symptoms, including bipolar disorder, 
schizoaffective disorder, autism, and attention-deficit/hyperactivity 
disorder (ADHD) (1). Twin studies demonstrated a genetic basis for 
schizophrenia more than 80 years ago (2), and while human genome 
sequencing projects reported risk gene “hubs” based on biochemical 
associations with the N-methyl-d-aspartate (NMDA) receptor or Arc 
(3, 4), follow-up studies of individual genes challenged a simple 
causal association (5). Current studies appear to implicate specific 
synaptic genes, including NMDA receptor (NMDAR) subunit GluN2A, 

AMPA receptor GluA3, and voltage-dependent calcium (Ca2+) chan-
nel (https://schema.broadinstitute.org/), as well as C4 complement, 
which is implicated in developmental synaptic plasticity (6), but 
specific mutations are uncommon in individuals. A current model 
proposes that schizophrenia emerges from a combination of poly-
genic load that may directly or indirectly affect synaptic function 
and environmental stressors, such as early-life infection or behav-
ioral trauma (7). A successful model of disease needs to integrate 
genetics with developmental stress and rationalize diverse pheno-
types linked to schizophrenia, including altered behavior (1), 
interneuron function (8), dopamine receptor function (9), NMDA 
receptor function (10), and a constellation of imaging, electrophys-
iological, and neurochemical biomarkers (11).

We begin our analysis with the observation that a neuronal im-
mediate early gene (IEG) protein, NPTX2 (neuronal pentraxin 2), is 
reduced in cerebrospinal fluid (CSF) of individuals with recent onset 
schizophrenia in two independent cohorts. Because the complex 
genetics of schizophrenia strongly mitigates against any single gene 
involvement across all or most individuals, we inferred that the ob-
served reduction of NPTX2 in CSF may represent a common con-
sequence of the diverse genetics or environmental factors that are 
causal for disease. NPTX2 is dynamically expressed by excitatory 
pyramidal neurons (PNs) of the cortex and hippocampus in concert 
with other IEGs, including Arc and Homer1a, in response to pat-
terned activity that activates postsynaptic NMDA receptors (12). Arc, 
Homer1a, and NPTX2 proteins each mediate nonredundant contri-
butions to synaptic plasticity. Arc and Homer1a act cell-autonomously 
within the sparse population of PNs that express the IEG program 
in response to a particular behavioral experience. Arc protein binds 
transmembrane AMPA regulatory protein and other synaptic pro-
teins and promotes their removal from synapses in both Hebbian and 
non-Hebbian forms of plasticity (13–16). In vivo, Arc is required 
for establishment of new behavior-linked PN ensembles (17, 18). 
Homer1a binds group 1 metabotropic glutamate receptors and 
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induces glutamate-independent receptor activity (19) that drives 
homeostatic scaling and excitatory synapse downscaling during sleep 
(20, 21). Homer1a also mediates a form of dopamine receptor 
metaplasticity that conditionally stabilizes potentiated synapses (22). 
NPTX2, by contrast, acts non–cell autonomously to strengthen ex-
citatory efferents of PNs specifically on parvalbumin interneurons 
(PVs) (23–25). The time course of NPTX2 protein expression is de-
layed relative to Arc and Homer1a, peaking 12 hours after a stimulus 
and remaining elevated for up to 48 hours (26). De novo NPTX2 
forms disulfide-linked heteromultimers with cofunctional pentraxins 
NPTX1 and NPTXR and is transported along axons and exocytosed 
from presynaptic sites at excitatory synapses on PVs (23, 27). Pre-
synaptic NPTX1/2/R complex binds and clusters postsynaptic AMPA 
receptors, thereby enhancing synaptic strength and increasing PN 
drive of inhibitory circuits (23, 25, 26). While NPTX1 and NPTXR 
are constitutively expressed and broadly present at excitatory syn-
apses on PNs (27, 28), NPTX2 appears to enhance targeting of the 
complex to presynaptic sites on PVs (23, 25, 29). The NPTX1/2/R 
complex is later removed from the synapse through enzymatic 
cleavage of the complex by sheddases acting at the transmembrane 
domain of NPTXR, and the cleaved, disulfide-linked complex is 
detectable in CSF (28, 29). Specific mechanisms of presynaptic 
shedding have not yet been described.

In examining the role of NPTX2 in memory function, we pre-
viously determined that NPTX2 is reduced in both CSF and neocortex 
of individuals with Alzheimer’s disease (AD) wherein CSF levels 
correlate with disease status, cognitive performance, and disease 
progression (29). NPTX1 and NPTXR were not reduced in neocortex 
of individuals with AD, indicating that NPTX2 is critical for the 
process that places the NPTX1/2/R complex in CSF. However, our 
analysis of NPTX1/2/R in brain of individuals with schizophrenia did 
not detect a consistent reduction. While there are caveats of 
sampling, observations suggested that NPTX2 trafficking at the 
synapse, rather than total expression, might be selectively disrupted 
in schizophrenia. To examine this hypothesis, we developed a vital 
reporter of NPTX2 synaptic trafficking by fusing it with the pH-
sensitive green fluorescent protein (GFP) superecliptic pHluorin 
(SEP) (30) and report here activity-dependent synaptic exocytosis 
and behavior-linked circadian cycling of synaptic NPTX2 in vivo. 
In mouse brain, NPTX2-SEP appears to be shed during sleep in accord 
with a role in homeostatic scaling. Behavior-linked trafficking of 
NPTX2-SEP is absent in Arc−/− or Homer1a−/− mice, indicating that 
NPTX2’s contribution to circuit homeostasis is vulnerable to genetic 
mutations that disrupt plasticity of excitatory synapses of PNs. In 
addition, we found that mice with Nptx2 deletion exhibit multiple 
neuropsychiatric domains, and NPTX2 loss of function results in 
failure of PVs in their adaptive contribution to behavioral stress. In 
summary, findings identify CSF NPTX2 as a novel biomarker of 
schizophrenia and support a model in which NPTX2 function is 
reduced in individuals with schizophrenia and contributes to 
disease pathogenesis.

RESULTS
NPTX2 is reduced in CSF of human individuals 
with schizophrenia in two independent cohorts
We analyzed NPTX1/2/R expression in CSF samples from a cohort 
of individuals with recent onset schizophrenia (within 5 years of 
first psychotic symptoms) compared with unrelated, age-matched 

controls. Patients in this cohort were recruited by the Johns Hopkins 
Schizophrenia Center, treated with typical and atypical antipsychotics 
(table S1), and reported previously (31). Western blot revealed 
coordinate reductions of NPTX1/2/R in CSF of subjects with 
schizophrenia compared to controls (Fig.  1A and table S2). As 
anticipated, the estimated molecular weight of CSF NPTXR was 
reduced compared to NPTXR derived from brain, consistent with 
proteolytic cleavage upon shedding the NPTX1/2/R complex into 
the CSF. Within the schizophrenia cohort, CSF NPTX2 inversely 
correlated with a measure of cognitive function termed ideational 
fluency (Fig. 1B and table S3). NPTX2 did not correlate with other 
neurocognitive tests or with clinical parameters of positive or negative 
symptoms (table S3). We additionally performed an enzyme-linked 
immunosorbent assay (ELISA) for NPTX2 to provide a more quan-
titative measure (Fig. 1C). Receiver operating characteristic (ROC) 
analysis achieved a diagnostic sensitivity of 78.38%, a specificity of 
78.05%, and an accuracy of 78.21% (Fig. 1D).

To validate CSF NPTX2 as a biomarker of schizophrenia, we 
assayed a second independent cohort of individuals with recent 
onset schizophrenia. This cohort was recruited by the University of 
Cologne and the Central Institute of Mental Health in Mannheim, 
Germany, and the individuals were not on medication at the time of 
CSF collection (32). NPTX1/2/R proteins measured by Western 
blot were reduced in schizophrenia individuals (fig. S1, A to C). We 
confirmed reduction of NPTX2 by ELISA (fig. S1A and table S4).

We examined postmortem brain from individuals with schizo-
phrenia. Consistent with a prior report (33), Nptx2 mRNA was 
modestly reduced in dorsal lateral prefrontal cortex (DLPFC) 
comparing schizophrenia and control individuals (fig. S1D and 
table S5). By contrast, Western blot measures of NPTX2 were not 
different in the same samples (fig. S1E). mRNA and protein levels of 
NPTX1 and NPTXR were also not changed in schizophrenia 
DLPFC (fig. S1, D and E).

NPTX2 synaptic trafficking in mouse neocortex is induced by 
activity and linked to diurnal cycle
We used adeno-associated virus 2 (AAV2)–calcium/calmodulin-
dependent protein kinase II (CaMKII)–NPTX2-SEP to express an 
NPTX2-pH–sensitive GFP fusion protein that fluoresces upon 
exocytosis in PNs. NPTX2-SEP puncta imaged in vivo by two-photon 
microscopy in cortical layers I to III of primary sensory cortex cor-
responded to the size and distribution of synapses (Fig. 2, A and B). 
NPTX2-SEP puncta surrounded PVs identified in PV-Cre mice by 
AAV-Flex-PSD95.FingR-tdTomato (34) in a pattern similar to 
reported NPTX2 staining in vivo (35). NPTX2-SEP mimicked the 
pattern of PSD95.FingR-tdTomato along dendrites of PVs at pre-
sumed excitatory synapses. The emission spectrum of NPTX2-SEP 
in vivo extended into the red channel, making it difficult to assess 
precise colocalization with synaptic PSD95.FingR-tdTomato (fig. 
S2A). We speculate this altered spectral property may be due to 
oxidation, which is known to photoconvert GFP and GCaMP (36). 
Confocal microscopy with perfused PV-Cre mouse brain injected 
with AAV-CaMKII-NPTX2–hemagglutinin (HA)–V5 and AAV-
Flex-PSD95.FingR-tdTomato further confirmed strong association 
of NPTX2 signals with PSD95 (postsynaptic density protein 95) of 
PVs (Fig. 2C).

In mice coinjected with AAV-CaMKII-C1V1-mCherry and 
AAV-CaMKII-NPTX2-SEP, optogenetic stimulation increased 
NPTX2-SEP fluorescent puncta number and volume. Increases 
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reached statistical significance in group data at 2 and 24 hours and 
returned to baseline after 48 hours (Fig. 2, D to G). In individual 
animals, NPTX2-SEP puncta number and volume moderately in-
creased within 15 min. This rapid time course was evident for puncta 
that surrounded the soma of PVs (fig. S2B). Because the CaMKII 
promoter that drives NPTX2-SEP expression is not sensitive to 
activity, we infer that increases of the NPTX2-SEP signal represent 
an increase in exocytosis relative to shedding.

We examined behavior-linked NPTX2-SEP in barrel fields of the 
primary sensory cortex in male mice. Mice were repeatedly imaged during 
~5-min epochs at 4-hour intervals to obtain three-dimensional 
(3D) time-lapse images over the course of daily activity and sleep. 
After background and 3D drift correction, 3D images were analyzed 
with Imaris surface detection function to obtain the number and 
volume of puncta (fig. S2C). Analysis revealed an increase in 
NPTX2-SEP puncta number and total volume during their period 
of behavioral activity (19:00 to 7:00) and a reduction during sleep 
(light is on at 7:00 and off at 19:00) (Fig. 3, A to C). The maximum 
amplitude of reduction during sleep was ~50%. This pattern was 
highly consistent between individual male mice. Selective analysis 
of puncta that appeared to surround soma showed a similar diurnal 
change in intensity (fig. S2B). The reduction seen upon “light on” 
did not require light and was observed when mice were maintained 
in dark condition during sleep period, indicating a link to their 
circadian rhythm (fig. S3, A to C).

Next, we examined the effect of sleep deprivation in male mice 
by gently agitating the mouse cage when mice appeared to initiate 

sleep. Imposed sleep deprivation for up to 4 hours prevented the 
reduction of NPTX2-SEP signal that typically accompanied sleep 
(Fig. 3, D  to F). NPTX2-SEP signal rapidly declined upon subse-
quent sleep. We conclude that sleep deprivation results in a shift 
toward increased NPTX2 release by exocytosis or reduced clearance 
by shedding (or both). We attempted, but failed, to sample mouse 
CSF in discrete time windows with volumes sufficient to detect 
native NPTX2 or NPTX2-SEP.

In a complementary study, we examined NPTX2-SEP in mouse 
visual cortex following monocular deprivation and found a de-
crease within 24 hours that correlated with “all-or-none” disconnec-
tion of ~50% of excitatory synapses from PN to closely proximal 
PVs in layer 2/3 (37). In this model, overexpression of NPTX2-SEP 
blocked disconnection while dominant-negative NPTX2 expressed 
in adult brain reinstated ocular dominance plasticity and was 
permissive for PN-PV disconnection. These observations pro-
vide further evidence in support of a role for NPTX2 in activity-
dependent control of PN to PV excitatory connectivity and circuit 
homeostasis.

CSF NPTX2 levels in healthy human individuals exhibit 
diurnal changes and increase with voluntary sleep deprivation
To determine whether CSF NPTX2 levels are linked to behavior in 
human individuals, we examined a cohort of healthy adult individuals 
in whom CSF was sampled every 2 hours for 36 hours via chronic 
lumbar catheter (Fig.  4A). The same samples had previously 
been assayed for Aß, tau, and a-synuclein (38–40). Aß, tau, and 

Fig. 1. CSF NPTX levels are reduced in individuals with schizophrenia. (A) Western blot (WB) assays of NPTX2, NPTX1, and NPTXR in lumbar CSF from age-matched 
healthy controls (Ctrl) and patients with schizophrenia (SZ) with recent onset of psychosis (defined as within 5 years of first psychotic symptoms). NPTX2, NPTX1, and 
NPTXR levels in CSF are reduced in patients with SZ. Control, n = 23; SZ, n = 18. **P < 0.01, ***P < 0.001, two-tailed t test. (B) CSF NPTX2 levels correlate with ideational 
fluency in neurocognitive assessment. **P < 0.01, ***P < 0.001, one-way analysis of variance (ANOVA). (C) Quantitative ELISA confirms reduction of NPTX2 in CSF from 
patients with SZ. Control, n = 23; SZ, n = 18. ***P < 0.001, two-tailed t test. (D) ROC curve analysis of CSF NPTX2 as an SZ diagnostic biomarker for distinguishing SZ from 
control in combined cohorts. Cutoff values were determined by maximizing Youden index value. ROC analysis of NPTX2 indicated its diagnostic accuracy is 78.21%. AUC, 
area under ROC curve. Control, n = 41; SZ, n = 37.
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Fig. 2. NPTX2-SEP colocalizes with excitatory synapses on PVs, and its exo-
cytosis is activity dependent in vivo. (A and B) AAV-CaMKII-NPTX2-SEP and 
AAV-Flex-PSD95.FingR-tdTomato were injected into the sensory cortex of PV-Cre 
mice. Three weeks later, live animals were imaged with two-photon microscopy 
under isoflurane anesthesia. Three-dimensional and Imaris isosurface images are 
shown here. Enlarged images (B) from three boxes in (A) show NPTX2-SEP puncta 
on soma and processes of PVs. Colocalized or associated signals are indicated by 
white arrows. Yellow arrows indicate PSD95.FingR-tdTomato signal without 
NPTX2-SEP. MIP, maximum intensity projection. (C) AAV-CaMKII-NPTX2-HA-V5 and 
AAV-Flex-PSD95.FingR-tdTomato were injected into the sensory cortex of PV-Cre 
mice. Perfused brain tissue section was stained with anti-HA for confocal microsco-
py. Maximum intensity projection of z stack was shown (0.38-m interval for 59 
stack). NPTX2 accumulation onto PV-PSD95 is indicated by white arrows. (D) Rep-
resentative Imaris isosurface images of NPTX2-SEP before and after (15 min, 2, 24, 
and 48 hours) C1V1 (1040 nm) versus control (800 nm) stimulation in S1 barrel field 
layer 2/3. Maximum intensity projection of 3D images at 80- to 180-m depth is 
shown. Scale bars, 20 m. 2P, two-photon. (E and F) Quantification of the spot 
number (E) and total volume (F). N = 5 animals. *P < 0.05, **P < 0.01, ***P < 0.001, 
one-way ANOVA with post hoc Tukey’s test compared with “Before.” (G) Representative 
image showing the expression of C1V1-mCherry in L2/3 PNs. Image was acquired 
by confocal imaging of frozen tissue section. Scale bar, 20 m.

Fig. 3. Extracellular trafficking of NPTX2 is linked to behavioral activity and 
sleep. (A) The timeline for longitudinal two-photon imaging over the circadian 
cycle (top) and representative 3D z-stack images from 6:00, 10:00, 14:00, 18:00, and 
22:00 (bottom). The light is on at 7:00 and off at 19:00. Maximum intensity projec-
tion of Imaris isosurface images of 0 to 180 m from the dura of S1 barrel cortex is 
shown. Scale bar, 20 m. (B and C) Quantification of spot number and volume of 
NPTX2-SEP signals from 3D stack images. N = 5 animals. One-way ANOVA and post 
hoc Tukey’s test were performed, and P values were obtained compared to the first 
time-point data. (D) The imaging schedule of sleep deprivation (SD) by gentle 
handling for 6 hours (07:00 to 13:00) followed by 1 hour of recovery sleep (RS). 
Imaris isosurface images for each time point are shown. Scale bar, 30 m. (E and 
F) Quantification of spot number and volume over the cycle. N = 4 animals. 
Two-way ANOVA was performed between normal diurnal cycle group (B and C) 
and sleep deprivation group (E and F).
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a-synuclein are all released with neuronal activity and increase with 
sleep deprivation because of increased production/release (38–40). 
As seen in Aß and tau analysis, CSF NPTX2 also showed a progres-
sive increase due to the sampling frequency and volume. Cosinor fit 
analysis, a nonlinear regression model, revealed diurnal oscillation 
of CSF NPTX2 in control group with an amplitude of 11.28% and a 
period of 17.25 hours (Fig. 4B). Sleep deprivation resulted in a 
robust and sustained increase of overnight CSF NPTX2 compared 
with the control group when normalized to the average of the whole 
period (Fig. 4B) or to the first 12-hour baseline (Fig. 4C and fig. S4). 
Corrected for an estimated 4-hour transit time for CSF to move 
from brain to lumbar thecal space (39, 40), increases in NPTX2 
coincided with the onset of sleep deprivation. This increase was not 
attributable to reduced clearance because other CSF proteins in-
cluding glial fibrillary acidic protein and neurofilament light 
chain did not change with sleep deprivation (39). The rapidity of 
NPTX2 accumulation in CSF during sleep deprivation is consistent 
with increased release by exocytosis and clearance to the CSF 
through shedding rather than increased de novo NPTX2 protein 
generation. We note that human CSF data appear reciprocal to 
findings in mice where imposed sleep deprivation prevents the 
normal reduction. This may be related to species differences in 
the effect of sleep deprivation on exocytosis versus shedding or 
different consequences of voluntary versus involuntary sleep 
deprivation.

Behavior-linked NPTX2-SEP synaptic trafficking is 
dependent on Arc and Homer1a
The delayed time course of NPTX2 expression in PNs (26) and 
activity and sleep dependence of exocytosis and shedding (Fig. 2) 
suggested that NPTX2 trafficking might be dependent on plasticity 
mechanisms required to establish stable ensembles that can sustain 
reactivation hours after NPTX2 transcriptional induction and 
protein expression. We noted that Arc is required for network reac-
tivation and for stable behavior-linked excitatory ensembles (17, 18) 
and therefore imaged NPTX2-SEP in the barrel field of primary 
sensory cortical neurons of male Arc−/− mice. Over the course of the 
circadian cycle, NPTX2-SEP signal was stable in Arc−/− mice with-
out increases or decreases in spot number or total volume of 
NPTX2-SEP (Fig. 5, A to C). When averaged across six Arc−/− mice, 
there was no change associated with diurnal behavior. Native 
NPTX1, 2, and R expression in Arc−/− were not different from litter-
mate wild-type (WT) mice (fig. S5), suggesting that while activity 
patterns are sufficient for expression of NPTX2 protein, they do not 
support its normal behavior-linked trafficking.

Down-regulation of synaptic NPTX2 during sleep parallels the 
action of Homer1a in mediating downscaling of excitatory synapses 
of PN (21). The notion that diurnal changes in excitatory synapse 
strength are balanced by inhibitory circuit modulation is supported 
by the observation that firing rate does not show a prominent 
diurnal change (41) despite evidence of diurnal changes in excitatory 

Fig. 4. CSF NPTX2 in healthy human individuals is diurnal and increases with voluntary sleep deprivation. (A) CSF was collected from a cohort of healthy human 
individuals every 2 hours for 36 hours via an intrathecal lumbar catheter. Sleep deprivation began at 21:00. NPTX2 levels in CSF were determined by ELISA. (B) All NPTX2 
concentrations were normalized to the average of the whole period for each participant. Cosinor analysis reveals that CSF NPTX2 has diurnal oscillation in control group 
(amplitude, 11.28%; period, 17.25; P = 0.035). Sleep-deprived group shows different diurnal phase (amplitude, 20.75%; period, 45.75; P = 0.001) and increased CSF NPTX2 
during the overnight period 01:00 to 11:00. (C) All NPTX2 concentrations were normalized to the average of the baseline 07:00 to 19:00. Sleep deprivation results in a 
rapid and sustained increase of overnight CSF NPTX2 over the baseline compared with control group. Horizontal dashed line indicates the 100% of baseline, which is the 
average of hours 07:00 to 19:00 for each individual. Vertical dashed line indicates hour 21:00 when sleep interventions began. Shaded area is the overnight period 01:00 
to 11:00 shifted 4 hours to account for CSF transit time from the brain to lumbar catheter. Control, n = 6; sleep-deprived, n = 5. One-way ANOVA. Data represent 
means ± SEM.
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synapse strength (21, 42, 43). To examine the interdependence of 
NPTX2 synaptic trafficking with excitatory synapse homeostatic 
scaling, we examined NPTX2-SEP trafficking in Homer1a−/− mice. 
Like in Arc−/− mice, NPTX2-SEP present in the barrel field of the 
primary sensory cortex in Homer1a−/− mice failed to show an 
association with diurnal behavior (Fig. 5, D to F). Moreover, like in 
Arc−/−, native NPTX1, 2, and R protein expressions were not dif-
ferent in Homer1a−/− from WT control mice.

Nptx2−/− mice exhibit neuropsychiatric behavioral 
abnormalities and are vulnerable to social isolation
Arc−/− mice have previously been reported to exhibit multiple 
neuropsychiatric domains (44). To assess whether NPTX2 loss of 
function alone can contribute to disease domains, we examined 

behavioral phenotypes of Nptx2−/− mice. Group-housed Nptx2−/− 
mice are healthy in all parameters of growth and reproduction and 
perform as well as WT littermate mice in tests of cognition, includ-
ing acquisition and long-term fear memory (Fig. 6, A and B, and 
fig. S6A). However, when tested for cued fear memory in a novel 
context, Nptx2−/− mice revealed high secondary fear in the absence 
of a foot shock (Fig. 6C). As fear memories to context and condi-
tioned stimulus (CS; cue) were similar between Nptx2−/− and con-
trol mice (Fig. 6, A and B), exaggerated secondary fear conditioning 
is unlikely due to amplified general fear response. There was no 
substantial involvement of fear generalization because Nptx2−/− and 
control mice demonstrated similarly low levels of initial freezing 
when placed in the novel context (Fig. 6C). Accordingly, exaggerated 
secondary conditioning in Nptx2−/− mice is likely due to a failure to 
reassign or revise the biological value of previously learned CS. This 
interpretation is in agreement with previously shown effects of 
dominant-negative NPTX2 on devaluation of contextual stimuli in 
morphine-induced place preference (45).

Group-housed Nptx2−/− mice also showed reduced preference 
for interaction with social, compared to inanimate, objects (Fig. 6D 
and fig. S6B). This phenotype did not correlate with anxiety because 
a measure of anxiety derived from an open-field test explained only 
6% of variability in social investigation (fig. S6, C to F). Testing of 
sensorimotor gating in Nptx2−/− mice revealed reduced prepulse 
inhibition (PPI) of the startle response (Fig. 6E). This deficit 
coincided with reduced startle amplitude in Nptx2−/− mice (fig. S6G); 
however, deficits in PPI and startle reactivity were not correlated 
within animals (fig. S6H). Group-housed Nptx2−/− mice also 
demonstrated higher sensitivity to amphetamine-induced locomo-
tor activation than WT littermates (Fig. 6F), while reactivity to the 
NMDAR antagonist, MK-801, was not different from controls 
(Fig. 6G, left).

We next examined the effect of stress during adolescence and 
early adulthood by imposing social isolation at weaning (3-week-old) 
(46). Socially isolated Nptx2−/− mice acquired additional behavioral 
domains relevant to schizophrenia. Single-housed Nptx2−/− mice 
exhibited increased locomotor activation in response to NMDAR 
antagonist MK-801 (Fig. 6G, right) and increased novelty-induced 
activation in multiple environments (Fig. 6, H to M). Social isola-
tion did not alter spatial working memory in Nptx2−/− mice tested 
in a spontaneous alternation protocol in Y maze (Fig. 6N).

Social isolation induces NPTX2-dependent strengthening 
of PN drive of PV and enhanced PV-mediated inhibition
Social isolation induces down-regulation of multiple IEGs expressed 
in PNs of WT rodents (47). We examined WT and Nptx2−/− mice 
and confirmed reductions of Arc, Egr1, Fos, and Homer1a mRNAs 
and Arc protein in hippocampus and cortex of single-housed WT 
mice (Fig.  7A and fig. S7A). Notably, Nptx2 mRNA and NPTX2 
protein were not reduced in single-housed WT mice. By contrast, in 
Nptx2−/− mice IEG mRNAs and Arc protein expression were not down-
regulated by single housing, suggesting that IEG down-regulation is 
dependent on NPTX2.

To further examine adaptations to developmental stress, we 
performed electrophysiological recordings from PVs in acute 
hippocampal slices and compared group-housed versus single-
housed WT and Nptx2−/− mice. In WT mice, patch-clamp recordings 
from PVs revealed that social isolation increased the AMPA re-
ceptor component of the evoked excitatory response relative to the 

Fig. 5. Diurnal NPTX2-SEP trafficking is abolished in Arc−/− and Homer1a−/− 
mice. (A) Representative 3D Z-stack images at 6:00, 10:00, 14:00, 18:00, and 22:00 
(bottom) in Arc−/− mice, where the light is on at 7:00 and off at 19:00. Maximum 
intensity projection of Imaris isosurface images of 0 to 180 m from the dura of S1 
barrel cortex is shown. Scale bars, 20 m. (B and C) Quantification of spot number 
and volume of NPTX2-SEP signals in from the 3D stack images in (A). N = 6 animals. 
One-way ANOVA identifies no significant difference between time points. (D) Rep-
resentative 3D Z-stack images at indicated time in Homer1a−/− mice, where the light is 
on at 7:00 and off at 19:00. Maximum intensity projection of Imaris isosurface images 
of 0 to 180 m from the dura of S1 barrel cortex is shown. Scale bars, 30 m. (E and 
F) Quantification of spot number and volume of NPTX2-SEP signals from the 3D 
stack images from (D). N = 6 animals. One-way ANOVA followed by Tukey’s test was 
performed. *P value compared to the first time point is indicated.
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Fig. 6. Nptx2−/− mice exhibit neuropsychiatric behavioral deficits, which are exaggerated by postweaning social isolation. (A to C) Group-housed Nptx2−/− mice 
trained in a delayed fear conditioning paradigm reveal normal acquisition of freezing responses to context (A) and long-term memory tested 7 days later (B). (C) Presentation 
of conditioned stimulus (CS) in a new context resulted in higher levels of secondary contextual fear in Nptx2−/− mice compared with WT. P values for intertrial intervals 3, 
4, 5, 6, and 7 are 0.008, 0.005, 0.01, 0.02, and 0.0005, respectively. (D) Group-housed Nptx2−/− mice show deficits in social motivation assessed in a three-chamber test. 
Preference to social object in Nptx2−/− mice was significantly lower than in WT. ***P = 3.3 × 10−5, Nptx2−/− versus WT; ###P = 2.1 × 10−5, social versus nonsocial. (E) Group-housed 
Nptx2−/− mice show deficits in sensorimotor gating measured by prepulse inhibition of an acoustic startle response. *P < 0.05, Nptx2−/− versus WT. (F) Group-housed 
Nptx2−/− mice exhibit an exaggerated locomotor response to amphetamine [3 mg/kg, intraperitoneally (i.p.)] as tested in the open field. *P < 0.05, **P < 0.01, and 
***P < 0.001, Nptx2−/− versus WT. (G) Social isolation (SI) increases locomotor response to MK-801 (0.3 mg/kg, i.p.) in Nptx2−/− mice (right), while group-housed Nptx2−/− 
mice are not different than group-housed WT (left). *P < 0.05, Nptx2−/− versus WT. (H to J) Social isolation increases novelty-induced locomotor activation in Nptx2−/− mice 
as tested in open field. #P < 0.05, group-housed versus socially isolated. (K to M) Social isolation increases novelty-induced locomotor activation in Nptx2−/− mice as tested 
in Y maze. #P < 0.05, ##P < 0.01, and ###P < 0.001, group-housed versus socially isolated. (N) Social isolation does not alter spatial working memory in Nptx2−/− mice tested 
in a spontaneous alternation protocol in Y maze. Dotted line indicates the chance level (50%). WT, n = 10 to 29; Nptx2−/−, n = 9 to 25; WT_SI, n = 12; Nptx2−/−_SI, n = 10 to 
11; least significant difference post hoc test.
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Fig. 7. Postweaning social isolation induces NPTX2-dependent strengthening of excitatory drive of PVs. (A) Western blot shows that Arc protein is down-regulated 
in cortex of WT mice with social isolation. N = 7 to 8 each group. *P < 0.05, two-tailed t test. (B) Averaged AMPA and NMDAR-mediated evoked excitatory postsynaptic 
currents (eEPSCs) were observed from PVs in hippocampal CA1 of WT and Nptx2−/− mice reared in social isolation (upper traces). AMPA-to-NMDA synaptic conductance 
(G) ratios and paired-pulse ratios (PPRs) of AMPAR-mediated EPSCs are plotted below for all experimental groups. WT, n = 13 from 3 mice; WT_SI, n = 11 from 3 mice; 
Nptx2−/−, n = 8 from 2 mice; Nptx2−/−_SI, n = 15 from 3 mice. (C) Representative traces of persistent gamma oscillations from CA3 in WT, WT_SI, Nptx2−/−, and Nptx2−/−_SI 
mice. Ten seconds of recording are presented (i) with the red dotted box shown on an expanded time base (ii). (D) The peak frequency of persistent gamma oscillations 
is slightly, but significantly, higher in all groups of mice versus group-housed WT mice. (E) Socially isolated Nptx2−/− display significantly reduced peak power of persistent 
gamma oscillations. (F) Socially isolated Nptx2−/− display significantly reduced gamma-band power of persistent gamma oscillations. WT, n = 17; WT_SI, n = 12; Nptx2−/−, 
n = 16; Nptx2−/−_SI, n = 10. *P < 0.05, **P < 0.01, ***P < 0.005, Dunn’s post hoc multiple comparisons test.
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NMDA receptor component. This adaptation to social isolation was 
lacking in Nptx2−/− mice (Fig. 7B). There was no difference in the 
evoked paired-pulse ratio between genotypes or housing conditions, 
suggesting that alterations in AMPA/NMDA responses are due to 
postsynaptic changes at excitatory synapses on PV. These findings 
are consistent with the known function of NPTX2 mediating 
homeostatic upscaling of AMPA receptors at excitatory synapses 
on PVs (23, 25).

In adult hippocampus and cortex, the AMPA receptor GluA4 is 
preferentially expressed in PV and is essential for fast-spiking 
properties (25). GluA4 expression is prominently down-regulated 
in Nptx2−/− mice when crossed with either Nptxr−/− (25) or amyloid-
generating mutations of -amyloid precursor protein (APP)/PS1 
(presenilin 1) (29). However, GluA4 expression in total lysate or in 
P2 synaptosome fractions was not altered by social isolation in either 
WT or Nptx2−/− mice (fig. S7B). Similarly, there were no changes 
in total or P2 fraction expression of NMDA receptors GluN1 or 
GluN2A. Thus, developmental stress and NPTX2-dependent in-
creases in excitatory drive of PV cannot be explained by changes in 
total glutamate receptor expression.

We next examined a functional assay of PN connectivity with 
PVs by monitoring carbachol-induced gamma oscillation in field 
recordings from acute hippocampal slices. Balanced reciprocal 
connectivity of PN and PV is required to generate rhythmic network 
activity, especially in the range of ~40 Hz (gamma) observed via the 
local field potential, and gamma power is proportional to the degree 
of synchronous firing within hippocampal networks (48). Social 
isolation did not substantially alter the gamma power or peak 
frequency in WT mice, and these parameters were not different in 
group-housed Nptx2−/− mice. However, single-housed Nptx2−/− mice 
exhibited a prominent reduction of gamma power (Fig. 7, C to F). 
Combined findings suggest that effective adaptation to social isola-
tion requires NPTX2-dependent strengthening of the excitatory 
drive of PV to maintain balanced reciprocal connectivity.

Adaptation to social isolation is associated with changes 
in PV gene expression that are dependent on NPTX2
To examine the impact of social isolation at rearing on PV gene 
expression, we performed a RiboTag pull-down analysis of mRNAs 
expressed in PVs comparing cortex and hippocampus from group-
housed versus single-housed WT and littermate Nptx2−/− mice. 
Control experiments confirmed >10-fold enrichment of PV-enriched 
mRNAs, including parvalbumin and Gad1, and depletion of mRNAs 
that are present in excitatory neurons (Slc17a7) or somatostatin 
interneurons (Sst) (Fig. 8A and fig. S8, A and B). A heatmap of 
biological triplicates (three mice) for each group revealed gene 
expression changes comparing WT group-housed versus WT 
single-housed mice yielding 152 differentially expressed genes 
(DEGs), defined as having P values <0.05 and differential log2 fold 
changes of >2 SD. By contrast, heatmaps comparing Nptx2−/− 
group-housed mice versus Nptx2−/− single-housed mice were more 
similar (71 DEGs) and notably different than WT single-housed 
mice (Fig. 8B and fig. S8C). Pathway analysis comparing WT group-
housed mice versus WT single-housed mice suggested functions for 
cognition, diseases of neural excitability, synaptic plasticity, and 
“first onset paranoid schizophrenia” (fig. S8D). Pathway analysis 
comparing WT single-housed mice versus Nptx2−/− single-housed 
mice revealed a similar set of pathways (fig. S8D). Analysis of 
specific biochemical pathways suggested changes in activating 

transcription factor 4 (ATF4) signaling (fig. S8E), serine and glycine 
biosynthesis, and oxidative stress response (Fig. 8, C and D). ATF4 
interacts with DISC1 (disrupted in schizophrenia) and is implicated 
in synaptic dysregulation (49). Select genes identified in the serine 
and glycine biosynthesis pathway are enriched in PVs, and we 
confirmed RNA sequencing (RNA-seq) data by quantitative poly-
merase chain reaction (qPCR) and additionally that changes were 
specific to PVs versus total RNA (fig. S8, F to I). Glycine biosynthesis 
converges with oxidative stress response in the generation of gluta-
thione. Indicators of oxidative stress and reduced glutathione are 
reported in human schizophrenia biospecimens, including brain, 
CSF, and blood (50). We examined the role of NPTX2 in this adap-
tation by monitoring the ratio of reduced glutathione to oxidized 
glutathione disulfide and found an increase in glutathione in single-
housed WT mouse brain (compared to group-housed WT) that was 
absent in single-housed Nptx2−/− mice (Fig. 8E). We conclude that 
Nptx2−/− causes multiple neuropsychiatric domains and increases 
vulnerability to stress during development, in part, by disrupting 
the ability of PVs to contribute to homeostatic adaptation of inhib-
itory circuit function.

DISCUSSION
We present a model of schizophrenia that implicates loss of 
function of NPTX2 in disease pathogenesis. The model builds on 
three sets of observations. The first provides evidence that levels of 
NPTX2 are reduced in CSF of individuals with onset of clinically 
identified schizophrenia within the prior 5 years. The observation 
that CSF NPTX2 in control individuals shows diurnal changes and 
rapid increases in response to sleep deprivation supports the notion 
that CSF NPTX2 reports on a dynamic, behavior-linked processes 
in human brain. Future studies will need to confirm the observed 
reduction in additional cohorts of individuals with schizophrenia, 
assess the association of NPTX2 with other biomarkers of schizo-
phrenia (11), and determine whether CSF NPTX2 can predict 
clinical onset and whether CSF NPTX2 remains reduced in individuals 
with chronic schizophrenia. Further analyses of postmortem brain 
for NPTX2 expression and evidence of loss of function are also 
warranted.

A second set of observations demonstrates that dynamic traf-
ficking of NPTX2 is normally linked to behavior and is disrupted by 
genetic mutations that affect synaptic function in PNs. In normal 
brain, synaptic NPTX2 increases during periods of activity and 
decreases during periods of sleep. Several lines of evidence suggest 
that changes of synaptic NPTX2 result in corresponding changes in 
PN excitatory drive of PVs. Examination of synaptic connectivity in 
visual cortex of adolescent Nptx2−/− mice reveals a selective reduc-
tion of layer 2/3 PN connectivity with PVs (24). Moreover, in WT 
mice, monocular deprivation in adolescent mice results in reduc-
tion of connectivity between PN and closely proximal PVs in layer 2/3 
with a time course that parallels reduced NPTX2 expression, and 
NPTX2-SEP overexpression prevents monocular deprivation–induced 
disconnection of PN-PV (37). Reciprocally, dominant-negative NPTX2 
reinstates ocular dominance plasticity in adult brain, suggesting 
that dynamic changes of NPTX2 are required to establish new func-
tional excitatory circuits (37). It is compelling to suggest that the 
diurnal changes of synaptic NPTX2, which are comparable in am-
plitude to those observed with monocular deprivation, similarly con
tribute to cortical Hebbian and homeostatic plasticity. Continuous 
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Fig. 8. Adaptation to social isolation is associated with changes in PV gene expression that are dependent on NPTX2. (A) Ribosome-associated mRNA from PVs 
was extracted by RiboTag pulldown. Quantitative polymerase chain reaction confirmed more than 20-fold enrichment of Pvalb mRNA after RiboTag pulldown. PV-Cre k/k; 
RiboTag k/k; Nptx2+/− mice were bred with RiboTag k/k; Nptx2+/− mice to generate WT and Nptx2−/− mice with PV-Cre k/+; RiboTag k/k. IP, immunoprecipitation. (B) Heatmap 
of DEGs reveals profound adaptation in PVs of WT mice to postweaning social isolation (WT_SI). PVs in Nptx2−/− mice do not show a similar adaptation to social isolation. 
(C) Dysregulated pathways in socially isolated Nptx2 KO revealed by Ingenuity Pathway Analysis (IPA). MAPK, mitogen-activated protein kinase; FPKM, fragments per 
kilobase of transcript per million mapped reads. (D) Ingenuity Pathway Analysis reveals dysregulated serine and glycine biosynthesis pathway in socially isolated Nptx2 
KO in comparison with socially isolated WT. Genes are indicated in bold, and numbers under gene names are the log2 (fold change) of gene expression (KO_SI versus 
WT_SI). NAD+, nicotinamide adenine dinucleotide; NADH, reduced form of NAD+. (E) Postweaning social isolation increases the ratio of reduced glutathione (GSH) to 
oxidized glutathione (GSSG) in cortex of WT but not Nptx2−/− mice. N = 5 to 7 per group. *P < 0.05, two-tailed t test. Data represent means ± SEM.
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monitoring of network spiking during monocular deprivation in 
rat revealed immediate onset of reduced PV firing before major 
changes in PN firing, suggesting that visual stimuli–mediated ex-
citatory drive of PVs is adaptively tuned to balance the overall ex-
citatory input to PNs and thereby establish circuit “criticality” 
(41, 51).

The role of sleep in regulating synaptic NPTX2 is notable because 
sleep is disrupted in up to 80% of individuals with schizophrenia 
(52). Studies including electron microscopy ultrastructure, molecu-
lar genetics, and electrophysiological recordings indicate that 
synapses become stronger during diurnal periods of wake behavior 
and become weaker during sleep (21, 42, 43). During this cycle, the 
average firing rate is not significantly different (41), suggesting that 
changes in excitatory synapses on PNs are balanced by circuit-based 
inhibition. Consistent with this notion, the decrease of synaptic 
NPTX2 during sleep is concurrent with Homer1a scaling down of 
excitatory synapses on PNs (21). The CSF samples from normal 
human volunteers assayed here for NPTX2 were previously assayed 
for Aß, and demonstrated increases were attributed to increased 
generation (38). Activity-dependent Aß generation is dependent on 
Arc, which recruits gamma secretase to endosomes that traffic and 
process APP in the same postsynaptic process that mediates scaling 
down of synaptic AMPA receptors (53). Thus, CSF Aß may repre-
sent a biomarker of Arc-dependent homeostatic scaling in normal 
individuals and, combined with NPTX2, could provide further 
translational insight into synaptic homeostasis in disease.

Behavior-linked synaptic NPTX2 trafficking is disrupted by 
mutations that disrupt activity-dependent synaptic plasticity without 
changing the expression of NPTX2. This finding may rationalize 
findings of reduced CSF NPTX2 in individuals with schizophrenia 
without measurable changes in brain NPTX2 protein (Fig. 1). 
Because NPTX2 synaptic exocytosis is activity dependent, its natural 
dynamic expression in sparse populations of neurons requires the 
same neurons that were initially activated to induce Nptx2 mRNA, 
and protein expression must be reactivated hours later when 
NPTX2 protein is expressed and has reached presynaptic sites. 
Accordingly, we propose a requirement for stable ensemble formation, 
as ascribed to Arc (17, 18) and as proposed as a role for homeostatic 
scaling (54) as a basis for proper NPTX2 synaptic trafficking and 
function. We note that the intensity of the NPTX2-SEP signal in 
Arc−/− and Homer1a−/− mice is similar to WT, indicating that 
exocytosis can occur over the time frame of NPTX2-SEP transgene 
expression (3 weeks) and that disruption of shedding as normally 
occurs in sleep may contribute importantly to loss of behavior-
linked trafficking.

The third set of observations examines the consequence of 
NPTX2 loss-of-function screening for neuropsychiatric dimen-
sions. We note that Arc−/− mice, with their loss of behavior-linked 
NPTX2 trafficking, exhibit multiple neuropsychiatric dimensions 
(17, 18). Nptx2−/− results in cortical and hippocampal developmental 
phenotypes (24, 25), social interaction deficits, and amplified 
locomotor responses to dopaminergic agents. Yet, performance on 
many cognitive tasks is preserved, including spatial learning and 
fear conditioning. Nptx2−/− mice exhibit a selective inability to 
“update” certain memories, which may be relatable to cognitive 
deficits in presymptomatic individuals (55).

As part of our screen for neuropsychiatric dimensions, we 
monitored the effect of social isolation stress. Social isolation is 
strongly associated with psychiatric diseases. Hikikomori (prolonged 

social withdrawal) of Japan and mental health issues related to 
recent social distancing are poignant examples. In rodent models, 
social isolation engages stress hormones, and aspects of the response 
can be blocked by glucocorticoid receptor antagonists (46). In WT 
mice, the response to social isolation involves scaling up of AMPA 
receptor responses at excitatory synapses on PVs together with 
reduced IEG mRNA expression in PNs, including Arc and Homer1a 
(but not reduced Nptx2). This reduction of IEG expression is absent 
in Nptx2−/− brain, consistent with its action to increase circuit 
inhibition. The prominent change in PV gene expression noted in 
RiboTag pull-down experiments is indicative of the complexity of 
adaptations that normally occur as part of the response to social 
isolation and presumably underlie changes in synaptic strength and in 
metabolic pathways including serine/glycine biosynthesis. Enhanced 
glutathione levels are part of the normal homeostatic response and 
represent another domain relatable to schizophrenia (50).

NPTX2-dependent adaptation of PVs is required for hippocampal 
circuits to maintain normal gamma power and rhythmicity in 
response to social isolation. Gamma oscillation and ensemble 
synchrony are important for long-range synaptic connectivity, 
sensory cortex timing discrimination, and episodic memory (48), 
domains that are consistently disrupted in schizophrenia. In 
Nptx2−/− mice, social isolation induces an enhanced locomotor 
response to the use-dependent NMDA receptor antagonist, MK-801. 
This phenotype may be interpreted to represent NMDAR hypo-
function, and this has been a target of therapeutics development for 
schizophrenia (10). Alternatively, failure of AMPA receptor scaling 
on PVs means that NMDA receptors contribute a relatively larger 
role as mediators of synaptic drive, and consequently, behaviors may 
be more affected by use-dependent antagonists. Thus, NMDA recep-
tor function may appear reduced in schizophrenia as a consequence 
of NPTX2 loss of function, independent of mutations of the NMDAR.

In summary, the present model of schizophrenia encompasses a 
broad range of behavioral, neuropharmacological, electrophysio-
logical, biochemical, and molecular hallmarks of schizophrenia, 
with the unifying concept that NPTX2 function is required for 
excitatory circuit function and is uniquely vulnerable to failure 
because of its delayed time of action and requirement for specific 
patterns of activity for its normal synaptic trafficking. Our model 
predicts that diverse genetic loads that increase risk for schizophrenia 
will share a common end point in disrupting NPTX2 function. The 
availability of an in vivo reporter and a translatable biomarker 
provides an opportunity to further refine our understanding of 
schizophrenia.

MATERIALS AND METHODS
Mice
Nptx2−/− mice in congenic C57BL/6J background were obtained 
from M. Perrin’s laboratory. Nptx2−/− mice in outbred CF1 back-
ground were obtained from I.M.R.’s laboratory. Upon weaning, WT 
and Nptx2−/− mice were either group-housed or single-housed at 
weaning for at least 4 weeks before experiments. PV-Cre mice (stock 
no: 017320), tdTomato reporter mice (stock no: 007914), and RiboTag 
mice (stock no: 029977) were purchased from the Jackson Laboratory. 
All mice had free access to water and food and were housed with a 
12 hour-12 hour light-dark cycle. All procedures involving animals 
were under the guidelines of the Johns Hopkins University Institu-
tional Animal Care and Use Committee.
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Antibodies
Rabbit anti-NPTX1, rabbit anti-NPTX2, mouse anti-NPTX2, and 
mouse anti-Arc were described previously (29, 53). All other anti-
bodies are from commercial companies. Sheep anti-NPTXR is from 
R&D Systems [catalog number: AF4414; research resource identifier 
(RRID): AB_2153869); mouse anti-PSD95 is from Thermo Fisher 
Scientific (catalog number: MA1-046; RRID: AB_2092361); mouse 
anti-GluN1 is from Millipore (catalog number: 05-432; RRID: 
AB_390129); rabbit anti-GluN2A is from Sigma-Aldrich (catalog 
number: G9038; RRID: AB_259980); rabbit anti-GluA4 is from 
Millipore (catalog number: AB1508; RRID: AB_90711); rabbit anti-HA 
for Western blot is from eBioscience (catalog number: 14-6756-81; 
RRID: AB_468301); mouse anti-HA for RiboTag pulldown is from 
Sigma-Aldrich (catalog number: H3663; RRID: AB_262051); mouse 
anti-actin is from Sigma-Aldrich (catalog number: A2228; RRID: 
AB_476697); ECLTM (enhanced chemiluminescence) anti-mouse 
immunoglobulin G (IgG) horseradish peroxidase (HRP) is from GE 
Healthcare (catalog number: NA931V); ECLTM anti-rabbit IgG HRP 
is from GE Healthcare (catalog number: NA934V); donkey anti-sheep 
IgG HRP is from Santa Cruz Biotechnology (catalog number: sc-2473; 
RRID: AB_641190); and mouse anti-HA is from Santa Cruz Bio-
technology (catalog number: sc7392; RRID: AB_627809).

Human postmortem brain
Human brain tissue of schizophrenia and healthy control were 
obtained from D. Weinberger at Lieber Institute for Brain Develop-
ment, Johns Hopkins Medical Campus. For Western blot analysis, 
brain samples were lysed in radioimmunoprecipitation assay 
(RIPA) buffer [1% Triton, 0.5% Na-deoxycholate, 0.1% SDS, 50 mM 
NaF, 10 mM Na4P2O7, 2 mM Na3VO4, and protease inhibitor cocktail 
in phosphate-buffered saline (pH 7.4) at a dilution factor 1:50].

Human CSF
Schizophrenia CSF
Human CSF samples were collected from patients with psychosis 
and healthy controls from two distinct cohorts. One cohort was 
from patients with recent onset of psychosis (defined as within 
5 years of first psychotic symptoms), who were recruited from the 
Johns Hopkins Medical Institutions and surrounding hospitals 
from the Greater Baltimore area. Participants in this cohort com-
pleted a 2-hour battery of neuropsychological tests to assess cognitive 
function, as previously described (31). Another cohort was from 
antipsychotic-naïve patients with schizophrenia, who were recruited 
from the University of Cologne and the Central Institute of Mental 
Health in Mannheim, Germany. All participants were given informed 
consent before taking part in the study.
Sleep intervention CSF
Seven participants with normal cognitive function were recruited 
from both longitudinal studies at the Knight Alzheimer Disease 
Research Center and a research volunteer registry at Washington 
University with written informed consent (38). Participants were 
randomized to two groups, including control group with normal 
sleep and sleep-deprived group. Starting at 7:00, CSF samples were 
collected every 2 hours for 36 hours (from 7:00 to 19:00 the next day) 
via an intrathecal lumbar catheter. Sleep intervention starts at 21:00.

Human CSF samples were dissolved with SDS loading buffer, 
and 12 l of CSF were loaded to SDS–polyacrylamide gel electro-
phoresis (SDS-PAGE) and subsequent Western blot. NPTX2 pro-
tein levels in CSF were further quantitated by ELISA described 

previously. All CSF samples were frozen at −80°C at collection and 
thawed no more than twice before measurement. Clinic informa-
tion was blinded during experiment. Two different graphs were 
presented where values were normalized in two ways: normalized 
with average from all time points (Fig. 4B) or average from the first 
12 hours as baseline (Fig. 4C).

Western blot
Brain tissue were lysed with RIPA buffer. Protein extracts were 
separated by 4 to 12% SDS-PAGE, transferred to polyvinylidene 
difluoride membranes, blocked with 5% nonfat milk, and then 
probed with primary antibodies for overnight at 4°C. After washes 
with TBST (tris-buffered saline with 0.1% Tween 20), membranes 
were incubated with HRP-conjugated secondary antibodies for 
1 hour at room temperature. Immunoreactive bands were visualized 
by the enhanced chemiluminescent substrate (Pierce) on x-ray film 
and quantified using the image software TINA (www.tina-vision.net). 
PSD95 were used as loading controls. Proteins migrating similarly 
in SDS-PAGE gel were assayed on different blots without stripping.

Crude synaptosome preparation
Mouse cortex was homogenized in homogenization buffer [5 mM 
tris-HCl, 0.32 M sucrose, 1 mM MgCl2, 1 mM CaCl2, and 1 mM 
NaHCO3 plus cOmplete EDTA-free protease inhibitor mixture 
(pH 7.5)] and centrifuged at 1000g for 10 min at 4°C to pellet nuclei 
and mitochondria (P1 fraction). The resulting supernatant was cen-
trifuged at 16,000g for 20 min at 4°C to pellet crude synaptosome 
(P2 fraction). The P2 pellet was then resuspended in homogenization 
buffer and centrifuged at 16,000g for 20 min again to pellet washed 
crude synaptosome (P2’ fraction). Crude synaptosome was resus-
pended in RIPA buffer, and the protein concentration was determined 
by bicinchoninic acid assay.

Design of pAAV-CAG-DIO-PSD95.FingR-tdTomato-IL2RGZF 
(AAV Flex PSD95.FingR)
PSD95.FingR (34), a recombinant, antibody-like protein based on 
the 110FNIII domain of human fibronectin, was cloned into an 
AAV vector that expresses genes in a Cre-dependent manner with a 
double-floxed inverted open reading frame (DIO). PSD95.FingR was 
fused to tdTomato and to the interleukin-2 receptor subunit gamma 
(IL2RG) zinc finger transcription factor (ZF) that binds to a 12-nt 
DNA-binding site (ZFBS) (56). Expression was driven by a -actin 
(CAG) promoter. The binding site for the ZF was situated immediately 
downstream of the TATA box before the transcription start site. 
Unbound FingR-ZF binds to the ZFBS, inhibiting transcription and 
reducing background. The woodchuck hepatitis virus posttranscrip-
tional regulatory element was added before the poly A sequence to 
increase expression. To drive specific expression of PSD95.FingR-
tdTomato in PVs, AAV-CAG-DIO-PSD95.FingR-tdTomato-IL2RGZF 
virus was injected into the brain of PV-Cre mice.

Two-photon microscopy
Craniotomy
All experimental procedures were approved by the Johns Hopkins 
University Institutional Animal Care and Use Committee and 
performed according to the National Institutes of Health (NIH) 
guidelines. Cranial windows were created over the barrel field of 
primary sensory cortex (center position: 3  mm lateral and 1  mm 
posterior from the bregma) in 7- to 12-week-old WT C57BL/6J, 

http://www.tina-vision.net
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Arc−/−, or Homer1a−/− mice. Anesthesia was induced with 3 to 5% of 
isoflurane and maintained with 1.2 to 1.5% during surgical proce-
dures on a stereotaxic frame (Kopf, CA). Before the first incision, 
dexamethasone (0.2 mg/kg) and meloxicam (20 mg/kg) were 
subcutaneously injected to prevent the edema and related in-
flammation. After removal of the skin, the custom-made metal 
head bar was attached using the dental cement Superbond (Sun 
Medical, Japan). Craniotomy (2 mm by 2 mm) was made with 
No.11 surgical blade, and AAV9-CaMKIIa-NPTX2-SEP (~1012 
genome copies) was injected at three to four sites in a depth of 200 
to 300 m using pulled glass pipette (Narishge, Japan) and Nanoject 
(Drummond Scientific Company, PA) at a rate of 5 nl/s. The 
window was secured with the glass coverslip with cyanoacrylate 
glue Vetbond (3M, MN), and the animals were recovered for about 
2 weeks before two-photon imaging.
Optogenetics
Optogenetic stimulation was carried out to test whether direct 
neuronal activation results in secretion of NPTX2 in vivo. To avoid 
spectral overlapping with NPTX2-SEP, we used a red-shifted opsin 
C1V1. AAV-CaMKII-C1V1-mCherry was injected along with 
AAV-CaMKII-NPTX2-SEP over S1 barrel field. Fifteen to 20 days 
later, C1V1 was stimulated with 1040 nm of Ti:Sapphire two-photon 
laser (MaiTai, Spectra-physic), which was 818 mW at layer 2/3. For 
stimulation, scanning (pixel dwell time, 2.8 s) was alternated 
between depths of 120 m (1 s) and 140 m (1 s) for 10 min (0.5 Hz). 
To make sure that there are no heat-induced artifacts, control 
stimulation was performed with 800-nm wavelength, which does 
not stimulate C1V1 at 818 mW.
In vivo two-photon awake NPTX2-SEP imaging over normal 
light-dark cycle, sleep deprivation, and dark-dark cycle
Confocal microscopy was performed with a laser scanning micro-
scope (Olympus, Japan) equipped with an ultrasensitive GaAsP 
detector (Hamamatsu, Japan) and a galvanometer scanner (Thorlabs, 
NJ). Two-photon excitation was carried out by ultrafast Ti:Sapphire 
laser Mai Tai eHP DeepSee (Spectra-Physics, CA), operating the 
wavelength at 920 nm for visualizing NPTX2-SEP with a GFP filter 
using a 20× objective XLUMPLFL20XW (Olympus, Japan). Hardware 
operation and image acquisition were performed with PrairieView 
software (Bruker, MA).

Eleven to 13 days after surgery, mice were handled for 10 to 
15 min and acclimated to the imaging setup for 15 to 30 min by 
fixing their head bars to the custom-made head fixation apparatus 
and imaging platform. During the habituation, the blood vessel 
mapping is performed for a whole window. Blood vessels are images by 
epifluorescence imaging with 605-nm light-emitting diode excitation 
(Thorlabs, NJ). The 3D z-stack images were acquired where the ex-
pression exists around day 14. Resolution images (512 by 512 pixels) 
with eight averages were acquired from 0 to 180 m from dura in an 
interval of 5 m (total 37 image stacks). Because of the poor z reso-
lution of two-photon excitation, the image quality between 2- and 
5-m intervals was not very different. Using the blood vessel 
morphology as a reference, the images were acquired in the same 
location with the same imaging parameters for longitudinal study 
during the imaging period: 6, 10, 14, 16, and 20 clock time (CT), 
where light is on and off at 7 and 19 CT, respectively. For sleep 
deprivation, we performed gentle handling by gently tapping or 
agitating the cages whenever the mice were going to fall asleep. 
Sleep deprivation was performed for 6 hours followed by 1-hour 
recovery sleep, and each effect on NPTX2 secretion was assessed. 

For the dark-dark cycle experiment, the mice were kept in a light-proof 
chamber that is ventilated during whole imaging sessions.
NPTX2-SEP spot 3D analysis and statistics
All 3D z-stack time-series (4D) images were preprocessed with 
ImageJ (FIJI) and further analyzed with Imaris software (Bitplane, 
Zurich, Switzerland). Each set of 3D z-stack images was concatenated 
to generate time-lapse 3D images, background-corrected by “bleach 
correction” plug-in using histogram-matching algorithm, and 3D 
drift–corrected by “Correct 3D drift” algorithm (57) (FIJI). The 
xyz-corrected portion of the processed 4D images were selected and 
subjected to NPTX2-SEP spot analysis with Imaris software. The 
NPTX2-SEP spots were detected with “surface detection” function, 
the diameter of the largest sphere being 2.5 m, and the number of 
spots and volume of each spot were exported. The “total volume” 
used in this study is defined by the sum of volume of all NPTX2-
SEP spots. The spot number and the total volume were normalized 
with the first time-point data and subjected to one-way analysis of 
variance (ANOVA) with post hoc Tukey’s test where indicated 
(GraphPad Prism).

Tissue staining and confocal microscopy
For confocal microscopy of NPTX2 and PV-IN PSD95 colocaliza-
tion, AAV2-CaMKII-NPTX2-HA-V5 was injected along with AAV-
CAG-DIO-PSD95.FingR-tdTomato-IL2RGZF into PV-Cre mice. 
Perfused brain was sectioned by 20 m and stained with anti-HA 
antibody. Images were captured using a laser-scanning confocal 
microscope (LSM 880, Zeiss) with 100× lens.

Behavioral testing
All procedures involving animals were under the guidelines of 
Johns Hopkins University Institutional Animal Care and Use 
Committee. Male Nptx2−/− mice and their WT littermates on a 
C57BL/6J strain background were used in all but fear conditioning 
testing. Male Nptx2−/− mice and their WT littermates on CF1 strain 
background were used for fear conditioning.

For the part of the study that used social isolation paradigm, the 
cohorts of littermates were randomly divided into group- (three to 
four animals) and single-housed subgroups. Single housing was 
initiated shortly after weaning. Behavioral testing started at least 
60 days after the initiation of social isolation.

All testing was performed in isolated behavior rooms at 21 to 
22°C. Mice were handled daily for 3 days before start of behavioral 
testing. Testing was conducted during the light phase of circadian cycle 
in cohorts of 10 to 15 mice blindly balanced by pseudo-genotype. 
Before each test, mice were moved to the testing room and allowed 
to habituate to the new location for at least 1 hour before behavioral 
testing. Behavioral performances in the open field, Y maze, and 
social motivation tests were recorded by a computer-based video 
tracking system (ANY-maze, Stoelting Co., IL). PPI of acoustic 
startle reaction (ASR) was conducted in a startle soundproof chamber 
(model SR-LAB, San-Diego Instruments, CA).
Novelty- and drug-induced locomotor activation in open field
Mouse was placed in an open-field arena made of white plastic 
(38 cm by 38 cm by 25 cm), and each animal performed one daily 
trial. The trial began with the mouse being released near the wall of 
a novel open field and lasted for 15 min to measure the novelty-
induced motor activity. For measurement of drug-induced locomotor 
activity, mouse was first placed in the open field for 45 min for 
habituation trial. After habituation, drugs of indicated dosage were 
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administrated intraperitoneally, and the mouse was placed back to 
the open field for another 65 min. Following each trial, the fields 
were cleaned with a dilute alcohol solution and dried with a paper 
towel. Activity measures included distance traveled, percent time 
spent in the central area of a field, and percent time spent in active 
exploration (episodes of movement ≥5 cm/s).
Novelty-induced locomotor activation and spontaneous  
alternation task in Y maze
Testing was carried out on a Y-shaped maze with each arm measuring 
8 cm by 53 cm. Mice were placed into the end of one arm and 
allowed to explore freely for 5 min. The sequence of arm entries 
and locomotor activity were recorded using ANY-maze software 
(Stoelting Co., IL). The spontaneous alternation behavior was 
calculated as the number of trials containing entries into all three 
arms divided by the maximum possible alternations. Following each 
trial, the Y maze was cleaned with a 30% alcohol solution and dried 
with a paper towel.
Social motivation task
Social motivation task was carried out in a three-chamber test [PMID 
(PubMed identifier): 15344922]. A stimulus animal (23- to 28-day-old 
male mouse on C57BL6/J background) was placed in an air-
transparent enclosure on one side of the apparatus, and an empty 
enclosure was placed on the other side. The testing animal was 
allowed to habituate to the three-chamber apparatus, with both en-
closures being empty for 10 min. After the habituation, the animal 
was removed into the waiting cage, and the apparatus and enclo-
sures were thoroughly cleaned with 30% alcohol. For the next trial, 
the testing animal was placed in the apparatus with a social stimulus 
present on one of the sides. The time investigating each enclosure 
and number of entries into each chamber were automatically re-
corded using the ANY-maze software.
Prepulse inhibition
PPI was tested as described before (PMID: 18385378). During a 
6-min acclimation period, the mouse was exposed to a background 
noise of 63 dB, which continued throughout the session. The subject 
was then exposed to three 25-ms startle pulses of 120-dB white 
noise to determine the initial level of ASR. The subject then received 
six blocks of eight trials each to measure the PPI. Each block of trials 
consisted of six different trial types presented pseudo-randomly 
across blocks: startle pulse of 120 dB (two trials); startle pulse of 
110 dB (two trials); and four different prepulse trials followed by the 
startle pulse (one trial for each of the prepulse and startle intensities). 
The prepulses were 25-ms weak stimuli of white noise with intensities 
of 4 or 8 dB above the background noise. The time interval between 
the prepulse offset and the startle pulse onset was 75 ms. Trials were 
presented at a variable-interval schedule of 20 to 40 s. The maxi-
mum amplitude and the latency of the startle reaction were recorded 
for every trial. The average value for every type of trial across six 
blocks was used for the statistical analysis. The measures of ASR 
amplitude to startle pulses of 120 and 110 dB in trials without 
prepulses were used to characterize the reactivity to acoustic stimuli. 
PPI was characterized as a percentage of ASR inhibition induced by 
each prepulse intensity and was calculated as [100 × (Startle ampli-
tude in the startle alone trial − Startle amplitude in the prepulse 
trial)/Startle amplitude in the startle alone trial].
Delayed fear conditioning
Delayed fear conditioning is a subtype of classical (Pavlovian) 
conditioning in which a subject learns to associate a novel context 
and a neutral CS with an aversive unconditioned stimulus (US). As 

a result of the training, previously neutral stimuli become associated 
with danger and elicit an unconditioned fear response, freezing, in 
the absence of US (PMID: 11520922). Mouse training chamber 
(Stoelting Co., Wood Dale, IL) was used as described in (58) (PMID: 
23764200). Testing protocol and data collection were automated by 
ANY-Maze 6.06 software (Stoelting Co., Wood Dale, IL). A mouse 
was placed in the training chamber with context 1 (black-and-white 
contrast walls; lights in the chamber, 2.0 visible +0.0 infrared; 
background noise, 70 dB). After 120 s of habituation, a CS was 
presented (a 15-s-long 85-dB 600-Hz tone) and coterminated with 
a mild footshock (US, 2-s long, 0.6 mA). The CS-US pairings were 
presented with a 120-s-long intertrial interval for a total of six 
pairings. Freezing duration was measured automatically throughout 
training with minimum freezing duration = 1000 ms and On/Off 
threshold = 30/40. To characterize a motor reaction to the US, raw 
movement scores were used as a number of pixels displaced per 
second. Training chamber was cleaned thoroughly with a 30% ethanol 
solution after each mouse.

Fear memory to context was tested 6 days after the fear acquisi-
tion session. Mice were placed in the same fear conditioning box 
(context 1) for 5 min. No CS or US was presented. All other param-
eters were identical to the fear acquisition training session. Twenty-
four hours after testing for contextual fear memory, mice were 
placed in a novel 25 cm by 25 cm by 38 cm box with white walls and 
a solid floor (context 2). Fresh bedding was placed on the floor of 
the box. Mice were allowed to explore the chamber for 120 s, after 
which the CS was presented for 15 s. This was repeated for a total of 
six times for each animal to mimic the protocol from the training 
session. US was not presented. Freezing response during intertrial 
intervals and each presentation of the CS was analyzed by Any-Maze 
6.03 software (Stoelting Co., Wood Dale, IL).
Statistics
The statistics were carried on by using Statistica 13.3 (TIBCO 
Software Inc., CA) and a minimal level of significance P < 0.05. A 
two- or three-way mixed-design ANOVA was used for most of the 
behavioral experiments, followed by Fisher’s least significant differ-
ence post hoc test for significant main effects/interactions. The 
effects of genotype and/or social isolation were treated as main 
effects, whereas effects of time periods (blocks of trials or minutes), 
type of trials (startle or prepulse intensity), or type of object (social 
versus nonsocial) were treated as repeated measures. All interactions 
were set as orthogonal. Correlations between different behavioral 
measures were assessed using Pearson correlations (R) after confir-
mation of nonviolation for normal distribution. Coefficient of 
determination (R2) was calculated to characterize percent of vari-
ability explained by correlations. Numbers of cases per group (n) are 
indicated in the figure legends. All error bars represent SEM. Details of 
statistical analyses for each panel of main and supplementary figures 
are presented in Supplementary Materials.

Slice electrophysiology
Slice preparation
WT and Nptx2−/− mice that had been maintained in social housing 
or single housing after weaning for at least 4 weeks were anesthe-
tized with isoflurane and then decapitated. The brain was dissected 
out in ice-cold sucrose-substituted artificial CSF (SSaCSF) containing 
the following: 90 mM sucrose, 80 mM NaCl, 3.5 mM KCl, 24 mM 
NaHCO3, 1.25 mM NaH2PO4, 4.5 mM MgCl, 0.5 mM CaCl2, and 
10 mM glucose, saturated with 95% O2 and 5% CO2. Transverse 
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midventral hippocampal slices (300 m) were cut using a VT-1200S 
vibratome (Leica Microsystems) and incubated submerged in SSaCSF 
at 32° to 34°C for 30 to 40 min and then maintained at room 
temperature in SSaCSF until use.
Whole-cell slice electrophysiology
For patch-clamp recordings following recovery, slices were trans-
ferred to an upright microscope (Zeiss Axioskop) and perfused at 
2 to 3 ml/min (32° to 34°C) with aCSF composed of 130 mM NaCl, 
3.5 mM KCl, 24 mM NaHCO3, 1.25 mM NaH2PO4, 1.5 mM MgCl2, 
2.5 mM CaCl2, and 10 mM glucose, saturated with 95% O2 and 5% 
CO2. Individual fluorescently reported PV cells in CA1 were visual-
ized with a 40× objective using fluorescence and infrared–differential 
interference contrast video microscopy. Electrodes were pulled 
from borosilicate glass (World Precision Instruments) to a resistance 
of 3 to 5 milliohm using a vertical pipette puller (Narishige, PP-830) 
and filled with internal solution containing 130 mM Cs-methaneSO4, 
5 mM CsCl, 10 mM Hepes, 3 mM MgCl2, 2 mM Na2 adenosine 
triphosphate, 0.3 mM Na guanosine 5´-triphosphate, 0.6 mM EGTA, 
and 2 mM Qx-314 10 1,2-bis(2-aminophenoxy)ethane-N,N,N´,N´-
tetraacetic acid and supplemented with 0.2% biocytin. Whole-cell 
patch-clamp recordings were made using a Multiclamp 700A 
amplifier (Molecular Devices), and signals were digitized at 20 kHz 
(Digidata 1322A, filtered at 3 kHz) for collection on a PC equipped with 
pClamp 9.2 or 10.4 software (Molecular Devices). Uncompensated 
series resistance ranged from 10 to 20 milliohm and was monitored 
continuously throughout recordings with −5-mV voltage steps. 
Excitatory synaptic transmission was pharmacologically isolated by 
supplementing aCSF with 50 M picrotoxin, 10 M bicuculline, 
and 2 M CGP 55845. Synaptic events were evoked by low-intensity 
stimulation (150 s/10 to 30 A) via a constant current isolation unit 
(A360, WPI) connected to a patch electrode filled with oxygenated 
aCSF. AMPAR-mediated events were recorded at a holding poten-
tial of −70 mV and then blocked with DNQX (10 to 20 M) follow-
ing which the membrane potential was depolarized to +50 mV to 
record the corresponding NMDAR-mediated component of trans-
mission (subsequently verified by pharmacological block with 
100 M dl-APV).
Field potential gamma oscillations
Midventral transverse hippocampal slices (350 m) obtained as 
outlined above were immediately transferred to an interface-style 
chamber containing humidified carbogen gas and perfused at 32° to 
34°C with aerated modified aCSF (1 to 1.5 ml/min) containing 
(in mM): 126 mM NaCl, 3 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 
1.25 mM NaH2PO4, 10 mM glucose, and 26 mM NaHCO3. Slices 
were maintained for at least 1 hour after slicing before electrophysio-
logical recordings were carried out. Local field potentials were 
recorded from hippocampal region CA3 in stratum pyramidale 
using glass pipettes pulled from standard borosilicate glass (3 to 
5 megohm) filled with modified aCSF. Signals were low-pass–filtered 
at 2 kHz and captured using a Multiclamp 700B amplifier (Molecular 
Devices, CA), digitized using a Digidata 1322A (Molecular Devices, 
CA), and captured on a PC running pClamp 9 (Molecular Devices, 
CA). All data were imported into Igor Pro 6 (Wavemetrics, OR) 
using Neuromatic (ThinkRandom, UK) and analyzed using custom-
written procedures. Persistent gamma oscillations were evoked by 
bath-applying carbachol at 25 M for 30 min. Gamma oscillation 
power and frequencies were determined using power spectra de-
rived from 300 s of recording, and analyses were carried out in a 
blinded manner. All data were tested for normality followed by 

parametric or nonparametric analyses as appropriate in GraphPad 
Prism (GraphPad Software, CA).

RiboTag pulldown
Immunoprecipitation and purification of ribosome-associated RNA 
was performed from PV-Cre k/+; RiboTag k/k mouse brains as 
described (59) with minor modifications. Briefly, mouse cortex and 
hippocampus were homogenized in lysis buffer [50 mM tris, 100 mM 
KCl, 12 mM MgCl2, 1% NP-40, cycloheximide (100 g/ml), 10 mM 
ribonucleoside vanadyl complex, 1 mM dithiothreitol, plus RNAsin 
and cOmplete EDTA-free protease inhibitor mixture (pH 7.4)] on 
ice. Homogenates were spun at 10,000g for 10 min to remove de-
bris. Supernatant was collected, and ribosomes with associated 
RNA were immunoprecipitated by anti-HA antibody. Ribosome-
associated RNA was purified by an RNeasy mini kit (Qiagen) and 
then subject to RNA-seq or qPCR as described in the “RNA 
Extraction, complementary DNA synthesis, and qPCR” section.

RNA-seq and data analysis
RNA-seq libraries were prepared using an Illumina TruSeq stranded 
RNA library preparation kit (catalog number: RS-122-2001, Illumina). 
Library quality was validated by high-sensitivity DNA analysis kit 
using Agilent Bioanalyzer 2100, and the concentration of RNA-seq 
libraries was quantified by qPCR using KAPA library quantification 
kit (Kapabiosystems).

Sequencing of RNA-seq libraries was performed on a HiSeq 2500 
instrument (Illumina) with 100–base pair (×2) reads according to the 
manufacturer’s instructions. Six libraries with distinct barcodes were 
sequenced in one lane. The depth of RNA-seq was ~50 × 106 reads 
per sample. Paired-end RNA-seq reads were aligned to mouse ge-
nome GRCm38 using HISAT2 (60). Gene expression levels (FPKM) 
were obtained using StringTie (61). FPKM (fragments per kilobase of 
transcript per million mapped reads) values were log2-transformed 
after adding a pseudo-count of one. Then, genes with log2-transformed 
FPKM values less than 1 in all samples were filtered out, and the 
retained data were further quantile-normalized across samples. To 
identify genes that change between conditions [i.e., WT versus 
knockout (KO) and WT_SI versus KO_SI], we applied differential 
gene analysis using limma (62).
Pathway analysis
Pathway analysis was conducted using the Ingenuity Pathway Analysis 
platform (Qiagen) to determine pathways possibly affected by DEGs. 
For purposes of pathway analysis, those genes with differential log2 
expression fold change of >2 SD were deemed significant and compared 
to the full user transcript dataset to identify pathways of interest.

RNA extraction, complementary DNA synthesis, and qPCR
Total RNA was extracted by an RNeasy mini kit (Qiagen) according 
to the manufacturer’s protocol. Isolated RNA was treated with de-
oxyribonuclease to remove DNA (Turbo DNA-free kit, Ambion). 
One microgram of isolated total RNA was then immediately reverse-
transcribed into complementary DNA using the SuperScript First-
Strand Synthesis System for reverse transcription PCR (Invitrogen). 
qPCR was performed with a QuantStudio 6 Flex system (Applied 
Biosystem) using SYBR green qPCR mastermix in a 384-well optical 
plate. PCR cycling consists of 95°C for 10 min, followed by 40 cycles 
of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s. A melt curve was 
conducted to determine the specificity of PCR amplification. Gapdh 
or Sdha served as an internal control to normalize data.
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ROC curve analysis
To evaluate the diagnostic value of CSF biomarkers, ROC curve 
analysis was performed. ROC curve was created by plotting the 
true-positive rate (sensitivity) against the false-positive rate 
(100 – specificity) for different cutoff points. Each point on the ROC 
curve represented a sensitivity/specificity pair corresponding to a 
particular threshold. The area under the ROC curve indicated how 
well two diagnostic groups can be distinguished. Accuracy was 
defined as the proportion of true results in the whole population 
[(true-positive + true-negative)/(true-positive + false-positive + 
true-negative + false-negative)]. For each CSF biomarker, the cutoff 
point, which maximizes Youden index (sensitivity + specificity −1), 
was selected to calculate the accuracy of a CSF biomarker as a 
diagnostic test.

Statistical analysis
We used GraphPad Prism version 9 (RRID: SCR_002798) to 
perform statistical analyses. Two-tailed t test was used to analyze 
difference between two groups. Correlation analysis were performed 
by Spearman’s rank correlation coefficient. Sample sizes of human 
specimens were estimated by power analysis using G*Power (RRID: 
SCR_013726).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abf6935

View/request a protocol for this paper from Bio-protocol.
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