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Abstract

The MIR137 locus is a replicated genetic risk factor for schizophrenia. The risk-associated allele is reported to increase miR-
137 expression and miR-137 overexpression alters synaptic transmission in mouse hippocampus. We investigated the cellu-
lar mechanisms underlying these observed effects in mouse hippocampal neurons in culture. First, we correlated the risk
allele to expression of the genes in the MIR137 locus in human postmortem brain. Some evidence for increased MIR137HG ex-
pression was observed, especially in hippocampus of the disease-associated genotype. Second, in mouse hippocampal neu-
rons, we confirmed previously observed changes in synaptic transmission upon miR-137 overexpression. Evoked synaptic
transmission and spontaneous release were 50% reduced. We identified defects in release probability as the underlying
cause. In contrast to previous observations, no evidence was obtained for selective synaptic vesicle docking defects. Instead,
ultrastructural morphometry revealed multiple effects of miR-137 overexpression on docking, active zone length and total
vesicle number. Moreover, proteomic analyses of neuronal protein showed that expression of Syt1 and Cplx1, previously re-
ported as downregulated upon miR-137 overexpression, was unaltered. Immunocytochemistry of synapses overexpressing
miR-137 showed normal Synaptotagminl and Complexin1l protein levels. Instead, our proteomic analyses revealed altered
expression of genes involved in synaptogenesis. Concomitantly, synaptogenesis assays revealed 31% reduction in synapse
formation. Taken together, these data show that miR-137 regulates synaptic function by regulating synaptogenesis, synaptic

'Equivalent contributions.

Received: December 28, 2017. Revised: February 15, 2018. Accepted: February 17, 2018

© The Author(s) 2018. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.
For commercial re-use, please contact journals.permissions@oup.com

1879


Undefined namespace prefix
xmlXPathCompOpEval: parameter error
xmlXPathEval: evaluation failed

Undefined namespace prefix
xmlXPathCompOpEval: parameter error
xmlXPathEval: evaluation failed

https://academic.oup.com/

1880 | Human Molecular Genetics, 2018, Vol. 27, No. 11

ultrastructure and synapse function. These effects are plausible contributors to the increased schizophrenia risk associated

with miR-137 overexpression.

Introduction

Schizophrenia is a common psychiatric disorder of high herita-
bility (1). Our knowledge of genetic factors contributing to
schizophrenia risk is progressing, and there are now many rep-
licated, genome-wide significant loci (2). One of the best repli-
cated loci centers around the single nucleotide polymorphism
(SNP) rs1625579 located in an intron of microRNA (miRNA) gene
MIR137 (2,3). This locus is also part of 1p21.3 deletions that give
rise to intellectual disability (4). The shortest region of overlap
among these microdeletions includes MIR137. miRNAs are small
non-coding RNA molecules, which bind target mRNAs, modu-
late their activity and half-life and regulate protein expression
at the post-transcriptional level (5). The schizophrenia-
associated SNPs were reported to produce higher miR-137 levels
(6). Changes in miRNA expression can influence the expression
of hundreds of proteins directly or indirectly, and generate
pleiotropic effects on structure and function of the cells in
which their expression is altered. Given this broad action radius
of miRNAs, genetic variation that alters expression of miRNA
genes may contribute to vulnerability for disease.

miR-137 is expressed in embryonic and adult brain (7,8) and
enriched in hippocampus (4,9,10). Knockout of MIR137 results in
early embryonic lethality in mouse (11). However, microarray
analysis did not detect miR-137 expression in rat cultured hip-
pocampal neurons (12). Target prediction has identified many
genes potentially regulated by miR-137 expression (13-19).
Several genes associated with schizophrenia are among the pu-
tative targets (2) and four (CSMD1, C100rf26, CACNA1C and TCF4)
have been validated as miR-137 targets in HEK-293 cells (20).
Hence, dysregulation of miR-137 expression is a plausible con-
tributor to schizophrenia risk.

Down-regulation of miR-137 expression in a neuroendocrine
cell line alters expression of genes involved in synaptogenesis
and synaptic transmission (17). miR-137 inhibition [via express-
ing the multiple reverse complement sequence of mature miR-
137 (Sponge miR-137).] (21) decreased the number of silent syn-
apses and potentiated synaptic transmission by upregulating
AMPA receptor expression and function (22). Moreover, down-
regulation of miR-1000, which has a similar seed sequence to
miR-137, in Drosophila, inhibited synaptic transmission by de-
creasing VGluT2 expression (23). Hence, several studies suggest
that decreased miR-137 expression, i.e. an effect opposite of
what the disease-associated genetic variation is reported to do
(6), promotes synapse formation and function.

Conversely, upregulation of miR-137 expression was re-
ported to reduce proliferation and stimulate differentiation in
embryonic neuronal stem cells and brain tumor cells (7,9).
However, the opposite phenotype (promoting proliferation) was
observed for adult neuronal stem cells (24). Furthermore, over-
expression of miR-137 in primary cultured neurons inhibited
neuron development by downregulating Mind Bomb-1 (Mib1)
(10). In vivo experiments in mice showed that miR-137 over-ex-
pression impaired long-term potentiation (LTP), learning and
memory. This deficit was attributed to pre-synaptic dysfunc-
tion: altered docking of synaptic vesicles, reduced synaptic
transmission and reduced expression of pre-synaptic proteins
(6). The same study reported a 30% reduction of synaptotagmin-
1 (Syt1) levels, with synaptic dysfunctions rescued by acute Syt1l

over-expression (6). These studies suggested that higher expres-
sion of miR-137 generally produces opposite effects to those of
lower expression, inhibiting neuronal development, LTP and
synaptic functions, possibly by a rather selective effect on the
expression a few synaptic genes (Mib1l or Sytl). However, it re-
mains unclear how such modest changes in the expression of
pre-synaptic proteins produce such robust effects on synapse
organization and function.

Therefore, we investigated the molecular mechanisms of
miR-137-induced synaptic changes in primary cultured hippo-
campal neurons. Since upregulation of miR-137 is the most rele-
vant effect associated with schizophrenia (6), we over-expressed
miR-137 and characterized changes in synaptogenesis, synaptic
ultrastructure, synaptic transmission and protein composition
of the synapse. We confirmed that over-expression of miR-137
impaired synapse organization and function. However, our data
indicate that this is due to a multitude of effects on many mor-
phological, ultrastructural and functional parameters, such as
total number of synapses formed, dendritic length, total number
of vesicles per synapse, active zone length, altered expression of
>30 synaptic proteins (but not Sytl), reduced release probability
and short-term plasticity. Alterations in synaptic transmission
were not rescued by Sytl over-expression. Hence, miR-137 regu-
lates synaptic function by pleiotropic effects on synaptogenesis,
synaptic ultrastructure and synapse function. These effects are
plausible contributors to the increased schizophrenia risk associ-
ated with miR-137 overexpression.

Results

Fine mapping of associated MIR137 locus reveals 3
candidate genes

First, we inspected the Psychiatric Genomics Consortium (PGC)
schizophrenia genome-wide association study (GWAS) results
(2) in the associated locus using Locuszoom (Fig. 1A and B)
(Pruim et al., 2010). This locus (chrl: 98.30-98.55Mb) contains the
schizophrenia-associated SNPs rs1198588, rs1625579, rs2660304
and rs2802535 (6). On the 5’ side, the boundary of the associated
region is rather sharp, with a clear loss of association between
98.55-98.60Mb, well before the location of the adjacent gene
(LOC7729987). On the 3’ side, the border of the associated region
is less well defined and association runs into the adjacent DPYD
gene (Fig. 1A). The associated locus contains the MIR137 host
gene (MIR137HG), a RNA gene containing the miR-137 miRNA
and a second miRNA (MIR2682) with no known function
(Fig. 1B). Second, we aligned the GWAS results with the expres-
sion results from genotype-tissue expression (GTEx) and ana-
lyzed correlations between the schizophrenia risk variant and
gene expression across eight brain regions (Lonsdale et al.,
2013). We observed some evidence for increased expression of
the host gene, MIR137HG, in hippocampus of carriers of the
disease-associated genotype, and to a lesser extent also in cau-
date putamen/basal ganglia (Fig. 1C), but not in other brain re-
gions relevant for schizophrenia, such as the cortex,
hypothalamus and the rest of the basal ganglia, nor in testis, pi-
tuitary, ovary, cell transformed fibroblasts and adrenal. Because
the risk-associated allele was also previously shown to increase
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Figure 1. Genetic evidence of MIR137 region in humans associated with schizophrenia (A) Schizophrenia GWAS hits and genes located on chromosome 1 between 98.1
and 98.8 Mb (genome build hg19). The genomic region shown in (B) and (C) are indicated with B and C at the top of (A). (B) Schizophrenia GWAS hits and genes located
in MIR137 region. (C) Association between 206 schizophrenia risk variants near MIR137 (i.e. those with r*> > 0.6 within the region of GWAS top SNP rs1702294) and ex-
pression of MIR137HG in 10 tissues, cells and brain regions (testis, ovary, adrenal, cell transformed fibroblasts, basal ganglia, hypothalamus, hippocampus, cortex and
caudate putamen basal ganglia). Three tissues show some evidence for association between the schizophrenia risk variant and higher expression of MIR137HG (t > 2.5;

Pmin = 0.0056). The associated SNPs are re-plotted from (A) for clarity.

miR-137 expression (6), we went on to characterize the mecha-
nisms underlying the synaptic defects induced by miR-137 over-
expression in mouse hippocampal neurons.

miR-137 over-expression reduces basal synaptic trans-
mission and alters short-term plasticity

Previous experiments in hippocampal slices found that miR-137
over-expression inhibits synaptic transmission and plasticity
(6). We tested this in a standardized assay using single hippo-
campal neurons grown on micro-dot astrocyte islands (25,26)
and verified miR-137 levels after lenti viral over-expression by
gPCR. Whole-cell patch clamp recordings of synaptic transmis-
sion revealed a 50% reduction in evoked excitatory post-synap-
tic current (EPSC) amplitude in miR-137 over-expressing
neurons compared with control neurons expressing a scram-
bled sequence (Fig. 2A and B). The spontaneous release (mEPSC)
frequency was reduced to 50% of the scramble control, but not
the mEPSC amplitude (Fig. 2C-E). Paired pulse stimulation
showed strong facilitation in miR-137 over-expressing neurons
but not in control neurons (Fig. 2F). miR-137 over-expressing
neurons also showed earlier rundown than the scramble group
during repetitive stimulation (Fig. 2G), but similar asynchronous
release (Fig. 2H). Taken together, the low evoked EPSC, the de-
creased mEPSC frequency and the facilitation during paired
pulse tests suggest a reduction in the number of active synapses
and additional defects in active synapses, especially a de-
creased release probability, in miR-137 over-expressing neu-
rons. The different paired pulse response and the unaltered
mEPSC amplitude suggest a selective pre-synaptic deficit.

Since exogenously expressed Sytl rescued deficits in synap-
tic transmission caused by miR-137 upregulation in vivo (6), we
performed similar rescue experiments. After over-expression,
Syt1 level was significantly increased (Fig. 2N and O). However,
in our test conditions, Sytl over-expression did not rescue syn-
aptic transmission deficits caused by miR-137 over-expression
(Fig. 2I-M). Hence, our data indicate that miR-137 regulates syn-
aptic transmission by altering pre-synaptic release and possibly
synapse formation, but loss of Sytl function is not the sole
cause of these deficits.

miR-137 over-expression changes many aspects of syn-
aptic ultrastructure

Impaired pre-synaptic release could arise from ultrastructural
changes in the active zone (6). We used electron microscopy to
analyze the ultrastructure of synapses (Fig. 3A). As reported pre-
viously, miR-137 over-expressing neurons showed a 30% reduc-
tion in active zone length and membrane-proximal (docked)
vesicles (6). We also found a 29% reduction in active zone length
(Fig. 3B) and 28% reduction in post-synaptic density (PSD)
(Fig. 3E). Meanwhile, the synaptic vesicle cluster size reduced
37% (Fig. 3F), total number of synaptic vesicles reduced 39%
(Fig. 3G) and the number of docked synaptic vesicles reduced
34% (Fig. 3C). Consequently, the number of docked vesicles per
active zone length was unchanged, but the distribution of syn-
aptic vesicle at synapses is (Fig. 3D). A 43% reduction of large
dense core vesicles (LDCVs) per synapse was observed (Fig. 3H).
Hence, we confirm the previously observed reduction in
membrane-proximal (docked) vesicles upon miR-137 over-ex-
pression, but that this change is part of pleiotropic changes in
pre-synaptic structure upon miR-137 over-expression, which
likely contributes to the observed changes synaptic
transmission.

miR-137 over-expression alters expression of proteins
involved in synaptogenesis

To investigate changes in protein levels that may help to ex-
plain functional and ultrastructural effects of miR-137 over-ex-
pression, we performed proteomics analysis of a total protein
sample from primary cultured DIV17 hippocampal neurons
overexpressing miR-137 and scramble controls (n = 6). Proteins
were resolved on a SDS polyacrylamide gel, digested with tryp-
sin and peptides were identified and quantified by LC-MS/MS
data-independent acquisition using SWATH (27). A total of
10 831 peptides were finally used for the identification and
quantification of 2314 proteins, with a median coefficient of var-
iation of 9 and 10% for the miR-137 overexpression and scram-
ble control group, respectively. Comparison between groups
revealed 43 proteins significantly regulated in abundance [em-
pirical Bayes moderated t-statistics false discovery rate (FDR)
< 0.05]. Some known miR137 targets were found significantly
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Figure 2. MIR137 over-expression changes synaptic transmission. Sample traces (A) and quantification of evoked EPSCs (B) in scrambled or MIR137 over-expressed neu-
rons (P = 0.003, unpaired t-test). sample traces of miniature EPSC (C), and quantification of frequency (P = 0.005, unpaired t-test) (D) and amplitudes (E) in scrambled or
MIR137 over-expressing neurons. (F) Sample trace and quantification of paired pulse ratio (PPR). (G) Sample trace and quantification of EPSC size depression during re-
petitive stimulation at 40 Hz. (H) Asynchronous faction of release is obtained from normalizing asynchronous charge to total release charge. The sample trace (red
area) represents the asynchronous charge from the first five pulses in train stimuli. sample traces (I) and quantification of evoked EPSCs (J) in scrambled or MIR137 OE
group with Syt1 over-expressed neurons (P = 0.008, ANOVA). sample traces of miniature EPSC (K), and quantification of frequency (P = 0.031, 0.030, ANOVA) (L) and am-
plitudes (M) in scrambled or MIR137 OE group with Sytl over-expressing neurons. (N) Typical sample images of WT neurons over-expressing synaptotagmin-1-
mCherry or mCherry (control). The scale bar is 40 ym. (O) The over-expression level of Syt1 at the synapse, compared between control and over-expression group (P =
0.0004, unpaired t-test). In all boxplots, the lower and upper quartile represent observation outside of the 25-75 percentile range. The lower and upper whiskers repre-
sent the 10-90 percentile range. The boxes also show the median (—) and mean (+). *P < 0.05, *P < 0.01, ***P < 0.001.
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Figure 3. MIR137 overexpression alters pre-synaptic ultrastructure (A) Electron micrographs of typical asymmetrical glutamatergic synapses from neurons over-expressing
scrambled constructs or MIR137. Comparing active zone size, P = 1.25e~** (B), number of docked vesicles, P = 3.84e~* (C), distribution of synaptic vesicles (D), post-synaptic
density (PSD) size, P = 3.11e™*° (E), vesicle cluster size, P = 1.64e~** (F), total number of synaptic vesicle, P = 2.09e~'° (G), number of LDCVs per synapse, P = 1.37e > (H) between
scramble and MIR137 over-expression neurons. In all boxplots, the lower and upper quartile represent observation outside of the 25-75 percentile range. The lower and upper
whiskers represent the 10-90 percentile range. The boxes also show the median (—) and mean (+). *P < 0.05, *P < 0.01, **P < 0.001 as determined by multilevel test.

regulated, e.g. NFASC, EDIL3, SYNCRIP, DDX3X showing a reduc-
tion in expression level when overexpressing MIR137, as
expected (28). The proteins significantly changed by over-
expression of miR-137 were enriched for cell adhesion and cell
development proteins (Fig. 4A). For Sytl, complexin-1 and
neuroligin-3, the results from the mass spectrometry experi-
ments were confirmed by Western blotting (Fig. 4B). Thus,
miR-137 overexpression altered a limited number of proteins,
especially proteins involved in synapse development, but not
the previously reported proteins Sytl, complexinl and NSF (6).
To identify MIR137 targets, we compared the number of proteins
significantly up/downregulated in our proteomics experiments
to MIR137 putative targets genes from mRNA analyses in previ-
ous studies. Little overlap was observed among all studies pub-
lished so far and the current study (Fig. 4C and D).

miR-137 over-expression suppresses synapse formation
in cultured neurons

To test the suggestion that miR-137 regulates neuronal develop-
ment and synapse formation, we analyzed neuronal prolifera-
tion and synapse formation in vitro. The number of synapses
formed per neuron was obtained by semi-automatic counting
on synapses indicated by vesicular glutamate transportor-1
(vGlut1l) staining, and dendritic morphology was assessed using
microtubule-associated protein 2 (MAP2) staining at DIV 17
(Fig. 5A). Over-expression of miR-137 at early developmental
stages (DIV 0) significantly reduced synapse number, dendrite
length and synapse density (Fig. 5B-D). Sholl analysis demon-
strated an abnormal distribution of synapses along the dendrite
compared with the scramble control group (Fig. SH). We also
stained for several synaptic proteins such as complexini1/2,
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PSD-95, synaptotagmin-1, munc18 and rab3 (Fig. 5E-G). The lev-
els of these proteins were similar. At later stages (DIV2 and
DIV7) over-expression miR-137 produced a more subtle effect
(no significant) on synapse number and dendrite length (Fig. 5I).
Consistent with the conclusions from experiments on autaptic
neurons, over-expression miR-137 in primary cultured conti-
nental hippocampal neurons also showed a reduction of syn-
apse density and dendrite length. Taken together, our results
suggest that miR-137 regulates dendrite growth and synapse
formation in a development dependent manner, which may ex-
plain most synaptic deficits.

Discussion

In this study, we modeled the possible pathological effects of in-
creased miR-137 expression for schizophrenia by viral over-
expression in cultured hippocampal neurons. The original evi-
dence for altered miR-137 expression in relation to the genetic
variation associated with schizophrenia was derived from in vi-
tro experiments (6) and a recent study did not observe altered
expression (29). On the other hand, GTEx data (30) contains sev-
eral significant eQTLs (Fig. 1C). Furthermore, current methods to
detect eQTLs (using postmortem material) have limited power
to detect transient or local effects of genetic variation on gene
expression, while such transient or local effects may be suffi-
cient to explain the association with schizophrenia. Hence,
while evidence in favor of altered expression in relation to
schizophrenia awaits further study, (transient or locally) in-
creased miR-137 expression appears to be a plausible scenario
to explain the contribution of genetic variation in the MIR137 lo-
cus to schizophrenia risk. We observed that miR-137 over-ex-
pression produced a variety of pleiotropic effects: impaired
synaptic transmission; decreased mini-frequency; altered
short-term plasticity; impaired synaptic vesicle docking; de-
creased active zone size and total number of synaptic vesicles;
altered expression of proteins involved in neuronal develop-
ment and synapse formation; and reduced in vitro synapse for-
mation and dendrite growth. Little overlap was found between
published collections of genes observed or predicted to be regu-
lated by miR-137 (13-19) and also between these collections and
differentially expressed proteins in the current study. This lack
of overlap may be explained by the fact that these studies used
different model systems, e.g. stem cell, neuronal precursor, the
human brain and glioblastoma cell lines, and different detection
systems, e.g. RIP-seq and RNA-seq. Hence, for the correct inter-
pretation of functional miR-137 effects, it is crucial to take into
account the collection of regulated genes/proteins in the spe-
cific model system studied.

The current data confirm previous conclusions (6,23) that ex-
pression of miR-137 (or the seed-similar Drosophila melanogaster
miRNA miR-1000) in mature neurons inhibits synapse function
via pre-synaptic mechanisms. Several miRNAs are known to
regulate synapse function specifically via post-synaptic mecha-
nisms, such as miR-134, miR-181 and miR-223 (31-33). miR-137

now emerges as a mainly pre-synaptic regulator, together with
miR-485 (34). Post-synaptic effects on glutamate receptor densi-
ties have been observed for miR-137 (22). However, in the cur-
rent study no evidence for an altered receptor density in
glutamatergic synapses was found (mEPSC amplitudes were
normal, Fig. 2E). Despite some unresolved discrepancies, the
picture emerges that miRNA expression is an effective biological
principle to module synaptic function and that different
miRNAs achieve this by targeting different sides of synapses.
This suggests that miRNAs target mRNA collections enriched
for either pre- or post-synaptic mRNAs and that such collec-
tions contain specific recognition sites for miRNAs to do so. The
synaptic responses are toned by miRNAs, usually not just on/off
but adapted established systems to new scenarios. However,
with the current approaches (proteomics and bioinformatics)
this prediction is not confirmed yet and divergent mRNA/pro-
tein collections are found/predicted to be regulated by miRNAs
like miR-137 (see above and Fig. 4C and D).

Previous studies (6,23) reported specific mechanisms by
which miR-137 regulates pre-synaptic function, via reduced
Sytl or vGlut2 expression, respectively. However, the current
data, obtained in a reduced and highly standardized model sys-
tem, suggest pleiotropic effects on synaptogenesis, pre-synaptic
ultrastructure and function. Syt1 is the main calcium sensor for
synaptic vesicle release in around half of all CNS neurons (35),
and also involved in upstream steps in the regulated secretory
pathway, such as local accumulation of secretory vesicles and
their docking at the target membrane (36,37). Therefore,
changes in Sytl expression in principle provide a plausible ex-
planation for the impaired pre-synaptic functions. Indeed, Sytl
over-expression rescued all deficits caused by miR-137 overex-
pression, including vesicle distribution, synaptic transmission,
synaptic plasticity and learning behavior in mice (6). However,
the reduction in Syt1 level was moderate (30%) in this study. It
is difficult to explain how such a moderate reduction leads to
such robust functional differences. For instance, no functional
or behavioral abnormalities have been reported for Syt1 hetero-
zygous mice, which have a 50% reduction in Sytl expression.
Furthermore, the effect on the number of vesicles upon miR-137
over-expression (30% reduced Syt expression) is larger than ob-
served in Syt 1 null mutant synapses (100% reduced Syt expres-
sion): a 17% reduction in the first 100nm upon miR-137 over-
expression (6) versus a 15% reduction in the Sytl null mutant
(36). Finally, such relatively moderate effects on vesicle distribu-
tion are probably insufficient to explain the robust effects on
synaptic transmission. For instance a mutant mouse with het-
erozygous null mutation for the pre-synaptic gene munc18-1
showed a 33% reduction in vesicle docking while the evoked
EPSC amplitude was unaffected (38). Hence, taken together, the
moderate reduction in Sytl expression does not appear to be
sufficient as a sole explanation for the robust deficits in pre-syn-
aptic function upon miR-137 over-expression. Moreover, we
found no change in Sytl or vGlut2 expression using three inde-
pendent methods (mass spectrometry, Western blotting and

bar is 50 pm. (B) Total synapse number is compared between scramble and MIR137 expressing neurons, P = 0.0003. (C) Dendritic length is compared between scramble
and MIR137 expressing neurons P = 0.0008. (D) Synapse density is compared between scramble and MIR137 expressing neurons, P = 0.007. (E) Level of complexin 1, 2 at
the synapse is compared between scramble and MIR137 expressing neurons. (F) Level of PSD-95 at the synapse is compared between scramble and MIR137 expressing
neurons. (G) Level of Syt1 at the synapse is compared between scramble and MIR137 expressing neurons. (H) sholl analysis shows the branches distribution along the
distance from the soma. (I) Total synapse number is compared on neurons over-expression MIR137 at DIVO (P = 0.0004), DIV2 (P = 0.053) and DIV7 (P = 0.092). N indi-
cates the number of independent observations (pups/nests) and n stands for number of neurons. In all boxplots, the lower and upper quartile represent observation
outside of the 25-75 percentile range. The lower and upper whiskers represent the 10-90 percentile range. The boxes also show the median (—) and mean (+). *P < 0.05,

P < 0.01, *P < 0.001 are determined by multilevel test.
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immunostaining). It remains to be determined how two studies,
both in hippocampal neurons, produce such divergent experi-
mental results and conclusions.

In summary, this study found multiple effects of miR-137
over-expression on synaptogenesis, pre-synaptic ultrastructure
and -function, generally leading to reduced synapse density and
function. Since dysfunctions in synaptic and neural circuit per-
formance may be a central to many of the cardinal symptoms
of schizophrenia (39,40), these effects may help to explain the
association of genetic variation in MIR137 and the concomitant
increased expression reported for the disease-associated vari-
ant with schizophrenia (6). Reduced synapse number and func-
tion may impair network stability and performance and give
rise to information processing abnormalities in schizophrenia
(e.g. altered pre-pulse inhibition of acoustic startle, auditory
evoked potential suppression and acoustic mismatch negativ-
ity) (41-43), and possibly the core symptoms of disorganized
thinking and delusions. Because miR-137 is expressed from the
stem cell stage onwards, the disease-associated SNP is also con-
sistent with the idea that schizophrenia vulnerability emerges
during development and is exposed by additional events, in-
cluding environmental factors (the two-hit model). On the other
hand, data from postmortem brain have suggested that the lev-
els of important pre-synaptic proteins are higher rather than
lower (as expected because the disease-associated SNP is re-
ported to increase miR-137 expression) in postmortem brain of
schizophrenia patients (44). Replication of the main findings,
both of the levels of pre-synaptic proteins in postmortem tissue
and functional effects of genetic variation in the MIR-137 are re-
quired to reach consensus concepts to explain the association
with schizophrenia.

In addition to schizophrenia, genetic variation in the MiR-
137 is also associated with several other traits/disorders, such
as dorsolateral prefrontal cortex hyper-activation (45) and aber-
rant prefrontal-hippocampal functional connectivity (46). These
disorders share several symptoms with schizophrenia.
Pleiotropic effects on synapse formation and function and the
possible consequences for network stability and performance
induced by miR-137 dysregulation may be a common feature
among multiple psychiatric disorders.

Materials and Methods

Laboratory animals

Primary hippocampal neurons were obtained from embryonic
wildtype C57BL/6 mice at embryonic day 18 (E18), and cultured
for 2 weeks. All animal procedures were performed according to
protocols approved by the Vrije Universiteit Amsterdam.

Production of lenti-viral construct over-expressing
MIR-137 and Syt-1

The human MIR137 sequence is 5’-GGCAGCGGCAGCTTGGTCC
TCTGACTC-TCTTCGGTGACGGGTATTCTTGGGTGGATAATACGG
ATTACGTTGTTATTGCTTAAGAATACGCGTAGTCGAGGAGAGTA
CCAGCGGCAGGGGGGCAGCGGCCGC-3'. Viral expression of MIR-
137 and scrambled was delivered using lenti-viral backbone
pLL3.7 coupled to enhanced green fluorescent protein (EGFP)
and expressed under a neuron-specific synapsin promoter. The
synapsin core promotor contains no known miR-137 regulation
sites. For Sytl overexpression, the Sytl cDNA was cloned into
lenti-viral backbone with pIRES2-Cherry (Clontech) and ex-
pressed under the synapsin promoter. To construct these lenti-
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viruses, HEK-293T cells were transfected with 8 ug lenti-virus
plasmid, 4.8 ng VSV-G and 4.8 pg of each of the packaging plas-
mids pRSC-Rev and pMDL/pRRE using lipofectamine 2000 ac-
cording to the manufacturer’s protocol. Supernatant was
collected 48 h later, centrifuged at 20000 r.p.m. for 20 min, and
the pellet resuspended in 50 pl Dulbecco’s phosphate-buffered
saline (Life Technologies) then aliquoted and stored at —80°C.
The viral efficiency was measured by counting infected neurons
showing EGFP fluorescence divided by the total of neurons.

Cell culture and virus infection

Hippocampal neurons were isolated from C57BL/6] wildtype E18
mice and prepared in two ways: glial island cultures and conti-
nental cultures. To overexpress MIR137, hippocampal neurons
were infected by lenti-viral construct (described earlier) at three
different time points: days in vitro 0 (DIVO, lamellipodium stage),
DIV2 as the first neurites start to sprout, and the more mature
developmental stage DIV7 (in this dynamic stage branches
are expanding and regressing and there is apical branch specifi-
cation). At DIV17, when fully developed, the neurons were fixed
and stained as described below. Transfection efficiencies were
95-100%. To overexpress Syt-1, hippocampal neurons were
infected with lenti-viral construct (described earlier) at DIV7,
and used for patch clamp recording or immunostaining at
DIV17.

Morphological analysis of neurons

Immunostaining of the neurons is performed using the primary
antibodies MAP2 (chicken, 1:1000) for dendrite staining and
vGlutl (guinea pig, 1:4000) for synapse staining. For secondary
antibodies, goat-anti-chicken (1:1000), goat-anti-guinea pig
(1:1000) and goat-anti-mouse (1:1000) were used. For staining
target proteins, Synaptotagmin 1 (1:2000, rabbit), Complexin 1
(1:2000, rabbit), Munc-18 (1:1000, rabbit), Rab3 (1:2000, rabbit)
and PSD95 (1:800, rabbit) were used. Neuronal morphology was
assessed by confocal microscopy and using the neurite and syn-
apse detection program SynD (Schmitz et al. 2011). The neurons
selected for imaging and analyzes showed a bright EGFP signal,
indicating that they were infected with the shRNA lenti-viral
construct. Only islands containing a single neuron forming ex-
citatory synapses (autapses) were imaged and analyzed. The
morphological characteristics measured were: average synapse
number, total dendrite length, synapse density and synaptic
protein levels of the proteins described earlier.

RNA isolation and cDNA synthesis

For RNA isolation, cells were homogenized in TRIzol
(Invitrogen, Carlsbad, CA, USA) and total RNA was isolated using
the QIAcube (QIAGEN, Venlo, The Netherlands) according to the
manufacturers’ specifications. RNA concentrations and purity
were assessed by OD measurements at 260 and 280 nm on a
NanoDrop spectrophotometer (Thermo Scientific). For cDNA
synthesis, 1 ug of RNA and 125 pmol OligodT12 primer were dis-
solved in a total of 10 pl H,O and incubated at 72°C for 10 min.
Reverse transcriptase mix was added, consisting of 5 ul 5 x first-
strand buffer (Invitrogen), 0.5 ul SuperScript II RNA polymerase
(Invitrogen), 10 mm dNTPs, and 25 mm MgCl, in a total of 15 pl
H,0. The mixture was incubated at 42°C for 1 h, followed by 15
min at 70°C. cDNA quality was assessed on 0.8% agarose gel.
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Electron microscopy

Hippocampal autaptic cultured neurons were fixed for 60 min at
room temperature with 2.5% glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.4), post-fixed for 1 h at room temperature with 1%
0s04/1% K4Ru(CN)g in double distilled water. Following dehy-
dration through a series of increasing ethanol concentrations,
cells were embedded in Epon and polymerized for 24 h at 50°C.
After polymerization of the Epon, the coverslip was removed by
alternately dipping it in liquid nitrogen and hot water. Cells
were selected by observing the Epon embedded autaptic culture
under the light microscope, and mounted on pre-polymerized
Epon blocks for thin sectioning. Ultrathin sections (~70 nwm)
were cut parallel to the cell monolayer and collected on single-
slot, formvar-coated copper grids and stained in uranyl acetate
and lead citrate.

Synapses were selected at low magnification using a JEOL
1010 electron microscope. All analyses were performed on sin-
gle ultrathin sections of randomly selected synapses. The distri-
bution of synaptic vesicles, total synaptic vesicle number and
active zone length were measured by semi-automated custom
written software running in Matlab (Mathworks, USA) on digital
images of synapses taken at 100 000 x magnification using iTEM
software (EMSIS, Germany). The observer was blinded to experi-
mental condition. For all morphological analyses, we selected
only synapses with intact synaptic plasma membranes with a
recognizable pre- and post-synaptic density and clear synaptic
vesicle membranes. Docked synaptic vesicles had no observa-
tion gap between the synaptic vesicle membrane to the active
zone membrane (pixel size 0.52 nm). To get an estimate size of
the total synaptic vesicle pool, distances of undocked synaptic
membranes to the active zone membrane were also included in
our measurement.

Synapse physiology

Whole-cell recordings were performed using an Axopatch 200B
amplifier (Molecular Devices) at room temperature. Digidata
1440 and Clampex 10.0 (Molecular Devices) were used for data
acquisition. The external solution contained (in mwm): 140 NaCl,
2.4 KCl, 4 MgCl,, 4 CaCl,, 10 HEPES and 10 glucoses (pH 7.30, 300
mOsmol). Patch-pipette solution contained (in mm): 125 K*—glu-
conic acid, 10 NaCl, 4.6 MgCl,, 15 creatine phosphate, 10 U/ml
phosphocreatine kinase and 1 EGTA (pH 7.30). Only cells with
an access resistance of <10 MQ and leak current of <300 pA were
accepted for analysis. The series-resistance for recording was
compensated to 60%. To probe the asynchronous release during
40-Hz train stimulation for each stimulation a line was drawn
from the initial and end point of the stimulus artifact to the ini-
tial point of the next one. The asynchronous part of response
was defined as the current between this line and train baseline.
The total charge of asynchronous release was obtained by inte-
grating the asynchronous current from the 100 train stimuli at
40 Hz (47). The total charge is calculated by integrating the cur-
rent corrected for baseline. All analyses were performed using
Clampfit 10.2, MiniAnalysis (Synaptosoft) and custom software
routines in Matlab R2010a. In action potential induced EPSC’s
the stimulation artifact was removed and interpolated using cu-
bic interpolation.

Proteomics

Sample preparation: Hippocampal neuron cultures, infected at
DIVO with miR-137 over-expression lentivirus or scrambled

controls, were harvested for proteomic analysis at DIV17. The
cells were washed two times with PBS, collected in tubes and
centrifuged for 5 min at 3000g. The pellets were mixed with 5x
SDS sample buffer, heated to 98°C for 5 min, and 3 pl 30% acryl-
amide was added to alkylate cysteine residues. Proteins were
separated on a 10% SDS polyacrylamide gel and stained with
Coomassie Blue. Each sample lane was cut, de-stained and the
proteins digested with trypsin overnight at 37°C. Finally, the
peptides were dried, re-dissolved in 7 pul 2% acetonitrile, 0.1%
formic acid for the subsequence LC-MS/MS analysis (48).

Micro-LC and SWATH mass spectrometry: Peptides were an-
alyzed by micro LC MS/MS using an Ultimate 3000 LC system
(Dionex, Thermo Scientific) coupled to the TripleTOF 5600 mass
spectrometer (Sciex). Peptides were trapped on a 5 mm Pepmap
100 C18 column (300 pm i.d., 5 um particle size, Dionex), and
fractionated on a 200 mm Alltima C18 column (100 pm i.d., 3 pm
particle size). The acetonitrile concentration in the mobile
phase was increased from 5 to 18% in 88 min, to 25% at 98 min,
40% at 108 min and to 90% in 2 min, at a flow rate of 5 pl/min.
The eluted peptides were electro-sprayed into the TripleTOF
MS, with a micro-spray needle voltage of 5500 V. SWATH experi-
ments consisted of a parent ion scan of 150 ms followed by
SWATH window of 8 Da with scan time of 80 ms, and stepped
through the mass range between 450 and 770 m/z. The collision
energy for each window was determined based on the appropri-
ate collision energy for a 2+ ion, centered upon the window
with a spread of 15 eV.

SWATH data analysis: The data were analyzed using
Spectronaut 8.0 (49).The spectral library was created from merg-
ing of two data-dependent analyses of non-transfected hippo-
campal neuron culture and hippocampal synaptosomes
containing spike-in iRT peptides from Biognosys. The retention
time prediction was set to dynamic iRT; the cross-run normali-
zation based on total peak areas was enabled. Peptide abun-
dances were exported and processed using R language for
statistical computation. Only peptides present in both trans-
fected and control groups and quantified with high confidence
were used (i.e. a Q-value < 10 * over all samples in either group,
allowing for one outlier within each condition). Protein abun-
dances were computed using Spectronaut normalized peak
area, and Loess normalized using the ‘normalizeCyclicLoess’
function from limma R package (fast method and 10 iterations)
(50).

Empirical Bayes moderated t-statistics with multiple test-
ing correction by FDR was performed on log-transformed pro-
tein abundances as implemented by the ‘eBayes’ and
‘topTable’ functions from limma R package. An FDR adjusted
threshold of 0.05 was used to discriminate significantly regu-
lated proteins.

eQTL analysis

The results from the most recent large schizophrenia GWAS (2)
were compared with results from the GTEx project (Lonsdale
et al., 2013; v6). GTEx expression results are reported for a selec-
tion of genetic variants based on three criteria. First, only vari-
ants within the MIR137 GWAS locus (98.30-98.55 Mb on
chromosome 1, hgl9) were considered. Second, variants were
required to be available in the schizophrenia GWAS results, the
GTEx project, as well as the 1000 Genomes Project phase 3 refer-
ence panel (51). The 1000 Genomes data were used as a refer-
ence panel to compute the correlation (r’) between genetic
variants in subjects of European descent. Third, only genetic
variants in high linkage disequilibrium (r* > 0.6) with the GWAS
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top variant of the MIR137 locus (rs1702295) were selected for ex-
pression analysis. Subsequently, effect alleles were aligned be-
tween the GWAS and GTEx results, defining the risk increasing
allele in the schizophrenia GWAS as effect alleles in the GTEx
results. Within the region of interest, only expression results for
the MIR137 host gene (MIR137HG) were available in GTEx.
Association between the selected schizophrenia risk alleles
with expression of MIR137HG in 10 tissues (Testis, pituitary,
ovary, cell transformed fibroblasts, basal ganglia, hypothala-
mus, hippocampus, cortex, caudate basal ganglia and adrenal),
eight of which were brain regions extracted from the GTEx
results.

Statistics

Data are presented as mean values + S.E.M., with N referring to
the number of independent observations (mice/nests), n referring
to the total number of observations (cells) from each group.
Statistical analysis was performed with SPSS (Version 20.0,
Armonk, NY). To test two groups, an unpaired t-test (with
Welch correction if SDs are not equal) was used to determine
statistical significance. To test multiple groups, we used one-
way analysis of variance (ANOVA). For the analysis of electron
microscopy and immunostaining data, a multilevel comparison
was used to accommodate nested data (synapses originating
from the same neuron) (Aarts et al., 2014).
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