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Abstract
The brain adapts to dynamic environmental conditions by
altering its epigenetic state, thereby influencing neuronal
transcriptional programs. An example of an epigenetic mod-
ification is protein methylation, catalyzed by protein arginine
methyltransferases (PRMT). One member, Prmt8, is selec-
tively expressed in the central nervous system during a crucial
phase of early development, but little else is known regarding
its function. We hypothesize Prmt8 plays a role in synaptic
maturation during development. To evaluate this, we used a
proteome-wide approach to characterize the synaptic pro-
teome of Prmt8 knockout versus wild-type mice. Through
comparative network-based analyses, proteins and functional
clusters related to neurite development were identified to be
differentially regulated between the two genotypes. One
interesting protein that was differentially regulated was
tenascin-R (TNR). Chromatin immunoprecipitation

demonstrated binding of PRMT8 to the tenascin-r (Tnr)
promoter. TNR, a component of perineuronal nets, preserves
structural integrity of synaptic connections within neuronal
networks during the development of visual-somatosensory
cortices. On closer inspection, Prmt8 removal increased net
formation and decreased inhibitory parvalbumin-positive (PV+)
puncta on pyramidal neurons, thereby hindering the matura-
tion of circuits. Consequently, visual acuity of the knockout
mice was reduced. Our results demonstrated Prmt80s involve-
ment in synaptic maturation and its prospect as an epigenetic
modulator of developmental neuroplasticity by regulating
structural elements such as the perineuronal nets.
Keywords: neuroepigenetics, perineuronal nets, protein
arginine methyltransferase, proteomics, tenascin-r, visual
cortex.
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Neuroepigenetics is the study of modifications to chro-
matin in neural cells that does not affect the genotype. In a
system consisting of predominantly non-dividing cells,
epigenetics provide a logical response mechanism by
altering and regulating transcriptional efficiency of the
neural cell to the changing environment and its stimuli.
Many studies have shown that neuronal activity arising
from environmental challenge induces changes to DNA
and histone patterns in important neurological processes
(Korzus et al. 2004; Levenson et al. 2004; Miller and
Sweatt 2007; Putignano et al. 2007; Dash et al. 2009;
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Guan et al. 2009; Ma et al. 2009; Gupta et al. 2010;
Brunner et al. 2012).
During early stages of neurodevelopment, the juvenile

neocortex displays enhanced neuroplasticity and synaptic
pruning, driven by molecular changes at the synaptic level
(Dahlhaus et al. 2011). Synaptic plasticity or changes in
efficiency of communication between neurons reflects adap-
tive brain function and often associated with learning. Long-
term functional consequences of neuronal activity are
changes in protein synthesis (Sutton et al. 2004, 2006).
Long-lasting changes to synaptic connections (synaptic
remodeling) are often accompanied by changes in the
proteins involved in receptor (Ju et al. 2004), ion channel
densities (Raab-Graham et al. 2006) or dendritic spine
dynamics (Engert and Bonhoeffer 1999). Such alterations
are not only limited to protein turnover but also to post-
translational modifications and subcellular relocalization
(Rosenberg et al. 2014; Alberini and Kandel 2015). These,
in turn, underlie many neuronal diseases (Rosenberg et al.
2014) and are associated with synaptopathies, such as autism
or schizophrenia (Grant 2012). Therefore, synaptic proteome
characterization is critical.
Since packaged/processed proteins are exported into the

synaptic space, proteomics, the high-throughput study of
proteins, provides direct evidence on the protein profiles
(identities and expression levels). Unfortunately, studying
the synaptic proteome is difficult because of biological and
platform-specific problems. In the former, insufficient
protein concentrations and high amounts of irrelevant
proteins, contribute toward biological noise, and confounds
analysis (Karp et al. 2010). In the latter, contemporary
proteomics is affected by issues such as incomplete
coverage and intersample inconsistency (during protein
identification), and quantitation instability (Goh et al.
2012; Goh and Wong 2014). In data-dependent acquisi-
tion-based proteomics, different peptide precursors identi-
fied in the first round of mass spectrometry (MS) are
semi-randomly selected for fragmentation and analysis in
MS/MS space, leading to the identification of different
peptides, and therefore, proteins (Goh et al. 2013b). Even
for the same sample, re-running it multiple times will lead
to acquisition of spectra originating from different pep-
tides/proteins. Mapping raw spectra against theoretical
protein sequence libraries is also problematic: in practice,
only a small part of acquired spectra are confidently
assigned to peptides (Lluch-Senar et al. 2016). Moreover,
running different library-search algorithms may result in
different proteins being identified, especially among low
confidence proteins (low unique peptide support) (Nesvizh-
skii 2007). Since peptides are identified semi-randomly,
and cannot be consistently assigned to real sequences,
protein expression is consequently determined by different
constituent peptides per sample. Although this may be
ameliorated via unbiased tagging procedures, e.g. isobaric

tags for absolute and relative quantification (iTRAQ) or
tandem mass tags (TMT), low abundance and proteins
with low peptide support should be dealt with cautiously.
There are many efforts to improve synaptic proteome

characterization. Liu et al. (2014) used antibody-based
immunoprecipitation techniques to bind and concentrate
proteins or protein complexes associated with Kif5C fol-
lowed by gel fractionation and then LC-MS analysis.
However, while techniques that rely on immunoprecipitation
help improve data purity, and thus analytical outcome, it also
simultaneously, decreases the surveyable proteome land-
scape, as non-binding yet relevant proteins are missed. Such
techniques are also unsuitable for pure discovery-based
approaches as it requires prior knowledge of important
proteins. In another study using the visual cortical tissue
during the critical period, Dahlhaus et al. (2011) measured
and identified synaptic proteins that were differentially
regulated by developmental age or by altering visual
experience. They discovered differentially regulated proteins
or complexes of proteins that are either associated with the
cytoskeleton, involved in signal transduction or regulate
synaptic efficacy (Dahlhaus et al. 2011).
Networks provide a powerful means of improving

analysis on proteomics data (Goh et al. 2011, 2012; Goh
and Wong 2013), e.g. expanding the analyzable proteome
space by recovering relevant proteins unobserved in the
primary screen (Goh et al. 2013a). Networks may also be
used for dealing with clinical/biological heterogeneity
while demonstrating good noise tolerance even at high
false discovery rates (Goh et al. 2015). Hence, a network-
based approach is possibly useful for making better sense
of comparative synaptic proteome data.
Despite the surge in neuroepigenomics studies (Satterlee

et al. 2015), protein argininemethylation is poorly understood
and less established compared to their counterparts. Catalyzed
by a family of enzymes known as protein arginine methyl-
tranferases (EC 2.1.1), PRMTs catalyze the formation of
methylated arginine, which since its discovery, has been
implicated in cellular functions such as transcriptional regu-
lation,mRNAprocessing, nuclear cytoplasmic shuttling,DNA
repair, and signal transduction (Bedford and Clarke 2009;
Wolf 2009; Yang and Bedford 2013; Jahan and Davie 2015).
Prmt8, in particular, is brain specific, non-redundant from its
familiar homologs and has been described to be important
across various stages of neuronal development, e.g. embryonic
(Chittka 2010; Lin et al. 2013) and postnatal development
(Taneda et al. 2007; Kousaka et al. 2009). Recently, PRMT8
is reported to possess phospholipase activity in the cerebellum
(Kim et al. 2015) where Purkinje cell dendrite arborization
and motor coordination are regulated. Despite these studies,
the precise epigenetic mechanisms are not well established.
We hypothesize that PRMT8 contributes to the regulation of
protein expression within cortical neurons, as well as the
synaptic space, thereby influencing synaptic maturation. Since
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synaptic proteome profiling has not been done in the context of
Prmt8 perturbation, we study this in the context of two
transgenic mouse models (Prmt8+/� and Prmt8�/�), using
network-based analysis as a means of improving recovering
undetected yet relevant proteins, as well as identifying any
functionally interesting network modules.

Materials and methods

Animals used

Prmt8 knockout mice (Prmt8tm1a(EUCOMM)Wtsi) were obtained from
EUCOMM, IKC (European Conditional Mouse Mutagenesis,
International Knockout Mouse Consortium) and can be located in
the IMPC (International Mouse Phenotyping Consortium) database
(www.mousephenotype.org/data/genes/MGI:3043083#section-asso
ciations). The transgenic mice were derived from C57BL/6Dnk
genetic background. The L1L2_Bact_P vector cassette was inserted
upstream of the critical exon(s) on chromosome 6. The cassette
consists of a flippase recognition target site, followed by lacZ
sequence and a loxP site. This first loxP site is followed by
neomycin under the control of the human b-actin promoter, SV40
polyA, a second flippase recognition target site and a second loxP
site. A third loxP site is inserted downstream of the targeted exon(s).
All experimental mice were maintained on a 12 h light/dark (LD)
cycle and had access to food and water ad libitum. Common
husbandry procedures were used to breed the mice. All animal
procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) at Biopolis Resource Centre, A*STAR. Mice
between the ages of postnatal day, P26-P28 were used for molecular
experiments which include iTRAQ, western blotting validation,
ChIP, and immunohistochemistry. For behavioral experiments,
animals were trained and tested from P26-P27. Experiments were
also conducted without gender bias.

Nomenclature

Because of the wide usage of gene and protein databases across our
analysis, gene symbols were used as a unifying identifier over
International Protein Index (IPI), Uniprot and protein names for
consistency and clarity.

Synaptic proteome extraction

Four pairs of visual cortices from wild-type (Prmt8+/+), heterozy-
gous (Prmt8+/�), and homozygous (Prmt8�/�) knockout mice,
respectively, were pooled together to obtain sufficient protein
(200 lg) for analysis. The synaptic proteome was extracted as
previously described in literature (Dahlhaus et al. 2011). Briefly, the
tissues were homogenized with a motorized pellet pestle (Sigma
Aldrich, St. Louis, Missouri, U.S.A.) in buffer containing protease
inhibitors (cOmplete, Mini, EDTA-free Protease inhibitor, cat. no.
1183617001; Roche, Basel, Switzerland) until there were no visible
cell clumps. Cell debris was carefully removed by a 0.85–1.25 M
sucrose-gradient ultracentrifugation. The resulting synaptosomes,
the fraction between the two sucrose gradients, were pelleted and
lysed by osmotic shock. A second sucrose-gradient ultracentrifuga-
tion was performed to isolate and purify the synaptic proteins.
Protein concentration was determined using the Prostain Protein
Quantification kit (cat. no. 15001; Active Motif, Carlsbad,
California, U.S.A) based on manufacturer’s guide.

iTRAQ sample preparation, labeling, and tandem LC-MS

iTRAQ is a labeling technique that allows up to eight samples to be
simultaneously analyzed (Ross et al. 2004). Here, we used the
iTRAQ 4-plex labeling kit (Channels 114–116). Synaptic proteins
extracted from visual cortices of wild-type (Prmt8+/+), Prmt8
heterozygous mice (Prmt8+/�), and Prmt8 homozygous (Prmt8�/�),
were separated via sodium dodecyl sulfate–polyacrylamide gel
electrophoresis, excised, digested with trypsin, and labeled with
iTRAQ tags. The tagged peptides were then separated using
Electrostatic Repulsion-Hydrophobic Interaction Chromatography
(Alpert 2007) into 20 fractions. Each fraction was analyzed using a
QStar Elite LC-MS/MS system (AB Sciex, Framingham, Massachu-
setts, U.S.A.). Library search was performed using ProteinPilot
(Paragon Algorithm, v2.01, AB Sciex.) and the IPI mouse database.
Target-decoy database search was used to determine the global false
discovery rate, which is set to 1%. Peptide quantitation is determined
by absolute tag counts per channel. This is converted to ratios 116/114
(Prmt8�/�/Prmt8+/+) and 115/114 (Prmt8+/�/Prmt8+/+). Protein
expression ratios are calculated from constituent unique peptides by
averaging the ratios. The final data matrix contained 2358 proteins.

Differential protein identification

Prior to differential protein identification, we first checked that ratios
116/114 (Prmt8�/�/Prmt8+/+) and 115/114 (Prmt8+/�/Prmt8+/+)
correlated well to each other. Log-conversion followed by
z-normalization was performed to ensure that the protein expres-
sions for 116/114 (Prmt8�/�/Prmt8+/+) and 115/114 (Prmt8+/�/
Prmt8+/+), respectively, was normally distributed. An alpha of 5%
was defined as the differential cut-off: i.e. proteins with z-scores
below �1.96 and above 1.96. To increase confidence in the
differential list (given biological and technical variability), we
considered the intersection of differential proteins in 116/114
(Prmt8�/�/Prmt8+/+) and 115/114 (Prmt8+/�/Prmt8+/+).

Overlap analysis

Intersections and overlaps were diagrammatically represented using
Venny, a Venn diagram visualizer (Oliveros 2015).

Functional analysis

GO-term functional analysis was performed using Go::TermFinder
(Boyle et al. 2004). To determine if a GO-term was enriched within
a specified list of proteins at a frequency greater than expected by
chance, GO::TermFinder calculates a p-value (P) using the hyper-
geometric distribution:

P ¼ 1�
Xk�1

i¼0

M
i

� �
N �M
n� i

� �

N
i

� �

where N is the total number of genes in the reference distribution, M
is the number of genes within reference annotated to the GO term, n
is the size of the protein list, and k is the number of proteins within
annotated to the GO term.

Network analysis

Gene-mania (http://www.genemania.org) is a powerful network
visualizer tool, allowing users to determine the functional inter-
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connections among their differential protein list as well as implicating
additional proteins that are closely associated (Mostafavi et al. 2008).
Functional interactions include protein-interaction data, pathway,
protein and gene expressions, and synthetic lethal relationships.

Gene-Mania boasts a novel approach toward functional annota-
tion based on network edge weights, which was shown to
outperform older ‘functional assignments based on query gene
approaches’. In this approach, for a list of proteins, network weights
were assigned based on how well they reproduce GO co-annotation
patterns for that organism in the molecular function, biological
process, or cellular component hierarchies.

OpenMS/TOPPAS pipeline development

To complement the existing proteomics analysis pipeline, which
was provided by the proteomics service facility, and to recover
undetected proteins of interest, we built our own proteomics analysis
pipeline using OpenMS/TOPP. This is an open source C++ software
library developed by several contributors in Germany (FU Berlin
and U. Tuebingen) and Switzerland (ETHZ). It provides built-in
algorithms covering all aspects of proteomics analysis from spectra
processing, de novo identification, database search, statistical
analysis to protein assembly.

The UniprotKB (release-2013_09/) reviewed protein sequence
database was used as the reference library (Apweiler et al. 2004).
The reverse decoy library was generated using scripts provided
within Proteomatic (Specht et al. 2011), tagged with the prefix rev_
and concatenated with the original protein sequence library. The
requisite phr, psq, and pin files for indexing the database was
generated using BLAST (Altschul et al. 1990).

Peptide identification was performed using Omssa (Geer et al. 2004)
and X!Tandem (Bjornson et al. 2008) and merged into a single file. A
posterior error probability cutoff of 0.7 was used and remaining peptide
spectra matches are quantified using the iTRAQAnalyzer module.

In the protein assembly step, the mean of the top three peptides was
used as signal intensities for the assembled protein. The channel ratios
116/114 (Prmt8�/�/Prmt8+/+) and 115/114 (Prmt8+/�/Prmt8+/+) were
reconstructed based on these mean signal intensities per protein.

Western blotting analysis

The synaptic fraction was collected from three separate pairs of visual
cortices and pooled for western blotting validation using an identical
extraction protocol as described above. A total of 10–20 lg were
loaded for into each well and concentrations were kept consistent for
each protein analyzed. Loading concentrations for Dynein immuno-
blot were increased to encourage better transfer of protein, because of
the inherent difficulties in transferring largemolecular weight proteins
using a semi-dry transfer system. Synaptic proteins were separated on
a 4.5% (wt/vol) polyacrylamide stacking gel, followed by a 5–10%
(wt/vol) polyacrylamide resolving gel depending on molecular
weight. The proteins were transferred to polyvinylidene difluoride
(cat. no. IPFL0010; EMDMillipore, Billerica,Massachusetts, U.S.A.)
membranes and were blocked with LI-COR Odyssey� Blocking
Buffer (cat. no. 927–4000; LI-COR Bioscience, Lincoln, Nebraska,
U.S.A). Subsequently, the membranes were incubated with the
appropriate primary antibodies diluted to the recommended concen-
trations. Excess primary antibody was removed before secondary
antibodies were applied to the blots. Themembranes were placed onto
the LI-COR Odyssey� scanner and processed accordingly.

ChIP and ChIP-qPCR

We first confirmed the specificity of the antibodies by western
blot and optimized the antibody amount for ChIP empirically to
ensure efficient ChIP. Material from eight pairs of visual cortex
was required for each biological replicate. A total of six
biological replicates (n = 6) and three biological replicates
(n = 3) were used for wild-type Prmt8+/+ and Prmt8�/� samples,
respectively. The tissues were fixed with formaldehyde, lysed,
and sheared with the Bioruptor� (Diagenode, Denville, New
Jersey, U.S.A.) for 15 cycles of 30 s ON/OFF intervals. Samples
were pre-cleared and incubated with anti-PRMT8 antibody or
mouse IgG controls at 4°C overnight. Immune-complexes were
pulled down with magnetic beads, reverse cross-linked, and
purified with phenol-chloroform.

The sheared chromatinwas then used to analyse relative enrichment
of Tenascin-R (Tnr) promoter regions (Putthoff et al. 2003). Four sets
of RT-qPCR primers were designed to cover the entire promoter
region. They are: Tnr promoter region 1 (P1) forward primer 50-
CCATCAGGACTGGGACTGTTT-30; Tnr promoter region 1 (P1)
reverse primer 50-CCTTCTACAAGTAGCCCCCTA-30; Tnr pro-
moter region 2 (P2) forward primer 50-ACAGCTTAAAAA-
TATGCTGCTGAA-30; Tnr promoter region 2 (P2) reverse primer
50-GTCTCTGCGTGTTGAGCCA-30; Tnr promoter region 3 (P3)
forward primer 50-GCAGCCTCAGAGACAGGGAA-30; Tnr pro-
moter region 3 (P3) reverse primer 50-AAACAGCAGCTGG
TAGGTCT-30; Tnr promoter region 4 (P4) forward primer 50-
GTGAAGCCTTCTCTCTGCCTC-30; Tnr promoter region 4 (P4)
reverse primer 50-AGCTAGAGCAGCTTCCAAAGCA-30; chromo-
some 8 untranscribed region forward primer 50-GGGTCCCCAGAG-
GAACACA-30; chromosome 8 untranscribed region reverse primer
50-TGACCTCACTGCAGACAAGGA-30. Raw Ct values were
extrapolated and the Ct values for input samples were adjusted for
dilution factor. Data were represented as fold enrichment and finally
normalized to IgG.

RNA extraction and Real-time quantitative PCR

Total RNA was isolated from independent pairs of snap frozen
visual cortical tissue using RNeasy� Lipid Tissue Mini Kit (cat. no.
74804; Qiagen, Venlo, Netherlands.). mRNA was converted to
cDNA using the High Capacity cDNA Reverse Transcription Kit
(cat. no. 4368813; Applied Biosystems Inc., Foster City, California,
U.S.A). Real-time qPCR was conducted and detected using SYBR�

Green technology (Applied Biosystems Inc.) on the FAST7900HT
(Applied Biosystems Inc.) machine. Primers used include: Tnr
forward primer 50-AGACCTGGCTCGCGCTACGA-30, Tnr reverse
primer 50-GTGCGGGAACCCACTCGCAA-30; b-actin forward
primer 50-CCACTGCCGCATCCTCTTCC-30; b-actin reverse pri-
mer 50-CTCGTTGCCAATAGTGATGACCTG-30; eukaryotic 18S
rRNA forward primer 50-GCTTCCTTACCTGGTTGATCCTG-30;
eukaryotic 18S rRNA reverse primer 50-TGATTTAATGAGC-
CATTCGCAG-30. Delta CT values were calculated with two
housekeeping genes: eukaryotic 18S rRNA and b -actin. The final
fold-change is the average of the two values.

Immunohistochemistry

Brain tissues were fixed with 4% (wt/vol) paraformaldehyde
extracted carefully, post-fixed and cryoprotected in sucrose over-
night. Perfused brains were sectioned at 40 lm thickness with a
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cryostat. The sections were blocked with appropriate antisera and
detected with appropriate dilutions of primary and secondary
antibodies (please refer to next section). 4’,6-diamidino-2-

phenylindole (DAPI, 1 mg/mL) was used to counter-stain the
nuclei of cells. Immunofluorescence imaging was performed with a
confocal laser-scanning microscope (Nikon A1. Nikon Instruments
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Fig. 1 Protein-based expressions showed good correlations between
the partial and complete Prmt8 knockouts but limited overlaps between
their respective differential genes, although these were nonetheless

enriched for neurological processes. (a) The expression distributions
for each isobaric tag (116 for homozygous knockout, �/�; 115 for
heterozygous, +/� & 114 for wild type, +/+) were generally well-
correlated and (b) are normally distributed. Only proteins with values

beyond � 1.96 were considered differentially expressed as determined

by their z-normalized expression values. (c) Venn diagram showed
limited overlaps (49 genes, 25% agreement) between heterozygous
(+/�) and homozygous (�/�) Prmt8 knockouts. (d) Clustering of 49

genes revealed four major groups based on expressional intensity
changes but most were down-regulated. (e) Functional analysis based
on GO-terms pointed strongly toward enrichment of GO-terms asso-
ciated with nervous system development, in particular, axon regener-

ation.
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Inc., Melville, New York, U.S.A). Images settings were optimized
with the control wild-type sections and kept constant.

Antibodies used

Primary antibodies used include anti-Dynein antibody (DYNC1H1,
cat. no. sc-9115, 1 : 200 dilution for western blotting; Santa Cruz
Biotechnology, Inc., Dallas, Texas, U.S.A.); anti-GAPDH antibody
(GAPDH, cat. no. G8795, 1 : 10 000 dilution for western blotting;
Sigma Aldrich); rabbit IgG antibody (cat. no. 12–370, 4 lg for
ChIP; EMD Millipore); anti-MAP2 antibody (MAP2, cat. no.
MAB3418, 1 : 1000 dilution for western blotting; EMD Millipore);
anti-PRMT8 antibody (cat. no. sc-130853, 1 : 50 for immunostain-
ing, Santa Cruz Biotechnology, Inc.; cat. no. ab73686; 1 : 250
dilution for western blotting and 4 lg for ChIP; Abcam, Cambridge,
United Kingdom.); anti-parvalbumin antibody (PV, cat. No. PV235
or PV28, 1 : 500 for immunostaining; Swant Inc., Marly, Switzer-
land.); anti-tenascin-R antibody (TNR, cat. no. sc-136098, 1 : 200
dilution for western blotting; Santa Cruz Biotechnology, Inc.); anti-
vesicular GABA transporter antibody (VGAT, cat. no. AB5062P,
1 : 200 dilution for immunostaining; EMD Millipore); Biotinylated
Wisteria floribunda agglutinin lectin (cat. no. B1355, 1 : 100 for
immunostaining; Vector Laboratories, Burlingame, CA, USA).
Secondary antibodies used include a range of Alexa Fluor� dyes
for different excitation wavelengths (1 : 200 for immunostaining;
Molecular Probes, Eugene, OR, USA) or IRDye 800CW antibodies
(1 : 3000 for immunoblotting; LI-COR Bioscience).

Golgi-cox staining and 3D reconstruction

Brain from P28 wild-type and Prmt8 knockout mice (n = 5 each)
were fixed, extracted, post-fixed, and processed in solutions from
Rapid GolgiStainTM kit (FD Neurotechnologies, Inc., Columbia,
Maryland, U.S.A) according to the manufacturer’s protocol.
Impregnated brain tissues were sectioned at 150 lm thickness with
a cryostat, stained and dehydrated according to the manufacturer’s
protocol.

Neuron reconstruction and quantitative analyses were conducted
by MicroBrightField Labs and was blind to sample genotype. A
total of nine neurons were constructed – four neurons (sampled from
n = 5 wild-type Prmt8+/+ mice) and five neurons (sampled from
n = 5 Prmt8�/� mice). Neurons in the visual cortex selected for
reconstruction were uniformly impregnated, with the soma posi-
tioned within the middle of the histological section. Chosen cells
demonstrated distinct spines and dendritic arbors with minimal

breaks or staining irregularities. Neurons were reconstructed using a
modified light microscope (Zeiss AxioImager Z1. Carl Zeiss AG,
Oberkochen, Germany). under 1009 oil (1.4 numerical aperture;
Plan-Apochromat) controlled by Neurolucida software (v.10.5;
MBF Bioscience, Williston, VT, USA). The microscope system
had an internal Z motor, a motorized specimen stage (Ludl
Electronics, Hawthorne, NY, USA), external focus encoder (Hei-
denhain, Schaumburg, IL, USA), and a CCD monochrome video
camera (mRm; Zeiss). Neurons were traced in their entirety,
matching dendritic diameter and location of dendritic spines. The
soma was traced at its widest point in the
two-dimensional plane to estimate the cross-sectional area. Neurons
that displayed breakages in dendriteswerenot included infinal analysis.

Fluorescent imaging of perineuronal nets

Fluorescence imaging for synapse number was conducted as
previously described (Ippolito and Eroglu 2010). For perineuronal
nets (PNNs) intensity analysis, 30–60 z-stack images were imaged at
0.3 lm intervals to cover the entire soma. Maximum intensity
projection was performed to reveal the entire cell body. Fluorescence
intensity of the PNNs around the soma is measured using the ImageJ
(Schneider et al. 2012) software. Corrected total cell fluorescence
(CTCF) was calculated using this formula (McCloy et al. 2014):

CTCF ¼ integrated density � (area of ROI

� mean fluorescence of background)

Images settings were optimized with the control wild-type
sections and kept constant for all other acquisitions.

Visual water task

The visual water task is a visual discrimination task based on
reinforcement learning (Prusky et al. 2000; Prusky and Douglas
2004). The task consists of a trapezoidal aluminum tank (183 cm
long 9 82 cm wide 9 73 cm high) with two screens depicting
vertical striations or an equiluminant gray stimulus at the wider end
(Figure S2a). Animals were initially pre-trained to associate getting
to a solid substrate (hidden platform) by swimming toward a low
spatial frequency vertically striated screen (positive stimuli). Once
the animals have grasped the reward concept, they underwent
training and testing phases (Figure S2b) where their abilities are
shaped to distinguish between the vertical gratings and the

Fig. 2 The disrupted functional network induced by Prmt8 knockout
was enriched for relevant neuronal processes, in particular dendritic

development. (a) The common differential genes from both heterozy-
gous (Prmt8+/�) and homozygous (Prmt8�/�) Prmt8 knockouts (32
mappable to gene names out of the original 49) induced a highly

interconnected network, further implicating an addition 20 proteins
excluded during the preliminary proteomics screen. This network,
induced by the differential proteins from the complete reference

network, may be further subdivided into domains based on function-
ality, which included axon regenration, microtubule association and
formation of dynein complexes. (b) Table denoting enriched GO terms,
coverage (ratio of differential proteins over all proteins mapped to

particular term), associated false discovery rates (FDR) and differential
gene membership within each network. (c) Representative

immunoblots of one representative protein from each functional group
(except generation of metabolites and energy) demonstrated

increased expression in Prmt8�/� mice compared to Prmt8+/+ (te-
nascin-R, TNR: n = 5; MAP2: n = 3; and DYNC1H1: n = 3). (d)
Although the 32 differential proteins; Differential (2), or proteins that

were supported by both knockouts, were associated with relevant
functionalites, they were not easily observed or recovered in the
proteomics screen. Of the 20 network implicated proteins, only 1 was

recoverable given the set of non-overlapping differential proteins
supported by either knockout; Differential (1). While low, the maximal
recovery rate is not 1/20 but rather 1/4 as only four implicated proteins
were potentially recoverable (All). Since most implicated proteins were

not observed in the preliminary spectra analysis, a wider search on
protein spectra may be required.
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equiluminant gray stimulus at a short distance (training) and at a
longer distance (testing). The position of the grating and the
platform was alternated in a pseudorandom sequence over the
training and test trials. Once 70% or greater accuracy was achieved
in a series of 10 trials, the spatial frequency of the grating increases
until trial performance falls below 70% accuracy. The maximum
visual acuity was measured with three consecutive passes of the
highest spatial frequency. The mice were trained from postnatal day
P28 for 2–3 months (P90-P120) to obtain the discrimination
threshold.

Statistical analysis

Datasets were tested for normality using the Kolmogorov–Smirnov
goodness-of-fit test. Data with parametric distributions were
expressed as mean � SEM and statistical analyses were performed
with the Student’s t-test. Data with non-parametric distribution (e.g.
Fig. 3f) were expressed as median � SD and statistical analysis
were performed with the Mann–Whitney U-test.

Results

Despite limited overlap, common differential proteins were

enriched for neuronal functionalities
It was well known that data-dependent acquisition-based
proteomics had limited consistency because of the semi-
stochastic manner in which precursor ions were selected for
fragmentation in MS/MS space (Goh and Wong 2014).
Despite this, Prmt8�/�/Prmt8+/+ and Prmt8+/�/Prmt8+/+

were generally correlated (Fig. 1a). Following log-conver-
sion and z-transformation, the protein expression distribu-
tions for Prmt8�/�/Prmt8+/+ and Prmt8+/�/Prmt8+/+ were
normally distributed (Fig. 1b) and therefore, we introduced
an alpha of 5%, i.e. proteins with z-scores below �1.96 and
above 1.96 were considered differentially expressed.

Only 25% (49 proteins) of the differential proteins between
Prmt8+/�/Prmt8+/+ and Prmt8�/�/Prmt8+/+ were shared
(Fig. 1c) while 75% (148 proteins) lied in the complement.
The 49 IPI ids were mapped to 32 proteins with gene symbols.
Hierarchical clustering based on z-normalized protein expres-
sions (Euclidean distance, Ward’s linkage) revealed most of
these were down-regulated (Fig. 1d). Functional analysis
based on Gene Ontology (GO)-terms pointed revealed strong
association with nervous system development, especially,
axon regeneration (Fig. 1e).

Analysis of differential networks did not strongly recover

complement proteins

Networks are powerful means of recovering undetected
proteins (Goh et al. 2013a). Given many different networks
exist (e.g. protein interaction networks, expression correla-
tional), we used the integrated platform, GeneMania (Mosta-
favi et al. 2008; Montojo et al. 2014) with the 32 gene
symbols as seeds. This returned a tightly inter-connected
induced network comprising 52 genes (20 implicated genes +
32 gene symbols corresponding to the differential proteins)
(Fig. 2a). The induced network was enriched for neurological
functionalities (similar to Fig. 1e), but more extensive.
Moreover, additional functional terms were implicated, such
as microtubule-associated complex, energy metabolism, and
dynein complexes (Fig. 2a and b). Each of these additional
functionalities were attributable to specific locations in the
induced network. We checked the expressions of each subnet
indirectly via immunoblotting of a representative protein in
each functional subnet (Fig. 2c): TNR (axon regeneration,
n = 5), MAP2 (microtubule-associated complex, n = 3), and
DYNC1H1 (dynein complex, n = 3) were over-expressed in
Prmt8 knockout mice compared to wild type.

Fig. 3 Knockout of Prmt8 limited structural plasticity of the visual
cortex via increased perineuronal net (PNN) formation. (a) Proposed

model of aberrant neuronal development of the visual cortex in Prmt8
knockout mice. Experience-dependent pruning of cortical circuits over
development (gray arrow) provided the necessary biological mecha-

nisms to make circuits fully functional. Increased PNN formation in the
visual cortex of Prmt8 knockout model prevented the pruning and
maturation of excitatory synaptic connections (orange arrows) by

reducing inhibitory modulation of excitatory neurons through limiting
structural plasticity. Reduction of inhibitory puncta may possibly lead to
a drop in overall inhibition in the visual cortex. (b) Tenascin-R (TNR) is
a crucial component of special brain extracellular matrix structures

called PNNs, which form around parvalbumin inhibitory interneurons.
Trimeric TNR (green circles) acts as a linker protein between
hyaluronic acid (red line) and proteoglycans (blue structure) to form

an organized mesh-like structure (Lau et al. 2013; Morawski et al.
2014; Mouw et al. 2014). (c) ChIP analysis indicated that PRMT8 was
enriched at Tenascin-r (Tnr) promoter regions (top schematic).

Immunoprecipitation (bottom plot) of wild-type Prmt8+/+ visual cortices
(open bars, n = 6) with PRMT8 antibody showed increased PRMT8
association with chromatin at the promoter region of Tnr (p = 0.01,

one-sample t-test,) compared to the untranscribed region on chromo-
some 8. Removal of Prmt8 abolished PRMT8 enrichment levels

(closed bars, n = 6) to levels comparable to control IgG antibody
levels. (d) Tnr transcript levels were 1.5 fold higher compared to wild-
type levels (p ≤ 0.05, n = 3 each, unpaired Student’s t-test). (e)

Representative photomicrographs of PNNs (arrows) in binocular zone
of the visual cortex from wild-type Prmt8+/+ (left) and Prmt8�/� mice
(right) immunostained with biotinylated Wisteria floribunda agglutinin

(WFA) and DAPI. WFA is routinely used as a broad marker in the
detection of PNNs. (f) Density of PNNs, as measured by CTCF, was
increased around neurons of Prmt8�/� mice (p ≤ 0.05, n = 3 each,
Mann–Whitney U-test). Data were represented as median CTCF. (g)

Representative photomicrographs of the binocular zone of the visual
cortex from wild-type Prmt8+/+ (left) and Prmt8�/� (right) mice
immunostained with biotinylated WFA and parvalbumin (PV). Arrows

indicate PV interneurons wrapped by PNNs. (h) In addition to
increased density of PNNs, approximately 10% more PV-positive
interneurons were wrapped by PNNs in Prmt8�/� mice than in wild-

type Prmt8+/+ mice (p ≤ 0.0001, n = 3 each, unpaired Student’s t-
test). Data were represented as mean � SEM. *p ≤ 0.05,
****p ≤ 0.0001.

© 2016 International Society for Neurochemistry, J. Neurochem. (2017) 140, 613--628

PRMT8 removal restricts synaptic maturation 621



Prmt8 –/–Prmt8 +/+

50 μm

(a) (b)
(c)

(d)

(h)

(e)

(f)

(g)

(i)

© 2016 International Society for Neurochemistry, J. Neurochem. (2017) 140, 613--628

622 P. K. M. Lee et al.



Earlier, we identified 32 common differential proteins
(mappable to gene symbols from 49 IPI ids) while 88
(mappable to gene symbols from the 148 IPI ids) are unique
to either Prmt8�/�/Prmt8+/+ and Prmt8+/�/Prmt8+/+ (Fig. 1c).
The large non-overlapping components could be as a result of
biological variation against a backdrop of small sample size.
Regardless, we wished to know if the non-overlapping
components were associated in the same induced network.
In Fig. 2(d), ‘Differential(1)’ referred to differential pro-

teins that lied in the complement (supported by either
complete or partial PRMT8 knockout), ‘Differential(2)’ for
differential proteins supported by either knockout, ‘Network’
referred to the 52 (32 + 20) proteins within the induced
network while ‘All’ included all the proteins identified in the
proteomics screen mappable to gene symbol (1197 proteins).
It appeared that the induced network performed very badly in
recovery: Only 1 complement protein was recovered, leaving
87 unaccounted for. This was unsurprising considering the
maximal number of recoverable proteins: To understand this,
we needed to consider overlaps with all detectable proteins
(‘All’ vs. ‘Network’). Only three additional proteins were
potentially recoverable because of abysmal overlap between
‘All’ and ‘Network’. Given a maximal of 1 + 3 = 4
potentially recoverable proteins, we actually had a recovery
rate of 25% (1 out of 4).

Reanalysis using a second proteomics pipeline improved

recovery but also revealed inconsistency between different

library search engines

Since Prmt8 was not initially observed, and we had poor
recovery of the complement differential proteins, we con-
structed a second analytical pipeline based on OpenMS/
TOPPAS integrating two other search engines, X!Tandem
and OMSSA (see Materials and Methods). The OpenMS/
TOPPAS pipeline was shown in Figure S1a and we used a
rather loose posterior error probability of 0.7 while requiring
reported proteins to have at least two unique peptides. We

detected and confirmed Prmt8 as differentially underex-
pressed (Figure S1d).
Given less stringent statistical criteria, and more extensive

search results derived from additional library search algo-
rithms and larger reference protein database, 7172 proteins
were observable (Figure S1b ‘UniPROT’). This comprised
~ 70% of proteins identified in the original screen
(Figure S1b ‘All’). ‘Differential(2)’ and ‘Network’ referred
to intersecting differential proteins and proteins implicated in
the induced network, respectively (c.f. Fig. 2c).
Although more proteins were observed, four out of the

original 32 intersecting differential proteins were lost. We
recovered 10 out of 20 additional proteins implicated by the
induced network. Combined with the original screen, we can
now account for 12/20 implicated proteins (Figure S1c).
By expanding the observable proteins, we increased our

recovery of the induced network, and were able to examine
in closer detail, the expression of its individual components.
Expansion of the induced network recovered more biolog-
ically coherent functionalities, and also enhanced molecular
characterization of the Prmt8 knockout.

Knockout of Prmt8 causes perineuronal nets to form

aberrantly

Using the predictions from both the proteomic and network
analysis, we propose that Prmt8 is an important epigenetic
regulator of proteins, such as TNR, that are involved in
regulation of structural plasticity required for proper visual
development (Fig. 3a). TNR is a crucial linker protein
(Morawski et al. 2014; Mouw et al. 2014) in the mesh-like
structure known as perineuronal nets (PNNs; Fig. 3b) that
stabilize and restrict plasticity. Chromatin immunoprecipita-
tion (ChIP; Fig. 3c) of wild-type Prmt8+/+ visual cortices
showed enrichment of Tenascin-R gene promoter regions
(P1: 2.22 fold enrichment � 0.98; P2: 1.88 fold � 1.05; P3:
3.18 fold � 1.32; P4: 2.19 fold � 0.63, p = 0.01, n = 6
each) compared to an untranscribed region (Chr 8: 1.13

Fig. 4 Visual circuits of Prmt8 knockout mice were not fully pruned
and these mice suffered from lower visual acuity. Representative

reconstruction of Golgi-Cox stained (a) wild-type Prmt8+/+ neuron and
(b) Prmt8�/� neuron. (c) Convex hull analysis revealed that neurons
(filled circles, n = 5) in the visual cortex of Prmt8�/� mice had more

branching events than wild-type neurons (open squares, n = 4), which
were more compact (p ≤ 0.05, unpaired Student’s t-test). (d) Repre-
sentative photomicrographs of coronal sections of the primary visual

cortex from P27 wild-type Prmt8+/+ mice (top) and Prmt8�/� mice
(bottom) stained with VGAT (green) and PV (red). Colocalized puncta
(arrows in inset) represented inhibitory synapses. (e)Wild-type Prmt8+/+

neurons (N = 142 somas) have more VGAT+/PV+ inhibitory puncta

than neurons in Prmt8�/� mice (p ≤ 0.0001, N = 145 somas,
unpaired Student’s t-test). (f) PRMT8 was localized in PV+ neurons
(n = 3, p ≤ 0.0001, unpaired student t-test). (g) Despite reduction of

PV-PRMT8 co-localization events (n = 3, p ≤ 0.01, unpaired

Student’s t-test), the number of PV neurons was not reduced in
Prmt8 knockout. (h) Schematic representation of local cortical circuit

arrangement involving an excitatory (Pyr; pyramidal) and an
inhibitory (PV; parvalbumin) neuron. In wild-type Prmt8+/+ cortex
(left), experience sculpts excitatory circuit connections modulated by

inhibitory neurons before consolidation of feedforward inhibitory
connections by perineuronal nets. In Prmt8�/� cortex (right), forma-
tion of excess perineuronal nets (PNNs) restricted structural plas-

ticity of inhibitory neurons, preventing the establishment of inhibitory
connections for pruning and maturation of visual cortical circuitry.
The layers of the cortex are represented by the gray bar with
Roman numerals. (i) At 70% threshold, visual acuity was lower in

Prmt8�/� mutants (n = 9, unpaired Student’s t-test, p ≤ 0.05) than
wild-type Prmt8+/+ mice (n = 16) when measured by the visual water
task. All data were represented as mean � SEM. *p ≤ 0.05,

**p ≤ 0.01 ****p ≤ 0.0001.
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fold � 0.33, n = 6), whereas, a similar experiment on
chromatin from Prmt8�/� visual cortices abolished this
enrichment (closed bars. P1: 1.48 fold enrichment � 0.98;
P2: 0.66 fold � 0.08; P3: 1.01 fold � 0.16; P4: 1.36 fold �
0.36, p = 0.22 n = 6 each). Tnr transcript levels were
increased in the visual cortex of Prmt8�/� mice by 1.5 fold
(p = 0.02, n = 3) compared to wild-type Prmt8+/+ (Fig. 3d).
These results suggest that PRMT8 regulates expression of
Tnr through promoter regions. Since the appearance of PNNs
marks the termination of plastic periods during neurodevel-
opment (Wang and Fawcett 2012), we thought that increased
expression of TNR will increase PNN formation and decrease
neuroplasticity. To investigate, we immunostained visual
cortical tissues with biotinylated Wisteria floribunda agglu-
tinin, a plant lectin that binds to carbohydrate groups within
PNNs (Fig. 3e). PNNs are about 9% denser within the visual
cortex of the Prmt8�/� mutants (Fig. 3f. n = 3, N = 95,
103765 AU, p = 0.02) than in the wild-type Prmt8+/+ (n = 3,
N = 111, 94310 AU). Since PNNs form selectively around
parvalbumin (PV) interneurons (Morris and Henderson 2000),
we sought to understand if denser PNNs results in PNNs
wrapping around more PV interneurons. In the Prmt8�/�

visual cortex, 10% more PV interneurons were wrapped in
PNNs (Fig. 3g and h; 33.58 � 1.23%, p < 0.0001, n = 3)
than in thewild-typePrmt8+/+ cortex (42.60 � 1.31%, n = 3).
Previous studies have shown that synaptic plasticity will

be affected if PNNs and its components form poorly or
incompletely (Zhou et al. 2001; Brakebusch et al. 2002;
Carulli et al. 2010; Morawski et al. 2014). Similarly, to
determine if increased formation of PNNs affected dendritic
morphology in V1, neurons from wild-type Prmt8+/+ mice
(Fig. 4a) were compared to age-matched Prmt8�/� mutants
(Fig. 4b) using Golgi-Cox staining. A two-fold overall
increase in volumetric complexity in Prmt8�/� neurons
compared to the wild-type neurons of the same age (Fig. 4c)
(+/+: 1.0 � 0.16; �/�: 2.094 � 0.29, p = 0.02) was
observed. Since PV interneurons provide feedforward inhi-
bition by exerting control on pyramidal neurons, puncta
counting analysis was conducted to determine if modulatory
PV synaptic connections are affected by Prmt8 removal.
Perisomatic VGAT-positive PV puncta were reduced in
Prmt8�/� mutants compared to wild type (Fig. 4d and e)
(+/+: 24.21 � 0.49, n = 3, N = 142; �/�: 20.99 � 0.39,
p < 0.0001, n = 3, N = 145). Immunofluorescence analysis
indicated that PRMT8 colocalized in PV+ neurons (Fig. 4f)
(Prmt8+/+: 67.6 � 0.52%, n = 3; Prmt8�/�: 17.09 �
1.65%, p ≤ 0.0001, n = 3) and ruled out the possibility that
PRMT8 removal will significantly reduce PV+ cell numbers
(Fig. 4g) (Prmt8+/+ PV: 189.3 cells � 22.67 vs. Prmt8�/�

PV: 168.3 cells � 4.10, p = 0.41, n = 3). These observations
suggest that pyramidal neurons in the cortex of Prmt8�/�

knockout mice receive lesser perisomatic inhibitory connec-
tions and may be less developed because of physical
restraints set in placed by increased PNNs (Fig. 4h). Despite

this, Prmt8�/� mice developed normally and did not display
any observable deficit, as previously described (Kim et al.
2015). However, since inhibition is crucial for the develop-
ment of the visual cortex (Hensch et al. 1998; Fagiolini and
Hensch 2000; Prusky and Douglas 2003), we sought to test
whether removal of Prmt8 affected visual acuity. In order to
test visual performance, the visual water task (ACUMEN,
Cerebral Mechanics Inc) (Prusky et al. 2000, 2008; Prusky
and Douglas 2004) was used as a measurement of both visual
discrimination and acuity (Figure S2a and b). Visual acuity
was reduced in the Prmt8�/� knockout mice by 8.8%
(Fig. 4i) (+/+: 0.56 cyc/deg � 0.01; �/�: 0.52 cyc/deg �
0.02, p = 0.02).

Discussion

In this study, we have identified and characterized the
proteomic changes because of Prmt8 ablation and its role in
the developing visual cortex. Removal or disruption to Prmt8
via a transgenic mouse model perturbs proteins that are
functionally important for axonal or dendritic development.
This negatively influenced the development of the visual
cortical circuits, aswell as the visual performance of the animal.
AlthoughPrmt8was not initially detected in our preliminary

proteomics analysis (Fig. 1), we have proven the reliability and
accuracy of our proteomic screen in the secondary screen
(Fig. 2 and Figure S1). From the overlap of 49 differential
genes from both Prmt8 homozygous and heterozygous
mutants, 32mappable geneswere clustered into four functional
subnets, which are associated with the development of the
nervous system. The neurological functions associatedwith the
functional subnets induced by the set of 32 differential genes
were in agreement with our expectation that PRMT8 might be
an important player in regulating neurodevelopment and/or
synaptogenesis during development of the visual cortex.
Moreover, enriched GO terms point toward functionalities
involving neurite formation and development.
TNR was identified by our first screen of the synaptic

proteome. Similar to the other proteins identified, TNR is
implicated in neurite development, cell adhesion, and
movement (Pesheva and Probstmeier 2000). Interestingly,
TNR is only immunohistologically detected from postnatal
day 21 in the visual cortex (Br€uckner et al. 2000). This
coincides with the developmental expression of Prmt8
(Kousaka et al. 2009), as well as the onset of the critical
period of the visual cortex (Hensch 2004). Evidence from
ChIP data (Fig. 3c) showed that PRMT8 binds to Tnr at its
promoter region. Knockout of PRMT8 increased transcript
levels of Tnr in the visual cortex, suggesting that PRMT8
may act as a molecular brake. However, it is not clear if
PRMT8 acts on its putative histone H4 arginine 3 asymmet-
ric methylated mark (H4R3me2a) to regulate the transcrip-
tional machinery. TNR is an integral extracellular matrix
component of PNNs, acting as a cross-linker between
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hyaluronan and chondroitin sulfate proteoglycan (CPSGs),
aggrecan (Lundell et al. 2004) (Fig. 3b). Together, these
three molecules (hyaluronan, CPSG, and TNR) form the
three major components of the perineuronal net. TNR is
suggested to be more important than CPSGs because nets in
Tnr-deficient mice fail to aggregate properly (Weber et al.
1999) but CPSG-deficient mice still form normal nets (Zhou
et al. 2001; Brakebusch et al. 2002). Besides protecting the
neurons from extracellular chemicals or agents, PNNs also
limit synaptic plasticity by stabilizing the functional, matured
neuronal connections. This was demonstrated by enzymatic
digestion of the PNNs, which reverted adult mice back to the
juvenile state of ocular dominance plasticity (Pizzorusso
et al. 2002). In addition, aggrecan (Acan, Figure S1d),
another component of PNN, was recovered in our second
proteomics pipeline (Figure S1b), further supporting our
observation that knockout of Prmt8 does affect formation of
these nets. TNR and Acan are reported as crucial contributors
to the formation and stabilization of PNNs (Morawski et al.
2014). Similar to TNR, Acan has been implicated as a
molecular controller of structural plasticity in the neocortex.
A previous study demonstrated that Acan expression corre-
lates with a decline in plasticity in the visual cortex of cats
(Lander et al. 1997; Kind et al. 2013).
Synaptic structure, which includes dendritic and axonal

branching, as well as dendritic spine dynamics, plays crucial
role in regulating plasticity. During early development,
neurons undergo rapid changes in morphology to establish
new synaptic connections (Lendvai et al. 2000; Holtmaat
et al. 2005). During early development of mice before eye
opening, plasticity of the visual cortex is driven by sponta-
neous activity (Toyoizumi et al. 2013; Chaudhury et al.
2016). In the subsequent development, visual inputs or
sensory stimuli form the basis of activity-driven process
crucial for the development of proper vision and may serve to
fine-tune circuit connections by maturing inhibitory inner-
vation (Hensch et al. 1998; Zheng et al. 1999; Fagiolini
et al. 2004). Since PV+ neuron numbers were not affected
by Prmt8 knockout, increased complexity of pyramidal
neurons in the visual cortex of Prmt8�/� mice could be a
reflection of neuronal circuits locked in a juvenile state of
reduced PV+ connectivity because of increased PNN
formation. Consequently, visual acuity of Prmt8�/� mice
are also poorer than the wild-type counterparts. It has been
predicted that mice with decreased GABA-mediated synaptic
inhibition will have lower visual acuity as they do not have
the mechanisms necessary to depress poorly patterned visual
input (Prusky and Douglas 2003). Despite a previous study
reporting deficits in motor coordination and performance
of Prmt8�/� mice (Kim et al. 2015), our data (Figure S2c
and d) suggest that these mice do not perform significantly
different in the water task as compared to wild-type mice.
Since fast-spiking basket cells that express PV provide the

main source of perisomatic inhibition in the developing

cortex (Klausberger et al. 2002), we looked at PV connec-
tions to see if we could explain the difference in dendritic
morphology. Perisomatic inhibitory connections were
reduced in Prmt8�/� mice as a result of increased PNNs.
A previous report also found that TNR knockout mice
displayed a reduction of perisomatic inhibition, and an
increase in excitatory synaptic transmission in CA1 region of
the hippocampus (Saghatelyan et al. 2001). Although peri-
somatic PV+ inhibitory synapses were reduced, it is still
unclear if disinhibition occurred in visual circuits of Prmt8�/�

mice. In vivo electrophysiological recordings may help to
clarify if the excitatory-inhibitory balance of the visual circuits
has been perturbed. In addition, maturation of intracortical
inhibition is also closely associated with critical period
progression (Fagiolini et al. 2004) and achieving sufficient
inhibition is an important cue for the onset of critical period
(Hensch et al. 1998; Fagiolini and Hensch 2000). Further
work needs to be done to ascertain if this reduction of
inhibitory synapses will affect ocular dominance plasticity in
Prmt8 null mice.
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