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An improved understanding of the molecular mechanisms
in synapse formation provides insight into both learning and
memory and the etiology of neurodegenerative disorders.
Coactivator-associated arginine methyltransferase 1 (CARM1)
is a protein methyltransferase that negatively regulates synaptic
gene expression and inhibits neuronal differentiation. Despite
its regulatory function in neurons, little is known about the
CARM1 cellular location and its role in dendritic maturation
and synapse formation. Here, we examined the effects of
CARM1 inhibition on dendritic spine and synapse morphology
in the rat hippocampus. CARM1 was localized in hippocampal
post-synapses, with immunocytochemistry and electron micro-
scopy revealing co-localization of CARM1 with post-synaptic
density (PSD)-95 protein, a post-synaptic marker. Specific
siRNA-mediated suppression of CARM1 expression resulted in
precocious dendritic maturation, with increased spine width
and density at sites along dendrites and induction of mush-
room-type spines. These changes were accompanied by a strik-
ing increase in the cluster size and number of key synaptic pro-
teins, including N-methyl-p-aspartate receptor subunit 2B
(NR2B) and PSD-95. Similarly, pharmacological inhibition of
CARM1 activity with the CARM1-specific inhibitor AMI-1 sig-
nificantly increased spine width and mushroom-type spines and
also increased the cluster size and number of NR2B and cluster
size of PSD-95. These results suggest that CARM1 is a post-
synaptic protein that plays roles in dendritic maturation and
synaptic formation and that spatiotemporal regulation of
CARM1 activity modulates neuronal connectivity and improves
synaptic dysfunction.

Understanding the cellular and molecular mechanisms
underlying synaptic formation will provide insight into not only
learning and memory processes, but also the basis for neurode-
velopmental and neurodegenerative disorders (1-5). Synapses,
neuronal structures that form intercellular junctions between
axon terminals and small protrusions called dendritic spines,
accumulate information in the form of life-long alterations in
their molecular and structural composition (6). Dendritic
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spines receive synaptic input from pre-synaptic axon terminals
and regulate post-synaptic transmission (7). Spine morphology
is highly correlated with synaptic function (8). Interestingly,
spine structures are highly plastic, undergoing continuous
change that modifies synaptic transmission and strength (9).

Dendritic spines contain a prominent thickening at the cyto-
plasmic surface of the post-synaptic membrane, called the post-
synaptic density (PSD)? (10, 11). The PSD is a dynamic region
that consists of a variety of scaffolding proteins such as mem-
bers of the membrane-associated guanylate kinase family
including PSD-95; membrane receptors such as N-methyl-p-
aspartate (NMDA) receptors, a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors, and neurotrophic
receptors; intracellular signaling molecules such as protein
kinase C (PKC), calcium/calmodulin-dependent protein kinase
2 (CaMKII), and small GTPase family members; and structural
proteins such as actin and microtubule components (11-14).
The spatiotemporal regulation of the various synaptic proteins
at the dendritic spine holds the key to understanding the mech-
anisms by which synaptic structures are remodeled and synap-
tic function is regulated.

Post-translational modification of proteins within signaling
cascades, such as phosphorylation and methylation of synaptic
proteins, is a fundamental and essential mechanism for regulat-
ing axonal elongation and dendrite branching (8, 15). For exam-
ple, protein phosphorylation by PKCe regulates synaptogenic
gene expression and rescues synaptic plasticity that is impaired
in neurodegenerative diseases like Alzheimer’s disease (16, 17).
Activated PKCe modulates morphological changes in den-
dritic spines and enhances long-term memory by activating
structural changes in the synaptic cytoskeleton (18 -20) or
by up-regulating HuD-mediated post-transcriptional con-
trols (21, 22).

Arginine methylation of synaptic proteins, catalyzed by pro-
tein arginine methyltransferases (PRMTs), is another common
post-translational modification that occurs in neuronal cells
(23-25). Dysregulation and aberrant expression of PRMT's are

2 The abbreviations used are: PSD, post-synaptic density; CARM1, coactivator-
associated arginine methyltransferase 1; DIV, days in vitro; NR2B, N-methyl-
Dp-aspartate subunit 2B; PKC, protein kinase C; PRMTs, protein arginine
methyltransferases; siRNA, small interfering RNA; RT-qPCR, quantitative
reverse transcription-polymerase chain reaction; MAP-2, microtubule-as-
sociated protein 2; TDBL, total dendritic branch length; TDBTN, total den-
dritic branch tip number; AMI-1, arginine N-methyltransferase inhibitor-1;
NTF, neurotrophic factors; BDNF, brain-derived neurotrophic factor.
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Figure 1. CARM1 is a post-synaptic protein. A, a total of 20 or 40 g PSD fraction isolated from rat hippocampi was separated in SDS-PAGE, and gels were
stained with Coomassie Brilliant Blue solution. Arrow indicates CARM1 at 68 kDa. B, immunoblotting analysis to detect CARM1 protein levels in protein
complexes extracted from PAGE gels in A using anti-CARM1 (lane 1) or anti-serum pre-absorbed with CARM1 antigen (lane 2). C,immunoblotting analysis to
detect CARM1 protein levels in whole tissue homogenates (WTH), synaptosomes (Syn), or One-Triton PSD fraction (10 ug/each fraction). Mean = S.E., three

independent experiments. **, p < 0.01; ***, p < 0.001, compared with WTH).

associated with various disease states (24, 26, 27). The regula-
tion and substrate specificity of PRMTs have been rapidly elu-
cidated in the past few years, but the biological functions of
PRMTs in the brain and the effects of arginine methylation of
synaptic proteins by PRMTs remains unclear. Coactivator-as-
sociated arginine methyltransferase 1 (CARM1), also called
PRMT4, modulates protein methylation in neurons (28, 29).
CARMI1 methylates HuD protein and plays an important role in
mRNA processing (22, 30). It also inhibits neuronal differenti-
ation in vitro (28). CARM1 activity is modulated upon phos-
phorylation by PKCe (22, 31). Taken together, these findings
strongly suggest that regulation of CARM1 activity through
PKCe may influence learning-specific synaptic formation in the
brain. Despite data suggesting that CARM1 functions in neu-
rons, no studies have further characterized the cellular localiza-
tion and function of CARM1 on dendritic maturation and syn-
aptic formation.

In the present study, we tested the hypothesis that CARM1 is
expressed in the rat brain, particularly in the PSD fraction,
where it regulates dendrite and synaptic morphology. We
examined the effects of genetic and pharmacological inhibition
of CARM1 on dendritic complexity, spine number and density,
and arborization, and the accumulation of excitatory synaptic
proteins at synaptic sites in primary cultures of differentiating
rat hippocampal neurons.

Results
CARM1 is a post-synaptic protein that clusters at synapses in
hippocampal neurons

To understand CARM1 function at dendritic synapses in

hippocampal neurons, we first examined CARM1 expression in
brain tissue subcellular fractions. The One-Triton PSD fraction
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(50) was separated by SDS-PAGE, and a protein band of 68 kDa
(Fig. 1A) was excised from the gel after Coomassie Brilliant Blue
staining, extracted, separated by SDS-PAGE, and then immu-
noblotted using anti-CARM1 antibody (Fig. 1B), revealing
strong CARM1 expression. To verify the specificity of the reac-
tion, the anti-CARM1 antibody was pre-absorbed with CARM1
antigen. Pre-absorption of the CARM1 antibody completely
abolished detection of CARM1 in the PSD fraction (Fig. 1B).

We next tested whether CARM1 localizes to the PSD frac-
tion in rat hippocampal neurons. The relative enrichment of
CARM1 in whole hippocampal tissue homogenate, synapto-
somes, and PSD fractions treated once with Triton X-100 was
tested by immunoblotting analyses and compared with that of
NR2B and PSD-95 proteins that are known to be specifically
associated with the PSD fraction. Immunoblots revealed that
the amount of CARM1 was enriched in the synaptosome and
PSD fractions by 161.6 and 231.7%, respectively, compared with
whole-tissue homogenate (Fig. 1C). These results confirm that
CARM1 is enriched in the PSD fraction.

We examined the subcellular distribution of CARM1 by fluo-
rescence immunocytochemistry of dissociated rat hippocam-
pal neurons. Dissociated hippocampal neurons were grown for
14 days in vitro (DIV), fixed, and double-stained with antibodies
against CARM1 and the pre-synaptic marker synapsin or the
excitatory post-synaptic marker PSD-95. Percentage of co-lo-
calization was calculated from overlay images (Fig. 2). High-
resolution confocal microscope images showed that CARM1
formed clusters at sites that also contain PSD-95 (Mander’s
coefficient = 0.726 * 0.041) (Fig. 2A). However, CARM1 barely
co-localized with synapsin (Mander’s coefficient = 0.292 =+
0.034) (Fig. 2B).
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Figure 2. CARM1 co-localizes with PSD-95 in hippocampal neurons. Aand B, cultured hippocampal neurons (14 DIV) were double-stained with anti-CARM1
and PSD-95 (a post-synaptic marker protein) or synapsin (a pre-synaptic marker), and then co-localization from overlay images was analyzed. Scale bar, 10 um.
G, rat brain sections were labeled with antibodies against CARM1 or PSD-95 and gold particle labelings in the CA1 stratum radiatum of the hippocampus were
observed using electron microscopy to show post-embedded localization of CARM1 or PSD-95. Scale bar, 500 nm. D, each CARM1 or PSD-95 labeling was
counted to show pre- or post-synaptic positions of gold particles and the axodendritic distribution was quantitatively expressed.

To verify that CARM1 is located at synapses in vivo and to
determine whether CARML is predominantly located at the
pre-synaptic or post-synaptic membrane, the distribution of
CARML1 at synapses from the CAl stratum radiatum of the
hippocampus was examined with the use of immunoelectron
microscopy. Brain sections were immunolabeled with an anti-
body against either CARM1 or PSD-95. The immunogold label
in neurons for both antibodies was present primarily at excit-
atory synapses, identified by the presence of a Gray’s Type I
PSD, round pre-synaptic vesicles, and a distinct synaptic cleft
(Fig. 2C). Additionally, no labeled synapses were detected in
control experiments in which sections were stained with anti-
bodies that were pre-absorbed with their antigen, respectively,
or stained with secondary antibody alone (data not shown).
Thus the labeling of excitatory synapses accurately reflects
localization of CARM1. Then we quantitatively analyzed the
axodendritic distribution of gold particles against CARM1 to
determine whether the position of the label was over the pre-
synaptic or post-synaptic compartment and was compared
with that against PSD-95. The axodendritic distribution of the
gold particles against CARM1 was analyzed by measuring the
distance from the extracellular perimeter of the post-synaptic
membrane to the center of the gold particle. The immunogold
label against CARM1 was primarily over the post-synaptic
membrane and compartment, confirming that over 87% of the
gold particles were detected from the post-synaptic membrane
and spine, with 15% of the label within 10 nm (the diameter of
the gold particle) of the outer perimeter of the post-synaptic
membrane and 81% within 50 nm (Fig. 2D). PSD-95 also pref-
erentially labeled post-synaptic structures, with 89% of the gold
particles over the post-synaptic compartment, with 41% of the
label within 10 nm (the diameter of the gold particle) of the
outer perimeter of the post-synaptic membrane and 83% within
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50 nm (Fig. 2D). The prominent clustering of CARM1 at post-
synaptic sites, revealed by higher co-localization with PSD-95,
is consistent with its strong enrichment in the PSD fraction.

Knockdown of CARM1 expression increases the complexity of
dendritic arborization of cultured hippocampal neurons

We showed previously that CARM1 inhibition by a specific
CARM1 inhibitor or PKCe-mediated inhibition promotes the
dendritic arborization of differentiating hippocampal neurons
invitro (22). To confirm whether CARM1 is important for den-
dritic maturation of dissociated hippocampal neurons, we
suppressed CARM1 expression with specific siRNAs against
CARM1 or PRMT1 (a predominant type I protein methyltrans-
ferase in mammalian cells, accounting for 85% of cellular
PRMT activity) as negative control (32). Using RT-qPCR, we
confirmed that transduction of CARM1-specific siRNA into
neurons reduced CARM1 mRNA levels by 69% compared with
untreated cells, and there was no difference in CARM1 mRNA
levels in cells transduced with a scrambled control or PRMT1
siRNA compared with untreated cells (Fig. 34). By immuno-
blotting analysis, neurons transduced with CARM1-specific
siRNA showed a 62% decrease in CARM1 protein levels, com-
pared with neurons transduced with scrambled control siRNA
or untreated cells. Neurons transduced with PRMT1-specific
siRNA showed no difference in CARM1 protein levels com-
pared with untreated cells, even that reduced PRMT1 protein
levels by 55%, compared with untreated cells (Fig. 3B).

To determine the effects of CARM1 silencing on dendritic
maturation of hippocampal neurons, neurons transduced with
control, CARM1-specific, or PRMT1-specific siRNA were
fixed, stained with the dendritic marker microtubule-associ-
ated protein 2 (MAP-2), and imaged by confocal microscopy.
Neurons transduced with CARM1-specific siRNA showed
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Figure 3. Reduction of CARM1 expression increases the complexity of dendritic arborization of cultured hippocampal neurons. A, cultured hippocam-
pal neurons were untreated or transduced with control scrambled (Cont), CARM1-specific, or PRMT1-specific siRNA at 9 DIV for 5 days. At 14 DIV, neurons were
lysed and used for total RNA isolation and RT-qPCR. Relative CARM1 mRNA level was analyzed after normalization with GAPDH mRNA level. B,immunoblotting
results with anti-CARM1, anti-PRMT1, and anti-actin antibodies from hippocampal neurons treated as in (A). C, cultured hippocampal neurons treated as in (A)
were fixed at 14 DIV and stained with MAP-2, a dendritic marker. Whole cell shape is shown. Scale bar, 30 um. D and E, quantitative analysis of TDBL (um) and
TDBTN from tracing images of neurons treated as in (C). F and G, Sholl analysis of dendritic complexity in neurons treated as in (C). Mean + S.E, n = 40
neurons/condition from three independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001, compared with untreated condition.

increased dendritic branching and an enhanced dendritic
arbor, but not with PRMT1-specific siRNA (Fig. 3C). To quan-
tify the dendritic structure response to CARMI silencing,
images of the neurons stained with MAP-2 were traced in Neu-
rolucida software for analysis of total dendritic branch length
(TDBL) and total dendritic branch tip number (TDBTN).
Transduction of neurons with CARM1-specific siRNA caused a
dramatic increase in TDBL (1565.0 = 179.5 um), compared
with untreated (723.3 = 110.4 uwm), control siRNAs (806.7 =
56.7 um), or PRMT1 siRNAs (756.7 = 57.6 um). TDBTN was
also increased in neurons transduced with CARM1I-specific
siRNA (34.00 = 3.19), compared with untreated (10.67 = 1.99),
control siRNA (13.83 = 2.75), or PRMT1 siRNAs (10.33 * 1.91)
(Fig. 3, D and E). To quantify dendritic complexity, we used
Sholl analysis to measure the number of dendritic branches that
intersect in concentric circles at 20-um intervals starting 20
pm from the center of the soma. The number of intersections
was significantly increased by CARM1-specific siRNA, as far as
200 um from the soma. The most dramatic effects were seen
in the first 100 um of the dendrites, where transduction of
CARM1-specific siRNAs induced an ~1.7-fold increase in the
number of intersections, compared with untreated or control
siRNA (Fig. 3F). Transduction of PRMT1 siRNAs did not show
any effect on dendritic complexity, compared with control
siRNA (Fig. 3G). Together, these results demonstrate that
CARM1 inhibition increases the total dendritic length and
branching of cultured hippocampal neurons.
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Treatment of cultured hippocampal neurons with CARM1
inhibitor affects spine morphology

Because decreased expression of CARM1 led to an increase
in dendritic complexity in cultured hippocampal neurons, we
tested whether inhibition of CARM1 signaling would have a
similar effect on dendritic spine morphology. Primary cultures
of rat hippocampal neurons were transfected at 7 DIV with a
GFP:actin plasmid to label the dendritic spines and then were
untreated or treated with 2.5 or 10 um of the CARM1-specific
inhibitor arginine N-methyltransferase inhibitor-1 (AMI-1) for
4 days. Cultures were imaged by confocal microscopy (Fig. 4A)
to evaluate spine length (from the base of the dendritic shaft to
the tip of the spine) and width of each spine head (at its widest
point). The length of the spines was slightly lower in cells
treated with 10 um AMI-1 (1.634 = 0.072 um), but the differ-
ence was not statistically significant compared with untreated
controls (1.819 = 0.064 um) or cells treated with 2.5 um
(1.748 £ 0.093 wm) (Fig. 4B). The width of dendritic spines was
slightly higher in cells treated with 2.5 um AMI-1 (0.899 *
0.052 wm) and significantly higher with 10 um AMI-1 (0.982 =
0.044 pm, p = 0.0085), compared with untreated control cells
(0.753 £ 0.038 um) (Fig. 4C). There was no significant differ-
ence in spine density (the number of spines per 10-um den-
drite) along the dendritic shaft: untreated (4.58 = 0.43), 2.5 um
AMI-1 (4.49 =+ 0.54), and 10 um AMI-1 (5.54 % 0.62) (Fig. 4D).
We further investigated spine shapes using a morphometric
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Figure 4. Treatment of CARM1 inhibitor promotes dendritic spine maturation in cultured hippocampal neurons. A, cultured hippocampal neurons were
transfected with GFP-actin at 7 DIV and untreated or treated at 10 DIV with control media (untreated) or AMI-1 (2.5 or 10 um) for 4 days. At 14 DIV, neurons were
fixed and dendritic spine morphology was visualized by confocal microscopy. Scale bar, 10 um. B-D, spine length (B), spine head width (C), or spine density
(number of spines/10 wm dendrite length) (D) was calculated and statistically analyzed. E, dendritic spine shape was counted and expressed as %. Mean =+ S.E.,

n > 100 spines, from three independent experiments. **, p < 0.01, compared with untreated condition.

analysis that takes into account the ratio of spine head and neck
to the spine length to categorize the spines into three different
types (stubby, mushroom, and filopodia, which includes long,
thin-type spines). CARM1 inhibition with AMI-1 significantly
increased the proportion of mushroom-type spines (p = 0019),
and led to a dramatic decrease of the proportion of filopodia-
type, including thin-type, spines (p = 0.0027) (Fig. 4E).

Knockdown of CARM1 expression alters spine morphology

We also examined the effects of CARM1-specific siRNA on
dendritic spine morphology. Primary hippocampal neurons
were transfected at 7 DIV with a GFP:actin plasmid to label
dendritic spines and then were untreated or transduced with
control siRNA or CARMI1-specific siRNA for 5 days and
imaged by confocal microscopy (Fig. 54). Spine length was not
significantly different among the three groups: untreated
(1.848 = 0.133 wm), control siRNA (1.719 = 0.064 um), or
CARM1-specific siRNA (1.694 = 0.0723 pum) (Fig. 5B). The
width of the dendritic spines was significantly greater in cells
transduced with CARM1-specific siRNA (0.909 £ 0.072 um,
p = 0.041), compared with untreated (0.683 = 0.059 wm) or
control siRNA (0.708 = 0.107 wm) (Fig. 5C). In addition, den-
dritic spine density was statistically significantly higher in the
CARM1-specific siRNA group (6.84 = 0.62, p = 0.0294) com-
pared with the untreated (5.02 % 0.54) or control siRNA groups
(4.28 = 0.69) (Fig. 5D). Transduction of neurons with CARM1-
specific siRNA also affected dendritic spine shape, causing a
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dramatic increase in the proportion of mushroom-type spines
(~37%, p = 0.0061), compared with untreated (12%) or control
siRNA transduced (15%) cells. Conversely, the proportion of
filopodia/thin-type spines was significantly lower in neurons
transduced with CARM1-specific siRNA (~40%, p = 0.0196),
compared with untreated (70%) or control siRNA transduced
(60%) cells (Fig. 5E). These results are consistent with the
changes in dendritic spine morphology seen with AMI-1
inhibition of CARM]1, further supporting a role for CARM1
signaling in spine maturation during hippocampal neuronal
differentiation.

CARMT1 inhibition increases post-synaptic targeting of NR2B
and PSD-95

Spine morphological categories are highly correlated with
synaptic function (33). We found that CARM1 inhibition pro-
motes elaboration of dendrites. We therefore investigated
whether CARM1 inhibition using the pharmacological inhibi-
tor AMI-1 or genetic knockdown with specific siRNA affects
clustering of synaptic proteins, including synapsin (pre-synap-
tic) or NR2B and PSD-95 (post-synaptic), that mediate signal
transmission and information processing at synaptic sites (34,
35). Primary hippocampal neurons at 10 DIV were untreated or
treated with 10 um AMI-1. After a 4-day incubation, neurons
were fixed and double-stained for NR2B and PSD-95, and the
average cluster sizes and the number of synaptic clusters for
each protein were evaluated (Fig. 6A). Inhibition of CARM1
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Figure 5. Reduction of CARM1 expression modifies dendritic spine maturation in cultured hippocampal neurons. A, cultured hippocampal neurons
were untreated or transfected with GFP-actin at 7 DIV. After 2 days, cells were transduced with control siRNA (Cont) or CARM1-specific siRNA and incubated for
another 5 days. At 14 DIV, neurons were fixed and dendritic spine morphology was visualized by confocal microscopy. Scale bar, 10 wm. B-D, spine length (B),
spine head width (C), or spine density (D) (number of spines/10-um dendrite length) was calculated and statistically analyzed. E, dendritic spine shape was
counted and expressed as %. Mean = S.E., n > 100 spines, from three independent experiments. ¥, p < 0.05, compared with untreated condition).

A NR2B PSD-95

Untreated

AMI-1, 10

1
a

* 3 Untreated
B AMI-1, 10

*

Overlay B

e
w

Synaptic cluster size (um?)
° °

4
2

& o
A P
E20 3 Untreated
9 *% R
P B AMI-1, 10
=
£ 15 "
o
£
=
210
17}
)
C
o
£ s
o
©
<
>
o o4
) »
v &
& B

<

Figure 6. CARM1 inhibition increases post-synaptic targeting of NR2B and PSD-95. A, cultured hippocampal neurons at 10 DIV were treated with control
media (untreated) or AMI-1 (10 um) and incubated for 4 days. At 14 DIV, neurons were fixed and used for double-staining with NR2B and PSD-95 antibodies.
Scale bar, 10 um. B and C, synaptic cluster size (um?) and synaptic clustering (humber per 10 um) were calculated and statistically analyzed. Mean = S.E.,, n >
100 spines, from three independent experiments. *, p < 0.05; **, p < 0.01, compared with untreated condition).

signaling by AMI-1 treatment led to an increase in the synaptic
cluster sizes (Fig. 6B) and the number of clusters (Fig. 6C) of
NR2B and PSD-95 compared with untreated cells. There was
no difference between AMI-1 treated and untreated cells in

APRIL 14,2017-VOLUME 292-NUMBER 15 SASBMB

synaptic cluster size or number for the pre-synaptic synapsin
protein (data not shown).

We confirmed these findings in neurons transduced with
CARM1-specific siRNAs. Untreated hippocampal neurons or
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Figure 7. Knockdown of CARM1 protein promotes post-synaptic clustering of NR2B and PSD-95 proteins. A-C, cultured hippocampal neurons were
untreated or transduced with control (Cont) or CARM1-specific siRNA at 9 DIV and incubated for 5 days. At 14 DIV, neurons were fixed and used for double-
staining with CARM1 and synapsin (A), NR2B (B), or PSD-95 (C) antibodies. Scale bar, 10 um. D and E, Synaptic cluster size (um?) and synaptic clustering (number
per 10 um) were calculated and statistically analyzed. Mean = S.E., three independent experiments. *, p < 0.05, **, p < 0.01, compared with untreated).

neurons transduced with control or CARMI1-specific siRNA
were double-stained for CARMI1 and synapsin (Fig. 7A),
CARM1 and NR2B (Fig. 7B), or CARM1 and PSD-95 (Fig. 7C).
Immunocytochemical data clearly showed that transduction of
CARM1-specific siRNA into hippocampal neurons decreased
CARM1 expression (Fig. 7, A—C). Consistent with the results
seen after CARMI inhibitor treatment, there was no difference
in either the synaptic cluster size or the cluster number of syn-
apsin (Fig. 7, A, D, and E). By contrast, siRNA suppression of
CARM1 expression led to a significant increase in NR2B
cluster size and number compared with untreated or control
siRNA-transduced cells (Fig. 7, B, D, and E). CARM1-specific
siRNA transduction also led to a significant increase in the syn-
aptic cluster size, not in cluster number, of PSD-95 compared
with untreated or control siRNAs-transduced cells (Fig. 7,
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C-E). Taken together, these data imply that regulation of
CARM1 signaling is necessary for clustering of post-synaptic
proteins at synapses of hippocampal neurons.

Discussion

In this study, we found that CARM1 is expressed in the PSD
fraction of rat hippocampal neurons, confirmed by a series of
SDS-PAGE and immunoblotting analyses. We also found that
CARML1 is highly enriched in the PSD fraction and that it is
present in clusters that co-localize with PSD-95, a post-synaptic
marker, in dissociated hippocampal neurons and in dissected
rat hippocampi, two main criteria for a protein to be considered
a component of the PSD (10). We also demonstrated that inhi-
bition of CARM1 activity, either pharmacologically or through
siRNA knockdown, significantly increased dendritic complex-
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ity, with greater primary dendritic elongation and number of
branches; induced dendritic maturation, as evidenced by an
increase in mushroom-type spines; and enhanced clustering of
the post-synaptic proteins NR2B and PSD-95 at synapses of
differentiating hippocampal neurons in vitro.

CARM1 is a representative PRMT that inhibits neuronal dif-
ferentiation in vitro (29). Despite data indicating that CARM1
functions in cellular systems, the role of CARM1 protein at the
synapse in neurons has remained elusive. CARM1 may be
involved in multiple steps during neuronal differentiation, and
may be particularly important for the regulation of dendritic
maturation and functional synapse formation. CARM1 has
been shown previously to modulate mRNA stability and ex-
pression of synaptic genes through mRNA-binding proteins. It
directly methylates HuD, an mRNA binding protein (30), and
inhibits expression of neuronal genes including neurotrophic
factors (NTF), such as brain-derived neurotrophic factor
(BDNE), at the post-transcriptional level (22, 28, 29). NTF sig-
naling, including that of mature BDNF, is important for den-
dritic spine formation and synaptogenesis (36 —38). These find-
ings suggest that CARM1 inhibition may be required for HuD-
mRNA binding, stability, and expression of neuronal genes that
are directly linked to dendritic synaptogenesis. Our previous
study showed that treatment of a specific CARM1 inhibitor
AMI-1 to hippocampal neurons in vitro increased HuD-mRNA
binding and the stability and expression of NTFs, including
BDNEF, in hippocampal neurons (22). A growing body of evi-
dence supports an important regulatory role for CARM1 in
synapse function in the hippocampus, an area of the brain crit-
ical for learning, memory, and higher-level cognition.

CARMI1 methylates diverse protein substrates and regulates
intermolecular interactions and subcellular protein localiza-
tion (39, 40), suggesting that it may affect not only gene expres-
sion but also protein function in the dendritic spines of hip-
pocampal neurons, in turn affecting dendrite structure and
dendritic spine morphology. Dendritic spines are structurally
dynamic and undergo continuous remodeling even after com-
plete maturation, reflecting modifications in synaptic strength
and neural circuits (13, 41). During the fundamental processes
of spine growth and shrinkage, polymerization and depolymer-
ization of actin filament is required (42). A variety of small
GTPases such as Racl, Cdc42, and Ras are critical regulators of
actin polymerization that influence spine number and mor-
phology (43, 44). Cortactin directly binds to actin and phosphor-
ylation-induced cortactin promotes the formation of dendritic
protrusions (45). Therefore, future studies will investigate
whether small GTPases and/or other actin-regulating factors
lie downstream of CARMI1 signaling, and how CARM1 may
regulate these factors to modulate dendritic architecture and
spine morphology and function.

In addition to regulating synaptic gene and protein expres-
sion, CARM1 may influence dendritic spine structure by regu-
lating protein-protein interactions in the PSD. Interestingly,
spine structures continuously change, reflecting the plasticity
of synapses and the modification of synaptic transmission and
strength. Changes in the molecular interactions among post-
synaptic proteins in the PSD are required for morphological
changes related to synaptic plasticity. PSD-95 is a MAGUK
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family member that interacts with NR2B. Upon neuronal acti-
vation, PSD-95 interacts with NR2B and helps to stabilize its
localization at post-synaptic membranes, thereby strengthen-
ing post-synaptic transmission (46). We found that inhibition
of CARML signaling increases the cluster sizes of NR2B and
PSD-95 at synapses in cultured hippocampal neurons, suggest-
ing that CARM1 inhibits synaptic clustering of PSD proteins
and alters signal transmission in hippocampal neurons. This
loss of PSD protein clustering has been strongly correlated with
disrupted learning behavior in mice (47). CARM1 can methyl-
ate neuronal proteins that contain an RXR motif and inhibit
specific protein-protein interactions (24, 48). Proteomic analy-
ses to identify post-synaptic proteins containing the RXR motif
as potential CARM1 substrates in the PSD may help reveal how
CARMI1 modulates dendritic morphogenesis and whether
CARMI1-induced methylation of post-synaptic proteins inter-
feres with synapse maturation.

Post-translational modification of synaptic proteins is an
important process underlying long-lasting memory (49).
CARM1 activity is specifically modulated by protein phosphor-
ylation (22, 31). PKC can directly phosphorylate CARM1 and
abrogate CARML1 activity (30, 31), including decreasing HuD
methylation (22). During neuronal differentiation or neural
activation, activated PKCe enhances post-transcriptional acti-
vation of synaptic genes and promotes dendritic maturation,
whereas CARM1 inhibits further activation or dendritic matu-
ration. The spatiotemporal regulation of synaptic proteins by
CARM1 activation or inhibition at the PSD level may be the key
to elucidating the mechanism through which synaptic struc-
tures are remodeled. Taken together, our findings strongly sug-
gest that inhibition of CARM1 activity, either directly with a
specific inhibitor or indirectly via PKCe-mediated modifica-
tion, may influence learning-specific synaptic formation at the
post-translational level in the hippocampus. Further studies
using specific CARM1 inhibitors are required to determine
how CARMI activity is regulated in vivo.

In conclusion, CARML1 is enriched in the PSD and co-local-
izes with post-synaptic proteins in differentiating hippocampal
neurons. Our findings suggest that inhibition of CARM1 activ-
ity and down-regulation of CARM1 expression potentiates
dendritic complexity and spine maturation during neuronal
differentiation, which induces synapse formation and would
affect the synaptic plasticity essential for learning and memory.
Therefore, abnormal activation of CARM1 could contribute to
neurological disorders, and inhibition of CARM1 may be a
potential therapeutic approach to recover synaptic dysfunction
in age-related or neurodegenerative diseases.

Experimental procedures

Ethics statement

Animals were carefully handled following the guidelines and
all animal experiments were approved by the West Virginia
University Institutional Animal Care and Use Committee.

Isolation of hippocampal subcellular protein fractions

Synaptic subcellular fractions were isolated from rat hip-
pocampal tissue homogenates as described previously (50) with
minor modifications. Six rat hippocampi were combined and
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homogenized in solution containing 0.32 M sucrose, 1 mm
NaHCO;, 1 mm MgCl,, 0.5 mMm CaCl,, 0.1 mm phenylmethyl-
sulfonyl fluoride, and 1 mg/liter leupeptin. This suspension was
placed on a discontinuous sucrose gradient composed of 0.85 M,
1.0 M, and 1.2 M sucrose fractions, and separated by centrifuga-
tion for 2 h at 82,500 X g in a TLA-120.1 rotor in a Beckman
Coulter Optima Max-XP ultracentrifuge. The synaptosome
fraction at the 1.2 M and 1.0 M sucrose interface was collected
and extracted with 0.5% Triton X-100 for 15 min. This fraction
was pelleted by centrifugation at 36,800 X g for 45 min in a
TLA-120.1 rotor to yield the One-Triton PSD fraction and
subjected to SDS-PAGE analyses, followed by Coomassie Blue
staining (Bio-Rad). Protein concentrations of each fraction
were determined by the bicinchoninic acid (BCA) (Thermo Sci-
entific) method and subjected to immunoblotting analysis, as
described below.

Hippocampal neuron culture and treatment

Cultures of dissociated hippocampal neurons from embry-
onic day 18 rats were prepared as described previously (51).
Cultured neurons at 10 DIV were exposed to AMI-1 (2.5 or 10
M) (Enzo Life Sciences) in plating media minus additional glu-
tamate for the indicated times.

Immunoblotting analysis

Cultured neurons were lysed in cold lysis buffer (10 mm Tris-
HCl, pH 7.4,5 mM EDTA, 1% Triton X-100, 10% glycerol, 1 mm
CaCl,, 1 mm MgCl,, 1X complete protease inhibitor mixture,
and 1X phosphatase inhibitor mixture) (Thermo Scientific) for
1 h at 4 °C. After protein quantitation using the BCA method,
equal quantities of cell lysates, tissue homogenates, or brain
subcellular fractions were run on 8 or 10% SDS-PAGE gels and
transferred to nitrocellulose membranes. Membranes were
blocked for 1 h in 5% nonfat milk in TBST (10 mm Tris, pH 7.5,
200 mm NaCl, 0.2% Tween 20) and incubated with rabbit anti-
CARM1 (1:1,000) (Cell Signaling Technology), rabbit anti-
PRMT1 (1:500) (Fisher Scientific), rabbit anti-NR2B (1:2,000)
(EMD Millipore), or rabbit anti-PSD-95 (1:1,000) (Cell Signal-
ing Technology) antibodies. The membranes were washed in
TBST and incubated with horseradish peroxidase (HRP)-con-
jugated goat anti-rabbit secondary IgG (1:10,000) (Jackson
ImmunoResearch Laboratories). Bound antibodies were de-
tected by enhanced chemiluminescence substrate and ex-
posed to X-ray film (Thermo Scientific). As a control, mem-
branes were stripped and re-probed with primary antibody
against mouse anti-actin (1:5,000) (Sigma-Aldrich) and HRP-
conjugated goat anti-mouse IgG (1:10,000) (Jackson Immu-
noResearch Laboratories). Levels of immunoreactivity for
each band were assessed by densitometric analysis of films
using an HP Scanjet densitometer and Image] image analysis
system software (1.44a) (NIH), and then normalized to actin
levels.

Electron microscopy and quantification

Three-month-old rats were anesthetized with a mixture of
ketamine HCI (100 mg/kg body weight) and xylazine (20 mg/kg
body weight). The rats were transcardially perfused with saline
followed by perfusion with 4% paraformaldehyde and 0.5%
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glutaraldehyde in 0.1 m phosphate buffer (PB), pH 7.4. After
perfusion, the brains were removed and post-fixed in the same
fixative overnight at 4 °C. The fixed brains were washed four
times in PB and once in PB containing 4% glucose, then stored
overnight in PB containing 4% glucose. The brain was cut into
~350-um sections on a vibratome and the sections immersed
in PB containing 4% sucrose. The sections were then washed in
10 and 20% glycerol in PB for 1 h each, then in 30% glycerol in
PB overnight. A portion of the CA1 region of the hippocampus
was cut from the sections and embedded by freeze substitution.
The tissue was plunge frozen in an AFS freeze substitution
instrument (Leica, Vienna, Austria) by liquid nitrogen im-
mersed in 1.5% uranyl acetate in methanol for 27 h at —90 °C,
and then warmed to —45 °C, rinsed in anhydrous ethanol.

Sections were cut into ~100-nm thickness and mounted on
mesh grids. The sections were etched in 0.1% sodium borohy-
dride, 50 mm glycine with TBS including Triton X-100 (TBS-T)
(50 mm Tris-Cl, pH 7.4, 150 mMm NaCl, 0.1% Triton X-100) for
10 min. The sections were washed in TBS-T twice for 5 min
each and blocked with TBS-T including 2% bovine serum albu-
min for 30 min. The sections were incubated overnight with
mouse anti-CARM1 (1:200) (Cell Signaling Technologies) or
mouse anti-PSD-95 (1:100) (Cell Signaling Technologies). Con-
trol sections were incubated overnight either with antibodies
that had been pre-absorbed with the specific blocking peptides
or with the secondary antibodies. After rinsing in blocking
buffer three times, incubation in primary antibody, the sections
were then incubated with 10 nm gold-conjugated secondary
antibodies (1:20 dilution in blocking buffer with 0.5% polyeth-
ylene glycol) (Jackson Immunoresearch Laboratories) for 2 h.
After rinsing in distilled water and counterstaining in 2% uranyl
acetate and in Reynolds lead citrate, the sections were observed
on a Philips 300 transmission electron microscope. Excitatory
synapses were identified by the presence of a distinct synaptic
cleft, round pre-synaptic vesicles, and Gray’s Type I PSD. All
labeled synapses were photographed.

Quantification of the distribution of gold label was con-
ducted on images of immunolabeled tissue derived from two
rats. The digitized images were imported into NIH Image] soft-
ware for further analysis by an investigator blind to the experi-
mental conditions. To determine the axodendritic distribution
of gold particles, the distance between the outer perimeter of
the post-synaptic membrane and the center of each gold parti-
cle was measured. All gold particles within 100 nm of the post-
synaptic membrane toward either the pre-synaptic or the post-
synaptic side were measured. A total of 13 synapses and 54 gold
particles were analyzed for synapses labeled with CARM1, and
17 synapses and 78 gold particles were analyzed for synapses
labeled with the PSD-95. Distances to gold particles on the pre-
synaptic side were given negative values, and distances to gold
particles on the post-synaptic side were given positive values.
To analyze the tangential distribution of labeling along the PSD,
the distance between the gold particle and the midline of the
PSD was measured. This distance was normalized as a percent-
age of the total distance between the midline and the lateral
edge of the PSD.
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Transfection and CARM1 gene silencing

To identify the effects of genetic knockdown of CARM1 on
dendritic morphology and synaptic clustering of synapsin,
NR2B, and PSD-95, hippocampal neurons were first trans-
fected with the construct pCAG-mGFP-actin (a gift from Ryo-
hei Yasuda (Addgene plasmid number 21948)) at 7 DIV with
Lipofectamine 2000 (Invitrogen) following the manufacturer’s
protocol. After a 2-day incubation, neurons were untreated or
transduced with rat CARM1- or PRMT1-specific siRNA or
scrambled control siRNA lentiviral particles (5 X 10> viral par-
ticles/ul) (Santa Cruz Biotechnology) at a multiplicity of infec-
tion (m.o.i.) of 4 to ensure efficient infection following the man-
ufacturer’s protocol, followed by overnight incubation. After a
media change with plating media minus glutamate, cells were
incubated for an additional 4 days, and then a portion of the
cells was either lysed and used for total RNA isolation and RT-
qPCR experiments, lysed and used for immunoblotting analy-
sis, or fixed for immunocytochemical analysis.

Real-time quantitative RT-PCR

Total RNA was isolated using the RNeasy Mini Kit (Qiagen)
per the manufacturer’s protocol. For the RT reaction, 500 ng of
total RNA was reverse transcribed using oligo(dT) primer and
Superscript III (Invitrogen) at 50 °C for 1 h. Real-time qPCR was
performed for 40 cycles with SYBR Green 1 PCR Master Mix
and processed on LightCycler 480 Instrument II (Roche) ma-
chine using specific primer sets against rat CARM1, PRMT1, or
GAPDH (all from Qiagen). Reactions were run in triplicate for
each sample and a dissociation curve was generated. Threshold
cycles (Ct) for CARM1 amplification were normalized to the
housekeeping gene GAPDH (ACt) and every experimental
sample was referred to its control (AACt). Relative expression
change values were expressed as 2~ 44,

Immunocytochemistry and quantification of dendritic
branching

Cultured neurons were treated as described above, fixed, and
then incubated with primary antibodies against mouse anti-
MAP-2 (1:1,000) (Abcam) and Alexa 488-conjugated anti-
mouse secondary IgG (1:1,000) (Invitrogen) as described previ-
ously (22). The immunostained neurons were viewed on a Zeiss
LSM 710 laser-scanning confocal microscope. Neurons from
blindly predetermined locations on the coverslip were imaged
in Z-sections, and maximal projections of the images were used
for analysis. To quantify changes in dendritic structure, images
of neurons stained with MAP-2 were opened in Neurolucida
software (MBF Bioscience) and the dendrites were traced and
analyzed by a person blinded to the treatment condition. Trac-
ings were then automatically analyzed in NeuroExplorer soft-
ware (Nex Technologies) for TDBL and TDBTN. NeuroEx-
plorer was also used for Sholl analysis to quantify the number of
dendrite intersections in concentric rings centered about the
soma beginning at a radius of 20 um from the center of the
soma and at 20-um intervals thereafter. Forty neurons derived
from three independent cultures were randomly selected,
traced, and analyzed for each condition.
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Immunocytochemistry and image acquirement

Culture neurons were treated as described above and then
fixed in 2% paraformaldehyde, 4% sucrose, PBS for 10 min at
room temperature followed by methanol for 20 min at —20 °C.
The fixed neurons were incubated in pre-block buffer (20 mm
phosphate buffer, pH 7.4, 5% normal goat serum, 0.05% Triton
X-100, and 450 mm NacCl) at 4 °C overnight with the following
primary antibodies: mouse anti-CARM1 (1:200) (Cell Signaling
Technologies), rabbit anti-CARM1 (1:200) (Cell Signaling Tech-
nologies), rabbit anti-NR2B (1:200) (EMD Millipore), mouse
anti-NR2B (1:150) (Thermo Fisher Scientific), mouse anti-
PSD-95 (1:100) (Cell Signaling Technologies), mouse anti-syn-
apsin (1:200) (Santa Cruz Biotechnology), or rabbit anti-synap-
sin (1:250) (EMD Millipore), followed by incubation with the
appropriate secondary antibodies (Alexa 488 anti-rabbit or 546
anti-mouse; each at 1:1,000) (Invitrogen) in pre-block buffer at
room temperature for 1 h. After immunostaining, the cells were
mounted as described previously (50) and viewed on a Zeiss
LSM 710 laser-scanning confocal microscope. Images were
acquired under a 63X or 100X oil immersion objective lens and
scanned for further analysis.

Image analysis

Confocal microscope images for each treatment from each of
three independent sets of experiments were imported into
Image ] (NIH) software. To determine the proportion of
CARM1 signal that co-localizes with PSD-95 or synapsin,
Image ] (NIH) software was used with Just Another Colocaliza-
tion (JACoP) plugin set. A Mander’s coefficient was calculated
and the average value (n = 10) was further analyzed. Dendritic
spine length (from dendritic shaft to the top of spine head) and
dendritic spine width (diameter of the widest part of spine
head) were measured and dendritic spine density (number of
spines/10 wm of dendrite) was also counted. Dendritic spine
shape (stubby, mushroom, or filopodium) was identified as
described in previous research (5, 21). After measuring spine
length (the distance from the base of the neck to the furthest
point on the spine heads) and diameter of spine head and neck,
the ratio from each spine was calculated and compared. Thin
spines were judged if serial viewing revealed the length to be
greater than the neck diameter, and the diameters of the head
and neck to be similar. Mushroom spines were judged if the
diameter of the head was three times larger than the diameter of
their necks. Stubby spines were judged if the diameter of the
neck was similar to the total length of the spine.

Quantification and statistical analysis

Quantitative data are expressed in arbitrary units (%) com-
paring untreated controls with cells treated with the indicated
concentrations of inhibitors or transduced with siRNA. All data
are presented as mean * S.E. from three or more independent
experiments unless otherwise indicated. Statistical compari-
sons between different treatment groups were conducted with
Tukey’s multiple comparison test after one-way analysis of vari-
ance (ANOVA) using GraphPad Prism 6 software (GraphPad
Software Inc.). p values of less than 0.05 were considered to be
statistically significant.
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