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Background: Dendritic spines are sites of excitatory synaptic inputs and play an important role in cognitive functions.
Results: The polarity protein PAR-1 regulates spine morphogenesis through phosphorylating PSD-95 at Ser-561.
Conclusion: PAR-1 plays an important role in spine morphogenesis through PSD-95.

Significance: Our work identifies a novel pathway that regulates spine morphogenesis.

The polarity protein PAR-1 plays an essential role in many
cellular contexts, including embryogenesis, asymmetric cell
division, directional migration, and epithelial morphogenesis.
Despite its known importance in different cellular processes, the
role of PAR-1 in neuronal morphogenesis is less well under-
stood. In particular, its role in the morphogenesis of dendritic
spines, which are sites of excitatory synaptic inputs, has been
unclear. Here, we show that PAR-1 is required for normal spine
morphogenesis in hippocampal neurons. We further show that
PAR-1 functions through phosphorylating the synaptic scaf-
folding protein PSD-95 in this process. Phosphorylation at a
conserved serine residue in the KXGS motif in PSD-95 regulates
spine morphogenesis, and a phosphomimetic mutant of this site
can rescue the defects of kinase-dead PAR-1. Together, our
findings uncover a role of PAR-1 in spine morphogenesis in hip-
pocampal neurons through phosphorylating PSD-95.

Dendritic spines are specialized protrusions on neurons that
receive most of the excitatory synaptic inputs in the mamma-
lian brain. The morphogenesis and plasticity of spines are
believed to play a key role in cognitive functions, as a number of
neurological disorders are associated with changes in the num-
ber, size, and shape of dendritic spines (1, 2). Because spines are
highly asymmetric structures, with synapses forming on the top
of the spine head, it is likely that proteins regulating cell polarity
are involved in this process. Indeed, we recently found that the
PAR polarity complex, including PAR-3, PAR-6, and atypical
PKC (aPKC),? is important for spine morphogenesis (3, 4).
However, the role of other polarity proteins in this process has
been unclear.
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The polarity protein PAR-1, also known as microtubule
affinity-regulating kinase (MARK), was originally identified
during a screen in C. elegans for genes involved in the specifi-
cation of the anterior-posterior body axis (5). PAR-1 is a serine/
threonine kinase that is known to phosphorylate microtubule-
associated proteins (MAPs) (6). Phosphorylation of MAPs
decreases their affinity for microtubules, which underlies the
ability of PAR-1 to regulate microtubule dynamics and stability
(7). In mammals, there are four members of the PAR-1 family,
MARK1-4. Numerous studies have pointed to a key role for
MARK/PAR-1 family members in regulating microtubule
dynamics and polarity establishment in various cellular con-
texts (8). PAR-1 functions by phosphorylating a variety of sub-
strates, including MAPs, Dishevelled, and histone deacetylase
(9). Interestingly, MARK2/PAR-1b knock-out mice exhibit
defects in spatial learning and memory (10). Furthermore,
MARK1/PAR-1c is overexpressed in certain brain regions of
autistic patients (11). These findings strongly support a role for
PAR-1 in regulating cognitive functions of the brain. However,
the underlying molecular and cellular mechanisms have been
unclear.

In this study, we show that PAR-1 depletion causes defects in
spine morphogenesis in hippocampal neurons and that a criti-
cal level of PAR-1 kinase activity is important for this process.
Interestingly, although PAR-1 is known to regulate microtu-
bule dynamics through phosphorylating MAPs, depletion of
PAR-1 did not grossly affect microtubule transport. Instead, we
found that PAR-1 functions through phosphorylating the syn-
aptic scaffolding protein PSD-95. We found that PAR-1 phos-
phorylates PSD-95 at Ser-561 and that mutating this site to
alanine reduces spine formation. In addition, a phosphomi-
metic mutant of PSD-95 was able to rescue the defects of
kinase-dead PAR-1 in spine formation, suggesting that PAR-1
functions through PSD-95 in this process. Taken together,
these results show a key role for PAR-1 in spine morphogenesis
through phosphorylating PSD-95.

EXPERIMENTAL PROCEDURES

Plasmids—For knockdown of MARK1/PAR-1c, the follow-
ing oligonucleotides against different regions of rat MARK1
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were synthesized, annealed, and ligated into pSUPER and
pSUPER-GFP vectors: PAR-1c shRNA1, 5'-gatccccGGATAT-
ACTGAAACGCATAttcaagagaTATGCGTTTCAGTATAT-
CCitttttggaaa-3’ (forward) and 5'-agcttttccaaaaaGGATATAC-
TGAAACGCATAtctcttgaaTATGCGTTTCAGTATATCC-
ggg-3' (reverse); PAR-1c shRNA2, 5'-gatccccGCAAATAATG-
AAAGACCGALttcaagagaTICGGTCTTTCATTATTTGC tttttgg-
aaa-3’ (forward) and 5'-agcttttccaaaaaGCAAATAATGAAAGA-
CCGAtctcttgaaTCGGTCTTTCATTATTTGCggg-3" (reverse);
and PAR-1c shRNA3, 5'-gatccccGGACCCAAGTGAAGGC-
GAAttcaagagaTTCGCCTTCACTTGGGTCCtttttggaaa-3' (for-
ward) and 5'-agcttttccaaaaaGGACCCAAGTGAAGGCGA-
AtctcttgaaTTCGCCTTCACTTGGGTCCggg-3' (reverse). For
knockdown of MARK2/PAR-1b, the following oligonucleotides
against different regions of rat MARK2 were synthesized,
annealed, and ligated into pSUPER and pSUPER-GFP vectors:
PAR-1b shRNA1, 5'-gatccccGAGGTAGCTGTGAAGATCAt-
tcaagagaTGATCTTCACAGCTACCTC Ctttttggaaa-3' (forward)
and 5'-agcttttccaaaaaGAGGTAGCTGTGAAGATCAtctcttgaa-
TGATCTTCACAGCTACCTCggg-3" (reverse); and PAR-1b
shRNA2, 5'-gatccccGAATGAACCTGAAAGCAAAttcaagagaT-
TTGCTTTCAGGTTCATTC tttttggaaa-3' (forward) and 5'-agc-
ttttccaaaaaGAATGAACCTGAAAGCAAAtctcttgaaTTTGCTT-
TCAGGTTCATTCggg-3' (reverse). For expression of shRNAs in
lentiviral vectors, the DNA fragment containing the shRNA-ex-
pressing oligonucleotide and the H1 RNA promoter from pSUPER
was ligated into the pLVTHM vector (12).

The Myc-tagged human MARK1/PAR-1c construct was
purchased from OriGene (Rockville, MD). The Myc- and
Venus-tagged human MARK2/PAR-1b constructs were gener-
ously provided by Dr. Ian Macara (University of Virginia). The
GW1-PSD-95-GEP construct was a generous gift from Dr. Ann
Marie Craig (University of British Columbia). The S561A and
S561D mutants of PSD-95 were generated by site-directed
mutagenesis using GW1-PSD-95-GFP as the template. For
construction of mitochondrially targeted monomeric red fluo-
rescent protein, we obtained mitochondrially targeted photo-
activatable GFP (Addgene plasmid 23348) from Dr. Richard
Youle (NINDS, National Institutes of Health) (13). Photoacti-
vatable GFP was removed from the construct, and a DNA frag-
ment encoding monomeric red fluorescent protein was ligated
downstream of the mitochondrial targeting sequence.

Neuronal Culture and Transfections—Hippocampal neuron
cultures were prepared from embryonic rats as described pre-
viously (3). Briefly, hippocampuses were dissected from embry-
onic day 18 Sprague-Dawley rats, trypsinized, and triturated
through a glass Pasteur pipette. Dissociated neurons were
plated on glass coverslips coated with 1 mg/ml poly-L-lysine.
After initial attachment, the coverslips were transferred to
dishes containing a monolayer of glial cells. Cultures were
grown in Neurobasal medium (Invitrogen) supplemented with
B-27 (Invitrogen) and 2 mMm GlutaMAX (Invitrogen). Neurons
were transfected using either a CalPhos mammalian transfec-
tion kit (Clontech) or Effectene transfection reagent (Qiagen).
For shRNA knockdowns, neurons were transfected at 11 days
in vitro (DIV) and imaged at DIV14. For overexpression exper-
iments, neurons were transfected at DIV5-6 and imaged at
DIV17.
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In Vitro Kinase Assay—The SH3 (Src homology 3) and gua-
nylate kinase domains of wild-type PSD-95 and PSD-95(S561A)
were subcloned into the pGEX4T-1 vector. GST fusion pro-
teins were purified using glutathione-Sepharose beads (GE
Healthcare) according to manufacturer’s instructions. Myc-
tagged PAR-1b constructs were expressed in HEK293FT cells,
purified on Dynabeads® Protein G (Invitrogen), and served as
the kinase source. For the kinase assay, purified GST fusion
proteins (1 ug) were incubated with purified PAR-1 constructs
in kinase buffer (25 mm Hepes, 25 mMm B-glycerophosphate, 10
mMm MgCl,, 1 mm DTT, and 1 mm ATP) for 1 h at 30 °C. The
reaction was stopped by adding 1 X Laemmli sample buffer and
analyzed by SDS-PAGE and Western blotting. Myc-PAR-1b
constructs were eluted from the beads using 2 X Laemmli sam-
ple buffer and analyzed by Western blotting. For denaturing
conditions, HEK293 cell lysates expressing the Myc-PAR-1b
constructs were incubated at 50 °C for 30 min before immuno-
precipitation using Dynabeads Protein G.

Co-immunoprecipitation and Western Blotting—For co-im-
munoprecipitation experiments, HEK293 cells expressing dif-
ferent plasmid constructs were lysed on ice in buffer containing
25 mm Hepes, 150 mm NaCl, 10 mm MgCl,, 1% Nonidet P-40,
and 10 mm DTT and supplemented with protease inhibitor
mixture (Sigma-Aldrich), phosphatase inhibitor mixture
(Sigma-Aldrich), 10 mm B-glycerophosphate, and 10 mm NaF.
Lysates were cleared by centrifugation at 13,000 X g for 10 min
at4 °C. Cleared lysates were incubated with anti-Myc monoclo-
nal antibody 9E10 (2 ug) for 1 h at 4 °C, followed by incubation
with 20 ul of Dynabeads Protein G preblocked with 5% BSA in
lysis buffer. Beads were washed three times with lysis buffer.
Bound proteins were eluted with 3X Laemmli sample buffer
and subjected to SDS-PAGE and Western blot analysis.

For Western blot analysis, the primary antibodies used were
rabbit anti-Myc antibody (1:2000; A-14, Santa Cruz Biotech-
nology, Santa Cruz, CA), rabbit anti-GFP antibody (1:4000; a
generous gift from Dr. Ian Macara), and anti-rabbit phospho-
serine antibody (1:1000; Abcam, Cambridge, MA). Horseradish
peroxidase-conjugated goat anti-rabbit antibody (Jackson
ImmunoResearch Laboratories, West Grove, PA) was used at
1:10,000 dilution. Proteins were visualized by enhanced chemi-
luminescence and imaged using a Syngene G:BOX iChemi XR
system and GeneSnap software (Version 7.09.a; Syngene USA,
Frederick, MD).

Immunocytochemistry—Hippocampal neurons were fixed in
4% paraformaldehyde with 4% sucrose in PBS for 15 min at
room temperature. They were then either mounted for visual-
ization of GFP or further processed for immunocytochemistry.
For immunocytochemistry, fixed neurons were permeabilized
with 0.2% Triton X-100 in PBS for 5 min at room temperature.
Neurons were blocked with 20% goat serum in PBS for 1 h at
room temperature and then incubated with primary antibodies
diluted in 5% goat serum in PBS for 1 h at room temperature or
overnight at 4 °C. Following washes with PBS, Alexa Fluor 594-
conjugated secondary antibodies (Invitrogen) diluted in 5%
goat serum were incubated with the neurons at room temper-
ature for 1 h. Neurons were then washed with PBS and mounted
using VECTASHIELD (Vector Laboratories, Burlingame, CA).
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Microscopy and Image Quantification—Fluorescence images
were acquired using an Olympus FV1000 confocal microscope
with a 60X water immersion lens (numerical aperture of 1.00)
or a Leica DMRE microscope with a 63X oil immersion lens
(Plan Fluorite, numerical aperture of 1.25) coupled to a
Hamamatsu ORCA-ER camera controlled by OpenLab soft-
ware (Improvision, Boston, MA). Dendritic spine morphology
and density were quantified by two individuals who were blind
to the experimental conditions, and the results were averaged.
Dendritic spines were defined as stubby or mushroom-shaped
protrusions and contacted by presynaptic terminals. Filopodia
were defined as long thin protrusions without an enlarged spine
head and not contacted by presynaptic terminals. Spine density
was measured by counting the number of spines on 80-100
primary and secondary dendrites from 15-20 neurons for each
condition. Spine length and width were measured using Image].
Spine length was defined as the length from the tip of the spine
head to the point where the spine joins the dendrite. Spine
width was defined as the maximal width of the spine head per-
pendicular to the long axis of the spine neck. 250 —400 spines
from at least 15 neurons were measured for each condition. All
experiments were repeated at least three times. A two-tailed,
two-sample, unequal variance Student’s ¢ test was used to cal-
culate the p values. Error bars represent the S.D. of the samples.

RESULTS

PAR-1 Kinase Activity Is Essential for Spine Morphogenesis—
Our previous studies showed that the PAR-3-PAR-6-aPKC
complex plays an essential role in dendritic spine morphogen-
esis. Interestingly, the proteins in this complex function
through two different pathways. Although PAR-3 functions
through the Rac exchange factor TIAM1 (3), PAR-6 and aPKC
function through p190 RhoGAP and the RhoA GTPase (4).
However, whether other PAR polarity proteins are involved in
this process is unclear. To see if PAR-1 plays a role in spine
morphogenesis, we began by depleting endogenous PAR-1 in
cultured hippocampal neurons using shRNAs. We chose to
deplete the MARK1/PAR-1c and MARK2/PAR-1b family
members because of their high expression levels in the brain (6).
In addition, MARK1/PAR-1c has been implicated in autism
(11). shRNAs were introduced into neurons either through the
pSUPER vector or through viral infections using a lentiviral
vector. The efficiencies of the sShRNAs were confirmed by RT-
PCR and Western blotting (Fig. 1, @ and b). PAR-1b shRNA1
and PAR-1c shRNA3 caused the most efficient depletion of
their target proteins and were used in subsequent experiments.
To visualize spine morphology, we used the pPSUPER-GFP vec-
tor, which expresses both the GFP transgene and the shRNA.
As shown in Fig. 1c, expression of MARK2/PAR-1b shRNA1
caused a spine dysgenesis phenotype in which the spines were
elongated with smaller spine heads. Similar results were
obtained with PAR-1b shRNA2 (data not shown). The mean
length of spines was 2.10 * 0.74 um in PAR-1b knockdown
neurons versus 0.96 = 0.31 um in control neurons. The mean
width of spines was 0.48 * 0.21 um in PAR-1b knockdown
neurons versus 0.75 = 0.29 um in control neurons (p < 0.001
for spine length and width compared with control neurons)
(Fig. 1, eand ). Expression of MARK1/PAR-1c shRNA3 caused
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a similar but somewhat stronger phenotype in which most of
the dendritic protrusions were filopodium-like with no head
enlargement (Fig. 1, ¢ and d). Quantification showed that the
average spine width in PAR-1c knockdown neurons was 0.32 *
0.10 uwm (Fig. 1k), suggesting that PAR-1c depletion causes
more prominent dysgenesis of the spine head (p < 0.001 for
spine length and width compared with control neurons). Simi-
lar results were obtained with PAR-1c shRNA2 (data not
shown). To see whether PAR-1b and PAR-1c¢ might compen-
sate for each other’s function, we performed cross-rescue
experiments in which we depleted one family member and res-
cued with the other member. Both PAR-1b and PAR-1c could
efficiently rescue the defects caused by the loss of the other
family member (p < 0.001 compared with knockdown neu-
rons) (Fig. 1, ¢ and e—h), suggesting that they play similar func-
tions. In addition, when we depleted both PAR-1b and PAR-1c,
we observed an even stronger phenotype in which the neurons
showed smooth dendrites with a decreased number of protru-
sions compared with either knockdown alone (Fig. 1, ¢ and d).
This suggests that a “critical mass” of PAR-1 is necessary for
spine morphogenesis. Depletion of one PAR-1 family member
is sufficient to cause spine defects, the severity of which likely
depends on the relative abundance of the family member, and
depletion of both PAR-1b and PAR-1c causes an additive effect
on the phenotype.

Next, we wanted to examine whether the kinase activity of
PAR-1 is necessary for spine morphogenesis. To test this, we
expressed kinase-dead PAR-1b (PAR-1b(T175A,S179A)) in
PAR-1c-depleted neurons. Unlike wild-type PAR-1b, kinase-
dead PAR-1b was unable to rescue the spine formation defects
(Fig. 1, ¢, g and /). Similar results were obtained when kinase-
dead PAR-1c was expressed in PAR-1b-depleted neurons (data
not shown). This shows that the kinase activity of PAR-1 is
necessary for spine morphogenesis.

To further establish a role for PAR-1 kinase activity in spine
morphogenesis, we overexpressed different PAR-1b mutants
in neurons. When we expressed the kinase-dead PAR-
1b(T175A,S179A) mutant in hippocampal neurons, we
observed a significant decrease in the density of dendritic
spines compared with control neurons expressing an empty
vector (Fig. 2). Interestingly, a significant decrease in spine den-
sity was also observed in neurons overexpressing wild-type
PAR-1b (Fig. 2). This suggests that a critical level of PAR-1
kinase activity is essential for proper spine morphogenesis. To
further test this, we expressed PAR-1b constructs with Thr-562
mutated. The Thr-562 site is phosphorylated by aPKC, which
inactivates PAR-1 (14, 15). Thus, the T562E mutant is an inac-
tivated version of PAR-1b, whereas the T562A mutant is active.
Both mutants showed a significant decrease in spine density
compared with control neurons (Fig. 2), which further shows
that the level of PAR-1 kinase activity is critical for spine mor-
phogenesis and that either too much or too little PAR-1 kinase
activity is detrimental. Taken together, these results show that
PAR-1 plays an important role in spine morphogenesis and that
a critical level of its kinase activity is necessary for this process.

PAR-1 Phosphorylates PSD-95 at Ser-561—QOur next goal
was to elucidate the mechanisms by which PAR-1 regulates
spine morphogenesis. PAR-1 is known to phosphorylate
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FIGURE 1. PAR-1 kinase activity is necessary for spine morphogenesis. g, cortical neurons were infected with lentivirus expressing an shRNA targeting
luciferase (control) or the PAR-1c shRNA constructs. 72 h after infection, neurons were lysed, and total RNA was extracted. RT-PCR was performed to show the
effectiveness of PAR-1c shRNAs in neurons. b, cortical neurons were infected with lentivirus expressing an shRNA targeting luciferase (control), PAR-1c shRNA3,
or PAR-1b shRNA1. Neurons were lysed and subjected to Western blot (WB) analysis. Both PAR-1c shRNA3 and PAR-1b shRNAT caused a >90% reduction in the
expression of the targeted protein without affecting the other family member. The asterisk indicates the PAR-1c band. The lower band in the PAR-1c blot s likely
a nonspecific band recognizing either another PAR-1 family member or an unrelated protein. It is unlikely to be a PAR-1cisoform because all known rat PAR-1c
isoforms are identical in the region targeted by the shRNA. ¢, hippocampal neurons were transfected with luciferase shRNA (control) or the indicated shRNA
and rescue constructs at DIV11, fixed, and imaged at DIV14. Depletion of PAR-1b caused a spine dysgenesis phenotype in which the spines were longer and
thinner than those of the control neurons. Depletion of PAR-1c caused further dysgenesis of the spine head so that most of the protrusions lacked enlarged
spine heads. The effect of PAR-1b depletion could be rescued by coexpressing wild-type PAR-1c. The effect of PAR-1c depletion could be rescued by
coexpressing wild-type PAR-1b, but not kinase-dead PAR-1b(T175A,5179A). Scale bar = 5 um. d, quantification of protrusion density. Spines were defined as
stubby or mushroom-shaped protrusions with enlarged spine heads and contacted by presynaptic terminals. Filopodia were defined as long thin protrusions
with no head enlargement and not contacted by presynaptic terminals. *, p < 0.001 compared with control neurons. Error bars represent S.D. of the samples
(n = 87 for each condition). e, quantification of spine length under PAR-1b (b) knockdown and rescue conditions. *, p < 0.001 by Student’s t test (n = 306 for
each condition). f, quantification of spine width under PAR-1b knockdown and rescue conditions. *, p < 0.001 by Student’s t test (n = 260 for each condition).
g, quantification of spine length under PAR-1c (c) knockdown and rescue conditions. *, p < 0.001 by Student’s t test (n = 315 for each condition).
h, quantification of spine width under PAR-1c knockdown and rescue conditions. ¥, p < 0.001 by Student's t test (n = 294 for each condition).

MAPs and affect their affinity for microtubules, which in chondrially targeted monomeric red fluorescent protein
turn regulates vesicular transport along microtubules (16). construct in either control or PAR-1c-depleted neurons.
We wondered whether the effect of PAR-1 is due to changes Mitochondrial distribution along the dendrites was not sig-
in microtubule transport. To test this, we expressed a mito- nificantly different in these neurons (data not shown), sug-
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FIGURE 2. Critical level of PAR-1 kinase activity is necessary for spine morphogenesis. g, hippocampal neurons were transfected with different Myc-tagged
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FIGURE 3. PAR-1 phosphorylates PSD-95 at Ser-561. a, PAR-1 interacts with PSD-95. HEK293 cells were transfected with the indicated constructs. Cell lysates
were immunoprecipitated (/P) with anti-Myc antibody. Immunoprecipitated complexes were analyzed by Western blotting (WB). b, in vitro kinase assay
showing the phosphorylation of wild-type PSD-95, but not the S561A mutant, by PAR-1. Upper panel, serine phosphorylation (pSer) was revealed by Western
blotting using anti-rabbit phosphoserine antibody. Middle panel, Coomassie Brilliant Blue (CBB)-stained SDS-polyacrylamide gel showing total protein loading.
Lower panel, expression of PAR-1b constructs was confirmed by Western blotting with anti-Myc antibody. SH3GK, SH3 and guanylate kinase domains.

gesting that PAR-1c depletion does not grossly affect micro-
tubule transport.

We then hypothesized that PAR-1 regulates spine morphogen-
esis by phosphorylating a synaptic protein. Sequence analysis
showed that there is a conserved serine (Ser-561) in the guanylate
kinase domain of PSD-95 that matches the KXGS motif for PAR-1
substrates. Interestingly, Dlg, the Drosophila homolog of PSD-95,
is phosphorylated by dPAR-1, the Drosophila homolog of PAR-1
(17). To see if PAR-1 might function through PSD-95, we first
performed co-immunoprecipitation to examine the interaction
between PAR-1 and PSD-95. Both wild-type and kinase-dead
PAR-1b, but not an unrelated protein, were able to interact with
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PSD-95 (Fig. 3a), suggesting that PAR-1 might function by inter-
acting with and phosphorylating PSD-95.

Next, we wanted to examine whether PAR-1 functions by
phosphorylating PSD-95 at Ser-561. To test this, we performed
an in vitro kinase assay. Wild-type PAR-1b or kinase-dead PAR-
1b(T175A,S179A) was overexpressed in HEK293 cells, immu-
noprecipitated onto Protein G magnetic beads, and used as the
kinase source. For substrates, we used purified GST fusion pro-
teins of the SH3 and guanylate kinase domains of PSD-95 with
or without the S561A mutation. As shown in Fig. 3, robust
serine phosphorylation was observed when wild-type PAR-1b
was incubated with the wild-type SH3 and guanylate kinase
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FIGURE 4. Phosphorylation of PSD-95 at Ser-561 regulates spine morphogenesis. a, phosphorylation at Ser-561 does not affect PSD-95 targeting to
dendritic spines. Hippocampal neurons were transfected with the indicated constructs. Localization of each construct was examined by drawing a line across
the dendrite and plotting the fluorescence intensity profile along the line. a.u., arbitrary units. b, hippocampal neurons overexpressing different PSD-95
constructs wereimaged at DIV17.PSD-95(S561A) caused a significant reduction in spine density compared with control neurons or neurons expressing PSD-95
(wild-type or S561D) constructs. Scale bar = 5 um. ¢, quantification of spine density in neurons shown in b.*, p < 0.001 by Student's t test. Error bars represent

S.D. of the samples (n = 98 for each condition).

domains, but not with the S561A mutant. Furthermore, mini-
mal phosphorylation was observed when kinase-dead PAR-1b
was used as the kinase source (Fig. 3b) or when PAR-1b was
denatured (data not shown). This suggests that PAR-1 can
phosphorylate PSD-95 at Ser-561.

Ser-561 Phosphorylation of PSD-95 Regulates Spine Morpho-
genesis Downstream of PAR-1—To examine the function of Ser-
561 phosphorylation of PSD-95, we expressed non-phosphory-
latable or phosphomimetic mutants of Ser-561 of PSD-95 in
hippocampal neurons. First, we examined whether phosphory-
lation at Ser-561 regulates PSD-95 targeting to synapses. As
shown in Fig. 4a, both mutants S561A and S561D localized well
to synapses, similar to their wild-type counterpart. This shows
that Ser-561 does not regulate synaptic targeting of PSD-95.

Next, we wanted to determine the role of Ser-561 phosphor-
ylation in spine morphogenesis. To test this, we expressed
either wild-type PSD-95 or the Ser-561 mutants in hippocam-
pal neurons. Expression of wild-type PSD-95 or PSD-
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95(S561D) did not significantly affect the density of dendritic
spines. Interestingly, however, the expression of the S561A
mutant significantly reduced spine density (Fig. 4, b and c¢), sug-
gesting that Ser-561 regulates spine morphogenesis.

Finally, we wanted to determine whether phosphorylation at
Ser-561 is downstream of PAR-1 in regulating spine morpho-
genesis. We expressed kinase-dead PAR-1b(T175A,S179A)
along with different PSD-95 constructs in hippocampal neu-
rons. As shown in Fig. 5, only the S561D mutant was able to
rescue the defect of kinase-dead PAR-1b, suggesting that
PSD-95 Ser-561 phosphorylation is downstream of PAR-1 in
spine morphogenesis. Taken together, these results show an
important role for PAR-1 in dendritic spine morphogenesis
through phosphorylating PSD-95 at Ser-561.

DISCUSSION

The morphogenesis and plasticity of dendritic spines play a
key role in cognitive functions such as learning and memory.
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Thus, it is of central importance to understand the molecular
mechanisms that regulate these processes. Our recent studies
point to an important role for the PAR polarity proteins, includ-
ing PAR-3 and the PAR-6-aPKC complex, in regulating this
process. However, it is unclear whether and how other polarity
proteins are involved. Here, we have shown that the polarity
protein PAR-1 is important for normal dendritic spine
morphogenesis in hippocampal neurons and that the kinase
activity of PAR-1 is necessary for its effect. Consistent with our
results, a recent study showed a role for MARK2/PAR-1b in
spine maintenance (18). We have further shown that PAR-1
functions by phosphorylating the synaptic scaffolding protein
PSD-95 at Ser-561. Phosphorylation at this site does not regu-
late PSD-95 targeting to synapses. However, it does regulate
spine morphogenesis. Finally, we showed that a phosphomi-
metic mutant of PSD-95 was able to rescue the defects of
kinase-dead PAR-1, suggesting that PSD-95 phosphorylation is
downstream of PAR-1 in regulating spine morphogenesis.

Interestingly, overexpression of both kinase-active and
kinase-dead PAR-1 causes a significant reduction in spine den-
sity. This suggests that a critical level of PAR-1 kinase activity is
important for proper spine morphogenesis. This is consistent
with previous studies in other systems, where either excessive
PAR-1 activation or a reduction in PAR-1 activity caused polar-
ity defects (19 -21). It is unlikely that the effect of PAR-1 over-
expression was due to downstream phosphorylation of PSD-95
because we observed no obvious spine defects in the PSD-
95(S561D) mutant-expressing neurons. It is possible that over-
expression of PAR-1 would cause hyperphosphorylation of the
MAP tau. Hyperphosphorylation of tau would in turn cause a
redistribution of tau from axons to the somatodendritic com-
partment and a decrease in spine density (22). Alternatively,
although microtubule transport is not grossly affected by
PAR-1 depletion, microtubule growth is regulated by PAR-1, as
shown recently by Ohno and co-workers (18). Thus, it is possi-
ble that PAR-1 overexpression inhibits spine morphogenesis by
affecting certain aspects of microtubule dynamics.

We have further shown that PAR-1 functions by phosphory-
lating PSD-95 on the conserved KXGS motif at Ser-561. In Dro-
sophila, Drosophila dPAR-1 phosphorylates the PSD-95
homolog Dlg at the same conserved serine. DIg phosphoryla-
tion by dPAR-1 has been shown to regulate its targeting to the
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neuromuscular junction (17). However, the phosphorylation of
mammalian PSD-95 does not seem to affect its targeting to the
postsynapse (Fig. 4a), which is consistent with previous studies
showing that PSD-95 targeting is regulated by N-terminal
palmitoylation, PDZ domains, and a targeting motif near the C
terminus (23). Although phosphorylation at Ser-561 does not
affect spine targeting of PSD-95, it does regulate spine morpho-
genesis. It will be of great interest to elucidate the mechanism
by which Ser-561 phosphorylation regulates PSD-95 function.

Activity-dependent synaptic plasticity is believed to underlie
learning and memory processes (24). Thus, it will be interesting
to determine how PAR-1 is regulated by synaptic activity,
which will shed light on whether and how PAR-1 is involved in
higher order cognitive functions. This is especially important in
light of the fact that PAR-1 has been implicated in the patho-
genesis of both autism and Alzheimer disease (9, 11). Under-
standing the molecular pathways by which PAR-1 is involved in
spine morphogenesis and synaptic plasticity will not only help
us elucidate the basic mechanisms by which synapses are built
but will also provide insight into the pathogenic processes
involved in autism and Alzheimer disease.
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