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Synaptic NMDA receptor stimulation activates PP
by inhibiting its phosphorylation by Cdk5
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he serine/threonine protein phosphatase protein

phosphatase 1 (PP1) is known to play an important

role in learning and memory by mediating local and
downstream aspects of synaptic signaling, but how PP1
activity is controlled in different forms of synaptic plastic-
ity remains unknown. We find that synaptic N-methyl-o-
aspartate (NMDA\) receptor stimulation in neurons leads to
activation of PP1 through a mechanism involving inhibi-
tory phosphorylation at Thr320 by Cdk5. Synaptic stimu-
lation led to proteasome-dependent degradation of the

Introduction

Protein phosphorylation and dephosphorylation is known to
play a critical role in many aspects of neuronal function, includ-
ing in key steps that are involved in both strengthening and
weakening of synaptic communication (Colbran, 2004; Lee,
2006; Sanderson and Dell’ Acqua, 2011; Lisman et al., 2012).
For example, the serine/threonine protein phosphatase PP1 is
enriched in dendritic spines at excitatory synapses (Ouimet
etal., 1995; Strack et al., 1999; Terry-Lorenzo et al., 2000), and it
controls synaptic plasticity through its ability to dephosphory-
late important substrates at the synapse, including Ser845 of the
GluA1l a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor, and Thr286 of CaM kinase II (Bito et al.,
1996; Strack et al., 1997; Genoux et al., 2002; Hsieh-Wilson et
al., 2003; Hu et al., 2007), and substrates in the nucleus such as
the transcription factor CREB (Bito et al., 1996).

Many studies of PP1 have focused on its role in CA1 py-
ramidal neurons in hippocampus. Early electrophysiological
studies showed that PP1 was required for long-term depression

Correspondence to Houhui Xia: hxia@Isuhsc.edu

Abbreviations used in this paper: 4-AP, 4-aminopyridine; ACSF, artificial cere-
bral spinal fluid; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid;
CSA, cyclosporine A; DIV, days in vitro; KD, knockdown; I-1, inhibitor-1; I-2:
inhibitor-2; LTD, long term depression; NMDA, N-methyl-0-aspartate; OA, oka-
daic acid ; PP1, protein phosphatase 1.

The Rockefeller University Press  $30.00
J. Cell Biol. Vol. 203 No. 3  521-535
www.cb.org/cgi/doi/10.1083/jcb.201303035

Cdk5 regulator p35, inactivation of Cdk5, and increased
auto-dephosphorylation of Thr320 of PP1. We also found
that neither inhibitor-1 nor calcineurin were involved in
the control of PP1 activity in response fo synaptic NMDA
receptor stimulation. Rather, the PP1 regulatory protein,
inhibitor-2, formed a complex with PP1 that was controlled
by synaptic stimulation. Finally, we found that inhibitor-2
was critical for the induction of long-term depression in
primary neurons. Our work fills a major gap regarding the
regulation of PP1 in synaptic plasticity.

(LTD; Mulkey et al., 1993). PP1 is activated during LTD (Thiels
et al., 1998), whereas inhibition of PP1 has been suggested to
take place during LTP (Blitzer et al., 1998). Studies in mouse
models have shown that PP1 regulates the threshold of LTD
and LTP induction (Jouvenceau et al., 2006) and that active PP1
suppresses memory formation (Genoux et al., 2002). However,
despite the critical importance of PP1 in synaptic plasticity and
cognition, molecular details of how PP1 activity might be con-
trolled have remained unclear.

There are four PP1 isoforms, PP1la, PP13, PP1vy1, and
PP1v2, with the last two being spliced isoforms. In neurons,
PP1@ is mainly concentrated in the cell body (Strack et al.,
1999), whereas PPla and PP1+vy1 are concentrated in dendritic
spines (Ouimet et al., 1995; Strack et al., 1999; Terry-Lorenzo
et al., 2002a; Carmody et al., 2008). All PP1 isoforms can be
regulated by phosphorylation of a conserved threonine residue
near the C terminus (Dohadwala et al., 1994). For PP1a, Thr320
(T320) is phosphorylated and likely inhibits PP1 via an intra-
molecular mechanism whereby it docks at or near the PP1 active
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site, thus blocking access to PP1 substrates (Goldberg et al.,
1995). Although this regulatory mechanism has been found to be
important for control of the G2/M phase of the cell cycle (Kwon
et al.,, 1997; Wu et al., 2009), little has been done to examine
whether it could play a role in the control of synaptic plasticity.

In addition to phosphorylation at T320, PP1 is regulated
by a large and growing number of targeting subunits, as well as
by a smaller number of inhibitor proteins that interact with PP1
in a mutually exclusive manner (Cohen, 2002; Bollen et al.,
2010; Peti et al., 2013). Among the inhibitor proteins, the best
characterized are inhibitor-1 (I-1; Endo et al., 1996), the I-1
homologue DARPP-32, and inhibitor-2 (I-2; Huang et al., 1999).
Before purification and sequencing of their catalytic subunits,
purified I-1 and I-2 were used to distinguish type 1 (i.e, PP1)
from type 2 serine/threonine phosphatases (i.e., PP2A, PP2B
[also called calcineurin], and PP2C). I-1 requires phosphoryla-
tion of Thr35 (pT35) by protein kinase A to be an effective PP1
inhibitor (Cohen, 1989). In neurons, an attractive model for hip-
pocampal LTD has been suggested whereby PP1 is activated via
dis-inhibition of I-1 after calcineurin-mediated dephosphory-
lation of pT35-1-1. However, PP1 activation independent of
calcineurin has been reported both in CA3-CAl synapses
(Morishita et al., 2005) and hippocampal neurons (Chung et al.,
2009). Consistent with this, LTD at CA3—CA1 synapses was
found to be normal in I-1 KO mice (Allen et al., 2000). Together,
these results indicate that there are other molecules critical for
controlling PP1 activity during the induction of LTD.

PP1 activity is also regulated by I-2. Based on the crystal
structure of the PP1-I-2 complex and other mostly in vitro bio-
chemical studies, PP1 binds tightly to I-2 in a 1:1 stoichiometry,
making multiple contacts with different parts of PP1, including
an a-helix of I-2 that covers the active site of PP1, inhibiting it
(Huang et al., 1999; Hurley et al., 2007; Dancheck et al., 2011).
PP1 is inactive within the in vitro PP1-I-2 complex, but can be
quickly activated when I-2 is phosphorylated at threonine 72
(pT72) by GSK3p (Cohen, 1989), presumably removing the I-2
a-helix away from the active site of PP1. However, pT72 acts as
an intramolecular substrate for active PP1, resulting in dephos-
phorylation of T72 that leads eventually to full inhibition of
phosphatase activity, possibly through I-2 a-helix slowly mov-
ing to cover the PP1 active site again (Cohen, 1989).

Although most studies of PP1-I-2 have been performed
in vitro, robust and persistent pT72 phosphorylation is observed
in the early phase of mitosis and is correlated with (1) robust and
sustained PP1 inhibitory phosphorylation (pT320), and (2) ro-
bust and sustained phosphorylation of histone 3 (at serine 10), a
known PP1 substrate (Li et al., 2006). This raises the possibility
that in vivo PP1 phosphorylation at T320, which inhibits PP1,
might trap I-2-PP1 in a state where -2 is phosphorylated at
T72. Irrespective, PP1 phosphorylation at T320 and I-2 phos-
phorylation at T72 can be used independently as markers for the
level of PP1 activity in the I-2-PP1 complex.

In the present study, we have found that in cortical neu-
rons Cdk5 phosphorylates PP1 at T320, keeping PP1 activity
suppressed. Synaptic, but not extra-synaptic, N-methyl-D-aspartate
(NMDA) receptor activation leads to a loss of CdkS5 activity
through proteasome-mediated degradation of p35, and this
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results in PP1 activation, likely through PP1-mediated auto-
dephosphorylation. Notably we find no role for I-1 or calcineu-
rin in the synaptic regulation of PP1 in primary neurons. On the
other hand, we find that NMDA receptor signaling can activate
PP1 without its dissociation from I-2. Notably, NMDA receptor
signaling results in dephosphorylation of I-2 at T72, and this
appears to be responsible for increasing the interaction of PP1
and I2. Finally, we find that I-2 knockdown (KD) increased
phosphorylation of PP1 at T320 and I-2 KD blocked NMDA
receptor-dependent LTD induction in primary neurons. To-
gether, these results suggest a mechanism that includes PP1
dephosphorylation and I-2 regulation that is used to control PP1
activity in response to synaptic NMDA receptor stimulation and
LTD induction.

Results

Calcium influx via synaptic NMDA
receptors activates PP1

Previous studies have indicated that PP1 is inhibited by phos-
phorylation on a conserved threonine in the C-terminal tail
(Dohadwala et al., 1994). We initially confirmed that a phospho-
antibody raised against phospho-T320 in the PPla isoform
(termed pT320 in this paper) was specific and recognized all
four PP1 isoforms expressed in HEK293 cells (Fig. S1, a—c).
Bath application of NMDA to primary cortical neurons resulted
in a marked decrease in PP1 phosphorylation at T320 (Fig. 1 a;
Fig. S1 d). Dephosphorylation of PP1 at T320 was closely cor-
related with NMDA dosage and application duration, with a
maximal effect being obtained with >50 uM NMDA and a sig-
nificant decrease being observed after 1 min (Fig. S1 d). This
bath NMDA application is a standard chemical LTD stimulus.
However, treatment with glycine alone, which is used as a
chemical LTP stimulus (Lu et al., 2001), had no effect on the
level of PP1 phosphorylation at T320 (Fig. S1 e). The bath
NMDA effect on PP1 dephosphorylation at T320 was corre-
lated with increased PP1 activity (Fig. 1 b), consistent with the
established concept of pT320 being an inhibitory phosphoryla-
tion. PP1 dephosphorylation at T320 also occurred in brain hip-
pocampal slices, in response to NMDA application (Fig. 1 c).
Notably, bath NMDA application to cortical neurons resulted in
dephosphorylation of both cytosolic and nuclear pools of PP1
(Fig. 1 d). Pharmacological experiments indicated that the ef-
fect of NMDA on PP1 phosphorylation at T320 was blocked
by the NMDA receptor antagonist D-APV, but was not affected
by the AMPA receptor antagonist CNQX (Fig. 1 a). Incubation
of cortical neurons in calcium-free artificial cerebral spinal fluid
(ACSF) blocked the effect of NMDA (Fig. 1 e), supporting the
conclusion that calcium influx through NMDA receptors is
critical for mediating PP1 dephosphorylation at T320.

We next performed experiments to selectively activate
synaptic or extrasynaptic NMDA receptors. We elicited synaptic
NMDA receptor activation through three different approaches
(termed APV removal, BIC/4AP, and SNMDAR; for details see
Materials and methods). All three methods led to PP1 dephosphory-
lation at T320 (Fig. 1 f). We then applied MK801, a use-dependent
NMDA receptor open channel blocker, to neurons during
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Figure 1. Synaptic, but not extrasynaptic NMDA receptor stimulation, mediates protein phosphatase 1 activation. (a) Cultured cortical neurons (~DIV21)

were incubated in the absence (Con) or presence of NMDA (100 pM for 10 min) without or with 100 pM D-APV or 20 pM CNQX (both pre-applied to
cultures for 10 min). Proteins were analyzed by SDS-PAGE and immunoblotting with antibody to phospho-T320 in PP1 (pT320) or total PP1. Bar graph
shows data from three experiments. (b) Cultured cortical neurons were incubated in the absence or presence of NMDA (20 and 100 pM for 10 min).
Cells were lysed and PP1 activity measured. (c) Hippocampal slices were incubated with NMDA (100 pM for 10 min) and pT320 and total PP1 assayed
by immunoblotting as in panel a. (d) Cortical cultures were incubated in the absence or presence of NMDA (20 or 100 pM for 10 min). Cells were lysed
and nuclear and cytosolic fractions were prepared. pT320 and total PP1 were assayed by immunoblotting as in panel a. HDAC1 (as a nuclear marker)
and |1 (as a cytosolic marker) were also analyzed by immunoblotting. (e) Cortical cultures were incubated in the absence and presence of NMDA with or
without the addition of 2.5 mM Ca?* to the ACSF. (f) Cortical cultures were subjected to synaptic or extrasynaptic stimulations. Neurons were incubated
in the absence or presence of various drugs (APV, bicuculline [BIC], 4AP, MK801, or NMDA): three synaptic NMDA receptor stimulation methods (APV
removal, BIC/4-AP, and sNMDAR Stim) were used (see Materials and methods for details). BIC/4AP/MK801: MK801 was added for 5 min after 10 min
BIC/4AP application; this protocol thus inactivates synaptic NMDAR signaling through irreversible blockade of the NMDA receptor channel pore with
MK801. BIC/4AP/MK801+NMDA: NMDA was applied immediately affer MK801 washout following the BIC/4AP/MK801 protocol. This protocol
stimulates extrasynaptic NMDA receptors. sSNMDAR Stim: co-application of BIC, glycine, and nifedipine, a synaptic NMDA receptor stimulation protocol.
eNMDAR0 (100 Stim means that after synaptic stimulation, MK801 is washed in (5 min) and washed out before 20 (100) .M NMDA was applied to
specifically activate extrasynaptic NMDA receptors. *, P < 0.05; **, P < 0.01; ***, P < 0.001 compared with the control.
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synaptic NMDA receptor stimulation to block all synaptic NMDA
receptors. In a control experiment, subsequent bath NMDA appli-
cation led, as expected, to CREB dephosphorylation (Fig. S1 f),
as reported previously (Hardingham et al., 2002; Xu et al.,
2009), thus confirming the activation of extrasynaptic NMDA
receptors (eNMDAR Stim). Notably, extrasynaptic NMDA
receptor stimulation alone did not lead to PP1 dephosphoryla-
tion at T320 (Fig. 1 f). Together, these results indicate that synaptic
NMDA receptor activation is sufficient, whereas extrasynaptic
NMDA receptor activation is not, to induce PP1 dephosphorylation
at T320 and activation.

Inhibitor-1 and calcineurin do not play a
major role in PP1 dephosphorylation at
T320 in response to activation of synaptic
NMDA receptors
Classic studies of the molecular mechanisms involved in long-
term forms of plasticity provided strong evidence for roles of
the serine/threonine phosphatases, PP1 and calcineurin in LTD
(Mulkey et al., 1993, 1994). Moreover, these studies provided
evidence in favor of a model where PP1 was stimulated via a
cascade in which NMDA receptor activation led to calcineurin-
dependent dephosphorylation and inactivation of the PP1 regula-
tor, inhibitor-1 (I-1; Mulkey et al., 1994). We therefore examined
the possibility that calcineurin and I-1 might be involved in
activation of PP1 through regulation of PP1 phosphorylation at
T320. Pre-incubation of cultured neurons with the calcineurin
inhibitors cyclosporine A (CSA) or FK506, alone or combined,
did not affect the ability of NMDA treatment to result in de-
phosphorylation of PP1 at T320 (Fig. 2 a). As a control we ex-
amined the phosphorylation state of Kv2.1, which is regulated
by NMDA-dependent activation of calcineurin (Misonou et al.,
2004), and found that bath application of FK506/CSA attenu-
ated the effect of NMDA (Fig. S2). Endogenous I-1 was then
knocked down by infecting neurons with recombinant lentivirus
expressing RNAI against I-1. Removal of I-1 had no effect on
the basal phosphorylation of PP1 at T320 and did not affect the
response to NMDA application (Fig. 2 b).

We also assessed the phosphorylation of I-1 at T35, the
site phosphorylated by protein kinase A that converts I-1 into a
potent PP1 inhibitor. The basal level of I-1 phosphorylation at
T35 was low and could be increased approximately twofold by
stimulation of protein kinase A with Sp-cAMP (Fig. 2 c¢). More-
over, incubation with CSA plus FK506 had little/no effect on
I-1 phosphorylation at T35. Interestingly, incubation of neurons
with a low dose of okadaic acid (OA; 10 nM, specific for PP2A)
or the PP2A-specific inhibitor fostricin, did not significantly
affect I-1 phosphorylation at T35. However, higher concentra-
tions of OA (200 nM or 1 pM, which would also inhibit PP1)
were able to increase I-1 phosphorylation at T35 by more than
10-fold. Although the implications of the effect of high levels of
OA on T35 phosphorylation are not clear, the combined results
indicate that I-1 is phosphorylated at a very low level in cultured
neurons. More importantly, our results suggest that I-1 does not
play a major role in regulating PP1 phosphorylation at T320 in
cortical neurons, and that PP1 dephosphorylation at T320 in
response to NMDA treatment does not involve calcineurin.

JCB « VOLUME 203 « NUMBER 3 « 2013

An Inhibitor-2-PP1 complex is regulated

by synaptic NIMIDA receptors

in primary neurons

In addition to I-1, PP1 is regulated by inhibitor-2 (I-2; Cohen,
1989). I-2 is expressed at high levels in the brain, and has a wide
expression in the central nervous system based on in situ studies
(Sakagami and Kondo, 1995). However, little is known about -2
function in neurons. Notably, immunogold electron micrograph
(EM) data indicated that I-2 is localized in dendritic spines in hip-
pocampal pyramidal neurons (Fig. 3 a), raising the possibility that
it could be involved in regulation of PP1 at synapses.

We initially examined phosphorylation of I-2 at T72 in
cortical neurons that expressed CFP-I-2 via recombinant Sindbis
virus infection. We observed robust basal I-2 phosphorylation
at T72, which was substantially decreased in response to NMDA
treatment (Fig. 3 b; the specificity of the antibody was con-
firmed in assays shown in Fig. S3 a), and a similar effect was
observed for endogenous I-2 (Fig. 3 ¢). PP1 and I-2 form a 1:1
complex. To examine the regulation of PP1 in the PP1-I-2 com-
plex we immunoprecipitated I-2. In response to NMDA
application, the level of PP1 phosphorylation at T320 in the
PP1-1-2 complex was also decreased (Fig. 3 d). This suggested
that PP1 in the I-2 complex is activated via removal of the
pT320 inhibitory phosphorylation, and that this occurred in par-
allel with I-2 dephosphorylation at T72.

Notably, we observed an increase in binding between -2
and PP1 in response to NMDA receptor signaling (Fig. 3 d).
Furthermore, we found that only synaptic NMDA receptor acti-
vation, but not extrasynaptic NMDA receptor activation, re-
sulted in increased I-2-PP1 binding (Fig. 3 e). Both WT PP1
and PP1-T320A coprecipitated a similar amount of I-2, indicat-
ing that phosphorylation of T320 does not influence the interac-
tion of PP1 with I-2 significantly (Fig. S3 b). Moreover, we did
not observe a difference in synaptic targeting of PP1-T320A
relative to PP1-WT (Fig. S3 c¢). Wild-type CFP-I-2 expressed
in cultured neurons behaved in a similar way to endogenous [-2
in that NMDA application increased its interaction with PP1 in
CFP-I-2-PP1 immunoprecipitates, and this was accompanied
by decreased phosphorylation at T72 in the I-2-PP1 complex
(Fig. 3 ). In support for a role of phosphorylation of T72, muta-
tion of T72 to alanine (CFP-I-2-T72A) resulted in an increase
in the amount of PP1 that was coprecipitated with CFP-I-2
(Fig. 3 f). However, NMDA application no longer affected the
amount of PP1 in the CFP-I-2-PP1 complex (Fig. 3 f). Our data
are consistent with literature that shows dephosphorylated I-2
at T72 has a higher affinity for PP1 (Picking et al., 1991). Our
studies suggest that PP1 in a complex with I-2 is subject to regu-
lation by synaptic NMDA signaling, and that modulation of
I-2 phosphorylation at T72 in response to NMDA influences
the interaction of PP1 and I-2.

1-2 regulates PP 1 phosphorylation at T320
and is critical for LTD induction

We next investigated whether 1-2 plays a role in regulation of
PP1 and also if I-2 is required for induction of LTD. Knocking
down I-2 in cortical neurons, via lentivirus-expressed RNAI, led
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Figure 2. Inhibitor-1 (I-1) and calcineurin are not critical for regulating PP1 activity in cortical neurons. (a) Cultured cortical neurons were incubated in the
absence (Con) or presence of NMDA (20 pM for 10 min) without or with 20 pM cyclosporine A (CSA), 1 pM FK506, or a combination of both CSA and
FK506, pre-applied to cultures for 10 min. Proteins were analyzed by SDS-PAGE and immunoblotting with antibodies to phospho-T320 in PP1 (pT320)
or fotal PP1. (b) Cultured cortical neurons were infected with lentivirus encoding ShRNA against I-1 or scrambled ShRNA. 5 d later, the samples was
treated without (Con) or with NMDA (20 or 100 pM) for 10 min before the proteins were analyzed by SDS-PAGE and blotted with pT320, PP1, I-1, and
I-2 antibodies (I-2 blotting was used to show specificity of I-1 knock-down [KD]). Bar graph shows data from three experiments. *, P < 0.05; **, P < 0.01;
*** P <0.001 compared with control. (c) Cultured neurons were incubated without (Con) or with okadaic acid (OA: 10 or 200 nM, or 1 pM), fostriecin
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with -1 and pT35-I-1 antibodies.

to a fourfold increase in PP1 T320 phosphorylation (Fig. 4 a), We next examined the effect of I-2 in LTD induction. We
which was not observed if RNAi-resistant recombinant I-2 was elicited LTD in primary neurons and observed decreases of both
coexpressed (Fig. 4 a). Bath NMDA application induced PP1 mEPSC amplitude and frequency (bath NMDA: mEPSC ampli-
dephosphorylation at T320 in I-2 KD neurons by four- to five- tude 85.6 + 5.8%, P < 0.01; mEPSC frequency 37.5 + 7.7%,
fold (Fig. 4 b). The ability of I-2 knockdown to influence PP1 P <0.02, n =8, paired -test) similar to previous studies (Beattie
T320 phosphorylation was in contrast to the lack of any effect et al., 2000; Lu et al., 2001). In contrast, in I-2 KD neurons we
of knockdown of I-1, and indicated that I-2 is an endogenous did not observe any change in either the mEPSC amplitude or
regulator of PP1 function in cortical neurons. Importantly, the frequency in response to bath NMDA application (bath NMDA:
increase in PP1 phosphorylation at T320 would result in a de- mEPSC amplitude 93.7 + 4.7%, P = 0.17; mEPSC frequency
crease in PP1 activity, consistent with I-2 having regulatory 92.5+£29%, P=0.84, n = 10, paired #-test; Fig. 4 ¢), supporting
functions distinct from being a strict PP1 inhibitor. arole for I-2 in the induction of LTD.
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Figure 3. Endogenous I-2-PP1 complex is regulated by synaptic NMDA receptor signaling. (a) Immunogold localization of I-2 in the CA1 stratum radiatum
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infected with recombinant Sindbis virus encoding CFP-I-2 for 1 d before the neurons were incubated in the absence (Con) or presence of NMDA (20 or
100 pM) for 10 min. Proteins were analyzed by SDS-PAGE and immunoblotting with antibody to phospho-T72 in CFP-I-2(I-2pT72) or total CFP-I-2 protein
(GFP antibody). (c) Cultured cortical neurons (~DIV21) were incubated in the absence (Con) or presence of NMDA (100 pM) for 10 min. Endogenous
I-2 protein was analyzed by SDS-PAGE and immunoblotting with antibodies recognizing phospho-T172 of |2 (I-2pT72) or total |2 protein (I-2). Bar graph
shows data from four experiments. (d) Cultured cortical neurons (~DIV21) were incubated in the absence (Con) or presence of NMDA (100 pM) for
10 min. Proteins were solubilized using RIPA buffer and -2 was immunoprecipitated followed by blotting for PP1 and T320 phosphorylation. Bar graph
shows data from three experiments. (e) Control, synaptic, or extrasynaptic NMDA receptor stimulations were performed on cultured cortical neurons before
the proteins were solubilized using RIPA buffer, and -2 was immunoprecipitated followed by analysis by blotting for PP1. Bar graph shows data from three
experiments. (f) Cultured cortical neurons were infected with recombinant Sindbis virus encoding CFP-I-2 (labeled as I-22(WT)) or CFP-2(T72A) (labeled as
1-2(T72A)) for 1 d before the RIPA soluble fractions were used for immunoprecipitation with GFP antibody (GFP IP). Samples were analyzed by blotting for
GFP and |-2 phosphorylation status on T72. Note: two different exposures of PP1 and I-2pT72 blots are presented.
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Cdk5 phosphorylates PP 1 in neurons, and
Cdk5 inhibition triggers PP1 activation by
NMDA receptors

We next assessed the mechanism by which PP1 phosphoryla-
tion at T320 is regulated in response to synaptic NMDA recep-
tor signaling. Incubation of cortical neurons with the Cdk5
inhibitor roscovitine led to a marked decrease in PP1 phosphory-
lation at T320 that was maximal after 30—-60 min (Fig. 5 a).

a v b Figure 4. LTD is defective in I-2 KD neurons.
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This is consistent with previous studies that indicated that
cyclin-dependent kinases, including Cdk5 in PC12 cells, can
phosphorylate PP1 at T320 (Dohadwala et al., 1994; Li et al.,
2007). Expression of either Cdk3, or its activator p35, in neu-
rons via recombinant Sindbis virus—mediated infection, also
increased PP1 phosphorylation at T320 significantly (Fig. 5 b).
In addition, knockdown of endogenous Cdk5 by RNAI re-
sulted in a substantial reduction in PP1 phosphorylation at T320
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Figure 5. Cdk5 inhibition results in NMDAR-induced PP1 dephosphorylation. (a) Cultured cortical neurons (~DIV21) were treated with 50 pM roscovitine
for different times before proteins were harvested, run on SDS-PAGE, and analyzed by blotting with pT320 and PP1 antibodies. (b) Cultured neurons
were infected with recombinant Sindbis viruses encoding GFP, GFP-Cdk5, GFP-P35 or GFP-Cdk5, and GFP-P35 (co-infection). 1 d after infection, the total
neuronal lysates were run on SDS-PAGE and analyzed by blotting with pT320, PP1, Cdk5, P35, and tubulin (loading control) antibodies. (c) Cultured
cortical neurons were infected with recombinant lentiviruses encoding ShRNA against Cdk5 (Cdk5 RNAI) or scrambled ShRNA (Con). 5 d later, the total
lysates were run on SDS-PAGE and analyzed by blotting with pT320, PP1, and Cdk5 antibodies. Bar graph represents three independent experiments.
(d) Cultured cortical neurons were subjected to synaptic (SNMDAR) or extrasynaptic (eNMDAR) NMDA receptor activation (see Materials and methods;
same as in Fig. 1 f). Total neuronal lysates were run on SDS-PAGE and analyzed by blotting with p35 and tubulin (loading control) antibodies. (e) Cultured
cortical neurons were treated without (Con) or with NMDA (20 or 100 pM) for 10 min with MG 132 pre-applied for more than 1 h. Total neuronal lysates
were run on SDS-PAGE and analyzed by blotting with pT320, PP1, and P35 antibodies. Bar graph represents three independent experiments. (f) Cultured
cortical neurons were infected with recombinant lentiviruses encoding ShRNA against p35 (p35 RNAI), scrambled ShRNA (Con), or recombinant lenti-
viruses encoding p35 RNAi and RNAi-resistant recombinant p35 (p35 RNA + rescue). 6 d later, the total lysates were run on SDS-PAGE and analyzed
by blotting with pT320, PP1, p35, and tubulin antibodies. Bar graph represents three independent experiments. Solid arrow, RNAi-resistant recombinant
p35; hollow arrow, endogenous p35.
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(Fig. 5 ¢). Previous studies have indicated that Cdk5 and PP1
can bind to each other (Agarwal-Mawal and Paudel, 2001).
We confirmed this interaction in experiments in which Cdk5
was immunoprecipitated (Fig. S4 a). However, NMDA appli-
cation did not change the amount of co-immunoprecipitated
PP1 (Fig. S4 a).

It has been shown that p35 can undergo ubiquitin-
mediated degradation (Patrick et al., 1998) in response to gluta-
matergic receptor signaling (Wei et al., 2005). Consistent with
this, we detected a decrease in p35 level in response to synaptic
NDMA receptor stimulation (Fig. 5 d; 0.42 + 0.15, P < 0.01,
n = 3). Moreover, we found that incubation of neurons with
MG132, an inhibitor of the proteasome, largely blocked the
decrease in p35 level induced by NMDA application (Fig. 5 e).
In parallel, MG132 blocked PP1 dephosphorylation in response
to NMDA application (Fig. 5 e). On the other hand, incubation
of neurons with MDL28170, the calpain-specific inhibitor that
blocks p35 cleavage to p25, did not affect PP1 phosphorylation
at T320 under basal conditions or after bath NMDA application
(Fig. S4 b). Finally, we knocked down p35 in cortical neurons
and observed a significant decrease of PP1 phosphorylation at
T320 that was rescued by coexpression of RNAi-resistant myc-
GFP-p35 (Fig. 5 f). In neurons where p35 was knocked down,
bath NMDA application was still able to cause PP1 dephos-
phorylation at T320 (Fig. S4 ¢). The residual phosphorylation
of T320 after p35 knockdown may result from residual p35, or
may reflect the basal or compensatory expression of other regu-
lators of Cdk5, for example p39, or that other kinases can con-
tribute to the phosphorylation of T320. Together, these results
suggest that Cdk5/p35 phosphorylates PP1 in cortical neurons,
and that p35 loss due to proteasome-mediated degradation is
likely responsible for decreased CdkS activity, and decreased
phosphorylation of PP1 at T320.

PP 1 dephosphorylation at T320 is
mediated via auto-dephosphorylation
Although our results suggested that reduced CdkS5 kinase activ-
ity is primarily responsible for the reduced phosphorylation of
PP1 observed in response to NMDA signaling, we were also in-
terested in identifying the phosphatase that dephosphorylated
PP1 at pT320. Incubation of cortical neurons with OA (200 nM),
but not the PP2A-specific inhibitor fostriecin (200 nM), led to
an increase in PP1 phosphorylation (Fig. 6 a). Moreover, OA
treatment blocked the effect of NMDA application on PP1 de-
phosphorylation (Fig. 6 b). These results suggest that PP1, or
PP1 auto-dephosphorylation, is the phosphatase mechanism re-
sponsible for PP1 regulation during basal and NMDA applica-
tion. In the course of testing the specificity of the pT320 antibody
we found that expression of active PP1, i.e., mutant PPla in
which T320 was changed to alanine, led to a decrease in phos-
phorylation of endogenous PP1 in HEK 293 cells (Fig. 6 c,
hollow arrowhead). Expression of recombinant active PP2A
(Fig. S5 a) or calcineurin mutants (Fig. S5 b) did not affect
phosphorylation of endogenous PP1. To further examine this,
we coexpressed PP1a (T320A) in HEK 293 cells with various
PP1 isoforms tagged with YFP and examined their phosphory-
lation level (Fig. S5 ¢). Expression of PP1a (T320A) substantially

reduced phosphorylation of all PP1 isoforms normalized to
their respective total proteins. This effect also holds in cortical
neurons as expression of PP1la (T320A), but not wild-type PP1,
in cortical neurons resulted in reduced phosphorylation of
endogenous PP1 (Fig. 6 d). The data suggest, therefore, that
PP1 can not only auto-dephosphorylate itself, but also trans-
dephosphorylate other PP1 molecules.

Discussion

Our work has elucidated several novel mechanisms involved in
regulating PP1 in neurons. (1) We found that CdkS5 is an in vivo
PP1 kinase in neurons, keeping PP1 activity in check via acting
on PP1’s inhibitory phosphorylation site. Synaptic NMDA
receptor activation leads to p35 degradation and the resulting
down-regulation of CdkS activity triggers PP1 activation.
(2) We demonstrated that PP1s can trans-activate other PP1
molecules via dephosphorylation, acting in parallel with the initial
PP1 stimulus. PP1 trans-activation can provide a feed-forward
mechanism for rapid PP1 activation, and potentially spread PP1
activation beyond the original stimulation locus. (3) We discov-
ered that in cortical neurons, I-1 and/or calcineurin do not ap-
pear to play a major role in regulating basal and stimulus-activated
PP1 activity, in contrast to the widely accepted model for regu-
lation of PP1 in CA1 LTD. (4) In contrast, we found that I-2
plays a critical role in the regulation of PP1 by NMDA receptor
signaling. Moreover, we found that I-2 plays an important role
in LTD induction in response to NMDA receptor signaling.

The signaling mechanism(s) that control PP1 activity in
neurons appear somewhat related to that in cell mitosis, where
PP1 is activated via cdc2 kinase inhibition after the degradation
of its activator cyclin (Wu et al., 2009). Cdk5 is a neuronal-
specific cyclin-dependent kinase and p35 is its activator. We have
shown that CdkS is a kinase that phosphorylates pT320 of PP1
in vivo. P35 is subject to ubiquitin-dependent proteasomal deg-
radation (Patrick et al., 1998), which is downstream of calcium
influx via the NMDA receptor (Wei et al., 2005). Consistent
with this, both calcium-free ACSF and MG132 treatment of cul-
tured neurons significantly attenuated PP1 dephosphorylation
in response to NMDA application. Our work further showed that
synaptic NMDA receptor signaling is sufficient to induce p35
degradation. Future studies are needed to elucidate the signal-
ing intermediates between calcium influx from synaptic NMDA
receptors and p35 degradation.

Purified PP1«, when incubated with cdc2 kinase and ATP
in vitro, is phosphorylated at T320 to a greater extent when OA
is present, and this was interpreted to reflect intramolecular
auto-dephosphorylation (Dohadwala et al., 1994). This is con-
sistent with results showing that phosphorylated pT320 PP1 is
reduced over time in vitro (Wu et al., 2009). However, inter-
molecular trans-dephosphorylation at T320 appears to also con-
tribute to this process. By expression of tagged PP1, we could
distinguish recombinant PP1 from endogenous PP1. We ob-
served that a T320A recombinant active PP1 mutant robustly
decreased endogenous PP1 phosphorylation at T320. We therefore
demonstrated that PP1 can trans-activate in both neuronal and
nonneuronal cells. Auto-dephosphorylation, an intramolecular
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Figure 6. PP1 dephosphorylation is mediated

via auto-dephosphorylation. (a) Cultured corti- d

cal neurons were treated without (Con) or with

the PP1/PP2A inhibitor OA (200 nM) or the

PP2A inhibitor fostriecin (200 nM) for 10 or

30 min. Total cell lysates were run on SDS- c
PAGE and analyzed by blotting with pT320 or S
PP1 antibodies. (b) Cultured cortical neurons
were treated without (Con) or with NMDA
(100 pM) or OA (200 nM) or a combination of
OA+NMDA (with OA pre-applied) for 10 min.
Total cellular lysates were run on SDS-PAGE
and analyzed by blotting with pT320 and PP1
antibodies. Bar graph represents three inde-
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reaction, would likely be faster and may thus be more dominant
than trans-dephosphorylation. Trans-dephosphorylation, when
requiring diffusion, is slower, but has the potential to lead to
broader PP1 dephosphorylation at T320 and thus activation away
from stimulus sites. Future studies are needed to explore the
physiological relevance of this mode of PP1 activation.

I-1 has been studied extensively for its potential function
in inhibiting PP1 in skeletal muscle and liver. In those tissues,
I-1 concentration has been determined to be more than twofold
that of all PP1 isoforms combined (Cohen, 1989), and these
pools of I-1 are highly phosphorylated at T35 (~30%) in the
basal state (Cohen, 1989). It was these two attributes that made
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I-1 a strong candidate for inhibiting PP1 activity in those tis-
sues. However, I-1 is not expressed in high levels in hippocam-
pus where it is present in the dentate gyrus, albeit at low levels
(Allen et al., 2000), and it was shown, by immuno-EM studies
along with DARPP-32, not to be preferentially localized in syn-
aptic spines (Glausier et al., 2010). We found that in cortical
neurons only a very small fraction of I-1 was phosphorylated at
T35, the form of I-1 that can inhibit PP1 potently. Consistent
with this, knockdown of I-1 did not alter PP1 inhibitory phos-
phorylation at T320. This suggests that I-1 does not play a critical
role in controlling PP1 activity in cortical neurons. Moreover,
calcineurin inhibitors did not significantly attenuate the PP1



dephosphorylation at T320 induced by NMDA receptor signal-
ing, while a PP1/PP2A inhibitor did. This is in agreement with
two recent studies showing that (1) GIRK channels are dephos-
phorylated by PP1 in response to NMDA receptor signaling in
a calcineurin-independent manner (Chung et al., 2009), and (2)
LTD of NMDA receptor responses, as opposed to LTD of AMPA
receptor responses, is dependent on PP1, but not on calcineurin
(Morishita et al., 2005). Our results thus suggest that the phos-
phatase-cascade model of PP1 activation, or I-1 disinhibition by
calcineurin proposed in skeletal muscle cell types and in classi-
cal models of LTD in CA1 hippocampal neurons (Lisman,
1989; Mulkey et al., 1993), appear not to be the dominant mode
of PP1 activation in cortical neurons. Consistent with this con-
clusion, I-1 knockout in mice has no effect on LTD in CA1 neu-
rons (Allen et al., 2000), which likely reflects the low level of
expression of the protein in these hippocampal cells.

Our results indicate that I-2 can localize to dendritic spines,
the right cellular compartment in which to regulate PP1’s syn-
aptic functions. Knocking down I-2 led to a marked increase in
PP1 phosphorylation at T320, in direct contrast to the lack of
any effect of knocking down I-1, suggesting that I-2 is an im-
portant endogenous regulator of PP1 activity in cortical neurons.
Moreover, we found that NMDA receptor signaling activates
PP1, but without I-2 dissociation. In fact, synaptic NMDA
receptor signaling resulted in an increased interaction of PP1
and I-2, an effect that appears to be meditated through NMDA
receptor-dependent dephosphorylation of I-2 at T72. Finally,
we found that I-2 plays a critical role in the induction of LTD
because LTD is blocked in neurons where I-2 is knocked down.
Our work thus has revealed that I-2 is a critical regulator of PP1
in LTD induction.

Given the known role of PP1 in LTD, the fact that I-2 KD
leads to an increase in pT320 levels in PP1 indicative of reduced
PP1 activity, and the fact that synaptic NMDA receptor signal-
ing regulates I-2 T72 phosphorylation, the results support a role
for I-2 in regulation of PP1 by synaptic NMDA receptor signal-
ing. Moreover, although we cannot formally rule out the possi-
bility that I-2’s role in LTD is independent of its PP1 regulatory
function, again given the known role of PP1 in LTD, our data
are consistent with a model that PP1 in the I-2 complex is inhib-
ited by Cdk5-dependent phosphorylation at T320. The phos-
phorylation of T320 is balanced by auto-dephosphorylation.
After NMDA receptor opening, CdkS activity is decreased as
a consequence of proteasomal degradation of p35, thus tilting
the balance of phosphorylation/dephosphorylation in favor of
reduced pT320 PP1, and PP1 activation (Fig. 7). The regulation
of pT320 takes place in the PP1-I-2 complex. Within this com-
plex, NMDA receptor stimulation also leads to dephosphoryla-
tion of T72, presumably as a result of increased PP1 activity.
Based on results from analysis of a T72A-I-2 mutant protein,
the dephosphorylation of T72 appears to be responsible for in-
creasing the association of PP1 and I-2. In this process, [-2 does
not function necessarily as a PPI inhibitor, but rather as an
accessory/regulatory PP1 binding protein. In support of this, I-2
KD in resting neurons led to increased PP1 inhibitory phos-
phorylation at T320 without any effect on PP1 levels, indicative
of decreased PP1 activity, which is the opposite of what would

be expected if I-2 was simply an inhibitor of PP1. This result is
consistent with yeast studies where loss of function of Glc8, a
yeast homologue of I-2, leads to decreased PP1 activity where
Glc8 was interpreted as a functional PP1 activator (Tung et al.,
1995; Nigavekar et al., 2002).

The results from the I-2 KD studies indicate a role for
12 in the regulation of PP1, and in turn suggest a role for this
process in the regulation of LTD induction. NMDA receptor-
dependent activation of PP1 is presumably responsible for
controlling downstream signaling that regulates AMPA recep-
tor trafficking and other events that mediate LTD (Fig. 7). How-
ever, the precise way that I-2 controls PP1 function remains to
be fully clarified. NMDA receptor opening induces PP1 activa-
tion, but this occurs without I-2-PP1 dissociation. NMDA ap-
plication does still result in PP1 dephosphorylation at T320 in
1-2 KD neurons; however, this effect occurs in the context of a
higher basal level of pT320 in I-2 KD neurons. LTD is defec-
tive in I-2 KD neurons, indicating that dysregulated PP1 in I-2
KD neurons cannot support LTD.

In addition to regulation of pT320 phosphorylation, the ob-
servation that synaptic NMDA receptor signaling regulates I-2 at
T72, and that this process controls interaction of PP1 and I-2 in-
dicate that I-2 may also regulate the synaptic targeting of PP1. It
is known that LTD requires PP1 to be targeted to synapses by one
or more regulatory proteins such as spinophilin and/or neurabin
(Morishita et al., 2001). To our knowledge, I-2 itself does not pos-
sess a motif that would target the protein to synapses. We have
shown before that the F-actin binding domain of the synaptic
scaffolding protein neurabin mediates PP1 localization at syn-
apses, and that this is required for LTD (Hu et al., 2006). Interest-
ingly, it has been reported that neurabin—PP1-I-2 can form a
trimeric complex (Terry-Lorenzo et al., 2002b; Dancheck et al.,
2011). However, no direct interaction was reported between
neurabin and I-2 in the structure of this trimeric complex (Dancheck
et al., 2011). On the contrary, a neurabin mutant that cannot bind
to PP1 cannot pull down I-2. So PP1 is an adaptor in the neurabin—
PP1-I-2 complex, and it does not appear that I-2 plays a direct
role in PP1 synaptic targeting. Possibly, within the neurabin—
PP1-I-2 complex, I-2 could influence PP1 action within synap-
tic spines in a way that is required for LTD induction.

Another alternative role for I-2 is that its interaction with
PP1 may play a role in controlling the duration of PP1 activa-
tion by an LTD stimulus. This insight is gained from the fact
that I-2 does not dissociate from PP1 in response to NMDA
receptor signaling. NMDA receptor signaling leads to I-2 de-
phosphorylation at T72 and increases PP1-I-2 interaction.
Based on in vitro biochemical studies, unphosphorylated 1-2
at T72 is thought to inhibit PP1 by blocking the PP1 active site
via the a-helix structure on I-2 (Hurley et al., 2007), but in a
delayed manner (t;, ~30 min; Cohen, 1989). It is known that
LTD stimulus only results in transient PP1 activation (~45 min;
Thiels et al., 1998). So our data indicate that NMDA receptor
signaling would activate PP1 in the [-2 complex, but at the same
time also engage the delayed PP1 inhibitor function of I-2,
which could limit the duration of PP1 activation. The increased
I-2-PP1 binding in response to bath NMDA application could
function to further facilitate PP1 inhibition.
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Figure 7. Model. Calcium influx via NMDA
receptors will lead to p35 degradation that
in turn leads to decreased Cdk5 activity. De-
creased Cdk5 activity will lead to increased
PP1 activity (via PP1 auto-dephosphorylation
at T320) that in turn will lead to dephosphory-
lation of -2 at T72, resulting in PP1 access to
other substrates, eventually leading to synaptic
depression (dotted lines). The PP1-I-2 complex
is probably targeted to spines via interaction
with neurabin, and this part of the proposed
mechanism for |-2 function has been encircled
with a dotted box, indicating speculation.

T~ F-actin

In summary, our work presented here elucidates several
novel mechanisms for PP1 regulation, including PP1 trans-
activation, Cdk5-regulated inhibition of PP1, a novel role for
[-2 in NMDA receptor-mediated PP1 regulation, and the find-
ing that I-2 is necessary for LTD induction (Fig. 7). Our work
should have a broad impact on the study of reversible phos-
phorylation in neurons, especially in regard to the critical roles
that PP1 plays in neuronal signaling and synaptic plasticity.

Materials and methods

Antibodies

Anti-PP1a pT320 (1:1,000; Cell Signaling Technology), anti-PP1 (1:1,000;
E-9, Santa Cruz Biotechnology, Inc.), anti-pT35-I-1 (antigen used:
PRQVEMIRRRRPpTPAMLFRVSEHSS; made in rabbit [Valjent et al., 2005]),
anti-I-1 (1:2,000; EP902Y, Novus Biologicals), anti--2 pT72 (1:1,000;
Invitrogen), antil2 (1 pg/ml; R&D Systems), anti-Cdk5 (1:1,000; J-3,
Santa Cruz Biotechnology, Inc.), anti-P35 (1:500; C-19, Santa Cruz Bio-
technology, Inc.), anti-Myc (1:1,000; 9B11, Cell Signaling Technology),
anti-HA (1:1,000; 16B12, Convance), anti-GFP (0.4 pg/ml; Roche), anti-
B-tubulin (1:1,000, AA2, Santa Cruz Biotechnology, Inc.), and anti-HDACT
(1:500; C-19, Santa Cruz Biotechnology, Inc.).

DNA constructs

Myc-His tagged PP1a and PP1a T320A were gifts from L. Neckers (National
Cancer Institute, Rockville, MD; full-length WT and point mutant of PP1a
gene in pcDNA3. 1 vector); pCdk5-HA (full length in pCMV vector), pCdk5-
DN-HA (full length, mutation in pCMV vector), pCMV-myc-P35 (full length
in pPCMV vector) were from Addgene; ECFPtagged PP1«, PP1B, and PP1y1
were gifts from L. Trinkle-Mulcahy (University of Ottawa, Ottawa, Ontario,
Canada; all fulllength plasmids in Takara Bio Inc. pEYFP vector); GFP-tagged
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calcineurin WT, calcineurin WT M1, calcineurin 1-390, and calcineurin
1-390 M1 constructs (full length, truncation, and point mutants of calci-
neurin in Takara Bio Inc. pEGFP vector) were gifts from G. Wu (Baylor
College of Medicine, Houston, TX); and HAtagged PP2Ac, PP2Ac L199A,
and PP2Ac Y307F constructs (fulllength and point mutants of PP2Ac in
pcDNA3. 1 vector) were gifts from B. Wadzinski (Vanderbilt University,
Nashville, TN) through S. Strack (University of lowa, lowa City, IA). pSin-
Rep5 (nsP2S)-IRES-GFP (GFP full length in pSinrep5 [nsP2S] vector) was
from N. Calakos (Duke University, Durham, NC).

Cell cultures and acute rat brain slices

Primary cortical neurons were prepared from E18 SD rat embryos. Cells
were plated on poly--lysine (50 pg/ml in distilled water)-coated 6-well cul-
ture dishes in neurobasal medium supplemented with 2% B27 and 1%
Glutamax. 1 ml fresh medium per well was added at day 2, 5, and 12, re-
spectively. 3-5-wk-old neurons were used in the current experiments. HEK
293 cells were grown in DMEM medium plus 10% FCS and penicillin/
streptomycin. BHK-21 cells were grown in MEM-a medium with 5% FCS.
All reagents used above were from Gibco. The experimental protocols for
acute rat brain slices were approved by the Institutional Animal Care and
Use Committee of Louisiana State University Health Sciences Center, New
Orleans, LA. The transverse cortical slices (300 pym) were prepared from
P9 Sprague Dawley rats as described previously (Hu et al., 2007). In
brief, p9 rats were anesthetized with i.p. injection of ketamine/xylazine
(90:10 mg/kg) before being euthanized by decapitation with guillotine.
The brain was removed quickly and placed in chilled ACSF (concentration
in mM: NaCl 125, KCI 2.5, MgCl, 1, CaCl, 2, NaHCO; 25, NaH,PO4
1.25, and dextrose 25). The transverse section of the cortex was then
quickly sliced with a vibratome (Leica). Slices were bubbled with oxygen in
ACSF for 30 min before NMDA application.

Generation of RNAi vectors
We designed short hairpin RNA (shRNA) sequences against cDNA se-
quence and took advantage of a recombinant lentivirus system (plLL3.7)



to express shRNA in neurons under the control of a Ué promoter while
expressing GFP under the control of an independent CMV promoter as an
indication of infection efficiency. shRNAs were designed using 2-shRNA
Oligo Designer and cloned into a lentiviral vector from Invitrogen. HEK293
FT cells were transfected with pLL3.7 and their helpers by using the cal-
cium phosphate precipitation method (Takara Bio Inc.). We designed
several shRNAs to target rat Cdk5, I-1, -2, and p35. Their targets were
5'-GCTCACATTGGTGTTTGAG-3', 5'-GTTCATGGACACTGGATGT-3',
5"-GACTTATACCTGAACATTT-3’ (in 3'UTR), and 5-GAAGAATGAGAGT-
GGTCAG-3', respectively. The |-2 rescue construct used was CFP-I-2, which
does not contain a 3'UTR. The p35 rescue construct used EGFP-myc-tagged
human p35 DNA, which differs from rat p35 DNA in the shRNA targeted re-
gion by three bases (in bold print; 5-GAAGAACGAGAGCGGCCAG-3').

Generation of recombinant virus
GFPtagged -2 wildtype and T72A mutant constructs were cloned info
pSinRep5 vector (Invitrogen), and myc-Histagged PP1 and T320A mutant
constructs were cloned info pSR5I2E vector (Marie et al., 2005), a modi-
fied pSinRep5 vector that contains a IRES-GFP sequence. Cdk5 and Myc-
P35 <DNA sequences were excised from the original pCdk5-HA and
pCMV-myc-P35 constructs by using PCR and cloned into pSR5I2E vector.
Recombinant viruses were generated according to the manufactur-
er’s instructions. In brief, the target recombinant constructs and DHBB, a
helper plasmid, were linearized and subjected to in vitro transcription
(MMESSAGE mMACHINE SPé kit; Ambion), and the target RNAs and
DHBB RNA were cotransfected into BHK21 cells by electroporation and in-
cubated for 48 h. The supernatant, which contained the virus, was col-
lected, and the viral particles were concentrated by centrifugation.

Transfections and infections

Lipofectamine 2000 (Invitrogen) was used for the transfection of HEK 293
cells according to the instructions from the manufacturer. Target plasmids
(2-4 pg) were used for one well of a six-well plate. Proteins were overex-
pressed for 24-48 h before harvesting cells. For the expression of target
proteins in primary neurons, dissociated cortical cultures (days in vitro 21
to 25 [DIV21-25] in the current study) were infected with recombinant
sindbis viruses for 24 h, then harvested directly or used to carry out other
experiments. For the knockdown of I-1 and Cdk5 in primary cortical cul-
tures, neurons from DIV18 to DIV20 were infected with target lentiviruses
and cultured for 5 d before harvest.

Stimulation of synaptic and extrasynaptic NMDA receptors

Synaptic and extrasynaptic NMDAR stimulations were performed accord-
ing fo published protocols (Hardingham et al., 2001, 2002; Ivanov et al.,
2006; Chung et al., 2009; Hoey et al., 2009; Xu et al., 2009). Three pro-
tocols were used for synaptic NMDAR stimulation. First, for APV removal,
cortical cultures were incubated with 200 pM APV for 3 d in conditioned
medium, then washed four times with conditioned medium without APV and
incubated for 15 min (this stimulation is abbreviated as APV removal). Sec-
ond, neurons were exposed to 50 yM bicuculine (BIC) and 2.5 mM 4-AP
for 15 min (this stimulation is abbreviated as BIC/4AP). Third, neurons were
pretreated with 1 pM TTX, 40 pM CNQX, 100 pM D-APV, and 10 pM nife-
dipine in conditioned medium for 3 h, then briefly rinsed three times with
conditioned medium containing 50 pM BIC, 10 pM glycine, and 10 pM
nifedipine before incubation with the BIC/glycine/nifedipine-containing
medium for 15 min (this stimulation is abbreviated as sSNMDAR Stim).

Two protocols were used for extrasynaptic NMDAR stimulation. First
(matched to the BIC/4AP protocol), neurons were treated with 50 pM bicu-
culline, 2.5 mM 4-AP, and 50 yM MK801 for 15 min to block synaptic
NMDA receptors (termed BIC/4AP/MK801), then briefly washed three
times with conditioned medium containing 100 pM NMDA, and incubated
in this NMDA-containing medium for 15 min (termed Bic/4AP/MK801+
NMDA). Second (matched to the SNMDA Stim protocol), synaptic NMDARs
were irreversibly blocked by the addition of 50 pM MK80T1 for 5 min after
synaptic NMDAR stimulation. Neurons were washed briefly with condi-
tioned medium, which contained 1 pM TTX, 40 pM CNQX, 10 pM nifedip-
ine, 20 pM (or 100 pM) NMDA, and 10 pM glycine, before incubation
with the same medium for 15 min (termed eNMDAR Stim).

Immunoprecipitation and immunoblot analysis

RIPA buffer (150 mM NaCl, 50 mM Tris-HCI, 1% Triton X-100, 1% sodium
deoxycholate, and 0.1% SDS, pH 7.4) and TEE buffer (10 mM Tris-HCI,
1 mM EDTA, and 1 mM EGTA, pH 7.5) were used for neuronal lysis. RIPA
was used for all immunoprecipitation procedures, except that TEE buffer
only was used for Cdk5 immunoprecipitation. Protease (Roche) and phos-
phatase (Santa Cruz Biotechnology, Inc.) inhibitor cocktails were applied

according to the manufacturer’s instructions. In brief, neurons were har-
vested in RIPA or TEE buffer and lysed for 30 min (RIPA buffer) on ice, or
sonicated for 2 x 10 s (TEE buffer), then centrifuged at 15,000 g for 15 min
(4°C); the supernatants were used for the immunoprecipitation assay. Pro-
tein lysates (500 pg—2 mg) were incubated with 1-2 pg of the corresponding
antibodies at 4°C overnight with end-to-end rotation for immunoprecipita-
tion. The antibodies were preincubated with protein G Plus-Agarose beads
(Santa Cruz Biotechnology, Inc.) for 30 min at 4°C before addition fo the
protein lysates. The beads were rinsed four times with the corresponding
cell lysis buffer after immunoprecipitation, then applied to 1x gel loading
buffer (with protease and phosphatase inhibitor cocktail). The bound pro-
teins were subjected to SDS-PAGE and immunoblot analysis.

Preparation of cytosolic and nuclear fractions

NE-PER nuclear and cytoplasmic extraction reagents (CER; Thermo Fisher
Scientific) were used in this study. The protocol was according to the man-
ufacturer’s instructions with some modifications. In brief, cortical neurons
were swiftly rinsed with ice-cold PBS and harvested in 400 pl ice-cold PBS
(with protease and phosphatase inhibitor) per well (6-well plate), then spun
down for 500 g x 5 min at room temperature. The pellets were vorfexed
with 500 pl ice-cold PBS (with protease and phosphatase inhibitor) for 5 s,
then centrifuged for 500 g x 3 min, and the supernatant was carefully re-
moved, leaving the cell pellets as dry as possible. 100 pl icecold CER |
was added to the cell pellets and the tube was vortexed vigorously on the
highest sefting for 15 s to fully resuspend the pellet, and the tube was incu-
bated on ice for 10 min. After adding 5.5 pl ice-cold CER I, the tube was
vortexed for 5 s on the highest setting, and the tube was incubated on ice
for 1 min. The tube was vortexed for 5 s, then centrifuged for 5 min at
16,000 g, and the supernatant (cytosolic fraction) was transferred immedi-
ately to a clean tube. The pellet fraction was then resuspended with 50 pl
ice-cold NER and vortexed on the highest setting for 15 s. Samples were
place on ice and we continued vortexing for 15 s every 10 min, for a total
of 40 min. The tube was then centrifuged at 16,000 g for 10 min, and then
we immediately collected the supernatants (nuclear extract).

PP1 activity assay

PP1 activity was measured by using the S/T phosphatase assay kit 1 (EMD
Millipore). The assay is based on dephosphorylation of a phosphopeptide
substrate (K-R-pT--RR). The released phosphate binds to malachite green,
leading to increased absorbance at 650 nm. As this kit cannot distinguish
the phosphatase activity between PP1 and PP2A, we applied 2 nM OA
to inhibit PP2A and 1 yM OA to inhibit both PP1 and PP2A in neuronal
lysates. In brief, neurons were rinsed with ice-cold TBS (with 1 mM CaCl,
and 0.5 mM MgCl,), then harvested in the cell lysis buffer recommended
from the kit (20 mM imidazole, 2 mM EGTA, 2 mM EDTA, 10 pg/ml leu-
peptin, 10 pg/ml aprotinin, 10 pg/ml soybean trypsin inhibitor, 10 pg/ml
antipain, 1 mM PMSF, and T mM benzamidine), sonicated for 2 x 10's, then
spun at 16,000 g for 10 min. The resulting cell lysates were used for phos-
phatase activity assay. Absorbance values at 650 nm were recorded and
normalized to the protein level (by Bradford method) of each sample. Rela-
tive PP1 activity is measured as the phosphatase activity (with 2 nM OA)
minus the background phosphatase activity (with 1T yM OA).

Immunofluorescence and laser confocal imaging

For PPT WT and PP1 (T320A) immunostaining, primary hippocampal neu-
rons were infected with recombinant Sindbis viruses encoding PP1a-my-HIS
or PP1a-(T320A)-myc-HIS. The infected neurons were fixed 7 or 24 h after
virus infection before neurons were incubated with blocking buffer (5%
BSA and 5% normal goat serum in PBS) for 1 h. The neurons were then
incubated with primary antibodies (Myc 9E10 mouse monoclonal anfi-
body and synaptophysin rabbit polyclonal antibody) in blocking buffer for
1 h. After excess primary antibodies were washed out, the neurons were
incubated for 1 h with Alexa 568-conjugated secondary anti-rabbit anti-
body (Invitrogen) and Alexa 488-conjugated secondary anti-mouse anti-
body (Invitrogen), both of which were diluted to 1:500 in the blocking
buffer. The coverslips were mounted on slides with Fluoromount G (Electron
Microscopy Sciences), an imaging medium. Immunoreactivity was acquired
at room temperature by a confocal laser scanning microscope (LSM 510
Meta; Carl Zeiss) equipped with a Zeiss 63x oil immersion objective
(NA 1.4) with SLM being the acquisition software. Final images were pre-
pared using Adobe Photoshop software.

Immunogold electron microscopy (EM)
Post-embedding immunogold labeling was based on established meth-
ods (Petralia et al., 2005, 2010). In brief, rats were perfused with 4%
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paraformaldehyde plus 0.5% glutaraldehyde, and sections were cryo-
protected and frozen in a cryofixation system (EM CPC; Leica), and further
processed and embedded in Lowicryl HM-20 resin using a freeze-substitu-
tion instrument (AFS; Leica). Thin sections were incubated in 0.1% sodium
borohydride + 50 mM glycine/Tris-buffered saline + 0.1% Triton X-100
(TBST), followed by 10% NGS in TBST, and primary antibody in 1% NGS/
TBST overnight, and then immunogold labeling in 1% NGS in TBST plus
0.5% polyethylene glycol (20,000 MW). Finally, sections were stained
with uranyl acetate and lead citrate. Corresponding controls, lacking the
primary antibody, showed only rare gold labeling. Images were stored in
their original formats and final images for figures were prepared in Adobe
Photoshop; levels and brightness/contrast of images were minimally ad-
justed, evenly over the entire micrograph.

Statistical analysis for Western blotting

All biochemical data are presented as the mean = SD. Statistical analysis
was determined by one-way analysis of variance (ANOVA). A p-value
of less than 0.05 was considered statistically significant. *, P < 0.05;
**,P<0.01; ***, P <0.001.

Electrophysiology

Hippocampal cultures were prepared as for biochemistry experiments ex-
cept that neurons were grown on glass coverslips coated with poly--lysine.
Transfections (pLL3.7--2-shRNA::GFP or control plLL3.7::GFP) were per-
formed using the calcium phosphate precipitation method 3 d before re-
cording. Whole-cell patch-clamp recordings were made on DIV13-15
transfected neurons (identified by GFP expression) with an amplifier (700A;
Axon Instruments) using pipettes with the resistance of 4-6 MQ. The pipette
solution contained 117.5 mM CsMeSO;, 15.5 mM CsCl, 8 mM NaCl,
10 mM Hepes, 2.5 mM EGTA, 4 mM MgATP, 0.3 mM NaGTP, T mM MgCl,,
10 mM fetraethylammonium chloride, and 5 mM QX-314 bromide, ad-
justed to pH 7.3 with CsOH. The extracellular solution contained 140 mM
NaCl, 5 mM KCI, 20 mM Hepes, 15 mM glucose, 2 mM CaCl,, and
1 mM MgCly, adjusted to pH 7.4 with NaOH. To record miniature EPSCs
(mEPSCs), 100 pM picrotoxin and 0.2 pM TTX was added to the extracel-
lular solution and cells were held at =70 mV in voltage clamp. The series
resistance of the cell was recorded and monitored throughout the experi-
ment using a custom macro in Igor Pro software (Wavemetrics). The mEP-
SCs were recorded for 8 min (to form a baseline), followed by the
application of 20 yM NMDA, 20 pM glycine, and 1 pM strychnine to cul-
tures for 3 min. NMDA, glycine, and strychnine were then washed out for
10 min during which the recordings were continued. The recordings of
mEPSCs lasted for at least 35 min after wash out. Miniature EPSCs re-
corded from 30 to 45 min post NMDA application were analyzed for the
comparison to the baseline with paired t test. Miniature EPSCs were digi-
tized at 20 kHz, filtered at 2 kHz, and analyzed using the Mini Analysis
program (Synaptosoft). Threshold mEPSC amplitude was set at 4 pA.

Online supplemental material

Fig. S1 shows C+erminal phosphorylation site conservation in all PP1 iso-
forms, the specificity of pT320 antibody, the detailed dose- and time-
dependent NMDA effect on PP1pT320, the null effect of chemLTP stimulus on
PP1pT320, and the control for confirming extrasynaptic NMDA receptor
activation (Fig. 1). Fig. S2 shows the effectiveness of calcineurin inhibitors
FK506 and CSA in cortical neurons (Fig. 2 a). Fig. S3 shows the specificity
of I2pT72 antibody, the lack of difference in binding of I-2 to PP1 WT and
PP1 (T320A), and the lack of difference in synaptic targeting between PP1
WT and PP1 (T320A; Fig. 3). Fig. S4 shows the lack of change in PP1-
Cdk5 interaction in response to NMDA application and the lack of effect
of p35-to-p25 conversion in NMDA-induced decrease of PP1pT320 (Fig. 5).
Fig. S5 shows the specificity of PP1 trans-dephosphorylation (Fig. 6). “Ac-
quisition” is the macro used fo acquire recording, whereas “value” is the
macro for end-users to set custom parameters different from the default
value for data acquisition. Online supplemental material is available at
http://www.jcb.org/cgi/content/full /jcb.201303035/DC1.
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