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Abstract
Learning-related potentiation of synaptic strength at CA1 hippocampal excitatory synapses is
dependent on neuronal activity and the activation of glutamate receptors. However, molecular
mechanisms that regulate and fine-tune the expression of long-term potentiation (LTP) are not
well understood. Recently it has been indicated that neurogranin, a neuron-specific, postsynaptic
protein that is phosphorylated by protein kinase C (PKC), potentiates synaptic transmission in an
LTP-like manner. Here, we report that a neurogranin mutant that is unable to be phosphorylated
cannot potentiate synaptic transmission in rat CA1 hippocampal neurons and results in a sub-
maximal expression of LTP. Our results provide the first evidence that the phosphorylation of
neurogranin can regulate LTP expression.
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INTRODUCTION
Long-term potentiation (LTP) is one of the best-characterized forms of synaptic plasticity
(Lisman, 1989; Alkon & Nelson, 1990; Bliss & Collingridge, 1993; Malenka & Nicoll,
1999; Hayashi et al., 2000; Malinow et al., 2000). At CA1 hippocampal excitatory synapses,
two different classes of glutamate receptors are crucial for synaptic plasticity: ionotropic
NMDA receptors (NMDARs) and metabotropic glutamate receptors (mGluRs). NMDAR
activation triggers an influx of Ca2+ into the dendritic spine, resulting in a series of Ca2+-
dependent events, e.g. Ca2+/CaM-dependent protein kinase II (CaMKII) activation, and
ultimately leading to the expression of LTP indicated by insertion of AMPA receptors
(AMPARs) into the synapses. The activation of mGluRs, on the other hand, results in the
initiation of the phospholipase C/diacylglycerol/protein kinase C (PLC/DAG/PKC) second
messenger pathway. Although both NMDAR and mGluR signaling are crucial for LTP, the
mechanism by which they crosstalk remains unresolved.

Neurogranin (Ng), a neuron-specific, postsynaptic protein, may provide insight into such
crosstalk. Ng is a known PKC substrate that is essential for LTP and potentiates synaptic
strength in an NMDAR-dependent manner (Zhong et al., 2009). These effects are attributed
to Ng’s ability to bind and target CaM in the dendritic spines. Ng is the most abundant CaM-
binding protein postsynaptically under basal conditions (Represa et al., 1990; Gerendasy et
al., 1994a; Gerendasy et al., 1994b; Watson et al., 1994; Zhabotinsky et al., 2006). Since the
amount of CaM in specified cell compartments is a limiting factor for the target activation
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(Zhabotinsky et al., 2006), Ng, through its regulated binding to CaM, can modulate LTP
expression.

There are two mechanisms that can regulate Ng-CaM binding and hence the local
availability of free unbound CaM. First, CaM can dissociate, reversibly, from Ng when local
Ca2+ is increased, e.g. via NMDAR activation (Huang et al., 1993; Gerendasy et al., 1995).
On the other hand, activation of mGluRs results in PKC-mediated phosphorylation of Ng at
its serine 36 (S36) residue within the IQ-motif, rendering CaM incapable of rebinding to
phosphorylated Ng (Ramakers et al., 1995). These two mechanisms can be simplified as
follows:

It has been shown that Ng-mediated potentiation is dependent on NMDAR activity as well
as Ng’s ability to release CaM upon demand (Zhong et al., 2009). However, the role of Ng
phosphorylation--the crosstalk point between the two major classes of glutamate receptors in
LTP--in synaptic function has not been previously explored.

In this study, we investigated the role of Ng phosphorylation in synaptic function and
plasticity in rat CA1 hippocampal neurons. We expressed Ng mutants with different
phosphorylation properties and examined their effects on synaptic transmission and LTP
expression. Our results show that phosphorylation of Ng plays an important role in
determining the magnitude of LTP expression. We propose a novel mechanism through
which Ng phosphorylation fine-tunes synaptic plasticity.

MATERIALS AND METHODS
Animals and hippocampal slice preparation

Young Sprague-Dawley rats (postnatal day 5 or 6) were purchased from Charles River
Laboratories (Portage, MI, USA) and maintained on a daily 12 h light: 12 h dark cycle. All
biosafety procedures and animal care protocols were approved by the Medical College of
Wisconsin Institutional Animal Care and Use Committee (IACUC). Hippocampal slices
were prepared as described previously (Gahwiler et al., 1997).

DNA constructs and expression
GFP-tagged Ng mutants (Ng-SA and Ng-SD) were cloned from GFP-Ng plasmid as
described (Zhong et al., 2009) using the gene-tailor site-directed mutagenesis system
(Invitrogen, Carlsbad, CA, USA). Mutations were made in the serine 36 residue to an
alanine for Ng-SA and to an aspartate in Ng-SD. Constructs were re-cloned into pSinRep5
(Invitrogen) for Sindbis virus preparation. Recombinant plasmids have been verified by
sequencing. After 2–7 days in culture, the recombinant gene was delivered into the slices.
For the experiments shown in Fig. 3, we used the biolistic delivery method (Lo et al., 1994),
which allowed us to deliver two plasmids bearing mammalian promoters. For expression of
single proteins, we used the Sindbis virus expression system, which is a replication-
deficient, low-toxicity and neuron-specific system (Malinow, 1999).

Calmodulin Pull-down
The pull-down assay was performed as described previously (Zhong et al., 2009). Briefly,
hippocampal extracts were prepared in homogenization buffer (150 mM NaCl, 20 mM Tris
pH 7.5, 1 mM DTT, 1 µg/ml leupeptin, 1 µg/ml chemostatin, 1 µg/ml antipain, 1 µg/ml
pepstatin and 1 % Triton X-100) containing either 2 mM EDTA or 2 mM Ca2+. These
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extracts were then incubated with CaM-sepharose beads (GE Healthcare, Uppsala, Sweden)
for 3 hours at 4°C followed by three washes in homogenization buffer. Elution buffer
contained either 10 mM CaCl2 (to elute Ca2+-sensitive CaM binding proteins, e.g. Ng) or 10
mM EDTA (to elute Ca2+-dependent CaM binding proteins, e.g. CaMKII). Antibodies used
for western blot analysis were anti-Ng (rabbit) (Millipore, Billerica, MA, USA, AB5620)
and anti-α CaMKII (rabbit) (Millipore, MAB8699).

Electrophysiology
For paired recordings (Fig. 1B), simultaneous double whole-cell recordings were obtained
for nearby pairs of infected (fluorescent) and uninfected (non-fluorescent neurons) under
visual guidance using differential interference contrast (DIC) illumination as previously
described (Zhong et al., 2009). Synaptic responses were evoked with two bipolar electrodes
(2-contact, FHC, Bowdoin, ME, USA) placed on the Schaffer collateral fibers between 300
and 500 mm from the recorded cells. The responses obtained from the two stimulating
electrodes were averaged for each cell and counted as an ‘n’ of 1. The recording chamber
was perfused with 119 mM NaCl, 2.5 mM KCl, 4 mM CaCl2, 4 mM MgCl2, 26 mM
NaHCO3, 1 mM NaH2PO4, 11 mM glucose, 0.1 mM picrotoxin and 2 µM 2-
chloroadenosine, at pH 7.4, and gassed with 5% CO2, 95% O2. Patch recording pipettes (3–
6 MΩ) were filled with 115 mM cesium methanesulfonate, 20 mM CsCl, 10 mM HEPES,
2.5 mM MgCl2, 4 mM Na2ATP, 0.4 mM Na3GTP, 10 mM sodium phosphocreatine and 0.6
mM EGTA, at pH 7.25. Miniature EPSCs (Figs. 1C and 4) were recorded in the presence of
1 µM tetrodotoxin (TTX) (Tocris, Ellisville, MO, USA) and no chloroadenosine. For
rectification experiments (Fig. 3), 0.1 mM spermine (Fisher Scientific, Pittsburg, PA, USA)
was added in the intracellular solution, and 0.1 mM DL-2-amino-5-phosphonopentanoate
(AP5) (Tocris) was present in the bath solution. LTP was induced by pairing 3 Hz
presynaptic stimulation (300 pulses) with 0 mV postsynaptic depolarization. Voltage-clamp
whole-cell recordings were acquired with a Multiclamp 700A amplifier (Axon Instruments,
Sunnyvale, CA, USA).

Statistical analysis
Comparison of electrophysiological responses between pairs of infected and uninfected
neurons (Fig. 1B) was carried out using the paired non-parametric Wilcoxon test. Mean
values of mEPSCs (Figs. 1C and 4) and rectification index of AMPAR synaptic responses
(Fig. 3) were compared using non-directional Student’s t-test. Comparison of normalized
average steady-state AMPAR-mediated responses between control uninfected neurons and
those expressing Ng-SA or Ng-SD (Fig. 2B) was achieved using One-Way ANOVA
followed by the Tukey-Kramer post hoc test. Values were considered significantly different
if P < 0.05 and marked with asterisk. Error bars represent standard error of the mean in all
figures.

RESULTS
Non-phosphorylatable neurogranin mutant cannot potentiate synaptic transmission

Overexpression of wild-type Ng enhances synaptic strength by increasing synaptic
AMPARs through its regulated interaction with CaM (Zhong et al., 2009). In the current
study, we assessed the role of Ng phosphorylation in synaptic transmission and LTP. We
used a GFP-tagged Ng mutant that cannot be phosphorylated at serine 36 through its
mutation to alanine (Ng-SA). First, we tested whether this mutant binds to CaM in a Ca2+-
dependent manner, like the endogenous Ng. To do so, we expressed Ng-SA in CA1
hippocampal neurons and performed a CaM-sepharose pull-down assay in the presence of 2
mM EDTA or 2 mM Ca2+. In agreement with previously published data (Gerendasy et al.,

Zhong et al. Page 3

Eur J Neurosci. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1994a), Ng-SA binds to CaM only in the absence of Ca2+, similar to endogenous Ng (Fig.
1A).

The effect of Ng-SA on synaptic transmission was evaluated by simultaneous double whole-
cell recordings from pairs of nearby infected and uninfected neurons under voltage-clamp
configuration. As shown in Fig. 1B, Ng-SA neither enhanced AMPAR- (39.78 ± 7.06 pA vs.
44.80 ± 8.57 pA for control, n = 10, P = 0.40, Wilcoxon test) nor changed NMDAR-
mediated responses (38.64 ± 7.80 pA vs. 34.56 ± 6.51 pA for control, n = 12, P = 0.36,
Wilcoxon test). As an independent method to test the role of Ng-SA on synaptic
transmission, we measured miniature excitatory postsynaptic currents (mEPSCs). In
agreement with the whole-cell double recordings shown in Fig. 1B, Ng-SA overexpression
did not enhance the mEPSC amplitude (Fig. 1C, control: 24.21 ± 1.22 pA, Ng-SA: 26.30 ±
2.05 pA, n = 13 for each condition, P = 0.39, Student’s t-test) nor did it change the
frequency (control: 0.19 ± 0.048 Hz, Ng-SA: 0.16 ± 0.036 Hz, P = 0.61, Student’s t-test).
These results indicate that Ng-SA overexpression does not enhance AMPAR-mediated
responses. This is in contrast to the wild-type Ng, whose overexpression results in enhanced
synaptic transmission (Zhong et al., 2009). This enhancement is likely due to the ability of
the wild-type Ng (and not Ng-SA) to be phosphorylated, thus preventing CaM from
rebinding to then-phosphorylated wild-type Ng and allowing more time for CaM to activate
its targets. These results suggest that Ng phosphorylation is necessary for Ng-mediated
synaptic potentiation.

Neurogranin phosphorylation is essential for maximum LTP expression
Ng-mediated potentiation of synaptic transmission is dependent on regulated CaM binding
(Zhong et al., 2009). Since Ng-SA binds to CaM only in the absence of Ca2+, similar to
wild-type Ng, its inability to potentiate synaptic transmission suggests phosphorylation is
required for Ng-mediated potentiation (Zhong et al., 2009). To directly investigate the role
of Ng phosphorylation in LTP induction, we tested the effect of Ng-SA expression on LTP.
LTP was induced in infected (Ng-SA-expressing) and uninfected CA1 neurons by pairing
presynaptic stimulation (3 Hz, 1.5 min) with postsynaptic depolarization (0 mV). As shown
in Fig. 2A, uninfected neurons exhibited robust LTP (207.9 ± 22.6%, n = 11, P = 0.00075,
Student’s t-test). Interestingly, while neurons expressing Ng-SA were able to produce LTP
(140.1 ± 15.8%, n = 8, P = 0.039, Student’s t-test), they exhibited significantly smaller
magnitude of potentiation than control neurons (Fig. 2B, P = 0.0032, ANOVA and Tukey-
Kramer post hoc test). These results suggest that the inability of Ng to be phosphorylated
interferes with the ability of neurons to maximally express LTP. It is worth mentioning that
overexpression of wild-type Ng mimics and occludes LTP (Zhong et al., 2009).
Nonetheless, when Ng-mediated potentiation was blocked by concurrent application of
NMDAR blocker, AP5, robust LTP was induced in neurons overexpressing wild-type Ng,
indicating that overexpression per se does not interfere with LTP induction. It is important
to note that the lack of maximal LTP in Ng-SA-expressing neurons is not due to partial
occlusion of LTP since Ng-SA overexpression was not able to enhance basal transmission,
in contrast to wild-type Ng.

Ng-SA expression does not interfere with AMPA receptor insertion
The inefficient induction of LTP, when Ng-SA is expressed, signifies the relevance of Ng
phosphorylation in fine-tuning the level of LTP expression. However, it is also possible that
overexpression of Ng-SA may interfere with AMPAR insertion to some degree, thus
preventing a full expression of LTP. To examine this possibility, we used the
“electrophysiological tagging” to monitor the effects of Ng-SA on CaMKII-mediated
synaptic delivery of GluR1. To do so, we used the biolistic method to co-transfect CA1
neurons with GFP-GluR1 and truncated CaMKII (tCaMKII, a constitutively active form of
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CaMKII that has been shown to induce GluR1 insertion into the synapse) in the absence or
presence of Ng-SA. Delivery of GFP-GluR1 receptors to synapses was then quantified as an
increase in the ratio of the evoked postsynaptic current at −60 mV relative to the current at
+40 mV (rectification index = I−60/I+40) (Hayashi et al., 2000; Gerges et al., 2005). As
expected, neurons co-expressing GluR1 and tCaMKII showed an increase in rectification
index relative to non-transfected neurons (Fig. 3, untransfected: 1.39 ± 0.14, n = 14, GluR1-
tCaMKII transfected: 2.40 ± 0.20, n = 6, P = 0.0017, Student’s t-test), indicating that
expression of constitutively active CaMKII results in GluR1 synaptic delivery. Importantly,
neurons co-expressing GluR1 and tCaMKII in the presence of Ng-SA showed a similar
degree of rectification (Fig. 3), indicating that the presence of Ng-SA did not interfere, even
partially, with CaMKII-mediated GluR1 synaptic delivery. These results demonstrate that
the reduced expression of LTP seen in the presence of Ng-SA expression (Fig. 2) is not due
to its interference with AMPAR insertion into the synapse but rather due to its inability to be
phosphorylated.

Phosphomimic neurogranin does not change synaptic transmission but blocks LTP
The reduced magnitude of LTP due to Ng-SA expression supports a model in which Ng can
regulate the local unbound CaM through two distinct steps. First, the increase in Ca2+ will
lead to CaM dissociation from Ng. The released CaM can locally activate targets (e.g.
CaMKII). If Ng is phosphorylated, CaM will have more time to activate its targets resulting
in maximal LTP. However, if Ng is not phosphorylated (as in the case of Ng-SA), CaM will
re-bind to Ng and become sequestered, limiting the activation of its targets and resulting in
reduced LTP expression. Alternatively, it is possible that phosphorylation of Ng may have a
direct role in potentiating synaptic strength, in a CaM-independent manner. To directly test
this possibility, we assessed the effects of a phosphomimic mutant of Ng (Ng-SD) on
synaptic transmission. As shown in Fig. 4, Ng-SD expression did not increase the mEPSC
amplitude (control: 27.46 ± 1.43 pA, Ng-SD: 30.12 ± 2.22 pA, n = 10 for each condition, P
= 0.33, Student’s t-test) nor did it change the frequency (control: 0.20 ± 0.094 Hz, Ng-SD:
0.31 ± 0.15 Hz, P = 0.55, Student’s t-test), strongly suggesting that Ng phosphorylation per
se does not potentiate synaptic transmission. This is consistent with the previous finding that
Ng-SD does not enhance AMPAR- or NMDAR-mediated responses (Zhong et al., 2009). It
is important to note that Ng-SD does not bind to CaM in the presence or absence of Ca2+

(Zhong et al., 2009). These results show that the phosphomimic Ng does not have a direct
effect on synaptic transmission.

We have previously shown that Ng-mediated effects on synaptic plasticity are dependent on
its regulated binding to CaM. For example, mutants that lack the CaM binding ability (e.g.
Ng mutant that lacks the IQ motif) or mutants that constitutively bind to CaM in the
presence or absence of Ca2+ are unable to potentiate synaptic transmission, in contrast to Ng
wild-type (Zhong et al., 2009). This property of Ng predicts that expression of a
phosphomimic Ng will block LTP induction due to the inability of this mutant to bind CaM.
To test this, we induced LTP in control CA1 neurons and neurons expressing Ng-SD as
described above. As predicted, Ng-SD completely abolished LTP induction (Fig. 2). Taken
together, the ability of Ng to enhance synaptic plasticity is due to its ability to target CaM
and its phosphorylation provides a novel mechanism to regulate LTP.

DISCUSSION
Our study has identified a novel regulatory mechanism by which neurons can fine-tune
learning-correlated plasticity through the regulation of Ng phosphorylation. Previous studies
have shown that Ng plays a critical role in LTP induction (Huang et al., 2004; Zhong et al.,
2009). It has also been increasingly recognized that cognitive abnormalities associated with
many disorders are correlated with abnormal levels or distribution of Ng (Iniguez et al.,
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1993; Piosik et al., 1995; Chang et al., 1997; Mons et al., 2001). For example, a recent
genome-wide scan of thousands of schizophrenia and control cases identified Ng as one of
four major variants associated with schizophrenia (Stefansson et al., 2009). It has thus been
suggested that the cognitive deficits associated with schizophrenia are due, at least partly, to
reduced levels of Ng. It is not surprising then to observe cognitive deficits in Ng knockout
mice as well as a positive correlation between memory function and Ng levels (Pak et al.,
2000; Huang et al., 2004). Thus, the regulation of Ng levels can be critical in determining
synaptic plasticity and memory function. In the current study, we unravel a novel alternative
molecular mechanism by which Ng can regulate the expression of LTP, a synaptic model of
learning and memory.

Here, we show that the inability of Ng to be phosphorylated, as demonstrated by a non-
phosphorylatable Ng mutant (Ng-SA), results in reduced LTP expression compared to
control neurons. This reduced LTP is unlikely due to a disruption of AMPAR trafficking, as
expression of Ng-SA does not prevent CaMKII-mediated GluR1 insertion into to the
synapse. The inability of Ng-SA to allow for the full expression of LTP (Fig. 2) is most
likely due to the faster rebinding of CaM to Ng-SA after the initial dissociation, rather than
the lack of the direct effect of the phosphorylated Ng. While previous studies show that
there is enhanced phosphorylation of Ng during LTP (Chen, 1994;Ramakers et al., 2000),
the functional relevance of Ng phosphorylation remained to be determined.

Two main views exist concerning the function of Ng phosphorylation. One view suggests
Ng phosphorylation plays a regulatory role in synaptic function through the modulation of
free CaM levels (Li et al., 1999; Wu et al., 2002). This view is based on phosphorylated
Ng’s reduced affinity for CaM, which would render CaM available for many CaM-
dependent enzymes involved in regulating synaptic plasticity and function. The other view,
however, is that phosphorylated Ng can directly influence cellular functions independently
of CaM regulation. In Xenopus oocytes, for example, it has been shown that phosphorylation
of Ng can enhance mobilization of intracellular Ca2+ (Cohen et al., 1993). The lack of direct
effects of Ng-SD on basal transmission supports the former view that Ng phosphorylation
plays a regulatory role in synaptic function. Thus, Ng phosphorylation may act as a
checkpoint that can give CaM more time to be in the unbound state. Given the importance of
CaM signaling and the diversity of its targets, it is likely that multiple levels of regulation
exist. Several lines of evidence support this notion. First, the abundant CaM-binding
postsynaptic protein, Ng, concentrates and targets CaM within dendritic spines (Zhabotinsky
et al., 2006; Zhong et al., 2009). Second, an increase in the local Ca2+ frees CaM from Ng
(Huang et al., 1993; Gerendasy et al., 1995). Finally, since the spike of local Ca2+ increase
is rather transient, phosphorylation of Ng allows CaM to be dissociated for a longer period
of time. This functionality can give the system a lot of flexibility in determining the level of
activation of subsequent targets. The degree of Ng phosphorylation may ultimately influence
the level of unbound CaM after the initial dissociation. Therefore, this phosphorylation can
allow an ample range of modification within the synapse, which can undergo various
degrees of plasticity rather than an all-or-none outcome. This is supported by previous
findings indicating that intermediate expression of LTP can be induced by interfering with
particular pathways (Zhu et al., 2005).

Our data support a model in which Ng fine-tunes synaptic plasticity through its
phosphorylation (see Fig. 5 for illustration). Under normal conditions, local transients of
Ca2+ spikes free CaM from Ng, which can then activate relevant targets, such as CaMKII,
until it re-associates with Ng. The PKC-mediated phosphorylation of Ng prevents CaM from
rebinding to Ng and thus allowing it to activate its targets for a prolonged time frame,
leading to maximal expression of LTP. However, if Ng is incapable of being phosphorylated
(e.g. Ng-SA), CaM re-associates with Ng relatively quickly, attenuating CaM signaling and
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resulting in sub-maximal LTP. Finally, the inability of neurons expressing Ng-SD to induce
LTP emphasizes that Ng’s major molecular role in synaptic function can be attributed to its
CaM-binding ability. The current model also supports the idea that Ng can act as a
coincidence-detector (Hayashi, 2009) integrating NMDAR and mGluR signaling, through
CaM localization and PKC phosphorylation, thereby fine-tuning learning-correlated
plasticity.

An important question surfaces from this study is the relevance of Ng phosphorylation in
cognitive function. Our model predicts that a lack of Ng phosphorylation, while may not
result in total cognitive impairment, would lead to some degree of cognitive deficits. A Ng-
SA knock-in mouse is currently unavailable. However, knockout mice for PKC gamma
(PKCγ), a neuron-specific PKC isozyme that specifically phosphorylates Ng (Ramakers et
al., 1999), exhibit mild to moderate deficits in spatial and contextual learning (Abeliovich et
al., 1993a). Moreover, in agreement with the LTP results of neurons expressing Ng-SA,
PKCγ knockout mice showed a reduced ability to induce LTP in hippocampal slices
(Abeliovich et al., 1993b). It has been hypothesized that memory deficits, associated with
some cognitive disorders, are attributed to decreased Ng levels (Iniguez et al., 1993; Piosik
et al., 1995; Chang et al., 1997; Mons et al., 2001). In here, we speculate that cognitive
deficits can result from not only decreased Ng levels but also from a disturbance in the
signaling necessary for Ng phosphorylation. Further studies are needed to test this
hypothesis.

In conclusion, our results highlight the importance of Ng phosphorylation in LTP induction
and provide a novel mechanism by which neurons can regulate plasticity.
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ABBREVIATIONS

AMPAR α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor

CA1 Cornu Ammonis subfield 1

CaM calmodulin

CaMKII Ca2+/CaM-dependent protein kinase II

DAG diacylglycerol

GFP green fluorescence protein

LTP long-term potentiation

mEPSC miniature excitatory postsynaptic current

mGluR metabotropic glutamateric receptor

Ng neurogranin

NMDAR N-methyl-D-aspartate receptor

PKC protein kinase C

PKCγ protein kinase C gamma

PLC phospholipase C
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tCaMKII truncated CaMKII

References
Abeliovich A, Chen C, Goda Y, Silva AJ, Stevens CF, Tonegawa S. Modified hippocampal long-term

potentiation in PKC gamma-mutant mice. Cell. 1993a; 75:1253–1262. [PubMed: 8269509]
Abeliovich A, Paylor R, Chen C, Kim JJ, Wehner JM, Tonegawa S. PKC gamma mutant mice exhibit

mild deficits in spatial and contextual learning. Cell. 1993b; 75:1263–1271. [PubMed: 8269510]
Alkon DL, Nelson TJ. Specificity of molecular changes in neurons involved in memory storage. Faseb

J. 1990; 4:1567–1576. [PubMed: 2108074]
Bliss TV, Collingridge GL. A synaptic model of memory: long-term potentiation in the hippocampus.

Nature. 1993; 361:31–39. [PubMed: 8421494]
Chang JW, Schumacher E, Coulter PM 2nd, Vinters HV, Watson JB. Dendritic translocation of RC3/

neurogranin mRNA in normal aging, Alzheimer disease and fronto-temporal dementia. J
Neuropathol Exp Neurol. 1997; 56:1105–1118. [PubMed: 9329454]

Chen CC. Alterations of protein kinase C isozyme and substrate proteins in mouse brain after
electroconvulsive seizures. Brain Res. 1994; 648:65–72. [PubMed: 7922528]

Cohen RW, Margulies JE, Coulter PM 2nd, Watson JB. Functional consequences of expression of the
neuron-specific, protein kinase C substrate RC3 (neurogranin) in Xenopus oocytes. Brain Res.
1993; 627:147–152. [PubMed: 8293295]

Gahwiler BH, Capogna M, Debanne D, McKinney RA, Thompson SM. Organotypic slice cultures: a
technique has come of age. Trends Neurosci. 1997; 20:471–477. [PubMed: 9347615]

Gerendasy DD, Herron SR, Jennings PA, Sutcliffe JG. Calmodulin stabilizes an amphiphilic alpha-
helix within RC3/neurogranin and GAP-43/neuromodulin only when Ca2+ is absent. J Biol Chem.
1995; 270:6741–6750. [PubMed: 7896819]

Gerendasy DD, Herron SR, Watson JB, Sutcliffe JG. Mutational and biophysical studies suggest RC3/
neurogranin regulates calmodulin availability. J Biol Chem. 1994a; 269:22420–22426. [PubMed:
8071370]

Gerendasy DD, Herron SR, Wong KK, Watson JB, Sutcliffe JG. Rapid purification, site-directed
mutagenesis, and initial characterization of recombinant RC3/neurogranin. J Mol Neurosci. 1994b;
5:133–148. [PubMed: 7654517]

Gerges NZ, Alzoubi KH, Alkadhi KA. Role of phosphorylated CaMKII and calcineurin in the
differential effect of hypothyroidism on LTP of CA1 and dentate gyrus. Hippocampus. 2005;
15:480–490. [PubMed: 15714506]

Hayashi Y. Long-term potentiation: two pathways meet at neurogranin. EMBO J. 2009; 28:2859–
2860. [PubMed: 19809472]

Hayashi Y, Shi SH, Esteban JA, Piccini A, Poncer JC, Malinow R. Driving AMPA receptors into
synapses by LTP and CaMKII: requirement for GluR1 and PDZ domain interaction. Science.
2000; 287:2262–2267. [PubMed: 10731148]

Huang KP, Huang FL, Chen HC. Characterization of a 7.5-kDa protein kinase C substrate (RC3
protein, neurogranin) from rat brain. Arch Biochem Biophys. 1993; 305:570–580. [PubMed:
8080473]

Huang KP, Huang FL, Jager T, Li J, Reymann KG, Balschun D. Neurogranin/RC3 enhances long-term
potentiation and learning by promoting calcium-mediated signaling. J Neurosci. 2004; 24:10660–
10669. [PubMed: 15564582]

Iniguez MA, Rodriguez-Pena A, Ibarrola N, Aguilera M, Munoz A, Bernal J. Thyroid hormone
regulation of RC3, a brain-specific gene encoding a protein kinase-C substrate. Endocrinology.
1993; 133:467–473. [PubMed: 8344193]

Li J, Pak JH, Huang FL, Huang KP. N-methyl-D-aspartate induces neurogranin/RC3 oxidation in rat
brain slices. J Biol Chem. 1999; 274:1294–1300. [PubMed: 9880498]

Lisman J. A mechanism for the Hebb and the anti-Hebb processes underlying learning and memory.
Proc Natl Acad Sci U S A. 1989; 86:9574–9578. [PubMed: 2556718]

Zhong et al. Page 8

Eur J Neurosci. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Lo DC, McAllister AK, Katz LC. Neuronal transfection in brain slices using particle-mediated gene
transfer. Neuron. 1994; 13:1263–1268. [PubMed: 7993619]

Malenka RC, Nicoll RA. Long-term potentiation--a decade of progress? Science. 1999; 285:1870–
1874. [PubMed: 10489359]

Malinow, R.; Hayashi, Y.; Maletic-Savatic, M.; Zaman, S.; Poncer, J-C.; Shi, S-H.; Esteban, JA.
Introduction of Green Fluorescent Protein into hippocampal neurons through viral infection.
Yuste, R.; Lanni, F.; Konnerth, A., editors. Cold Spring Harbor, NY: Cold Spring Harbor Press;
1999.

Malinow R, Mainen ZF, Hayashi Y. LTP mechanisms: from silence to four-lane traffic. Curr Opin
Neurobiol. 2000; 10:352–357. [PubMed: 10851179]

Mons N, Enderlin V, Jaffard R, Higueret P. Selective age-related changes in the PKC-sensitive,
calmodulin-binding protein, neurogranin, in the mouse brain. J Neurochem. 2001; 79:859–867.
[PubMed: 11723178]

Pak JH, Huang FL, Li J, Balschun D, Reymann KG, Chiang C, Westphal H, Huang KP. Involvement
of neurogranin in the modulation of calcium/calmodulin-dependent protein kinase II, synaptic
plasticity, and spatial learning: a study with knockout mice. Proc Natl Acad Sci U S A. 2000;
97:11232–11237. [PubMed: 11016969]

Piosik PA, van Groenigen M, Ponne NJ, Bolhuis PA, Baas F. RC3/neurogranin structure and
expression in the caprine brain in relation to congenital hypothyroidism. Brain Res Mol Brain Res.
1995; 29:119–130. [PubMed: 7539519]

Ramakers GM, De Graan PN, Urban IJ, Kraay D, Tang T, Pasinelli P, Oestreicher AB, Gispen WH.
Temporal differences in the phosphorylation state of pre- and postsynaptic protein kinase C
substrates B-50/GAP-43 and neurogranin during long-term potentiation. J Biol Chem. 1995;
270:13892–13898. [PubMed: 7775448]

Ramakers GM, Gerendasy DD, de Graan PN. Substrate phosphorylation in the protein kinase Cgamma
knockout mouse. J Biol Chem. 1999; 274:1873–1874. [PubMed: 9890937]

Ramakers GM, Pasinelli P, van Beest M, van der Slot A, Gispen WH, De Graan PN. Activation of pre-
and postsynaptic protein kinase C during tetraethylammonium-induced long-term potentiation in
the CA1 field of the hippocampus. Neurosci Lett. 2000; 286:53–56. [PubMed: 10822151]

Represa A, Deloulme JC, Sensenbrenner M, Ben-Ari Y, Baudier J. Neurogranin: immunocytochemical
localization of a brain-specific protein kinase C substrate. J Neurosci. 1990; 10:3782–3792.
[PubMed: 2269883]

Stefansson H, Ophoff RA, Steinberg S, Andreassen OA, Cichon S, Rujescu D, Werge T, Pietilainen
OP, Mors O, Mortensen PB, Sigurdsson E, Gustafsson O, Nyegaard M, Tuulio-Henriksson A,
Ingason A, Hansen T, Suvisaari J, Lonnqvist J, Paunio T, Borglum AD, Hartmann A, Fink-Jensen
A, Nordentoft M, Hougaard D, Norgaard-Pedersen B, Bottcher Y, Olesen J, Breuer R, Moller HJ,
Giegling I, Rasmussen HB, Timm S, Mattheisen M, Bitter I, Rethelyi JM, Magnusdottir BB,
Sigmundsson T, Olason P, Masson G, Gulcher JR, Haraldsson M, Fossdal R, Thorgeirsson TE,
Thorsteinsdottir U, Ruggeri M, Tosato S, Franke B, Strengman E, Kiemeney LA, Melle I,
Djurovic S, Abramova L, Kaleda V, Sanjuan J, de Frutos R, Bramon E, Vassos E, Fraser G,
Ettinger U, Picchioni M, Walker N, Toulopoulou T, Need AC, Ge D, Yoon JL, Shianna KV,
Freimer NB, Cantor RM, Murray R, Kong A, Golimbet V, Carracedo A, Arango C, Costas J,
Jonsson EG, Terenius L, Agartz I, Petursson H, Nothen MM, Rietschel M, Matthews PM, Muglia
P, Peltonen L, St Clair D, Goldstein DB, Stefansson K, Collier DA. Common variants conferring
risk of schizophrenia. Nature. 2009; 460:744–747. [PubMed: 19571808]

Watson JB, Szijan I, Coulter PM 2nd. Localization of RC3 (neurogranin) in rat brain subcellular
fractions. Brain Res Mol Brain Res. 1994; 27:323–328. [PubMed: 7898318]

Wu J, Li J, Huang KP, Huang FL. Attenuation of protein kinase C and cAMP-dependent protein
kinase signal transduction in the neurogranin knockout mouse. J Biol Chem. 2002; 277:19498–
19505. [PubMed: 11912190]

Zhabotinsky AM, Camp RN, Epstein IR, Lisman JE. Role of the neurogranin concentrated in spines in
the induction of long-term potentiation. J Neurosci. 2006; 26:7337–7347. [PubMed: 16837580]

Zhong L, Cherry T, Bies CE, Florence MA, Gerges NZ. Neurogranin enhances synaptic strength
through its interaction with calmodulin. Embo J. 2009; 28:3027–3039. [PubMed: 19713936]

Zhong et al. Page 9

Eur J Neurosci. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Zhu Y, Pak D, Qin Y, McCormack SG, Kim MJ, Baumgart JP, Velamoor V, Auberson YP, Osten P,
van Aelst L, Sheng M, Zhu JJ. Rap2-JNK removes synaptic AMPA receptors during
depotentiation. Neuron. 2005; 46:905–916. [PubMed: 15953419]

Zhong et al. Page 10

Eur J Neurosci. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig.1. Non-phosphorylatable mutant of neurogranin cannot enhance synaptic transmission
(A) Western blot analysis of CaM pull-down assay from hippocampal extracts of slices
injected with a non-phosphorylatable mutant of Ng, Ng-SA, in the presence of EDTA or
Ca2+. Note that both Ng-SA and endogenous Ng were pulled down only in the absence of
Ca2+. As a control, the membrane was stripped and re-probed for CaMKII, which is pulled
down with CaM only in the presence of Ca2+. (B) Data represent the average evoked EPSCs
recorded simultaneously from pairs of nearby uninfected (control) and infected neurons
expressing GFP-tagged Ng-SA (Ng-SA). Insets, sample traces of evoked AMPAR- and
NMDAR-mediated synaptic responses recorded at −60 and +40 mV, respectively. Arrows
indicate NMDAR-mediated responses (the amplitude at 60 ms latency, when AMPAR
responses have decayed). Scale bars, 40 pA, 40 ms. (C) Left panel, sample traces of
spontaneous miniature excitatory postsynaptic currents (mEPSCs) recorded at −70 mV from
uninfected neurons (control, n = 13) or Ng-SA-expressing neurons (Ng-SA, n = 13). Scale
bars, 25 pA, 10 s. Data represent average mEPSC amplitudes (left graph) and frequencies
(right graph).
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Fig.2. Phosphorylation of neurogranin fine-tunes LTP expression
(A) LTP was induced by pairing 3 Hz presynaptic stimulation (300 pulses) with 0 mV
postsynaptic depolarization (indicated with an arrow) in CA1 neurons expressing Ng-SA
(grey diamonds, n = 8), Ng-SD (black circles, n = 6) or uninfected neurons (white squares, n
= 11). Insets, sample traces of evoked AMPAR-mediated synaptic responses recorded at
−60 mV before pairing (grey line) and 20 min after pairing (black line) from control or
infected cells as indicated. Scale bars, 20 pA, 20 ms. (B) Normalized average steady-state
AMPAR-mediated responses in paired (LTP induction) and unpaired (control pathway)
pathways for uninfected neurons and neurons expressing Ng-SA or Ng-SD were evaluated
by One-Way ANOVA (P = 0.0032).
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Fig.3. Non-phosphorylatable mutant of neurogranin does not interfere with AMPA receptor
insertion
The rectification index (RI) is calculated as the ratio of the amplitude of AMPAR-mediated
responses at −60 mV over that at +40 mV. Endogenous receptors conduct currents at −60
and +40 mV, whereas recombinant receptors conduct currents only at negative potentials.
Therefore, delivery of the recombinant GluR1 homomeric receptors is accompanied by an
increase in the RI (similar results were obtained for the control neurons recorded with each
condition and data were pooled). Inset, sample traces of evoked AMPAR-mediated synaptic
responses recorded at −60 and +40 mV from control (n = 14), tCaMKII + GluR1 (n = 6), or
tCaMKII + GluR1 + Ng-SA (n = 8). Scale bars, 25 pA and 10 ms.
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Fig.4. A phosphomimic mutant of neurogranin does not enhance basal transmission
(A) Sample traces of spontaneous miniature excitatory postsynaptic currents (mEPSCs)
recorded at −70 mV from uninfected neurons (control, n = 10) or neurons expressing Ng-SD
(Ng-SD) (n = 10). Scale bar, 50 pA, 20 s. (B and C) Data representing average mEPSC
amplitudes (B) and frequency (C) of control and Ng-SD-expressing neurons.
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Fig.5. Ng phosphorylation fine-tunes the magnitude of LTP expression
(A) Under normal conditions, phosphorylation of Ng gives CaM enough time to be in its
unbound state and affect subsequent targets, resulting in maximal LTP expression. (B)
Inability of Ng to be phosphorylated shortens the time of CaM in its free state as it re-binds
with unphosphorylated Ng, resulting in sub-maximal LTP. (C) Phosphomimic mutant of Ng
results in a loss of spatial targeting of CaM, thus, LTP cannot be induced. This effect is
similar to that when Ng is absent (D).
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