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Abstract CaMKII is essential for long-term potentiation

(LTP), a process in which synaptic strength is increased

following the acquisition of information. Among the four

CaMKII isoforms, cCaMKII is the one that mediates the

LTP of excitatory synapses onto inhibitory interneurons

(LTPE?I). However, the molecular mechanism underlying

how cCaMKII mediates LTPE?I remains unclear. Here, we

show that cCaMKII is highly enriched in cultured hip-

pocampal inhibitory interneurons and opts to be activated

by higher stimulating frequencies in the 10–30 Hz range.

Following stimulation, cCaMKII is translocated to the

synapse and becomes co-localized with the postsynaptic

protein PSD-95. Knocking down cCaMKII prevents the

chemical LTP-induced phosphorylation and trafficking of

AMPA receptors (AMPARs) in putative inhibitory

interneurons, which are restored by overexpression of

cCaMKII but not its kinase-dead form. Taken together,

these data suggest that cCaMKII decodes NMDAR-medi-

ated signaling and in turn regulates AMPARs for express-

ing LTP in inhibitory interneurons.

Keywords Synaptic plasticity � LTP � Inhibitory

interneurons � cCaMKII � AMPAR � NMDAR

Introduction

Mapping the cellular and molecular substrates of long-term

synaptic plasticity has been a fundamental goal of neuro-

science, with significant implications for neurotherapeutics

and nootropics. A major form of long-term synaptic

plasticity, long-term potentiation (LTP) allows neurons to

change their synaptic strength following the acquisition of

information [1]. Since its initial discovery, extensive

studies involving the LTP of excitatory synapses onto

excitatory neurons (LTPE?E) have advanced our under-

standing of its underlying molecular mechanisms and

functional roles, leading to a widely accepted cellular

model of learning and memory [2–5]. By coordinating with

excitatory neurons, the plasticity of inhibitory interneurons

is essential for dynamic control of the overall level of

excitatory activity and information process in the brain.

However, unlike LTPE?E, the molecular mechanisms that

underlie the LTP of excitatory synapses onto inhibitory

interneurons (LTPE?I) [6–9] remain largely unknown.

In the canonical LTPE?E induction pathway, the

activation of N-methyl-D-aspartate receptors (NMDARs)

[10] is critical for triggering signal transduction and in turn

regulates a-amino-3-hydroxy-5-methyl-4-isoxazolepropi-

onic acid receptor (AMPAR) function [2, 3]. In this

fundamental process, aCaMKII (a Ca2?/calmodulin-

dependent protein kinase II) serves as the central regulator

by decoding NMDAR signaling to control AMPAR

phosphorylation and membrane trafficking [11–13]. Sim-

ilar to excitatory neurons, NMDARs and AMPARs are also

present and are known to play a critical role in regulating
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postsynaptic Ca2? signaling and controlling excitatory

input in inhibitory interneurons [5, 14–16]. Although

aCaMKII is not expressed in inhibitory neurons [17],

cCaMKII is robustly expressed in inhibitory interneurons

and is a mediator of LTPE?I in the hippocampus [18].

However, the molecular mechanisms underlying the role of

cCaMKII in LTPE?I remain unclear. A limitation of the

previous work [18] is that the functional role of cCaMKII

in mediating NMDAR-triggered AMPAR trafficking was

not directly examined. This is important as Ca2?-perme-

able AMPARs are known to be strongly expressed in

inhibitory interneurons and the expression of NMDARs is

relatively low [16, 19], which raises the question of

whether cCaMKII mediates LTPE?I by regulating

AMPAR function in an NMDAR-dependent manner. Here,

we studied the role of cCaMKII in this process using a

glycine-based chemical LTP (cLTP) paradigm in cultured

hippocampal neurons. Applying this approach provided

two key advantages over the simple electrophysiological

assays used in the previous study [18]. First, using this

system minimized compensatory effects that might take

place during the development period because of the

absence of cCaMKII. Further, we easily monitored the

subcellular localization of cCaMKII and AMPARs at

relatively high resolution in cultured neurons to assess the

expression of surface AMPARs.

By combining cellular studies with immuno-electron

microscopy and electrophysiological analysis, we found

that cultured aCaMKII-negative neurons (i.e., inhibitory

interneurons) expressed CaMKII phosphorylated at Thr-

286/287 (pCaMKII). Compared to aCaMKII-positive neu-

rons (i.e., excitatory interneurons), pCaMKII in putative

inhibitory (aCaMKII-negative) neurons were recruited by

field stimuli at relatively high frequencies (10–30 Hz).

Knocking down cCaMKII using specific small hairpin

RNA (shRNA) eliminated pCaMKII in these cells, sug-

gesting that cCaMKII is the main isoform of functional

CaMKII. cCaMKII exerted activity-dependent transloca-

tion to co-localize with the postsynaptic protein PSD-95

following cLTP stimulation. Knocking down cCaMKII

prevented the phosphorylation of the AMPAR subunit

GluA1 at Ser831 (pGluA1) and inhibited the NMDAR-

dependent changes of surface GluA1 level, which were

rescued by an shRNA-resistant cCaMKII, but not the

kinase-dead form of cCaMKII. Taken together, these

results suggest that cCaMKII mediates LTPE?I by decod-

ing postsynaptic NMDAR signaling and in turn regulating

AMPAR function.

Materials and Methods

Data Acquisition

All data were acquired and analyzed by experimenters who

were blinded with respect to the cultured neurons and

stimulating conditions.

Animals

C57BL/6J mice and Sprague-Dawley rats were purchased

from Shanghai SLAC Laboratory Animal Co., Ltd. All

animal studies and experimental procedures were approved

by the Animal Care and Use Committee at Zhejiang

University.

Primary Cultures of Hippocampal Neurons

Hippocampal neurons were cultured from Sprague-Dawley

rat pups at postnatal days 0–1. The hippocampus was

isolated and washed twice in ice-cold modified Hanks’

balanced salt solution (HBSS; 4.2 mmol/L NaHCO3 and 1

mmol/L HEPES, pH 7.35, 300 mOsm) containing 20%

fetal bovine serum (FBS; Hyclone, Logan, USA). The

tissue was digested for 30 min in 2.5 mL FBS-free HBSS

containing 145 U papain (Worthington Biochemical Corp.,

Lakewood, USA) and 40 lL DNase at 37 �C with gentle

shaking every 10 min. Digestion was stopped by adding 5

mL modified HBSS containing 20% FBS. After washing,

the digested tissue was dissociated using Pasteur pipettes of

decreasing diameter. The resulting cell suspensions were

pelleted twice, filtered through a 70-lm nylon strainer, and

then plated on 12-mm round coverslips coated with poly-

D-lysine. The cultures were maintained in NbActiv4

medium (BrainBits, Springfield, USA). Every 7 days,

30% of the medium was replaced with fresh medium. The

neurons were processed for further experiments 10–17 days

after plating.

Plasmid Generation

The rat cCaMKII shRNA sequence (50-TGGCCTGGCCA

TCGAAGTGCA-30) was subcloned into the pLVTHM

vector (12247, Addgene, Watertown, USA) following the

manufacturers’ protocol [20]. Plasmids of pAAV-hSyn-

mCherry-P2A-HA-HscCaMKII (WT) and pAAV-hSyn-

mCherry-P2A-HA-HscCaMKII (K43R) were generated as

described previously [18]. In brief, the pAAV-hSyn-

mCherry-P2A-HA-HscCaMKII (WT) plasmid was assem-

bled by homologous recombination of a linearized pAAV

backbone (114472, Addgene), P2A was amplified from

pC5Kan-P2A (51814, Addgene), and HA-HscCaMKII
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(WT) was amplified from pCDH-EF1a-HA-HscCaMKII

(WT) [21]. The pAAV-hSyn-mCherry-P2A-HA-HscCaM-

KII (K43R) plasmid was generated using PCR-based

mutagenesis.

Field Stimulation

Field stimuli were applied as previously described [20]. In

brief, we applied 3-ms square-wave pulses to stimulate

cultured hippocampal neurons using two platinum elec-

trodes spaced *10 mm apart. We used the stimulator

(Grass S11; Grass Instruments, Quincy, USA) to control

the pulse amplitude and duration. To achieve a reliable

effect, we set the stimulating amplitude 20% above the

threshold.

Neuronal Stimulation and Immunocytochemistry

To stimulate neurons, we added 30 lmol/L NMDA

(M3262; Sigma, St. Louis, USA) to cultures of hippocam-

pal neurons at room temperature for 60 s. To induce

chemical LTP, cultured hippocampal neurons were treated

with 200 lmol/L glycine (G5417; Sigma) in an extracel-

lular solution containing 5 mmol/L KCl, 143 mmol/L

NaCl, 10 mmol/L HEPES, 10 mmol/L glucose, 2 mmol/L

CaCl2, 0.5 lmol/L TTX (abs44200985a; Absin, Shanghai,

China), 1 lmol/L strychnine (45661; Sigma), and 20 lmol/

L bicuculline (HY-N0219; MedChemExpress, Monmouth

Junction, USA) for 10 min at room temperature. The

stimulated neurons were fixed at different time points

following the stimulation in fixing solution containing 4%

(v/v) paraformaldehyde, 4% (w/v) sucrose, and 20 mmol/L

EGTA in PBS buffer for 15 min. The fixed cells were

permeabilized with 0.1% Triton X-100 and blocked with

7.5% normal donkey serum before incubation with primary

antibodies overnight at 4�C. The primary antibodies were

as follows: rabbit anti-cCaMKII (1:2000) raised against

amino-acids 441–458 (we refer to this antibody as ab01;

GL Biochem; Shanghai, China [18]); mouse anti-aCaMKII

(1:1000, MA1-048; Thermo Fisher Scientific, Waltham,

USA); mouse anti-PSD95 (1:1000, 36233S; Cell Signaling

Technology, Danvers, USA); rabbit anti-pCaMKII (1:2000,

12716, Cell Signaling Technology); or rabbit anti-pGluA1

(1:1000, AB5847; Millipore, Billerica, USA). The cells

were then washed for 10 min in PBS, followed by

incubation with secondary antibodies (1:2000, A21202,

A21206, A31570-31573; Invitrogen, Carlsbad, USA) at

room temperature for 1 h. A Nikon A1 confocal micro-

scope system (Nikon, Tokyo, Japan) using either a 409 or

a 609 objective was used to acquire fixed neuron images.

For labeling of surface GluA1, the neurons were labeled

with an antibody against mouse N-terminal GluA1 (1:500,

MAB2263, Millipore). After incubation for 30 min at

37�C, the cells were immediately fixed in fixing solution

for 10 min. Surface antibody-labeled GluA1 was saturated

with anti-mouse Alexa-Fluor 647 (1:2000, A31571, Invit-

rogen/Life Technologies) for 40 min, followed by washing

with PBS for 30 min.

Electron Microscopy

Under deep anesthesia, mice were perfused with 0.9%

saline, followed by 0.1% glutaraldehyde and 4%

paraformaldehyde dissolved in 0.1 mol/L phosphate buffer.

The whole brain was removed and post-fixed overnight

in 4% paraformaldehyde and 0.1% glutaraldehyde in

0.1 mol/L phosphate buffer. Brain sections (50 lm thick)

were cut on a vibratome (Microm HM 430; ThermoFisher

Scientific). Sections containing the hippocampus were

collected and incubated in 50 mmol/L glycine for 30 min.

The sections were permeabilized with 0.05% Triton X-100

in phosphate buffer for 15 min and then blocked with

blocking buffer consisting of 0.1% BSA-CTM (Aurion;

Immuno Gold Reagents & Accessories, Wageningen,

Netherlands) in 0.1 mol/L PBS for 30 min. After washing

twice with blocking buffer, the sections were incubated

with rabbit anti-cCaMKII antibody (1:500, ab01) in

blocking buffer at 4�C for *12 h. After washing 6 times

with washing buffer (10 min each), the sections were

incubated overnight with Nano gold-labeled Fab’ anti-

rabbit secondary antibody in blocking buffer at 4�C. After

washing 6 times (10 min each), followed by 2 washes with

PBS (10 min each), the sections were fixed with 2.5%

glutaraldehyde in PBS for 2 h, washed 3 times with PBS

(10 min each), washed 6 times with deionized water (10

min each), and washed 3 times with 0.02 mol/L sodium

citrate buffer (pH 7.0) (5 min each). The sections were

treated for 6–8 min using an HQ Silver Enhancement Kit

(Nanoprobes Inc., Yaphank, USA), followed by 6 washes

with deionized water (10 min each) and 3 washes with 0.1

mol/L PBS (5 min each). The sections were then treated

with 1% OsO4 in 0.1 mol/L PBS for 30 min, followed by

staining with 2% uranyl acetate for 30 min. The sections

were then dehydrated in gradient ethanol and 100%

acetone, and then embedded in EPON resin. After the

resin polymerized, the sections were cut into 70-nm

ultrathin sections using a diamond knife mounted on an

ultramicrotome. The ultrathin sections were then mounted

on single-slot grids coated with a pioloform membrane,

stained with 1% (w/v) lead citrate, and examined using an

electron microscope (Philips Tecnai 20 transmission elec-

tron microscope at the Center for Cryo-Electron Micro-

scopy, Zhejiang University, Hangzhou, China). Typical

synaptic structures were imaged.
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RNA Extraction and cDNA Reverse Transcription

Total RNA was extracted from hippocampal cultured cells

using TRIzol (93289; Sigma-Aldrich) based on the man-

ufacturer’s instructions. Briefly, cells were rapidly homog-

enized in the TRIzol reagent. Chloroform was added to the

supernatant, then vortexed and centrifuged at 4 �C for 15

min. Isopropyl alcohol was added to the aqueous phase.

The samples were vortexed and incubated at room

temperature for 10 min followed by centrifugation at

4 �C for 10 min. The precipitates were washed twice in

75% ethanol and centrifuged at 4 �C for 5 min. Total RNA

was reverse-transcribed into cDNA using the Goldenstar

RT6 cDNA Synthesis Kit Ver. 2 (TSK302M; TsingKe,

Shanghai, China) based on the manufacturer’s instructions

and used immediately or stored at -20 �C.

Quantitative Real-Time PCR

PCR amplification of cDNA was applied using the Hieff

qPCR SYBR Green Master Mix (11201ES08; Yeasen

Biotechnology, Shanghai, China) in 96-well plates (Bio-

Rad, Hercules, USA). Relative gene expression in mRNA

levels was quantified using the 2-DDCt method. The mean

Ct of GAPDH (internal control gene) was subtracted from

the mean Ct of each target gene (DCt). Fold change was

calculated by normalizing each DDCt value to the corre-

sponding control DDCt value. For each experimental

sample, triplicate reactions were conducted using the

following qRT-PCR primers: Fwd: 50-AACCTGCCAAG-

TATGATGACATCA-30 and Rev: 50-TGTTGAAGTCA-

CAGGAGACAACCT-30 for GAPDH; Fwd: 50-
AAGAAGTTGTCTGCCCGAGA-30 and Rev: 50-
CCTCCCGTAACA AGGTCAAA-30 for CaMK2G.

Statistical Analysis

Data were analyzed using GraphPad Prism (GraphPad

Software, San Diego, USA), and the statistical analysis was

performed using one–way ANOVA followed by Tukey’s

test or unpaired Student’s t-test. We considered a P-value

\0.05 as statistically significant.

Results

CaMKII in Putative Inhibitory Interneurons is

Preferentially Activated by High-Frequency Stimuli

By virtue of its autonomous kinase activity through the

phosphorylation of Thr-286/287 in its regulatory domain,

CaMKII is well suited for decoding Ca2? signals and

regulating synaptic plasticity [12, 22]. CaMKII comprises a

family of isoforms (a, b, c, and d) derived from four

closely-related yet distinct genes (CaMK2A, CaMK2B,

CaMK2G, and CaMK2D), which are highly enriched in

brain tissue and present throughout the body. As a classic

marker for excitatory neurons such as glutamatergic

principal neurons [17], the expression of aCaMKII in the

brain is highly cell-specific and most aCaMKII-negative

cells are thought to be inhibitory interneurons [21].

Autophosphorylation of CaMKII at Thr-286/287 (pCaM-

KII) enables CaMKII to decode the graded translation of

Ca2? spike frequency into kinase activity in vitro [23] and

in intact neurons [24], which can be monitored by using a

specific pCaMKII antibody that recognizes all phosphory-

lated CaMKII isoforms [20, 25].

Inspired by the finding that Ca2?/CaM and CaMKII

signaling cascades are critical for LTPE?I [18, 26, 27], we

first examined the activation patterns of CaMKII in

cultured hippocampal neurons. To mimic neuronal activity

under physiological conditions, we applied field electric

stimulation to evoke trains of action potentials over a wide

range of frequencies [28], which were prevented by

applying Na? channel blockade—tetrodotoxin (TTX).

Cultured neurons were able to generate spikes at frequen-

cies as high as 50 Hz, which are illustrated by represen-

tative traces of current-clamp recordings of membrane

potential (Fig. 1A). Measurements of dendritic pCaMKII

responses showed a striking dependence on stimulus

frequency and the cell type (Fig. 1B, C). In putative

excitatory neurons (aCaMKII-positive neurons), 5-Hz

stimulation was the most effective frequency for inducing

CaMKII phosphorylation, significantly more so than lower

or higher test frequencies (Fig. 1B, C). In contrast,

pCaMKII was only induced by higher frequencies such

as 10 Hz and 30 Hz (Fig. 1B, C) in putative inhibitory

interneurons (aCaMKII-negative neurons). Given that

different CaMKII isoforms have distinct phosphorylation

rates [29], these results indicate that the CaMKII isoforms

expressed in inhibitory interneurons are different from

those in excitatory neurons.

cCaMKII is the Predominant CaMKII Isoform

that Functions in Putative Interneurons

The field electric stimulation provides a convenient way of

activating neurons in a relatively physiological manner,

creating a simple platform for quantitative analysis of the

activity-dependent CaMKII phosphorylation in cultured

neurons. Having characterized the basic features of

CaMKII activation in this way, we next sought the

functional isoform of CaMKII that is responsible for the

frequency-dependent CaMKII activation recorded in inhi-

bitory interneurons. Among different CaMKII isoforms,

cCaMKII appears to be a logical candidate, as cCaMKII
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has the slowest autophosphorylation rate among the

isoforms [29]. Indeed, this feature of cCaMKII might be

functionally important because it allows cCaMKII to

decode larger and longer Ca2? signals induced in inhibitory

interneurons, which normally fire at a high frequency

[23, 30, 31].

To address whether cCaMKII is responsible for the

pCaMKII dynamics and functions recorded in inhibitory

interneurons, we induced LTP in cultured neurons using a

classic cLTP protocol [32], which reliably increases

surface AMPARs [28]. As expected, cLTP activated

CaMKII and induced pCaMKII in both excitatory and

putative inhibitory interneurons (Fig. 2A). To test for a

causal role of cCaMKII in this process, we knocked down

cCaMKII using lentiviral-mediated transfer of short-hair-

pin RNAs (shRNAs). The mRNA level of cCaMKII was

reduced by *75%, relative to cells infected with a control

lentivirus expressing non-silencing shRNA (Fig. 2B).

Importantly, we found that the activation of CaMKII in

putative interneurons induced by cLTP was prevented by

knocking down cCaMKII using shRNA [20, 21] (Fig. 2C,

D), suggesting that cCaMKII is the predominant CaMKII

subunit that plays a critical role in putative inhibitory

neurons. These results parallel previous data on the

function of cCaMKII in vivo [18] and indicate that

cCaMKII can mediate NMDAR signaling for inducing

LTPE?I.

Activity-Dependent Translocation of cCaMKII

in Inhibitory Interneurons

A remarkable feature of cCaMKII expression is that it is

highly enriched in inhibitory interneurons (e.g., parvalbu-

min-positive neurons), with relatively fewer excitatory

neurons in the hippocampus and cortex [18]. We asked

whether this cell-specific distribution pattern held true in

our cultured neurons. To test this, we looked for immuno-

cytochemical evidence for the expression of CaMKII.

Noting that cCaMKII was the predominant isoform that

functions in cultured hippocampal neurons (Fig. 2C, D), we

Fig. 1 Activation pattern of CaMKII in excitatory neurons and

putative inhibitory interneurons. A Representative traces recorded

using current clamp in cultured hippocampal neurons that are

stimulated in the presence or absence of 0.5 lmol/L TTX. Neuronal

spikes are activated by field stimulation at various frequencies,

achieving firing frequencies as high as 50 Hz. B, C Representative

images (B) and analysis (C) of CaMKII activation (pCaMKII) in

aCaMKII-positive (excitatory neurons) and aCaMKII-negative (pu-

tative interneurons) neurons after field stimulation at different

frequencies. Data are normalized to the 0 Hz control (n = 19–41

cells from two independent cultures). In this and subsequent figures,

data are normalized to the unstimulated control, and are presented as

the mean ± SEM. **P\0.01 (10 Hz or 30 Hz vs 0 Hz stimulation)

and ****P\0.0001 (5 Hz vs 0 Hz stimulation), unpaired Student’s t-
test. Scale bar, 20 lm. In this and subsequent results, neurons with

low or no aCaMKII expression and very few spines are defined as

putative interneurons [31].
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monitored immunoreactivity to an anti-cCaMKII antibody.

This antibody was specific to cCaMKII as its level

decreased *75% in the presence of cCaMKII shRNA

(Fig. 3A, B). Importantly, we found strong expression of

cCaMKII in aCaMKII-negative neurons, which had few

spines and were likely interneurons (Fig. 3C, D). Immunos-

taining revealed that cCaMKII expression was [3-fold

higher in aCaMKII-negative cells than in aCaMKII-

positive neurons (Fig. 3C, D).

Next, we used immunogold electron microscopy to

determine the subcellular localization of cCaMKII. In the

hippocampus, we found that cCaMKII was frequently

distributed near the postsynaptic density (PSD) on the

dendritic shaft (Fig. 4A, B), where excitatory neurons

likely form synapses with GABAergic neurons. The

postsynaptic enrichment of cCaMKII and its key role in

LTPE?I are reminiscent of how aCaMKII is recruited to

the PSD where signaling via synaptic NMDARs regulates

AMPARs and induces LTPE?E [2, 3, 12]. Given that

AMPARs are also the principal mediator of fast excitatory

synaptic neurotransmission in interneurons [14–16], we

hypothesized that cCaMKII might translocate to the

synapse where synaptic plasticity occurs. To test this

hypothesis, we measured the subcellular localization of

cCaMKII with or without NMDA treatment using

immunocytochemistry. We found that cCaMKII was

diffusely expressed in dendrites under basal conditions

(Fig. 4C, D). Importantly, cCaMKII was co-localized with

PSD-95 (Fig. 4C, D) following NMDA stimulation,

suggesting the activity-dependent recruitment of cCaMKII

to postsynaptic sites, where it plays an important role in

synaptic plasticity. In addition, the nuclear translocation of

cCaMKII in excitatory neurons has been shown to be

critical for excitation-transcription coupling [20, 21].

Moreover, knocking out cCaMKII selectively impairs the

late-phase LTP of excitatory neurons and long-term mem-

ory [21]. To test whether there is an activity-dependent

nuclear translocation of cCaMKII in inhibitory neurons, we

Fig. 2 cCaMKII is the major isoform of CaMKII in inhibitory

interneurons. A Representative images of phosphorylated CaMKII

(pCaMKII) in aCaMKII-negative neurons under basal conditions and

following cLTP stimuli. B cCaMKII shRNA construct validated using

RT-PCR. cCaMKII shRNA reduces the level of endogenous

cCaMKII mRNA. Data are normalized to the scrambled group (n =

3 batches of cells). C, D Representative images (C) and analysis

(D) of dendritic pCaMKII in aCaMKII-negative neurons under basal

conditions and following cLTP stimuli. The cLTP-induced increase in

pCaMKII is inhibited by shRNA-mediated cCaMKII knockdown (n =

40–43 cells from two independent cultures). Unpaired Student’s t-test,

**P\0.01 and ****P\0.0001. Scale bar, 20 lm.
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measured nuclear cCaMKII in aCaMKII-negative neurons

before and after stimulation with a standard glycine-based

cLTP paradigm (Fig. 3E, F). Interestingly, we did not

observe the activity-dependent nuclear translocation of

cCaMKII in aCaMKII-negative neurons (Fig. 3E, F),

consistent with the idea that cCaMKI, but not cCaMKII, is

the synapto-nuclear shuttle for mediating excitation-tran-

scription coupling in inhibitory interneurons [31].

cCaMKII Regulates AMPAR Function in Putative

Interneurons

A rapid increase of surface AMPARs induced by the

chemical stimulation is widely accepted to have molecular

mechanisms similar to the LTP induced by the electric

stimulation [32]. Having confirmed that cCaMKII is

activated in putative interneurons following cLTP/NMDA

induction, we next measured the surface expression of

GluA1. We found that cLTP increased the surface GluA1

level in putative inhibitory interneurons; these changes

were prevented by knocking down cCaMKII with shRNA

(Fig. 5). To investigate this process further, we monitored

the phosphorylation of the AMPAR subunit GluA1 at

Ser831 (pGluA1), the key step downstream of CaMKII

activation during LTPE?E induction in excitatory neurons

[2, 3]. We found that the cCaMKII shRNA, but not its

scrambled control, inhibited cLTP-induced changes in

pGluA1 (Fig. 6). Finally, the necessity of cCaMKII in the

cLTP of inhibitory interneurons was probed by an shRNA-

resistant construct (cCaMKIIR). With endogenous cCaM-

KII knocked down, ‘‘wild-type’’ cCaMKIIR fully rescued

pGluA1 and the surface GluA1 level (Figs. 5, 6). In

Fig. 3 High expression of cCaMKII in cultured putative inhibitory

interneurons. A, B cCaMKII shRNA construct validated using

immunofluorescence. Representative images (A) and summary

(B) show cCaMKII shRNA knocks down the expression of cCaMKII.

Data are normalized to the scrambled control. C, D Representative

image (C) and summary (D) of normalized aCaMKII and cCaMKII

immunoreactivity in aCaMKII-positive and aCaMKII-negative hip-

pocampal neurons. n = 26–28 cells/group. E, F Representative images

(E) and summary (F) of normalized nuclear cCaMKII immunoreac-

tivity in aCaMKII-negative neurons under basal conditions or

following chemical LTP stimuli (n = 20 cells/group).

****P\0.0001 (unpaired Student’s t-test). Scale bar, 20 lm.
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contrast, cCaMKIIR K43R (the kinase-dead form [20]) was

unable to rescue them (Figs. 5, 6), indicating that the kinase

activity of cCaMKII is required to regulate AMPARs

during cLTP of inhibitory interneurons.

Discussion

Although LTPE?I was reported decades ago [6], little is

known about the molecular mechanism underlying this

fundamental plasticity process. Recently, we found that

cCaMKII is the long-sought ‘‘aCaMKII-like molecule’’

that is enriched in inhibitory interneurons and mediates

LTPE?I [18]. However, how cCaMKII mediates LTPE?I

remained largely unclear. Here we showed that cCaMKII is

strongly expressed in cultured aCaMKII-negative neurons

and is a postsynaptic protein. Following neuronal activa-

tion, cCaMKII is translocated to the synapse, where it is

co-localized with PSD-95 in putative inhibitory

interneurons. Knocking down cCaMKII impairs plastic

changes of surface GluA1 and pGluA1 level during cLTP.

Moreover, using mutated cCaMKII, we found that its

kinase activity is required for this process. Together, these

data suggest that cCaMKII is the specific CaMKII isoform

that decodes NMDAR signaling and in turn regulates

AMPAR function during LTP of inhibitory interneurons.

By coordinating with excitatory neurons, the plasticity

of inhibitory interneurons is essential for dynamic control

of the overall level of excitatory activity and information

processing [6–8, 33–37]. Although CaMKII has been

hypothesized to function as a mediator of LTP in inhibitory

interneurons for many years [26, 27], only recently has the

identity of the CaMKII isoform—cCaMKII—been uncov-

ered [18]. The expression of the AMPAR subunits in

inhibitory interneurons is similar to that in excitatory

neurons; they can express either GluA2-lacking, Ca2?-

permeable AMPARs or GluA2-containing, Ca2?-imper-

meable AMPARs [16]. Interestingly, in synapses

Fig. 4 Subcellular localization and translocation of cCaMKII.

A Immuno-gold labeling of cCaMKII (red arrows) in the dendritic

shaft is near postsynaptic synapses. B Frequency distribution of

distances between cCaMKII-labeled gold particles and the membrane

of the postsynaptic neuron. C Representative images of cCaMKII and

the postsynaptic marker PSD-95 in cultured aCaMKII-negative

neurons under basal conditions (upper) or following the stimulation

with 30 lmol/L NMDA (lower). D Co-localization of PSD-95 and

cCaMKII on 30 mm-length dendrites in (C) (orange arrows and

numbers indicate PSD-95). Scale bars, 100 nm (A) and 20 lm (C).
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comprising GluA2-containing AMPARs that are localized

on interneurons derived from the medial ganglionic

eminence of the ventral telencephalon, the GluN2A-

containing NMDAR currents are typically small [16, 19].

As the activation of aCaMKII in excitatory neurons

requires NMDAR-mediated signaling [2, 3, 5, 12], it is

logical to ask whether cCaMKII can still decode synaptic

information if NMDAR-mediated currents are relatively

small. In this regard, our finding that cCaMKII is recruited

by cLTP stimulation and controls AMPAR functions

provides a piece of evidence supporting the hypothesis

that cCaMKII is the mediator of NMDAR-dependent LTP

Fig. 5 cCaMKII regulates AMPAR trafficking in cultured interneu-

rons. A–C Representative images (A, B) and analysis (C) of dendritic

surface GluA1 measured in cultured putative interneurons under basal

conditions and following cLTP stimuli; where indicated, cells express

scrambled control shRNA, cCaMKII shRNA, or cCaMKII shRNA

together with either shRNA-resistant wild-type cCaMKII

(cCaMKIIR) or an shRNA-resistant kinase-disabled mutant form of

cCaMKII (cCaMKIIR K43R) (n = 19–50 cells from two independent

cultures). **P\0.01 (one–way ANOVA followed by Tukey’s test).

Scale bar, 20 lm.

Fig. 6 cCaMKII regulates AMPAR phosphorylation in cultured

interneurons. A–C Representative images (A, B) and summary data

(C) of dendritic phosphorylated GluA1 measured in cultured putative

interneurons under basal conditions and following cLTP stimulation;

where indicated, cells express scrambled control shRNA, cCaMKII

shRNA, or cCaMKII shRNA together with either shRNA-resistant

wild-type cCaMKII (cCaMKIIR) or an shRNA-resistant kinase-dead

mutant form of cCaMKII (cCaMKIIR K43R) (n = 39–43 cells from

two independent cultures). **P\0.01 (one–way ANOVA followed

by Tukey’s test). Scale bar, 20 lm.
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in inhibitory interneurons. Collectively, these results are

consistent with the idea that a local increase of Ca2? near

NMDAR and L-type Ca2? channels [38] can activate

CaMKII when voltage-gated conformational changes of

these channels are induced by neuronal stimuli.

The molecular pathway that leads to the long-lasting

plasticity of glutamatergic transmission has been exten-

sively studied in excitatory synapses onto excitatory

neurons (LTPE?E) [2–5, 39]. Activated by postsynaptic

NMDAR Ca2? signaling [40], aCaMKII is necessary and

sufficient to generate LTPE?E by regulating AMPAR

function [2, 3, 5, 12]. However, it remains unclear whether

the finding about the molecular mechanism underlying

LTP in excitatory neurons can be generalized to that in

inhibitory interneurons, given that interneurons are known

to have high structural and functional diversity [34, 36].

For example, as a major subtype of inhibitory interneurons,

parvalbumin-positive (PV?) interneurons are remarkable

for their fast-spiking phenotype, firing action potentials

much faster than excitatory neurons [41, 42]. The intense

activity of PV? interneurons might cause larger and longer

elevations of Ca2? that could potentially saturate a replica

of the machinery described in excitatory neurons [31]. In

line with this, we found that cCaMKII in putative

interneurons is preferentially activated by high-frequency

stimuli. Indeed, the enriched cCaMKII in inhibitory

interneurons could enjoy a functional advantage over other

CaMKII subunits, as cCaMKII has the slowest autophos-

phorylation rate [29], which makes it ideally suited for

decoding the Ca2? signals (often long-lasting) in PV?

interneurons [31]. Interestingly, several studies have found

an association between both cCaMKII [43–46] and

inhibitory interneurons [37, 47–49], and a variety of

neuropsychiatric disorders, including Alzheimer’s disease,

autism, and schizophrenia [50, 51], suggesting that signal-

ing pathways implicated in LTP of inhibitory interneurons

may be implicated in these disorders.
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