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SUMMARY

Aim: Anxiety is one of common mood disorders, in which the deficit of serotonergic and
GABAergic synaptic functions in the amygdala and prefrontal cortex is believed to be
involved. The pathological changes at the glutamatergic synapses and neurons in these
brain regions as well as their underlying mechanisms remain elusive, which we aim to
investigate. Methods: An agonist of kainate-type glutamate receptors, kainic acid, was
applied to induce anxiety-related behaviors. The morphology and functions of glutamater-
gic synapses in the prelimbic region of mouse prefrontal cortex were analyzed using cellular
imaging and electrophysiology. Results: After kainate-induced anxiety is onset, the signal
transmission at the glutamatergic synapses is upregulated, and the dendritic spine heads
are enlarged. In terms of the molecular mechanisms, the upregulated synaptic plasticity is
associated with the expression of more protein kinase C (PKC) in the dendritic spines.
Chelerythrine, a PKC inhibitor, reverses kainate-induced anxiety and anxiety-related
glutamatergic synapse upregulation. Conclusion: The activation of glutamatergic kai-
nate-type receptors leads to anxiety-related behaviors and glutamatergic synapse upreg-
ulation through protein kinase C in the prelimbic region of the mouse prefrontal
cortex.

Introduction

Anxiety, featured as unstable mood, negative interpretation, and
social phobia, is one of prevalent psychological disorders [1,2].
The malfunction of amygdala and prefrontal cortex has been
shown as a major origin of anxiety pathogenesis [3-22]. In terms
of anxiety-associated cellular pathology, GABAergic neurons and
synapses appear deficit in these brain areas [23-32]. However,
anxiety-associated pathological changes at the glutamatergic syn-
apses and neurons in these brain areas remain elusive [33,34].

A long-time belief is that the deficits of serotonergic and
GABAergic synaptic transmission are associated with anxiety
[1,2,35,36]. Selective serotonin reuptake inhibitors and GABA
receptor enhancers are used to treat anxiety disorders [37,38].
Their effectiveness needs to be reevaluated due to unfavorable
side effects [39-42]. Recent reports show that glutamate is
associated with anxiety [43] and the antagonists of ionotropic
glutamate receptor (iGluR) are potential reagents for anxiety
therapy [44-46]. In this regard, iGluR agonists hypothetically
induce anxiety-related behavior. We aim to examine an anxio-
genic role of iGluR agonist in mood behavior and its mecha-
nism. This study should shed light on the correlation between
glutamate and anxiety.
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In our study, an agonist of iGluR, kainic acid, was given to
induce anxiety-related behaviors. To analyze anxiety-associated
pathology at the glutamatergic synapses, cerebral excitatory neu-
rons were genetically labeled with the yellow fluorescent protein
for their morphological identification under a fluorescent micro-
scope. The roles of protein kinase C (PKC) in kainate-induced
anxiety and cellular pathology were examined. Our results indi-
cate that an activation of kainate receptors leads to anxiety-related
behavior as well as glutamatergic synapse upregulation through
PKC in the prelimbic area of the prefrontal cortex.

Materials and methods

The entire procedures in our experiments have been approved by
Institutional Animal Care Unit Committee in the Administration
Office of Laboratory Animals, Beijing, China (B10831).

The Mice Model of Anxiety-Related Behaviors

The mice applied in our study were cross-matched from strains of
C57(ThylYFP)BL/6N and FVB-Tg(GADGFP)4570Swn/J (Jackson
Lab, Bar Harbor, ME, USA). The glutamatergic neurons in these
mice were genetically labeled by yellow fluorescent protein (YFP),
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in which the promoter was Thyl on the upstream of YFP. The
GABAergic neurons in FVB mice were labeled by green fluores-
cent protein (GFP), in which a promoter was GAD on GFP
upstream [47]. The mice in postnatal day (PND) 30-32 were
divided into two groups, control and kainate treatments, respec-
tively. Saline or kainic acid (9 mM or 24 mg/kg) in saline was
treated to either of two groups of mice by the intraperitoneal
injection. Shortly after the injection of kainic acid, the mice dem-
onstrated paniclike reactions, such as spontaneous muscle con-
traction in their heads and forearms. However, these mice did not
express seizure like behaviors 1 month (n = 15) and 24 h after
the kainate injection by grading motor seizure [48], in which
none of these kainate-injected mice showed motor seizure above
grade two. In this regard, we assume that the mice in our studies
are not seizure model, which may be due to a possibility that the
mice from strains C57 and FVB are not sensitive to kainic acid
[49].

After these treatments for 24 h, the mice were used to con-
duct the experiments of behavioral tasks by elevated plus-maze,
morphology by confocal microscope and electrophysiology by
whole-cell voltage-clamp recording. The elevated plus-maze was
used to evaluate anxiety-related behaviors. Patch-clamp was
used to record the transmission of glutamatergic synapses at
pyramidal neurons in cortical slices. A laser scanning confocal
microscopy was applied to image the subcellular structure of
pyramidal neurons.

Behavioral Study

Anxiety-related behaviors in the two groups of mice were evalu-
ated by an elevated plus-maze (EPM), which was described as the
validated method to assess the level of anxiety in the rodents
[32,50,51]. The EPM consisted of two open arms (30 x 5 cm)
opposite to two closed arms (30 x 5x15.25 cm). The arms were
extended from a central platform (5 x 5 cm). The EPM was
located 40 cm above the floor (Figure 1A). The mice were housed
in plastic cages with food/water availability ad libitum and a sche-
dule of alternative light and dark (12 h for each condition), in
which the light was on 19:00. All experiments were performed
between 10:00 and 16:00. The mice were at the age about
1 month when the tests were conducted.

Mice naturally avoid the open field. On the other hand, they
intend to explore a new environment for the food. In this regard,
the measurement for mice avoiding the open field was the dura-
tion when mice stayed in the open arms, that is, the duration in
the open arms versus total experimental time, whereas the mea-
surement for mice exploring the new environment was their
entries into open arms. Therefore, the entry times into the open
arms and the duration in the open arms were used to evaluate the
level of anxiety, which were recorded by an automatic video-
tracking system for 5 min. The mice were placed at the open field
of an elevated plus-maze with facing to a closed arm at the begin-
ning of experiments. High anxiety-related behaviors are described
as mice spending more time in the closed arms as well as having
lower entry times into the open arms.

In the test of locomotion behavior, each of mice was placed
in the center of an activity monitor chamber (40 x 40 x 35
centimeters; Ecgonline, China). The mice were allowed to stay
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Figure 1 Kainate induces anxiety-related behaviors in the mice. An
elevated plus-maze was used to evaluate anxiety-related behavior. (A)
The diagram shows experimental methods to examine a mouse staying in
the open arms versus closed ones in an elevated plus-maze. (B) illustrates
a comparison in the time for mice staying in the open arms jr total arms
(open-arm time/total-arm time) in the mice with the intraperitoneal
injections of kainic acid (red bar, n=11) and saline (blue, n = 6),
respectively (*P < 0.05). (C) illustrates a comparison in the entry times of
mice into the open arms versus total arms (entry to open arm/total arm) in
the mice with the peritoneal injections of kainic acid (red bar, n = 11) and
saline (blue, n = 6), respectively (*P < 0.05). The duration for staying in
the open arms is shorter, and the entry times are lower significantly in the
intraperitoneal injection of kainic acid, implying kainate-induced anxiety.
(D) illustrates the total distances traveled in the arms from control and
anxiety-related behavior mice, indicating their normal locomotion.

in the chamber for 5 min, and their activity was recorded by an
automatic video-tracking system. The total distance was used to
evaluate the locomotion of the mice. These behavioral data
were presented as means + SE and statistically analyzed by
one-way ANOVA (Origin Lab, Northampton, MA, USA).

Electrophysiology Study

The brain slices in the coronal section including the prefrontal cor-
tex and other subcortical areas (350 um) were prepared from two
groups of the mice. These mice were anesthetized by injecting
chloral hydrate (300 mg/kg) and decapitated by guillotine. The
slices were sectioned by a vibratome in the modified and oxyge-
nized (95% 0,/5% CO,) artificial cerebrospinal fluid (mM: 124
NacCl, 3 KCl, 1.2 NaH,PO,4, 26 NaHCOs3, 0.5 CaCl,, 5 MgSO,, 10
dextrose, and 5 HEPES; pH 7.35) at 4°C, and then were held in
the normal oxygenated ACSF (mM: 124 NaCl, 3 KCI, 1.2
NaH,PO,4, 26 NaHCO;, 2.4 CaCl,, 1.3 MgSO,, 10 dextrose, and 5
HEPES; pH 7.35) 25°C for 1-2 h. A slice was transferred into a
submersion chamber (Warner RC-26G) that was perfused by nor-
mal ACSF at 31°C for electrophysiological experiments [52-55].
YFP-labeled pyramidal neurons in the prelimbic region of the
prefrontal cortex were recorded by whole-cell clamp under a visu-
alized condition (DIC/FN-E600, Nikon, Japan). Spontaneous
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excitatory postsynaptic currents (SEPSC) from the glutamatergic
synapses were recorded under a voltage-clamp model (Multi-
Clamp 700B and pClamp 10; Axon Instrument, Foster, CA, USA).
The standard pipette solution contained (mM) 150 K-gluconate, 5
NaCl, 0.4 EGTA, 4 Mg-ATP, 0.5 Tris-GTP, 4 Na-phosphocreatine,
and 10 HEPES (pH 7.4 adjusted by 2M KOH). Pipette solution
osmolarity was 295-305 mOsmol, and pipette resistance was
6-8 M. Series and input resistances for all neurons were moni-
tored using hyperpolarization pulses (5 mV/50 ms) in each exper-
iment and calculated by voltage pulses versus instantaneous and
steady-state currents. Bicuculline (10 uM) was present in ACSF
to block GABA, receptor-channels in GABAergic synapses and
isolate glutamatergic SEPSCs [56,57]. At the end of experiments,
6-Cyano-7-nitroquinoxaline -2,3-(1H, 4H)-dione (10 uM) and
D-amino-5-phosphonovanolenic acid (40 uM) were added in
ACSF to test whether sEPSCs were glutamatergic. They did block
synaptic currents recorded in our studies.

Data were analyzed if the recorded neurons had resting mem-
brane potentials negatively more than —70 mV. The criteria for
the acceptation of each experiment also included <5% changes in
the resting membrane potential, spike magnitudes, and input/seal
resistance [58-62]. The values of sEPSCs are presented as
mean = SE. The comparisons of the data from behavioral tasks,
electrophysiology as well as cell imaging between groups are
statistically performed by one-way ANOVA in the software Origin
(version, 7.0, Northampton, MA, USA).

Studies in Morphology and
Immunocytochemistry

After the treatments for 24 h and anxiety-related behavior evalua-
tion, the mice in groups of control and kainate treatment were
anesthetized by the intraperitoneal injection of sodium pentobar-
bital and were perfused with 4% paraformaldehyde in 0.1 M
phosphate buffer solution (PBS) from left ventricle/aorta until
their bodies were rigid. The brains were quickly isolated and fixed
in 4% paraformaldehyde PBS for additional 24 h. Cortical tissues
were sliced in the cross-section including the prefrontal cortices at
100 um by vibratome. The sections were washed by PBS for three
times air-dried and cover-slipped before cellular imaging under a
confocal microscope (Olympus FV-1000, Tokyo, Japan). The struc-
ture of the dendritic spines on YFP-labeled glutamatergic neurons
in the prelimbic region of the prefrontal cortex was analyzed.

The analyses to the structures in the spines of pyramidal neu-
rons were carried out by an open-accessed software Fiji Image-J
(ver. 1.48F, NIH, Bethesda, MA, USA). As the brain tissues were
sliced in series sections, the counting and analysis in cell structures
were able to be carried out at least from two sections for each of
sections. The analyzed sections were chosen in a manner of one
section from every two to prevent the influence of cells that
crossed the neighboring sections on the analysis. In the analyses
of dendritic spines, their density and size from primary processes
(branches from somata) of pyramidal neurons were measured
[63]. The spines were the protrusion extended from the dendrites,
which were counted as spines per um in their number and were
measured as spine width in their head size.

In immunocytochemistry study of PKC expression, the cortical
tissues were sliced by vibratome for 20 um. The sections were
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incubated in a polyclonal anti-PKC (1:100) antibody (Santa Cruz
Biotechnology, Inc. Santa Cruz, CA, USA) at 4°C with shaking for
18 h and then were incubated in red-fluorescent-conjugated anti-
rabbit (1:1000) antibody [64]. The images of YFP-labeled spines
(yellow) and PKC (red)-stained neurons in the prelimbic region of
the prefrontal cortex were taken by laser scanning confocal micro-
scope, in which the parameters of laser beam and PMT were fixed
for all of the experiments. As the size of the spines is variable, the
quantity of PKC expression in the spines was calculated by PKC
areas versus spine areas.

The effects of PKC on anxiety-related behavior and synaptic
plasticity were examined using its selective and potent inhibitor of
PKC activity, chelerythrine chloride (CHE; ICso = 0.6 uM; [65], in
which CHE was dissolved in dimethyl sulfoxide (DMSO) with
final concentration at 2 mM. Although this concentration was
fairly higher than its ICs, the realistic concentration in the brain
was low due to the presences of the blood-brain barrier, the
metabolism by the liver and the elimination by the kidneys. It is
noteworthy that this concentration of CHE alone does not affect
the mouse anxiety-related behavior, spine morphology, and PKC
expression in the spine (Figures S1-S3). One could argue why
other PKC inhibitors were not selected for our studies. Based on
the literatures, CHE is thought to be one of PKC inhibitors that
effectively penetrates across the blood-brain barrier.

Results

To reveal the relationship between anxiety and glutamate as well
as the anxiety-related pathology of the glutamatergic synapses in
the prelimbic area of the prefrontal cortex, we set up a mouse
model of kainite-induced anxiety. After this anxiety was onset,
the signal transmission at the glutamatergic synapses was
analyzed by recording spontaneous excitatory postsynaptic cur-
rent (SEPSC) in the YFP-labeled glutamatergic neurons from the
prefrontal cortical slice. The morphology of the glutamatergic
synapses was analyzed by measuring the size and number of the
dendritic spines. The role of protein kinase C in the anxiety-associ-
ated change of the glutamatergic synapses was studied using
protein kinase C inhibitor and immunocytochemistry.

Kainic Acid Induces Anxiety-Related Behaviors

The mice were divided into two groups, controls (the peritoneal
injection of saline) and kainate treatments (the peritoneal injec-
tion of kainic acid). The treatment of kainic acid was based on the
fact that kainic acid given to the brain led to the generalized anxi-
ety and panic-related defensive responses [66—68]. After this treat-
ment for 24 h, anxiety-related behaviors in these mice were
examined on an elevated plus-maze (Figure 1A). The typical
feature of anxiety-related behaviors in the mice is their avoidance,
so that they spend more time in the closed arms and have less
entry times into the open arms. Based on these analyses, the dura-
tion of staying in the open arms versus total arms (open-arm
time/total time) is shorter in kainite-induced anxiety mice (red
bar, n = 11, Figure 1B) than controls (blue; n =6; P < 0.05).
Their entry times into open arms (entries into open arm/total
arms) appear to be lower in kainate-induced anxiety mice (red
bar, n = 11, Figure 1C) than controls (blue; n = 6; P < 0.05). It is
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noteworthy that there is no difference in the total traveled
distances in two groups of the mice (Figure 1D), showing their
normal locomotion. Therefore, kainate evokes anxiety-related
behaviors in the mice.

We subsequently investigated the anxiety-associated changes of
the glutamatergic neurons in the prelimbic areas of the prefrontal
cortices in terms of the morphology and functions of glutamater-
gic synapses.

The Glutamatergic Synapses in Prefrontal Cortex
are Upregulated in Kainate-Induced Anxiety

To reveal the anxiety-associated changes in the glutamatergic syn-
apses on the pyramidal neurons of prelimbic prefrontal cortex, we
analyzed their dendritic spines by confocal microscope as well as
their excitatory synaptic transmission by recording sEPSCs in kai-
nate-induced anxiety and control mice.

Figure 2 illustrates the functional alternation of glutamatergic
synapses in the cortical slices from kainate-induced anxiety mice.
SEPSCs were recorded using whole-cell voltage-clamp at prelimbic
cortical pyramidal neurons in the presence of 10 uM bicuculline.
SEPSC amplitude and frequency appear to be higher in kainate-
induced anxiety mice (red in right panel of Figure 2A) than in
controls (blue in 2A left panel). Figure 2B,C shows cumulative
probability versus SEPSC amplitudes (2B) or inter-sEPSC intervals
(2C) in kainate-induced anxiety mice (red symbols) and controls
(blues). sEPSC amplitudes at cumulative probability to 67%
(CPs7) that merit ionotropic glutamate receptor responsiveness
are 5.8 £ 0.28 pA in controls (blue bar in Figure 2D; n = 11) and
6.85 £+ 0.38 pA in kainate-induced anxiety mice (red in 2D,
n =7, P <0.05). Inter-sEPSC intervals at CP47 that merit glutama-
tergic synaptic active frequency are 541 + 34 ms in controls (blue
bar in Figure 2E; n = 11) and 386 £ 23 ms in kainate-induced
anxiety mice (red, n =7, P < 0.05). Therefore, the upregulation
of glutamatergic synaptic transmission in the prelimbic cortex is
associated with anxiety-related behaviors.

Figure 3 shows the morphological features of the dendritic
spines in prelimbic cortical pyramidal neurons from kainate-
induced anxiety mice. We analyzed the head size and the number
of dendritic spines. The spine head appears to be enlarged and the
number appears to be reduced in anxiety mice versus control
(Figure 3A), which is supported by cumulative changes in spine
number versus spine size (Figure 3B). Figure 3C,D shows the
averaged spine width and spine density (spines per micrometer)
in control (blue line and symbols) and anxiety mice (reds). The
values of spine width are 0.64 £ 0.006 um in controls (blue bar in
Figure 3C, n = 1538 spines) and 0.75 + 0.007 um in anxiety (red
bar, n = 1345, P < 0.05), respectively. The values of spine density
are 1.06 £ 0.02 um in control (blue bar in Figure 3D, n = 6 neu-
rons) and 0.94 + 0.04 ym in anxiety (red, n =7, P <0.05),
respectively. These results indicate that the upregulation of excit-
atory synapses in the prelimbic cortical pyramidal neurons is asso-
ciated with kainate-induced anxiety, which is consistent to their
functional study in Figure 2. It is pointed out that the upregula-
tion of spine size and the downregulation of spine number
indicate a homeostatic change in the excitatory synapses.

In terms of molecular mechanism underlying kainate-induced
anxiety and glutamatergic synapse upregulation, we studied the
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Figure 2 Excitatory synaptic transmission is upregulated in the pyramidal
neurons of the prelimbic cortices from the kainate-induced anxiety mice.
Spontaneous excitatory postsynaptic currents (SEPSC) were recorded by
whole-cell voltage-clamp at the prefrontal cortical pyramidal neurons of
brain slices from kainate-induced anxiety and control mice. (A) Left panels
show sEPSCs recorded from a control mouse (blue trace) and right panels
shows sEPSCs recorded from kainate-induced mouse (red traces). (B)
shows cumulative probability versus sEPSCs amplitudes from kainate-
induced anxiety mice (red symbols) and control (blue ones). (C) illustrates
cumulative probability versus inter-sEPSC intervals from kainate-induced
anxiety mice (red symbols) and control (blues). (D) shows sEPSC
amplitudes at the cumulative probability to 67% (CPy;) in the controls (blue
bar; n = 11) and in kainate-induced anxiety mice (red; n = 7, *P < 0.05).
(E) shows inter-EPSC intervals at 67% cumulative probability in the controls
(blue bar; n = 11) and in kainate-induced anxiety mice (red bar, n =7,
*P < 0.05).

role of protein kinase C (PKC) in these events by immunocyto-
chemistry and its inhibitor. The rationale to examine PKC effect is
based on the facts that PKC plays critical role in cognitive behav-
iors, such as learning and memory [69-72].

The Role of Protein Kinase C in Kainate-Induced
Anxiety and Glutamatergic Synapse
Upregulation

To examine the essential role of PKC in the kainate-induced anxi-
ety and glutamatergic synapse upregulation, we used the follow-
ing strategies. If PKC is involved in these events, we should see
the expression of more protein kinase C in dendritic spines by
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Figure 3 Kainate-induced anxiety is associated with the upregulation of
dendritic spine head and the downregulation of spine number in YFP-
labeled pyramidal neurons of prelimbic cortices. (A) shows the spine head
appears to be enlarged and the spine number is reduced in kainate-
induced anxiety mice versus controls. (B) illustrates cumulative changes in
spine number versus spine size in kainate-induced anxiety mice (red
symbols) versus controls (blues). A shift of such cumulative curves toward
right in kainate-induced anxiety mice indicates the rise of their spine
heads. (C) shows the averaged spine width in controls (blue bar; n = 1538
spines) and kainate-induced anxiety mice (red bar, n = 1345, *P < 0.05),
respectively. (D) shows spine density (spines per micrometer) in the
controls (blue bar) and in kainate-induced anxiety (red bar), respectively.
The upregulation of the individual excitatory synapses is associated with
kainate-induced anxiety. The upregulation of spine size and the
downregulation of spine number indicate the homeostatic change in
excitatory synapses.

immunocytochemistry. If PKC is required for these events, we
should see that PKC inhibitor reverses kainate-induced changes.

Figure 4 shows PKC expression in the dendritic spines, in which
its spot size (PKC area vs. spine area) is used to merit PKC quan-
tity. The spot size of PKC appears larger in the dendritic spines
from kainate-induced anxiety mice than controls (Figure 4A).
The ratios of PKC areas to spine areas are 0.224 £ 0.025 in anxi-
ety mice (n = 78 spines, red bar in Figure 4B) and 0.145 + 0.02
in control (n = 82, blue bar in 4B), respectively (P < 0.05). The
upregulated PKC expression in the dendritic spines from kainate-
induced anxiety mice indicates the involvements of PKC in the
anxiety-related behaviors and glutamatergic synapse upregula-
tion. We subsequently investigated the requirement of PKC for
these processes using its inhibitor.

Chelerythrine chloride (CHE), a selective and potent inhibitor
of PKC [65], was used to lower PKC activity [73-76]. CHE was
dissolved in dimethyl sulfoxide (DMSO) with the concentration
at 2 mM (ICsp = 0.6 uM), in which final DMSO concentration
was 8%. Our experiments were performed in three groups of
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Figure 4 Protein kinase C is over-expressed in the dendritic spines of the
prelimbic cortical pyramidal neurons from kainate-induced anxiety mice.
Pyramidal neurons are genetically labeled by YFP, and protein kinase C
expression is showed as red patches. (A) The areas of protein kinase C
appear to be larger in the spines from kainate-induced anxiety mice
(bottom panel) than in controls (top panel). (B) illustrates a comparison of
PKC area versus spine size in kainate-induced anxiety mice (red bar,
n = 78 spines) and controls (blue bar; n = 82, *P < 0.05).

the mice, DMSO control, kainate plus DMSO as well as the
mix of CHE, kainate and DMSO, which were given by the
intraperitoneal injection. CHE in DMSO was injected 30 min
before kainate application.

Figure 5 illustrates the effect of PKC inhibitor on kainate-
induced anxiety. The ratios of the time staying in open arms to the
time in entire maze (open-arm time/total time) are 0.141 £ 0.03
in DMSO control (blue bar in Figure 5A, n = 8), 0.028 + 0.02 in
kainate plus DMSO (red, n = 8), and 0.142 + 0.06 in CHE/kai-
nate/DMSO (green; n = 8; asterisk, P < 0.05). The ratios of entry
times into open arms to times into all arms (entries to open-arm/
total arms) are 0.23 + 0.036 in DMSO control (blue bar in
Figure 5B, n = 8), 0.05 £+ 0.024 in kainate plus DMSO (red bar,
n = 8), and 0.24 £ 0.04 in CHE/kainate/DMSO (green; n = §;
asterisk, P < 0.05). It is noteworthy that there are no differences
in total traveled distances among three groups of mice (Fig-
ure 5C), indicating their normal locomotion. As CHE alone does
not change anxiety-related behavior (Figure S1), PKC inhibition
reverses kainate-induced anxiety.

Figure 6 illustrates an influence of PKC inhibitor CHE on kai-
nate-induced glutamatergic synapse upregulation. CHE appears to
reverse kainate-induced sEPSC upregulation in Figure 6A from
DMSO control (blue trace), kainate plus DMSO (red), and a mix
of CHE, kainate, and DMSO (green). Figure 6B,C illustrates
cumulative probability versus sSEPSC amplitudes (6B) or inter-sEP-
SC intervals (6C) in DMSO (blue symbols), kainate/DMSO (red),
and CHE/kainate/DMSO (greens). sEPSC amplitudes at 67%
cumulative probability are 6.94 £+ 0.46 pA in DMSO (blue bar in
Figure 6D, n =12), 9.35 £ 0.92 pA in kainite/DMSO (red,
n = 6),and 7.1 £ 0.51 pA in CHE/kainate/DMSO (green; n = 12;
an asterisk, P < 0.05). Inter-sEPSC intervals at 67% cumulative
probability are 353 4+ 40 ms in DMSO (blue bar in Figure 6E;
n=12), 237 + 15 ms in kainate/DMSO (red, n =6), and
349 £+ 30 ms in CHE/kainate/DMSO (green; n = 12; P < 0.05).
PKC inhibition reverses the kainate-induced upregulation of the
glutamatergic synaptic transmission.
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Figure 5 PKC inhibition reverses kainate-induced anxiety-related behaviors. Chelerythrine (CHE), a selective and potent inhibitor of PKC, was dissolved in
DMSO for intraperitoneal injection to kainate-induced anxiety mice. (A) illustrates open-arm time versus total time in DMSO control (blue bar, n = 8),
kainite-induced anxiety mice (red bar, n = 8), and the mix of CHE, kainate, and DMSO (green; n = 8; asterisk, P < 0.05). (B) shows entries to open arm/
total arms in DMSO control (blue bar, n = 8), kainite-induced anxiety mice (red bar, n = 8), and the mix of CHE, kainate, and DMSO (green; n = 8; asterisk,
P < 0.05). (C) There is no difference in total traveled distances among three groups of mice, indicating their normal locomotion.

We further examined the influence of PKC inhibitor on
kainate-induced upregulation of dendritic spines (Figure 7).
CHE appears to reverse kainate-induced spine enlargement, as
showed in Figure 7A from DMSO control (top panel), kainate
plus DMSO (middle), and a mix of CHE, kainate, and DMSO
(bottom), which is granted by cumulative change in spine size
versus spine number (Figure 7B). The values of spine width
are 0.58 = 0.005 ym in DMSO control (blue bar in Figure 7C,
n = 1520 spines), 0.63 = 0.006 ym in kainite plus DMSO
(red, n=972), and 0.59 #+ 0.005 yum in CHE/kainate/DMSO
(green; n = 1211; an asterisk, P < 0.05). The values of spine
density (spines per micrometer) are 1.13 £ 0.044 in DMSO
(blue bar in Figure 7D, n = 10 neurons), 0.92 £+ 0.055 in kai-
nite plus DMSO (red bar, n = 8), and 1.24 £ 0.068 in CHE/kai-
nate/DMSO (green; n = 10; an asterisk, P < 0.05). As CHE
alone does not change spine morphology (Figure S2), the inhi-
bition of PKC activity reverses a kainate-induced upregulation
of glutamatergic spines.

Conclusion

In summary, kainic acid induces anxiety-related behaviors in the
mice (Figure 1) and upregulates their glutamatergic synapses on
the pyramidal neurons in the prelimbic area of the prefrontal cor-
tices (Figures 2-3). These kainate-induced anxiety and glutama-
tergic synapse upregulations are essentially mediated by protein
kinase C (Figures 4-7). Our results provide the evidences for a
hypothesis about the correlation between glutamate and anxiety
as well as for a viewpoint about the anxiety therapy by applying
the antagonists of ionotropic glutamate receptors. Our studies also
present a new finding that protein kinase C plays a critical role in
anxiety disorders.

In terms of the subcellular targets of glutamatergic synapses
acted by kainate, our study indicates that kainic acid makes
dendritic spines to be enlarged (Figure 3) and sEPSC amplitude
to be increased (Figure 2), which are the indices for showing
postsynaptic change [77]. In addition, kainic acid enhances
SEPSC frequency (Figure 2), that is, an increase of presynaptic
transmitter release [78]. Therefore, the changes in both presyn-
aptic and postsynaptic compartments are involved in kainate-
induced anxiety. It is noteworthy that kainate upregulates

spine volumes and downregulates spine densities, which

© 2014 John Wiley & Sons Ltd

appears a homeostatic process [59]. As larger spines function
for synapse formation [79], this homeostasis between spine vol-
ume and density turns dendritic spines to be either function or
extinction, and this refinement of dendritic spines is structural
buildup-efficiency.

Our studies indicate the intracellular signaling mechanism
underlying kainate-induced anxiety, in which protein kinase C
plays essential roles in anxiety-related behaviors as well as anxi-
ety-associated upregulation in the function and morphology of
the glutamatergic synapses (Figures 5-7). The action target of pro-
tein kinase C is located at the dendritic spines of the prelimbic cor-
tical excitatory neurons (Figure 4). This is the first time to reveal
the role of protein kinase C in anxiety disorder pathogenesis,
which presents a possibility that anxiety disorders may be treated
by applying the PKC inhibitors. It is noteworthy that our study
provides new information about a role of PKC in anxiety disorder;
however, other molecules have been found to be involved in anx-
iety, such as CREB, CRHR1, FKBP5, Egr-1, Glo1, Gsr, AC8, CaM-
K1V, dystrophin, HTTLPR, and COMT Metl58 [80,81]. Such
molecules either include the motifs of protein kinases or phos-
phorylate other proteins, which lead to anxiety. How these mole-
cules interact each other to be responsible for anxiety disorders
remains to be investigated.

Many brain areas have been found to be related to anxiety
pathogenesis, such as prefrontal cortex, amygdala, cingulate,
hypothalamus, and hippocampus [1,7,10,14,29]. These areas
are physically connected to constitute neural circuits for encod-
ing emotional processes and cognitive behaviors [82-84]. The
prefrontal cortex sends glutamatergic axon projections to the
amygdala and hippocampus, and in turn the nucleus accum-
bens for modulating the emotional and mnemonic functions.
Both physiological and pathological alterations in the prefrontal
cortex influence the activities of these limbic regions [82-84].
In this regard, the prefrontal cortex may be an origin to trigger
pathologically emotional behaviors, such as anxiety, which is
supported by our result that the upregulated activity of pyrami-
dal neurons in the prelimbic prefrontal cortex (Figures 2-3) is
associated with anxiety disorder. It is noteworthy that we focus
on studying the involvement of the prelimbic cortex in kai-
nate-induced anxiety-related behaviors. In fact, the intraperito-
neal injections of kainic acid may affect other brain areas. How
other brain areas are influenced by kainate and involved in
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Figure 6 PKC inhibition reverses kainate-induced upregulation of
excitatory synaptic transmission at prelimbic cortical pyramidal neurons.
(A) shows sEPSCs recorded from DMSO (blue trace), kainate plus DMSO
(red), and the mix of CHE, kainate, and DMSO (green). (B) shows
cumulative probability versus sEPSC amplitudes in DMSO control (blue
symbols), kainate-induced anxiety (reds), and the mixing of CHE, DMSO,
and kainate (greens). (C) shows cumulative probability versus inter-sEPSC
intervals in DMSO control (blue symbols), kainate-induced anxiety (reds),
and the mixing of CHE, DMSO, and kainate (greens). (D) shows sEPSC
amplitudes at 67% cumulative probability that merit ionotropic glutamate
receptor responsiveness in DMSO control (blue bar, n = 12), kainite-
induced anxiety (red, n = 6), and in the mix of CHE, kainate, and DMSO
(green; n = 12; asterisk, P < 0.05). (E) illustrates inter-sEPSC intervals at
67% cumulative probability that merit the activity frequency of
glutamatergic synapses in DMSO control (blue bar; n=12), kainate-
induced anxiety (red bar, n = 6), and the mix of CHE, kainate, and DMSO
(green; n = 12; asterisk, P < 0.05).

anxiety-related behaviors will be examined using stereotactic
intracerebral injection, which is challenge because these cere-
bral areas are small in their size.

Previous studies indicate that the deficit of GABAergic synaptic
transmission is associated with anxiety disorders [1,2,32].
GABAAR enhancers are used to be anxiolytic reagents [37,38],
which remain to be reevaluated due to the unfavorable side effects
[39,42]. Recently, glutamate is presumably associated to anxiety
[43], and the antagonists of ionotropic glutamate receptors are
thought to be potential anxiolytic reagents [44—46]. Our studies in
kainate-induced anxiety strengthen these thoughts, in which one
of cellular targets acted by kainate is the glutamate synapses in the
excitatory neurons of the prelimbic cortex. As the balance
between glutamate and GABA signal transmission on the excit-
atory neurons is critical for a functional homeostasis in the cere-
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Figure 7 PKC inhibition reverses the upregulation of dendritic spines at
prelimbic cortical pyramidal neurons. (A) illustrates the dendritic spines
from DMSO (top panel), kainate plus DMSO (middle), and the mix of CHE,
kainate, and DMSO (bottom). (B) shows cumulative changes in spine
number versus spine size in DMSO (blue symbols), kainate plus DMSO (red
symbols), and the mix of CHE, kainate, and DMSO (green symbols). (C)
shows the values of spine width in DMSO control (blue bar, n = 1520
spines), kainite-induced anxiety mice (red, n = 972), and the mixing of
CHE, kainate, and DMSO (green; n = 1211; asterisk, P < 0.05). (D) shows
spine density (spines per micrometer) in DMSO control (blue bar, n = 10
neurons), kainite-induced anxiety mice (red, n = 8), and the mix of CHE,
kainate, and DMSO (green; n = 10; asterisk, P < 0.05).

bral cortices, both the upregulation of glutamatergic synapses and
the deficit of GABAergic synapses are involved in anxiety patho-
genesis. The medications to anxiety disorders may be beneficial
from a combined use of ionotropic glutamate receptor antagonists
and GABAAR enhancers with low dosages, which would reduce
their side effects.

In addition to GABA and glutamate, the dysfunctional inter-
actions in ligands and receptors, such as serotonin, norepi-
nephrine, dopamine, and hormones, are associated with
anxiety disorder [38,85-87]. Chemical reagents strengthening
the efficacy of their interactions have been applied for the psy-
chotropic medications of anxiety disorders, such as selective
serotonin reuptake inhibitors, monoamine oxidase inhibitors,
and tricyclic antidepressants [42]. In spite of the notable
advances, numerous patients suffering from anxiety disorder
fail to adequately and timely respond to these pharmacologic
reagents. The effort to combine these medications should be
worthy in the future.

It is noteworthy that the dendritic spines include both ionotropic
glutamate receptors (iGluR) and metabotropic glutamate receptors
(mGluR). The attention has been paid to reveal the roles of mGluR
reagents in anxiety disorders [88-90]. For instance, a current
report demonstrates that the activation of mGluR; s can improve
anxiety-related behaviors, synchronizes neuronal activity, and

© 2014 John Wiley & Sons Ltd
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enhances GABAergic synaptic transmission in anxiety-behavior

mice [32]. mGluR agonists may be potentially applied for the ther-
apy of anxiety disorders.

Our studies were conducted at the glutamatergic synapses
and neurons in the prelimbic cortex, in which the glutamater-
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Figure S2. Chelerythrine (CHE), a PKC inhibitor, does not affect
dendritic spines on the YFP-labeled pyramidal neurons of prelim-

bic cortices.

Figure S3. The expression of protein kinase C in the dendritic
spines of prelimbic cortical pyramidal neurons is not influenced
by chelerythrine (CHE). Pyramidal neurons are genetically labeled
by YFP, and protein kinase C expression is showed as red patches.
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