European Review for Medical and Pharmacological Sciences 2019; 23: 2263-2272

Study on ceramide modulates EAAT-2
participation in the immunoinflammatory
response in schizophrenia

W.-M. LING, M.-C. CHEN, Y.-C. ZHANG, M.-M. OU, L.-Z. GU

Department of Laboratory Medicine, The Affiliated Wuxi Mental Health Center of Nanjing Medical

University, Wuxi, P. R. China

Weiming Ling and Minchi Chen contributed equally to this study

Abstract. - OBJECTIVE: Abnormal immunoin-
flammatory responses play important roles in
the pathogenesis of schizophrenia, but the un-
derlying molecular mechanisms are still unclear.
MATERIALS AND METHODS: In this study,
the ceramide agonist daunorubicin (DNR) was
injected into the lateral ventricles to induce
ceramide accumulation. The behavioral tests
were used to observe schizophrenia-like behav-
ioral changes. Changes in the mRNA levels of
the proinflammatory cytokines and the protein
levels of the glutamate transporter excitatory
amino acid transporter-2 (EAAT-2) were detect-
ed. After inhibition of nuclear factor-kB (NF-kB),
the above indices were detected again. Nissl
staining was used to assess neuronal damage.
RESULTS: After intracerebroventricular injec-
tion of DNR, ceramide significantly accumulat-
ed in the hippocampus, and behavioral tests
revealed negative schizophrenia symptoms ac-
companied by induced learning and memory
dysfunction. Furthermore, the hippocampus
demonstrated increased mRNA levels of the
proinflammatory cytokines including interleu-
kin-1B (IL-1p), IL-6, and tumor necrosis factor-a
(TNF-0) and significantly decreased EAAT-2
protein levels. Nissl staining revealed neuronal
damage after ceramide accumulation. The NF-
kB inhibitor pyrrolidine dithiocarbamate (PDTC)
reduced the behavioral abnormalities caused by
ceramide accumulation, downregulated
CONCLUSIONS: The experimental results sug-
gest that ceramide reduces EAAT-2 expression
through the NF-kB/TNF-o pathway and caus-
es neuronal excitotoxicity in the pathogenesis
of schizophrenia, leading to neuronal damage.
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Abbreviations

CA: Cornu ammonis; DNR: Daunorubicin; IL: In-
terleukin; TNF: Tumor necrosis factor; EAAT-2: ex-
citatory amino acid transporter-2; NF-Kb: nuclear

factor-kB; PDTC: pyrrolidine dithiocarbamate; MCP-
1: monocyte chemotactic protein-1; COX-2: cycloo-
xygenase-2; SAPK: stress-activated protein kinase;
PKCS: kinase protein kinase C delta; JNK: c-Jun
N-terminal kinase; KSR: kinase suppressor of Ras;
PP2A: protein phosphatase 2A.

Introduction

The current diagnosis of schizophrenia pri-
marily depends on the subjective judgment of
the patient’s clinical manifestations', and there
is no accurate and sensitive biomarker-assisted
diagnosis. Therefore, the in-depth exploration of
schizophrenia pathogenesis and the identification
of effective and reliable diagnostic markers and
therapeutic targets have important scientific sig-
nificance.

Schizophrenia is one of the most serious men-
tal illnesses, frequently occurring in young adults
with slow onset. The characteristic symptoms
include basic personality changes and discoor-
dination between mental activity and the envi-
ronment>’. However, the pathogenesis is not yet
clear. The current theories include the dopamine
hyperactivity hypothesis, serotonin hypothesis and
glutamate hypothesis. In addition, an increasing
number of scientists*> have identified immune
metabolism disruptions in the peripheral blood and
cerebrospinal fluid of patients with schizophrenia,
while other studies®’ have revealed that inflamma-
tion is involved in the regulation of many aspects
of physiological and pathological processes, such
as monoamine metabolism, neuroendocrine func-
tion, synaptic plasticity and neurodevelopment and
is closely related to schizophrenia etiology and
pathogenesis®. Recent studies™” have shown that
multiple inflammatory cytokines, including inter-
leukin-1p (IL-1B), IL-2, IL-6, IL-8, tumor necrosis
factor-a (TNF-a) and monocyte chemotactic pro-
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tein-1 (MCP-1), are significantly increased in the
peripheral blood serum and cerebrospinal fluid of
schizophrenia patients and that the immunoregula-
tory drug cyclooxygenase-2 (COX-2) inhibitor can
improve some clinical schizophrenia symptoms.
These data suggest that abnormal immunoinflam-
matory reactions play an important role in schizo-
phrenia pathogenesis.

It has been reported that patients with first-ep-
isode schizophrenia had increased levels of IL-6,
TNFa, IL-8, and MCP-1 in the peripheral blood.
In particular, TNF-a levels showed significant
increases. However, the TNF-o upstream reg-
ulatory mediators and downstream targets in-
volved in schizophrenia pathogenesis have not
been identified". A recent work'>"* found that the
ceramide content in the white matter of autop-
sy brain tissue from schizophrenia patients was
higher than those in the normal control group.
Based on the above study, researchers!* found that
first-episode schizophrenia patients had a higher
ratio of ceramide among total lipids in the stra-
tum corneum of the epidermis compared with the
normal control group. Our previous work found
that ceramide concentrations in the peripheral
blood of first-episode schizophrenia patients were
higher than those in the normal control group.

Ceramide is a second messenger in many
processes, including cell proliferation, differenti-
ation and apoptosis'>'®. Significant ceramide ac-
cumulation activates various signaling molecules,
such as stress-activated protein kinase (SAPK),
kinase protein kinase C delta (PKC3), c-Jun
N-terminal kinase (JNK), kinase suppressor of
Ras (KSR) and protein phosphatase 2A (PP2A)".
The ceramide signaling pathway is closely relat-
ed to intracellular inflammatory stress, and its
downstream effector PKCS is involved in the
expression of inflammatory cytokines regulated
by nuclear factor-kB (NF-kB)*.

Previously, the glutamate receptor and trans-
porter systems have both been shown to play
very important roles in the pathogenesis of
schizophrenia. Excitatory amino acid transport-
er-2 (EAAT-2), as an important glutamate trans-
porter on glial cells, can take up and clear 90%
of glutamate in the synaptic cleft, and it has
an important role in maintaining a low gluta-
mate concentration in the synaptic cleft, thereby
preventing neuro-excitotoxicity'’. Scholars have
found that NF-xB in glial cells can indirectly
bind to the EAAT-2 promoter, thereby inhibiting
its transcription. Based on the literature and pre-
vious studies, we suggested that ceramide reduc-
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es EAAT-2 expression in schizophrenia patients
through the NF-xB/TNF-a pathway, resulting in
excitotoxicity in neurons, ultimately leading to
neuronal damage.

Materials and Methods

Animal Model

Adult male Sprague-Dawley rats weighing 250
to 300 g were used in the study. All animal ex-
periments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health and approved by
the Institutional Animal Care and Use Committee
of Nanjing Medical University. All surgery was per-
formed under anesthesia with 10% chloral hydrate
(350 mg/kg intraperitoneal injection) and treated
with an injection of DNR (0.5 pM, 4 ul, Wanle,
Shenzhen, China). The animals in the sham group
were treated with the same surgical procedure.

Injection and Drug Treatment

The ceramide agonist daunorubicin (DNR;
0.5 uM, 4 pl, Wanle, Shenzhen, China), the
nuclear factor kB (NF-kB) inhibitor pyrrolidine
dithiocarbamate (PDTC; 25 uM, 4 pl, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) or their ve-
hicle were injected into the lateral ventricles (0.8
mm posterior and 1.5 mm lateral to the bregma,
3.5 mm deep) using a microinjector as described
in previous reports?*?'. The micro-injector was
kept in place for 5 min after injection.

Open-Field Experiment

The experimental system primarily consisted
of the open-field test box, tracking and monitor-
ing system, and automatic data acquisition device
and analysis system. The open field box is a 40
cm 40 cm 30 cm (length width height) glass box,
and the bottom of the box is made of black poly-
ethylene plastic. Each open field is divided into
a central region and the surrounding area. The
characteristics of spontaneous activity in rats are
evaluated based on the distance traveled in the
central region, the number of standing-up events
and the total distance traveled during sponta-
neous activity. The research was performed in a
relatively quiet and dim environment. After each
test, the animal feces were cleaned, and the bot-
tom and walls of the box were wiped with 10%
ethanol to avoid affecting the next experimental
subject. The spontaneous activity and stereo-
typed movements of the rats were observed.
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Morris Water Maze Test

The black round pool of MWM was 190 cm in
diameter, filled with water (26°C) and divided in-
to four quadrants. The water entry points of four
quadrants were marked with high contrast lighted
geometric images (90 90 cm) on the curtain wall.
A 15 cm diameter hidden platform was placed in
the center of the fourth quadrant 1 cm below the
water. Animal positional tracking and digitizing
were recorded as path length and escape latency
by water maze acquisition software. During the
first five days, all animals were trained three
times a day. Each training lasted for 60 s. If the
rats failed to climb on the platform within 60 s,
they were guided to the platform. The sixth day
was the space exploration experiment (reversal
memory probe) in which the platform was re-
moved and the rats were allowed to swim for 60
s. The passing time in the target quadrant was
measured. Data were recorded and analyzed by
Top View Animal Behavior Analyzing System.

Real Time-Polymerase Chain
Reaction Examination

Total RNA was isolated from hippocampal
tissue using the TRIzol reagent according to the
manufacturer’s instructions (Invitrogen, Carls-
bad, CA, USA). The extracted total RNA was
reverse-transcribed into cDNA using the Prime-
Script RT Reagent Kit (TaKaRa Biotechnology,
Dalian, China) for quantitative Polymerase Chain
Reaction (PCR). Real Time-PCR was analyzed
using the SYBR Real Time-quantitative PCR
kit (TaKaRa Biotechnology, Dalian, China) and
performed using the Eppendorf MasterCycler Re-
alPlex Sequence Detection System (Life Tech-
nologies, Gaithersburg, MD, USA). Data were
analyzed and quantified using the 22T method.

Protein Extraction and Western
Blot Assay

The hippocampi were dissected and harvested
from the unilateral hemisphere and the proteins
were extracted with sample buffer containing a
protease inhibitor cocktail (Sigma-Aldrich, St.
Louis, MO, USA). Then, they were stored at
-80°C. The sample proteins were separated by
10% sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) and then elec-
trotransferred onto a nitrocellulose membrane.
The membranes were incubated with primary an-
tibodies EAAT-2 (1:500; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) and B-actin (1:1000;
Santa Cruz Biotechnology, Santa Cruz, CA, USA)

overnight at 4°C, and reacted with secondary an-
tibodies horseradish peroxidase (HRP)-conjugat-
ed Immunoglobulin G (IgG). Finally, the bands
were scanned and analyzed using the Jieda image
analyzer (Jieda, Nanjing, China).

Immunohistochemistry
and Nissl Staining

The rats were perfused with 0.9% saline and
4% paraformaldehyde from the left ventricle. The
brains were embedded in paraffin and cut into
4 um sections. The sections were mounted on
poly-L-lysine-coated slides, and immersed in eth-
anol. After that, they were treated with xylene for
five minutes twice. Then, the sections were rinsed
in double-distilled water, and submerged in 1%
cresyl violet solution (Sigma-Aldrich, St. Louis,
MO, USA) for 5 min at 50°C. Finally, the tissue
was dehydrated with ethanol and covered with
resinous medium. The immunohistochemistry
sections were incubated for 10 min with 1% H,O,
and then blocked with 3% bovine serum albumin
(BSA). The sections were incubated with the an-
tibody (ceramide 1:200; Sigma-Aldrich, St. Louis,
MO, USA), for 24 h at 4°C. Finally, the immuno-
histochemistry stained sections were incubated
with 3, 3’-diaminobenzidine (DAB) reagent.

Statistical Analysis

Statistical analysis was performed with SPSS
16.0 and carried out by one-way analysis of vari-
ance (ANOVA) and SNK test. The escape latency
of the Morris water maze test was analyzed by
2-way repeated-measures analysis. All the results
were expressed as the mean = SD values from
at least four animals. p <0.05 was taken to be a
statistically significant difference.

Results

Ceramide Accumulation Induces
Behavioral Abnormalities
Intracerebroventricular injection of the cer-
amide agonist DNR resulted in significant ce-
ramide accumulation in the CAl region of the
hippocampus of rats (Figure 1A). In addition,
open-field experiments demonstrated that the to-
tal distance traveled during spontaneous activity
and the number of standing-up events in the
DNR-treated group was less than those in the
sham group (Figure 1B). The Morris water maze
test showed that compared with the sham group,
the DNR-treated group had an increased latency
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reaching the platform and swimming distance
(Figure 1C), while the number of crossings over
the target quadrant in exploratory experiments
decreased (Figure 1D). These results suggest that
increased ceramide production leads to decreased
spontaneous activity and manifestation of neg-
ative symptomatic features of schizophrenia,
while inducing impaired learning and memory
function.

Ceramide Accumulation Regulates
the Inflammatory Response

Abnormal immunoinflammatory response
plays an important role in schizophrenia patho-
genesis, but its molecular mechanism is not fully
understood. In this study, Real Time-PCR was
used to detect the effect of ceramide on IL-1p, IL-
6, and TNFa mRNA levels. IL-6 mRNA levels
started to increase from 1 h after DNR adminis-
tration, peaked at 12 h and gradually decreased
at 24 h (p <0.05). IL-1p and TNFa mRNA levels
began to increase from 12 h after administration
to 24 h after administration, followed by a grad-
ual decrease (p <0.05; Figure 2A). In addition,
we administered the NF-«B inhibitor PDTC after
ceramide accumulation and examined the mRNA
levels of inflammatory cytokines by Real Time-
PCR. The results showed that IL-1pB, IL-6, and
TNFa mRNA levels significantly decreased after
NF-kB inhibition (Figure 2B). The above findings
indicate that ceramide regulates the immunoin-
flammatory responses in schizophrenia through
the NF-kB/TNF-a pathway.

Ceramide Accumulation Decreases
EAAT-2 Expression and Induces
Secondary Inflammatory Lesions
in Adjacent Neurons

It has previously been found that the glu-
tamate receptor and transporter systems both
play very important roles in the pathogenesis of
schizophrenia. High TNF-a concentrations over
a long time can inhibit EAAT-2 expression and
induce neuronal damage. To determine wheth-
er ceramide accumulation regulates EAAT-2
expression and neuronal damage through the
inflammatory reaction in schizophrenia, we
performed Western blotting to detect EAAT-2
protein levels after ceramide accumulation. We
found that EAAT-2 expression markedly de-
creased upon ceramide accumulation (Figure
3A). Nissl staining revealed that ceramide ac-
cumulation led to neuronal damage and signifi-
cantly decreased the number of Nissl bodies in

rat hippocampal CAl neurons compared with
the sham operation group and solvent group
(Figure 3B). Treatment with the NF-xB inhibi-
tor PDTC increased EAAT-2 protein expression
(Figure 3C) and alleviated the ceramide-induced
neuronal damage (Figure 3D), suggesting that
ceramide accumulation induces neuronal dam-
age in schizophrenia by inhibiting EAAT-2 pro-
tein expression via the regulation of the immu-
noinflammatory response.

Ceramide Modulates Schizophrenia-
Related Behavioral Changes
Through the NFxB/TNF-. Pathway

To determine whether ceramide works through
the NF-kB/TNF-a pathway, we administered the
NF-«kB inhibitor PDTC after ceramide accumula-
tion. The results of the open-field test showed that
the total distance traveled during spontaneous
activity and the number of standing-up events in
the PDTC-treated group were higher than those
in the control group (Figure 4A). Morris water
maze results showed that, compared with the
sham group, the PDTC treatment group showed
remarkably reduced latency to reach the platform
and swimming distance on the second day, while
there was no significant difference in the learning
process on the third, fourth and fifth days (Figure
4B). Furthermore, there was no significant differ-
ence in the number of crossings over the target
quadrant in exploratory experiments (Figure 4C).
These results suggest that ceramide regulates
schizophrenia-like behavioral changes through
the NF-kB/TNF-a pathway.

Discussion

Researchers® have shown that the levels of a
variety of inflammatory cytokines are marked-
ly increased in the peripheral blood serum and
cerebrospinal fluid of schizophrenia patients. It
has been reported that patients with first-episode
schizophrenia had increased levels of IL-6, TN-
Fa, IL-8, and MCP-1 in the peripheral blood, of
which TNF-a level showed particularly significant
increase®. However, the underlying regulatory
mechanism is unclear. Additionally, the white
matter of autopsy brain tissues from schizophre-
nia patients has been reported to have higher ce-
ramide levels than normal control group brains'?.
As a class of lipid signaling molecules, ceramide
plays an important role in cell proliferation, apop-
tosis, differentiation and growth inhibition*%.

2267



W.-M. Ling, M.-C. Chen, Y.-C. Zhang, M.-M. Ou, L.-Z. Gu

S 3 5
7] 5 8 r
@ = 4 yl DNR .
= * (] 6 n4 yIDNR >
a 2r * s
X 3 *
) S 41
< <
g 1 Z 2
£ = I
2 0 © 90
= Sham 1h 12h 24h 48h = Sham 1h 12h 24h 48h
c 37
o
§ m 4 ul DNR
a 27 * *
X
Q *
<
g 1t
€
g
A Z 0
'—

Sham 1h 12h 24h 48h

IL-18 mRNA expression

o - N

0,
“
it
IL-6 mRNA expression
) IS
04’4)
9, - -
3

TNF-a mRNA expression
o - N
K3 B
H
*

Figure 2. Ceramide accumulation regulates the inflammatory response. Real Time-PCR was performed to detect the mRNA
levels of interleukin 1B (IL-1B), IL-6 and tumor necrosis factor o (TNF-a). A, The treatment of DNR (0.5 mM, 4 pl) stimuli
of different durations (1 h, 12 h, 24 h and 48 h). B, Injection with pyrrolidine dithiocarbamate (PDTC, 25 mM, 4 pl) into the
lateral ventricle after the treatment of DNR. Data are presented as the means + standard deviation of at least four separate
experiments (n=3). *p<0.05 vs. sham control. #p<0.05 vs. DNR treatment control.

2268



Ceramide modulates EAAT-2 participation in schizophrenia

A 2 -
3
Control DNR Veh £ 15t
5 J
EAAT-2 @
> 1 F
(2]
B-actin % £
S 05}
Q
(@]
0
Control DNR Veh
B Control

C 3 -
"5 *
s 2 f
Q
[’
S
EAAT-2 2
81
B-actin g-
0
& o >
Qé Q& \?
D R &
& s
Q
DNR DNR+PDTC DNR+Veh

Figure 3. Ceramide accumulation decreases excitatory amino acid transporter-2 (EAAT-2) expression and induces secondary
inflammatory lesions in adjacent neurons. A, The protein expression of EAAT-2 in the rat hippocampus were detected in the
different groups. Neuronal damage in the rat CA1 hippocampal area was detected in the different groups that received differ-
ent treatments using Nissl staining. B, Normal group with DNR stimulus for 24 h. C-D, Injection with DNR, PDTC and their
solvent into the lateral ventricle. Data are presented as the means + standard deviation of at least three separate experiments
(n=3). *p<0.05 vs. sham control (x 200).

2269



W.-M. Ling, M.-C. Chen, Y.-C. Zhang, M.-M. Ou, L.-Z. Gu

S 3
@
(7]
o
Q
3 2
<
=
%
L I
(L=}
o
m *
3
I'zl" 0! . .
DNR DNR+PDTC DNR+Veh
B
15 - 30
E 10 - . 20
[
o
c
8
0
| - ' ’
0 — 3 0
DNR DNR+PDTC DNR DNR+PDTC
c 25 ~+-DNR+PDTC
150 —=-DNR
. +-DNR 20
0 —=—DNR+PDTC
>
§1oo 15
5 e S
a 10
g 50
i 5
0 ' 0
1 2 3 4 5 1 2 3 4 5
Time (day) Time (day)
D 15
(]
E 10
(=)}
c
-
© 5
[«
0

DNR DNR+PDTC

Figure 4. Through the NF-kB/TNF-a pathway ceramide modulates schizophrenia-related behavioral changes. A, Real Time-
PCR was performed to detect the mRNA levels of NF-kB P65. B, Escape latency and path length of each group during the
5-day training. C, The passing time in the target quadrant were measured on the sixth day. Columns represent mean =+ standard
deviation (n=12 per group). *p<0.05 vs. the sham group. D, The passing time in the target quadrant were measured on the sixth
day. Columns represent mean + standard deviation (n=12 per group). *p<0.05 vs. the sham group.

2270



Ceramide modulates EAAT-2 participation in schizophrenia

According to a new study?*?’, an increase in
ceramide levels in hippocampal astrocytes was
observed seven days later in mice injected with
A P polypeptide, and ceramide expression was
also detected in subjects with human Alzheimer
undefined’s disease. In addition, in vitro stimula-
tion of hippocampal neurons with A B 1-42 could
increase the expression of ceramide, and may
mediate the cytotoxicity induced by A P at several
levels and participate in the regulation of neuronal
damage®®?®. Ceramide can induce astrocyte over-
activation and NF-xB pathway activation to up-
regulate pro-inflammatory cytokine production,
including IL-1B, IL-6, and TNF-0*°. TNF-a is
an important downstream molecule regulated by
NF-xB and is involved in regulating the inflam-
matory response. During Aspergillus fumigatus
infection, TNF-a induces the immune response
by promoting the production of IL-1, IL-6, and
interferon-y (IFN-y). In cerebral ischemia-reper-
fusion injury, the p38 MAPK pathway and PKCd
regulate TNF-a expression through NF-xB*:243%,
It has been suggested that ceramide is involved in
regulating immunoinflammation in schizophrenia
through the NF-xB/TNF-a pathway.

The proper amount of glutamate is necessary
to maintain normal cellular physiological ac-
tivity, whereas excessively high concentrations
of extracellular glutamate can lead to toxic ef-
fects and neuronal damage, and are thus the
source of neuronal excitotoxicity’. Glutamate
concentrations in the central nervous system are
primarily regulated by glutamate transporters
and receptors. Glutamate over-release and uptake
dysfunction are two major causes of excessively
high extracellular glutamate levels**. Glutamate
transporters are capable of taking up extracellular
glutamate into neurons and glial cells against the
concentration gradient, thereby terminating the
glutamate excitatory signals**. EAAT-2, which
is an important glutamate transporter on glial
cells, can take up and clear 90% of glutamate in
the synaptic cleft. It plays an important role in
maintaining low glutamate concentrations in the
synaptic cleft, thereby preventing its neuro-exci-
totoxicity. However, studies® of ischemia found
that high TNF-a concentrations over a long du-
ration can inhibit EAAT-2 expression and cause
neuronal excitotoxicity. These findings suggest
that in the pathogenesis of schizophrenia, abnor-
mal immunoinflammatory reactions may induce
glutamate transporter EAAT-2 dysfunction, thus
leading to glutamate accumulation in the synaptic
cleft, neuro-excitotoxicity and neuronal damage.

Related studies in China and abroad have been
limited to the detection of ceramide in autopsy
brain tissues and epidermal lipids, with few re-
ports on the role of ceramide in schizophrenia
pathogenesis, and the molecular mechanism of
the inflammatory response in schizophrenia is
not comprehensively understood.

Conclusions

Our work enriches the understanding of the mo-
lecular mechanisms of ceramide and inflammatory
responses in schizophrenia pathogenesis by explor-
ing the interactions between ceramide, inflamma-
tion, EAAT-2 expression and neuronal damage.
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