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Abstract. Valproic acid (VPA) is a short-chain
branched fatty with anti-inflammatory, neuro-protec-
tive and axon-remodeling effects. We investigated the
effects of VPA in rats in which experimental auto-
immune neuritis (EAN) had been induced (EAN
rats). VPA (300 mg/kg, intraperitoneally) administra-
tion to EAN rats once daily immediately following
immunization significantly suppressed mRNA levels
of interferon-y, tumor necrosis factor-a, interleukin
(IL)-1p, IL-4, IL-6 and IL-17 in the lymph nodes of
EAN rats. In peripheral blood and sciatic nerves of

EAN rats, Foxp3* cells were increased but IL-17* cells
were decreased during VPA treatment. Furthermore,
suppressive and therapeutic treatment with VPA
greatly attenuated both accumulation of macrophag-
es, T cells and B cells, and demyelination in sciatic
nerves, and greatly reduced the severity and duration
of EAN. In summary, our data demonstrated that VPA
could effectively suppress inflammation in EAN,
suggesting that VPA could be a potent candidate for
treatment of autoimmune neuropathies.

Keywords. Experimental autoimmune neuritis, valproic acid, T helper type 17 cells, regulatory T cells, Guillain-

Barré syndrome.

Introduction

Experimental autoimmune neuritis (EAN) is a T cell-
mediated inflammatory demyelinating disease of the
peripheral nervous system (PNS) that mirrors many
clinical and immunological features of the human
acute inflammatory demyelinating polyradiculoneur-
opathy (AIDP) subtype of Guillain-Barré syndrome
(GBS). Therefore, EAN has been applied widely as a
model to investigate therapy and disease mechanisms
of AIDP, which is the most common subtype of GBS
[1]. Treatment of GBS can be divided into supportive
management and active treatment, like plasma ex-
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change or intravenous immunoglobulin [2]. While
these treatments are beneficial to patients, only
around 65% GBS patients respond to plasma ex-
change or intravenous immunoglobulin [3]. About
8% of GBS patients die, and up to 20% remain
disabled. Even in those who recover well, residual
weakness and loss of motor units can usually be
detected and could explain the fatigue that is a
common problem [4]. Therefore, new therapeutic
options are needed.

EAN is characterized by breakdown of the blood-
nerve barrier (BNB), robust accumulation of reactive
T cells and macrophages in the PNS and demyelina-
tion of peripheral nerves. Helper T lymphocytes are
important for the initiation of EAN, as adoptive
transfer of PNS autoantigen-specific CD4" cells can
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induce EAN [3,5]. Thelper cell polarization following
autoantigen stimulation is essential for the determi-
nation of type and severity in autoimmune disorders.
EAN is considered to be a disease dominated by a
pathological cellular immune system. In particular,
Th1 cells and Th1 cytokines, like interferon-y (IFN-vy)
and tumor necrosis factor-a (TNF-a), are important
for the pathogenesis of EAN [3, 6]. However, humoral
immune responses mediated by Th2 cells also con-
tribute to the pathogenesis of GBS and EAN [5].
Recently, interleukin-17 (IL-17), which is mainly
produced by Th17 cells, was found in EAN-affected
sciatic nerves congregating around blood vessels, and
interestingly this accumulation was temporally corre-
lated with severity of neurological signs, suggesting a
pathological contribution of IL-17" cells to the devel-
opment of EAN (submitted data). In addition, in
sciatic nerves of rats in which EAN had been induced
(EAN rats), accumulation of foxhead box protein3™*
(Foxp3™) T cells was not seen during the pre-
symptomatic phase (until day 9) or during early or
peak disease activity. In contrast, Foxp3™ cell accu-
mulation was regularly seen in the recovery from
neurological disease, suggesting a contribution of
Foxp3* cells to the resolution of EAN (submitted
data). Macrophages represent the major cell popula-
tion in the inflamed PNS, serve as antigen-presenting
cells and major effector cells of demyelination and are
therefore responsible for most of the neuropatholog-
ical effects [5, 7]. In the PNS, reactive T cells,
macrophages and B cells orchestrate a robust local
inflammation that causes demyelination and axonal
degeneration. Therefore, therapeutic compounds that
can inhibit PNS inflammation would improve EAN
outcome.

Valproic acid (VPA) is a short-chain branched fatty
acid and can be easily delivered into the organism and
cells [8]. It is an established drug in the treatment of
epileptic seizures and bipolar disorder [9]. Accumu-
lated experimental and clinical data also show that
VPA could be a potent anticancer drug [10]. Further,
VPA has neuroprotective and axonal remodeling [9]
and anti-inflammatory effects. In a model of ischemia,
VPA treatment significant decreased brain infarct
volume, suppressed microglial activation, reduced the
number of microglia, and inhibited other inflamma-
tory markers in the ischemic brain [11]. In vitro, VPA
greatly attenuated the secretion of TNF-a and IFN-y
from reactive helper T cells and monocytes [12, 13].
Furthermore, oral VPA treatment reduced disease
severity in dextran sulfate-induced colitis. The macro-
scopic and histological reduction of disease severity
was associated with a marked suppression of colonic
proinflammatory cytokines, like IFN-y and IL-6 [14].
In addition, VPA is a well-known anticonvulsive agent
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and its pharmacokinetics and toxicity have been well
tested [15]. The chemical properties of VPA allow
easy delivery to the organism and cells [8]. Thus, the
proven reliability and safety of VPA suggest that it
may present an effective treatment of various neuro-
logical conditions. We have investigated the thera-
peutic effects of VPA in EAN.

Material and methods

Animals. Male Lewis rats (8-10 weeks, 170-200 g,
Charles River, Sulzfeld, Germany) were housed under
a 12-h light-12-h dark cycle with free access to food
and water. All animal procedures were in accordance
with a protocol approved by the local Administration
District Official Committee. All efforts were made to
minimize the number of animals and their suffering.

EAN induction and VPA treatment. EAN was
induced as described [16]. Briefly, rats were immu-
nized by subcutaneous injection into both hind foot-
pads with 100 ul of an inoculum containing 100 pg
synthetic neuritogenic P257-81 (GeneScript Corpo-
ration, Scotch Plains, NJ, USA). The peptide was
dissolved in phosphate-buffered saline (PBS) (2 mg/
ml) and then emulsified with an equal volume of
complete Freund’s adjuvant (CFA) containing 2 mg/
ml Mycobacterium tuberculosis to get a final concen-
tration of 1 mg/ml.

Neurological signs of EAN were evaluated every day
as follows: 0, normal; 1, reduced tonus of tail; 2, limp
tail; impaired righting; 3, absent righting; 4, gait
ataxia; 5, mild paresis of the hind limbs; 6, moderate
paraparesis; 7, severe paraparesis or paraplegia of the
hind limbs; 8, tetraparesis; 9, moribund; and 10, death.
For suppressive treatment, VPA (Sigma-Aldrich
Chemie, Munich, Germany) was intraperitoneally
injected once daily from day 0 to day?20 (six rats/
group). For therapeutic treatment, six EAN rats
received an intraperitoneal injection of VPA daily
from day 10 to day 21 (six rats/group). During both
treatments, 300 mg/kg VPA in 1 ml PBS was admin-
istered; controls received the same volume of PBS.

Immunohistochemistry. To evaluate inflammatory
cell infiltration and pathological changes in the PNS
and spinal cords, four VPA-treated and control EAN
rats from day 16 of suppressive or therapeutic treat-
ment were killed. Rats were deeply anesthetized with
ether and perfused intracardially with cold (4°C), 4 %
paraformaldehyde in PBS. Left and right sciatic
nerves and lumbar spinal cords were quickly removed
and post-fixed in 4 % paraformaldehyde overnight at
4°C. Sciatic nerves were cut into two equally long
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segments, embedded in paraffin, serially sectioned
(3 pm) and mounted on silane-covered slides.

After dewaxing, cross-sections were boiled (in a
600 W microwave oven) for 15 min in citrate buffer
(2.1 g sodium citrate/l, pH 6). Endogenous peroxidase
was inhibited with 1% H,0, in methanol for 15 min.
Sections were incubated with 10 % normal pig serum
(Biochrom, Berlin, Germany) to block nonspecific
binding of immunoglobulins, and then with the
following monoclonal antibodies: CD3 (1:50; Serotec,
Oxford, UK) for T lymphocytes, OX22 (1:200; Sero-
tec) for B cells, ED1 for activated macrophages or
microglia (1:100; Serotec), IL-17 (1:100; Santa Cruz,
Heidelberg, Germany) or Foxp3 (1:250; eBioscience,
Frankfurt, Germany). Antibody binding to tissue
sections was visualized with a biotinylated IgG
F(ab), secondary antibody fragment (DAKO, Ham-
burg, Germany). Subsequently, sections were incu-
bated with a horseradish peroxidase-conjugated strep-
tavidin complex (DAKO), followed by development
with diaminobenzidine (DAB) substrate (Fluka, Neu-
Ulm, Germany). Finally, sections were counterstained
with Maier’s hemalum.

To evaluate immunostaining data, the percentages of
areas of immunoreactivity (IR) to areas of sciatic
nerve cross-sections were calculated. Briefly, images
of sciatic nerve cross-sections were captured under
50x magnification using Nikon Coolscope (Nikon,
Diisseldorf, Germany) with fixed parameters. Images
were analyzed using Image-Pro Plus (IPP; Media
Cybernetics, MD, USA). Areas of IR were selected by
color threshold segmentation and all parameters were
fixed for all images. Areas of sciatic nerve cross-
sections were manually selected. For each EAN rat,
four cross-sections from root and middle levels of both
sides were analyzed. Results were given as arithmetic
means of percentages of areas of IR to areas of sciatic
nerve cross-sections and standard errors of means
(SEM).

The routine Luxol Fast Blue (LFB) staining was
applied to show myelin. Histological changes between
VPA-treated and control EAN rats were compared by
an established semi-quantitative method. Briefly, four
cross-sections from root and middle level of both sides
of EAN rats were analyzed. All perivascular areas
present in cross-sections were evaluated by two
observers unaware of treatment, and the degree of
pathological alteration was graded semi-quantitative-
ly on the following scale: 0, normal perivascular area;
1, mild cellular infiltrate adjacent to the vessel; 2,
cellular infiltration plus demyelination in immediate
proximity to the vessel; or 3, cellular infiltration and
demyelination throughout the section. Results were
given as mean histological score [17].
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Flow cytometric analysis of IL-17* cells and Foxp3™*
cells in blood. For intracellular IL-17 detection, blood
was drawn intracardially from anaesthetized rats and
100 pl blood was fixed and lysed with ERYTHRO-
LYSE (Serotec) according to the manufacturer’s
instructions and permeabilized with 0.5 % saponin in
wash buffer for 10 min at room temperature. There-
after, cells were incubated with rabbit anti-IL-17
antibody (1:100, Santa Cruz) for 1 h at room temper-
ature. After two washings with wash buffer, detection
was performed by incubation with a FITC-labeled
goat anti rabbit IgG-F(ab), fragment (1:100, Abcam,
Cambridge, UK) for 1 h at room temperature in the
dark.

For detection of Foxp3 expression, fixation and
permeabilization of blood cells were performed
using the eBioscience Foxp3 Staining Buffer Set
(eBioscience). FITC-labeled Foxp3 antibody (eBio-
science) was used for staining according to the
manufacturer’s protocol.

For all staining, isotype controls were used. Following
staining, cells were suspended in PBS and analyzed by
a FACScan (Becton Dickinson, Ueberlingen, Germa-
ny). Mononuclear cells were gated by forward and
sideward scatters.

Semi-quantitative RT-PCR analysis of cytokine ex-
pression in lymph nodes. Rats were perfused intra-
cardially with 4°C PBS under anesthesia and the
inguinal lymph nodes were quickly removed and
stored in liquid nitrogen until RNA isolation. Total
RNA was isolated from the lymph nodes using TR1zol
LS Reagent (Invitrogen, Karlsruhe, Germany) and
reverse transcribed into cDNA using QuantiTect
Reverse Transcription Kit (Qiagen, Hilden, Germa-
ny). cDNA equivalent to 20ng total RNA was
subjected to subsequent semi-quantified PCR analysis
using primers specific for IL-1f3, TNF-a, IL-6, IFN- v,
IL-4, IL-17, transforming growth factor-f (TGF-f), or
the housekeeping gene glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH). The primer sequences
were: IL-1B (sense, TGC TGA TGT ACC AGT
TGG GG; antisense, CTC CAT GAG CTT TGT
ACA AG), TNF-a (sense, TGA TCG GTC CCA
ACA AGG A;antisense, TGCTTG GTG GTT TGC
TAC GA), IL-6 (sense, GCC CTT CAG GAA CAG
CTATG:;antisense, CAG AATTGC CATTGC ACA
AC),IFN-vy (sense, AAAGACAACCAG GCCATC
AG; antisense, CTT TTC CGC TTC CTT AGG CT),
IL-4 (sense, TGA TGG GTC TCA GCC CCC ACC
TTG C; antisense, CTT TCA GTG TTG TGA GCG
TGG ACT C), IL-17 (sense, TGG ACT CTG AGC
CGC ATT GA; antisense, GAC GCA TGG CGG
ACA ATA GA), TGF-p (sense, TGA ACC AAG
GAG ACG GAA TAC AGG:; antisense, TAC TGT
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Figure 1. Suppressive and therapeutic valproic acid (VPA) treatment attenuates neurological severity and body weight loss of rats with
induced experimental autoimmune neuritis (EAN rats). EAN rats (n=6) were intraperitoneally injected once daily with VPA (300 mg/kg
in 1 ml PBS) or PBS (1 ml). For suppressive treatment, VPA was given from days 0 to 20. For therapeutic treatment, VPA was given from
days 10 to 21. Clinical scores and body weight were measured every second day post immunization. (A) Suppressive VPA treatment

significantly delayed onset, decreased neurological severity and

shortened duration of EAN. (B) Suppressive VPA treatment also

significantly reduced EAN induced weight loss. (C) Therapeutic VPA treatment decreased neurological severity of EAN and shortened
EAN duration. (D) Therapeutic VPA treatment did not prevent EAN induced weight loss.

GTG TCC AGG CTC CAA ATG), and GAPDH
(sense, AGG TCA CCC AGA GCT GAA CG;
antisense, CAC CCT GTT GCT GTA GCC GTAT).
In preliminary experiments, optimal cycling condi-
tions were established allowing amplification of each
cDNA in the linear range. PCR products were
separated on 1.5% agarose gels containing 10 pg/ml
ethidium bromide, photographed using the UVsolo
system (Whatman Biometra, Goettingen, Germany)
and densitometric analysis was performed with the
software BioDocAnalyze (Whatman Biometra). Re-
sults were calculated as levels of target mRNAs
relative to those of GAPDH (three samples from
each group were analyzed by PCR).

Evaluation and statistical analysis. The unpaired ¢-test
was performed to compare difference between VPA-
treated and control EAN rats (Graph Pad Prism 4.0
for windows). For all statistical analyses, significance
levels were set at p<0.05.

Results

Suppressive and therapeutic VPA treatment amelio-
rated EAN. EAN was induced by subcutaneous
injection of neuritogenic synthetic P2 peptide. For
suppressive treatment, VPA or PBS (control group)
was injected immediately after immunization and
then once daily until day 20. The first neurological sign
(reduced tonus of tail) of control EAN rats was

observed at day 10 (mean clinical score: 0.33+0.17).
The neurological severity of EAN increased fast in the
control group with a maximal score at day 15 (mean
neurological score: 6.67+0.33). Thereafter, the se-
verity of EAN slowly decreased and rats were fully
recovered by day 21 (mean clinical score: 0+0). In
VPA-treated EAN rats, first neurological sign were
seen at day 14 (mean clinical score: 0.240.2), with
maximal scores at day 15 (mean clinical score:
0.6+0.24) and full recovery of rats by day 18. There-
fore, suppressive VPA treatment greatly delayed
onset, decreased neurological severity and shortened
duration of EAN (Fig. 1A).

A further feature of EAN is progressive weight loss
[18]. In control and VPA-treated EAN rats, a rapid
weight loss was observed immediately following
immunization (day 1), which was followed by slow
weight gain. Control EAN rats suffered weight loss
during the period of neurological disease from day 10
to 17 post immunization, followed by slow weight gain
(Fig. 1B). In contrast, no significant weight loss was
apparent in EAN rats treated with VPA (Fig. 1B)
during the period of neurological disease, indicating a
much less severe course.

For therapeutic treatment, VPA or PBS was injected
once daily from the onset to the disappearance of
neurological signs (days 10-21 post immunization).
As shown in Figure 1C, VPA therapeutic treatment
suppressed severity of EAN from days 14 to 20
(p<0.05 compared to respective control) and allowed
faster recovery of the rats (days 10-19 for VPA-
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treated EAN rats and days 10-21 for control EAN
rats). However, therapeutic VPA-treatment did not
attenuate the loss of body weight in EAN rats
(Fig. 1D).
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Figure 2. Suppressive and therapeutic VPA treatment suppressed
histopathological alterations in sciatic nerves of EAN rats. EAN
rats (n=4) were intraperitoneally injected once daily with VPA
(300 mg/kg) or PBS. For suppressive treatment, VPA was given
from days O to 15. For therapeutic treatment, VPA was given from
days 10 to 15. Rats were killed on day 16 and sciatic nerves were
taken for Luxol Fast Blue (LFB) staining with hematoxylin
counterstaining. Representative microphotos of PBS control (A),
suppressive VPA- (B) or therapeutic VPA-treated (C) EAN rats
are shown. Scale bars for (A, B) are 50 um. (D) Mean histological
scores were calculated as described in Materials and methods.
Suppressive and therapeutic VPA treatment significantly reduced
mean histological scores compared to control EAN rats. ** p<0.01,
VPA-S: suppressive VPA treatment; VPA-T: therapeutic VPA
treatment.

Suppressive and therapeutic VPA treatment reduced
demyelination and inflammatory cell infiltration in
sciatic nerves of EAN rats. EAN rats were suppres-
sively or therapeutically treated with VPA or PBS as
described and killed on day 16 to remove sciatic
nerves for histological analysis (n=4). LFB staining
was used to show myelin and cell infiltration. As
shown in Figure 2A, obvious perivascular demyelina-
tion and inflammatory cell infiltration was seen in
sciatic nerves of control EAN rats. Suppressive VPA
treatment significantly decreased the incidence of
perivascular demyelination and inflammatory cell
infiltration (Fig.2B). Histological changes in sciatic
nerves of control EAN rats treated by a therapeutic
regimen with PBS were similar to controls of the
suppressive treatment (data not shown). However,
therapeutic VPA treatment greatly reduced perivas-
cular demyelination and only a much-reduced accu-
mulation of inflammatory cells was seen in sciatic
nerves (Fig. 2C). Histological changes between VPA-
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treated and PBS-treated control EAN rats were
further compared by an established semi-quantitative
method. In sciatic nerves, the mean histological scores
were markedly lower in suppressive (0.2+0.04) or
therapeutic (0.76+0.06) VPA-treated than in control
EAN rats (1.54+0.05) (Fig. 2D).

Attenuation of different types of inflammatory cell
infiltration in sciatic nerves of day 16 EAN rats
following suppressive and therapeutic VPA treatment
was further characterized by immunohistochemistry.
In PBS-control EAN rats, infiltration of T cells
(CD3%), B cells (OX22") and macrophages (ED1")
was observed and the most dominant cells were
macrophages (Fig. 3A—-C). Both suppressive and ther-
apeutic VPA treatment significantly suppressed accu-
mulation of T cell (p<0.05), B cell (p<0.01) and
macrophage (p<0.01) infiltration (Fig. 3).

Suppressive and therapeutic VPA treatment inhibited
spinal microglia activation in EAN. While the major
pathological findings of EAN are in the PNS, activa-
tion and proliferation of microglia in spinal cords of
EAN rats are known and related to mechanical
allodynia. Reactive microglia were detected by ED1
immunostaining, which recognizes CD68, a lysosomal
membrane protein. Lumbar spinal cords of day 16
EAN rats following suppressive and therapeutic VPA
treatment were taken for immunohistochemistry. In
PBS-treated day 16 EAN rats, ED1" cells were seen,
mainly detected in gray matter, particularly in the
superficial layers of dorsal horns (Fig. 4A). Following
suppressive and therapeutic VPA treatment, spinal
ED17 cells were rarely seen (Fig. 4B, C).

VPA altered lymph node cytokine expression profile
in EAN rats. Immune responses are orchestrated by
cytokines whose interplay decides the outcome of the
immune responses [19]. To understand the underlying
mechanisms of VPA effects in EAN, we investigated
the lymph node cytokine expression profile at the
mRNA level. EAN rats were suppressively treated
with VPA and mRNA levels of Th1 (IL-1f, IFN-y and
TNF-a), Th2 (IL-4 and IL6, Th17, like IL-17), and T
regulatory (TGF-3) cytokines were detected in lymph
nodes on day 16. As shown in Figure 5, suppressive
VPA treatment significantly reduced mRNA levels of
IL-1f, IFN-y, TNF-a, IL-4, IL-17 and IL-6 (p<0.05)
but had no significant effects on TGF-f expression.

VPA decreased IL-17* and increased Foxp3*t cell
numbers in peripheral blood and sciatic nerves of
EAN rats. IL-17 plays essential roles in a variety of
autoimmune diseases, and regulatory T (Treg) cells
that express Foxp3 are important in immune homeo-
stasis. Therefore, we further analyzed effects of VPA
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on IL-17" and Foxp3* cells in EAN rats that were
suppressively treated with VPA until day 16 and then
killed. In peripheral blood, percentages of Foxp3™
cells (Fig. 6A) increased, but percentages of IL-17"
cells were reduced (Fig. 6B) following VPA treatment
(p<0.05). Similarly, in sciatic nerves VPA treatment
reduced accumulation of IL-17* cells (Fig. 6E, F), but
increased infiltration of Foxp3" cells (Fig. 6C, D).

Discussion

EAN is the prime animal model for GBS and useful in
investigating new therapeutic approaches. We have
studied the therapeutic effects of VPA on EAN. Our
findings demonstrate that VPA greatly reduced the
severity and duration of EAN, and attenuated inflam-
mation and demyelination in the peripheral nerves
when injected either immediately after immunization
or after the appearance of the first neurological signs.
VPA treatment of EAN decreased IL-17" cells but

increased Foxp3™ cells in peripheral blood and sciatic
nerves. Furthermore, mRNA expression of a variety
of pro-inflammatory cytokines in lymph nodes of
EAN rats was reduced by VPA.

Suppressive and therapeutic VPA treatment signifi-
cantly improved EAN outcome and suppressed accu-
mulation of T cells, B cells and macrophages into
peripheral nerves. Pathologically, development of
EAN is characterized by the infiltration of reactive
leukocytes into the PNS [20]. Activated autoreactive
helper T cells, which can recognize peripheral nerve
autoantigens on antigen-presenting cells, are of im-
portance for the initiation of EAN. Following activa-
tion in lymph nodes, autoreactive T cells attach to the
venular endothelium of the PNS, penetrate the BNB
and generate an autoimmune reaction within the PNS
that orchestrates the invasion of more lymphocytes
and monocytes and local inflammation and develop-
ment of edema. Activated macrophages cause de-
myelination by direct phagocytic attack and secretion
of inflammatory mediators. Depletion of macrophag-
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es and inhibition of their activity have been shown to
suppress the development of EAN [7]. Therefore,
VPA reduced accumulation of inflammatory cells in
PNS, attenuating local inflammation and demyelina-
tion to favor EAN outcome.

In lymph nodes of EAN rats, VPA treatment sup-
pressed mRNA expression of a variety of cytokines
that are important in regulating inflammation and
immunity. Pro-inflammatory cytokines, like IFN-y,
TNF-a, IL-1p, IL-6 and IL-17, have disease-promot-
ing roles in EAN and their expression was attenuated
by VPA. IFN-y augments both inflammation and
subsequent immune responses in EAN by activation
of macrophages to release oxygen radicals, promoting
T cell and macrophage homing to the PNS, enhancing
BNB permeability, inducing MHC class II expression
on macrophages and cultured Schwann cells. TNF-a. is
mainly produced by macrophages, T cells and
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Figure 4. Suppressive and thera-
peutic VPA treatment attenuated
microglia activation in lumbar
spinal cords of EAN rats. EAN
rats (n=4) were intraperitoneally
injected once daily with VPA
(300 mg/kg) or PBS. For suppres-
sive treatment, VPA was given
from days Oto 15. For therapeutic
treatment, VPA was given from
days 10 to 15. Rats were killed on
day 16 and lumbar spinal cords
were taken for immunohisto-
chemical staining. ED1 immu-
nostaining was used for detection
of reactive microglia. Represen-
tative microphotos of lumbar spi-
nal dorsal horns for control (A,
B), suppressive VPA- (C, D) or
therapeutic VPA-treated (E, F)
EAN rats are shown. Scale bars
(A, G E) 50 um, and (B, D, F)
25 pm. VPA-S: suppressive VPA
treatment, VPA-T: therapeutic
VPA treatment.

Schwann cells in EAN and can activate macrophages
and Schwann cells and increase BNB permeability to
contribute to EAN development. IL-1p is considered
to participate in the initiation of autoimmune re-
sponse in EAN. IL-6 is one of the major mediators of
the immune response. The effects of IL-6 in EAN
include B cell stimulation, induction of acute phase
response and disturbance of BNB integrity [6, 21, 22].
While VPA was reported to induce plasma IL-6 levels
in healthy male humans [23], IL-6 expression was
reduced by VPA in EAN rats. IL-17 is produced by
Th17 cells. It stimulates production of IL-6, nitric
oxide and prostaglandin E2 to amplifies local inflam-
mation, mediates chemotaxis of neutrophils and
monocytes to sites of inflammation and augments
the induction of co-stimulatory molecules such as
ICAM-1 to support T cell activation [24, 25]. IL-4
promotes differentiation of Th2 cells that are essential
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Figure 5. VPA suppressed mRNA expression of IL-1p, IFN-y,
TNF-a, IL-4, IL-6 and IL-17, but not of TGF-f in lymph nodes of
EAN rats. VPA (300 mg/kg) or PBS was given once daily from days
0 to 15 to EAN rats (n=3). Rats were killed on day 16, mRNA of
lymph nodes from both groups was isolated and relative expression
levels of IL-1p, IFN-y, TNF-o, IL-4, IL-6, IL-17 and TGF-f were
analyzed by RT-PCR. (A) Photos of gel electrophoresis with PCR
products showed obviously reduced mRNA levels of IL-1f3, IFN-y,
TNF-a, IL-4, IL-6 and IL-17 but not TGF- after treatment by
VPA. (B) Bar graph shows semi-quantified results of imaging
intensities relative to the housekeeping gene GAPDH. The
unpaired #-test was performed to compare the differences.
* p<0.05 and ** p<0.01 compared to their respective controls.

to humoral immunity, which is considered to contrib-
ute to the pathogenesis of EAN [5, 26]. The spectrum
of cytokines produced during an immune response
could shape the outcome of the response. In EAN, the
balance between pro- and anti-inflammatory cyto-
kines may determine the outcome. VPA reduced
expression of pro-inflammatory cytokines, like IFN-y,
TNF-a, IL-1pB, IL-6 and IL-17 and might thereby
abrogate pathological cytokine production to termi-
nate the inflammatory autoimmune response in EAN.
One striking feature of our finding was that the anti-
inflammatory effects of VPA are associated with the
reduction of IL-177 cells and induction of Foxp3™ cells.
After antigenic stimulation, naive helper T cells

Valproic acid in EAN

proliferate and differentiate into various effector
subsets characterized by the production of distinct
cytokines with distinct effector functions [27]. Besides
the classic Th1l and Th2 cells, a third helper T cell
subtype, Th17 cells, has been recently identified [24].
Th17 cells are characterized by secretion of IL-17 and
IL-17F and have been shown to play a crucial role in
the host defense against of extracellular pathogens
and the induction of autoimmune tissue injuries and
inflammation. Pathological contributions of Th17
cells to various autoimmune and inflammatory dis-
eases, including rheumatoid arthritis, multiple scle-
rosis, asthma, lupus, allograft rejection and psoriasis,
have been proven [24]. In EAN, a robust accumu-
lation of IL-17" cells in sciatic nerves was observed
and temporally correlated with the severity of EAN
(submitted data). IL-6 is known to be important for
the differentiation of Th17 cells from naive helper T
cells [28]. Following VPA treatment, mRNA expres-
sion of IL-6 in lymph nodes was significantly reduced.
In parallel with this, IL.-17 expression in lymph nodes,
peripheral blood and sciatic nerves was found to
decrease.

In addition, VPA was also found to increase Foxp3™*
cells in peripheral blood and sciatic nerves of EAN.
The transcription factor Foxp3 is a specific marker for
Treg cells; it is highly expressed in Treg cells and
necessary for Treg cell development and function [29].
Treg cells suppress the activation of the immune
system and thereby prevent excessive inflammation
and/or autoimmunity, resulting in peripheral toler-
ance and immune homeostasis [30]. Evidence has
accumulated that Treg cells can attenuate innate and
adaptive immune responses in experimental animal
models of autoimmunity including arthritis, colitis,
diabetes, autoimmune encephalomyelitis, lupus, gas-
tritis, oophoritis, prostatitis, and thyroiditis [31]. In
EAN, our previous data have shown that the accumu-
lation of Foxp3™ cells to sciatic nerves may contribute
to the termination of autoimmune neuritis (submitted
data). Therefore, VPA-induced increase of Foxp3™
cells in sciatic nerves and peripheral blood could
alleviate inflammation in EAN.

In this investigation, we studied VPA effects on
certain immune cells but it is important to keep in
mind that VPA can also affect other immune cells, like
nature killer (NK) cells, dendritic cells (DCs) and
endothelial cells. It has been reported that VPA could
inhibit NF-kB activation in NK cells to prevent NK
cell activating receptor expression and NK cell
function, resulting in reduced cytotoxicity [32]. In
addition, VPA was found to affect DC differentiation
and to revert these antigen-presenting cells to a less
stimulatory mode through interference with signaling
pathways that are directly involved in immune re-
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sponses and in DC biology, including NF-kB and the
IRFs [33]. Furthermore, VPA can reduce expression
of tissue factor, which is the critical initiator of
coagulation and also participates in the processes of
inflammation, angiogenesis, metastasis and cell mi-
gration, in endothelial cells and monocytes [34].

VPA is a well-known anti-epileptic drug and a potent
anti-cancer candidate by interfering with multiple
regulatory mechanisms, like histone deacetylase
(HDAC), GSKa and 8, Akt, the ERK pathway, the
phosphoinositol pathway, the tricarboxylic acid cycle,
and the OXPHOS system [35]. Recently VPA has
been found to have anti-inflammatory effects that are
probably due to HDAC inhibitory activity [11-14, 36].
VPA is known to directly inhibit HDAC activity and
cause a hyperacetylation of histones [37]. It is
becoming clear that chromatin structure remodeling
via changes in the levels of histone acetylation is a key
mechanism underlying the regulation of gene expres-
sion. The modification of histone N-terminal tails by
acetylation or deacetylation is catalyzed by histone
acetyltransferase and HDAC, respectively, which can

PBS VPA
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Figure 6. VPA induced Foxp3*

cells but reduced IL-17* cells in

peripheral blood and sciatic

nerves of EAN rats. VPA

(300 mg/kg) or PBS was given

once daily from days 0 to 15 to
* EAN rats (n=3). Rats were killed
on day 16. Blood was drawn in-
tracardially under anesthesia for
analysis of Foxp3* cells and IL-
17* cells by FACS as described in
Materials and methods. Further,
sciatic nerves were taken to de-
tect accumulation of Foxp3* and
IL-17* cells by immunohisto-
chemistry. (A, B) Bar graph
shows that VPA treatment in-
creased Foxp3* cells (A) but
decreased IL-17" cells (B) in
peripheral blood of EAN rats.
Representative microphotos
shows that VPA treatment in-
creased Foxp3™ cells (C, D), but
decreased IL-17" cells (E, F) in
sciatic nerves of EAN rats. Scale
bars 50 um.

alter the interaction between histones and DNA and
thus regulate gene expression [38]. HDAC inhibitors
are known to attenuate inflammation and are effec-
tive in several inflammatory models, like EAE,
asthma and allergic diseases [39-41]. Inhibition of
HDAC has been found to increase the numbers and
activity of Foxp3* regulatory cells [42]. Further, it is
established that helper T cell differentiation and a
variety of related cytokine expression accompany
histone acetylation pattern remodeling [43, 44].
HDAC inhibitors effectively reduced the expression
of pro-inflammatory cytokines, IFN-y, TNF-a, IL-1p3,
IL-12 and IL-6 [45, 46]. IL-17 and IL-17F expression is
also related to changes in histone acetylation [47].
Therefore, VPA may function through the HDAC
inhibitory activity to attenuate inflammation in EAN.
In summary, we have studied the effects of VPA in
EAN, an animal model of human autoimmune neuro-
pathy. Our data demonstrate that suppressive and
therapeutic VPA treatment greatly reduced severity
and duration of EAN, and attenuated inflammation
and demyelination in the peripheral nerves. VPA
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treatment reduced IL-17* cells but induced Foxp3*
cells in peripheral blood and sciatic nerves. Further-
more, mRNA expression of a variety of pro-inflam-
matory cytokines in lymph nodes of EAN rats was
reduced by VPA. Therefore, this investigation sug-
gests that VPA could be a promising option in the
therapy of human inflammatory neuropathies.

10

11

12

13

14

15

16

17

Hughes R. A. and Cornblath D. R. (2005) Guillain-Barré
syndrome. Lancet 366, 1653 -1666.

Hughes R. A., Donofrio P, Bril V., Dalakas M. C., Deng C.,
Hanna K., Hartung H. P, Latov N., Merkies I. S. and van
Doorn P. A. (2008) Intravenous immune globulin (10%
caprylate-chromatography purified) for the treatment of
chronic inflammatory demyelinating polyradiculoneuropathy
(ICE study): A randomised placebo-controlled trial. Lancet
Neurol. 7, 136-144.

Kieseier B. C., Kiefer R., Gold R., Hemmer B., Willison H. J.
and Hartung H. P. (2004) Advances in understanding and
treatment of immune-mediated disorders of the peripheral
nervous system. Muscle Nerve 30, 131-156.

Winer J. B. (2001) Guillain Barré syndrome. Mol. Pathol. 54,
381-385.

GoldR., Archelos J.J. and Hartung H. P. (1999) Mechanisms of
immune regulation in the peripheral nervous system. Brain
Pathol. 9, 343-360.

ZhuJ.,Mix E. and Link H. (1998) Cytokine production and the
pathogenesis of experimental autoimmune neuritis and Guil-
lain-Barré syndrome. J. Neuroimmunol. 84, 40-52.

Maurer M., Toyka K. V. and Gold R. (2002) Cellular immunity
in inflammatory autoimmune neuropathies. Rev. Neurol.
(Paris) 158, S7-15.

Balbi A., Sottofattori E., Mazzei M. and Sannita W. G. (1991)
Study of bioequivalence of magnesium and sodium valproates.
J. Pharm. Biomed. Anal. 9, 317-321.

Gurvich N. and Klein P. S. (2002) Lithium and valproic acid:
Parallels and contrasts in diverse signaling contexts. Pharma-
col. Ther. 96, 45-66.

Blaheta R. A., Michaelis M., Driever P. H. and Cinatl J. Jr.
(2005) Evolving anticancer drug valproic acid: Insights into the
mechanism and clinical studies. Med. Res. Rev. 25, 383-397.
KimH. J., Rowe M., Ren M., HongJ. S., Chen P. S. and Chuang
D. M. (2007) Histone deacetylase inhibitors exhibit anti-
inflammatory and neuroprotective effects in a rat permanent
ischemic model of stroke: Multiple mechanisms of action. J.
Pharmacol. Exp. Ther. 321, 892-901.

Peng G.S.,LiG., Tzeng N. S., Chen P. S., Chuang D. M., Hsu Y.
D., Yang S. and Hong J. S. (2005) Valproate pretreatment
protects dopaminergic neurons from LPS-induced neurotox-
icity in rat primary midbrain cultures: Role of microglia. Brain
Res. Mol. Brain Res. 134, 162-169.

Chen P. S., Wang C. C., Bortner C. D., Peng G. S., Wu X., Pang
H.,LuR. B., Gean P. W., Chuang D. M. and Hong J. S. (2007)
Valproic acid and other histone deacetylase inhibitors induce
microglial apoptosis and attenuate lipopolysaccharide-induced
dopaminergic neurotoxicity. Neuroscience 149, 203-212.
Glauben R.,Batra A.,Fedke 1., ZeitzM.,Lehr H. A.,Leoni F.,
Mascagni P., Fantuzzi G., Dinarello C. A. and Siegmund B.
(2006) Histone hyperacetylation is associated with ameliora-
tion of experimental colitis in mice. J. Immunol. 176, 5015-
5022.

Cloyd J. (1991) Pharmacokinetic pitfalls of present antiepilep-
tic medications. Epilepsia 32 Suppl 5, S53-65.

Zhang Z.,Zhang Z. Y., Fauser U. and Schluesener H. J. (2008)
FTY720 ameliorates experimental autoimmune neuritis by
inhibition of lymphocyte and monocyte infiltration into
peripheral nerves. Exp. Neurol. 210, 681-690.

Hartung H. P., Schafer B., Heininger K., Stoll G. and Toyka K.
V. (1988) The role of macrophages and eicosanoids in the

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

Valproic acid in EAN

pathogenesis of experimental allergic neuritis. Serial clinical,
electrophysiological, biochemical and morphological observa-
tions. Brain 111, 1039-1059.

Zhu J., Bai X. F., Hedlund G., Bjork J., Bakhiet M., Van Der
Meide P. H. and Link H. (1999) Linomide suppresses exper-
imental autoimmune neuritis in Lewis rats by inhibiting myelin
antigen-reactive T and B cell responses. Clin. Exp. Immu-
nol. 115, 56-63.

Paul W. E. and Seder R. A. (1994) Lymphocyte responses and
cytokines. Cell 76, 241-251.

Schabet M., Whitaker J. N., Schott K., Stevens A., Zurn A.,
Buhler R. and Wietholter H. (1991) The use of protease
inhibitors in experimental allergic neuritis. J. Neuroimmu-
nol. 31, 265-272.

Fujioka T., Jimi T., Hilliard B. A., Ventura E. S. and Rostami
A. (1998) The expression of cytokine mRNA in the cauda
equina of Lewis rats with experimental allergic neuritis. J.
Neuroimmunol. 84, 223 -229.

Zhu J., Bai X. F, Mix E. and Link H. (1997) Cytokine
dichotomy in peripheral nervous system influences the out-
come of experimental allergic neuritis: Dynamics of mRNA
expression for IL-1 beta, IL-6, IL-10, IL-12, TNF-alpha, TNF-
beta, and cytolysin. Clin. Immunol. Immunopathol. 84, 85-94.
ShiahI. S., Yatham L. N., Yeh C. B. and Ravindran A. V. (2005)
Effect of valproate on plasma levels of interleukin-6 in healthy
male humans. Int. Clin. Psychopharmacol. 20, 295-298.
Bettelli E., Korn T., Oukka M. and Kuchroo V. K. (2008)
Induction and effector functions of T(H)17 cells. Nature 453,
1051-1057.

Dong C. (2008) TH17 cells in development: An updated view
of their molecular identity and genetic programming. Nat. Rev.
Immunol. 8, 337-348.

Rautajoki K. J., Kylaniemi M. K., Raghav S. K., Rao K. and
Lahesmaa R. (2008) An insight into molecular mechanisms of
human T helper cell differentiation. Ann. Med. 40, 322-335.
Dong C. and Flavell R. A. (2000) Cell fate decision: T-helper 1
and 2 subsets in immune responses. Arthritis Res. 2, 179-188.
Kimura A., Naka T. and Kishimoto T. (2007) IL-6-dependent
and-independent pathways in the development of interleukin
17-producing T helper cells. Proc. Natl. Acad. Sci. USA 104,
12099-12104.

Zheng Y. and Rudensky A. Y. (2007) Foxp3 in control of the
regulatory T cell lineage. Nat. Immunol. 8, 457-462.

Tang Q. and Bluestone J. A. (2008) The Foxp3™* regulatory T
cell: A jack of all trades, master of regulation. Nat. Immunol. 9,
239-244.

O’Connor R. A. and Anderton S. M. (2008) Multi-faceted
control of autoaggression: Foxp3* regulatory T cells in murine
models of organ-specific autoimmune disease. Cell Immu-
nol. 251, 8-18.

Ogbomo H., Michaelis M., Kreuter J., Doerr H. W. and Cinatl
J. Jr. (2007) Histone deacetylase inhibitors suppress natural
killer cell cytolytic activity. FEBS Lett. 581, 1317-1322.
Nencioni A., Beck J., Werth D., Grunebach F., Patrone F.,
Ballestrero A. and Brossart P. (2007) Histone deacetylase
inhibitors affect dendritic cell differentiation and immunoge-
nicity. Clin. Cancer Res. 13, 3933-3941.

Wang J., Mahmud S. A., Bitterman P. B., Huo Y. and Slungaard
A. (2007) Histone deacetylase inhibitors suppress TF-kappaB-
dependent agonist-driven tissue factor expression in endothe-
lial cells and monocytes. J. Biol. Chem. 282, 28408-28418.
Kostrouchova M., Kostrouch Z. and Kostrouchova M. (2007)
Valproic acid, a molecular lead to multiple regulatory path-
ways. Folia Biol. (Praha) 53, 37-49.

SinnD. I.,Kim S.J., Chu K., Jung K. H., Lee S. T., Song E. C.,
KimJ. M., Park D. K., Kun Lee S., Kim M. and Roh J. K. (2007)
Valproic acid-mediated neuroprotection in intracerebral hem-
orrhage via histone deacetylase inhibition and transcriptional
activation. Neurobiol. Dis. 26, 464—-472.

Phiel C. J., Zhang F., Huang E. Y., Guenther M. G., Lazar M.
A.and Klein P. S. (2001) Histone deacetylase is a direct target



Cell. Mol. Life Sci.

38

39

40

41

4

43

Vol. 65, 2008

of valproic acid, a potent anticonvulsant, mood stabilizer, and
teratogen. J. Biol. Chem. 276, 36734-36741.

Shahbazian M. D. and Grunstein M. (2007) Functions of site-
specific histone acetylation and deacetylation. Annu. Rev.
Biochem. 76, 75-100.

Bhavsar P.,, Ahmad T. and Adcock 1. M. (2008) The role of
histone deacetylases in asthma and allergic diseases. J. Allergy
Clin. Immunol. 121, 580-584.

Dinarello C. A. (2006) Inhibitors of histone deacetylases as
anti-inflammatory drugs. Ernst Schering Res Found Workshop
45-60.

Blanchard F. and Chipoy C. (2005) Histone deacetylase
inhibitors: New drugs for the treatment of inflammatory
diseases? Drug Discov. Today 10, 197-204.

Tao R., de Zoeten E. F., Ozkaynak E., Chen C., Wang L.,
Porrett P. M., Li B., Turka L. A., Olson E. N., Greene M. 1.,
Wells A. D. and Hancock W. W. (2007) Deacetylase inhibition
promotes the generation and function of regulatory T cells.
Nat. Med. 13, 1299-1307.

Sanders V. M. (2006) Epigenetic regulation of Th1 and Th2 cell
development. Brain Behav. Immun. 20, 317-324.

44

45

46

47

Research Article 4065

Sawalha A. H. (2008) Epigenetics and T-cell immunity. Auto-
immunity 41, 245-252.

Leoni F., Zaliani A., Bertolini G., Porro G., Pagani P., Pozzi P.,
Dona G., Fossati G., Sozzani S., Azam T., Bufler P., Fantuzzi
G., Goncharov I., Kim S. H., Pomerantz B. J., Reznikov L. L.,
Siegmund B., Dinarello C. A. and Mascagni P. (2002) The
antitumor histone deacetylase inhibitor suberoylanilide hy-
droxamic acid exhibits antiinflammatory properties via sup-
pression of cytokines. Proc. Natl. Acad. Sci. USA 99, 2995-
3000.

Leoni F., Fossati G., Lewis E. C., Lee J. K., Porro G., Pagani P,
Modena D., Moras M. L., Pozzi P., Reznikov L. L., Siegmund
B., Fantuzzi G., Dinarello C. A. and Mascagni P. (2005) The
histone deacetylase inhibitor ITF2357 reduces production of
pro-inflammatory cytokines in vitro and systemic inflammation
in vivo. Mol. Med. 11, 1-15.

Akimzhanov A. M., Yang X. O. and Dong C. (2007) Chromatin
remodeling of interleukin-17 (IL-17)-IL-17F cytokine gene
locus during inflammatory helper T cell differentiation. J. Biol.
Chem. 282, 5969-5972.

To access this journal online:
http://www.birkhauser.ch/CMLS



http://www.birkhauser.ch/CMLS

