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Abstract

Experimental autoimmune encephalomyelitis (EAE) models, in animals, many characteristics of
multiple sclerosis, for which there is no adequate therapy. We investigated whether lithium, an
inhibitor of glycogen synthase kinase-3 (GSK3), can ameliorate EAE in mice. Pretreatment with
lithium markedly suppressed the clinical symptoms of EAE induced in mice by myelin
oligodendrocyte glycoprotein peptide (MOGss_s5) immunization and greatly reduced
demyelination, microglia activation, and leukocyte infiltration in the spinal cord. Lithium
administered postimmunization, after disease onset, reduced disease severity and facilitated partial
recovery. Conversely, in knock-in mice expressing constitutively active GSK3, EAE developed more
rapidly and was more severe. In vivo lithium therapy suppressed MOGg3s_s5-reactive effector T cell
differentiation, greatly reducing in vitro MOGs35_gs-stimulated proliferation of mononuclear cells
from draining lymph nodes and spleens, and MOGgs_gs-induced IFN-y, IL-6, and IL-17 production
by splenocytes isolated from MOG3s_s5-immunized mice. In relapsing/remitting EAE induced with
proteolipid protein peptidei3g-_151, lithium administered after the first clinical episode maintained
long-term (90 days after immunization) protection, and after lithium withdrawal the disease rapidly
relapsed. These results demonstrate that lithium suppresses EAE and identify GSK3 as a new target
for inhibition that may be useful for therapeutic intervention of multiple sclerosis and other
autoimmune and inflammatory diseases afflicting the CNS.

Multiple sclerosis is the most common autoimmune inflammatory disease of the CNS. Multiple
sclerosis is characterized by immune-mediated demyelination and neurodegeneration of the
CNS with lesions predominantly occurring in the white matter (1-4). Although multiple
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sclerosis afflicts more than two million people, its etiology remains unresolved and currently
there are no adequate therapeutic interventions.

Experimental autoimmune encephalomyelitis (EAE)# is widely studied in animals to model
many of the clinical, immunological, and neuropathological features of multiple sclerosis (5).
EAE is induced in susceptible mice by eliciting an immune response to injected myelin Ags,
such as myelin oligodendrocyte glycoprotein (MOG) peptide or proteolipid protein peptide
(PLP) (6). In EAE, the integrity of the blood-brain barrier is impaired, allowing perivascular
infiltrates in the CNS, leading to demyelination and loss of neuronal function, and culminating
in paralysis. CD4* T cells infiltrating the CNS are the initiator and the early effector cells in
the development of EAE, but infiltrating macrophages, dendritic cells, and resident glia are the
ultimate effector cells that amplify neuroinflammation and cause demyelination and axonal
damage (3,7).

Lithium has been used for >50 years for the therapeutic treatment of psychiatric diseases in
humans (8). The basis of this therapeutic action of lithium remains unresolved, but
accumulating evidence indicates that it stems largely from its inhibition of glycogen synthase
kinase-3 (GSK3) (9), a serine-threonine protein kinase with regulatory actions affecting many
cellular functions (10). The activity of GSK3 is regulated mainly by the inhibitory
phosphorylation of N-terminal serines of the two isoforms of GSK3, Ser21 in GSK3a and Ser9
in GSK3p (10). Mutation of the N-terminal serine to alanine provides a form of GSK3 that
cannot be inactivated by this mechanism. Recently, knock-in mice were produced in which the
regulatory serines of both GSK3 isoforms were mutated to alanines, SQA-GSK34 and S21A-
GSK3a, with both GSK3 isoforms expressed at normal levels (11). Thus, in these GSK3 knock-
in mice, GSK3a and GSK3p are present at physiological levels, but they cannot be inhibited
by serine-phosphorylation, so GSK3 is maximally active.

Growing evidence in the literature indicates that GSK3 is a major regulator of inflammation.
By inhibiting GSK3, lithium greatly reduced the production of major proinflammatory
cytokines following stimulation of several types of Toll-like receptors in human monocytes
and mouse peripheral blood monocytes (12). In rodents, lithium and other inhibitors of GSK3
also increased survival from lethal sepsis (12) and lethal lupus (13), attenuated organ injury
associated with sepsis (14), provided significant protection from a wide variety of apoptotic
insults in the CNS (15), and ameliorated several inflammatory and immune conditions, such
as arthritis, peritonitis, and colitis (14,16-18). Notably, administration of GSK3 inhibitors
reduced the development of inflammation and tissue injury associated with spinal cord trauma,
significantly blocking the development of hind limb motor impairments (19). Most importantly
for the present study, in 1991, before lithium was known to inhibit GSK3, intraperitoneal
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injections of lithium in rats was reported to inhibit the development of EAE (20). Unfortunately,
high toxic doses of lithium were used and it was concluded that “the immunosuppression was
a toxic effect” (20), which appears to have discouraged further studies.

Considering the greater understanding of the effects of GSK3 and the long history of safe usage
of lithium in humans, we considered the possibility that administration of low, therapeutically
relevant, levels of lithium may provide protection from inflammatory autoimmune diseases
affecting the CNS. Lithium at therapeutic levels is nontoxic and is commonly administered to
mice in the diet to achieve serum levels equivalent to those attained therapeutically in human
patients (21). The results reported in this study show that pretreatment with therapeutically
relevant levels of lithium almost completely blocked the onset of EAE, lithium promoted
recovery when administered after the development of EAE, and, remarkably, chronic treatment
blocked relapse episodes of EAE, which rapidly returned after lithium was withdrawn.

Materials and Methods

Animals

Male C57BL/6 and female SJL mice were purchased from Frederick Cancer Research. To test
whether constitutively active GSK3 exacerbates EAE, GSK3 knock-in mice (11) and matched
controls were used. These mice contain serine-to-alanine mutations in the regulatory serines
of both GSK3 isoforms, S21A-GSK3a and S9A-GSK3p, in place of endogenous GSK3a/p to
disable the inhibitory serine phosphorylation of GSK3, so GSK3a/f retain maximal activities.
All mice were housed and treated in accordance with National Institutes of Health and the
University of Alabama Animal Care and Use Committee guidelines. For lithium pretreatment,
lithium was administered in pelleted food containing 0.2% lithium carbonate (Harlan-Teklad)
for 1 wk before immunization and maintained after immunization. This lithium administration
to mice in the diet is nontoxic and is commonly used to achieve serum levels equivalent to
those attained therapeutically in human patients (21). For lithium treatment after immunization,
mice were administered the lithium-containing food and were given two injections of LiCl
(100 mg/kg) on the first and second days of lithium treatment to increase lithium levels more
rapidly than can be attained by dietary administration alone. The concentration of lithium in
the serum was measured by inductively coupled plasma/mass spectrometry performed by
Medtox Laboratories.

Induction of active EAE

Male C57BL/6 mice (8-12 wk old, from Frederick Cancer Research) or GSK3 knock-in mice
(11) and matched controls were immunized with as.c. injection of 150 ug of MOGg3s_s5 peptide
(Biosynth International) emulsified in CFA on day 0, and an intraperitoneal injection of 500
ng pertussis toxin (List Biological Laboratories) on days 0 and 2. Female SJL mice (8-12 wk
old, from Frederick Cancer Research) were immunized with a s.c. injection of 150 ug of
PLP;39_151 peptide (Biosynth International) emulsified in CFA on day 0. Onset and clinical
progression of EAE symptoms were monitored daily using a standard scale of 0 to 6: 0, no
clinical signs; 1, loss of tail tone; 2, flaccid tail; 3, incomplete paralysis of one or two hind legs;
4, complete hind limb paralysis; 5, moribund (animals were humanly euthanized); 6, death. To
compare the time course of disease development in different groups of mice, the daily average
of the clinical scores was calculated for each group. A cumulative disease index (CDI) score
for each treatment group was calculated as the average of the sum of the daily clinical scores
for each mouse. Statistically significant differences were calculated using a Student’s t test and
values of p < 0.05 were considered to be statistically significant.
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T cell proliferation and cytokine production

Single cell suspensions from draining lymph nodes and spleen were obtained at 10 days after
MOG3s_s5-immunization, a time at which very efficient MOG3s_s5-specific responses can be
detected (22). Cells were cultured in 96-well plates (2 x 10 cells/well) and stimulated with 0,
1, or 10 ug/ml MOGgs_s5 peptide, or 1 4g/ml anti-CD3 (145-2C11) in triplicate. After 72 h,
cells were labeled with [3H]-thymidine (1 xCi/well) for 18 h, and incorporation of [3H]-
thymidine was measured. Single cell suspensions of splenocytes were stimulated with 0, 1, or
10 ug/ml MOG3s_s55 peptide, or 1 ug/ml anti-CD3, and after 48 h, cytokines in the culture
supernatants were measured by ELISA (eBioscience).

Flow cytometry

Mice were anesthetized, spleen and draining lymph nodes removed, and single cell suspension
was prepared. Mice were then perfused, and spinal cords were removed and incubated with 2
mg/ml collagenase D (Roche) and 5 U/ml DNase (Sigma-Aldrich) for 1 h at 37°C. Mononuclear
cells from the spinal cord were purified by two-step Percoll gradient centrifugation, as
described previously (23). Mononuclear cell preparations were incubated with anti-CD16/32
(2.4G2, FcR block); stained with PE-anti-CD8 (53-6.7), PerCP-anti-CD4 (L3T4), FITC-anti-
NK 1.1 (DX5), or PE-anti-CD25 (PC61.5); and conjugated to appropriate fluorochromes, as
indicated. For intracellular staining, surface stained cells were permeabilized and stained with
Alexab47-anti-FoxP3. All Abs were obtained from eBio-sciences. Stained cells were analyzed
using a FACSCalibur (BD Biosciences).

NK cell cytotoxicity assay

YAC-1 cells expressing firefly luciferase (YAC-1—Luc) were used as target cells to measure
NK activity in spleen cells as described (24). In brief, spleen mononuclear cells from untreated
and day 10 lithium-treated mice were incubated with YAC-1—Luc cells at a ratio of 5:1 for 4
h at 37°C in a tissue culture incubator. Separate wells contained only YAC-1 cells. The level
of luciferase activity was determined at the end of the incubation by a chemiluminescence
assay according to the manufacturer’s instructions (Promega). For each target, three replicates
of the internal references for the 0% viability background (MIN) and the 100% viability
maximal signal (MAX) were run. The 0% viability reference point was determined by plating
target cells in media with a final concentration of 1% SDS (MINgpg). The 100% viability
reference point (MAXnmedia) Was determined by plating target cells in media without effector
cells. Percent viability was calculated as the mean luminescence of the experimental sample
minus background (MINgpg) divided by the mean luminescence of the input number of target
cells used in the assay (MAXmedia) Mminus background (MINgspg). Percent-specific lysis is equal
to (1 — percent viability) x 100 and is calculated as follows: % specific lysis = [1 — counts
per 5 s (experimental — MINgps)/(MAXmedia— MINgps] *x 100.

T regulatory (Treg) cell activity assay

Treg cell activity was determined by a proliferation-suppression assay (25). CD4*CD25* T
cells (Treg cells) from spleens and lymph nodes of untreated and day 10 lithium-treated mice
and CD4*CD25" (responder) T cells from C57BL/6 mice were fractionated using magnetic
bead chromatography (Stem Cell Technologies). Cultures of Treg cells and responder cells at
a ratio of 2:1 were stimulated with 1 ug/ml anti-CD3 (145-2C11) in the presence of gamma-
irradiated T-depleted spleen cells that served as APCs for 48 h. Proliferation was assessed by
incubation with 1 xCi of [3H]-thymidine for an additional 18 h of culture. Separate wells
contained anti-CD3 and cultures of responder T cells plus APC only, Treg cells plus APC, and
APC only. The purity of responder cells or Treg cells prepared as above are routinely greater
than 95%.
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Histopathology and immunohistochemistry

Statistics

Results

Cross-sections made through the whole length of the spinal cords were immersion-fixed in
Bouin’s fixative and paraffin-embedded, and six sections (5 gm) from a minimum of three
animals per group were deparaffinized and stained with Luxol fast blue for evaluation of
demyelination, or with biotin-conjugated Griffonia simplicifolia lectin (GS-1-B,) for staining
microglia. For immunohistochemistry, sections were deparaffinized, followed by Ag retrieval
and inhibition of endogenous peroxidase activity, and blocked for 30 min (1% BSA, 0.2% skim
milk, 0.3% Triton X-100 in PBS for rabbit Abs, or 5% horse serum, 0.3% Triton X-100 in PBS
for the goat Abs). Sections were incubated overnight at 4°C with rabbit anti-myeloperoxidase
(Lab Vision) or with goat anti-mouse CD4 (R&D Systems) for detection of neutrophils and
CD4™* T cells, respectively, followed by PBS washes and application of HRP-conjugated anti-
rabbit or anti-goat secondary Abs (Jackson ImmunoResearch Laboratories) for 1 h at room
temperature. After three washes in PBS, cyanine 3-conjugated tyramide was deposited
according to the manufacturer’s protocol (TSA Plus, PerkinElmer Life Science Products).
Sections were washed and counter-stained with Hoechst 33258 (Sigma-Aldrich), coverslipped
with PBS: glycerol (1:1), and viewed with a Zeiss-Axioscope microscope (Carl Zeiss) equipped
with epifluorescence. Digital images were captured with a Zeiss Axiocam and Zeiss Axiovision
software. All sections used for analysis were processed in parallel for detection in the same
staining group, using the same reagents, concentrations, and incubation times. Images were
collected at the same time using identical settings with respect to image exposure time and
image compensation settings.

Statistical significance between untreated and lithium-treated mice was calculated using
Student’s t test and values of p < 0.05 were considered to be statistically significant.

Lithium administration ameliorates clinical symptoms of EAE

To assess whether lithium is protective and anti-inflammatory in EAE, C57BL/6 mice with or
without lithium pretreatment were immunized with MOGg5_g5 peptide to induce EAE.
Lithium-free mice developed clinical EAE after 19.5 £+ 0.7 days with an incidence of 100%
and a CDI of 48.5 + 3.1 (Fig. 1A). Lithium pretreatment completely prevented EAE in 81%
(13/16) of mice and the afflicted 19% of mice had a delayed onset (28 + 2.1 days) and greatly
reduced severity, with a CDI of only 3.4 £ 2.0 (p < 0.05). The lithium concentration in the
serum of mice on a lithium diet for 5 wk after EAE induction was 0.53 £ 0.03 mEq/I (n = 4).

To test whether lithium administration was capable of ameliorating ongoing EAE,
MOG3s_s5-immunized mice were treated with lithium after onset of clinical symptoms. In one
protocol, lithium treatment was initiated when mice attained a clinical score of 2, which was
achieved on day 16.8 + 1.3 postimmunization, and mice were monitored to day 53. Whereas
lithium-free mice with EAE continued to deteriorate with increased clinical scores, mice with
EAE given lithium upon reaching a score of 2 stabilized at that level of disease and did not
worsen (Fig. 1B). The overall severity of EAE as measured by the CDI was significantly lower
at 77.8 £ 4.4 for lithium-treated EAE mice compared with 107.6 + 5.1 for lithium-free mice
(p <0.05).

A more challenging protocol was also tested, in which lithium treatment was initiated 20 days
postimmunization, at the peak of the acute phase (Fig. 1C). The CDI from day 0 to 19 (before
lithium treatment) was 23.5 £ 3.4 for the mice that were not going to be treated with lithium,
and 24.4 + 3.2 for the mice that were subsequently administered lithium. The CDI from days
20 to 72 was 97.0 + 16.7 for the lithium-free mice and 69.3 + 11.0 for the lithium-treated mice

J Immunol. Author manuscript; available in PMC 2009 June 30.
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(p < 0.05). Therefore, lithium treatment enabled a significant recovery in the clinical course
of EAE. Thus, lithium treatment before immunization with MOGgs_s5 peptide rendered mice
resistant to the development of EAE and lithium treatment after establishment of EAE-lowered
disease severity and/or facilitated partial recovery.

Lithium administration ameliorates neuropathology associated with EAE

Spinal cords examined 33 days after MOG3s5_s5 peptide immunization contained activated
microglia that colocalized with extensive demyelination, which were absent in the spinal cords
of lithium-pretreated mice (Fig. 2, A and B, respectively). The spinal cords from mice with
EAE that were treated with lithium after reaching a clinical score of 2 displayed lower
microglial activation and less demyelination than lithium-free mice with EAE (Fig. 2, A and
B, respectively). Thus, pre- or posttreatment with lithium attenuated clinical progression,
demyelination, and microglia activation in mice with EAE.

Amelioration of EAE by lithium treatment was further confirmed by examinations of leukocyte
infiltration into the CNS. Spinal cords from MOG3s_ss-immunized mice examined after the
lithium pretreatment and lithium post-treatment paradigms described in Fig. 1, A and B
contained much lower evidence of infiltrated CD4* T cells (Fig. 2C) and neutrophils (Fig.
2D) than matched spinal cords from MOG3s5_ss-immunized mice not given lithium. Surface
staining of mononuclear cells from spinal cords of MOG3s_ss-immunized mice treated with
lithium after reaching score 2 confirmed that there was a much lower proportion of CD4* T
cells in spinal cords of lithium-treated than in spinal cords of lithium-free mice (Fig. 2E).

Lithium administration reduces effector T cells

The resistance to EAE provided by lithium treatment could be due to attenuated generation of
MOG3s_s5-specific T cells. Therefore, we measured the in vitro-stimulated proliferation of T
cells isolated from draining lymph nodes and spleens 10 days after MOG3s_s5-immunization,
with or without in vivo lithium pretreatment. The MOGgs_gs-Stimulated proliferation of T cells
from primed mice was greatly reduced in cells of both tissues prepared from lithium-pretreated
mice (Fig. 3A). The low response of T cells from lithium-treated MOG35_s5-immunized mice
to Ag restimulation could be due to compromised effector cell generation and/or intrinsic loss
of T cell ability to be activated. To determine whether lithium treatment compromises the
ability of T cells to be activated, we examined the proliferative response to anti-CD3, and this
was similar between T cells from lithium-treated and untreated mice (Fig. 3B). These results
indicate that in vivo lithium pretreatment selectively inhibits the generation of MOG3g_s55-
specific effector T cells. This conclusion was further supported by measurements of
MOG3s_s5-stimulated production of cytokines by splenocytes isolated from MOG3s_s55-
immunized mice 10 days postimmunization. In cells from mice pretreated in vivo with lithium,
the MOG35_s5-induced productions of IFN-y, IL-6, and IL-17 were much less than the amounts
produced by splenocytes isolated from MOG35_gs-immunized mice not treated with lithium,
whereas anti-CD3-induced IFN-y, IL-6, and IL-17 production was unaffected by lithium
treatment (Fig. 4). IL-10 is a regulatory cytokine in inflammatory autoimmune diseases and
its elevated expression is associated with amelioration of, or protection from, EAE (26-28).
We therefore determined whether lithium treatment induced generation of IL-10-producing
effector T cells. Restimulation of splenocytes isolated from lithium-treated or untreated
MOG3s_s5-immunized mice with MOG peptide did not result in the production of detectable
levels of IL-10 (data not shown). However, stimulation of splenocytes from MOG-immunized
lithium-treated mice but not untreated mice with anti-CD3 resulted in IL-10 production (67.9
pg/ml). This result suggests that one mechanism of beneficial action of lithium in EAE is by
the generation of IL-10-producing T cells, but this is limited to non-Ag (MOG35_g5) specific
T cells.

J Immunol. Author manuscript; available in PMC 2009 June 30.
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Lithium administration does not affect NK cells, and reduces the number but not the activity
of Treg cells

NK cells and Treg cells have a role in modulating disease activity in EAE (29-33). Therefore,
lithium could alter the development and/or severity of EAE by altering the numbers and
functions of NK or Treg cells. To address these possibilities, we evaluated the number and
activity of NK and Treg cells in spleens of mice treated for 10 days with lithium compared
with untreated mice. The results show that the number of NK1.1-expressing NK cells was
similar in both lithium-treated and untreated mice (Fig. 5A). The NK cell activity within spleen
mononuclear cells to YAC-1 targets was also similar in lithium-treated and untreated mice
(data not shown). Remarkably, lithium treatment resulted in a significant reduction in the
proportion of Treg cells compared with untreated mice (Fig. 5B). However, the ability of Treg
cells from lithium-treated mice to suppress the proliferation of responder CD4* T cells was
comparable to that of untreated mice (Fig. 5C). Overall, these results demonstrate that lithium-
mediated protection and/or amelioration of EAE is not due to changes in NK cell number or
activity or enhanced Treg cell numbers or activity.

Increased severity of EAE in constitutively active GSK3 knock-in mice

GSK3a/p knock-in mice containing serine-to-alanine mutations in the regulatory serines of
both GSK3 isoforms, S21A-GSK3« and S9A-GSK3p, and matched wild-type mice were
immunized with MOGg3s5_s5 peptide to test whether constitutively active GSK3 promoted EAE.
Wild-type mice developed symptoms of EAE similar to C57BL/6 mice (Fig. 6). The
development of the acute phase of the disease was accelerated in the constitutively active GSK3
knock-in mice compared with wild-type mice. Furthermore, during the chronic phase,
constitutively active GSK3 knock-in mice exhibited more severe disease compared with wild-
type mice. Overall, severity of EAE was significantly different between the two groups of mice,
as the CDI was 54.5 + 4.6 for wild-type mice and 80.3 + 28.9 for constitutively active GSK3
knock-in mice (p < 0.05). Incidence of disease was 6/6 in the wild-type and 5/6 in the GSK3
mutant knock-in mice. Thus, mice expressing constitutively active GSK3 exhibited more
severe EAE than wild-type mice.

Lithium administration controls relapsing EAE

A major form of clinical multiple sclerosis is a relapsing/remitting disease, which is modeled
in female SJL mice immunized with PLP (34). PLP139_151-immunized mice developed an acute
episode of clinical EAE, followed by remission (Fig. 7). During the first remission, 20 days
after immunization, half the mice were administered lithium. All mice displayed a secondary
relapse episode, but in the lithium-treated mice the severity was approximately half that
displayed by the lithium-free mice, which reached clinical scores equivalent to the first episode.
Subsequently, the lithium-free mice displayed a third episode of clinical EAE, which stabilized
in a chronic progressive phase with an average clinical score near 2. In contrast, the lithium-
treated mice stabilized with mild symptoms, which remained below an average clinical score
of 1, to 90 days postimmunization. To determine whether continuous lithium treatment was
blocking an active disease process, lithium treatment was withdrawn on day 90. Remarkably,
after a washout period of a few days, the mice that had been treated with lithium relapsed to
reach a clinical score equivalent to the mice that had never received lithium. Restoration of
lithium treatment on day 109 promoted recovery. Thus, chronic lithium treatment suppressed
an ongoing disease process, which was reactivated upon withdrawal of lithium, demonstrating
that lithium treatment is therapeutic in relapsing/remitting EAE.

Discussion

EAE is a debilitating immune-mediated inflammatory and demyelinating disease of the CNS
induced in rodents by the administration of CNS-derived Ags. EAE is widely used to model
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multiple sclerosis to identify physiological cascades that lead to clinical symptoms and to
identify potential therapeutic targets. The results reported in this study show that the symptoms
of EAE were significantly relieved in mice using four different lithium treatment protocols:
pretreatment, treatment at the onset of EAE, treatment during severe disease, and treatment
during remission. Especially notable is the effectiveness of lithium treatment in the relapsing/
remitting EAE paradigm where lithium administered after the first disease episode, during
remission, provided long-term suppression of EAE. After nearly 3 mo of protection by lithium,
relapse rapidly occurred after lithium was withdrawn, and recovery followed subsequent
readministration of lithium. The ability to repress or induce clinical symptoms of EAE at any
time after immunization by lithium administration or withdrawal, respectively, provides a
unique and valuable model for assessing the disease process long after initial onset.

Attenuation of the clinical symptoms of EAE by lithium treatment was accompanied by
reduced leukocyte infiltration into the spinal cord, reduced demyelination, and reduced
microglial activation. Remarkably, the extent of demyelination in spinal cords of mice treated
with lithium after onset of disease was less than in untreated mice. This could be due to lithium
inhibiting demyelination, promoting remyelination, or a combination of both. Lithium could
inhibit demyelination by suppressing microglia activation and inflammatory cytokine
production. This is consistent with several studies highlighting microglia as a major mediator
of neuronal damage in EAE and multiple sclerosis (35-39). Our data also suggest the intriguing
possibility that lithium promotes remyelination. However, this is a speculative observation and
needs to be examined further.

The broad effectiveness of lithium on characteristic signs of EAE indicated that it affects an
early stage in the immunological cascade leading to EAE, and this was confirmed by the finding
that lithium attenuated the generation of MOGg3s_s5 peptide-responsive T cells. This block
likely stems, in part, from the recent finding that GSK3, which is inhibited by lithium (9), is
crucial for the differentiation and activation of proinflammatory dendritic cells (40). The Th17
lineage of CD4™T cells has recently been identified as the major effector T cell for EAE
development (41-43), and IL-6 has a crucial role in inducing IL-21, which in cooperation with
TGFg is necessary for the generation of Th17 cells (44—-46). Notably, in vivo lithium treatment
significantly reduced the in vitro MOGg3s_s5-stimulated production of both IL-6 and IL-17 by
splenocytes isolated from MOG3s_ss-immunized mice, indicating that lithium reduced the
development of MOGg35_sg-responsive Th17 cells, which would retard the development of
EAE. However, lithium did not selectively only block the development of Th17 cells, as
indicated by the finding that lithium treatment also greatly reduced the in vitro MOG35_s5-
induced production of IL-6 and of IFN-y, which are produced by Th1 cells and a population
of Thcells that coexpress both IL-17 and IFN-y, cells that correlate closely with disease severity
in EAE (23,47,48). Thus, it appears that by inhibiting GSK3, lithium suppresses the
development and differentiation of Ag-responsive T cells, possibly at the level of dendritic cell
activation. Consistent with this possibility, the ability of T cells obtained from lithium-treated
mice to be activated and produce inflammatory cytokines following direct engagement of the
Ag receptor with anti-CD3 was unaffected. We also found that lithium-mediated inhibition of
GSKa3 did not lead to increases in numbers or activity of Treg or NK cells. These findings
extend to a therapeutically relevant lithium administration paradigm the previous report that
high doses of lithium were capable of blocking EAE in rats (20), which preceded the discovery
that lithium is a selective inhibitor of GSK3 (9). The importance of GSK3 is also highlighted
by the finding that EAE was moderately but significantly promoted in GSK3 knock-in mice
in which the GSK3 is constitutively active and unable to be inhibited by the phosphorylation
of regulatory serines (11).

Lithium has also been shown to reduce inflammatory cytokine production by inhibiting GSK3-
dependent activation of NF-«B transcriptional activity (12,17,49). Inhibitors of GSK3, in some
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cases including lithium, previously were reported to reduce LPS-induced production of
inflammatory cytokines, such as IL-6, in monocytes and other cells (12), and to reduce disease
severity in animal models of sepsis, arthritis, peritonitis, and colitis (12,14,16-19). This study
demonstrates that lithium, likely by inhibiting GSK3, has profound actions in both the innate
and adaptive immune systems and in signaling mechanisms controlling the production of
inflammatory molecules.

Although these actions of GSK3 may at first seem surprising considering its original
identification as a kinase regulating glycogen metabolism, research during the last 10 years
has revealed that GSK3 regulates many cellular functions and signaling pathways, such as
phosphorylating >20 transcription factors (10). Thus, GSK3 seems to be the most likely target
mediating lithium’s therapeutic effects in EAE, but because lithium also has other targets (8),
we cannot rule out the possibility that other actions of lithium may contribute to its effects on
EAE. Nonetheless, because lithium was found to be highly effective in providing protection
from EAE, and it has been used for >50 years in human patients with psychiatric diseases,
taken together these findings suggest that lithium treatment and targeting GSK3 may be a
rational strategy to diminish the effects of autoimmune diseases as well as of inflammatory
diseases affecting the CNS.
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FIGURE 1.

Lithium treatment improves clinical symptoms of EAE. A, Mice were pretreated with dietary
lithium for 1 wk before immunization with MOG3s_s5 peptide and were maintained on lithium
for the duration of the experiment (n = 15-16). B, Mice were immunized with MOGg35_g5
peptide and lithium was administered after mice reached a clinical score of 2. Because mice
reached this score on different days after immunization, data are presented beginning on the
day each mouse achieved criteria (n = 8-9). C, Mice were immunized with MOGg35_g5 peptide
and lithium was administered after 20 days (n = 10). Values shown are means £ SEM. In all
three experimental paradigms, lithium treatment significantly (p < 0.05) reduced the CDI.
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FIGURE 2.

Lithium administration ameliorates neuropathology associated with EAE. Spinal cord sections
from unimmunized mice, mice immunized with MOG3s_s5 peptide without lithium treatment,
after 1 wk of lithium treatment, or treated with lithium after reaching a clinical score of 2, as
shown in Fig. 1, were analyzed at the end of scoring clinical symptoms. A—D, Spinal cord
sections were stained to evaluate activated microglia (A), demyelination (B), CD4* T cells
(C), or neutrophils (D). E, Mononuclear cells from spinal cords of mice treated with lithium
after reaching a score 2 were surface stained with anti-CD4 and anti-CD8 and analyzed by flow
cytometry to determine the proportion of CD4* and CD8™ T cells in spinal cords. Dot plots
represent CD4 and CD8 staining of cells within the mononuclear cell gate from untreated and
lithium treated mice. Each section shown is a representative of six serial sections of the spinal
cord from at least three mice per group.
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FIGURE 3.

Lithium pretreatment reduces Ag-specific T cell proliferation. Mice were immunized with
MOGg3s_s55 peptide with or without lithium pretreatment and analyzed after 10 days.
Mononuclear cells isolated from draining lymph nodes or spleens were stimulated with 0, 1,
or 10 ug/ml MOGg3s5_55 peptide (A), or 0 or 1 ug/ml anti-CD3 (B), and proliferation was
measured. For each experiment, cells from two mice were pooled. Means £ SEM (nh = 6); *,
p < 0.05 compared with mice not pretreated with lithium.
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FIGURE 4.

Lithium pretreatment reduces Ag-specific T cell production of cytokines. Mice were
immunized with MOGss_s5 peptide with or without lithium pretreatment and analyzed after
10 days. Isolated splenocytes were stimulated with 0, 1, or 10 zg/ml MOG3s5_s5 peptide (A),
or 0 or 1 ug/ml anti-CD3 (B), and the production of IFN-y, IL-6, and IL-17 were measured.
For each experiment, cells from two mice were pooled. Means + SEM (n = 3); *, p < 0.05

compared with mice not pretreated with lithium.
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FIGURES5.

Effects of lithium treatment of mice on NK cells and Treg cell. A, Lithium treatment did not
alter the number of NK cells. The histogram depicts the percent of NK1.1 positive cells from
each of lithium-untreated and treated mice. The scatter plot (lower panel) shows the number
of NK1.1 cells per million spleen cells = SD from lithium-untreated and treated mice (n = 5).
B, Treg cells are reduced in spleens of lithium-treated mice. The dot plot shows the percentage
of CD25*FoxP3* T cells within a CD4* gated population of cells from spleens of lithium-
untreated and treated mice. The scatter plot shows the number of CD4-gated CD25*FoxP3* T
cells per million spleen cells from lithium-untreated and treated mice + SD (n = 5). C, Lithium
treatment did not alter Treg cell activity. Treg cells from lithium-treated and untreated mice
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were evaluated for their ability to suppress the anti-CD3-induced proliferation of

CD4*CD25 responder T cells from C57BL/6 mice in a [3H]-thymidine incorporation assay.
Data represent mean £ SEM (n = 3).
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FIGURE 6.

EAE is more severe in GSK3 knock-in mice. EAE was induced in constitutively active GSK3
knock-in mice and in matched wild-type controls with MOGg35_g5 peptide, and clinical
symptoms were scored. Means + SEM (n = 6). Disease severity was significantly (p < 0.05)
increased in the GSK3 knock-in mice.
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FIGURE 7.

Lithium treatment ameliorates relapsing/remitting EAE. SJL female mice were immunized
with PLP139 151 peptide and on day 20, during the first remission, half the mice were
administered lithium (7). On day 90, lithium was withdrawn (]), and lithium treatment was
resumed on day 109 (1). Disease severity was significantly (p < 0.05) lower in the lithium-
treated mice.
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