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Axonal destruction and neuronal loss occur early
during multiple sclerosis (MS), an autoimmune in-
flammatory central nervous system disease that
frequently manifests with acute optic neuritis.
Glatiramer acetate (GA) and interferon-f-1b (IFN-f3-
1b) are two immunomodulatory agents that have
been shown to decrease the frequency of MS relapses.
However, the question of whether these substances
can slow neurodegeneration in MS patients is the
subject of controversy. In a rat model of experimental
autoimmune encephalomyelitis, we investigated the
effects of GA and IFN--1b on the survival of retinal
ganglion cells (RGCs), the neurons that form the ax-
ons of the optic nerve. For each substance, therapy
was started 14 days before immunization, on the day
of immunization, or on the day of clinical disease
onset. After myelin oligodendrocyte glycoprotein-in-
duced experimental autoimmune encephalomyelitis
became clinically manifest, optic neuritis was moni-
tored by recording visual evoked potentials. The func-
tion of RGCs was measured by electroretinograms.
Although early GA or IFN-f3-1b treatment showed ben-
efit on disease activity, only treatment with GA
exerted protective effects on RGCs, as revealed by
measuring neurodegeneration and neuronal func-
tion. Furthermore, we demonstrate that this GA-in-
duced neuroprotection does not exclusively depend
on the reduction of inflammatory infiltrates within
the optic nerve. (4m J Patbol 2006, 169:1353-1364; DOI:
10.2353/ajpath.2006.060159)

Multiple sclerosis (MS) is a chronic inflammatory demy-
elinating disease of the central nervous system (CNS).
Besides demyelination and inflammation, pathology of
MS is associated with destruction of axons and consec-
utive neuronal cell death that leads to progressive clinical
disability in patients.”? Interferon-g (IFN-B) and glati-
ramer acetate (GA) represent two immunomodulatory
agents that have shown clinical benefits in large trials of
relapsing-remitting MS.>® However, the question of
whether these substances have any influence on neuro-
degenerative aspects in MS patients causes contentious
discussion.®=® The results of recent studies suggest
complex, different mechanisms of action on humoral and
T-cellular immune responses.® In addition to their immu-
nomodulatory properties, neurobiological effects have
been described for both of these substances. Whereas
GA has been shown to stimulate secretion of brain-de-
rived neurotrophic factor (BDNF) by GA-sensitive lym-
phocytes,'® IFN-B promotes production of nerve growth
factor by endothelial cells.' The consequences of these
findings for neuronal survival and electrophysiological
function of neurons have not been clarified so far.

In the present study, we used myelin oligodendrocyte
glycoprotein (MOG)-induced experimental autoimmune
encephalomyelitis (EAE), a model that produces a wide
range of pathological lesions similar to MS."#'> Whereas
the amount of spinal cord lesions in this model shows a
certain variability, 90% of female brown Norway (BN) rats
develop acute optic neuritis within 3 weeks of immuniza-
tion with MOG. " In a previous study, we have shown that
the inflammatory attack against myelin components and
optic nerve axons in MOG-EAE leads to acute apoptotic
death of retinal ganglion cells (RGCs)."® We also ob-
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served a reduction in the density of RGCs, axons of which
form the optic nerve, during the preclinical period of
MOG-EAE."”

IFN-B-1b or GA in our present study was given accord-
ing to three different treatment regimens: either starting at
the day of disease onset to reflect the clinical situation or
beginning 14 days before and at the day of immunization
as a prophylactic treatment. Under these treatments, we
investigated incidence and severity of optic neuritis. Fur-
ther, we assessed survival and function of RGCs as well
as that of their axons. The function of the optic system
was tested by recording visual evoked potentials (VEPS)
and electroretinograms (ERGs) in response to flash and
pattern stimuli. In addition, we compared the influence of
IFN-B-1b and GA on intraneuronal apoptosis- or survival-
related signaling cascades.

Materials and Methods
Rats

Female BN rats of 8 to 10 weeks of age were used in all
experiments. They were obtained from Charles River
(Sulzfeld, Germany) and kept under environmentally con-
trolled conditions. All experiments were performed in
compliance with the relevant laws and institutional guide-
lines. These experiments have been approved by the
local authorities of Braunschweig, Germany.

Induction and Evaluation of EAE

The rats were anesthetized by inhalation of diethyl ether
and were then injected intradermally at the base of the tail
with a total volume of 100 wl of inoculum, containing 50
pg of MOG (kindly provided by C. Stadelmann and D.
Merkler, Department of Neuropathology, Neurologische
Universitatsklinik, Goéttingen, Germany) in saline emulsi-
fied (1:1) with complete Freund’s adjuvant (Sigma, St.
Louis, MO) containing 200 ug of heat-inactivated Myco-
bacterium tuberculosis (strain H 37 RA from Difco Labo-
ratories, Detroit, MI). Rats were scored for clinical signs of
EAE and weighed daily. This score reflects the amount of
spinal cord lesions and does not include visual symp-
toms or correlate with the severity of optic neuritis.'*®
The signs were scored as follows: grade 0.5, distal pa-
resis of the tail; grade 1, complete tail paralysis; grade
1.5, paresis of the tail and mild hind leg paresis; grade
2.0, unilateral severe hind leg paresis; grade 2.5, bilateral
severe hind limb paresis; grade 3.0, complete bilateral
hind limb paralysis; grade 3.5, complete bilateral hind
limb paralysis and paresis of one front limb; grade 4,
complete paralysis (tetraplegia), moribund state, or
death. Day 1 of EAE was defined as the day when the first
motor symptoms were detected.

Retrograde Labeling of RGCs

Adult BN rats were anesthetized with 10% ketamine (0.75
mi/kg; Atarost GmbH and Co., Twistringen, Germany)
together with 2% xylazine (0.35 ml/kg; Albrecht, Aulen-

dorf, Germany), the skin was incised mediosagitally, and
holes were drilled into the skull above each superior
colliculus (6.8 mm dorsal and 2 mm lateral from bregma).
Two ul of the fluorescent dye Fluorogold (FG, 5% in
normal saline; Fluorochrome Inc., Englewood, CO) were
injected stereotactically into both superior colliculi.

Treatment of Animals

Animals were randomly assigned to eight different
groups containing eight animals each. The verum groups
were treated with IFN-B-1b (Betaferon; Schering, Berlin,
Germany) 3 X 10° U s.c. every 2nd day as described by
van der Meide and colleagues’® or with daily subcutane-
ous applications of GA (Copaxone; Teva Pharmaceuti-
cals, Petach Tikva, Israel) in a dosage of 50 ug. One
group (pre) for each substance received pretreatment
with IFN-B-1b or GA started 14 days before immunization.
In the early treatment groups, therapy with IFN-B-1b or
GA was started at the day of immunization. The rationale
for this early treatment lies in our recent observation that
significant RGC death started at day 7 after immuniza-
tion, corresponding to a time point at least 1 week before
clinical onset of the disease.'” In an attempt to reflect the
clinical situation in MS patients, the late treatment groups
received IFN-B and GA, respectively, from day 1 of MOG-
EAE onwards. Each treatment was continued until day 21
of the disease. The respective control animals received
0.5 ml of 0.9% NaCl s.c. from the day of immunization
onwards either as a daily application (after the treatment
intervals of GA) or given every 2nd day according to the
treatment protocol of IFN-B. Pre-experiments with appli-
cation of vehicle (daily or every 2nd day) throughout the
different treatment periods (14 days before immunization,
from immunization, or disease manifestation onwards)
showed no differences concerning electrophysiological
or histopathological data.

Electrophysiological Recordings

The rats were anesthetized by intraperitoneal injection of
ketamine together with xylazine as described above and
mounted on a stereotaxic device. Recordings of VEPs
and ERGs were performed as described earlier.’® These
measurements were done at clinical onset of EAE. To
monitor the disease course and to investigate therapeutic
effects of the different treatment regimens, measure-
ments of VEPs and ERGs were repeated on day 8 of the
disease.

Quantification of RGC Density

At day 21 of MOG-EAE, the rats received an overdose of
chloral hydrate and were perfused via the aorta with 4%
paraformaldehyde in phosphate-buffered saline. The
brain along with the optic nerves and both eyes were
removed, and the retinas were dissected and flat-
mounted on glass-slides. They were examined by fluo-
rescence microscopy (Axiophot 2; Zeiss, Géttingen, Ger-
many) using a UV filter (365/397 nm). RGC densities were



determined by counting labeled cells in three areas
(62,500 um?) per retinal quadrant at three different ec-
centricities of 1/6, 3/6, and 5/6 of the retinal radius. Cell
counts were performed by two independent investigators
following a blind protocol. One-way analysis of variance
followed by Bonferroni correction was used to analyze
the RGC. A P value of less than 0.05 was considered to
be statistically significant.

Cell Culture

Primary RGCs were obtained from 6-day-old Wistar rats,
according to a two-step immunopanning protocol de-
scribed previously.?° Cells were seeded into poly-p-ly-
sine (0.01 mg/ml)-coated 96-well plates at a density of
5000 cells per well. Cultures were maintained in serum-
free medium (Neurobasal; Invitrogen, Karlsruhe, Ger-
many) containing glutamine, cysteine, B27 supplement,
sodium pyruvate, triiodothyronine, and Sato’s medium
(transferrin, bovine serum albumin, progesterone, pu-
trescine, and sodium selenite) supplemented with satu-
rating concentrations of forskolin, BDNF, ciliary neurotro-
phic factor, and insulin at 37°C in 5% CO.. After 24 hours,
medium was removed from the cells and replaced with
medium containing various concentrations (10 to 300,000
U/ml) of IFN-B-1b. Cells maintained in normal serum-free
medium containing neurotrophins served as controls.

Cell Viability Studies

Forty-eight hours after addition of IFN-B-1b, cell viability
was assessed using a (3,4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl tetrazolium bromide (MTT) reduction assay.?’
MTT was added to the wells at a final concentration of 0.5
mg/ml, for 1 hour at 37°C. Viable cells with active mito-
chondria cleaved the tetrazolium ring into a visible blue
formazan product and were visualized by bright-field mi-
croscopy. The number of surviving cells in eight fields of
view in each of three wells was counted per concentra-
tion of IFN-B-1b. Results are expressed as a percentage
of controls.

Western Blotting

Animals received an overdose of chloral hydrate, and the
eyes were removed before perfusion with PFA. Eight eyes
per treatment or vehicle group were included into the
Western blot analysis. Retinas were homogenized, lysed
(150 mmol/L NaCl, 50 mmol/L Tris, pH 8.0, 2 mmol/L
ethylenediaminetetraacetic acid, 1% Triton) on ice for 20
minutes, and cell debris was pelleted at 14,000 X g for 15
minutes. The protein concentration of the supernatant
was determined using the BCA reagent (Pierce, Rock-
ford, IL). The Western blot analysis on retinal lysates was
performed as described elsewhere.?® After incubation
with the primary antibody against BDNF (Abcam, Cam-
bridge, UK) [1:1000 in 1% skim milk in 0.1% Tween 20 in
phosphate-buffered saline (TBS-T)], membranes were
washed in TBS-T and incubated with horseradish perox-
idase-conjugated secondary antibodies against rabbit
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IgG (1:1000 in TBS-T; Santa Cruz Biotechnology Inc.,
Santa Cruz, CA). Labeled proteins were detected using
the ECL-plus reagent (Amersham, Arlington Heights, IL).

After incubation with the primary antibody against
phospho-p44-phospho-p42 mitogen-activated protein ki-
nases (MAPKs) (Thr202/Tyr204, 1:250 in 1% skim milk in
TBS-T; New England Biolabs GmbH, Schwalbach, Ger-
many) or against p44-p42 MAPKs (sc-93-G, 1:500 in 1%
skim milk in TBS-T; Santa Cruz Biotechnology), mem-
branes were washed in TBS-T and incubated with horse-
radish peroxidase-conjugated secondary antibodies
against goat IgG (1:3000 in TBS-T; Santa Cruz
Biotechnology).

For Western blot analysis of Bcl-2 and Bax levels, the
primary antibody (sc-7382; Santa Cruz Biotechnology)
was diluted 1:200 in 5% skim milk in TBS-T; for protein
detection, a horseradish peroxidase-conjugated second-
ary antibody against mouse 1gG was used (1:2000 in 1%
skim milk in TBS-T; Santa Cruz Biotechnology).

After incubation with the primary antibody against
phospho-Akt (1:1000 in 5% bovine serum albumin in
TBS-T; New England Biolabs GmbH) or Akt (1:1000 in 1%
skim milk in TBS-T; New England Biolabs GmbH), mem-
branes were washed in TBS-T and incubated with horse-
radish peroxidase-conjugated secondary antibodies
against rabbit IgG (1:2500 in 1% skim milk; Santa Cruz
Biotechnology). For Western blot analysis of B-tubulin as
a housekeeping protein, the primary antibody (Sigma-
Aldrich, Munich, Germany) was diluted 1:1000 in TBS-T.
Secondary antibody against mouse IgG (1:2000 in 5%
skimmed milk; Santa Cruz Biotechnology) was applied.

Histopathology

Histological evaluation was performed on paraformalde-
hyde-fixed, paraffin-embedded sections of optic nerves
at day 21 of MOG-EAE. Sections were stained with Luxol-
fast blue and Bielschowky’s silver impregnation to assess
demyelination and axonal pathology, respectively, as
previously described.' The determination of axonal den-
sities and demyelinated areas was also described earli-
er.'® The two independent investigators who performed
neuropathological examinations were blinded to the elec-
trophysiological results of the study as well as to the
applied treatment regimen. Statistical significance was
assessed using one-way analysis of variance followed by
Duncan'’s test.

In addition, we performed staining for amyloid precur-
sor protein (APP) (Boehringer, Mannheim, Germany),
CD45 (BD Biosciences, Franklin Lakes, NJ), CD3, and
ED1 as well as hematoxylin and eosin (H&E) staining
(Serotec, Dusseldorf, Germany) on paraffin-embedded
sections of the optic nerve. CD3, CD45, ED1, and H&E
immunohistochemistry was used to quantify the extent of
inflammation. For CD3 and CD45 staining, marked cells
were counted at 1000-fold magnification in 12 standard-
ized microscopic fields of 2500 um. For ED1 and H&E
staining, the degree of inflammation was evaluated using
the following histological score: grade 0, no inflammatory
infiltration; grade 1, subarachnoidal cell infiltration; grade
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2, diffuse subarachnoidal and foci of parenchymal infil-
tration; grade 3, diffuse and widespread parenchymal
infiltration.

Results

Clinical Disease Course

In the GA pretreatment group, the incidence of manifest
EAE was suppressed: only three of eight animals devel-
oped signs related to an affection of the motor system. In
contrast, the incidence of optic neuritis in this animal
group, as revealed by electrophysiological assessment,
reached 100%. In both pretreatment groups, the onset of
EAE was significantly delayed to day 21 after immuniza-
tion when compared with the respective vehicle-treated
control groups (day 20.7 *= 2.6 under GA treatment ver-
sus 13.3 £ 1.5 for vehicle; day 22.1 = 3.2 in IFN-B-1b-
treated animals versus 12.8 = 1.1 under vehicle treat-
ment; mean = SEM; P < 0.05) (Figure 1). Treatment with
IFN-B-1b, started at the day of immunization (early treat-
ment), also led to a significantly later onset of disease
(day 19.1 = 1.4 after immunization versus day 12.8 + 1.1
in vehicle-treated animals; P < 0.05) (Figure 1). In con-
trast, the disease onset in the rat group that received GA
from the day of immunization onwards did not differ from
that of both late treatment and vehicle-treated groups,
respectively, as shown in Figure 1. Despite the delay in
disease manifestation in the pretreatment and early treat-
ment groups of IFN-B-1b, the mean clinical scores at
days 1 and 8 of MOG-EAE in these animals were similar
when compared with those of the respective control
group (Figure 1). The mean clinical score in the GA
pretreatment group was significantly lower in comparison
to vehicle-treated animals at day 8 of the disease (1.2 =
0.1 under GA pretreatment and 3 = 0.1 for vehicle;
mean *+ SEM; P < 0.05) (Figure 1). However, the clinical
outcome at the end of the study (day 21 of MOG-EAE)
showed no significant differences between IFN-B-1b-,
GA-, and vehicle-treated rats after the different treatment
regimens (Figure 1).

Assessment of Visual Functions

To diagnose optic neuritis in vivo and to examine the
electrophysiological function of RGCs, we performed
VEP and ERG recordings in response to flash and pattern
stimulation. Each eye was assessed separately. With VEP
flash stimulation, we tested the axonal signaling of the
optic nerve. A potential in response to flash light corre-
sponds to the ability of an animal to discriminate between
light or dark. Pattern VEP recordings were performed to
estimate the animal’s visual acuity. ERG measurements in
response to flash stimulation indicate an intact function of
the whole retina, whereas ERG potentials induced by
pattern stimulation are a specific electrophysiological
marker for RGCs. Recently, we have shown that healthy
sham-immunized rats have visual acuity values of 1.31 =
0.16 cyc/degree determined by pattern VEP recordings
and 1.10 = 0.13 cyc/degree in the pattern ERG measure-

ments.'® Further, we have excluded concomitant uveo-
retinitis, which could influence the electrophysiological
measurements in our model, by immunohistochemistry
against T-cell receptors as well as against lysosomal
membrane-related antigens on macrophages and micro-
glia.’® The electrophysiological results of the different
treatment groups in our present study are summarized in
Tables 1 and 2. Comparing all treatment protocols, only
pretreatment with GA and, to a lesser extent, early GA
therapy led to partial improvement of VEP responses to
pattern stimulation and thereby to a detectable visual
acuity at day 1 and/or day 8 of MOG-EAE (Table 1). In
contrast, in all three IFN-B-1b-treated groups, the re-
duction of visual acuity was similar to that observed in
vehicle-treated animals (Table 2).

In the flash ERG measurements, most of the animals
(53 of 64 measured eyes) showed intact function of the
whole retina at the day of disease onset as indicated by
ERG responses to flash stimulation (Table 1). With re-
spect to this electrophysiological parameter, five animals
were discordant as ERG responses to flash light were
produced by only one eye. Recordings of ERGs in re-
sponse to pattern stimulation revealed no differences
between IFN-B-1b- and vehicle-treated animals. In GA-
treated rats in contrast, ERG results after pattern stimu-
lation at days 1 and 8 of MOG-EAE were better than
controls if GA was given as a pretreatment (Figure 2). The
ERG responses to pattern stimulation in the GA early
treatment group showed better results at day 1 of MOG-
EAE and a trend toward a better outcome at day 8 of the
disease (Table 1).

Retinal Ganglion Cell Counts

To compare the functional data from RGCs obtained by
pattern ERG measurements with their survival rates, we
counted FG-positive cells at day 21 of MOG-EAE in the
different treatment groups. Recently, we demonstrated
that significant apoptotic cell death of RGC occurs during
MOG-induced optic neuritis. In control retinas of healthy
complete Freund’s adjuvant-immunized rats, mean RGC
density was 2730 + 145 cells/mm? .23 Pretreatment with
GA for 14 days in our present study resulted in RGC
counts of 1756 + 131.1 per mm? (mean * SEM, P <
0.0001 when compared with vehicle; Figure 3, A, D, and
E). The animals that received GA from the day of immu-
nization onwards also showed a significantly increased
RGC survival at day 21 of MOG-EAE (1052 += 61.6 RGCs/
mm?, P < 0.0001 when compared with vehicle) (Figure 3,
B, D, and E). However, GA treatment started at the day of
the occurrence of the first clinical signs did not improve
the number of surviving RGCs when compared with ve-
hicle-treated controls (444.4 + 46.6 RGCs/mm? versus
468.8 + 54.3 for vehicle; Figure 3, C, D, and E). In
contrast to the corresponding treatment protocol of GA,
pretreatment with IFN-B-1b started 14 days before immu-
nization did not exert any rescue effect on RGCs (743.8 +
51.6 RGCs/mm? versus 599.8 * 36.4 in vehicle-treated
animals; mean = SEM) (Figure 4, A-C). Early and late
treatment with IFN-B-1b did not result in increased RGC
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Figure 1. Clinical score of IFN-B-1b (A) and GA-treated rats (B) after the different treatment regimes (pretreatment, early treatment, late treatment, vehicle-treated
control group). Each value represents mean * SEM of the daily neurological score. Only rats with motor symptoms were included in this figure and for the
statistical analysis of the general neurological score. In the GA pretreatment group only three of eight animals developed motor symptoms (in contrast to optic
neuritis that was detected in eight of eight animals in that group). In all other rat groups, incidence of motor symptoms reached 100%. *Statistically significant delay
in disease onset (one-way analysis of variance followed by Duncan’s test; P < 0.05). *Statistically significant lower disease score when compared with the
respective control group.
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Table 1. Results of Visual Evoked Potentials (VEPs) and Electroretinograms (ERGs) Obtained on Days 1 and 8 of MOG-EAE
(EAEd1 or EAEdS) in GA-Treated Animals and the Corresponding Control Group
VEP VEP VEP VEP ERG ERG ERG ERG
EAEd1 EAEd8 EAEd1 EAEd8 EAEd1 EAEd8 EAEd1 EAEd8
flash flash pattern pattern flash flash pattern pattern
Pretreatment 6/8 8/8 0.56 = 0.12 0.38 = 0.06 8/8 8/8 051*0.1 0.42=*0.08
cyc/** cyc/** cyc/°* cyc/°*
Early therapy 6/8 2/8 0.26 = 0.06 0.13 cyc/® 8/8 7/8 0.3+0.04 0.16 =0.01
cyc/** cyc/°* cyc/®
Late therapy 3/8 1/8 - - 8/8 6/8 - -
Vehicle 3/8 1/8 - - 6/8 6/8 - -
Control: CFA- 8/8 1.31 + 0.16 cyc/°t 8/8 1.10 + 0.13
immunized  (day 18 p.i.) (day 18 p.i.) (day 18 p.i.) cyc/ot
(day 18 p.i.)

*Statistically significant when compared with vehicle-treated animals (P < 0.05).

TStatistically significant when compared with GA-treated animals (P < 0.05).

Control rats immunized with CFA were measured on day 18 after immunization (p.i.) as described previously.'® The number of eyes with detectable
potentials to flash stimulation is given as the number of total tested eyes in each group (x/8). The results from pattern stimulation are given as visual
acuity values calculated from VEP or ERG amplitudes and the spatial frequency of the pattern stimulation. —, Indicates groups with no detectable
responses to pattern stimulation or values less than 0.13 cycle/degree (cyc/®) (which is the threshold of visual acuity detectable by this method).

counts as well (562.6 + 36.3 cells/mm? in the early and
665.2 = 82.1 cells/mm? in the late treatment group;
mean = SEM) (Figure 4C).

Retinal Ganglion Cell Viability Studies

We investigated whether IFN-B-1b has a direct toxic ef-
fect on RGCs using immunopurified postnatal RGCs. For-
ty-eight hours after application of 10 to 300,000 U/ml
IFN-B-1b in culture, the number of surviving RGCs was
quantified by MTT assay. There was found to be no
significant difference in the number of surviving RGCs
after treatment with all concentrations of IFN-B-1b, in
comparison to cells cultured in normal growth media
(Figure 4D).

Inflammatory Infiltration of the Optic Nerve

To investigate the severity of optic neuritis in the different
treatment groups, we performed immunohistochemistry
with an antibody against CD3, CD45, and ED1. In gen-
eral, only a few CD3- and CD45-positive cells were de-
tected within the optic nerves of all animal groups in
contrast to a high amount of activated macrophages
positive for ED1. This might be attributable the late time
point analyzed in our study (day 21 of MOG-EAE). In

support of this notion, it has been shown in autoimmune
diseases in humans that phagocytosis is inversely corre-
lated with CD45 expression on polymorphonuclear
cells.®* Counting the numbers of CD3- and CD45-posi-
tive cells within the optic nerves, we found a significant
decrease in the GA pretreatment group: 16.9 * 2.6
CD45-positive cells/mm? and 1.3 = 0.5 CD3-positive
cells/mm? (mean + SEM, P < 0.001) after pretreatment in
comparison to 42.6 + 2 CD45-positive cells/mm? and 6 +
0.5 CD3-positive cells/mm? in vehicle-treated animals
(Figure 5, A, C, E-H). The extent of inflammation in the GA
early (39.5 = 2.5 CD45-positive cellshmm?, 59 = 0.8
CD3-positive cells/mm?) and late treatment groups
(32.4 + 3.8 CD45-positive cells/mm?, 6.4 + 1.1 CD3-
positive cells/mm?) (Figure 5A) did not differ from the one
of the vehicle-treated animals. As revealed by ED1 and
H&E staining, the extent of inflammation after pretreat-
ment was also significantly decreased in comparison to
that in vehicle-treated animals (score of 1.0 = 0.2 versus
2.2 = 0.8 for ED1 staining; score of 1.0 = 0.3 versus
2.3 £ 0.3 for H&E staining; mean = SEM; P < 0.05).
Representative examples of ED1 and H&E stainings after
GA pretreatment are given in Figure 5, | and K. The
animals in the early and late treatment groups showed no
differences in comparison to the control group (1.5 = 0.3
for ED1 and 2.1 = 0.4 for H&E staining in the early GA

Table 2. Results of Visual Evoked Potentials (VEPs) and Electroretinograms (ERGs) Obtained on Days 1 and 8 of MOG-EAE
(EAEd1 or EAEd8) in IFN-B-1b-Treated Animals and the Corresponding Control Group
VEP VEP VEP VEP ERG ERG ERG ERG
EAEd1 EAEd8 EAEd1 EAEd8 EAEd1 EAEd8 EAEd1 EAEd8
flash flash pattern pattern flash flash pattern pattern
Pretreatment 5/8 4/8 0.18 =+ 0.03 cyc/® - 6/8 4/8 0.16 = 0.02 -
cyc/°
Early therapy 4/8 2/8 - - 5/8 3/8 - -
Late therapy 4/8 1/8 - - 5/8 2/8 - -
Vehicle 5/8 2/8 - - 7/8 3/8 - -
Control: CFA- 8/8 1.31 £ 0.16 cyc/** 8/8 1.10 £ 0.13 cyc/**
immunized  (day 18 p.i.) (day 18 p.i.) (day 18 p.i.) (day 18 p.i.)

*Statistically significant when compared with IFN-B-1b-treated animals (P

after immunization (p.i.) as described previously.'®

< 0.005). Control rats immunized with CFA were measured on day 18
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Figure 2. GA treatment started 14 days before immunization improves ERG
responses during autoimmune optic neuritis. The stimulating pattern is indi-
cated on top of the recording sequences. A: Example of ERG potentials at day
8 of MOG-EAE evoked by stimulation with six alternating bars in an animal
treated with GA. B: Under the same recording conditions, only background
noise levels of electrical activity were seen in an animal from the vehicle-
treated group.

group; 2.0 = 0.4 for ED1 and 2.6 * 0.2 for H&E staining
in the late GA group). In IFN-B-1b-pretreated rats, the
mean density of CD45- and CD3-positive cells was lower
than the one of vehicle-treated controls, but this differ-
ence did not reach statistical significance (12.2 = 3.6
CD45-positive cells/mm? and 2.8 + 0.7 CD3-positive
cells/mm? versus 31.6 = 8.3 CD45-positive cells/mm?
and 4.9 = 0.5 CD3-positive cells/mm? in the correspond-
ing control group). In the early (28.3 = 6.1 CD45-positive
cells/mm?, 4.5 = 0.6 CD3-positive cells/mm?) and late
treatment (24.7 + 5.3 CD45-positive cells/mm?, 4.2 = 0.9
CD3-positive cells/mm?) groups of IFN--1b, the extent of
inflammation did not differ in comparison to vehicle-
treated controls (Figure 5, B and D). As shown by ED1
and H&E staining, inflammatory infiltration in all three
IFN-B-1b-treated groups did not differ when compared
with the vehicle-treated animals as well (1.7 = 0.2 for ED1
and 1.6 = 0.3 for H&E staining in pretreated; 1.6 = 0.2 for
ED1 and 2.1 £ 0.2 for H&E staining in early; 2.1 = 0.4 for
ED1 and 2.5 = 0.4 for H&E staining in late; 2.0 = 0.3
for ED1 and 2.5 = 0.2 for H&E staining of the corre-
sponding vehicle-treated animals).

Acute Axonal Damage of the Optic Nerve

Using APP as a marker for early axonal damage, we
found the lowest number of APP-positive axons in the GA
pretreatment group (7.8 + 2.3 axons/mm?; vehicle:
27.9 + 1.2 axons/mm?; mean + SEM; P < 0.005) (Figure
6, A, C, and D). In the GA early (24.2 + 2.4 axons/mm?)
and late treatment groups (19.7 *= 2.2 axons/mm?), the
number of APP-positive axons did not differ from that of
the vehicle-treated animals (Figure 6A). After IFN-B-1b
pretreatment, only a tendency toward a reduction of APP-
positive axons was seen (14.1 + 4.2 axons/mm? versus
24.0 = 5.7 for vehicle). In the IFN-B-1b early treatment
group, we found 19.7 = 5.2 APP-positive axons/mm?.
After late treatment, 13.3 + 3.8 APP-positive axons/mm?
were counted. These results did not significantly differ
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Figure 3. Pretreatment and early treatment with GA increases survival of
RGCs during optic neuritis. Representative whole mount areas at 3/6 retinal
radius from a GA pretreated (A), a GA early-treated (B), and GA late-treated
(C) animal obtained at day 21 of MOG-EAE. A: Examples of FG-labeled RGCs
are indicated by arrows. D: The number of FG-labeled RGCs in a corre-
sponding vehicle-treated animal at day 21 of MOG-EAE is decreased when
compared with GA treatment. Note the predominance of microglial cells in
this retina (arrow). E: Data are given as the mean = SEM of retrogradely
labeled RGCs/mm? at day 21 of MOG-EAE. ctrl, healthy sham-immunized
control group; veh, vehicle treatment; pre, GA treatment started 14 days
before immunization; early, GA treatment started at immunization; late, GA
treatment started at the day of disease onset. *Statistically significant when
compared with all GA-treated rat groups (P < 0.005 when compared with
pretreatment; P < 0.0001 when compared with early and late treatment).
**Statistically significant when compared with the vehicle-treated rat group
(P < 0.0001; one-way analysis of variance followed by Duncan’s test). Scale
bar = 100 pm.

from those of the corresponding control group (Figure
6B). In all groups, the highest extent of APP-positive
axons was found in actively demyelinating lesions.

Chronic Axonal Damage and Demyelination of
the Optic Nerve

In accordance with our electrophysiological findings,
Bielschowsky silver impregnation revealed significantly
higher axon counts at day 21 of MOG-EAE in the GA
pretreatment group (4304 = 412.6 axons/mm?; mean +
SEM; P < 0.0001) (Figure 7, C and |) when compared
with vehicle-treated animals (644.3 = 90.8 axons/mm?;
Figure 7, C and J). In contrast, the axonal density of
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Figure 4. [FN-B-1b did not exert any rescue effect on RGCs. A: Representa-
tive whole mount area at 3/6 retinal radius from an IFN-B-1b-pretreated
animal at day 21 of MOG-EAE. The arrow marks a remaining pale FG-
positive RGC between microglial cells. B: Representative whole mount of a
corresponding vehicle-treated animal. Microglial cells are indicated by ar-
rows. C: Data are given as the mean * SEM of retrogradely labeled RGCs/
mm? at day 21 of MOG-EAE. ctrl, healthy sham-immunized control group;
veh, vehicle treatment; pre, IFN-B-1b treatment started 14 days before im-
munization; early, IFN-B-1b treatment started at immunization; late, IFN-$-1b
treatment started at the day of disease onset. *Statistically significant when
compared with all IFN-B-1b-treated rat groups (P < 0.0001). D: IFN-B-1b has
no direct influence on RGC survival in vitro. Indicated are the numbers of
surviving immunopurified RGCs that were treated with different concentra-
tions of IFN-B-1b (10X). Cell counts are expressed as a percentage of
controls. Scale bar = 100 wm.

healthy, complete Freund’s adjuvant-immunized animals
was 8680 = 1139 axons/mm? (mean = SEM, n = 8). The
extent of myelin damage determined as the percentage
of the demyelinated area with respect to the whole optic
nerve cross-section revealed a pronounced myelin pres-
ervation after pretreatment with GA (7.3 = 1.7%, mean =
SEM, P < 0.0001) (Figure 7, A and E) in comparison to
the vehicle-treated controls (56.6 = 12.2%; Figure 7, A
and F). Histopathological results in the group that re-
ceived GA from the day of disease onset onwards did not
differ from those of vehicle-treated rats. The number of
remaining axons/mm? in the GA late treatment group was
in the range of 378.2 = 34.8 (Figure 7C). The extent of
demyelination was also similar to that of the vehicle-
treated group: The mean percentage of the demyelinated
area was 74.0 = 11.8% when GA treatment was initiated
at disease onset. Axon counts and demyelination in the
animals that received GA from the day of immunization
onwards (early treatment) did not differ from the vehicle-
treated control group as well (761.1 + 140.5 axons/mm?
and 41.9 = 10.2% demyelination versus 644.3 = 90.8
axons/mm? and 56.6 = 12.2% demyelination for vehicle)
(Figure 7, A and C). The numbers of remaining axons that
were present in IFN-B-1b-treated animals were in the
range of 525.1 + 107.8 axons/mm? after pretreatment,
377.3 + 81.9 axons/mm? in the early treatment group,
and 320.3 = 70.5 axons/mm? if therapy was started at
disease onset. The mean axonal density in the corre-
sponding control group (336.5 * 75.8 axons/mm?) did

>
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Figure 5. Decreased inflammatory infiltration of the optic nerves was found
only in the rat group pretreated with GA. A-D: Data are given as the mean *=
SEM of CD45-positive cells/mm? (A, B) or CD3-positive cells (C, D) at day 21
of MOG-EAE after treatment with GA (A, C) or IFN-B-1b (B, D). veh, vehicle
treatment; pre, treatment with GA or IFN-B-1b started 14 days before immu-
nization; early, GA or IFN-B-1b treatment started at immunization; late, GA or
IFN-B-1b treatment started at the day of disease onset. Statistically significant
when compared with the respective vehicle group (*£ < 0.001; **P < 0.0001;
one-way analysis of variance followed by Duncan’s test). E-H: Representa-
tive optic nerve cross sections stained for CD45 (E, F) and CD3 (G, H) in a
GA-pretreated animal (E, G) as well as in a vehicle-treated rat (F, H). CD45-
and CD3-positive cells are indicated by arrows. I-L: Representative optic
nerve cross-sections stained for ED1 (I) and H&E (K) in a GA-pretreated
animal as well as a vehicle-treated rat (J, L). Examples of stained macro-
phages are indicated by arrows. Scale bar = 20 um.
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Figure 6. Only pretreatment with GA reduced acute axonal damage within
the optic nerves. A and B: Data are given as the mean * SEM of APP-positive
axons/mm? at day 21 of MOG-EAE after treatment with GA (A) or IFN-B-1b
(B). veh, vehicle treatment; pre, treatment with GA or IFN-B-1b started 14
days before immunization; early, GA or IFN-B-1b treatment started at immu-
nization; late, GA or IFN-B-1b treatment started at the day of disease onset.
*Statistically significant when compared with the vehicle group (P < 0.005;
one-way analysis of variance followed by Duncan’s test). C and D: Repre-
sentative optic nerve cross-sections stained for APP of a GA-pretreated
animal (C) and a vehicle-treated rat (D). APP-positive axons are indicated by
arrows. Scale bar = 20 pum.

not significantly differ from any of the groups treated with
IFN-B-1b (Figure 7D). The mean percentage of the de-
myelinated area in all three groups treated with IFN-B-1b
was also similar to that of the vehicle-treated controls
(vehicle: 47.7 = 17.5%; pretreatment: 55.7 = 10.3%;
early treatment: 49.7 = 11.3%; late treatment: 32.5 =
8.7%; mean = SEM) (Figure 7B).

Intracellular Signal Transduction in Retinal
Ganglion Cells

The discrepancy between the histological data of the
optic nerves, which showed a control-like extent of optic
neuritis after early treatment with GA, and the increased
RGC survival in that group suggests a primary neuropro-
tective effect of GA independent of its anti-inflammatory
properties. Following this hypothesis, we investigated the
influence of GA on retinal neurotrophic factor concentra-
tion as well as on several anti-apoptotic signaling steps in
RGCs. Western blot analysis in our study revealed in-
creased BDNF levels in retinal lysates of rats after treat-
ment with GA (Figure 8B). In contrast, no changes in
BDNF expression were detected after therapy with IFN-
B-1b (Figure 8C). Additionally, we investigated the retinal
expression of BDNF during development and progres-
sion of naive EAE (day 7 after immunization as well as on
days 1, 8, and 21 of the disease). Whereas the amount of
BDNF was comparable at the days of manifest EAE, a
tendency toward a decreased protein expression was
observed at day 7 after immunization (Figure 8A).

To investigate further the involved neurotrophin-de-
pendent intracellular signal transduction in the GA-
treated group of animals, we analyzed the phosphoryla-
tion of MAPKs and Akt as well as the expression of two
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Figure 7. Decreased extent of demyelination and chronic axonal damage
within the optic nerves of GA pretreated rats. A and B: Data are given as the
mean percentage of the demyelinated area with respect to the whole optic nerve
cross-section after GA (A) or IFN-B-1b (B) treatment. C and D: Data are given as
the mean = SEM of axons/mm? after application of GA (C) or IFN-B-1b (D). ctrl,
healthy sham-immunized control group; veh, vehicle treatment; pre, treatment
with GA or IFN-B-1b started 14 days before immunization; early, GA or IFN-B-1b
treatment started at immunization; late, GA or IFN-B-1b treatment started at the
day of disease onset. *Statistically significant when compared with all GA- or
IFN-B-1b-treated animal groups (P < 0.0001) **Statistically significant when
compared with vehicle-treated rats (P < 0.0001; one-way analysis of variance
followed by Duncan’s test). E and F: Representative transverse optic nerve
cross-sections stained with Luxol fast blue obtained from a GA-pretreated (E)
and a vehicle-treated rat (F). E: Pronounced myelin preservation (blue) was
detected after GA pretreatment. F: The optic nerve after application of vehicle
appears extensively demyelinated (purple). G and H: Bielschowsky silver im-
pregnation of an optic nerve from a healthy, sham-immunized rat (G) and an
IFN-B-1b-treated animal (HD. I and J: Marked axonal preservation within the
optic nerve of a GA-pretreated rat (I) when compared with the one of a
vehicle-treated animal (J). Blue arrows indicate remaining axons. Scale bars:
100 um (E, F); 20 um (G=J).

members of the Bcl-2 family, Bcl-2 and Bax. The respec-
tive immunoblotting results are shown in Figure 8B: GA
increased the phosphorylation of MAPKs when com-
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Figure 8. A: Western blot analysis of BDNF expression during development
and progression of naive MOG-EAE. The amount of BDNF slightly decreased
at day 7 after immunization. Ctrl, healthy sham-immunized control; d7 p.i.,
day 7 after immunization; d1 EAE, day 1 of EAE; d8 EAE, day 8 of EAE; d21
EAE, day 21 of EAE. B: GA increases retinal BDNF concentration and
activates protective intracellular signaling cascades in RGCs. In each column,
Western blot analyses of different proteins using the same retinal protein
lysate are shown. Note the increase of retinal BDNF levels under GA treat-
ment. GA also induces the phosphorylation of Akt (pAkt) and MAPKs
(pPMAPK). The unphosphorylated forms of these proteins are similar in each
group. Bcl-2 levels are increased under GA therapy whereas the expression
of Bax is decreased. Expression levels of B-tubulin as a housekeeping protein
were similar in the different probes analyzed. C: No differences in BDNF
expression levels were found with IFN-B-1b treatment when compared with
vehicle-treated animals.

pared with the injection of NaCl. In contrast, the unphos-
phorylated inactive form of these proteins was not influ-
enced by GA treatment. GA also increased the
phosphorylation of Akt when compared with vehicle-
treated animals. Furthermore, GA treatment induced an
up-regulation of the anti-apoptotic protein Bcl-2 and si-
multaneously decreased the expression of the proapop-
totic protein Bax (Figure 8B).

Discussion

Axonal damage has the strongest impact on the devel-
opment of irreversible neurological symptoms in
MS."25-27 Data that allow an estimation of the effects of

immunomodulatory therapies on neurodegeneration in
this disease come from magnetic resonance imaging and
magnetic resonance spectroscopy studies. However, the
results of these studies are contradictory.>8:28-32

In addition to severe axonal pathology, histopatholog-
ical studies demonstrated apoptotic neuronal cell death
in demyelinated cerebral cortex lesions of MS patients,?
which cannot be assessed by imaging techniques. As
known from studies of classical neurodegenerative dis-
eases such as Parkinson’s and Alzheimer’s disease, it is
difficult to detect apoptotic neurons in human brain tissue
because of the rapid time kinetics of apoptosis-related
intracellular signaling cascades.®® For this reason, much
of the present knowledge about apoptotic neuronal cell
death and its mechanisms in MS comes from studies in
EAE models. MOG-induced optic neuritis, the model
used in our present study, is suitable for testing neuro-
protective agents because it leads to acute apoptotic cell
death of RGCs, the neurons that form the axons of the
optic nerve.'® Recently, we described the kinetics of
RGC apoptosis in this model starting ~1 week before
manifestation of clinical signs and rapidly progressing
until day 8 of the disease.'” Under autoimmune inflam-
matory conditions, a close association between neurode-
generation and inflammation has been demonstrated.’
This led to the concept that protection of neurons might
be achieved secondary to an anti-inflammatory or immu-
nomodulatory treatment. To determine whether, and by
which mechanisms, IFN-B-1b and GA protect RGCs from
apoptosis during MOG-induced optic neuritis, we inves-
tigated the survival and function of these neurons. As
revealed by VEP and ERG recordings, GA improved
visual functions in the animals if treatment was started 14
days before immunization or, with lesser effect, if GA was
given from the day of immunization onwards. IFN-B-1b, in
contrast, did not have any influence on visual functions of
rats during MOG-EAE. In accordance with the electro-
physiological data, the survival of RGCs in these two
GA-treated rat groups was promoted. Whereas GA pre-
treatment decreased the severity of optic neuritis, his-
topathological results of the optic nerves did not differ
from those of the vehicle-treated controls if therapy with
GA was started at immunization. The observation of an
increased RGC survival but unchanged optic nerve dam-
age in this group suggests an additional inflammation-
independent protective effect of GA on RGCs. Evidence
for GA-induced neuroprotection under noninflammatory
conditions came from studies in nerve injury models.34-36
In EAE, it was reported that axonal damage in mice was
reduced after GA therapy.®” However, axon protection in
this study seemed to be the consequence of the anti-
inflammatory/immunomodulatory properties of the agent.

As known from studies with immunosuppressive ther-
apies, elimination of the inflammatory component of MS
does not necessarily stop neurodegeneration.*®=° In the
context of neuroprotective immunity, it has been de-
scribed that immune cells supply several neuroprotective
mediators such as nerve growth factor or glial cell line-
derived neurotrophic factor.*°=*2 GA-specific human T-
cell lines are known to produce neurotrophins including
BDNF."° Neurotrophic factors in turn activate a variety of



protective intracellular neuronal pathways.*>4* In our

present study, we show that GA induced the phosphor-
ylation of MAPKs and Akt in RGCs via increasing retinal
concentrations of BDNF. Furthermore, treatment with GA
led to a shift in the Bcl-2 family of proteins toward the
anti-apoptotic side. Similar effects on RGC signal trans-
duction in our model have been observed under thera-
pies with neuroprotective agents such as Epo?® or
CNTF.*® In contrast, we have demonstrated that anti-
inflammatory treatment with methylprednisolone in-
creased apoptosis of RGCs during optic neuritis by inhi-
bition of MAPK phosphorylation although inflammatory
infiltration of the optic nerve was reduced.?® This pro-
apoptotic effect of the steroid could be antagonized by
simultaneous treatment with the neurotrophic factor
Epo.'® Based on these data, increased secretion of neu-
rotrophic factors and activation of neurotrophin-depen-
dent signaling pathways by GA might help to compen-
sate for the lack of endogenous neurotrophin production
resulting from anti-inflammatory treatment. To support
this hypothesis, decreased levels of BDNF have been
found in patients with RR-MS, which was reversed by
therapy with GA.*”

In summary, we present evidence for positive influ-
ences of early IFN-B or GA treatment on disease activity
in a rat model of MOG-EAE. Measuring neurodegenera-
tion and neuronal function in this model revealed that only
treatment with GA exerted protective effects on RGCs. It
is apparent that both IFN-B-1b and GA are potent drugs
that act on different aspects of MS-associated patho-
physiology. Considering the clinical and histopathologi-
cal heterogeneity of MS,*® successful future therapies
should be more individually adjusted. As a precondition
for such individual therapeutic concepts, clinical markers
must be established to allow identification of those pa-
tients endangered by early neurodegeneration.
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