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In experimental autoimmune encephalomyelitis (EAE), CD4 ™"
self-reactive T cells target myelin components of the CNS. How-
ever, the consequences of an autoaggressive T cell response
against myelin for neurons are currently unknown. We herein
demonstrate that EAE induced by active immunization with an
encephalitogenic myelin basic protein peptide dramatically re-
duces the loss of spinal motoneurons after ventral root avulsion
in rats. Both brain-derived neurotophic factor (BDNF)- and
neurotrophin-3 (NT-3)-like immunoreactivities were detected in
mainly T and natural killer (NK) cells in the spinal cord. In addition,
very high levels of BDNF, NT-3, and glial cell line-derived neuro-
trophic factor mRNAs were present in T and NK cell populations
infiltrating the CNS. Interestingly, bystander recruited NK and T

cells displayed similar or higher neurotrophic factor levels com-
pared with the EAE disease-driving encephalitogenic T cell pop-
ulation. High levels of tumor necrosis factor-a (TNF-«) and
interferon-vy (IFN-y) mMRNAs were also detected, and both these
cytokines can be harmful to several types of CNS cells, including
neurons. However, treatment of embryonic motoneuron cultures
with TNF-a or IFN-y only had a deleterious effect in cultures
deprived of neurotrophic factors. These results suggest that the
potentially neurodamaging consequences of severe CNS inflam-
mation are curbed by the production of several potent neurotro-
phic factors in leukocytes.
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It is now well accepted that self-reactive T cells against central
nervous tissue components under certain conditions can be harm-
ful, because transfer of myelin basic protein (MBP) peptide-
reactive and activated CD4™ T cells to naive recipients causes
experimental autoimmune encephalitis (EAE), with ensuing neu-
rological deficits (Ben-Nun et al., 1981; Pettinelli and McFarlin,
1981). However, autoimmune T cells can also be innocuous, and it
is at present unclear what features of the T cell function that
determines encephalitogenicity. Thus, MBP-reactive T cells can be
cloned also from healthy individuals and expand on nonspecific
insults to the nervous system such as viral infections (Miller et al.,
1997), stroke (Wang et al., 1992), and peripheral nerve trauma
(Olsson et al., 1992, 1993). Autoimmunity can therefore be re-
garded as a normal phenomenon, which only under certain condi-
tions is disease-promoting. Even if the traditional view has been
that the relative immune privilege of the CNS serves to protect
delicate neuronal networks from damage by immune reactions,
recent evidence suggests that lymphocytes under some conditions
may convey protective effects on neurons after mechanical nerve
injuries. Thus, the loss of motoneurons after facial nerve transec-
tion in severe combined immunodeficient (scid) mice lacking func-
tional T and B cells is aggravated compared with wild-type controls
(Serpe et al., 1999). In another model of mechanical nerve injury,
transfer of MBP-specific, but not ovalbumin-specific T cell lines
rescues a proportion of the lesioned retinal ganglion cells after
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optic nerve crush (Moalem et al., 1999). The mechanism or mech-
anisms by which lymphocytes increase survival of nerve cells under
these conditions is currently unknown.

Adult motoneurons are more robust than those in the immature
animal, and very little loss of motoneurons is evident after periph-
eral nerve injuries. However, after avulsion of ventral roots a large
proportion of the lesioned motoneurons also degenerates in the
adult animal (Koliatsos et al., 1994; Piehl et al., 1995a). Although
several mechanisms may be involved in this type of neuronal
degeneration, administration of brain-derived neurotrophic factor
(BDNF) strongly enhances neuronal survival after ventral root
avulsion (Novikov et al., 1995; Kishino et al., 1997), demonstrating
that deprivation of neuronal growth factors is one of the major
determinants of cell death in this injury model.

We herein explore the interaction between nerve cells and cells
of the immune system, regarding effects on neuronal survival and
expression of neurotrophic factors in the model of ventral root
avulsion in adult rats. A concomitant active immunization with an
encephalitogenic MBP peptide leads to a robust survival-
promoting effect on avulsed motoneurons in spite of a very intense
inflammatory reaction with high levels of pro-inflammatory cyto-
kines in the lesioned segments. Furthermore, the neuroantigen-
specific immune response comprised the expression of several
different neurotrophic factors by mainly bystander recruited T and
NK cells. That neurotrophic factors produced by activated immune
cells may constitute an important mechanism for neuronal protec-
tion in CNS inflammation is supported by the fact that interferon-vy
(IFN-vy) or tumor necrosis factor-a (TNF-«) treatment only re-
sulted in increased death of cultured motoneurons in the absence
of neurotrophic support.

MATERIALS AND METHODS

Induction of EAE. Adult rats from our in-house breeding facility
(LEW.RT1Y, LEW.RT14Y!, and DA.RT14Y'") were immunized with
guinea pig MBPg; g3 (AARTTHYGSLPQKSQRSQDENPVVHF)
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(Weissert et al., 1998). The rats were injected intradermally at the base of
the tail with a total volume of 200 ul of inoculum containing 100 ug of
MBP peptide in saline mixed with an equal volume of complete Freund’s
adjuvant (incomplete Freund’s adjuvant, Sigma St. Louis, MO; and 1 mg of
heat-inactivated Mycobacterium tuberculosis, strain H37 R A, Difco Labo-
ratories Detroit, MI). The animals were scored clinically and weighed on
a daily basis. Symptoms were scored as follows: grade 1, tail weakness or
tail paralysis; grade 2, hind leg paraparesis; grade 3, hind leg paralysis; and
grade 4, complete paralysis (tetraplegy).

Lesions. Adult immunized and nonimmunized rats were subjected to
unilateral avulsion of the L3-L5 lumbar ventral roots as previously de-
scribed (Piehl et al., 1999). This lesion results in an axotomy of all
ipsilateral motoneurons in the lesioned segments. The removal of a long
segment of the avulsed root makes functional reinnervation very improb-
able, at least within the time period studied here. Clinically the lesion leads
to weakness in hip flexion and an almost complete paralysis in knee and
ankle movements. No functional impairment of hind leg movements is
observed on the unlesioned side, which means that the lesion does not
interfere with the clinical scoring of EAE symptoms. In brief, a half-sided
laminectomy was performed on the L3 vertebrae, and a longitudinal
incision was made in the dural sac. The dorsal roots were carefully
transposed to expose the L3-L5 lumbar ventral roots. Using a pair of fine,
serrated tweezers the roots were delicately pulled caudally. The presence
of rootlet subdivisions at the proximal tip was used as a verification that the
root had been avulsed in the immediate vicinity of the spinal cord surface.
As an additional control, the spinal cords were carefully examined using a
dissection microscope after killing. Animals were killed with CO, and
perfused with cold PBS. Serial transverse sections (14 um) from inguinal
lymph nodes and the L4 segment of the spinal cord were cut with a
cryostat. The L3 segment in the experiment using DA rats was used for
RT-PCR.

Delivery of recombinant IFN-y (van der Meide et al., 1986) was per-
formed using mini-osmotic pumps (Alzet 2001; Alza Pharmaceuticals,
Palo Alto, CA). A polyethylene tube connected to the pump was inserted
through the laminectomy and inserted cranially in the vertebral canal ~8
mm. The pump and tube were secured to surrounding tissues with sutures.
The pumps were prefilled with either IFN-vy dissolved in PBS (200 ul, 150
U/ul, 1 ul/hr) or only PBS. Four rats were treated with IFN-y and four
with saline, with a survival time of 1 week.

All animal experiments in this study were approved by the local ethical
committee for animal experimentation (Stockholm North).

Cell counts. Cell counts were performed by a blind observer on cresyl
violet-counterstained sections. Motoneurons were identified based on mor-
phology and location in the ventral horn. Only cells with a visible nucleus
and nucleolus were counted. No correction for split nucleoli was per-
formed. Counts were made on every tenth section, mainly from the L4
segment, and a total of 15 sections from each rat were analyzed. The total
number of motoneurons on lesioned and unlesioned sides, respectively,
were used to calculate the percentage of surviving avulsed cells in each rat.

Immunohistochemistry. Sections were fixed in ice-cold acetone and 4%
phosphate-buffered paraformaldehyde for 30 sec each, washed in 0.01 M
PBS, preincubated with 2% horse serum for 30 min, and then incubated
overnight at 4°C with primary antisera diluted in PBS with 1% bovine
serum albumin (BSA) and, when staining for neurotrophins, 0.2% Triton
X-100. The following antisera were used: anti-rat NKR-P1 (a marker for
NK cells; clone 3.2.3; mouse IgG1; Harlan Sera-Lab, Loughborough, UK),
anti-rat CD25 (clone OX-39; mouse IgG1; Serotec, Oxford, UK), anti-rat
CD4 (clone W3/25; mouse IgGl; Serotec), anti-rat CD8 (clone OX-§;
mouse IgGl; Serotec), anti-human glial fibrillary acidic protein (goat
polyclonal IgG; Santa Cruz Biotechnology, Santa Cruz, CA), anti-rat
CD11b (clone OX-42; mouse IgG2a; Serotec), anti-rat macrophage antigen
(clone ED1; mouse IgG1; Serotec), anti-human N'T-3, and BDNF (cross-
reacting with rat; rabbit polyclonal IgG; Santa Cruz Biotechnology). The
second antibody step was performed with Cy3- or Cy2-conjugated donkey
anti-goat, donkey anti-mouse, or donkey anti-rabbit antisera, respectively
(Jackson ImmunoResearch, West Grove, PA) for 30 min at 37°C. The
specificity of the immunostaining for NT-3 and BDNF was tested in
control slides by incubation with pre-immune rabbit serum and pre-
adsorption of the antibody with the respective peptides used as
immunogens.

In situ hybridization. In situ hybridization was performed as previously
described (Dagerlind et al., 1992; Hammarberg et al., 1998), using *>S-
labeled 40-48 mer oligonucleotides. The probe sequences were comple-
mentary to mRNA encoding rat C3 complement (nucleotides 1095-1142)
(Misumi et al., 1990), mouse glial fibrillary acidic protein (nucleotides
7863-7910) (Balcarek and Cowan, 1985), rat microglia response factor-1
(nucleotides 68-113) (Tanaka et al., 1998), rat TN F-a (nucleotides 2453—
2406) (Shirai et al., 1989), rat IFN-y (nucleotides 351-392; GenBank
accession number AF010466), rat BDNF (nucleotides 558-599 and 645-
694) (Maisonpierre et al., 1991), rat NT-3 (nucleotides 286-327 and
538-579) (Ernfors et al., 1990), and rat glial-derived neurotrophic factor
(GDNF) (nucleotides 271-312 and 540-589) (Lin et al., 1993). In control
sections, a 20-fold excess of cold probe was added to the hybridization
mixture. No labeling except for background was recorded in these cases.
Furthermore, probes with similar length and G/C content against unrelated
mRNAs yielded nonoverlapping expression patterns. The two different
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probes against BDNF, NT-3, and GDNF, respectively, displayed similar
hybridization patterns in adjacent sections.

Extraction of lymphocytes from lymph nodes and CNS. LEW.RT1" rats
(six rats immunized with MBP peptide 12 d after immunization and three
healthy controls) were killed with CO, and perfused with cold PBS. Brains
and spinal cords were removed into 50% Percoll (Amersham Pharmacia
Biotech, Uppsala, Sweden)/0.1% BSA/1% glucose. The CNS tissue was
homogenized in 10 ml of 50% Percoll containing 500 U of DNase type I
(Life Technologies, Taby, Sweden), using a B pistil and holder (Kontes,
Vineland, NJ). Ten milliliters of 50% Percoll were added to each sample
after homogenization. A discontinuous Percoll gradient was obtained by
adding 7 ml of 63% Percoll below and 20 ml of 30% Percoll above the
sample. Samples were centrifuged for 30 min at 1000 X g at 4°C. Lym-
phocytes were collected from the 63/50% Percoll interface. The cells were
subsequently washed twice in 15-25 ml HBSS (Sigma)/0.1% BSA/1%
glucose with centrifugation at 600 X g for 15 min at 4°. Cells were counted,
and viability was determined by Trypan blue dye exclusion.

Draining inguinal lymph nodes were dissected out into DMEM (Life
Technologies). Cells were isolated by careful mechanical disruption of the
lymph nodes. The cell suspension was washed twice in DMEM, resus-
pended in complete medium containing DMEM supplemented with 1%
glutamine and 5% fetal calf serum (Life Technologies), and flushed trough
a 70 wm plastic strainer (Falcon; Becton Dickinson, Mountain View, CA).

Flow cytometric cell sorting. Monoclonal antibodies were purchased from
PharMingen (San Diego, CA) and titred to optimal concentrations in
preliminary experiments. Approximately 100 ul of the cell suspensions
derived from lymph nodes and CNS, respectively, were double-labeled
with FITC-conjugated anti-rat o/ T cell receptor (TCRAB) and phyco-
erythrin (PE)-conjugated anti-rat T cell receptor VB 8.2 chain
(TCRBVS8S2) or VB 10 chain (TCRBV10) for the detection of encephali-
togenic and nonencephalitogenic T cell subsets, respectively. Another
panel of cells was stained with PE-conjugated anti-rat NKR-P1 (a NK cell
marker) and FITC-conjugated TCRAB. The samples were incubated in
the dark at 4°C for 20 min, washed twice with PBS supplemented with
0.09% NaNj; and 3% fetal calf serum, and resuspended in 500 ul of PBS.
The samples were subsequently analyzed on a fluorescence-activated cell
sorter (FACS) (Becton Dickinson). One region (R1) was defined in the
light scatter plot corresponding to live cells to eliminate cell debris in
subsequent analysis, and one region (R2) delineated cells positive for the
respective antibodies. Cell sorting was finally performed in exclusion mode
with the sorting gate set as RIxR2. NK cells were collected as being
NKR-P1*/TCRAB . Approximately 2 X 10* cells of each subpopulation
could be recovered in PBS in 50 ml Falcon tubes precoated with BSA. The
dilute cell suspensions were centrifuged at 400 X g for 7 min. The cell
pellets were immediately frozen at —70°C in the remaining 100 ml of PBS
until RNA extraction. In preliminary experiments, sorting purity was
determined to be >95%, and recovery, including centrifugation steps, to
be 30-40%.

RT-PCR and quantitation of cytokine and neurotrophin mRNA levels.
Cytokine and neurotrophin mRNA levels were determined in DA rats 10 d
after surgery (14 d after immunization) in lymph nodes and spinal cord.
Each spinal cord sample consisted of contralateral and ipsilateral, respec-
tively, ventral quadrants from the L3 segment from four animals. The
samples were homogenized mechanically, and total RNA was extracted
(total RNA extraction kit; Qiagen, Hilden, Germany). Reverse transcrip-
tion was performed with 10 ul of total RNA, random hexamer primers (0.1
wg; Life Technologies), and Superscript reverse transcriptase (200 U; Life
Technologies). Amplification was performed on an ABI Prism 7700 Se-
quence Detection System (Perkin-Elmer, Norwalk, CT) using the 5’ nu-
clease method (TagMan) with a two-step PCR protocol (95°C for 10 min
followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min.). All primers
and probes were designed with the Primer Express software (Perkin-
Elmer; Table 1), except for 18 S rRNA (Perkin-Elmer). Amplification/
detection of contaminating genomic DNA was avoided by constructing
either one of the primers or the TagMan probe over an exon/intron
boundary. The probes were labeled with FAM as reporter dye and
TAMRA as quencher dye, except for the 18 S rRNA probe, which was
labeled with JOE as reporter dye and TAMRA as quencher dye. Relative
quantitation of mRNA levels was performed using the standard curve
method, with amplification of mRNA and 18 S rRNA in separate tubes
(described in detail in User Bulletin 2, Perkin-Elmer Applied Biosystems,
1997). The standard curves were created using three different dilutions (1,
1/100, and 1/10000X) of cDNA from concavalin A-stimulated rat lymph
node cells (18 S rRNA, IFN-vy, TNF-q, IL-1B) and axotomized rat sciatic
nerve (BDNF, NT-3, and GDNF). By plotting the values for the threshold
cycle (the first cycle in which the amount of amplicon exceeds the thresh-
old) against the logarithm of the amount of input RNA (given by the
dilution factor), a straight line was created. The highest and lowest values
defined the range in which the amount of RNA in samples with unknown
RNA amounts could be predicted. To not exceed the highest value of the
standard curve for the neurotrophins, cDNA from FACS-sorted lympho-
cytes was used at a dilution of 1/10 compared with the cDNA standard. The
samples were run in triplicates with primers and probes against 18 S TRNA
and the target mRNA in the same PCR plate but in different wells. Samples
without added cDNA served as negative controls. The relative amounts of
18 S rRNA and target mRNA in each sample could then be deduced from
the 18 S rRNA and target mRNA standard curves, respectively. Finally, the
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Table 1. PCR primers and TagMan probes

IFN-y Forward 5" TCGAATCGCACCTGATCACTA

Reverse 5" GGGTTGTTCACCTCGAACTTG

Probe 5" CATCCTTTTTTGCTTTACTGTTGCTGAAGAAG
TNF-a Forward 5" GACCCTCACACTCAGATCATCTTCT

Reverse 5" ACGCTGGCTCAGCCACTC

Probe 5" TAGCCCACGTCGTAGCAAACCACCAA
IL-18 Forward 5" GAAAGACGGCACACCCACC

Reverse 5" AAACCGCTTTTCCATCTTCTTCT

Probe 5" TGCAGCTGGAGAGTGTGGATCCCAAAC
NT-3 Forward 5" ACCATTCGAGATCTTACAGGTGAA

Reverse 5" TTGATCCATGTTGTTGCCTTG

Probe 5" ATGTCCATCTTGTTTTATGTGATATTTCTTGCTTATCTCC
BDNF Forward 5" CCACAATGTTCCACCAGGTG

Reverse 5" TGGGCGCAGCCTTCAT

Probe 5" ACCATCCTTTTCCTTACTATGGTTATTTCATACTTCGG
GDNF Forward 5" GCCACCATCAAAAGACTGAAAAG

Reverse 5" CGGTTCCTCTCTCTTCGAGGA

Probe 5" TCACCAGATAAACAAGCGGCGGCA

Table 2. Clinical scores (see Materials and Methods) for animals immunized
alone or in combination with VRA

with guinea pig MBP;_g

Median Median
Strain n  Survival p.i. (d) cumulative score SD  peak score  SD
LEW.RTI(avl) EAE + VRA 4 21 17 38 3 0.5
EAE 4 16 1 3 0
DA.RTI(avl) EAE + VRA 4 14 9 25 3 0.5
EAE 4 8.5 06 3 0
EAE + VRA 4 24 7 38 3 12
EAE 4 13 22 3 0

No significant differences between operated and nonoperated groups were evident. n = number of animals, p.i., days after

immunization.

amount of mRNA in each sample was calculated as the ratio between the
relative amount of cytokine/neurotrophic factor and the relative amount of
the corresponding endogenous control, 18 S rRNA.

Motoneuron cultures. Embryonic motoneuron cultures were prepared
with an immunopanning procedure (Camu and Henderson, 1992). The
protocol used in this study was adopted from Hughes et al. (1993) and Piehl
et al. (1995b) and modified according to Hanson et al. (1998). Briefly,
spinal cords from embryonic day 15 rats (Sprague Dawley; BK Universal,
Sollentuna, Sweden) were removed and dissected free of meninges. The
lumbar ventral columns were isolated, trypsinized, and triturated. The
resulting cell suspension was filtered and separated by centrifugation on a
metrizamide (6.8 mg/ml; Sigma) density gradient. Large, low-density cells
were collected and further enriched by immunopanning as previously
described (Piehl et al., 1995b). Cells were seeded onto 24 well cell culture
dishes (Costar, Cambridge, MA) precoated with poly-DL-ornithine and
laminin at a density of 200-300 neurons/cm? in serum-free medium (Piehl
et al., 1995b). Cultures were incubated at 37°C with 5% CO, for 1 hr
before initiating treatments. The purity of the cultures was evaluated with
the neuron-specific antibody MAP-2 (clone HM-2; Sigma) and the
motoneuron-specific antibodies Islet-1 (clone 2D6; Developmental Studies
Hybridoma Bank, Iowa City, IA) (Ericson et al., 1992) and low-affinity
neurotrophin receptor (LANR; clone MC 192) (Chandler et al., 1984).
More than 99.5% of the cells were positive for MAP-2, 94% were positive
for LANR, and 88.5% were positive for Islet-1. Cells were treated with rat
recombinant IFN-vy (1, 10, or 100 U/ml) (van der Meide et al., 1986) or rat
recombinant TN F-« (0.1 or 10 ng/ml; Peprotech EC, London, UK) in the
following paradigms: serum-free medium alone, neurotrophic factors (hu-
man recombinant BDNF 10 ng/ml, human recombinant NT-3 20 ng/ml,
human recombinant GDNF 1 ng/ml, and rat recombinant CNTF 10 ng/ml;
Peprotech EC) or both 2% horse serum (Life Technologies) and neuro-
trophic factors as above. New media and factors were added daily. Survival
was analyzed 2 d after plating as previously described (Hanson et al.,
1998). Thus, living cultures were incubated with MTT (Sigma) for 1 hr,
fixed in 4% paraformaldehyde, and evaluated blindly. The number of
viable cells was divided by the total number of dead and living cells,
yielding a survival ratio. The survival ratios for different treatments are
composed of pooled data from three different cultures, each consisting of
four wells for each treatment combination.

RESULTS

Survival of lesioned motoneurons

In a first set of experiments we studied the effects of ventral root
avulsion and concomitant EAE in LEW.RTAY! rats, with immu-
nization taking place the day before surgery. The cumulative score
of EAE clinical signs in operated and nonoperated groups did not
differ (Table 2), suggesting that the surgery did not discernibly
interfere with the immune response against the MBP peptide. All
rats were in remission by day 14 after surgery (15 d after immuni-
zation). Survival of motoneurons was analyzed 20 d after surgery
(21 d after immunization) and revealed a 50% higher survival rate
in immunized animals compared with control animals (Table 3).
Immunohistochemical analysis of inflammatory cells demonstrated
a moderate number of cells labeled with T or NK cell markers in
the spinal cord, whereas ED1 staining for macrophages and mark-
ers for glia activation were grossly enhanced. In nonimmunized
animals, staining for ED1 was present mainly in phagocytic micro-
glia solely in the ventral horn of the avulsed side. No or only
occasional T and NK (or NK-T) cells could be detected in these
animals. Because this first experiment suggested that concomitant
EAE induction reduces the degeneration of motoneurons, we an-
alyzed the outcome in another inbred rat strain, DA.RT*V". This
particular strain suffers from a greater loss of motoneurons after
nerve avulsion injury than the LEW.RT*Y! strain (C. Lundberg
and F. Piehl, unpublished observation), and the onset of motoneu-
ron loss in the DA strain has been established to occur around day
7 after surgery (Piehl et al., 1999). To match the onset of EAE with
that of neurodegeneration, animals were immunized 4 d before
surgery. Two time points were analyzed, 10 d after surgery (14 d
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Table 3. Motoneuron numbers on lesioned (ipsilateral, IL) and unlesioned (contralateral, CL) sides in
rats subjected to VRA alone or in combination with EAE

Postoperative Motoneuron Survival
Strain survival (d) numbers SD IL/CL (%)
LEW.RT1(avl) 20 VRA IL 71 7.3 40
CL 193 7.1
EAE + VRA IL 101 9 54
CL 187 11.3
DA .RT1(avl) 10 VRA IL 93 5.7 48
CL 195 22
EAE + VRA IL 136 7.2 71
CL 191 15.6
20 VRA IL 38 5.6 19
CL 205 133
EAE + VRA IL 81 8.1 41
CL 198 10.1

The survival is significantly increased after concomitant EAE (p < 0.05, Mann—Whitney U test) in both the LEW and DA
strains. The difference in motoneuron survival after VRA alone between the LEW and DA strains concurs with our
previous observations regarding a genetic influence on the degree of motoneuron degeneration in this lesion model (see
Results). n = 4 animals in each group. IL, ipsilateral; CL, contralateral.

Figure 1. Hematoxylin counterstaining of the L4 seg-
ment reveals higher density of small-sized nuclei in the
lesioned ventral horn. A, After only ventral root avul-
sion these nuclei almost entirely consist of proliferating
glia (see Results). B, In combination with EAE, the glia
proliferation is also accompanied by an extensive infil-
tration of leukocytes (14 d after immunization). The
boxed areas in A and B are shown in higher magnifica-
tion in C and D. Note the presence of higher numbers of
surviving motoneurons in the immunized animal (C, D,
arrowheads). Scale bar, 1 mm.

after immunization) and 20 d after surgery (24 d after immuniza-
tion). In agreement with the first experiment, cumulative scores
did not differ significantly between operated and nonoperated
animals (Table 2). Cell counts in the DA.RT*Y! strain con-
firmed the neuroprotective effect of simultaneous EAE observed
in LEW.RT“V", because 50% (14 d after immunization) and 120%
(24 d after immunization) more of the avulsed motoneurons re-
mained in immunized animals compared with nonimmunized con-
trols (Table 3).

Sections counterstained with hematoxylin demonstrated exten-
sive infiltration of inflammatory cells in immunized and operated
animals, whereas few such cells were evident in only operated
animals (Fig. 1). Immunohistochemically the inflammatory cell
infiltrates comprised large numbers of T and NK cells (see Fig. 3)
and macrophages. Inflammatory parameters, such as expression of
complement C3, glial fibrillary acidic protein, and microglia re-
sponse factor-1 mRNAs and levels of IL-13, IFN-vy, and TNF-«
mRNAs (Fig. 24,B), demonstrated intense activation in the le-
sioned segments of immunized and operated animals. Interest-
ingly, the levels of inflammatory cytokines were higher on the
contralateral compared with operated side, a finding that was

reproduced also in an independent control experiment (data not
shown). Still lower levels of inflammatory cytokines were recorded
in immunized, but not operated animals. Expression of glial acti-
vation markers was upregulated in the ventral horn after avulsion,
although very little induction of cytokine mRNAs was evident (Fig.
2A,B).

Expression of neuronal growth factors in lymph nodes
and CNS

In situ hybridization for neurotrophic factor mRNAs revealed very
intense labeling in draining inguinal lymph nodes from immunized
animals (see Fig. 4). The hybridization pattern for NT-3 and
BDNF was largely overlapping with that of IFN-y and TNF-q,
whereas fewer cells were positive for GDNF mRNA. Cells express-
ing NT-3, BDNF, or GDNF, as well as occasional IFN-y- or
TNF-a-positive cells, were also present in lymph nodes from
nonimmunized animals. By double-labeling immunofluorecence
histochemistry, NT-3 and BDNF could be localized to activated T
cells in the reactive lymph nodes. Another population of cells that
displayed intense neurotrophin immunoreactivity in lymph nodes
was double-labeled with the NK cell marker. Relative quantitation
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of TNF-a mRNA compared with control
cells from lymph nodes of nonimmunized
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of mRNA levels with RT-PCR demonstrated some degree of
induction of GDNF in lymph nodes of immunized animals (Fig.
2D). In contrast, NT-3 and BDNF mRNA levels normalized to the
content of ribosomal RNA were similar in lymph nodes from
immunized and control animals, respectively (Fig. 2D).

Expression of neurotrophin mRNAs was also detected with in
situ hybridization in the spinal cord, but the labeling intensity was
weaker than in lymph nodes. Both BDNF and NT-3 revealed a
diffuse hybridization pattern throughout the parenchyma in immu-
nized animals. In contrast, very low signals were present in oper-
ated and nonoperated controls. No positive labeling for GDNF
mRNA could be demonstrated. These findings were corroborated
by the assessment of neurotrophin mRNA levels by RT-PCR. All
three transcripts displayed 2- to 10-fold higher levels in operated
and immunized animals compared with solely operated animals
(Fig. 2C). Notably, however, the levels of mRNA for neurotrophic
factors were approximately 10-fold higher in lymph nodes com-
pared with spinal cord (Fig. 2D). These RT-PCR data were repro-
duced in an independent experiment (data not shown). Antibody
labeling for NT-3 and BDNF demonstrated a extensive infiltration
of immunopositive cells in the spinal cords of immunized animals
and the most intensely NT-3- and BDNF-labeled cells were also
stained with markers for T and NK cells (Fig. 3).

Flow cytometric sorting of cells from CNS and
lymph nodes

A question that arises from the data presented above regards the
nature of the T cells present in the CNS after immunization and
whether these cells belong to an encephalitogenic population. To
address this question we performed an experiment involving the
collection and subsequent FACS-sorting of inflammatory cells di-
rectly from CNS tissue of immunized animals. This experiment
was performed in the LEW.RT1" strain, because immunization

alomyelitis; VRA, ventral root avulsion;
IL, ipsilateral; CL, contralateral.

NKR BvES2 BV10

with MBP; ¢ leads to an expansion of a TCRBV8S2™* T cell
population that drives the disease (Tsuchida et al., 1993; Imrich et
al., 1995; Weissert et al., 1998). TCRBV10™" T cells and NK cells
collected from the CNS of immunized animals and TCRBV8S2 ™"
and TCRBV10™ T cells collected from lymph nodes of control
animals were analyzed in parallel, because very low numbers of T
cells were obtained from the CNS of nonimmunized animals.
Relative quantification of the mRNA levels in the different popu-
lations demonstrated a 10-fold induction of TNF-a mRNA in the
TCRBVS8S2* population obtained from the CNS of EAE animals
compared with TCRBV8S2* cells from lymph nodes of control
animals (Fig. 2E). TNF-« induction after immunization, although
to a lower degree, was also present in the TCRBV10 ™" population
(Fig. 2E). Analysis of the expression of neurotrophic factors re-
vealed very high levels in the sorted cells. Normalized to the
content of ribosomal RNA, the levels were 50- to 200-fold higher
than in whole segments of CNS tissue. TCRBV8S2™" and BV10™
cells from lymph nodes of control animals displayed almost iden-
tical levels of NT-3, BDNF, and GDNF mRNA. Although the
levels of these transcripts in TCRBV10 ™ cells sorted from the CNS
of immunized animals and lymph nodes of control animals, respec-
tively, did not differ discernibly, the expression of neurotrophic
factors in activated TCRBV8S2 " cells was downregulated. How-
ever, in an independent experiment using TCRAB * TCRBVS8S2 ~
cells as a control population instead of TCRBV10™ cells, this
difference was less pronounced (data not shown). Furthermore, the
levels of neurotrophin mRNAs were higher in cells obtained from
CNS compared with cells obtained from lymph nodes of nonim-
munized animals. We also have preliminary data demonstrating a
dynamic regulation of the neurotrophin expression in CNS-
infiltrating lymphocytes during the course of EAE (C. Lundberg,
S. Muhallab, F. Piehl, and T. Olsson, unpublished observation),
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Figure 3.  Immunohistochemical colocal-
ization of neurotrophins and leukocyte
markers (C, F, I, L, yellow) in spinal cord
sections from immunized animals (14 d
after immunization) subjected to ventral
root avulsion. The depicted cells are lo-
cated in the ventral horn of the lesioned
side. Examples of double-labeled cells are
indicated by arrowheads in A-L. The
NT-3 immunolabeling displays a high de-
gree of colocalization with W3/25
(CD4 ™) (4-C), OX8 (CD8 ") (D-F), and
NKR-P1 (NK cells) (G-I)-labeled cells.
The immunolabeling for BDNF is more
diffuse and does not colocalize to cells to
the same degree as NT-3. However, a
moderate number of W3/25-labeled cells
also display positive BDNF staining (J-
L). Only very weak immunofluorescence
is seen in control sections where the pri-
mary antibody was pre-absorbed with the
corresponding peptide for NT-3 and
BDNEF, respectively (M and N display
double labeling with W3/25). Scale bar, M
0.05 mm.

suggesting that these differences to a large degree depends on when
during the disease course the cells are sampled. Nevertheless, one
of the most interesting observations is that the neurotrophin ex-
pression in infiltrating lymphocytes does not seem to be correlated
to the general state of cellular activation as judged by the levels of
TNF-a mRNA and that the bystander recruited cells contain
similar or higher levels of neurotrophin mRNAs.

Effect of IFN-y and TNF-« in embryonic
motoneuron cultures

IFN-vy and TNF-a were highly induced in the lesioned segments,
and both substances are known to induce death of certain CNS cell
populations, including neurons (Louis et al., 1993; Talley et al.,
1995; Vartanian et al., 1995). We examined the effects of proin-
flammatory cytokines on primary motoneuron cultures established
from embryonic day 15 rats and enriched by density centrifugation
and immunopanning. Motoneurons were cultured under three dif-
ferent conditions: in serum and neurotrophic factor-supplemented
medium, in medium supplemented with neurotrophic factors alone,
or without serum/neurotrophic factors. Cultures were treated with
recombinant IFN-y or TNF-a at different concentrations. Cyto-
kine treatment did not have any discernible effects on the survival
of cells cultured in medium supplemented with serum/neurotro-
phic factors. In contrast, both IFN-y or TNF-« treatment resulted
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in a dose-dependent reduction of survival in cultures deprived of
neurotrophic support (Fig. 5). These results demonstrate that both
IFN-y and TNF-a have detrimental effects on motoneurons in
vitro, but that this effect can be blocked by neurotrophic factors.

In vivo administration of IFN-y

Proinflammatory cytokines such as IFN-y and TNF-« potently
activate both astrocytes and microglia, and expression of neurotro-
phic factors has been demonstrated in activated glia (Elkabes et al.,
1996). To examine the possibility that increased IFN-vy levels may
exert a neuroprotective effect mediated via stimulation of neuro-
trophic factor production in glia, we administered high doses of
IFN-vy with mini-osmotic pumps to animals subjected to ventral
root avulsion. The infusion of IFN-vy resulted in a vigorous acti-
vation of mainly microglia throughout the parenchyma of lumbar
and thoracic parts of the spinal cord, with highly induced expres-
sion of microglia response factor-1 and complement C3 mRNAs,
whereas no glial activation was evident in PBS-treated animals.
However, both the in situ hybridization and immunolabeling pat-
terns for BDNF and NT-3 within the CNS parenchyma did not
differ between IFN-y-treated and control animals (data not
shown). However, there was a certain recruitment of T or NK cells
to the meninges. A proportion of these cells, mostly NK cells, was
also immunopositive for NT-3. Thus, activation of glia by IFN-vy



Hammarberg et al. « Neuroprotection by Encephalomyelitis

Serum + neurotrophic factors

o] L

s
TET e

Survival vs control (%)
o

Control IFN1 IFN 10 IFN100  TNFO0.1  TNF10

Neurotrophic factors

: HETTE

507
-607]

Survival vs control (%)
3

Control  IFN1 IFN 10 IFN100 TNFO.4 TNF10

Serum/neurotrophic factor-free

12:T§

-50] *xk

Survival vs control (%)
.
L
o
h

Control IFN1 IFN10 IFN10¢  TNFO.1  TNF10

Figure 5. Effects of IFN-y and TNF-« on survival of cultured embryonic
motoneurons. Cultures were treated with IFN-vy (1, 10, or 100 U/ml) or
TNF-a (0.1 or 10 ng/ml). Cytokine treatment did not have any significant
effects on the survival of cells cultured in medium supplemented with
serum/neurotrophic factors (fop graph) or neurotrophic factors alone (mid-
dle graph). In contrast, both IFN-y and TNF-« treatment resulted in a
significant, concentration-dependent decrease in numbers of viable cells in
cultures deprived of neurotrophic support (bottom graph). Statistical signif-
icance was determined with the Kruskall-Wallis test and Dunn’s post hoc
test against control (*p < 0.05; ***p < 0.001).

does not discernibly change the expression pattern for neurotro-
phins in the spinal cord, except for a certain accumulation of
NT-3-positive NK cells in the meninges.
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Figure 4. Dark-field micrographs of the mRNA in situ
hybridization labeling pattern for TNF-a (A4), BDNF
(B), NT-3 (C), and GDNF (D) in draining inguinal
lymph nodes from DA rats 14 d after immunization.
Arrows indicate single cells with postive labeling. A,
TNF-a mRNA is abundantly expressed in activated
lymph node cells. B, C, High numbers of BDNF and
NT-3 mRNA-positive cells are evident in close adjacent
sections of the same area. D, Also GDNF mRNA-
positive cells are present in the same area of the lymph
node, but detectable expression is restricted to a smaller
number of cells. Scale bar, 0.1 mm.

DISCUSSION

The results presented herein demonstrate that the survival of
mechanically injured spinal motoneurons is significantly increased
after active immunization with an encephalitogenic MBP peptide.
Thus, although the expected detrimental effects of the autoimmune
MBP peptide-directed T cell response in the form of neurological
deficits ensued, there was a concurrent pronounced neuroprotec-
tive effect of the response. These findings clearly demonstrate that
a massive lymphocyte infiltration with highly upregulated levels of
proinflammatory cytokines at least temporarily rescues a large
proportion of mechanically injured neurons otherwise destined to
die. To a certain extent, this requires a reappraisal of the conse-
quences on neurons of immune reactions in primarily inflamma-
tory or infectious diseases of the CNS such as MS, but also in other
pathological conditions with inflammatory components, i.e. CNS
trauma and cerebrovascular diseases.

This finding is also highly surprising in view of the general
concept of inflammatory processes in the CNS. Immunization with
the immunogenic MBP peptide leads to an expansion and activa-
tion of encephalitogenic T cells that enter the CNS. The subse-
quent production of various chemokines on antigen stimulation
attracts other cell types such as monocytes and NK cells. As a
secondary event to the release of inflammatory cytokines by infil-
trating T cells, production of neurotoxic compounds such as nitric
oxide and glutamate agonists is upregulated in resident microglia
and monocyte-derived macrophages. A large body of evidence now
firmly links these types of highly reactive metabolites with delete-
rious effects on nerve cells, including motoneurons (Estevez et al.,
1998; Urushitani et al., 1998). In addition, avulsion injury alone is
mainly characterized by activation of microglia and macrophages,
but with virtually no involvement of lymphocytes (Piehl et al.,
1999). The neuroprotective effect should therefore reside in some
type of direct interaction between lymphocytes and neurons. Thus,
it has been suggested that the beneficial effect of transfer of an
MBP-specific cell clone after optic nerve crush involves a T cell-
mediated induction of a state of “metabolic rest” in lesioned retinal
ganglia neurons, which may reduce metabolic needs and prevent
energy depletion (Moalem et al., 1999). However, whereas energy
depletion can be important for the death of neurons in the penum-
bra zone surrounding necrotic areas after stroke or stab wounds in
the CNS, energy depletion is unlikely to be an important factor in
the animal model we have used here. Instead, deprivation of
neurotrophic support is implicated as the major determinant for
the death of neurons after avulsion injury (Novikov et al., 1995;
Kishino et al., 1997).

Three of the most potent survival-promoting agents for mo-
toneurons in vivo and in vitro are NT-3, BDNF, and GDNF
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(Sendtner et al., 1992; Yan et al., 1992; Henderson et al., 1993,
1994; Hughes et al., 1993). Neurotrophins are abundantly ex-
pressed in peripheral nerve tissue (Funakoshi et al., 1993), which is
an important reason for the high regenerative potential of mo-
toneurons after peripheral nerve lesions. As our results demon-
strate, neurotrophic factor expression is relatively low in CNS
tissue and is not upregulated in spite of relatively intense glial
activation. This concurs with the general concept of a low capacity
for CNS tissue in sustaining nerve cell survival and regeneration.
In contrast, T and NK (or NK-T) cells present in the CNS during
EAE contain very high levels of these neurotrophic factors and
therefore constitute an extremely rich source for neurotrophic
support to the lesioned motoneurons under these conditions. Fur-
thermore, neurotrophic factors are expressed fairly constitutively
in the studied leukocyte populations, perhaps with the exception of
the TCRBV8S2™ cells. Thus, the neuroprotective potential of
bystander-recruited leukocytes may exceed that of the disease-
driving, encephalitogenic T cell population. The fact that in vivo
administration of high doses of IFN-vy did not increase expression
of neurotrophins in the spinal cord also suggests that the direct
production of neurotrophins in lymphocytes is relatively more
important than local production in activated CNS glial cells.

The notion that immune cells are able to produce neuronal
growth factors is not entirely new. Thus, CD4* T cells have
previously been demonstrated to produce NGF (Ehrhard et al.,
1993; Santambrogio et al., 1994) and because of its effects on
inflammation, NGF may be considered a neurokine rather than a
neurotrophin (Levi-Montalcini et al., 1996). However, because of
the very restricted expression of the high-affinity receptor for NGF,
trkA, in the CNS, NGF production in lymphocytes may not be
particularly relevant as a neuroprotective mechanism for CNS
neurons. In contrast, the receptors for BDNF, NT-3, and GDNF
have a more widespread expression in the CNS, and exogenous
administration of these substances can prevent atrophy and pro-
mote regeneration of different classes of CNS neurons after axo-
tomy (Giehl and Tetzlaff, 1996; Kobayashi et al., 1997; Giehl et al.,
1998). Production of BDNF in murine T cells (Braun et al., 1999)
and human T and B cells was recently demonstrated (Kerschen-
steiner et al., 1999). In addition, BDNF-expressing cells could be
detected in perivascular infiltrates in the CNS of patients that had
suffered from MS (Kerschensteiner et al., 1999). The kB receptor
is expressed during T cell development, and BDNF enhances
survival of immature thymocytes (Maroder et al., 1996). The fact
that certain populations of mature leukocyte populations also ex-
press kB and 7k C receptors suggests that neurotrophins may also
have immunomodulatory effects (Besser and Wank, 1999), al-
though direct evidence for this hypothesis is still lacking. GDNF
expression by leukocytes in the CNS has not been demonstrated
previously, and the role of this growth factor in the immune system
is therefore entirely unknown. Conversely, neurons express recep-
tors for several different cytokines secreted by activated T cells
(Rothwell et al., 1996). In agreement with this, motoneurons re-
spond to TNF-a and IFN-y with upregulation of MHC class I
expression (Linda et al., 1998), which demonstrates that they pos-
sess the necessary signal pathways to respond to these classical T
cell-derived cytokines. Mounting evidence suggests that both
TNF-a and IFN-y can exert deleterious effects on CNS cells
(Louis et al., 1993; Talley et al., 1995; Vartanian et al., 1995). Our
results regarding survival of motoneurons in culture demonstrate
that TNF-a and IFN-y do not significantly increase the death of
embryonic motoneurons cultured in medium supplemented with
neurotrophins or serum. In contrast, enhanced cell death was
present in cultures of neurotrophin-deprived motoneurons treated
with TNF-«a and [FN-vy. The expression of neurotrophins in T and
NK cells may therefore be an important mechanism for the pro-
tection of CNS neurons from potentially noxious effects of high
levels of proinflammatory cytokines. Recently Smith et al. (2000)
reported increased death of neurons in the ventral horn during
EAE in the LEW rat, which suggests that the balance between the
protective and harmful effects of autoimmune reactions in the CNS
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may be very sensitive. Because Smith et al. (2000) examined a
neuronal pool in which the motoneurons constitute a small minor-
ity, it is difficult to directly compare the results. One interesting
possibility for the discrepancy between the increase in neuronal
death reported by them and the neuroprotective effect demon-
strated here, however, is that the neuronal loss observed by Smith
et al. (2000) is restricted to cell types that are unable to benefit
from the increased availability of neurotrophins because of a lack
of the relevant receptors. The neurotrophins, except for NGF and
GDNEF, are among the most potent survival factors for motoneu-
rons, but much less is known about the receptor expression and
functional responsiveness to these growth factors for other nerve
cell types in the spinal cord. In conclusion, we demonstrate that an
autoimmune T cell reaction supports neuronal survival after me-
chanical nerve injury and that high levels of the neurotrophic
factors NT-3, BDNF, and GDNF are expressed by T and NK cells
recruited to the CNS. This may thus constitute a protective mech-
anism by which immune reactions in the CNS do not lead to
detrimental effects on nerve cells. This fact should be considered
when immune suppressive therapies are used in CNS diseases such
as spinal cord injuries. Hypothetically, a controlled stimulation of
an endogenous self-reactive T cell response may also be used to
treat neurodegenerative conditions, such as Alzheimer’s dementia
or Parkinson’s disease, or CNS trauma, in which local delivery of
neurotrophic support can retard the loss of nerve cells.
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