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Neurobiology of Disease

Passive or Active Immunization with Myelin Basic Protein
Impairs Neurological Function and Exacerbates
Neuropathology after Spinal Cord Injury in Rats
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Phillip G. Popovich'3
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Myelin-reactive T-cells are activated by traumatic spinal cord injury (SCI) in rodents and humans. Despite the historical association of
these cells with experimental and clinical neuropathology, recent data suggest a neuroprotective role for myelin-reactive T-cells. Because
of the biological and therapeutic implications of these findings, we attempted to reproduce the original neuroprotective vaccine protocols
in a model of rat SCI. Specifically, MBP-reactive T-cell function was enhanced in SCI rats via passive or active immunization. Locomotor
function was assessed using a standardized locomotor rating scale (Basso-Beattie-Bresnahan scale) and was correlated with myelin and
axon sparing. The functional and anatomical integrity of the rubrospinal pathway also was analyzed using the inclined plane test and
anatomical tract tracing. MBP-immunized rats exhibited varying degrees of functional impairment, exacerbated lesion pathology,
greater rubrospinal neuron loss, increased intraspinal T-cell accumulation, and enhanced macrophage activation relative to SCI control

groups. These data are consistent with the conventional view of myelin-reactive T-cells as pathological effector cells.
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Introduction
Myelin-reactive T-lymphocytes are found in all humans (Pette et
al., 1990; Wucherpfennig et al., 1994). Normally, these cells are
maintained in an unactivated/nonpathogenic state by mecha-
nisms of peripheral tolerance. In multiple sclerosis, activation of
myelin-reactive T-cells causes CNS inflammation that promotes
demyelination and axonal transection with ensuing neurological
dysfunction (Steinman, 1996; Trapp et al., 1998; Conlon et al.,
1999). Spinal cord injury (SCI), traumatic brain injury, stroke,
and peripheral nerve trauma also activate CNS autoreactive
T-cells capable of causing neuropathology (Prochazka et al.,
1971; Olsson et al., 1992, 1993; Popovich et al., 1996; Becker et al.,
1997; Kil et al., 1999; Jones et al., 2002). For example, unilateral
penetrating ocular trauma can elicit sympathetic ophthalmia, a
suspected autoimmune disease in which T-cells activated by eye
trauma attack the undamaged (sympathizing) eye, causing bilat-
eral ocular inflammation and blindness (Chan and Mochizuki,
1999). A similar phenomenon can occur after traumatic SCI.
Using a clinically relevant model of spinal contusion injury,
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we have shown that MBP-reactive T-cells are activated by SCI. If
isolated within 7 d of injury, then injected into naive rats, these
cells cause mild and transient paralysis and neuroinflammation
(Popovich etal., 1996). Similar results were obtained using trans-
genic (Tg) mice with a T-cell repertoire biased toward recogni-
tion of MBP (Jones et al., 2002). Indeed, we observed impaired
locomotor recovery and reflex function in SCI-Tg mice com-
pared with SCI littermate controls. Functional impairment was
accompanied by exacerbated secondary degeneration and demy-
elination with increased intraspinal expression of proinflamma-
tory cytokine mRNA (Jones et al., 2002). Collectively, these data
support the long-held belief that myelin-reactive T-cells provoke
pathology and loss of function in the CNS.

Recently, a hypothesis was proposed suggesting that MBP-
reactive T-cell activation is a physiological response to CNS dis-
ease/injury and is required for protection and repair; however,
the frequency of activated T-cells is too low for biologically sig-
nificant neuroprotection to be observed (Schwartz et al., 1999;
Schwartz and Kipnis, 2001; Schwartz and Moalem, 2001). Con-
sequently, this response must be boosted to yield a therapeutic
benefit. Support for this novel concept of “protective autoimmu-
nity” was originally provided in Lewis rat models of optic nerve
injury and spinal contusion injury (Moalem et al., 1999; Hauben
etal.,2000a). In both cases, expansion of MBP-reactive T-cells via
active (i.e., injection of MBP) or passive (injection of MBP-
reactive cells) immunization improved functional recovery and
reduced neuronal cell loss.

To date, the neuroprotective potential of myelin-reactive
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T-cells has not been independently confirmed. However, thera-
peutic vaccination has been proposed as a clinical therapy for
several neurodegenerative conditions including SCI (Schwartz et
al., 1999; Hauben et al., 2000b), Alzheimer’s disease (Morgan et
al., 2000), glaucoma (Fisher et al., 2001), and amyotrophic lateral
sclerosis (Angelov et al., 2003).

To extend our original observations in SCI rats and mice and
the proof-of-principle experiments on which the concept of pro-
tective autoimmunity was founded (Moalem et al., 1999; Hauben
et al., 2000a), we completed a comprehensive anatomical and
functional analysis of acute therapeutic vaccination in a con-
trolled model of rat spinal contusion injury using the original and
updated immunization protocols described by Hauben et al.
(20004, 2001a). The current data fail to support a neuroprotec-
tive role for myelin-reactive T-cells. Instead, myelin-reactive
T-cells precipitate varying degrees of intraspinal inflammation
that are associated with functional impairment and exacerbation
of post-traumatic lesion pathology.

Materials and Methods

Generating MBP-reactive T-cell lines (T cells). Tygp cells were gener-
ated by immunizing female Lewis rats with 25 ug of guinea pig MBP
(GP-MBP), prepared by the method of Swanborg and Shulman (1970)
emulsified in an equal volume of complete Freund’s adjuvant (CFA; 4
mg/ml Mycobacterium tuberculosis). Lymph node cells were isolated
from the popliteal lymph nodes (draining site of injections) of immu-
nized rats and placed in culture with 2% autologous serum and 200 ug of
GP-MBP. After 3 d in culture, lymphoblasts were separated on a Ficoll-
Paque Plus gradient (Amersham Biosciences, Piscataway, NJ) and placed
in propagation medium containing RPMI medium supplemented with
10% FCS and T-cell growth factors (i.e., supernatant of polyclonal T-cells
activated with concanavalin A). After 5-7 d of propagation, cells were
restimulated with 200 pg of GP-MBP using irradiated thymocytes as
antigen-presenting cells. T-cell lines were expanded by at least three cy-
cles of propagation and restimulation before being transferred to spinal-
injured rats. Antigen specificity was confirmed after each propagation
cycle by testing the ability of the cells to proliferate in response to MBP
stimulation.

Spinal contusion and transection injury. Adult female Lewis rats (8—10
weeks) were used for both active and passive immunization protocols. All
surgical and postoperative care procedures were performed in accor-
dance with the Ohio State University Institutional Animal Care and Use
Committee. Under ketamine (80 mg/kg)/xylazine (50 mg/kg) anesthesia,
rats received a partial laminectomy of the eighth thoracic vertebrae. For
contusion injuries, animals were placed in a spinal frame, and the ex-
posed spinal cord was displaced 1.1 mm (moderate injury) or 1.3 mm
(severe injury) using an electromagnetic SCI device (Popovich et al.,
1997). A separate group of animals was subjected to complete spinal cord
transection (n = 16). Briefly, a complete laminectomy was performed,
and the periosteum was removed. After cutting the dura, visible blood
vessels on the dorsal spinal surface were cauterized using a small battery-
powered cautery tool. Using irridectomy scissors together with gentle
aspiration, the spinal cord was cut from the dorsal to the ventral surface
until clear separation was noted between the rostral and caudal stumps of
the spinal cord and the ventral dura was visible. Care was taken to main-
tain the integrity of the ventral dura. To ensure complete transection, the
rostral and caudal stumps were gently lifted from the spinal canal using a
blunt probe and gentle aspiration. All surgical animals received prophy-
lactic antibiotics (Gentocin; 1 mg/kg) before surgery and daily thereafter.
Bladders were voided manually two to three times daily until voluntary
expression returned. In transected and immunized animals that devel-
oped experimental autoimmune encephalomyelitis (EAE), body weight
was maintained via oral Nutrical supplementation until the animal re-
covered the ability to move and eat on its own. Regardless of these pre-
cautions, two rats that received T,p cells developed severe EAE and
died. Animals in which the injury biomechanics (i.e., force or impulse/
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Figure1. Passiveimmunization with Tq, cells impairs functional recovery after severe, but
not moderate, spinal contusion injury. Female Lewis rats receiving 10 Ty, cells after complete
transection (A) ormoderate (1.1 mm displacement) contusion injury ( B) achieved similar levels
of spontaneous locomotor recovery relative to PBS control rats. Conversely, after severe contu-
sion injury (1.3 mm displacement), consistently impaired overground locomotion was evident
in rats injected with 107 T, g, cells relative to PBS control rats (BBB = 5.9 == 2.2vs 7.1 * 1.7;
p < 0.05 via repeated measures ANOVA; *p << 0.05) ( (). Inclined plane performance also was
significantly impaired in rats receiving Tygp cells after severe SCI (D; p << 0.05 via repeated
measures ANOVA; *p < 0.05).n = 7-8/group in A-D.

momentum) exceeded 3 SDs from the mean were excluded from all
analyses [n = 2 (active) and n = 1 (passive) immunizations].

Passive or active immunization. Passively immunized rats were injected
(intraperitoneally) 1 hr after spinal contusion injury or complete spinal
transection with 1 ml of sterile PBS or 107 Ty cells (see above) sus-
pended in 1 ml of sterile PBS (n = 8/group). Actively immunized rats
were randomized into one of four groups, then received intradermal
injections, at the base of the tail, of (1) GP-MBP (100 ug) emulsified in
incomplete Freund’s adjuvant (IFA), (2) GP-MBP plus CFA (containing
Mycobacterium tuberculosis at 0.5 mg/ml), (3) PBS plus IFA, or (4) PBS
plus CFA (n = 8/group). These concentrations of antigen and Mycobac-
terium tuberculosis were described by Hauben et al. (2000a, 2001a) to be
non-encephalitogenic (i.e., do not cause EAE) and neuroprotective in
SCI rats. Uninjured control animals were immunized to test the effector
potential of activated T-cells (# = 2/group). All animals injected with
Tygp cells developed transient ascending paralysis characterized by a
drooping tail and hind limb paraparesis. The encephalitogenic potential
of these cells was apparent in SCI rats as flaccid paralysis in the open field
3-5 d after immunization (Fig. 1 B, C). In contrast, the low concentration
of Mycobacterium tuberculosis used for active immunization was insuffi-
cient to elicit clinical signs of EAE. Of four actively immunized control
rats, only one rat injected with MBP/CFA exhibited tail weakness. No
other deficits were observed in actively immunized rats.

Behavioral analyses. Gross locomotor recovery after SCI was assessed
using the Basso—Beattie-Bresnahan (BBB) locomotor rating scale (Basso
etal,, 1995). For 1 week before surgery, rats were acclimated to the testing
environment (90 cm diameter plastic wading pool; 4 cm height). At 1, 3,
5,7, and 10 d post injury (dpi), and twice weekly thereafter for a total of
6-9 weeks, rats were placed in this environment and observed for 4 min.
Each hind limb was scored by two investigators blinded to the treatment
protocol. Individual hind limb scores were averaged to provide a single
score for each animal per session. Once a plateau in locomotor recovery
was evident (=28 dpi), a frequency analysis of weight support and plan-
tar stepping was performed across all groups.

A subset of animals was analyzed using the inclined plane task (Rivlin
and Tator, 1977). This task evaluates the animal’s ability to maintain
body position on a board that is incrementally raised to increasing angles.
Performance on the inclined plane correlates with the integrity of the
rubrospinal tract (and other nonpyramidal pathways) after SCI (Midha
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et al., 1987; Fehlings and Tator, 1995). Before surgery, animals were
acclimated to the testing apparatus (i.e., a board covered with a rubber
mat containing horizontal ridges spaced 3 mm apart). After injury, ani-
mals were tested in two positions (right side or left side up) once a week
for 6 weeks. Rats were tested in each position, after which the angle was
increased incrementally by 5°. The maximum angle at which the animal
could maintain a stationary position on the board for 10 sec was recorded
for each position and averaged to obtain a single score for each animal.

Tissue processing. At designated times after injury, animals were anes-
thetized and perfused intracardially with 100 ml of sterile PBS, pH 7.4,
followed by 300 ml of 4% paraformaldehyde. Spinal cords were removed
and postfixed for 2 hr before being rinsed and immersed in phosphate
buffer (0.2 m) overnight. The following day, tissues were immersed in
30% sucrose for 48 hr then were blocked into 2 cm segments centered on
the injury site before embedding in optimal cutting temperature com-
pound (Thermo Shandon, Pittsburgh, PA). Embedded spinal cords were
stored at —80°C until they were sectioned.

Immunohistochemical staining of injured spinal cord. Spinal cords were
serially sectioned in the coronal plane at 10 wm and collected on Super-
Frost Plus slides (Fisher Scientific, Houston, TX). Inflammatory cells and
axon profiles were identified on adjacent sections using the following
antibodies (specificity; dilution): OX-19 (T-cells; 1:1000; Serotec, Indi-
anapolis, IN), ED-1 (activated macrophages/microglia; 1:8000; Serotec),
and RT97 (200 kDa neurofilament; 1:2000; Chemicon, Temecula, CA).
Slides were overlaid with serum (4-10%) for 60 min before incubating
with primary antisera. After incubating overnight at 4°C, sections were
rinsed three times with buffer before overnight incubation (4°C) with
biotinylated secondary antibody (1:400). Slides were rinsed three times,
and endogenous peroxidase activity was quenched by applying 6%
MeOH/H,0, for 15 min. Bound antibody was visualized by applying
Elite ABC (Vector Laboratories, Burlingame, CA) for 1 hr at room tem-
perature, followed by DAB (OX-19, ED-1) or DAB—nickel (neurofila-
ment) substrate (Vector Laboratories). Sections were dehydrated,
cleared in xylene, and coverslipped with Permount (Fisher Scientific).

Analyses of myelin sparing. A complete series of sections spanning the
rostrocaudal extent of the contusion lesion was stained with eriochrome
cyanine (EC) to reveal spared myelin. For each animal, the epicenter was
defined qualitatively as the section containing the least amount of intact
tissue. That section and sections located 100 wm rostral and caudal to it
were used to quantify the area of spared myelin at the epicenter. The area
of spared myelin was estimated using the Cavalieri method (Gundersen
etal., 1988a). Briefly, high-power light microscopy was used to delineate
spared white matter as defined by EC staining. Digital images were
printed with a calibrated scale bar, then were enlarged. Uniform grids of
equally spaced points were placed randomly on each printout such that
the grid covered the entire section. Points located within regions of
spared white matter were tallied. The spinal cord cross-sectional area was
estimated in the same manner. Point tallies were converted into area
estimates using the formula: area = a/p X P, where a/p equals the area
represented by each point and 2 P equals the number of points counted in
each image.

Quantitation of T-cells, neurofilament, and macrophages. Using an Ax-
ioplan microscope (Zeiss, Oberkochen, Germany) fitted with a monoc-
ular counting reticule, all positively stained T-cells within the spinal cord
parenchyma and with uniform membrane staining were counted in equi-
distant sections cut from an 8 mm segment centered on the impact site, as
described previously (Jones et al., 2002). In sections adjacent to those
used to quantify T-cells, activated macrophages/microglia and
neurofilament-positive area were quantified using image analysis, as de-
scribed previously (Popovich et al., 1997). Those data are expressed as
proportional area (area of ED-1+ labeling divided by the total cross-
sectional area) (Popovich et al., 1997).

Retrograde labeling of rubrospinal neurons. At times corresponding
with a plateau in functional recovery (42 dpi), a T,; laminectomy was
performed in a subset of uninjured control, PBS-injected, and MBP-
immunized (active and passive; see above) SCI rats (n = 4/group). Those
rats were suspended in a stereotaxic frame, and a glass micropipette
(outer tip diameter, 30 wm) was positioned 0.7 mm lateral to the dorsal
spinal artery and inserted to a depth of 1 mm. Bilateral injections of 1%
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Fluorogold (FG; Fluorochrome, Denver, CO) (500 nl/side per rat) were
made into the dorsolateral white matter over a 10 min period using
pressurized microinjection. The pipette was left in place for 2 min, then
was slowly withdrawn over 4 min. One week after FG injection, animals
were anesthetized and killed via intracardiac perfusion with fixative (see
above). The spinal cord and brain were removed, and serial sections (50
um) were cut through the entire red nucleus (RN). Sections were
mounted on gelatin-coated slides, coverslipped in Immu-mount
(Thermo Shandon), and stored in the dark (4°C) until they were ana-
lyzed. To verify that FG had not diffused into the injury site, which would
increase the likelihood of spurious labeling rostral to the impact site,
longitudinal sections spanning the distance from the caudal pole of the
contusion lesion to the injection site were cut for each animal. Transverse
sections cut through the thoracic and cervical spinal cord above the
lesion were used to verify that FG+ axons distributed in the dorosolateral
spinal cord and that ependymal cells did not label with FG (indicative of
leakage into the CSF).

Quantitation of RN neurons. Under UV fluorescence on a Axioplan 2
Imaging microscope (Zeiss) equipped with a motorized z-axis and X-Y
stage (Ludl Electronics, Hawthorne, NY), FG-labeled rubrospinal neu-
rons (RSNs) were counted using the optical fractionator technique (ster-
eology module of an MCID 6.0 Elite; Imaging Research, St. Catharines,
Ontario, Canada). For each animal, the rostral and caudal poles of the RN
were identified, and the mean section height was determined by averag-
ing the measured section thickness of five random visual fields at the
rostral pole (Sterio, 1984; Gundersen et al., 1988b). Equidistant sections
spanning the RN were analyzed. Using a random start in the x-y plane, a
counting frame measuring 15,000 pm?* was applied to optical sections
that encompassed the section thickness (excluding 1 wm “guard vol-
umes” at the top and bottom of the section). FG+ neurons were counted
by focusing through these optical sections. Neurons were tallied only if
they did not intersect the “forbidden” line and had an in-focus nucleus
within the allowed sampling volume (see Fig. 5A, B). FG+ RSN tallies
were converted into estimates of total (bilateral) RSN number (N) using
the formula: N = Q X 1/hsf X 1/asf X 1/ssf, where Q equals the total
number of appropriately sampled FG+ RSNs and hsf, asf, and ssf equal
the tissue height, area, and section sampling fractions, respectively. FG-
labeled neurons in the RN were easily identified because of their bilateral
location in the ventral midbrain tegmentum and the absence of labeling
in adjacent brainstem nuclei. FG+ cells were ~10—40 wm in diameter
and possessed a dim but uniformly fluorescent nucleus, often with visible
nucleoli and intensely positive neuritic processes. Based on size and mor-
phology, all FG+ cells were neurons. Select tissue sections were counter-
stained with a fluorescent Nissl stain (Neurotrace Green; Molecular
Probes, Eugene, OR) to demonstrate distribution of labeled neurons
relative to all cells in the RN.

Statistical analyses. Behavioral scores from BBB analysis and inclined
plane tests were analyzed by repeated measures ANOVA (time vs treat-
ment). Frequency analyses were analyzed using a x * test. Cross-sectional
area, myelin, and neurofilament sparing at the epicenter were analyzed
by one-way ANOVA. Two-way ANOVA was used to analyze rostrocau-
dal differences in myelin, ED-1 immunoreactivity, and T-cell number
(treatment vs distance from the epicenter). Post hoc analyses consisted of
Newman—Keuls or Bonferroni’s pairwise comparisons. Anatomical and
functional correlations were performed using Pearson’s test. All differ-
ences were considered significant at p << 0.05. All tests were performed
using GraphPad Prism version 4.00 (GraphPad, San Diego, CA).

Results

Passive immunization with Typ cells has no effect on
spontaneous locomotor recovery after spinal cord transection
or moderate spinal contusion injury

Functional recovery was evaluated for 6-9 weeks after a complete
spinal transection or contusion injury using the BBB open-field
locomotor rating scale (Basso et al., 1995). Spinal transected rats
recovered limited hind limb movements by 7 dpi with no appar-
ent differences between rats that received injections of PBS or
Tagp cells (Fig. 1A). Similarly, all rats receiving a moderate (1.1



Jones etal. » Myelin-Reactive T-Cells Impair Recovery after SCI

10 10
A B
E 8 E 8 .
7] w %
H H
& 6
@
g 8
g 4 —e—PBS/IFA g 4
m ~o— PBSICFA @ *—PBSIFA
E 2 MEBP/IFA g 2 —O— PBS/CFA
~&— MBPICFA -0 PBS
L A A A7
[1] 10 20 30 40 50 0 10 20 30 40 50
Time post-injury (days) Time post-injury (days)
Figure 2.  Acute functional recovery after SClis impaired by active immunization with MBP

butis enhanced chronically by immunological adjuvants (CFA and IFA). Injection of MBP/CFA or
MBP/IFA consistently delayed spontaneous recovery during the first 2—3 weeks after injury (A).
These deficits were not maintained at later post-injury periods. In contrast, delayed improve-
ments in weight support (WS) and plantar stepping (PS) were evident in rats injected with
PBS/CFA or PBS/IFA emulsions (B; shaded regions indicate points at which BBB scores and/or
frequency analysis of WS and PS were found to be statistically different via two-way ANOVA
(BBB:p = 0.0017; p << 0.05 vs PBS) or x* test for frequency analyses ( p << 0.01 or p << 0.001
for WS and PS, respectively). n = 7—8/group in A and B.

mm displacement) contusion injury recovered plantar stepping,
but without fore limb—hind limb coordination (mean BBB score,
10-11) (Fig. 1B). Performance on the inclined plane in
transected or moderately contused rats was unaffected by Tygp
cells (data not shown).

Passive immunization with T),zp cells impairs spontaneous
locomotor recovery after severe spinal contusion injury
Hauben et al. (2000a) originally described the neuroprotective
effects of myelin-reactive T-cells using a more severe contusion
injury than described above (Fig. 1B). Thus, we hypothesized
that failure to observe neuroprotection was related to differences
in injury severity and that a more severe injury would reduce the
threshold needed to detect a treatment effect. In subsequent ex-
periments, BBB scores for PBS-treated rats receiving a 1.3 mm
displacement injury were 7.1 = 1.7 (Fig. 1C) and were consistent
with the 7.3 = 0.8 scores reported by Hauben et al. (2000a) for
PBS control animals. These scores indicate extensive movement
of hip, knee, and ankle joints with half the animals (6 of 11)
achieving weight-supported plantar placement on at least one
side by 28 dpi. In contrast, severely injured rats injected with
Tsp cells exhibited significant functional impairment ( p < 0.05
vs PBS controls) over most of the 6 week evaluation period (Fig.
1C). Indeed, only one Ty, zp-injected rat (1 of 10) achieved weight
support by 28 dpi (p = 0.031; x? test). Performance on the
inclined plane also was significantly impaired in Ty p-treated
rats (Fig. 1 D) ( p < 0.05).

Active immunization with MBP impairs acute recovery from
severe SCI and exacerbates chronic locomotor deficits
Clinically, active immunization may have greater therapeutic use
than passive immunization for treating neurodegeneration and
CNS trauma. Consequently, the efficacy of active immunization
protocols previously shown to enhance recovery after SCI were
evaluated (Hauben et al., 2000a, 2001a). Unlike the acute flaccid
paralysis caused by Tpp cells between 1 and 5 dpi (evident as
BBB scores of 0 in Fig. 1B, C), neither MBP/IFA nor MBP/CFA
injections evoked paralytic changes (i.e., EAE). However, by 1
week after injury, gross functional impairment was consistently
evident in MBP-immunized groups relative to PBS/adjuvant
controls (Fig. 2A). BBB scores for MBP-immunized rats ranged
from1.7 £ 1.6 at 7 dpito 4.6 £ 1.9 at 17 dpi compared with scores
of 2.9 = 1.8 at 7 dpi to 6.0 = 2.0 at 17 dpi in PBS-treated rats.
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Notably, by 7 dpi, only isolated movements of a single hind limb
joint (BBB score, 1) were observed in 10 of 15 MBP-immunized
rats. Conversely, 12 of 16 PBS/adjuvant-treated rats exceeded this
threshold within 1 week. Of these 12 rats, 7 continued to improve
over the next 10 d showing extensive movements of the hip, knee,
and/or ankle joints with some weight-supported plantar place-
ment. Only 1 of 15 MBP-immunized rats recovered any weight
support during this time interval (0—17 dpi). Despite these
changes, chronic BBB scores (>28 dpi) were not significantly
different between groups.

In general, expansion of MBP-reactive T-cells (via active or
passive immunization) impaired spontaneous recovery of loco-
motor function (Table 1). Indeed, only 4% (1 of 25) of MBP-
immunized rats recovered the ability to plantar step by 4 weeks
after injury, with 6 additional rats achieving this milestone by 6
weeks. In contrast, plantar stepping was observed in 45% (10 of
22) of PBS- and PBS/adjuvant-treated animals over this same
period (Table 1).

Immunological adjuvants improve chronic locomotor
recovery after SCI

Retrospective analysis of the control data described in Table 1
revealed functionally significant differences in recovery between
animals injected with PBS alone or emulsions of PBS and adju-
vant. Despite identical patterns of recovery during the first 3
weeks after injury, final BBB scores (28—42 dpi) were different
(p < 0.05), and the frequency of weight support ( p < 0.001) and
plantar stepping (p < 0.01) was greater in rats injected with
adjuvant (CFA or IFA) (Fig. 2 B). No differences were noted be-
tween CFA- and IFA-injected rats (Fig. 2 B).

MBP immunization promotes secondary injury and
augments T-cell infiltration and macrophage activation

after SCI

In passively and actively immunized rats, final BBB scores corre-
lated with percentage of myelin sparing at the epicenter (i.e., less
myelin was measured in animals with the greatest functional im-
pairment) (Fig. 3A). Between-group analyses revealed a marked
reduction ( p < 0.0001) in the spinal cord cross-sectional area at
the injury site in MBP-immunized rats (Fig. 3B). This corre-
sponded with a reduction in the area of spared myelin ( p < 0.05)
and a trend toward decreased neurofilament immunoreactivity
at the epicenter of MBP-immunized animals compared with con-
trol groups (Fig. 3C,D). Because our previous data showed that
MBP-reactive T-cells expanded lesion pathology beyond the ep-
icenter (Jones et al., 2002), we extended our analyses over the
rostrocaudal extent of the contusion lesion. Those analyses re-
vealed marked changes in demyelination in MBP-immunized
rats (Fig. 4A). This pathology was most notable caudal to the
lesion epicenter ( p < 0.0001).

Active immunization with MBP/CFA or MBP/IFA dramati-
cally enhanced intraspinal T-cell accumulation in the chronically
injured spinal cord ( p < 0.0001) (Fig. 4 B). T-cell infiltration also
was increased in Tyzp and PBS/adjuvant-injected rats, but only
slightly above numbers found in PBS control animals (Fig. 4C).
Noted differences between actively and passively immunized rats
are consistent with previous reports in the EAE model, in which
large numbers of T-cells persisted in the spinal cord of actively,
but not passively, immunized rats (Hickey et al., 1987). Regard-
less of the mode of immunization, in MBP-immunized rats (but
not in PBS or PBS/adjuvant rats) T-cells were found throughout
rostral/caudal spinal segments colocalized to regions of increased
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Table 1. MBP immunization impairs recovery of weight-supported (WS) plantar stepping (STEP) after SCI

28 dpi 35 dpi 42 dpi

WS STEP WS STEP WS STEP
PBS controls 69% (18/26)*** 38% (10/26)** 82% (18/22)* 41% (9/22) 73% (16/22)**** 45% (10/22)
MBP immunized 44% (11/25) 4% (1/25) 52% (12/23) 22% (5/23) 48% (11/23) 30% (7/23)

Frequency analysis of rats achieving WS STEP on one or both sides between 4 and 6 weeks after injury (total achieving a BBB score of 9 or 10/total number of rats). Four PBS-injected and two MPB-immunized rats were killed at 28 dpi for
use in an assay unrelated to this experiment. This accounts for the drop in animal numbers between 28 and 35 dpi. *p << 0.05 versus MBP immunized; **p << 0.01 versus MBP immunized; ***p = 0.07 or ****p = 0.09 versus MBP
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Figure3.  MBP immunization exacerbates myelin loss after SCI. In all experimental groups,
final BBB scores correlated with the percentage of myelin sparing at the injury site (area of
stained myelin/cross-sectional area) (A; r = 0.45; p << 0.01; Pearson’s correlation). MBP im-
munization also reduced the spinal cord cross-sectional area (B; p << 0.0001; ANOVA) and the
area of myelin sparing relative to control groups at the injury site (G; p << 0.05; ANOVA). Neu-
rofilament immunoreactivity at the epicenter was not significantly different between groups
(D;p =0.2).n = 45in A;n = 7-8/group in B-D.

myelin loss and enhanced macrophage/microglia activation
(p < 0.0001) (Fig. 4D).

Retrograde labeling of RSN after SCI correlates with
locomotor recovery and is reduced by expansion of
MBP-reactive T-cells
Spontaneous recovery of locomotor function in SCI rats is sup-
ported in part by rubrospinal axons that survive the primary
mechanical insult and secondary neurodegenerative cascades ini-
tiated at the site of injury (Fehlings and Tator, 1995; Basso et al.,
2002). To supplement the morphometric analyses (Figs. 3—4)
and to confirm previous reports of myelin-reactive T-cell-
mediated neuroprotection of rubrospinal pathways after SCI
(Hauben etal., 2000a), we quantified neurons throughout the RN
in SCI rats with and without MBP immunizations. Stereological
quantitation revealed 3782.0 * 293 retrogradely labeled RSN
throughout the ventral and ventrolateral RN in uninjured rats
(Fig. 5A-G). No labeling of RSNs was detected in the dorsomedial
RN, where neurons projecting to the cervical spinal cord origi-
nate (Shieh et al., 1983; Strominger et al., 1987). After SCI, an
identical labeling pattern was evident; however, the total number
of labeled RSNs was markedly reduced (Fig. 5G). The total num-
ber of labeled RSNs correlated with final BBB scores (r = 0.56;
p < 0.01) (Fig. 5H) and performance on the inclined plane (r =
0.89; p < 0.01) (Fig. 5I).

Passive immunization dramatically reduced the total number
oflabeled RSNs (1 = 194.5 £ 86 in T zp-injected rats vs 555.0 =

114 RSNs in PBS-injected rats) (Fig. 6). RSN cell loss in Ty;pp-
injected rats was most evident in the rostral RN (Fig. 6 B). Active
immunization did not affect RSN survival after SCI (data not
shown; p = 0.5733 via ANOVA for PBS/IFA-, PBS/CFA-, MBP/
IFA-, and MBP/CFA-injected rats). Stereological cell counts were
compared with counts obtained using more conventional biased
profile counts. Using this approach, identical patterns of cell loss
were observed; however, the total cell number was overestimated
by an average of 30% for each group (data not shown).

Discussion
Myelin-reactive T-cells: pathological effector cells in the CNS
For >70 years, scientists have immunized animals with myelin
proteins or myelin-reactive T-cells to induce EAE, a model of
CNS inflammation and demyelination (Rivers et al., 1933; Stein-
man, 2003). Our data support this historical role of myelin-
reactive T-cells as effectors of CNS pathology. Indeed, MBP im-
munizations exacerbated neurological deficits, demyelination,
and/or neuronal survival/function in animals subjected to a clin-
ically relevant model of SCI. These deficits were associated with
increased numbers of infiltrating T-cells and enhanced macro-
phage/microglial activation in areas of secondary injury. These
observations illustrate the destructive potential of enhancing adap-
tive and innate immune reactions as an acute therapy for SCI.
Namely, MBP-reactive T-cells produce or elicit the produc-
tion of cytokines like interferon (IFN) v, tumor necrosis factor
(TNF) «, interleukin (IL)-1B, and IL-12. Exposure to TNFe,
IL-1p, or IFNy inhibits neurotransmission and can enhance pain
transmission by increasing spinal cord dorsal horn neuron excit-
ability (Koller et al., 1997; Vikman et al., 2003). These cytokines
have been implicated in the onset and progression of demyelinat-
ing pathology and the reciprocal activation of macrophages and
T-cells (Balashov et al., 1997; Akassoglou et al., 1998; Chang et al.,
1999; Bitsch et al., 2000; Ahmed et al., 2003). Indeed, MBP-
reactive T-cells promote demyelination and axon damage via
cytokine-mediated activation of microglia and macrophages
(Huitinga et al., 1990; Gimsa et al., 2000). Data in Figure 4 illus-
trate this relationship after SCI (i.e., marked T-cell infiltration
and macrophage activation are colocalized to areas of secondary
myelin loss only in MBP-immunized rats). Although we and oth-
ers have shown that these (and other) cytokines are increased
within the CNS after experimental and human SCI (Kil et al,,
1999; Hayes et al., 2002; Jones et al., 2002), their contribution to
post-traumatic SCI lesion pathology and neurological dysfunc-
tion is unknown.

Other T-cells: pathological or physiological effector cells in
the CNS?

Despite overwhelming evidence that myelin-reactive T-cells
cause neuropathology and loss of function, to categorically define
all T-cells as “destructive” would be misleading. Indeed, numer-
ous studies support a protective, reparative, or immune-
regulatory role for T-cells, macrophages, and cytokines in models
of neuronal injury and CNS disease (Batchelor et al., 1999; Serpe
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Figure 4.  MBP immunization enhances myelin loss and intraspinal inflammation at and beyond the site of injury. Myelin
sparing was reduced over the rostrocaudal axis of the injured spinal cord in rats injected with Ty g, cells, MBP/CFA, or MBP/IFA (4;
p < 0.01). MBP immunization also enhanced intraspinal T-cell accumulation throughout the injured spinal cord (8, G; p <
0.0001). Note that the data in Cis identical to that in B but without MBP/CFA or MBP/IFA data. This illustrates the reduced
magnitude but significant increase in T-cell infiltration in rats immunized with Ty,g, cells and adjuvant (CFA or IFA in PBS) relative
to PBS controls (C; p << 0.0001). Increased macrophage/microglia activation (ED1-labeling; D; p < 0.0001) was associated with
areas of prominent T-cell accumulation and enhanced myelin loss (compare Fig. 4 A-D). All comparisons used two-way ANOVA
(n = 6—28/group in A-D). Asterisks in A and D indicate differences between one or more of the MBP-immunized groups relative
to PBS control groups: “p << 0.05, “p << 0.01, or ""p << 0.0001. Although statistical significance was found throughout the

graphs in B and (, asterisks were excluded to simplify viewing of data sets.

etal.,, 1999; Mason et al., 2001; Bieber et al., 2003; Hofstetter et al.,
2003). In the present study, T-cell infiltration and macrophage/
microglia activation were enhanced in CFA/PBS-immunized rats
(Figs. 2—4). However, in contrast to MBP-immunized rats, these
changes occurred in animals exhibiting improved functional re-
covery and increased myelin/axon sparing. This suggests that an
undefined constituent of CFA caused activation of endogenous
T-cells but without adverse effects on spinal cord structure or
function.

Bacterial heat shock proteins (HSPs) (e.g., HSP65, HSP70)
are a principal component of CFA and could suppress inflamma-
tory-mediated pathology at the injury site. Indeed, HSP-reactive
T-cells exist in all individuals and are activated by injury/
inflammation (Anderton et al., 1993; Basu et al., 2000). When
this activation is augmented via injection of CFA or purified HSP,
HSP-reactive T-cells release regulatory cytokines (e.g., IL-10,
IL-4, TGF-B) that suppress inflammatory-mediated injury in
rheumatoid arthritis and EAE (Birnbaum et al., 1998; Puga Yung
etal., 2003). IFA/PBS-injected rats may also benefit from a sim-
ilar mechanism of protection. However, instead of delivering
HSP in the inoculum, the adjuvant effects of IFA might increase
the efficiency of endogenous HSP-reactive T-cell activation in
response to HSPs synthesized and released after SCI (Mautes and
Noble, 2000).

Still, given the complex and poorly understood duality of neu-
roinflammation, it is debatable whether the function of any T-cell
should be augmented after acute SCI. Indeed, Ibarra et al. (2003)
have shown that pharmacological inhibition of T-cell responses
to spinal cord antigens dramatically improves anatomical and
functional recovery from SCI. Using a dorsal spinal hemisection
lesion model, Gonzales et al. (2003) have shown enhanced func-
tional recovery and neuroprotection when post-traumatic T-cell
infiltration is inhibited. Similarly, traumatic and excitotoxic
brain pathology are attenuated in T-cell-deficient mice (Fee et al.,

Distance from epicenter {mm)

route of administration, and time of ad-
ministration relative to injury matched
those of Hauben et al. (2000a, 2001a).
Moreover, primary outcome measures
(i.e., locomotor recovery and retrograde
labeling of RSNs) were identical, and
additional tools were used to improve
sensitivity for observing a treatment
effect (e.g., different lesion severities,
stereological analyses, inclined plane
test). Despite these efforts, we never ob-
served neuroprotection or functional
improvements in MBP-immunized rats.

Initially, we suspected that differences in injury severity could
explain our inability to observe autoimmune neuroprotection.
Indeed, Tygp cells did not adversely affect chronic locomotor
recovery in rats subjected to moderate SCI (Fig. 1 B). However,
locomotor recovery was impaired in Ty,gp-treated rats after se-
vere SCI (Fig. 1C,D) despite the fact that PBS control rats
achieved levels of recovery (BBB score, 7.1 * 1.7) identical to the
PBS control rats reported by Hauben et al. (2000a) (BBB score,
7.3 = 0.8). It is possible that the extreme pathogenicity of our
Tugp cells interfered with their ability to elicit a neuroprotective
response (Fisher et al., 2001). Indeed, Tyzp-injected rats devel-
oped complete hind limb paralysis (i.e., EAE) within 3-5 d of
injection (Fig. 1B,C), whereas Hauben et al. (2000a) described
only “mild” EAE symptoms. Still, when clinical signs of EAE were
negligible or absent (i.e., MBP/CFA- or MBP/IFA-injected rats in
Fig. 2), we still did not observe neuroprotection. Thus, neither
injury severity nor encephalitogenicity of the immunization proto-
col can account for the disparity between our studies and those of
Hauben et al. (2000a). However, our data suggest that the patho-
genicity of myelin-reactive T-cells is enhanced by severe SCI.

After SCI, the therapeutic value of myelin-reactive T-cells has
been defined mainly by changes in BBB locomotor rating scores.
Given our experience in developing, using, and training others to
use this scale, we predict that the magnitude of “protection” pre-
viously attributed to enhanced autoimmune T-cell activity is at-
tributable in part to inconsistent interpretation of acute hind
limb recovery as defined by the BBB scale. Specifically, most rats
that benefit from protective autoimmunity achieve BBB scores of
5-8 (i.e., varying degrees of hind limb flexion recovery, but with-
out weight support or plantar stepping) (Hauben et al., 2000a,
2001a,b; Yoles et al., 2001; Kipnis et al., 2002). Because these rats
negotiate their environment mostly by their unaffected fore-
limbs, reports describing this level of recovery as an improvement
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for estimating FG+ RSN numbers (4, B). The images are “optical sections” separated by 7 um and illustrate a cell (1) with a clearly visible nucleus that lies within the counting frame (superimposed
red and green boxes) or is bisected by a green, but not red, line. In contrast, another cell (2) is bisected by the red (“forbidden”) line and is not in focus. Based on these criteria, only cell 1is counted.
Using this approach, RSNs were counted in 100 .m intervals spanning the rostrocaudal extent (~1500 rum) of both red nuclei of uninjured control rats after FG injections into the upper lumbar
spinal cord. The somatotopic organization of the RN is illustrated by the ventrolateral restriction of retrogradely labeled neurons (D, F) predominantly within the caudal pole of the nucleus (F, G).
Neurotrace Green ( () and FG (D) images were merged ( £) to illustrate the ventrolateral restriction of FG+ RSNs relative to all neurons in RN. Evenly spaced sections through the RN illustrate the
rostrocaudal organization of FG+ RSNs in the right RN of an uninjured Lewis rat (F). Scale bar, 20 or 200 wm (in A and C, respectively). The dotted line in (—F and caudal row of F delineates
approximate boundaries of RN. After SCI, the number of FG-labeled RSNs in SCl rats correlates with functional recovery as determined by open-field locomotor analysis (H; BBB score; r = 0.56; p <
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in “non-coordinated walking ability” have overstated the magni-
tude and perhaps the functional significance of a therapeutic ef-
fect (Kipnis et al., 2002).

Typically, the validity of BBB scores are confirmed by mor-
phometric analysis of myelin sparing at the lesion site (Fig. 3)
(Behrmann et al., 1992; Basso et al., 1996). Unfortunately, no
quantitative myelin sparing data are available for studies that
have reported improved BBB scores after myelin-reactive T-cell
therapy. Instead, quantitation of retrogradely labeled RN neu-
rons has been used as an anatomical correlate of functional re-
covery (Hauben et al., 2000a, 2001a). Although valid, this ap-
proach is technically more difficult and can produce misleading
data if injections are not restricted to the spinal cord below the
level of injury. For example, intraspinal injection of a retrograde
anatomical tracer at vertebral level T 5 (upper lumbar spinal
cord) should predominantly label neurons in the ventrolateral
RN (Strominger et al., 1987). Diffuse labeling of dorsomedial
neurons and/or glia indicates that dye was applied above thoracic
levels or that it leaked into the injury site. Either would produce
spurious labeling and would not predict the magnitude of rubro-
spinal axon “sparing” below the level of injury. Hauben et al.
(20004, 2001a) previously reported increased survival of RSNs in
SCI rats injected with Typp cells. However, labeled RSNs were
diffusely distributed and were concentrated in the dorsomedial,
rather than the ventrolateral, RN (Hauben et al., 2000a). This

suggests that increased RSN labeling could have occurred because
of dye leaking into and rostral to the injury site rather than as a
result of T-cell-mediated neuroprotection.

In the present study, labeled RSNs were quantified over the
rostrocaudal extent of both red nuclei in MBP-immunized and
control rats. The data show that Ty,p cells reduced RSN labeling
throughout the ventrolateral RN of SCI rats compared with PBS
control rats (Fig. 6). This implies that Ty cells exacerbate neu-
ronal injury within the RN, impair axonal transport (required for
retrograde transport of tracer), or exacerbate axonal injury at the
site of injury. However, a similar reduction in labeling of RSN was
absent in actively immunized rats, suggesting that the pathogenic
potential of Ty cells is greater than that of the heterogeneous
T-cells activated by MBP/CFA or MBP/IFA injections. This hy-
pothesis has been supported by comparative studies in EAE (Held
etal, 1993).

In summary, we were unable to demonstrate a therapeutic
benefit of autoimmune vaccination in SCI rats. Instead, myelin-
reactive T-cells impaired spontaneous functional recovery and
exacerbated tissue injury at and beyond the site of trauma. Based
on these data and suspended vaccine trials in multiple sclerosis
and Alzheimer’s disease (Bielekova et al., 1999; Kappos et al.,
2000; Check, 2002), we question the safety of intentionally acti-
vating CNS-reactive T-cells as a therapy for SCI. Given the plas-
ticity of anatomical pathways preserved after injury, restoration
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(L), and ventral (V) orientation provided. Scale bar, 200 um. n = 4/group in A and B.

of useful function through rehabilitation or drug therapy could
be thwarted by enhancing the activity of an inherently pathogenic
T-cell population.
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