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Injuries to the central nervous system (CNS) trigger
an inflammatory reaction with potentially devastat-
ing consequences. In this report we compared the
characteristics of the inflammatory response on spi-
nal cord injury (SCI) caused by a stab wound between
the T7 and T9 vertebrae and spontaneous experimen-
tal autoimmune encephalomyelitis (EAE). SCI and
EAE were compared in two types of myelin basic
protein Ac1-11-specific T-cell receptor transgenic
mice: T/R� mice harbor regulatory T cells, and T/R�

mice lack regulatory T cells. Our results show that 8
days after SCI, T/R� mice developed a strong T-cell
infiltrate in the spinal cord, with remarkable down-
modulation of CD4 expression that was accompanied
by a local increase in Mac-3� and F4/80� reactivity
and diffuse local and distal astrogliosis. In contrast,
T/R� mice exhibited a modest increase in CD4� cells
localized to the site of injury, without CD4 down-
modulation; focal astrogliosis was restricted to the
site of the lesion, although Mac-3� and F4/80� cells
were also present. Similarly to T/R� mice that under-
went SCI, T cells displaying down-modulated CD4 ex-
pression were found in the CNS of older T/R� mice
afflicted by spontaneous EAE. Overall , our results sug-
gest that common mechanisms regulate T-cell accu-
mulation in CNS lesions of different causes, such as
mechanic lesion or autoimmune-mediated damage.
(Am J Pathol 2005, 166:1749–1760)

Cell infiltration and accumulation are features of the tis-
sue response to distinct stimuli, such as traumatic injury,
infections, or under some circumstances, self-compo-
nents. Whatever leads to the presence of leukocytes in

tissues, the result ranges from the development of
chronic inflammation to a successful resolution. In organs
such as the brain, even small lesions can cause impor-
tant physiological consequences, physical impairment,
and behavioral alterations, according to the severity of
the response and its localization. Mechanical central ner-
vous system (CNS) lesions can cause primary damage to
axons and result in inflammatory reactions1,2 that lead to
migration of several types of leukocytes, including T lym-
phocytes. T lymphocytes are activated when they contact
the cognate MHC-peptide complexes. Additional co-
stimulatory molecules such as B7 family members par-
ticipate triggering and modulating the T-cell response.3–5

Most T cells that migrate into the CNS after lesion do not
recognize CNS antigens.6 However, in some experimen-
tal models it was shown that bystander activation of
CD8� T cells could have a role secondary to the specific
Ag recognition, causing tissue damage.7,8

Because CNS-specific T cells are rare, the role of
CNS-specific T cells that infiltrate the CNS as a conse-
quence of traumatic injury is not completely understood.
To address this question, we took advantage of a mouse
model in which a large number of the circulating T cells
are specific for myelin basic protein (MBP).9 This exper-
imental system allowed us to address the role of myelin-
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specific T cells on CNS stab wound lesions and correlate
it with development of other CNS pathologies, such as
experimental autoimmune encephalomyelitis (EAE).

Mice harboring large number of cells expressing T-cell
receptor (TCR) specific for MBP Ac1-11 were previously
generated.9 These animals, designated T/R� mice, have
a very high frequency of T lymphocytes that recognize
the MBP Ac1-11 peptide presented by the I-Au MHC
class II molecule. Despite the fact that the vast majority of
CD4� T cells in T/R� mice are MBP-specific and immu-
nocompetent, T/R� animals do not develop any sponta-
neous CNS pathology. The presence of functional RAG
genes in T/R� mice allows some degree of recombination
of endogenous TCR genes, generating a small number of
lymphocytes with a diverse recognition repertoire. When
T/R� mice were bred with RAG1-deficient mice, gener-
ating T/R� mice, 100% of the animals developed EAE
spontaneously.9 Although the number of anti-MBP CD4�

T cells is essentially the same between T/R� and T/R�

mice, a comparison of lymphocytic populations between
T/R� and T/R� mice indicated that T/R� mice lack: 1) a
small population of �� T cells expressing TCR encoded
by the endogenous (nontransgenic) � and � loci, includ-
ing some CD8� T cells; 2) �� T cells; and 3) B cells, which
are present in normal numbers in T/R� mice. Because of
the RAG mutation, T/R� mice harbor exclusively MBP-
specific T lymphocytes. In subsequent studies we
crossed T/R� mice with �2-microglobulin-deficient mice,
which lack CD8� T cells, with �MT mice, which lack
mature B cells, with TCR� gene-deficient mice, which
lack ��-T cells, and with TCR� and TCR� gene-deficient
mice, which can express transgenic MBP-specific TCR
chains but not endogenous TCR� and TCR� chains,
respectively.10 Our results, as well as those of others,
showed that, insofar as prevention of spontaneous EAE,
only CD4� T cells expressing endogenous �� TCRs were
essential.10,11

Ensuing studies determined that not all �� CD4� T
cells are protective against EAE, ruling out competition
models, and eventually supporting a key role for the
specificity of the TCRs expressed by regulatory T cells.12

However, spontaneous EAE in T/R� mice could be sup-
pressed by the presence of regulatory CD4� T cells. For
the regulatory function, the expression of the CD25
marker, which is traditionally associated with regulatory T
cells,13 is not necessary, although an interleukin (IL)-2-
dependent in vivo conversion of CD25� regulatory T cells
into CD4�CD25� T cells correlates with the acquisition of
regulatory functions and Foxp3 expression.14,15 We and
others also transferred total spleen cells or purified CD4�

cells from wild-type syngeneic animals and showed that
they could confer protection against the development of
spontaneous EAE when administered before the onset of
disease.10,11 Therefore, a regulatory pool of cells is
present in normal individuals, which is contained within
the population of �� CD4� cells.

The role of the regulatory mechanisms on CNS lesions
is an extremely relevant point in addition to the role of
CNS-specific effector T cells, leading to insights into the
evolution and repair of CNS lesions. To further under-
stand the regulation of CNS lesions, T/R� and T/R� mice

were subjected to a stab wound made between the T7
and T9 vertebrae in the spinal cord. The frequency of
antigen (Ag)-specific cells and their activation status was
determined in animals of different ages. The phenotype
of the infiltrating lymphocytes was compared to sponta-
neous EAE. We found significant differences in the extent
of the inflammatory response in animals that harbor
(T/R�) or do not harbor (T/R�) regulatory T cells. These
differences parallel those found in spontaneous EAE.
We conclude that T-cell responses, both harmful and
protective, follow common pathways regardless of the
triggering signal being a mechanical lesion or a spon-
taneously developing autoimmune disease.

Materials and Methods

Mice

MBP Ac1-11-specific transgenic TCR mice (T/R� and
T/R�) on B10.PL genetic background (H-2u) were previ-
ously described.9 To generate T/R� mice, T/R� mice
were crossed to RAG-1 knockout mice.16 All animals
were maintained under SPF conditions at the Skirball
Institute Animal Facility, New York University Medical
Center.

EAE Score

EAE was scored as described by Baron and col-
leagues17: level 1, limp tail; level 2, weak or partial leg
paralysis; level 3, total hind leg paralysis; level 4, hind leg
paralysis and weak or partial front leg paralysis; level 5,
moribund (immediately sacrificed). Protocols were ap-
proved by New York University Institutional Animal Care
and Use Committee.

Stab Wound Injury in the Spinal Cord (SCI)

The mice were anesthetized with an intraperitoneal injec-
tion of 0.2 ml of a 2.5% solution of 2,2,2-tri-bromo-ethanol
(Sigma, St. Louis, MO) in distilled water. The level of
anesthesia was evaluated by tests of cornea reflex to
peripheral pain stimulus. The surgical area was shaved
and disinfected with iodide. The animals were placed on
a heated surface, for a cutaneous incision on the dorsal
area between T1 and T12. The muscle on the T8 region
was exposed to allow the visualization of the vertebrae
under a scope. The localization of T8 was made based on
the fact that T13 corresponds to the vertebrae associated
to the last rib, with retrograde count. A laminectomy was
performed and a 221⁄2-gauge needle was inserted for 2
mm at a 45-degree angle. After suture, the animals were
maintained under heat. All procedures were approved by
the New York University Institutional Animal Care and Use
Committee.
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Spinal Cord Dissection and Single-Cell
Suspension

Mice were anesthetized with Metofane (Metoxifluorane;
Mallinckrodt Veterinary, Inc., Mundelein, IL), to obtain a
50-�l blood aliquot from orbital plexus. After a 10-minute
perfusion with phosphate-buffered saline (PBS) contain-
ing 5 mmol/L ethylenediamine tetraacetic acid, the ver-
tebral column was removed and divided in four segments
with equivalent length: R1 (from the cervical C1 to the
thoracic T2), R2 (from T3 to T9), R3 (from T10 to the
lumbar L4), and R4 (from L5 to Co3). Dissected seg-
ments were placed in separate wells of a 48-well plate.
Blood cells were submitted to the same treatment for
control. To each well, 100 �l of a 10-mg/ml type VI col-
lagenase was added. The samples were incubated for 1
hour at 37°C, additionally disrupted with a pipette, and
passed through a 45-�m nylon mesh. The volume of each
sample was completed to 860 �l to which 530 �l of an
89% Percoll-saline solution was added. The samples
were centrifuged at 300 � g for 30 minutes. The pellet
was resuspended in 100 �l of PBS containing 5% fetal
calf serum and 0.1% sodium azide (staining buffer),
washed twice in the same buffer, and incubated 45 min-
utes with the respective labeled antibodies for flow cyto-
metric analysis of phenotype (2.5 �g/106 cells). After this
period, the cells were washed twice and resuspended in
propidium iodide for exclusion of dead cells and debris.

Flow Cytometry

Cells isolated as described (2 � 105 to 10 � 105) were
stained with 50-�l mixtures of antibodies diluted accord-
ing to a previous titration in staining buffer (Hanks’ bal-
anced salt solution with 2% fetal calf serum and 0.01%
NaN3). The antibodies used for the staining were anti-
CD3 (Pharmingen, San Diego, CA), anti-CD4 (Pharmin-
gen), and an anti-MBP TCR clonotypic monoclonal anti-
body, 3H12. 3H12 is a mouse IgM generated in our
laboratory as described;10 it recognizes the transgenic
MBP-specific T cells while staining virtually no cells in
B10.PL nontransgenic littermates.10 Isotype controls
(Pharmingen) were also used. The cells were then pro-
cessed through a FACScalibur flow cytometer before
analysis of data with CellQuest software (Becton-Dickin-
son Immunocytometry Systems, San Jose, CA).

Histopathology and Immunohistochemistry

Tissues were fixed in 10% formalin, embedded in paraf-
fin, and cut into 5-�m sections. Sections were serially
assembled on slides, labeled according to animal num-
bers and without reference to experimental groups, to
avoid biased analysis. After hematoxylin and eosin (H&E)
staining, sections from each tissue block were examined
microscopically. Serial sections were immunohistochemi-
cally stained. Briefly, 5-m� sections mounted on charged
slides were deparaffinized and hydrated. Endogenous
peroxidase was blocked by a 30-minute treatment with
0.3% H2O2 in 100% P.A. methanol. Nonspecific binding

was blocked with 5 g/L casein in PBS solution, pH 7.4, in
a PBS-humidified chamber. The slides were incubated
overnight with the primary antibody anti-GFAP (DAKO,
Carpinteria, CA), or anti-Mac 3 (Pharmingen), or anti-
F4/80 (clone X2; kindly donated by Dr. Nora Sarvetnick,
the Scripps Research Institute, La Jolla, CA), diluted to
1.5 �g/ml in casein block solution, under low agitation, at
4°C. After that, slides were incubated for 1 hour with
biotin-labeled anti-rat IgG (Vector Laboratories, Burlin-
game, CA), followed by a 30-minute incubation with
streptavidin-peroxidase (Zymed Laboratories Inc., San
Francisco, CA). Color was developed with NovaRed
(Vector Laboratories), according to the manufacturer’s
instructions. Slides were counterstained with Gill’s hema-
toxylin, rehydrated, mounted, and microscopically
evaluated.

Magnetic Cell Sorting

Splenic cells were incubated with bead-labeled anti-CD4
antibodies (Miltenyi Biotec, Auburn, CA), according to
the manufacturer’s protocol, and passed through Vari-
oMacs magnetic columns (Miltenyi Biotec) attached to a
magnet. The purity of CD4-enriched and -depleted frac-
tions was checked by fluorescence-activated cell sorting
(FACS), before in vivo injection.

Cell Transfer

One-week-old T/R� mice received intraperitoneally 2 �
107 total splenic cells, magnetically sorted CD4� cells, or
unbound, CD4-depleted fraction, from wild-type mice. At
4 to 5 weeks of age, circulating CD4� 3H12� cells were
quantified by FACS. At 4 or 5 weeks of age, SCI was
performed as described.

Statistical Analysis

Normality and homogeneity of variances were verified by
Tukey and Bartlett’s test, respectively. Samples were
compared using Kruskal-Wallis nonparametric analysis
of variance, followed by Dunn’s multiple comparisons.
Statistical analysis was performed using GraphPad Prism
Software (San Diego, CA).

Results

A stab wound spinal cord injury (SCI) was performed on
the T7 to T9 vertebral segment in the spinal cord of T/R�

and T/R� animals. Both T/R� and T/R� mice harbor a
large number of MBP-specific T cells, but T/R� mice also
have a small population of T cells displaying capacity to
prevent the occurrence of spontaneous EAE. In contrast,
the T-cell repertoire in T/R� mice consists exclusively of
MBP-specific T cells.9–11,13

We compared the histopathology of T/R� and T/R�

mice in H&E-stained sections from the site of the lesion,
and from the lumbar region, which is distant from the stab
wound. Analysis of the site of the lesion showed remark-
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able differences between the two groups. Figure 1 shows
representative 5-week-old animals from the T/R� (A) and
T/R� (B) groups, 8 days after a SCI. At this time point it
was possible to distinguish between the two groups
based on the density and distribution pattern of infiltrating
cells. T/R� mice showed a much higher number of infil-
trating cells with a focal as well as diffuse pattern of
distribution, with a large area of lesion and edema, as
opposed to T/R� mice, which had a significantly lower
density, smaller and at most focally restricted infiltrate.
Overall, at 8 days after SCI, the T/R� mice developed a
lesion with a larger number of cells and denser pattern of
infiltration than did the T/R� animals. Two additional
types of analysis provided support for the conclusions
reached on examination of the H&E-stained specimens:
flow cytometry and immunohistochemistry.

The infiltrating cells in both groups of transgenic ani-
mals as well as wild-type controls were characterized by
flow cytometry, performed on cell suspensions from seg-
ments of the spinal cord. The initial characterization of
cell populations was made using anti-CD4 and the anti-
clonotypic antibody 3H12, which recognizes the MBP-
specific TCR.10 Figure 2 shows the percentage of CD4�

3H12� cells in the T7 to T9 segment of the spinal cord of
representative 5-week-old animals from T/R� (A) and
T/R� (B) groups.

Because all of the events from the T7 to T9 region were
collected in the cytometer, it was possible to compare
absolute and relative numbers of MBP-specific T lympho-
cytes, based on the number of events. Eight days after
SCI of 5-week-old mice, there were 4600 � 2100 MBP-
specific T cells in the T7 to T9 region of T/R� mice,
compared to only 296 � 95 cells in T/R� mice. Because
there are exceedingly few 3H12� cells in wild-type mice,
in these animals we determined the infiltration by total
CD4� cells. This number was 25 � 16 cells (n � 17, 7,
and 4, for T/R�, T/R�, and wild-type mice, respectively).
We also performed the SCI procedure in animals of dif-

ferent ages (4, 5, and 6 weeks old), and performed flow
cytometry analysis of the MBP-specific T-cell infiltrate.
These data are presented in Table 1.

Table 1 and Figure 2 illustrate several important points.
First, consistent with the histological analysis, the number
of infiltrating T cells is significantly higher in T/R� mice
than in T/R� mice or wild-type mice subjected to SCI. The
clear differences in the number (above) and frequency of
infiltrating cells shown in Figure 2 8 days after SCI were,
however, not apparent 48 hours after lesion (data not
shown). Animals subjected to mock surgery did not show
any appreciable inflammatory infiltrate (Table 1).

Second, age-dependent differences in the accumula-
tion of infiltrating lymphocytes were observed on SCI in
T/R� mice. The T-cell infiltrate that followed the stab
wound was, clearly, more intense in 5- and 6-week-old
animals than in 4-week-old animals. This is particularly
interesting given the fact that clinical manifestations of
spontaneous EAE in T/R� mice do not occur before 6
weeks of age, despite the fact that large numbers of

Figure 1. Histological analysis of the spinal cord from 5-week-old T/R� and T/R� mice. Eight days after stab wound lesion (SCI) at the T7 to T9 vertebrae level,
samples were prepared for T/R� (A) and T/R� mice (B). The sections are representative of five animals per each group, and were stained with H&E. Original
magnifications, �16.

Figure 2. Down-modulation of CD4 and TCR in MBP-specific (3H12�) cells
from T/R� mice subjected to SCI. Eight days after SCI, spinal cord samples
from 5-week-old T/R� (A) and T/R� mice (B) were prepared for FACS
analysis. Note the appearance of CD4-low cells (contained within the region
labeled R4) in T/R� but not T/R� mice. Representative of 13 animals per
group.
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immune competent MBP-specific T cells circulate in T/R�

mice since birth. Thus, massive accumulation of MBP-
specific T cells in the CNS does not take place before 5
weeks of age even when a stab wound is produced.

Third, although the spinal cords of T/R� mice had
much fewer infiltrating T cells than T/R� mice, after 5
weeks of age they harbored much more infiltrating T cells
than wild-type B10.PL (NT/R�) mice (above, and Table
1). This is consistent with a previous report by Jones and
co-workers18 comparing the same T/R� mouse strain
with wild-type mice.

Fourth, in T/R� mice, a relatively large proportion of
3H12-negative CD4� T cells could be found in the spinal
cord (Figure 2B, top left). 3H12-negative T cells in T/R�

mice express an array of endogenous TCR chains,
mostly TCR � chains;10 expression of endogenous TCR
chains confers broad reactivity to the T cells that express
them. As we showed previously,9,10 the percentage of
3H12� CD4� T cells does not exceed 5% of the total
CD4� cells in the periphery of T/R� mice, but reaches
values close to 30% in their injured spinal cord. Thus, it is
likely that T cells with non-CNS specificity can be found
among infiltrating T cells, in accordance with previously
described models.6

Finally, a remarkable down-modulation of the CD4 mol-
ecule, and some decrease on TCR expression, were
observed on 3H12� cells in T/R� animals that underwent
the SCI procedure. As shown in Figure 2A, based on
fluorescent intensity, CD4�3H12� T cells in these ani-
mals can be divided in two well-defined regions, indi-
cated as R3 and R4. In contrast, T cells from similarly
treated T/R� mice only fell into the high CD4, high 3H12-
expressing region (indicated as R3, Figure 2B). The
down-modulation of CD4 in T/R� spinal cord closely cor-
related with the ability of MBP-specific T cells to accu-
mulate in the CNS, which was also observed in the spinal
cord of animals afflicted with spontaneous EAE (see
below).

Comparison of the expression of activation markers on
the down-modulated (region R4) versus the non-down-
modulated CD4�3H12� population (region R3) in the
same spinal cord showed that cells gated on the low-
receptor density (black color histograms) had an in-

creased expression of CD25 and CD11a (the � chain of
LFA-1), and a lower expression of CD45RB, indicating a
higher state of activation, when compared with the non-
down-modulated cells (gray histograms) (Figure 3). As

Figure 3. Activation status of spinal cord T cells after SCI. Histograms show
CD25 (A), CD45RB (B), and CD11a (C) expression on CD4-hi (black line)
and low (gray line) cells from T/R� mice. CD4-hi cells correspond to the R3
gate in Figure 2A, and CD4-lo cells correspond to the R4 gate in Figure 2A.
These data correspond to 2 animals representative of the analysis of 13
animals per group.

Table 1. Percentage of MBP-Specific CD4�3H12� T Cells in the T7–T9 and Segment of the Spinal Cord in T/R� and T/R� Mice
at Different Ages, 8 Days after SCI, or after Mock Surgery

Age

T7–T9 Lumbar

NT/R�* T/R�† T/R�† NT/R�* T/R� T/R�

Mock
4 weeks 0.0 � 0.0 0.02 � 0.01 0.05 � 0.03 0.01 � 0.0 0.05 � 0.05 0.065 � 0.02
5 weeks 0.0 � 0.0 0.03 � 0.02 0.18 � 0.08 0.01 � 0.01 0.11 � 0.06 0.12 � 0.05
6 weeks 0.01 � 0.01 0.07 � 0.04 0.03 � 0.01 0.0 � 0.0 0.06 � 0.06 0.11 � 0.05

SCI 8 days
4 weeks 1.96 � 0.4 0.17 � 0.02 1.84 � 0.04 0.43 � 0.1 0.08 � 0.07 0.08 � 0.02
5 weeks 1.24 � 0.2 2.15 � 1.22 17.64 � 3.76† 0.25 � 0.15 0.44 � 0.23 4.08 � 1.23†

6 weeks 1.35 � 0.3 3.16 � 1.55† 21.39 � 8.65† 0.30 � 0.12 0.52 � 0.2 6.13 � 2.2†

The percentage of total CD4� T cells in wild-type (NT/R�) animals, subjected to SCI or mock surgery, is also shown. The values are the average of
six animals per group � SD.

*For wild-type animals (NT/R�), the values correspond to the total CD4� population. We do not show the frequency of CD4� 3H12� cells in wild-
type mice because it is below the limit of sensitivity of the method, ie, there is no difference between 3H12-stained and unstained samples.

†P � 0.05 between different groups at matching ages.
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expected, CD4�3H12� T cells in T/R� mice look like the
non-down-modulated cells (R3) in the T/R� spinal cord
(not shown).

Similarly to the CD4� T cells that accumulated in the
spinal cord of T/R� animals after SCI, cells displaying
down-modulated levels of CD4 and TCR were observed
in the spinal cord of mice afflicted with spontaneous EAE
(Figure 4). Kinetic studies in sham-operated T/R� mice
showed that the appearance of a 3H12� population ex-
pressing low levels of CD4 and TCR in the CNS was the
best correlate with the occurrence of clinical signs of
disease. Disease-free animals at 4, 5, or 6 weeks of age
have much fewer T cells in the CNS, and the ones that are
there are mostly high-CD4-expressing T cells. This is
particularly clear at 6 weeks of age. Once clinical disease
is apparent, large numbers of T cells with down-modu-
lated CD4 can be purified from the CNS (Figure 4). With
regards to activation markers, the down-modulated T
cells prepared from the CNS of spontaneous EAE-af-
flicted animals are similar to the ones we found in animals
that underwent SCI (Figure 5). We have previously shown
that T cells from the CNS of EAE-afflicted T/R� mice

expressed higher CD11a and lower CD45RB levels.9 Fig-
ure 5 shows that, similarly to the T cells recovered from
the T7 to T9 region after SCI, the T cells recovered from
spontaneous EAE displayed an activated phenotype as
determined by expression of CD25 and CD122 (respec-
tively the � and � chains of the high-affinity IL-2 receptor
complex). Lymph nodes were used as control sites.

To complement the H&E and flow cytometry analyses
described above, we performed immunohistochemical
characterization to assess the frequency and activation
status of macrophages, microglial cells, and astroglial
cells in T/R� and T/R� mice subjected to SCI. Macro-
phages and microglia cells were stained for the identifi-
cation of Mac-3 (a lysosomal antigen equivalent to LAMP-
2/CD107b also present on the surface of mature
mononuclear phagocytes), and F4/80 (a 160-kd glyco-
protein expressed by murine macrophages). F4/80 ex-
pression is stronger in activated than in resting microglial
cells.19 We performed this analysis in the T7 to T9 injury
site, as well as a location in the lumbar spinal cord that is
distal to the wound. At the site of injury we could observe
that a higher number of F4/80 and Mac-3-positive cells
was present in T/R� than in T/R� specimens (Figure 6, A
and B for F4/80, and C and D for Mac-3 expression),
indicating that, besides T cells, the effects of injury are
extended inflammatory cells. In contrast, no prominent
Mac-3 or F4/80 staining was observed in either T/R� or

Figure 4. Number of MBP-specific (3H12�) T cells, expressing high and low
levels of CD4, in the spinal cord of T/R� animals undergoing spontaneous
EAE. T cells were extracted from spinal cords from sham-operated T/R� mice
of different ages, before or after EAE onset. The EAE score is indicated in
parentheses. A: T/R� animals from 4 weeks to 6 weeks of age, with or
without EAE. B: T/R� animals 7 weeks old afflicted with spontaneous EAE of
increasing levels. Values correspond to the average � STD of 9 to 39 mice
per group.

Figure 5. Expression of high- and low-affinity IL2R (CD25 and CD122) on
CD4� 3H12� cells from inguinal lymph nodes and from the spinal cord of
T/R� animals at different ages and scores of disease. Values correspond to
the average � STD of four to seven mice per group.
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T/R� samples from the distal locations (Figure 6, E and F
for F4/80, and G and H for Mac-3).

T/R� and T/R� mice subjected to SCI also differed on
astrocyte activation and gliosis. GFAP staining showed
that astrocyte activation was greater in the site of lesion in

T/R� animals comparatively to T/R�. Furthermore, the
area of gliosis was larger, as well as the intensity of GFAP
expression which was much stronger in T/R� animals
(Figure 7). GFAP� cells in T/R� mice were smaller and
weakly stained (Figure 7A) in comparison to the same

Figure 6. Inflammatory cells in T/R� and T/R� spinal cords. SCI site (T7 to T9) and lumbar region sections were immunostained for detection of Mac-3 (C, D,
G, and H) and F4/80 (A, B, E, and F), 8 days after SCI in T/R� (B, F, D, and H) and T/R� (A, E, C, and G). A–D: The injury site. E–H: Lumbar area, distant from
the SCI site. All slides were stained and color was developed in parallel. The injury site of SCI-subjected T/R� mice displays enhanced Mac-3 and F4/80 reactivity
compared to T/R� mice. In the lumbar region, the presence of F4/80 and Mac-3� cells was comparable and low. Sections are representative of four animals per
group. Original magnifications: �16 (A–D); �10 (E–H).

Figure 7. Gliosis in the spinal cord of T/R� and T/R� mice. Eight days after SCI, GFAP staining was performed in spinal cord samples of T/R� (A and B) and
T/R� mice (C–F). Section from the site of lesion (A, D, and E) can be observed, as well as sections from the lumbar region (B and F) of the spinal cord. GFAP
expression was more abundant and stronger on both injury site and distal areas in T/R� mice than in T/R�. C: The lumbar region of an age-matched T/R� mouse
subjected to a mock injury procedure. Note the absence of astrogliosis in this sample. Sections are representative of four animals per group. Original
magnifications, �16.
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cells in T/R� mice (Figure 7, D and E). We also observed
the generation of strong gliosis in the lumbar region of
T/R� animals, an area distant from the injury site (Figure
7F). In contrast, T/R� mice had a very low or no GFAP
expression in the lumbar segment of the injured spinal
cord (Figure 7B). The gliosis that we observed distant
from the injury site in T/R� mice represents a far-reaching
reaction to SCI, and not a consequence of the impending
spontaneous EAE in these mice, as Mac-3 and F4/80�

cells were in low numbers in that site (Figure 6, E and G).
Besides, T/R� controls that underwent mock injury in
parallel displayed a significantly milder GFAP staining in
the whole extension of the spinal cord (Figure 7C).

We and others have previously reported that sponta-
neous EAE in T/R� mice could be prevented by the
transfer of spleen cells from wild-type mice before dis-
ease onset.10,11,13 We sought to address whether similar
protective mechanisms can operate in SCI as well as in
spontaneous EAE. One-week-old T/R� mice were recon-
stituted with cells obtained from spleens of syngeneic
wild-type mice (NT/R�). At the age of 4 weeks we as-
sessed the donor cell repopulation of the recipient mice
by FACS analysis of peripheral blood. The degree of
reconstitution was determined based on the presence of
CD4�3H12� cells, which are exclusively of donor origin.
Reconstitution levels were determined before the perfor-
mance of SCI. Three to four percent of CD4�3H12� cells
present in the blood were considered as positive recon-
stitution. Eight days after the lesion, the T7 to T9 segment
was dissected, a cell suspension was made, and FACS
analysis was used to determine the proportions of infil-
trating T cells and their phenotype. Figure 8 shows that
the accumulation of transgenic (3H12�) CD4� T cells
was significantly reduced by the reconstitution of T/R�

animals with nontransgenic spleen cells. Another impor-
tant observation was that the MBP-specific T cells in
reconstituted T/R� mice did not display down-modulation
of CD4 or the TCR. Therefore, the transference of normal
splenic cells is beneficial in reducing the consequences
of SCI in T/R� mice as in preventing spontaneous EAE. In
addition, T/R� mice, which do not develop spontaneous
EAE, have milder lesions on SCI (Figure 1). Altogether,
these data suggest similarities in the mechanism of reg-
ulation of the inflammatory response in spontaneous EAE
and SCI.

We have previously shown that, in contrast to T/R�

mice, spontaneous EAE does not occur in T/R� mice
because of the presence of a small proportion of CD4� T
cells that express endogenous TCR chains (�5% of total
T cells). To clarify whether that CD4�3H12� T-cell pop-
ulation also provides protection in conditions of mechan-
ical lesion, as they do in preventing spontaneous EAE,
T/R� animals were transferred with purified splenic CD4
cells, or CD4-depleted splenic cells, and subjected to
SCI. As shown in Figure 9, the transfer of unfractionated
splenocytes led to the reduction of infiltrating 3H12� cells
into the T7 to T9 region as well as into the lumbar region
of injured T/R� mice. The transfer of purified CD4� cells
led to a dramatic reduction of host-derived 3H12� T cells
into the spinal cord, while the CD4-depleted fraction did
not display protective activity. Neither non-Tg (wild-type)

animals, nor T/R� mice submitted to mock surgery, ac-
cumulated significant numbers of CD4 cells in the spinal
cord (Figure 9). Thus, the same cells that prevent spon-
taneous EAE can also reduce the extent of cell accumu-
lation induced by SCI.

Figure 8. Effect of reconstitution of T/R� mice with wild-type splenocytes on
the accumulation of CD4� cells in the T7 to T9 segment of the spinal cord.
T/R� mice were reconstituted with wild-type syngeneic splenocytes. After 4
to 5 weeks, they were subjected to SCI. The spinal cord T-cell populations of
splenocyte-reconstituted T/R� mice (recT/R�) were compared to wild-type
mice (NT/R�), T/R� mice, and nonreconstituted T/R� mice, all groups 8
days after SCI. A: Percentage of 3H12� and 3H12� CD4� T cells. B: Percent-
age of 3H12�CD4� T cells with high and low levels of CD4 expression.
Values represent the average of five animals per group. *P � 0.05.

Figure 9. Total splenocytes and purified nontransgenic CD4� T cells, but not
CD4-depleted splenocytes, reduce MBP-specific T-cell load in the spinal cord
of T/R� mice subjected to SCI. Neither wild-type animals (non Tg), nor T/R�

mice submitted to mock surgery accumulated substantial numbers of CD4
cells in the spinal cord. Data represent the average � SE of five animals for
each group of recipients. *P � 0.05 in comparison to total splenocytes.
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Discussion

In this study we compared the dynamics of the inflam-
matory response in a mouse model of spontaneous au-
toimmune encephalitis (EAE) and a model of mechanical
lesion in the spinal cord (SCI). Spontaneous EAE is de-
veloped in T/R� mice but not in T/R� mice, because of
the presence of a regulatory pool of cells in the latter
strain. In T/R� animals 5 weeks old or older subjected to
SCI, severe tissue damage was noted, whereas equally
treated age-matched T/R� mice displayed much milder
lesions. The differences between T/R� and T/R� are re-
markable considering that both T/R� and T/R� mice have
a T-cell repertoire highly dominated by immunocompe-
tent MBP-specific T cells.9,10,13

In perfect correlation with the control of spontaneous
EAE,10,11,13 we could also reduce the extent of SCI-
induced inflammation in T/R� mice by transfer of poly-
clonal CD4� T cells, which contain regulatory properties,
but not CD4� T cell-depleted splenocytes. Our results
support a strong parallel between the inflammatory re-
sponse to SCI and its regulation, and the development
and regulation of spontaneous EAE.

The experimental model used in this work allowed us
the analysis of the role of myelin-specific T cells in lesion
development or aggravation. The infiltration of activated T
cells into the CNS has been suggested as one of the main
causes of tissue damage leading to motor/cognitive and
organic impairment in several experimental models that
mimic human diseases.20 Interestingly, in 75% of all mice
we observed some level of hind leg paralysis after SCI,
which was recovered in T/R� mice within 48 hours, but
not in T/R� mice. One possible explanation for this rapid
paralysis is the edema caused by SCI. However, we do
not know what causes 25% of T/R� mice to remain free of
clinical signs in the immediate aftermath of SCI because
edema was observed in all histological preparations from
this group. Nevertheless, whatever mechanism is respon-
sible for this phenomena, it is refrained in the presence of
a regulatory population. It is possible that the regulation
of T-cell infiltrate and inflammation is accompanied by
more efficient tissue repair mechanisms, either through
the modulation of cell numbers or by changing the quality
of the local cell secretion products.

Several clinical and experimental models provide con-
siderable indications that trauma can initiate an autoim-
mune response, although it may not always be clinically
harmful. For instance, sympathetic ophthalmia, a disease
in which injury to one eye results in antigen release,
immune priming, and autoimmune attack against the
other eye that initially was not injured, has been treated
with immune suppressants and anti-inflammatory drugs
for several decades.21,22 In a model of unilateral facial
nerve transection, which is a peripheral nervous system
lesion, CD4� T cells can be observed infiltrating not only
the injury site, but also the ipsilateral facial nuclei, with
widespread perivascular infiltrates. This effect was more
prominent in EAE-susceptible Lewis rats than in the more
resistant BN rats.23 Finally, T cells obtained from SCI sites
and briefly cultured in vitro with MBP were able to induce
EAE in naı̈ve rats. Interestingly, EAE induction was only

possible with T cells prepared 7 days after SCI, and did
not occur when the same treatment was applied to T cells
from noninjured animals.24

The role of trauma in the etiology of multiple sclerosis is
not clear, with studies supporting either the point of view
that trauma is important or the opposite.25 Many studies
published since the 19th century recounted that, in a
fraction of promptly diagnosed MS cases (�10%), there
had been anteceding CNS trauma. However, it is clear
that CNS trauma, by itself, does not cause MS. It is
therefore possible that the inflammatory response
caused by trauma triggers reactivity in individuals who
are already highly susceptible to the disease due to
underlying immunological imbalances. In our experimen-
tal model, T/R� mice subjected to injury develop a more
severe inflammatory response T/R� mice, suggesting a
role for regulatory populations in providing such a
balance.

We observed a highly reproducible down-modulation
of CD4 in MBP-specific T cells in the spinal cord of T/R�

mice undergoing spontaneous EAE or subjected to SCI.
Down-modulation of CD4 in response to antigen expo-
sure was previously noticed in correlation with T-cell ac-
tivation.26,27 Consistently, CD4-down-modulated MBP-
specific T cells in T/R� mice displayed higher levels of
activation markers than the CD4-hi T cells extracted from
the same mice. However, in most experimental systems,
CD4 down-modulation in vivo is not as common and as
clear-cut as what we observed here. It has been shown
that exposure to gangliosides leads to CD4 down-mod-
ulation in vitro;28 as gangliosides are very abundant in the
CNS parenchyma, it may contribute to the CD4 down-
modulation to be so prominent in our experimental sys-
tem. However, CNS-infiltrating cells in T/R� mice did
present MBP-specific T cells with down-modulated CD4,
suggesting that ganglioside exposure is not responsible
for the CD4 down-modulation in this system. We have
thus a strong correlation between pathogenic infiltration
of CNS parenchyma by MBP-specific T cells and CD4
down-modulation on the same cells. It is possible that the
small number of CD4-hi MBP-specific T cells present in
T/R� mice did not become fully activated within the CNS.
Thus, the presence of CD4 down-modulation on T cells
appears to be a good indicator of the presence of active
inflammatory lesions within the CNS.

Co-receptors such as CD4 contribute to the avidity of
the interaction between T cells and antigen-presenting
cell.29 Thus, co-receptor down-modulation is one of the
ways of reducing the avidity of T cell/APC interaction and
reduce immune responsiveness. Co-receptor down-
modulation on T cells can be achieved experimentally
through high levels of antigen expression in peripheral
tissues. Using a double-transgenic system in which Kb-
specific TCR transgenic mice were crossed to mice ex-
pressing Kb under the GFAP promoter, Schonrich and
colleagues30 showed that TCR and CD8 co-receptor
down-modulation represented a mechanism by which
peripheral immune tolerance toward Kb could be
achieved. In view of these precedents, it is likely that the
CD4 down-modulation that we observe is a reaction that
reduces the reactivity of the MBP-specific T cells. Indeed,
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we observed that T cells from MBP TCR transgenic mice
crossed with CD4-null mice are poorly selected in vivo
and respond weakly to MBP in vitro (data not shown).
However, in the present model CD4 down-modulation is a
relatively late event, which is not observed before MBP-
specific T cells infiltrate the CNS, and it does not seem to
prevent the onset of EAE.

The presence of cells expressing F4/80 and Mac-3,
which are characteristic of inflammatory macrophages
and activated microglia was also enhanced in T/R� mice
subjected to SCI. This reveals that the increased T-cell
numbers are accompanied by the infiltration of other
leukocytes, particularly with inflammatory properties. In-
terestingly, although in T/R� less F4/80 and Mac-3 cells
were observed, they were still significantly represented.
This suggests that the regulatory process may modulate
inflammatory response into beneficial for tissue repair. In
some models, the depletion of blood-derived macro-
phages by the administration of clodonate liposomes
reduces the number of macrophages and improves re-
covery from moderate CNS lesion.31 However, a role for
macrophages has been described in oligodendrocyte
remyelination.32 In fact, the presence of IL-1� and IGF-1
in the system has beneficial effects over CNS tissue
repair and remyelination.33 Further studies on macro-
phage/microglia-derived factors in T/R� and T/R� mice
subjected to SCI are currently ongoing. Interestingly, in
contrast to MBP-specific cells, which were detected in
the lumbar portion of T/R� spinal cord, F4/80 and Mac-3�

cells were poorly represented in those areas. This sug-
gests that overlapping EAE was not taking place in those
mice, and reinforces previous findings that T-cell infiltra-
tion precedes inflammatory response, characterized by
the presence of macrophages.

An additional finding was that on SCI, T/R� mice dis-
played a much stronger and more diffuse expression of
GFAP than T/R� mice. GFAP expression correlates with
astrocyte activation and gliosis. The presence of acti-
vated T cells in the spinal cord of T/R� mice may influ-
ence the activation process of astrocytes and other glial
cells. Stab wounds have been shown to induce GFAP
expression.34 Inflammation and trauma cause neuronal
damage, which, in turn, triggers astrogliosis. Whether
inflammation can cause astrogliosis independently of
neuronal damage is unclear,35 although many cytokines
can induce astrogliosis.35,36 In T/R� mice GFAP expres-
sion extended to spinal cord areas located far away from
the stab wound, such as the lumbar region of the spinal
cord, while GFAP expression in T/R� animals was re-
stricted to the area of the lesion. The remote astrogliotic
response that we noticed in T/R� mice has been previ-
ously noticed in other clinical and experimental situa-
tions37 and could be caused by molecules diffused from
the lesion site, or by products of lymphocytes present in
other areas of the spinal cord. A more simplistic expla-
nation would be that the remote gliosis is due to axonal
transection caused by the injury and that the gliosis is a
response to Wallerian degeneration of severed axons.38

The principle of neuroprotective autoimmunity has
been applied to propose posttraumatic vaccination with
weak, nonpathogenic autoantigens.39 The proposed

treatment is based on beneficial effects caused by neu-
roantigen-specific T cells as described by Moalem and
colleagues,40 Hauben and colleagues,41 Serpe and col-
leagues,42,43 and others. This concept has been recently
challenged by Jones and colleagues,44 who described
that myelin-reactive T cells caused intraspinal inflamma-
tion associated with functional impairment and exacerba-
tion of posttraumatic lesion pathology. Our data with T/R�

and T/R� mice are in general agreement with that of
Jones and colleagues.44 The discrepancies may indicate
the different levels of tuning between aggression and
regulation that exist in different situations.

Recently, Kipnis and colleagues45 showed that rats
neonatally tolerized to myelin proteins exhibit worse reti-
nal ganglion cell survival than nontolerant rats. Further-
more, elimination of CD4�CD25� regulatory T cells led to
enhanced neuronal survival on injury while administration
of CD4�CD25� regulatory T cells hampered neuronal
survival. Thus, in these authors’ interpretation, regulatory
T-cell activity navigates a compromise path between pre-
vention of autoimmune disease (a function that Tregs are
adept at) and tissue survival/maintenance (which Tregs
supposedly hold back).45

In autoimmune demyelinating diseases of the CNS,
T-cell-initiated demyelination leads to secondary axonal
death. Regulatory T cells antagonize myelin-specific ef-
fector T cells (as well as other effector T cells) counter-
acting their effects.33 Based on the data shown here and
our previously published data on the role of regulatory T
cells in EAE, our interpretation of the role of regulatory T
cells in SCI is different from the one proposed by Kipnis
and colleagues at that time.45 Our interpretation is that
regulatory T cells are beneficial, and it is based on the
remarkable parallels between spontaneous EAE, a model
in which MBP-specific T cells are undoubtedly patho-
genic and regulatory T cells are undoubtedly protective,
in EAE as in SCI. In the SCI model, the accumulation of
CD4�3H12� cells, as well as the down-modulation of
surface expression of CD4 and TCR, were prevented by
transferring CD4� cells, and were also prevented when a
small number of T cells expressing endogenous TCRs
were naturally present, as in T/R� mice. The down-mod-
ulation of CD4 surface expression in T/R� mice corre-
lated with the generation of an encephalitogenic condi-
tion in spontaneous EAE, which was also prevented by
the transfer of CD4� cells before the development of
disease. In fact, more recently, Kipnis and colleagues46

reported the possibility of a beneficial role for regulatory
T cells, which happens in certain strains of mice due to a
weakened specific T-cell response in the presence of
regulatory cells. The authors suggest that the action of
regulatory cells depends on interactions with microglia.

We consider that it is unlikely that very similar inflam-
matory reactions in which MBP-specific T cells play a
major role would have opposite outcomes in terms of
neuronal survival. However, we did not assess neuronal
survival in the presence and absence of regulatory T cells
in our SCI model. Hauben and Schwartz39 discussed the
observation that EAE-resistant strains are better able to
spontaneously manifest a beneficial, T-cell-dependent
response to CNS injury, due to the absence of protective
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mechanisms in EAE-susceptible strains. In the mouse
strains that we used (T/R� versus T/R�), and very likely in
other susceptible/resistant pairs, protective mechanisms
are clearly dependent on the presence of CD4� regula-
tory T cells. Our data, therefore, support a protective role
for regulatory T cells in SCI, and are in agreement with
data and discussions regarding susceptible and resis-
tant strains,39,46 but not with data indicating that regula-
tory T cells antagonize protective autoimmunity.45 A bal-
ance must be reached between effector T cells and
regulatory T cells, and, in our experimental model, ab-
sence of regulatory T cells leads to a harmful inflamma-
tory response.

In conclusion, our experiments indicate that common
elements participate in the regulation of SCI and sponta-
neous EAE. In T/R� mice, infiltrating MBP-specific CD4�

T cells that enter the CNS either as a consequence of SCI
at young age, or later in life as spontaneous EAE devel-
ops, exhibit a similar phenotype of down-modulation of
CD4 and, less markedly, the TCR. Moreover, in both
models polyclonal CD4� T cells, but no other T cells, can
reduce the inflammatory load. Thus, the prevention of
CNS tissue damage as a secondary effect of T-cell infil-
tration can be made by similar mechanisms in EAE model
as well as in traumatic lesions of the spinal cord, and,
possibly, in other inflammatory CNS pathologies.
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