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Movement disorders in encephalitis induced by Rhodococcus aurantiacus infection
relieved by the administration of L-dopa and anti-T-cell antibodies

Y. MIN, M. ASANO, M. KOHANAWA & T. MINAGAWA Department of Microbiology, Hokkaido University School of
Medicine, Kita-ku, Sapporo, Japan

SUMMARY

Mice injected with Rhodococcus aurantiacus by the intravenous (i.v.) route show neurological
disorders, hemiparesis, vertical headshake and turn-round gait after day 7 postinfection (p.i.).
Neurological symptoms caused by i.v. inoculation of R. aurantiacus were relieved by treatment
with levodopa (L-dopa). R. aurantiacus was isolated from the brain and was found to be completely
eliminated at day 7 p.i. Focal encephalitis was mainly observed in the brain stem, and T cells
could be isolated from the brain after day 7 p.i. Administration of both an anti-CD4 monoclonal
antibody (mAb) and an anti-CD8 mADb suppressed neurological symptoms. These results suggest
that R aurantiacus induces movement disorders in mice, and that the symptoms are mediated by
T cells infiltrating the brain, rather than directly by the bacterium.

INTRODUCTION

Infectious diseases cause movement disorders when the
inflammation occurs in the central nervous system (CNS). In
particular, it is reported that symptoms of Parkinson’s disease
sometimes appear after infection of the CNS. This is called
postencephalitis parkisonism. Nocardia induces encephalitis in
the mouse, and often causes movement disorders. This compli-
cation is improved by levodopa (L-dopa).! Kohbata et al.
reported that a movement disorder was observed after the
elimination of Nocardia.! This suggests that the neurological
symptoms are caused by inflammation induced by the bac-
terium, rather than by a direct destructive mechanism of the
bacterium.

We also observed movement disorders in mice infected
with Rhodococcus aurantiacus. R. aurantiacus is closely related
to the genera Nocardia.? Intravenous injection of R. aurantiacus
into mice causes a generalized granulomatous disease resem-
bling sarcoidosis.®> Granuloma formation dependent on T cells
and the production of cytokines was observed in the lung,
liver, lymph nodes and spleen in the infected mice.> The
infected mice did not show apparent symptoms of infectious
diseases, and bacterial proliferation was not detected.
Therefore, we speculate that the bacteria invading the brain
through intravenous (i.v.) infection cause inflammation and
induce a movement disorder.

The cause of movement disorders like Parkinson’s disease
is unknown. At present, the therapy for such movement
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disorders is mainly supplementation with L-dopa in response
to the decrease in the number of dopaminergic neurons.
However, it is possible that some movement disorders are
caused by infectious and/or inflammatory diseases in the brain,
and these symptoms might be treatable by anti-inflammatory
therapy.

We therefore analysed the mechanism of the movement
disorder induced by R. aurantiacus infection in mice.

MATERIALS AND METHODS

Mice
Five-week-old female ddY mice (obtained from SLC,
Hamamatsu, Shizuoka, Japan) were used in this study.

Administration of L-dopa

The infected mice were administered (i.v.) 2:5 mg/kg/day L-
dopa in 0-2ml of saline from day 3 postinfection (p.i.) to
day 30 p.i. The control mice were treated with 0-2 ml of saline.

Determination of numbers of bacteria in the brain

The brain was suspended in saline and 10% (wt/vol) organ
homogenates were prepared with a Dounce grinder. The
number of viable R. aurantiacus in the infected mouse brain
was counted by plating serial 10-fold dilutions of organ
homogenates in saline on nutrient agar plates (Nissui
Pharmaceutical Co. Ltd, Tokyo, Japan). Colonies on the plates
were routinely counted 42-48 hr later.

Histology

Brains and livers were evaluated histologically on day 20 p.i.
using formalin-fixed paraffin sections stained with haematoxy-
lin and eosin. The size of each granuloma in the liver was
measured using an ocular micrometer. The mean granuloma

© 1999 Blackwell Science Ltd



Movement disorders in R. aurantiacus infection 11

size was determined from the size of granulomas in 10 ran-
domly selected optical fields of each section.

Isolation of mononuclear cells (MNC) from brain tissue and
subsequent flow cytometric analysis

The method of isolation of MNC from brain tissue was as
reported previously.* After the infected mice were killed by
perfusion of phosphate-buffered saline (PBS) through the
heart, the brain was removed. The brain tissues of five mice
were dissociated by passage through 100-mesh stainless steel
screens and resuspended in RPMI-1640 medium. Dissociated
tissues were centrifuged for 10 min at 200 g and resuspended
in 4 ml of 70% Percoll (Pharmacia, Santa Ana, CA) in PBS
at 24°. Fractions from the gradients were collected by punctur-
ing a hole in the bottom of the tube.

For flow cytometric analysis ( Becton-Dickinson, San Jose,
CA) of the distribution of the CD4* and CD8™ cells, MNC
were stained using a phycoerythrin (PE)-conjugated anti-L3T4
monoclonal antibody (mAb) (Becton-Dickinson) and a
fluorescein isothiocyanate (FITC)-conjugated anti-Lyt-2 mAb
(Becton-Dickinson).

In vivo depletion of T cells
Hybridoma cells secreting mAbs directed against CD4 (L3T4)
(GK1.5, rat immunoglobulin G2b (IgG2b), purchased from
the American Type Culture Collection (ATCC), Rockville,
MD)’ and CDS8 (Lyt2) (53-6.72, rat 1gG2a, purchased from
the ATCC )® were injected intraperitoneally (i.p.) into pristane-
primed CDI1 nu/nu mice. Ascitic fluids containing the mAbs
were collected from the mice and the mAbs were partially
purified by 50% (NH,),SO, precipitation followed by exhaus-
tive dialysis against PBS.

Mice were given a single i.v. injection of anti-CD4mAb
and/or anti-CD8 mAb (400 pg in 0-2 ml pyrogen-free saline)
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Figure 1. Movement disorders and granuloma formation in the liver
during the course of R. aurantiacus infection. Each group used for the
observation of movement disorders comprised 20 mice. Each group
used for the measurement of granuloma formation comprised 20 mice,
which were killed at the indicated time-points. Open circles, vertical
headshake; closed circles, turn-round gate; open triangles, hemiparesis;
open squares, granuloma formation in the liver. Both the peak of the
incidence of movement disorders and granuloma formation were
detected at 3 weeks p.i.
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Figure 2. Movement disorder rate during the course of R. aurantiacus
infection in mice treated with L-dopa. Each group comprised 20 mice.
(a) Vertical headshake; (b) turn-round gate; and (c) hemiparesis. Open
circles, control animals; closed circles, L-dopa-treated animals.
Administration of L-dopa significantly inhibited 60% of vertical head-
shake (P<0-01), 63% of turn-round gate (P<0-01) and 85% of
hemiparesis (P <0-01).
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on day 3 p.. As controls, normal rat globulin (NRG), rat
IgG2a and IgG2b (Bio Pure, Bubendarf, Switzerland) were
injected.

Statistical analysis

In the experiment on the inhibition of neurological symptoms
by administration of L-dopa, anti-CD4 mAb and anti-
CD8 mAD, the Wilcoxon and Cox—Mantel tests were used to
analyse statistical significance of results.
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Figure 3. Kinetics of bacterial numbers in the brain. Open circles,
control animals; closed circles; L-dopa-treated animals. Each value is
expressed as the average of 10 mice and standard deviation bars are
shown. Bacteria were not detected after day 7 p.i. Administration of
L-dopa did not affect elimination of the bacteria.
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RESULTS

Neurological symptoms in the mice infected with R. aurantiacus
and the effect of L-dopa

The mice infected with R. aurantiacus showed hemiparesis and
vertical headshake after day 7 p.i. Hemiparesis was observed
in 70%, vertical headshake in 50% and turn-round gait in 65%
[AC4] of the infected mice (Fig. 1). The non-paralytic mice
did not show any other neurological symptoms. Granulomas
in the liver grew to maximum size by 3 weeks p.i. (Fig. 1).

L-dopa administration significantly relieved the neurolog-
ical symptoms of the infected mice (Fig. 2). Fifty per cent of
the control mice showed vertical headshake compared with
20% of the L-dopa-treated mice (Fig. 2a, P<0-01), 40% of the
control mice showed turn-round gate compared with 15% of
the L-dopa-treated mice (Fig. 2b, P<0-:01) and 70% of the
control mice showed hemiparesis compared with 10% of the
L-dopa-treated mice (Fig. 2¢, P<0-01).

Proliferation and elimination of live bacteria in the infected
mouse brain

We examined the proliferation and elimination of R. aur-
antiacus in the infected mouse brain. The bacteria were isolated
from the brains of all infected mice. The number of the
bacteria in the brain was highest at day 1 p.i. and fell to an
undetectable level within 1 week (Fig 3, open circles).
Proliferation of the bacteria was not detected. The number of
the bacteria in the brain was not changed by L-dopa adminis-
tration (Fig. 3, closed circles).

Histological findings in the infected mouse brain

To investigate pathological changes in the brains of the infected
mice, we performed a histological study. The infected mice

(b)

Figure 4. Histological examination of the infected mouse brain on day 14 p.i. The infected mice showed focal encephalitis. The
lesions were located in the brain stem (a) (arrow, x200), putamen (b) (arrow, x200), substantia nigra (c) (x400) and cerebellum

(d) (arrow, x400).

© 1999 Blackwell Science Ltd, Immunology, 96, 10-15



Movement disorders in R. aurantiacus infection 13

showed generalized focal encephalitis (Fig.4). The lesions
were located in the brain stem (Fig. 4a), putamen (Fig. 4b),
hippocampus (Fig. 4c) and cerebellum (Fig. 4d). Lesions of
the spinal cord were not detected and neither were Lewy-like
bodies, apparent neuronal destruction and gliosis, nor menin-
gitis, abcesses and granuloma. L-dopa administration did not
show any anti-inflammatory effect histologically (data not
shown).

Flow cytometric analysis (FACS) of T cells infiltrating the
infected mouse brain

R. aurantiacus elicits T-cell-mediated inflammation and granu-
loma formation. We therefore examined whether T cells infil-
trated the brains of the infected mice. CD4* cells and CD8*
cells were not detected in the normal mouse brain (Fig. 5a).
In the infected mice, CD4" cells and CD8* cells infiltrated
the brain from day 5 p.i. to day 30 p.i. (Fig. 5b, 5¢c, 5d, Se)
and they had disappeared by day 60 p.i.

Administration of anti-CD4 mAb and anti-CD8 mAb inhibited
the neurological symptoms of the infected mice

To define the role of T cells in the movement disorders of the
infected mice, we administered anti-CD4 mAb and anti-
CDS8 mAb. The administration of both anti-CD4 and anti-
CDS8 mAbs, which depleted the T cells, reduced the neurolog-
ical symptoms (Fig. 6, closed circles). Anti-CD4 and/or anti-
CDS8 mAb treatment inhibited infiltration of CD4* cells and/or
CD8™ cells on day 14 p.i. (Fig. 5g, 5hr, 5i). Fifty-five per cent
of the control mice showed vertical headshake compared with
25% of anti-CD4 and anti-CD8 mAb-treated mice (Fig. 6a,
P<0-01). Forty per cent of the control mice showed turn-
round gate compared with 15% of anti-CD4 and anti-
CD8 mAb-treated mice (Fig. 6b, P<0-05). Seventy-five per
cent of the control mice showed hemiparesis compared with
20% of the mice treated with both mAbs (Fig. 6¢c, P<0-01).
Neither anti-CD4 mAb (Fig. 6, open squares) nor anti-
CD8 mAb (Fig. 6, open triangles) when used alone suppressed
the symptoms.
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Figure 5. FACS analysis of mononuclear cells infiltrating the brain. These cells were stained with PE-conjugated anti-CD4 (GK1.5)
and FITC-conjugated anti-CD8 (Lyt-2). Cells separated from the brains of five mice were analysed in each experiment. (a) Normal
mice; (b) day 3 p.i,; (c) day 7 p.i.; (d) day 14 p.i.; (e) day 20 p.i.; (f) day 60 p.i.; (g) anti-CD4 mAb-treated mice on day 14 p.i.;
(h) anti-CD8 mAb-treated mice on day 14 p.i.; and (i) anti-CD4 and anti-CD8 mAb-treated mice on day 14 p.i. The percentage
of CD4-positive cells is shown in the upper left quadrant and at the lower right, that of CD8-positive cells. The number of T cells
infiltrating the brain peaked on day 20 p.i. T cells in the brain had almost disappeared by day 60 p.i.
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Figure 6. (a—c) Movement disorder rate during the course of R.
aurantiacus infection in mice treated with NRG (open circles, control ),
anti-CD4 (open squares), anti-CD8 (open triangles) and both mAbs
(closed circles). (a) Vertical headshake; (b) turn-round gate; and (c)
hemiparesis. Each group comprised 20 mice. Only simultaneous
administration of anti-CD4 and anti-CD8 mAb significantly inhibited
the appearance of movement disorders: (a), P<0-01; (b), P<0-05;
and (c) P<0-01. (d-f) Infected mice treated with NRG (open circles),
rat IgG2b (open squares), rat IgG2a (open triangles) and both rat
IgG2a and IgG2b (closed cicles). (d) Vertical headshake; (e) turn-
round gate; and (f) hemiparesis. Each group comprised 10 mice.
Treatment with isotypic immunoglobulin did not affect the appearance
of movement disorders.

DISCUSSION

Encephalitis caused by micro-organisms sometimes induces a
movement disorder, resembling parkisonism, called posten-
cephalitic parkisonism, although its frequency is low. However,
encephalitis caused by specific agents, for example Economo
encephalitis’” and Nocardia infection,! frequently induces move-
ment disorders, Encephalitis induced by R. aurantiacus infec-
tion also frequently causes movement disorders (Fig. 1). These
movement disorders can be relieved by rL-dopa (Fig.2) and
the lesions also exist in the nigro-striatal pathway (Fig. 4).
The mechanisms that elicit movement disorders in these infec-
tious diseases have not been reported. In R. aurantiacus
infection, the appearance of movement disorders was observed
after the elimination of the bacteria from the brain (Fig. 1
and Fig. 3) and coincided with granuloma formation, mediated
by T cells in the liver (Fig. 1). Moreover, movement disorders
were induced after T cells infiltrated the brain (Fig. 1 and
Fig. 5), and depletion of both CD4* cells and CD8™ cells
relieved the symptoms (Fig. 6). These results suggest that
encephalitis caused by R. aurantiacus is also a T-cell-mediated

inflammatory disease rather than an infectious disease. We
previously reported that depletion of CD8" cells suppressed
granuloma formation by R. aurantiacus, and depletion of
CD4* cells inhibited granuloma regression without a change
of bacterial growth.® The infected mice did not show symptoms
of infection, for example, wasting. Therefore, infection with
R. aurantiacus in the other organs is also a T-cell-mediated
inflammatory disease. T cells stimulated by R. aurantiacus
could infiltrate the brain and cause damage to the CNS,
eliciting neurological symptoms.

T-cell-mediated inflammatory diseases exist in the CNS,
for instance, multiple sclerosis® and human T-cell lymphocyto-
trophic  virus-1 (HTLV-1)-associated myelopathy.’? 1In
Parkinson’s disease, it is reported that the number of
CD45RO™* Tecells increase in the cerebrospinal fluid.!!
However, it is not reported that T-cell-mediated inflammation
directly causes movement disorders resembling parkisonism.
On the other hand, infectious diseases in the brain sometimes
cause movement disorders. The lesions in some types of
infectious encephalitis could be distributed like those in
Parkinson’s disease, and lesions of infectious disease are always
accompanied by inflammation. The inflammatory reaction in
infection causes harm to the infected tissue. How do T cells
infiltrating the brain induce movement disorders? First, the
destructive mechanism of T cells acts via neuronal cells. T cells
infiltrating the brain in R. aurantiacus infection will specifically
react with the bacteria, but not with neuronal cells. Moreover,
neurons do not directly react with T cells because of their low
expression of major histocompatibility complex (MHC) mol-
ecules.!? Therefore, T cells would not directly destroy the
neuronal cells. The bystander effect of T cells harms the
neuronal cells. The destructive mechanism of cytokines pro-
duced by T cells is probably important in such cases. In the
present study, only anti-CD4 and anti-CD8 mAb together
suppressed neurological symptoms. We speculated that
common cytokines produced by both CD4* cells and CD8*
cells could induce movement disorders. For instance, tumour
necrosis factor (TNF) is able to provoke cell death and is
detectable in the spleen, liver and lungs of mice infected with
R. aurantiacus (M. Asano, M. Kohanawa, T. Minagawa,
unpublished data). It is reported that TNF can be produced
by both CD4* cells and CD8 ™ cells,'* and can destroy neurons
in Alzheimer disease.!* Therefore, TNF produced by T cells
infiltrating the brain would destroy neurons. Second, it is
possible that injury of glial cells by T cells indirectly harms
neurons because glial cells produce a neurotropic factor, which
is necessary to support functions of neurons. Third, possibly
a factor produced by T cells, other than cytokines, induces
movement disorders. It is reported that T cells produce neuro-
peptides'® and neurotropic factors.!® These factors might
influence the activity of the neurons, although whether T cells
produce such a factor remains uncertain.
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