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Rasmussen’s encephalitis is a progressive childhood disease of unknown cause charac-
terized by severe epilepsy, hemiplegia, dementia, and inflammation of the brain. During
efforts to raise antibodies to recombinant glutamate receptors (GluRs), behaviors typical
of seizures and histopathologic features mimicking Rasmussen'’s encephalitis were found
in two rabbits immunized with GIuR3 protein. A correlation was found between the pres-
ence of Rasmussen's encephalitis and serum antibodies to GIuR3 detected by protein
immunoblot analysis and by immunoreactivity to transfected cells expressing GluR3.
Repeated plasma exchanges in one seriously ill child transiently reduced serum titers of
GluR3 antibodies, decreased seizure frequency, and improved neurologic function. Thus,
GluR3 is an autoantigen in Rasmussen’s encephalitis, and an autoimmune process may

underlie this disease.

Rasmussen’s encephalitis is a rare, progres-
sive, catastrophic disease of unknown patho-
genesis that begins in the first decade of life,
affecting previously normal children (1). The
disease affects the cortex of a single cerebral
hemisphere, resulting in intractable seizures,
hemiparesis, and dementia. The diagnosis is
established by these typical clinical features,
together with hemispheric atrophy and a
characteristic inflammatory histopathology
(1, 2). Treatment of the incapacitating sei-
zures with conventional anticonvulsants is of
limited benefit. Surgical removal of the affect-
ed hemisphere is the standard therapy. Glu-
tamate and related amino acids are the pre-
dominant excitatory neurotransmitters in the
mammalian central nervous system (CNS)
(3) and have been implicated in neurodegen-
erative diseases and epilepsy. To generate
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subtype-specific antibodies to recombinant
GluR proteins, we immunized rabbits with
bacterially expressed trpE gene fusion proteins
that included a portion of the putative extra-
cellular domain of GluR1, 2, 3, 5, or 6 or the
putative cytoplasmic domain of subunits (84)
of the neuronal nicotinic acetylcholine recep-
tor (nAChR) family (4).

After four immunizations with GluR3
fusion protein, two rabbits developed high
titers of GluR3 antibodies, anorexia, and
behaviors characteristic of seizures, consist-
ing of brief periods of immobilization, un-
responsiveness, and repetitive clonic move-
ments. One rabbit had severely lacerated its
tongue, suggestive of tongue biting during a

Flg. 1. Characteristic A
histopathology of neo-
cortex of one symptom-
atic rabbit immunized
with GIuR3 (A through
C) and comparable
sections from resected
temporal lobe of indi-
vidual Al (D through F).
(A) and (D) Neocortex
with meningeal lympho-
cytic infiltrate (arrow)
and a microglial nodule
(double arrow). Bars
are 200 pm. (B) and (E)
Microglial nodules from
(A) and (D). Bars are 50
pm. (C) and (F) Peri-
vascular  lymphocytic
cuffing from entorhinal
cortex in the rabbit and
amygdala in individual
Al. Bars are 100 um.
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seizure. By contrast, no behavioral abnor-
malities were seen in another rabbit immu-
nized with GluR3 fusion protein or in any
of more than 50 rabbits injected with fusion
proteins containing GluR1, 2, 5, or 6 or
neuronal nAChR subunits, although high
titers of the appropriate antibodies were
observed (4). Gross examination of the
brains of the symptomatic, GluR3-immu-
nized rabbits disclosed no abnormality.
However, microscopic examination dis-
closed inflammatory changes consisting of
microglial nodules and perivascular lym-
phocytic infiltration mainly, but not exclu-
sively, in the cerebral cortex, together with
lymphocytic infiltration of the meninges
(Fig. 1). Microscopic examination of the
brain of the asymptomatic rabbit immu-
nized with GluR3 fusion protein disclosed
no abnormality. We reasoned that the rab-
bits’ symptoms and inflammatory CNS his-
topathology probably represented an au-
toimmune process directed against GluR3,
on the basis of the immunization history,
the occurrence of symptoms only in GluR3-
immunized rabbits, and the similar distribu-
tion of inflammatory pathology in these
animals and GluR3 mRNA in normal ani-
mals (5). The occurrence of disease in
some, but not all, GluR3-immunized rab-
bits is similar to the incidence of autoim-
mune myasthenia gravis in mice immunized
with nAChR (6).

These symptomatic rabbits resembled
individuals with Rasmussen’s encephalitis.
Common features include (i) recurrent sei-
zures (1); (ii) inflammatory histopathology,
characterized by meningeal and perivascu-
lar lymphocytic infiltrates and microglial
nodules (Fig. 1) (2); and (iii) predominant
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localization of this inflammatory process in
the cerebral cortex with relative sparing of
the basal ganglia, thalamus, deep white
matter, brainstem, and cerebellum (2). We
therefore hypothesized that Rasmussen’s
encephalitis is due to an autoimmune pro-
cess directed at GluR3 protein.

To test this idea, we measured immuno-
reactivity toward GluR3 and other neural
receptors in sera from four individuals with
pathologically confirmed Rasmussen’s en-
cephalitis, four age- and sex-matched epi-
leptic children, four age- and sex-matched
children without CNS disease, five children

with active CNS inflammation, four other
epileptic children, and four other normal
children. Protein immunoblot analysis was
performed with trpE fusion proteins con-
taining corresponding regions of the puta-
tive extracellular domains of GluR1, 2, 3,
and 5 (Fig. 2 and Table 1) and a portion of
the putative intracellular domain of
nAChR subunit B4 (4, 7, 8); blots were
interpreted by observers unaware of the
sources of the sera. Immunoreactivity to
GIuR3 fusion protein was detected in mul-
tiple sera samples from two individuals with
Rasmussen’s encephalitis [CK in (9); Al in

Fig. 2. Prominent serum reactivity
toward GluR3-trpE fusion protein
in an individual with active Ras-
mussen's encephalitis. Protein
extracts enriched in fusion pro-
teins were loaded on the desig-
nated lanes (GliuR1, 2, 3, and 5)
and visualized (4, 8). The site at
which GIuR fusion proteins reside
is denoted by the arrowhead in (A). (A) Serum immunoreactivity of a rabbit immunized with trpE
protein devoid of GluR protein. Because each GIuR fusion protein contains trpE protein, each GIuR
fusion protein exhibits immunoreactivity. The bands not marked by the arrowhead represent
irrelevant immunoreactivity, principally to bacterial proteins or to fragments of GIuR fusion protein.
(B) No immunoreactivity to any GIuR fusion protein is evident in serum from the individual (GO)
without active disease. This blot was typical for sera of 20 of 21 controls. (C) Serum from individual
Al shows immunoreactivity to GIuR3, but not to any other GIuR. (D) We first adsorbed serum from
individual Al with lysate from trpE-expressing E. coli to remove immunoreactivity to bacterial
antigens (4, 8). The main GIuR3 immunoreactivity is shown, with smaller faint bands presumably
representing GIUR3 fusion protein degradation products. Of the individuals tested, this serum
exhibited the most prominent immunoreactivity to GIuR3. Molecular size standards are shown at left
(in kilodaltons).

Table 1. Summary of serum immunoreactivity to GluR in individuals with Rasmussen's encephalitis.
Initials of all individuals were changed to protect their identity. Sz, seizures; GM Sz, generalized,
tonic clonic seizures; R1, GluR1; and R6, GluR6 transiently expressed in transfected cells.

Immunoreactivity
Diagnoses
Immunoblot In cells
Rasmussen patients
Al, progressive GluR3 GIuR3 (not R1 or R6)
CK, progressive GluR3; weak GluR2 GIuR3 (not R1 or R6)
EM, hemiparesis, Sz Weak GluR2 GIuR3 (not R1 or R6)
GO, stable, no Sz None None
Age- and sex-matched epileptic controls
Absence + GM Sz None None
Simple, partial Sz None None
Complex, partial Sz None None
Posttraumatic Sz None None
Children with active CNS inflammation
CNS lupus erythematosus None None
CNS lupus erythematosus None None
Multiple sclerosis None None
Varicella encephalitis None None
Tuberculous meningitis None None
Age- and sex-matched normal controls
Cardiac surgery GIuR3 None
Trauma None None
Trauma None None
Obesity None None
Epileptic children
Four children None None
Normal children
Four children None None
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Fig. 2]. CK also exhibited weak immunore-
activity to GluR2 fusion protein. Serum
from a third individual with Rasmussen’s
encephalitis (EM) exhibited weak immuno-
reactivity to GluR2 fusion protein but not
to other antigens (9). The fourth individual
with Rasmussen’s encephalitis (GO) did
not exhibit serum immunoreactivity to any
tested antigen. Sera from 20 of 21 control
individuals showed no immunoreactivity,
and one control serum showed immunore-
activity to GluR3 (10) that was different
from the serum GluR immunoreactivity
exhibited by individuals with Rasmussen’s
encephalitis (P = 0.006; Fisher’s exact
test).

To obtain independent validation of
GluR immunoreactivity in these sera, we
examined immunoreactivity toward full-
length GluR3 protein in its three-dimen-
sional conformation. Human embryonic

B-Gal Transfected
[A~ ,

Rabbit |

GIuR3 Transfected

Human |
Al

Fig. 3. Serum immunoreactivity toward trans-
fected HEK 293 cells expressing either GIuR3
or B-galactosidase (77). (A) Serum from one
symptomatic, GluR3-immunized rabbit reacts
with cells expressing GIuR3. (B) Sera from
control individuals exhibit no immunoreactivity.
Immunoreactivity to transfected cells express-
ing GIuR3 is present in sera of those individuals
with active Rasmussen’s encephalitis: EM (D),
CK (E), and Al (F) but not in individual GO (C),
who exhibits no active disease.
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kidney (HEK) 293 cells were transiently
transfected with expression plasmids con-
taining the complementary DNA (cDNA)
for GluR3 or B-galactosidase (I1). Sera
from the three individuals with Rasmussen’s
encephalitis that exhibited immunoreactiv-
ity to GluR3 or GluR2 on protein immu-
noblots also reacted with transfected cells
expressing GluR3 (Fig. 3 and Table 1).
Serum from the fourth individual with Ras-
mussen’s encephalitis, which was negative
by protein immunoblot analysis, did not
react with transfected cells. None of the
control sera reacted with transfected cells,
including the single control serum that was
positive on the protein immunoblot (10).
The correlation between serum immunore-
activity to GluR3 and Rasmussen’s enceph-
alitis was significant (P = 0.002; Fisher’s
exact test). Sera from individuals with Ras-
mussen’s encephalitis did not react with
transfected cells expressing the closely re-
lated GluRs GluR1 or GluR6, demonstrat-
ing the specificity of the GluR3 immunore-
activity. All measurable immunoreactivity
in these individuals was of the immuno-
globulin G (IgG) class.

GluR immunoreactivity correlated with
clinical findings of Rasmussen’s encepha-
litis. The three individuals (Al, CK, and
EM) with GluR immunoreactivity on pro-
tein immunoblot and GluR3 immunoreac-
tivity on transfected cells have progressive
disease or ongoing seizures. The only in-

dividual (GO) with Rasmussen’s enceph-
alitis without immunoreactivity to any
GluR proteins by protein immunoblot or
transfected cell analyses underwent hemi-
spherectomy 2 years before data collection
and has since remained clinically stable
and seizure-free.

The correlation between GluR3 immu-
noreactivity and disease activity suggested
that GluR3 antibodies could be pathogenic
in Rasmussen’s encephalitis. We therefore
hypothesized that removal of GluR3 anti-
bodies by recurrent plasma exchange (PEX)
would be beneficial. CK, now 9 years old,
was well until a minor, left forehead injury

“in 1990, following which she experienced

increasingly frequent generalized and right
body seizures with progressive -cognitive ‘de-
cline, speech disability, right hemiparesis,
and left cerebral atrophy. No remissions
occurred. Pathologic examination of a left
temporal cortex biopsy confirmed the diag-
nosis of Rasmussen’s encephalitis. GluR3
immunoreactivity, monitored with an en-
zyme-linked immunosorbent assay (ELISA)
(4, 12), was high. She was treated with
recurrent, single-volume PEX and exhibited
a beneficial response (Fig. 4). During the
first 7 weeks of PEX, seizure frequency de-
creased by 80%. Cognition, speech, and
hemiparesis improved, correlating in time
with diminished GIuR3 immunoreactivity.
Over the ensuing 4 weeks, however, seizure
frequency-increased, and cognition, speech,

A
A
A A
A A
A

Fig. 4. Correlation of seizure fre- 2
quency (B), neurologic function 3§ 200 A
(C), and GIuR3 immunoreactivity g 150+
(A) in individual CK before and g
during 11 weeks of repeated PEX g 100}
[indicated by arrows in (B)]. Before ]

PEX, GIuR3 antibody titer was high. & 50}
She had 10 to 12 right body or ‘g
generalized seizures daily, mild = 20 B

right hemiparesis, and no. sponta-
neous speech. She was unable to
read or solve simple math prob-
lems, and her writing and drawing
were primitive. During the first 7
weeks of PEX, GIuR3 antibody titer
measured jmmediately  before
each PEX decreased, in temporal
association with reduced seizure
frequency. She. spoke spontane-

-
gl

Selzures/day (mean + SD)
o >

ously in phrases and short sen- 0%43-12-11-10 9 -8 7

tences; her understanding, right
hemiparesis, calculations, draw- C
ing, and writing improved. For the

PEX—3=Wi Wb bbb

65-4-3-241 012345678 91011
Weeks before plasmapheresis  Weeks after plasmapheresis

[ IUsZ>5 017

first time in 2 years, she resumed W1t L2274 J%E

playing with dolls, riding a bicycle,

and participating in household ac- :

tivities. During the last 4 weeks of ~ Draw ! %

PEX, GIuR3 antibody titers gradu- ~ aman /l

ally increased, seizure frequency * Before PEX Week 4 of PEX Week 10 of PEX

increased, and cognitive skills de-

clined. Numbers in (C) were written by the individual during week 4 of PEX. We omitted the
individual’s last name from her writing during week 4 of PEX to protect her identity. During PEX, other

therapies were unchanged.
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and motor skills deteriorated in parallel with
increased GluR3 immunoreactivity.

Molecular mimicry between self and for-
eign antigens expressed in microbes is one
mechanism that has been proposed for the
pathogenesis of autoimmune diseases (13).
Structural similarities have been identified
between the ligand-binding domains of
multiple classes of GluRs and bacterial peri-
plasmic amino acid-binding proteins (14).
Infection with such microbes may induce
an immune response that also targets
GluRs.

The transient improvement after PEX
in one seriously ill child suggests that
circulating antibodies contribute to dis-
ease pathogenesis. The circulating auto-
antibodies would have to gain access to
GluR3 in the brajn, which is normally
protected by the blood-brain-barrier
(BBB). Focal disruption of the BBB can
occur transiently with focal seizures (15)
or as a consequence of head injury (16),
an event that occasionally precedes Ras-
mussen’s encephalitis (2, 17). After dis-
ruption of the BBB, we hypothesize that
the ensuing immune-mediated neural in-
jury could trigger focal seizures. Thus, a
cycle could be set in motion whereby focal
seizures disrupt the BBB and facilitate the
local access of pathogenic antibodies to
brain antigens; the subsequent immune
response could cause more seizures; and a
progressive disorder results. This cycle
could also explain the localized cortical
onset of disease and the gradual expansion
throughout one hemisphere. The contra-
lateral hemisphere would be spared be-
cause it would not be a source of focal
seizures, and the BBB would be relatively
preserved.

Our data establish a link between cir-
culating antibodies to a ligand-gated ion
channel receptor of the CNS and a pro-
gressive encephalopathy with epileptic sei-
zures. A related process may be operative
in other forms of epilepsy, because histo-
pathology similar to that of Rasmussen’s
encephalitis has been identified in 5 to
10% of individuals undergoing temporal
lobectomy for refractory epilepsy (18).
Related processes may also contribute to
other CNS disorders with inflammatory
histopathology.
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Variable Gearing During Locomotion in the Human
Musculoskeletal System

David R. Carrier,* Norman C. Heglund, Kathleen D. Earls

Human feet and toes provide a mechanism for changing the gear ratio of the ankle extensor
muscles during a running step. A variable gear ratio could enhance muscle performance
during constant-speed running by applying a more effective prestretch during landing, while
maintaining the muscles near the high-efficiency or high-power portion of the force-velocity
curve during takeoff. Furthermore, during acceleration, variable gearing may allow muscle
contractile properties to remain optimized despite rapid charnges in running speed. Force-
plate and kinematic analyses of running steps show low gear ratios at touchdown that

increase throughout the contact phase.

T oes were present in the earliest tetrapods
(1) and occur in all modern tetrapods ex-
cept those that are highly specialized for
limbless or aquatic locomotion. Feet and
toes form an adaptable interface between
the animal and its environment. They pro-
vide traction and a means for grasping the
substrate, function as various tools and
weapons (2), and help to maintain balance
(3). In this report, we suggest that feet and
toes improve locomotor performance by
varying the gear ratio (that is, the velocity
ratio) between the ankle extensor muscles
and the point of application of the force on
the ground (the center of force) during the
course of the contact phase of a running
step.

The proposed mechanism is easily visu-
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alized during running at a steady speed (Fig.
1). The foot is analyzed as a simple Type 1
lever of zero mass with the fulcrum at the
ankle by means of the equation R X F, = r
X F, where R is the ground force moment
arm, F, is the ground reaction force, r is the
muscle force moment arm, and F,, is the
muscle force. During the contact period of a
step, the point at which force is applied to
the ground (the center of force) moves from
under the heel or middle portion of the foot
at touchdown to the tips of the toes at
takeoff. This forward translation could in-
crease the length of the moment arm be-
tween the ankle and the force exerted on
the ground (R) and, therefore, increase the
gear ratio (R/r) of the ankle extensor mus-
cles and tendons.

Variable gearing would be advantageous
in running, as it is in the automobile,
because in both cases the motors (cross-
bridges in muscle and pistons in engines)
have a limited speed range over which they
operate at peak power or efficiency (4). In

SCIENCE ¢ VOL. 265 ¢ 29 JULY 19%4

REPORTS

nAChR reactivity from GIuR3 reactivity.

13. R. T. Damian, Am. Nat. 98, 129 (1964); M. B. A.
Oldstone, Cell 50, 819 (1987).

14. P. J. O'Hara et al., Neuron 11, 41 (1993).

15. A. V. Lorenzo et al, Am. J. Physiol. 223, 268
(1972); C. Nitsch and H. Hubauer, Neurosci. Lett.
64, 53 (1986).

16. J. C. Lee, in Histology and Histopathology of the
Nervous System, W. Haymaker and R. D. Adams,
Eds. (Thomas, Sprindfield, IL, 1982), pp. 798—
870.

17. J. Peyser, J. Trevino, T. Resnick, Int. Pediatr. 7,
272 (1992).

18. K. D. Laxer, in Chronic Encephalitis and Epilepsy:
Rasmussen’s Syndrome, F. Andermann, Ed. (But-
terworth-Heinemann, Boston, 1991), pp. 135—
140.

19. We thank D. V. Lewis and G. R. Delong for
access to their patients and |. Verma for use of his
cell culture laboratory. Supported by the National
Institute of Neurological Disease and Stroke
NS30990R29 (to S.W.R.), NS28709 (to S.F.H.),
NS17771 and NS24448 (to J.0.M.), Research to
Prevent Blindness and the National Eye Institute
EY08362 (to T.E.H.), and the NIH General Clinical
Research Centers Program to Duke ‘University
(MO1-RR-30).

28 December 1993; accepted 7 June 1994

order to maintain a narrow range of optimal
engine speeds despite varying drive speeds,
the ratio of engine speed to drive speed
must be changed by a variable gear ratio.
Furthermore, muscles have unique proper-
ties that can benefit from variable gearing
within the contact phase of a running step.
Active muscles that are forcibly stretched
just before shortening are able to do more
work during the shortening. This nonelas-
tic enhancement of the contractile proper-
ties of the muscle increases, within limits,
with increasing stretch length (5) but is
effective over relatively small shortening
distances. If a runner were to land at a low
gear ratio and take off at a higher gear ratio,
both the prestretch and the subsequent
shortening of the muscles could be opti-
mized. Thus, variable gearing could reduce
the need for locomotor specialization, al-
lowing individuals to move about more
efficiently, accelerate more quickly, run
faster, and jump higher.

To test this hypothesis, five people (3
males and 2 females) ran over a Kistler
9281B force plate. Four of these people also
accelerated maximally over the force plate,
starting just off the plate so that the first
step landed on the plate. A lateral view of
limb position was recorded with a Peak
high-speed video camera at 120 images per
second (Fig. 1). Recordings of forces on the
ground allowed calculation of the magni-
tude and orientation of the ground reaction
force and the position of the center of force
under the foot. For each video image taken
during foot support (at 8.33-ms intervals),
the ground force moment arm (R) was
calculated by dividing the moment at the
ankle by the resultant of the horizontal and
vertical ground forces. Similarly, the mus-
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