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Double-Blind Pilot Trial of Oral Tolerization with
Myelin Antigens in Multiple Sclerosis

Howard L. Weiner, Glenn A. Mackin, Makoto Matsui,
E. John Orav, Samia J. Khoury, David M. Dawson,
David A. Hafler

Multiple sclerosis (MS) is thought to be an autoimmune disease mediated by T lymphocytes
that recognize myelin components of the central nervous system. In a 1-year double-blind
study, 30 individuals with relapsing-remitting MS received daily capsules of bovine myelin
or a control protein to determine the effect of oral tolerization to myelin antigens on the
disease. Six of 15 individuals in the myelin-treated group had at least one major exacer-
bation; 12 of 15 had an attack in the control group. T cells reactive with myelin basic protein
were reduced in the myelin-treated group. No toxicity or side effects were noted. Although
conclusions about efficacy cannot be drawn from these data, they open an area of in-
vestigation for MS and other autoimmune diseases.

Multiple sclerosis is an inflammatory dis-
ease of the central nervous system (CNS) of
presumed autoimmune etiology (1). Be-
cause of its inflammatory nature and evi-
dence for immune activation both within
the CNS and in the peripheral immune
compartment, many clinical trials have at-
tempted to ameliorate the disease process
by immunosuppression (2). The majority of
immunosuppressive drugs used are nonspe-
cific and have toxic side effects that pre-
clude their prolonged use or their use early
in the disease process, a time at which they
are more effective (3). These problems are
common to any organ-specific inflammatory
disease of presumptive cell-mediated au-
toimmune etiology, such as type I diabetes,
rheumatoid arthritis, and uveitis. The goal
of immunotherapy is to develop an antigen-
specific, nontoxic method to suppress the
immune response that is postulated to be
central to these diseases.

In MS, myelin basic protein (MBP) and
proteolipid protein (PLP) are probably the
major targets of a putative cell-mediated
autoimmune response. When animals are
injected with adjuvant plus MBP or PLP,
experimental autoimmune encephalomyeli-
tis (EAE) is induced, which can be similar,
pathologically, to MS. EAE is the primary
model to examine approaches for the treat-
ment of MS (4), although not all approach-
es that ameliorate EAE are applicable to or
efficacious in the treatment of MS.

A classic method of inducing tolerance
is through the oral administration of anti-
gens (5, 6). Oral tolerance presumably
evolved to prevent systemic immune reac-
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tions to ingested proteins necessary for nu-
trition and thus survival. Oral administra-
tion of MBP suppresses acute EAE (7, 8),
and chronic, relapsing EAE can be sup-
pressed after the onset of disease by oral
administration of MBP or myelin (9). This
approach suppresses other experimental au-
toimmune diseases, including models of
arthritis (10-12), uveitis (I13), and diabetes
(14) without apparent toxicities. On the
basis of these findings, a double-blind pilot
trial of oral tolerization to 300 mg of bovine
myelin (15) given daily for a year was
initiated in 30 individuals with early relaps-
ing-remitting MS (16). Bovine myelin was
chosen because of its availability and be-
cause it contained both MBP and PLP. The
primary clinical outcome measures were
number of major exacerbations and change
in disability as measured on the extended
disability status scale (EDSS) (16, 17).
Double blinding was accomplished (18).
The individuals of the two groups were
randomized for age, disease duration,
EDSS, and number of exacerbations in the
previous 2 years (Table 1). Included indi-
viduals had at least two clearly defined
attacks (17) in the 24 months before entry,
similar to other recent trials (19, 20). The
placebo group contained more females and
more subjects that carried the class II major
histocompatibility complex (MHC) anti-
gen HLA-DR2. Fewer myelin-treated pa-
tients had major attacks (6 of 15) as com-

Table 1. Baseline patient characteristics.
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pared to placebo-treated patients (12 of 15)
(P = 0.06) (21) (Tables 2 and 3). Al-
though the overall change in EDSS was not
greater with myelin than with placebo (P =
0.27), subgroup analyses showed that two
characteristics, gender and MHC pheno-
type, may have been related to treatment
outcome. None of the eight males in the
myelin treated group had an attack, where-
as six of seven females had an attack (Table
3). All measures of disease activity were
different between the males and females in
the myelin-treated group, including use of
steroids, disability status scale changes, and
physician impressions. Male patients treat-
ed with myelin had an average improve-
ment of 1.00 point on the disability scale.
The three males in the placebo group all did
significantly worse when compared to mye-
lin-treated males as measured by number of
attacks, treatment with steroids, worsening
on the disability scale, and physician im-
pression.

Similarly, a difference in the clinical
response to myelin was observed in rela-
tionship to expression of the DR2 pheno-
type. The HLA-DR2 phenotype is more
common in individuals with MS as com-
pared to control groups; 66%: of subjects
carried HLA-DR2. In the myelin-treated
group, none of the six subjects that lacked
HLA-DR2 had an attack, but six of the
nine HLA-DR2* subjects did. Individuals
that were HLA-DR2 ™ registered significant
improvement when treated with myelin as
compared to the placebo treatment, when
attacks, EDSS changes, and physician im-
pressions were analyzed.

However, the factors contributing to the
improvements of the myelin-treated group
could not be sorted out because the indi-
viduals were not initially randomized for
gender and HLA phenotype. Six of eight
male myelin-treated patients were HLA-
DR2~, whereas all the females were HLA-
DR2*. Two of the three males in the
placebo group were DR2~. Thus, the males
in the myelin-treated group were primarily
DR2~, which confounds the analysis.

To determine whether oral tolerance
could affect the T cell response to myelin
autoantigens, primary proliferation (7-day)
assays in response to MBP and PLP and
frequency analysis of MBP-reactive T cells
to human MBP and MBP peptides were

Placebo Myelin-treated P(21)

Age (years) 32149 33549 0.31
Sex (% females) 80 47 0.13
Disease duration (years) 6.8 3.7 6.1 = 3.1 0.68
EDSS 2.7 = 0.96 2.4 +0.95 0.37
Exacerbations 27 +0.78 34x15 0.14
HLA-DR2* (%) 73 60 0.70
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measured. Seven-day assays show minimal
reactivity in MS patients (22) and there
was no increase of proliferation to MBP and
PLP in treated patients. Thus, to determine
if a decrease in reactivity occurred, we used
a frequency analysis assay that assesses re-
activity to an autoantigen in those cases in
which primary proliferation assays are in-
sensitive. MBP and PLP T cell lines and
clones generated with this methodology
have MHC-restricted MBP reactivity (23).

A total of 11,520 short-term MBP T cell
lines were generated just before treatment
commenced and 5944 lines were generated,
from the first 19 subjects enrolled, after
completion of the protocol at 1 year (Table
4). Response to therapy and changes in
MBP frequency were not clearly linked. In
placebo-treated individuals MBP frequencies
increased, decreased, or remained the same.
In myelin-treated subjects, frequencies ei-
ther decreased or remained the same; no
major increases were observed. The overall
frequency of MBP-reactive T cells in the oral
myelin-treated group decreased (P = 0.027),
but not in the placebo-treated group (Table
4). Reactivity of the T cell lines to the MBP
peptide from residues 84 to 102 [MBP(84-
102)] was also analyzed. The mean frequen-
cy of T cells recognizing MBP(84-102) was
higher in the placebo group (2.010 + 1.19)
than the oral myelin-treated group (0.256 +
0.080) before initiating treatment, probably
because of the higher number of HLA-DR2*
individuals in the placebo group (23). When
changes in reactivity to MBP(84-102) were
analyzed, there was a mean decrease in
frequency of 0.17 = 0.078 in the oral mye-
lin- treated group that approached signifi-
cance (P = 0.06), whereas in the placebo
group there was a mean increase of 2.66 +
2.25 that was not significant (P = 0.268).
Reactivity to other peptides did not signifi-
cantly change. Subgroup analysis regarding
changes in frequency of MBP-reactive T
cells with treatment outcome was not possi-
ble due to the small number of subjects in
each group.

There were no consistent changes in T
cell expression of CD3, CD4, CD8, CD26,
or CD45RA determinants. Humoral re-
sponses to myelin were also measured; se-
rum antibodies to MBP, PLP, or myelin
were not detected by an enzyme-linked
immunosorbent assay. There were no ab-
normalities of liver function, kidney func-
tion, or hematologic indices in the myelin-
treated individuals.

Some animal EAE models of oral toler-
ance to MBP operate through antigen-driv-
en bystander suppression (24). Oral admin-
istration of MBP generates a CD8* T cell
that can adoptively transfer protection to
naive animals (25) and when stimulated
with MBP in vitro releases the cytokine
transforming growth factor-B (TGF-B)
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(26). Antibodies to TGF-B abrogate oral
tolerance in vivo (26). Furthermore,
TGF-B and interleukin-4 (IL-4) are in-
creased in the brains of animals fed MBP
(27) and oral tolerance to alloantigen in
transplantation models is associated with
IL-4 expression in the graft (28). Thus,
theoretically, one would not need to know
the autoantigen against which the autoim-
mune response is directed for oral tolerance
to be effective as long as it is an antigen
capable of inducing a regulatory T cell that
secretes a suppressive cytokine when it en-
counters the oral tolerogen in the microen-
vironment of the target organ. In support of
this mechanism, oral administration of MBP
suppresses EAE induced by a PLP peptide
(29). Thus, even if another CNS protein is
the target of the autoimmune attack, orally
administered MBP could still be effective.
Also, in arthritis models, oral administration
of type II collagen suppresses adjuvant as
well as collagen-induced arthritis (12), and
in the NOD mouse oral administration of

...

though there is no evidence that autoimmu-
nity to insulin participates in that model. If
more specific mechanisms, such as clonal
anergy, are required for oral tolerance to be
effective (30, 31), the specific autoantigen
involved in the pathogenesis of the disease
would have to be administered.

In animal studies, dosage and species of
antigen are important variables in generat-
ing oral tolerance. In the EAE model, there
is a hierarchy of suppression by MBP from
different species, with syngeneic MBP gen-
erally more efficacious than xenogeneic
MBP (32). Dosages used in the present trial
were derived empirically by extrapolation
from dosages used in animal studies. Oral
tolerance is dose-specific and loss of toler-
ance may occur with increased dosages (10—
12, 14). Oral tolerance also can be en-
hanced by feeding immune adjuvants such
as lipopolysaccharide, which appear to
stimulate additional populations of cells to
down-regulate immune responses (27, 33).

Further investigation is needed to deter-

insulin suppresses diabetes (I4), even  mine if specific subgroups respond different-

Table 2. Individual characteristics and clinical parameters of placebo- and myelin-treated subjects.

Disability status Phy-
Attacks* e
Sub- scalet Ste-  sician
ject Age Sex HLA-DR DR2 roids impres-
Pre Post Pre Post Change sioni
Placebo-treated
1 34 F DR2, 7, DRw53 + 1,1 0 20 15 Stable 0 B
2 36 F DR7, we; DRw52 - 1,1 0 20 1.5 Stable 0 B
3 28 F DR2 + 22 0 40 40 Stable 0 B
4 34 F DR2 + 1,1 1 20 1.0 Improved 1 C
5 34 F DR2, wi1; DRw52 + 21 1 20 1.5 Stable 0 B
6 34 F DRwe6; DRw52 - 02 1 20 1.5 Stable 0 C
7 25 F DR2, 4, DRwW53 + 22 1 20 1.5 Stable 2 C
8 36 F DR2 7 + 11 1 20 25 Stable 1 D
9 28 F DR2, 7; DRw53 + 11 2 20 10 Improved O C
10 43 F DR2, 3; DRw52 + 21 2 35 30 Stable 0 C
11 26 M DR2, we; DRw52 + 03 2 40 4.0 Stable 2 D
12 32 M DR, 3; DRw52 - 21 3 40 50 Worse 2 D
13 35 F DR2,7;, DRw53 + 22 3 25 35 Worse 2 E
14 31 M DRS, 4; DRw52 - 03 3 25 40 Worse 4 E
15 26 F DR2, 5 DRw52 + 11 3 45 6.0 Worse 1 E
Myelin-treated
1 37 M DR1 - 02 0 30 00 Improved O A
2 30 M DR1, 7; DRw53 - 02 0 45 30 Improved O B
3 28 M DR2, w12; DRw52 + 33 0 30 20 Improved O A
4 30 M DR7; DRw52 - 23 0 10 00 Improved O B
5 28 M DRf1, 12; DRw52 - 21 0 30 20 Improved O B
6 37 M DRS, 4; DRw52 - 21 0 15 1.0 Stable 0 B
7 32 M DRws, wi1l;DRW52 - 02 0 15 1.0 Stable 0 B
8 39 M DR2, 4; DRw53 + 12 0 15 20 Stable 0 C
9§ 28 F DR2, 7, DRw53 + 24 0 35 15 Improved 2 C
10 35 F DR2, 3; DRw52 + 11 1 20 1.5 Stable 3 C
11 42 F DR2, 11; DRw52 + 22 1 25 30 Stable 0 D
12 3 F DRt1,2 + 11 2 20 3.0 Worse 0 D
13 38 F DR2; DRwb2 + 11 3 30 55 Worse 3 E
14 26 F DR2 + 22 4 15 1.0 Stable 3 D
15 37 F DR1,2 + 23 4 25 6.0 Worse 4 E

*Patients are arranged according to the number of major attacks they had post treatment. For patients with an identical
number of attacks, they are arranged according to changes on the EDSS. Pretreatment attacks (Pre) represent the
number of attacks the patient had in each of the previous 2 years. ‘tAn increase or decrease on the EDSS of 1.0 from
pretreatment value was considered improved or worse; a change of 0.5 was considered stable. fPhysician’s
impression of patient course before breaking the code: A, much improved; B, slightly improved; C, unchanged; D,
slightly worse; and E, much worse. §Because of pregnancy at 6 months, myelin was discontinued at that time.
Values, however, represent a year of observation.

SCIENCE ¢ VOL. 259 < 26 FEBRUARY 1993



Table 3. Clinical outcomes in patient subgroups (27).

Physician Impression§

Group Attacks* AEDSSt Steroidst

A B C D E

Myelin-treated
Total 6/15 —0.23 + 0.43 5/15 2 5 3 3 2
Males 0/8 —1.00 £ 0.35 0/8 2 5 1 0 0
Females 6/7 +0.64 = 0.71 5/7 0 0 2 3 2
DR2- 0/6 —-1.25 +0.38 0/6 1 5 0 0 0
DR2+ 6/9 +0.44 = 0.57 5/9 1 0 3 3 2

Placebo-treated
Total 12/15 +0.03 = 0.22 8/15 0 4 5 3 3
Males 3/3 +0.83 = 0.44 3/3 0 0 0 2 1
Females 9/12 -0.17 £ 0.22 5/12 0 4 5 1 2
DR2- 3/4 +0.38 + 0.52 2/4 0 1 1 1 1
DR2+ 9/11 -0.09 = 0.24 6/11 0 3 4 2 2

*Number of patients having major attacks. Male myelin-treated patients compared to male placebo-treated patients, P

= 0.006; DR2- myelin patients compared to DR2~ placebo patients, P = 0.033.

‘tAverage AEDSS =+ SE. Male

myelin patients, before treatment compared to after, P = 0.03; male myelin patients compared to male placebo patients,
P = 0.03; DR2~ patients before treatment compared to after, P = 0.03; DR2~ myelin patients compared to DR2~

placebo patients, P = 0.036.
placebo patients, P = 0.006.

$Number of patients requiring steroids. Male myelin patients compared to male
§Physician impression was as described in Table 2. Male myelin patients compared

to male placebo patients, P = 0.005; DR2— myelin-treated patients compared to DR2~ placebo-treated patients, P =

0.028.

Table 4. Change in frequency of myelin basic
protein-reactive T cells with oral tolerization to
myelin. Whole mononuclear cells (200,000 per
well) were cultured in 96-well round-bottom
plates. Individual wells were tested for reactivity
to human MBP on day 12 by splitting each well
and incubating with either media or media with
human MBP for 72 hours. Duplicate wells were
pulsed with [3H]thymidine for the last 18 hours
of culture, harvested, and counted with an LKB
scintillation counter. Frequencies were calcu-
lated by dividing the percent positive wells by
200,000 as described (23). Change in frequen-
cies (A frequency) was calculated by subtract-
ing the frequency of MBP-reactive T cells be-
fore treatment from the frequency of MBP reac-
tive T cells at 1 year after initiating therapy. The
A frequency for the placebo group was +1.0 +
3.2 (not significant) and for the myelin-treated
group was —0.64 + 0.23 (P = 0.027).

MBP frequency
Subject (per 107 cells)
Pretreatment 12 months
Placebo-treated
2 3.13 0.79
5 27.10 11.50
6 0.87 1.04
7 5.73 17.20
8 12.70 34.70
9 3.75 0.17
10 1.04 0.10
12 ) 5.21 4.90
13 - 2.72 0.52
14 1.39 3.04
Myelin-treated
3 1.56 1.67
5 417 2.08
6 1.74 1.04
7 i 1.65° 0.73
10 0.69 ° 0.52
11 1.21 0.87
12 2.08 0.94
14 1.39 0.74
15 2.08 2.26

ly. In animals, males and females have no
apparent difference in oral tolerization to
myelin antigens. These issues will only be
answered in further clinical trials in which
patients are prospectively randomized on
the basis of gender and HLA-DR type. The
subgroup responses we observed may not be
seen at different dosages of bovine myelin or
when human recombinant MBP is tested.
There were no toxicities associated with
treatment. Systemic toxicities were not ex-
pected after the ingestion of a protein, al-
though it was theoretically possible that
administration of myelin antigens could ex-
acerbate the disease process. Similarly, no
toxicities or exacerbation of disease have
been observed in open label pilot trials of
oral tolerization to type II collagen in rheu-
matoid arthritis (34) or S-Ag in uveitis (35).
At the end of the study there was no evi-
dence of sensitization to myelin antigens in
the patients either in terms of cellular im-
mune responses or the generation of anti-
bodies to myelin, as has occurred in other
studies when MBP was repeatedly injected
subcutaneously (36). Upon completion of
the study, the male patients in the myelin-
treated group have remained on myelin in an
open-label fashion for a total of 2.5 years
with no apparent toxicity and continued
stabilization of their disease. The three
males in the placebo group subsequently
treated with myelin experienced disease sta-
bilization in open-label treatment.
Whether decreasing the frequency of
MBP-reactive T cells is associated with a
response to the treatment should be ad-
dressed by further investigation in larger
clinical experimental trials. The PLP fre-
quency and generation of T cells that
secrete suppressive cytokines may be
linked to the response and should also be

SCIENCE ¢ VOL. 259 ¢ 26 FEBRUARY 1993
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measured in future studies.

It must be strongly emphasized that this
study does not demonstrate efficacy of oral
myelin in the treatment of MS. Nonethe-
less, our data open an area of clinical inves-
tigation for the treatment of MS and other
cell-mediated organ-specific autoimmune
diseases.

REFERENCES AND NOTES

1. D. E. McFarlin and H. McFarland, N. Engl. J. Med.
307, 1183 (1982).

2. H. L. Weiner and D. A. Hafler, Ann. Neurol. 23,
211 (1988).

3. H. L. Weiner et al., Neurology, in press.

4. E. Alvord, M. Kies, A. Suckling, Experimental
Allergic Encephalomyelitis—A Useful Model for
Multiple Sclerosis (Liss, New York, 1984).

5. H. Wells, J. Infect. Dis. 9, 147 (1911).

6. M. W. Chase, Proc. Soc. Exp. Biol. Med. 61, 257
(1946).

7. P. J. Higgins and H. L. Weiner, J. Immunol. 140,
440 (1988).

8. D. Bitar and C. C. Whitacre, Cell. Immunol. 112,
364 (1988).

9. S. A. Brod, A. Al-Sabbagh, R. A. Sobel, D. A.
Hafler, H. L. Weiner, Ann. Neurol. 29, 615 (1991).

10. C. Nagler-Anderson, L. A. Bober, M. E. Robinson,
G. W. Siskind, G. J. Thorbecke, Proc. Natl. Acad.
Sci. U.S.A. 83, 7443 (1986).

11. H. S. G. Thompson and N. A. Staines, Clin. Exp.
Immunol. 64, 581 (1986).

12. J.Z.Zhang, C. S.Y. Lee, O. Lider, H. L. Weiner, J.
Immunol. 145, 2489 (1990).

13. R. B. Nussenblatt et al., ibid. 144, 1689 (1990).

14. Z. J. Zhang, L. Davidson, G. Eisenbarth, H. L.
Weiner, Proc. Natl. Acad. Sci. US.A. 88, 10252
(1991).

15. Myelin was prepared from bovine sources by
Biopure, Inc., Boston, MA. Bovine brains, obtained
from healthy cows and local certified herds, had the
white matter dissected at 4°C. Myelin was prepared
from white matter by ultracentrifugation on a sucrose
gradient. The purified myelin was pasteurized by
heating to 60°C for 8 hours and then lyophilized. The
lyophilized product was examined by SDS gel elec-
trophoresis and amino acid analysis. Biologic activ-
ity of the myelin was assessed by its ability to
suppress acute EAE in the Lewis rat by oral admin-
istration (7, 9). Purified myelin was screened for a
panel of bacterial and viral contaminants. Each
opaque gelatin capsule (size 0) contained 300 mg
of myelin only, and dissolved in the stomach. The
placebo consisted of a powdered bovine milk prod-
uct (Star Market dryfat milk). The capsules were
opaque red. Patients were given the capsules in a
—20°C pack and were instructed to keep the cap-
sules in their home freezers, and take one capsule
each morning before breakfast.

16. Thirty patients with relapsing-remitting MS were
selected from the multiple sclerosis clinical unit at
the Brigham and Women's Hospital from approx-
imately 1500 patient visits per year. The clinical
trial was approved by the human studies institu-
tional review board of the Brigham and Women'’s
Hospital. Subjects were randomized in pairs
matched according to number of attacks in the
previous 2 years, level of disability, and age. A
complete neurologic exam with recording of the
EDSS was performed before entry and at 3, 6, 9,
and 12 months. The EDSS is a measure of neu-
rologic disability. Scores of 1 to 5 represent mild
to moderate disability; individuals with scores of 6
or greater require canes, crutches, or wheel-
chairs. Both subjects and physicians were blind-
ed as to the treatment. Two physicians (G.A.M.
and D.M.D.) followed all subjects and were the
primary care neurologists for the year of the study.
Subjects informed physicians of changes in their
neurologic condition, were evaluated, and then
some were treated with oral prednisone (a 3-week
tapering schedule beginning with 60 mg) or intra-

1323



venous methylprednisolone (1 g daily for 5 days
followed by a 1-week prednisone tapering sched-
ule). Patients continued to take the myelin or
placebo pills while receiving steroids.

17. The primary clinical outcome measures were the
number of major exacerbations and change in the
EDSS. Only well-defined attacks affecting pyrami-
dal, cerebellar, brainstem, or visual functional
systems were counted as major exacerbations.
Sensory and bladder symptoms without objective
findings on neurologic exam were not included.
Patients were considered improved or worse if
they changed two steps (one full point) on the
EDSS. At the conclusion of the study and before
unblinding, a global assessment rating was as-
signed for the course of each patient during the
study.

18. Neither patient nor physician knew the treatment
group. Compliance was measured by counting
pills and by questionnaire. Patients rarely did not
take a pill, missing at most 5 days during the year
of the trial. Patients who did well predicted they
were taking medication, irrespective of whether
they were in the myelin or placebo group.

19. K. P. Johnson et al., Neurology 40 (Suppl. 1), 261
(1990).

20. M. Bornstein et al., N. Engl. J. Med. 317, 408
(1987).

21. Comparisons between myelin-treated patients
and placebo-treated patients were performed us-
ing the Wilcoxon rank-sum test for continuous
measures such as the change in the EDSS, the
Fisher exact test for dichotomous measures such
as the occurrence of a major exacerbation, and
the chi-square trend test for the physician global
assessment rating. All reported P-values are two
sided.

22, D.Johnson et al., J. Neuroimmunol. 13, 99 (1986).

23. K. Ota et al., Nature 346, 183 (1990).

24. A. Miller, O. Lider, H. L. Weiner, J. Exp. Med. 174,
791 (1991).

25. O. Lider, L. M. B. Santos, C. S. Y. Lee, P. J.
Higgins, H. L. Weiner, J. Immunol. 142, 748
(1989).

26. A. Miller, O. Lider, A. Roberts, M. B, Sporn, H. L.
Weiner, Proc. Natl. Acad. Sci. U.S.A. 89, 421
(1992).

27. S.J. Khoury, W. W. Hancock, H. L. Weiner, J. Exp.
Med. 176, 1355 (1992).

28. W. W. Hancock, M. H. Sayegh, C. A. Kwok, H. L.
Weiner, C. B. Carpenter, Transplantation, in
press.

29. A. Al-Sabbagh, A. Miller, R. A. Sobel, H. L. Wein-
er, Neurology 42 (Suppl. 3), 346 (1992).

30. C. C. Whitacre, |. E. Gienapp, C. G. Orosz, D.
Bitar, J. Immunol. 147, 2155 (1991).

31. A. Mowat, Immunol. Today 8, 193 (1987).

32. A. Miller, O. Lider, A. Al-Sabbagh, H. L. Weiner, J.
Neuroimmunol. 39, 243 (1992).

33. S. J. Khoury, O. Lider, A. Al-Sabbagh, H. L.
Weiner, Cell. Immunol. 131, 302 (1990).

34. David E. Trentham, personal communication.

35. Robert Nussenblatt, personal communication.

36. J. Salk, F. C. Westall, J. S. Romine, W. C. Wied-
erholt, in Progress in Multiple Sclerosis Research,
J. H. Bauer, S. Poser, G. Ritter, Eds. (Springer-

. Verlag, New York, 1980), pp. 429-433.

37. Supported by NIH grants NS23132 and NS24247
and by a grant from Autolmmune Inc. We thank K.
Benfell, J. Fanikos, S. Fischer, A. Al-Sabbagh, D.
Benjamin, B. Lacet, M. Glumicich, A. Hostetter, and
M. Hohol. In accordance with disclosure guidelines
of the Harvard Medical School, H.LW. and D.AH.
have a financial interest in Autolmmune Inc.

1 October 1992; accepted 8 January 1993

Association Between Brain Temperature
and Dentate Field Potentials in
Exploring and Swimming Rats

Edvard Moser, lacob Mathiesen, Per Andersen*

Attempts to correlate behavioral learning with cellular changes, such as increased synaptic
efficacy, have often relied on increased extracellular potentials as an index of enhanced
synaptic strength. A recent example is the enlarged excitatory field potentials in the dentate
gyrus of rats that are learning spatial relations by exploration. The altered hippocampal field
potentials do not reflect learning-specific cellular changes but result from a concomitant rise
in brain temperature that is caused by the associated muscular effort. Enhanced dentate
field excitatory potentials followed both passive and active heating and were linearly related
to the brain temperature. These temperature-related effects may mask any learning-

induced changes in field potential.

The hippocampal formation is a phyloge-
netically old part of the cerebral cortex.
Although there is strong evidence for its
involvement in learning the spatial relation
between objects (spatial learning) (1), neu-
rophysiological correlates to learning such as
synaptic weight changes have been difficult
to find in freely moving animals (2). How-
ever, it was reported that exploration of an
unfamiliar environment was associated with
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an increased dentate field excitatory postsyn-
aptic potential (f-EPSP) after perforant path
stimulation but with decreased population
spike amplitude and latency. The effect was
interpreted to reflect a changed synaptic
weight due to the learning experience (3).
We now examine an alternative possibility:
These changes may be due to a temperature
effect (4). This possibility would also explain
why the enlarged f-EPSP was associated with
a decreased population spike (5). Both exer-
cise and feeding elevate the brain tempera-
ture in rats, whereas inactivity and sleep
result in lower temperatures (6). The major
factor that controls brain temperature is

SCIENCE ¢ VOL. 259 -

26 FEBRUARY 1993

muscular heat production, which warms the
cerebral arterial blood (7). In rats that were
swimming in a Morris maze, we observed
field potential changes that are exactly op-
posite to those reported above, namely,
f-EPSP reduction with spike increase. Simi-
lar field potential changes are seen during
brain cooling (4).

For these reasons we have recorded the
hippocampal temperature in freely moving
rats and correlated it with dentate field
potentials during exploration and swim-
ming (8). In both situations there was a
strong, linear correlation between the be-
haviorally induced potential changes and
the brain temperature.

When rats explored items on a platform
the slope of the f-EPSP was increased (Fig.
1A), which confirms earlier reports (3).
However, this enhancement was paralleled
by an increase in brain temperature. In
addition, the f-EPSP latency, the population
spike amplitude, and latency all decreased.
The brain temperature rose during 10 to 20
min of exploration from 37.0° = 0.1°C
(mean = SEM) with a mean rate of 0.11° =
0.01°C per minute (n = 20); the largest
increase was 3.2°C. After the exploration
the brain temperature and the f-EPSPs de-
clined along the same exponential time
course, with both the f-EPSP and spike
reaching base-line levels after 20 to 80 min.
The temperature and f-EPSP curves were
always parallel (43 sessions in nine of nine
rats). The correlation factor (r) between the
brain temperature and the f-EPSP slope dur-
ing exploration was never <0.5 and in most
runs was >0.75. For the exploring rat in Fig.
1, the r values between the brain tempera-
ture and the following signal elements were:
f-EPSP slope, 0.76 (P < 0.001); population
spike latency, —0.78 (P < 0.001); and
population spike amplitude, —0.34 .(P <
0.01). In rats with two thermistors, implant-
ed at the same depth in the same or opposite
hemispheres, the bilateral activity-induced
temperature changes were nearly identical
(difference <0.15°C). Therefore, the tem-
perature at the contralateral homotopic
point could be used as a reference value.
Warming the brain by radiant heating (Fig.
1B) gave a similar parallel increase in brain
temperature and f-EPSP slope (n = 19).
Increasing the temperature of the animal by
letting it run on a treadmill yielded compa-
rable effects (n = 15), with larger changes
seen after the faster running speed (Fig. 1C).
During treadmill runs of animals that were
not fully habituated, there was an initial
reduction of the f-EPSP slope, similar to the
results of Green, McNaughton, and Barnes
(3). Similar parallel changes of brain tem-
perature and f-EPSP were seen in the re-
sponses of the olfactory bulb to lateral olfac-
tory tract stimulation in exploring rats (n =
5; Fig. 1D).




