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ABSTRACT

Immunological mechanisms involved in the pathogenesis of exper

imental allergic encephalomyel it is (EAE) were studied in genetical ly

susceptible Lewis rats rendered resistant to the disease by a regi

men of dietary protein restriction.

Rats nurtured on low protein or isocaloric normal protein diets

since birth were sensitized with myel in basic protein (BP) emulsi

fied in complete Freund 's adjuvant (CFA). We | | —nourished rats

became paralyzed 8-10 days after sensitization, while most (88.9%)

of the malnourished rats developed no clinical signs of EAE. The

few affected malnourished rats experienced a more benign form of

disease with de layed onset and a more transitory course. Severe

histopathological lesions consisting of perivascular and parenchymal

infiltrates of mononuclear cells were present in the central nervous

system (CNS) of both well-nourished and malnourished rats, but

development of lesions was de layed by 2–3 days in the latter group.

Thus, CNS inflammation a lone was not sufficient to produce clinical

evidence of EAE.

The brain was relatively spared by malnutrition and encephal i

togenic BP was present in the CNS of malnourished rats by one month

of age as shown by the ability of their brain tissue to induce EAE

in normal rats when injected with CFA.

No general ized defect in cellular or humoral immunity was

detected in malnourished rats. Their lymphocytes responded well in
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vitro to the T cell mitogen, concanaval in A (Con A), their sera con

tained normal levels of IgG, and there were no quantitative abnor

malities of lymphocytes in their spleens or lymph nodes.

Neither was there evidence of an antigen or adjuvant-specific

defect in immune reactivity. The absence of clinical signs of EAE

in malnourished rats could not be ascribed to inadequate sensitiza

tion to BP, since they developed de layed-type skin reactions to BP,

produced high titers of circulating antibody, and demonstrated immu

nospecific lymphoproliferative responses upon stimulation with BP in

vitro. Furthermore, Con A-activated BP-sensitized spleen cells from

asymptomatic malnourished rats were highly effective in adoptively

transferring both clinical and histological EAE to naive well

nourished recipients.

In contrast, Con A-activated sensitized spleen cells from c 1 in

ical ly affected well-nourished rats were unable to transfer clinical

EAE to the majority of malnourished recipients, indicating that the

efferent limb of the autoimmune response to BP was impaired or inhi

bited in the ma | nourished an ima s. This was further substant iated

by immunological supplementation experiments in which lymphocytes

and/or macrophages from non-sensitized well-nourished or malnour

ished rats potentiated the expression of clinical EAE in BP

sensitized malnourished rats. These findings suggest that active

suppression of effector cel I function or an insufficient number of

effector cells available for recruitment to the CNS target site

could be responsible for the malnutrition-induced inhibition of EAE.



Although adoptive transfer of EAE was dramatical Iy reduced in
malnourished rats, 37% of malnourished recipients of BP-sensitized

spleen cells from other malnourished rats exhibited clinical signs

of EAE. Since effector cells and CNS target antigen were both ade

quate in these animals, an active inhibitory mechanism seems to be

the most probable mediator of the protective effect of protein mal

nutrition on EAE.

Either cell-mediated suppression or antibody-mediated inhibi—

tion of effector cel I function would be compatible with these

results. However, marked elevation of anti-BP antibody levels was

found in the sera of sensitized malnourished rats compared to simi

larly immunized controls, suggesting that antibody may play a criti

cal role in the inhibition of c 1 in i ca EAE associated with ma | nutri

tion.

This may be a useful experimental model for exploration of the

immunoregulatory effects of specific antibodies in human CNS

diseases, particularly multiple sclerosis.

xvi



|NTRODUCTION

Experimental allergic encephalomyel it is (EAE) is a T lymphocyte

mediated autoimmune disease of the central nervous system (CNS)

(12, 193,204). Histopathological and immunological Simi | arities

between EAE and multiple sclerosis (MS) have established EAE as an

exploitable animal model for this human CNS disease (1,210). More

over, immunological aspects of the pathogenesis of EAE may be

relevant to the study of human neuroimmunologic disease in general

(205,211,258).

Clinical and Histopathological Features of EAE.

EAE can be readily induced in a variety of genetical I y suscep

tible laboratory mammals by a single injection of an emulsion of CNS

tissue homogenate, purified myel in basic protein (BP) or appropriate

fragments of BP in an immunological adjuvant, usually complete

Freund's adjuvant (CFA) (83,209,285). Intracutaneous sensitization,

particularly via the footpad route, is most effective and allows for

rapid delivery of the encephalitogenic (EAE-inducing) antigen to the

| ymph nodes draining the site of inoculation (204,207).

Lewis rats are highly susceptible to EAE and uniformly develop

an acute monophasic illness with in 10 to 12 days after sensitization

with guinea pig spinal cord, BP, or encephalitogenic fragments of BP

in CFA (41, 164, 166,214). Clinical manifestations of EAE in Lewis

rats range from loss of tail tonicity to complete paralysis accom

panied by bowel and bladder dysfunction (164, 166). Given supportive



care during the acute phase of illness, most rats recover within

several days and spontaneous relapses are uncommon (13,165). More

over, rats that have recovered from an episode of EAE acquire resis

tance to further attempts to actively induce the disease

( 13,303,516).

Histopathological ly, EAE is characterized by perivascular and

parenchymal inflammatory cell infiltrates involving the brain, spi

nal cord, and their men ingeal coverings (1,204,209). Cellular infil

trates consist of lymphocytes and macrophages, and occasional plasma

cel Is (2,209,306). Reported | y, the accumulation of mononuclear cells

is preceded by peri vascular deposition of fibrin , and an initial

transitory influx of polymorphonuclear cells (189,208). Lesions

affect the white matter more than the gray and are general I y res—

tricted to the CNS (204,209). Myel in injury, with axonal sparing,

may occur in association with dense accumulations of mononuclear

cells, but is not a prominent feature of the acute disease in Lewis

rats (124, 165, 214). The degree of demyelination is influenced by

the type of neuroantigen used for sensitization, with whole CNS tis

sue being most destructive (92,273), as well as the species, age and

sex of the animal in which EAE is induced with juvenile stra in 13

guinea pigs and female SJL mice being most severely affected

(150,229, 273).

EAE can also be adoptively transferred to naive syngeneic reci

pients with | ymphoid cells from actively sensitized donors

(203,269). Lymph node cells from Lewis rat donors sensitized with

spinal cord homogenates or BP in CFA readily transfer the disease



(201,205), while spleen cells from BP-sensitized donor rats usual ly

require additional incubation in vitro with Concanaval in A (Con A)

or BP to reproducibly transfer the disease (201,236). Furthermore,

antigen-specific cloned T cells from donors sensitized to BP in CFA

have recently been reported to transfer EAE after appropriate incu

bation in vitro (12,15).

Historical Perspective.

From a historical standpoint, EAE is recognized as a prototype

for organ-specific autoimmune disease (210). The concept that neu

roantigen autoreactivity may cause CNS disease emerged in the late

1880°s with the reported occurrences of postvaccinal paralysis and

associated demyelinating encephal it is in humans inoculated with the

Pasteur rabies vaccine, containing virus that had been "fixed" by

repeated passage in rabbit brain. Continued occurrence of neuro

paralytic complications associated with the Semple killed rabies

vaccine focused more attention on possible allergic reactions to

nervous tissue in the vaccine preparations and accelerated studies

in experimental animals concerning the immunogenic potential of mam

mal ian nervous tissue (210,258,267,274).

In 1928, Witebsky and Steinfeld demonstrated that nervous tis

sue in the vaccine contained antigens which stimulated complement

fixing organ-specific antibodies in rabbits (322). The encephalito

genic activity of normal brain tissue was not established experimen

tally, however, until Rivers and associates induced allergic

encephalomyel it is in monkeys, closely resembling human postvaccinal

encephalomyel it is, by repeatedly injecting them with rabbit CNS



t issue (239,240).

The subsequent development of EAE as a reproducible model sys

tem was based on the introduction of Freund's adjuvants, which per

mitted the induction of acute encephalomyel it is with relative ease.

By 1947 the induction of EAE in monkeys (102, 173), guinea pigs (68)

and rabbits (174) following a single injection of brain or spinal

cord emulsified in CFA had been achieved. Shortly thereafter, the

induction of EAE using autologous brain was reported (103). Moreo

ever, it was also reported that experimental animals developed

delayed-type hypersensitivity (DTH) skin reactions to CNS tissue in

parallel with EAE (68,254,293). In light of these reports and the

subsequent discovery that the disease could be successful ly

transferred to naive animals with sensitized lymph node cells

(203,269), but not with immune serum (17), EAE became established as

an important model of cell-mediated autoimmune disease. Comparative

studies emphasizing the histological similarities between EAE and

MS, as well as postvaccinal and post infectious encephal it is, gave

strong additional impetus to investigations of the pathogenesis of

EAE in search of possible immunopathologic mechanisms in human

demyelinating diseases (1,205,258).

Since the late 1950°s, EAE research has progressed a long three

major lines: biochemical, genetic and immunological.

Biochemical Characterization of the Neuroantigen.

A major biochemical advance in EAE research was the identifica

tion of myel in basic protein (BP) as the encephalitogenic component

of CNS tissue (112,116,117, 176). The BP of various mamma I i an



species have been thoroughly characterized both chemical I y and bio

logical ■ y. BP accounts for approximately one-third of the total pro

tein content of CNS myel in and one percent of the wet weight of CNS

tissue. The BP of most mammalian species is a single linear polypep

tide consisting of 170 amino acid residues with a molecular weight

of approximately 18,000 dal tons (29,59, 112). Rats and mice are

unique, however, in that they have, in addition to the 170 residue

molecule, a smaller BP molecule lacking a 40 amino acid sequence

near the carboxyl-terminal region of the complete protein (155,156).

There is considerable cross-reactivity among BP from different

sources; thus it is possible to induce EAE using either homologous

or heterologous BP (157,164,253). When tested in a particular

species, however, there exists a complex hierarchy of encephalito

genic activity of BP from different sources which appears to be

unrelated to the degree of foreigness of the molecule. For example,

when bioassayed in Lewis rats, guinea pig BP is most active, rat BP

is moderately active and bovine BP is least active (55, 158, 164).

Bovine BP is, however, highly encephalitogenic in guinea pigs, rab

bits and monkeys (110, 157,252).

Fragments of BP which contain major encephalitogenic deter

minants have now been isolated and these also differ in activity

among species (37,54,83, 113). A nonapeptide (residues 114-122) of

bovine BP, which contains the only tryptophan residue in the entire

molecule, represents the major encephalitogenic determinant for

guinea pigs (37,60,307). Modification of this tryptophan residue

detroys encephalitogenic activity of BP in guinea pigs but not in



rats (37,241,275). In Lewis rats, a fragment (residues 68–88) dis

tinct from the tryptophan region contains the major encephalitogenic

site of both the highly active guinea pig BP and the moderately

active rat BP (41, 109). Thus, the encephalitogenic potencies of the

fragments are directly proportional to the potencies of the respec

tive complete BP molecules from which they are derived (109,164).

Amino acid analysis of the two peptides reveals a difference in a

single amino acid, namely substitution of threonine for serine in

the less active rat peptide ( ). These findings indicate that vari

at ions in encephali togenic activities of BP from various sources are

related to minor differences in amino acid composition. This, in

turn, suggests that cells of the immune system which recognize these

unique determinants are highly discriminatory in their responses.

BP has also been analyzed for antigenic determinants which

induce cell-mediated immune responses to the molecule in vivo or i

vitro and for determinants responsible for anti-BP antibody produc

tion. Numerous loci that induce delayed cutaneous reactivity or in

vitro correlates of DTH and others responsible for antibody forma

tion have been identified (17,83,84) Some of these specific deter

minants represent regions of the BP molecule which are devoid of

encephali togenic activity. The most definitive data has been

derived from studies in guinea pigs in which it has been shown that

chemical modification of the tryptophan residue prevents induction

of clinical EAE but does not alter the DTH cutaneous response and

tryptophan-modified BP is capable of stimulating lymphocyte proli

feration and the production of macrophage migration inhibition



factor (MIF) in vitro (60, 87,264). Conversely, some synthetic pep

tides containing the tryptophan residue are capable of inducing EAE

in guinea pigs without eliciting a skin reactivity to BP (264).

While tryptophan is essential for induction of the characteristic

clinical and histopathological signs in guinea pigs, it appears that

a minimum sequence of three amino acids notably lacking tryptophan

may be crucial for eliciting DTH responses (87). Moreover,

sequences which contain determinants that stimulate antibody produc

tion in the guinea pig are distinct from those responsible for DTH

reactivity and EAE induction and are also independent of the trypto

phan residue for their activity (86).

Determinants of BP which are antigenic for Lewis rats have also

been characterized in some detail. A small peptide (residues 68–88)

of guinea pig BP which is the major EAE inducing determinant for

Lewis rats, also contains determinants responsible for stimulating

lymphocyte proliferation in vitro as well as determinants which

induce specific antibody formation (41, 109). When this peptide was

analyzed by selective enzymatic cleavage, however, a partial disso

ciation of these determinants was revealed (42,70). For example,

the minimum requirement for induction of EAE and stimulation lympho

cyte proliferation in vitro is a 13 amino acid fragment (residues

71–85) with residue 79 being most critical for disease induction

(42). In contrast, antibodies produced by Lewis rats in response to

immunization with the intact encephalitogenic peptide (residues 68–

88) react primarily with a 9 amino acid fragment (residues 80–88),

which notably does not contain residue 79 (70). These findings



confirm previous reports that antibodies produced by Lewis rats in

response to sensitization with whole guinea pig BP are directed at

some determinant other than the encephalitogenic determinant

(79, 166).

Genetic Control of Immune Responses in EAE.

Genetic control of susceptibility to EAE has been demonstrated

most convincing y in guinea pigs, rats and mice. For example, stra in

2 guinea pigs are resistant to EAE, while stra in 13 guinea pigs are

highly susceptible (273,285,300). Similarly, susceptibility to EAE

varies with strain in rats and mice, with Lewis rats and SJL/J mice

being among the most susceptible for their respective species

(18, 75,135, 166,319). Genes in or closely linked to the major histo

compatibility complex (MHC) play primary or secondary roles in

determining susceptibility to the disease in each of these species.

In guinea pigs susceptibility is inherited as a dominant trait

encoded by a gene linked to the I region of the MHC (284,285). On

the other hand, susceptibility to EAE in mice is not under primary

control of the MHC (H-2 complex), but genes in this region play a

complementary or modifying role (128, 171). At least two H-2 associ

ated regulatory mechanisms appear to be involved in genetic resis

tance of certain mouse strains: one acts at the level of induction

of EAE presumably by blocking macrophage presentation of antigen to

T lymphocytes and the other is operative during the effector phase

and mediates via T suppressor cells (126, 128, 266).

The precise role of the MHC in determining susceptibility to

EAE in rats in controvers i a . It has been reported by several



investigators who studied Lewis and Brown Norway rats that suscepti

bility to EAE in rats is determined by a single dominant immune

response gene ( I r-gene) closely linked to the Ag-B histocompatibil

ity locus with responsiveness being associated with the MHC haplo

type of the Lewis strain. In particular, Lewis rats which possess

the Ag-B a l l ele regularly develop EAE after sensitization with

small amounts of guinea pig spinal cord, BP, or appropriate frag

ments of BP in CFA, while Brown Norway rats are resistant under

similar conditions (75, 166,319). It has also been reported that

severity of EAE is primarily determined by this MHC-1 inked Ir-gene

with disease severity in hybrids of Lewis and Brown Norway rats

being a function of dose of Lewis MHC-alleles and being only

moderately affected by non-MHC genes (172). Studies using other rat

strains, however, point to a more complex mode of inheritance (76).

The hypothesis that a single dominant gene controls susceptibility

to EAE is also incompatible with the finding that resistance in

Brown Norway rats is not absolute and may be overcome by using car

bonyl iron or pertuss is vaccine as adjuvants when inoculating rats

with BP (133,136). Thus, it has been suggested that additional

genes which control responsiveness to adjuvants may contribute to

susceptibility to EAE in rats (136). Based on studies in bone mar

row chimeras of susceptible and resistant rat strains, it was

recently suggested that resistance in Brown Norway rats may be due

to a block in the generation of T lymphocytes capable of reacting

with SE IF myel in which presumably occurs at the level of macrophage

presentation of antigen to T cells rather than via an active T
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suppressor cell mechanism (261).

Regardless of differences in mechanisms of genetic control of

EAE in various species, differences in susceptibility between

strains with in the same species correspond only to differences in

response to the major encephalitogenic determinant for that species.

For example, both susceptible stra in 13 and resistant stra in 2

guinea pigs demonstrate DTH skin reactivity to whole bovine BP as

well as in vitro lymphocyte proliferative responses to this

molecule, but only stra in 13 guinea pigs respond we l l to the

encephalitogenic nonapeptide in these tests (286). Similarly, posi

tive skin reactions and in vitro cell-mediated immune responses to

intact guinea pig have been demonstrated in resistant Brown Norway

rats, but they do not respond to the fragment of BP which is

encephalitogenic for susceptible Lewis rats (166,255). Lewis rats,

on the other hand, develop both skin reactions and proliferative

responses to either whole guinea pig BP or the encephalitogenic

fragment. Comparable differences in responsiveness of resistant and

susceptible strains have been described for mice (127).

There is no direct correlation between humoral immune responses

and genetic susceptibility to EAE in guinea pigs and rats. In fact

an inverse relationship exists between the capacity of guinea pigs

to develop EAE and their ability to produce antibodies to BP. The

resistant stra in 2 animals, for example, produce much higher titers

of anti-BP antibody than susceptible stra in 13 guinea pigs (285). In

rats, control of antibody responses to BP may be independent of

genes control ling susceptibility to EAE since Lewis rats, and to a
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lesser extent resistant Brown Norway rats, develop antibodies in

response to injection with BP and, in both cases, these antibodies

are directed at determinants other than the encephalitogenic frag

ment (79, 166).

Immunopathogenesis of EAE.

It is well established that T lymphocytes play an essential

role in the pathogenesis of EAE. In light of numerous unsuccessful

attempts to passively transfer EAE with immune serum (38), demons

trations that the disease could be adoptively transferred with sen

sitized lymphoid cells strongly suggested that a cell-mediated

immune mechanism was involved (203,269). The requirement for T lym

phocytes was also inferred from experiments which showed that selec

tive depletion of these cells by thoracic duct drainage, treatment

with anti-T cell serum, and/or thymectomy inhibits the primary

induction of the disease (5,80, 131).

Def in it i ve evidence that T ce | | s are crucial for the induction

of EAE, that antibody alone is incapable of inducing EAE, and that

antigen-specific T cells required for production of the disease are

distinct from those that serve as helper cells in the production of

antibody was provided by an elaborate series of experiments per

formed by Ortiz-Ortiz and coworkers (193,194). These invesi gators

first confirmed earlier reports that anti-BP antibody formation was

T cell dependent (80, 193). Then using an adoptive transfer system

for reconstitution of thymectomized, lethal I y irradiated Lewis rats,

they showed that rats that were reconstituted with lymphoid cells

from BP-sensitized syngeneic donor rats developed EAE and produced
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anti-BP antibodies, whereas rats that received donor lymphoid cells

that were first depleted of T lymphocytes did not develop EAE, in

spite of the fact that levels of anti-BP antibodies in their sera

were not depressed. Thus, these results indicated that cells in the

inocula were already committed to antibody production and, more

importantly, that anti-BP antibody alone could not produce EAE

(193 ) . Final ly, using heavily radio label led antigen to selectively

eliminate or "suicide" BP-reactive B and T lymphocytes, they showed

that thymectomized, lethal I y irradiated rats reconstituted with nor

mal bone marrow cells plus "BP-suicided" thymocytes failed to

develop EAE upon subsequent inoculation with BP in CFA, whereas

reconstitution with "BP-suicided" bone marrow cells plus normal thy

mocytes permitted the subsequent active induction of EAE in reci

pient rats, thus demonstrating the importance of antigen-specific T

ce || s in the induction of EAE (194). The absolute requirement for T

lymphocytes in the pathogenesis of EAE has been confirmed by studies

in mice (19). Moreoever, it was recently demonstrated that adoptive

transfer of cloned BP-specific T lymphocytes is sufficient to induce

the disease in naive recipients (12,15).

Despite strong evidence that T lymphocytes are required for

primary induction and adoptive transfer of EAE, their precise role

in the pathogenesis of the disease in vivo remains unclear. For

example, it has not been determined whether T lymphocytes mediate

EAE primarily by acting as initiators of the disease process or if

they can also function as end stage effector cells which produce CNS

tissue damage. Furthermore, relatively little information is
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available regarding the role of T cell products in the pathogenesis

of EAE.

Recent | y, a means of exploring the functional activities of

cells which participate in EAE has been provided by the development

of in vitro techniques which enhance the potential of spleen and

lymph node cells from BP-immunized animals to adoptively transfer

EAE. In particular, pre incubation with the T cell mitogen, Con A,

or with specific antigen, i.e. BP, has been found to be useful in

"activating" primed donor spleen and lymph node cells, or certain

fractions thereof, for transfer (195, 201,236,238). Experiments

employing these techniques have permitted further characterization

of the cells which mediate EAE and have shed some light on the cel

lular interactions necessary for induction of the disease. The gen—

eral consensus is that at least three functional I y distinct cell

types are involved in the disease process. These include: macro

phages or other accessory cells (117, 198), antigen-specific T helper

cells (93,219), and end stage effector cells (23,93).

Macrophages or other accessory cells are required for the

activation of BP-primed T cells in vitro by either Con A or BP in

EAE adoptive transfer systems as evidenced by depletion and recon

stitution studies (117, 198). For example, depletion of macrophages

prior to incubation results in a concommitant reduction in the capa

city of Con A-cultured spleen cells from BP-immunized donor rats to

transfer EAE and abolishes the ability of BP-cultured donor spleen

ce | | s +O transfer the disease. Moreover, reconstitution of

macrophage-depleted cultures with peritoneal exudate cells from
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either immune or normal rats was found to restore the transfer

potential of both Con A-cultured and BP-cultured cells (198). It has

also been demonstrated that addition of normal macrophage-rich G-10

Sephadex adherent cells to lymph node cells from donor rats injected

with BP in incomplete Freund's adjuvant (IFA), which normal y do not

transfer EAE, can activate these cells to transfer the disease

(117). Based on this finding and by analogy to other systems, it has

been suggested that macrophages may mediate the adoptive transfer of

EAE by releasing a soluble factor, namely inter leuken 1 (IL 1) or

lymphocyte activating factor, which provides a second signal for

activation of BP-specific T lymphocytes (117, 192).

The role of macrophages during the induction phase of EAE in

vivo has not been assessed directly. It is well established, how

ever, that for the primary induction of EAE, BP must be injected in

a suitable adjuvant, usual I y CFA; when BP is administered in soluble

form without adjuvant it is not encephalitogenic (207,214,265).

Thus macrophage-T lymphocyte interactions are probably essential for

successful immunization with BP as they are for a || other T cell

dependent antigens (193,292).

As discussed above, antigen specific T lymphocytes are required

for primary induction of EAE (194). Antigen specific T cells have

also been identified in in vitro adoptive transfer systems employing

incubation with BP as the cells responsible for the passive induc

tion of EAE (12,93,219). Using a negative selection process, Pet

tine || 1 and McFarl in recently characterized the specific T cells

which accounted for the capacity of BP-cultured lymph node cells
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from SJL/J mice primed in vivo with BP to adoptively transfer EAE as

Lyt 1*2- T cells, i.e. he per T cells (219). Also using an adoptive

transfer system involving in vitro incubation with BP, Holda and

Swanborg demonstrated that spleen cells from BP-immunized Lewis rats

that are highly enriched for the W3/25" ce | | surface marker, i.e.

be long to the helper subpopulation of rat T cells (299, 311), are

especial I y successful in transferring EAE to syngeneic recipient

rats (95). Because W3/25" rat lymphocytes are distinct from cyto

toxic T cells, which carry the OX-8 cell surface marker (22), these

investigators suggested that the T cells which mediate the adoptive

transfer of EAE do not function directly as effector cells, but

instead function as amplifier cells which act via lymphokine produc

tion to generate cytotoxic T cells in the host or to recruit host

macrophages to act as effector cells (93). Although the transfer

potential of subpopulations of T lymphocytes in Con A culture sys

tems have not as yet been characterized with regard to cell surface

markers, it is noteworthy that in this system generation of suffi

cient levels of the lymphokine, inter leukin 2 (IL 2) or T cell

growth factor, by Con A-activated lymphoid cells is required for

successful adoptive transfer of EAE (195).

The end stage effector cells which produce the critical CNS

tissue damage that results in onset of clinical EAE have not been

isolated. Theoretical | y, these elusive cells could be either cyto

toxic T lymphocytes with specificity for the CNS target antigen or

macrophages recruited to the CNS by lymphokine-producting T helper

or amplifier cells (23,93). T lymphocytes have been identified in
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CNS lesions of an imals with acute EAE and can be isolated from men

ingeal infiltrates, but these cells have not been characterized with

regard to specific function (2). Moreover, it should be noted that

although lymphocytes are commonly observed in the inflammatory

infiltrates, the majority of cells comprising the lesions of EAE are

thought to represent cells that are nonspecifica || y recruited to the

CNS (209,306). Macrophages are also an obvious component of the CNS

inflammatory infiltrates (2,209,306) and their role in the patho

genesis of EAE should not be over looked. Inhibition of EAE has been

reported in rats depleted of macrophages by treatment with silica.

Also arrest in progression of clinical and histopathologic signs of

ongoing EAE has been achieved by silica treatment suggesting that

macrophages function as effector cells in EAE and not solely as

antigen presenting cells (23). In addition, it has been demonstrated

that neutral proteases secreted by BP—stimulated macrophages degrade

BP in in vitro cultures (26,262). Furthermore, a variety of neutral

protease inhibitors, particularly inhibitors of plasminogen activa

tor, and some acid protease inhibitors, such as those which inhibit

cateps in D, have been shown to have a marked protective effect on

EAE, suggesting that macrophage-derived proteases may be important

mediators of the disease process (24,26).

The Role of Antibody in EAE.

The role of antibody in EAE remains an enigma. Animals

injected with either whole CNS tissue or BP in CFA typically produce

antibodies to BP, but neither the time of appearance nor the titer

of circulating anti-BP antibodies appear to be positively correlated
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with the onset of EAE (49,79, 115, 143,178). Whether anti-BP antibody

contributes to CNS tissue damage in vivo once it has been in it i ated

by autoreactive effector cells is not known, but it is clearly not a

requisite for induction of EAE. For example, chickens rendered

aggamaglobul inemic by neonatal bursectomy can develop EAE (20) as

can neonata | | y thymectomized, lethal |y irradiated Lewis rats recon

stituted with "BP-suicided" bone marrow cells plus normal thymocytes

(194). Production of typical EAE can be achieved in the absence of

detectable anti-BP antibody (140,193, 194). Conversely, anti-BP anti

body production often occurs in the absence of EAE, most notably in

animals sensitized with nonencephalitogenic fragments of BP

(86, 89,282) and in genetical I y resistant strains of guinea pigs and

rats (79, 166,300). Moreoever, EAE cannot be passively transferred

to genetical I y susceptible animals with immune serum from donors

sensitized to either BP or whole CNS tissue (38,89, 178) and suspen

sions of primed lymph node and spleen cells which have been depleted

of T lymphocytes fail to adoptively transfer EAE although they may

elicit anti-BP antibody production in genetical I y susceptible reci

pients (193).

Animals sensitized with whole CNS t issue in CFA demonstrate

antibody responses to a variety of neuroantigens other than BP as

well as to BP (.71,96, 115, 213,250). While CNS constituents may

induce complement-dependent antibodies which produce demyelination

and/or glial cell alterations in nervous tissue cultures, and thus

could, theoretical ly, produce demyelination in vivo, such antibodies

are not produced by animals sensitized with purified BP in CFA and,
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therefore, are not required for the induction of acute paralytic EAE

(21, 130,250).

While there is no evidence to suggest a causal role for anti-BP

antibody or antibodies to other CNS constituents in the development

of EAE, antibodies have been implicated in resistance to the

disease. Passive transfer of serum from immune donors injected with

CNS tissue homogenates, purified BP, or fragments of BP in CFA to

naive recipienets can protect them from developing EAE upon subse

quent encephalitogenic chal lenge and, in some cases, passive

transfer of immune serum has been shown to suppress ongoing disease

in actively sensitized recipients (89,95, 178,217). While there is

some indication that inhibition of EAE following passive transfer of

serum from donors injected with brain or spinal cord homogenates is

mediated by antibodies directed at neuroantigens other than BP

(95,213,217), clearly this does not apply to serum from donors sen

sitized with purified BP or immunogenic fragments of BP (89,178).

The humoral immune responses of animals actively sensitized to

BP also suggest that anti-BP antibody may play an inhibitory role in

EAE. As discussed above, stra in 2 guinea pigs, which are geneti

cally resistant to EAE, demonstrate much high serum titers of anti

BP antibody than genetical I y susceptible stra in 13 guinea pigs

(300). Furthermore, when only genetical I y susceptible guinea pigs

are compared, individual animals with high serum titers of anti-BP

antibody reportedly fail to develop EAE (143). Similarly, an inverse

relationship between the presence of anti-BP antibody and develop

ment of clinical signs of EAE has been demonstrated in rabbits (89).
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Interesting | y, Lewis rats have relatively low levels of circulating

anti-BP antibody while clinical signs are present, but high serum

titers after recovering from EAE (165). In a recent study, the

appearance of natural I y occurring "suppressor cells" during the rem

ission phase of the disease in Lewis rats was demonstrated (303).

Eighty percent of the cells in the so called "suppressor population"

were shown to be surface Ig-bearing cells. The "suppressor cells"

adhered to glass wool, which is characteristic of B lymphocytes and

macrophages (65), I but not to Sephadex G-10 columns, which retain

macrophages (153), suggesting they could be antibody-producing B

ce || s (303). Final ly, preliminary studies on the inhibition of EAE

in Lewis rats immunized with BP precomplexed to the polyclonal B

ce | | activator, bacterial lipopolysaccharides (LPS), also suggest

that production of elevated levels of anti-BP antibody may contri

bute to protection against EAE (251).

Inhibition of EAE.

A vast array of agents and procedures are capable of prevent

ing, suppressing, or even reversing EAE. These can be divided into

two broad categories: those that primarily affect the host in which

EAE is being induced and those that affect the inducer, i.e. modify

the neuroantigen used for induction of EAE.

Procedures whereby the host’s immune system is compromised or

modified are highly successful in preventing EAE. Thus, animals that

have been depleted of T lymphocytes by thymectomy, thoracic duct

drainage and/or treatment with anti-T cell serum fail to develop EAE

(5,80, 131, 193). In addition, the adoptive transfer of EAE can be
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prevented by selectively depleting suspensions of primed donor cells

of T lymphocytes or, more specifical | y, of BP-reactive T lymphocytes

prior to transfer (193, 194). Destruction of host macrophages also

effectively inhibits EAE. For example, in rats depletion of macro

phages by treatment with silica prior to injection of BP prevents

induction of EAE, while silica treatment after sensitization can

arrest the progression of ongoing disease (23). On the other hand,

supplementing the host’s immune system with preformed antibody has

been used to prevent and to treat EAE. As discussed above, passive

transfer of serum from rats immunized with whole CNS tissue, BP, or

fragments of BP in CFA can prevent the subsequent active induction

of EAE or inhibit existing disease in naive and sensitized recipient

rats, respectively (89,95, 178,217).

A variety of immunosuppressive drugs, of which cyclophosphamide

and corticosteroids have been the most thoroughly studied, have been

shown to be effective in preventing or reversing EAE in guinea pigs

and rats (206,209,215). Total body irradiation administered at

immunosuppressive doses prior to sensitization with neuroantigen

also reduces the capacity of rats to develop EAE (21 S2). In addi

tion, agents and procedures which are not immunosuppressive by

nature, but which may directly or indirectly affect the ability of

host effector cells to produce non-specific CNS tissue damage have

an inhibitory effect on EAE. For example, animals treated with

chemical agents that inhibit macrophage-derived proteolytic enzymes,

such as plasminogen activator, or cateps in D, can confer partial or

complete protection against EAE (24, 26). |n addition,
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administration of fibrinopeptides, which presumably influence the

extent of fibrin deposition in CNS lesions, inhibits EAE (208,260).

Certain dietary manipulations, namely vitamin B or C depriva

tion (175,247), administration of essential fatty acids (169, 170),

and restriction of protein intake (78), have been shown to protect

against EAE in mice, guinea pigs or rats. The mechanisms of inhibi—

tion of EAE resulting from modifications of the host’s nutritional

status are not known. In the case of essential fatty acid adminis

tration, it has, however, been suggested that increased availability

of essential fatty acid precursors may result in elevated concentr—

tions of prostag landins which, in turn, could suppress cell-mediated

responses required for induction of EAE (169, 170). Notably in Lewis

rats the inhibitory effect of fatty acid administration could be

abolished by indomethacin, a drug known to inhibit the biosynthesis

of certain prostag landins from essential fatty acids (170). On the

other hand, early nutritional deprivation of essential fatty acids

has been shown to increase severity of EAE in other rat strains and

this effect can be abrogated by supplementation of diets deficient

in fatty acids with essential fatty acids (43,44, 251). Thus it has

alternately been proposed that the availability of essential fatty

acids during myelination increases the stability of the CNS myel in

formed, therepy rendering it more resistant to effector cell damage

(43,44). Similarly, it has been proposed that inhibition of EAE in

young prote in malnourished rats could be due to either a defect in

CNS myel in or impaired immunity (78).
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In view of the highly discriminatory nature of the immune

response of BP in EAE, most attention has focused on preventing EAE

or suppressing ongoing disease by administration of the neuroantigen

in non-encephalitogenic form, i.e. without the appropriate adjuvant

and/or without the specific encephalitogenic determinant. It is

well-established that BP, if given repeatedly without adjuvant or in

high doses in incomplete Freund's adjuvant (IFA), effectively inhi

bits EAE in guinea pigs or rats when administered before or after

sensitization with whole CNS tissue or BP in CFA (4, 51,243,280). It

has also been reported that pretreatment of mice with whole spinal

cord homogenate in IFA renders them resistant to EAE (126,129).

Moreover, immunological I y cross-reactive substances such as nonen

cephalitogenic myel in proteins (126, 243), chemical I y modified BP

(242,276), nonencephal i togenic fragments of BP (243,277), and cer–

tain synthetic peptides containing sequences in common with BP

(6,90,126) are highly efficient inhibitors of EAE in guinea pigs,

rats and mice. A common feature of pretreatments employing IFA is

their ability to completely inhibit clinical, but not histological,

EAE so that marked infiltration of the CNS by mononuclear cells fre

quently occurs in the absence of overt disease (86,90,243,281). In

contrast, it has been demonstrated that histological as well as

clinical, EAE can be inhibited in Lewis rats treated with either BP

complexed LPS using CFA as an adjuvant or with an emulsion contain

ing CFA and synthetic peptide which cross reacts with BP (105) EAE

is suppressed in guinea pigs receiving multiple injections of CFA

alone days or weeks before injection with CNS tissue or BP in CFA



23

(144). Mechanisms of antigen-induced resistance to EAE are dis

cussed be low.

Immunoregulatory Mechanisms Involved in Induced Resistance to

and Spontaneous Recovery from EAE.

Active cell-mediated immunosuppression appears to be a common

mechanism of antigen-induced inhibition of EAE. Antigen-specific

suppressor cells have been identified in lymphoid tissues of animals

rendered resistant to EAE by pretreatment with either emulsions of

purified BP (281,304), synthetic peptides which cross-react with BP

(90,129), or whole CNS tissue (129) in IFA, or by pretreatment with

BP complexed to LPS (233). Studies in guinea pigs, rats and mice

using nonencephalitogenic fragments of BP or synthetic peptides to

protect against subsequent encephalitogenic chal lenge have

emphasized that determinants responsible for induction of EAE are

distinct from those responsible for inhibition, and that EAE effec

tor cells and suppressor cells may be responding to different deter

minants on the BP molecule (90, 105,126,277).

Suppressor cell regulation of EAE has been most thoroughly stu

died in Lewis rats rendered resistant to EAE by pretreatment with BP

in IFA. Both lymph node and spleen cells appear to be involved in

inhibiting the disease in this system. In particular, antigen

specific, cyclophosphamide-sensitive suppressor T cells have been

identified in lymph nodes, while non-specific, glass-wool adherent

suppressor cells (possibly suppressor macrophages) have been identi

fied in the spleens of resistant rats (281,304,305). Both types of

suppressor cells are capable of adoptively transferring
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unresponsiveness to BP to syngeneic recipient rats, but lymph node

cells are more effective in this regard (304). It is noteworthy

that suppressor T cells identified in lymph nodes of resistant rats

appear to act during the inductive, rather than the effector, phase

of EAE since they are unable to inhibit lymph node cells from rats

primed with BP in CFA from adoptively transferring EAE to naive

recipient rats (281).

Antigen-specific suppressor T cells have also been identified

in the lymph nodes of Lewis rats rendered resistant to EAE by pre

treatment with BP coupled to LPS and injected with CFA (232,233).

Unlike rats rendered resistant by pretreatment with BP in IFA in

which there is no elevation in serum titers of anti-BP antibody

(281), rats rendered resistant by pretreatment with BP-LPS in CFA

produced much higher levels of anti-BP antibody than diseased rats

sensitized with BP in CFA alone, suggesting that in this system, in

addition to suppressor cell mediated inhibition, antibody-mediated

regulation may also be operative (231).

Antigen-specific suppressor T cells have also been demonstrated

in mice pretreated with mouse spinal cord, nonencephalitogenic frag

ments of BP or cross-reactive synthetic polymers in IFA (126,129).

In contrast to suppressor T cells identified in rats pretreated with

BP in IFA, suppressor T cells of mice have been | ocal ized

exclusively to spleen and appear to inhibit both the induction and

the effector phases of the immune response to BP (126, 127). Recent

studies in mice pretreated with whole spinal cord in IFA indicate

that a soluble, antigen-specific suppressor factor present in
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supernatants of plated splenic suppressor cells is capable of sub

stituting for suppressor cells, in that, like the suppressor cells,

the soluble factor can adoptively transfer unresponsiveness to BP to

naive syngeneic recipients and can suppress the in vitro prolifera

tive response of BP-sensitized lymphoid cells to BP (125).

Immunoregulatory mechanisms involved in spontaneous recovery

from EAE and natural ly acquired resistance to disease reinduction

have just begun to be scrutinized. Results of recent adoptive

transfer experiments have, however, ruled out clonal elimination as

the mechanism responsible for recovery from EAE. For example, it has

been shown that cells capable of transferring EAE to naive reci

pients are present in the spleens, lymph nodes, and thymuses of

Lewis rats that have recovered from actively induced EAE as evi

denced by the fact that they can be "rescued" from suspensions of

these lymphoid tissues and "reactivated" to adoptively transfer the

disease by incubation in vitro with BP (at concentrations which do

not activate naive lymphocytes to transfer EAE) or with Con A

(13,91,316). Moreover, retention of BP-reactive cells after spon

taneous recovery has been demonstrated unequivocal I y by the ability

of BP— incubated spleen cells from recovered Lewis rats to transfer

EAE to lethal ly-irradiated recipient rats (316).

Based on experiments in Lewis rats, Ben-Nun and colleagues

recently proposed that recovery from EAE is mediated by suppressor

cells located in the spleen and thymus ( 13, 14). These investigators

demonstrated that spontaneous remission of EAE is inhibited by thy

mectomy in juvenile rats and by splenectomy in adult rats and,
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consequent | y, these rats develop chronic progressive EAE after sen

sit ization with BP in CFA rather than the characteristic acute

self- I imited disease (14). Ben-Nun and Cohen a so demonstrated that

radiation-resistant cells in the spleen and thymus, but not the

| ymph nodes, of recovered rats are capable of suppressing in an

immunospecific manner, thef in vitro proliferative responses of BP

reactive T cell lines to rat BP and to a lesser extent to guinea pig

BP (13). They also showed that in the absence of specific antigens,

thymus cells from recovered rats suppressed the in vitro prolifera

tive responses of anti-BP cell lines, but not anti-oval bum in cell

| ines, to Con A suggesting that thymic suppressor cells may mediate

via an anti-idiotypic regulatory mechanism (13).

In contrast, Welch, Holda and Swanborn have isolated antigen

specific suppressor cells from lymph nodes of recovered Lewis rats

that could directly, i.e. without in vitro incubation, transfer

unresponsiveness to BP to naive syngeneic recipients, thereby pro

tecting them from developing EAE when later chal lenged with BP in

CFA. As discussed previously, detailed characterization of the

| ymph node cells responsible for suppressing EAE led these authors

to suggest that they may be B lymphocytes, thus implicating an

antibody-mediated mechanism of recovery from EAE (303).

Relevance of EAE as an Experimental Model for Human CNS

Disease.

EAE is a unique animal model of cell-mediated autoimmune

disease of the CNS. Although EAE is not an exact analogue of any

human CNS disease, certain immunological and histopathological
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features are comparable in EAE and in several human demyelinating

diseases, namely postvaccinal and "post infectious" encephal it is and

MS (1,205,210, 211). As discussed above, EAE was original I y recog

nized as a potential experimental model for human demyelinating

disease because it closely resembled postvaccinal encephalomyel it is,

specifical y that which occurred following inoculation with rabies

virus vaccines. Both conditions result from injection of nervous

t issue and in both cases onset of acute paralysis occurs with in days

after injection and is accompanied by perivascular CNS inflammatory

infiltrates and variable degrees of demyelination with axonal spar

ing (239,258,323). Although an antecedent acute viral infection,

particularly measles, rube | | a or chicken pox, has been associated

with post infectious encephalomyel it is, its etiology remains contr

oversial and because it is essential y indistinguishable clincally

and histological ly from postvaccinal encephalomyel it is, by exten

sion, histopathological ly, this disorder may be similarly modeled by

EAE (205,211).

Most of the interest in EAE as an experimental model of CNS

disease stems from its similar it i es to MS. In add it i on to the com—

mon paralytic nature of the two diseases, histopathological changes

in EAE, namely perivascular inflammation of the brain and spinal

cord consisting primarily of mononuclear cells, closely resembles

those which occur in active MS lesions (1,151,209, 210, 211). EAE and

MS also share numerous immunological characteristics. For example,

complement-dependent demyelinating antibodies have been demonstrated

in the sera of animals with EAE that have been inoculated with
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homogenates of whole CNS tissue as well as in the sera of MS

patients (21, 130,324). It should be noted, however, that in both

cases the demyelinating antibodies are directed at neuroantigens

other than BP. Moreoever, while demyelinating antibodies in animals

with EAE may specifical I y bond other myel in constituents, these is

some evidence that those found in the sera of MS patients may be

directed at oligodendroglial cells, which are responsible for the

synthesis of CNS myelin, rather than for myel in per se

(115, 130, 142,250,324). Although anti-BP antibodies have been demon

strated in the cerebrospinal fluid (CSF) of animals with EAE and

patients with MS (82, 199,200), there is no reproducible evidence for

circulating anti-BP antibody in MS patients (132,142,246). It has,

however, been demonstrated that cells which specifical Iy bind BP

occur in the circulation of MS patients as they do in animals with

EAE (194,290,291, 327). Moreover, lymphocytes of both MS patients

and animals with EAE proliferate and produce MIF in response to BP

stimulation in vitro suggesting that lymphocytes of MS patients,

like those of animals with EAE, have been sensitized to BP

(143, 145,255,257).

There also exist certain parallels between genetic control and

immunoregulation of EAE and MS. As discussed above, genes closely

| inked to the MHC play a role in determining susceptibility to EAE

(75, 127,286). Similarly, there exists some evidence that genetic

factors play a role in determining susceptibility to MS. In partic

ular, increased incidence of MS has been associated with the pres

ence of tissue antigens of the phenotypes, HLA-A3, B7 and DW2, which
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are specified by genes in the human MHC, thus suggesting that immune

response genes may be involved in the pathogenesis of MS

(98, 162,167). Recently disease activity in MS has been correlated

with fluctuations in proportions of T cell subsets; in particular

decreased proportions of T suppressor cells during acute exacerba

tions, suggesting that an immunoregulatory dysfunction may contri

bute to the disease process (94,235). The presence of certain CSF

abnormal it ics in MS lends further support to such a hypothesis. A

selective increase in CSF IgG which segregates as discrete bands on

agarose electrophores is is a prominent feature of MS (99,191). This

so called oligoclonal IgG is thought to be produced local I y in the

CNS (184, 186). It appears that the IgG in oligoclonal bands is not

directed against any one particular antigen, but instead may

represent nonspecific activation of several B Ce | | c ones

(48,66, 184, 186). Oligoclonal bands have also been noted in the CSF

of rabbits with EAE and the CSF IgG concentration of rabbits, as

well as other animals, with the disease has been shown to be selec

tively elevated (82, 104,147).

Despite the parallels between EAE and MS, a number of differ

ences are apparent. MS is a chronic, relapsing and remitting

disease, whereas EAE is usual I y an acute monophasic disease (210).

The extent of CNS damage in EAE is reduced compared to MS. Extensive

injury to myelinated nerve fibers resulting in large, grossly evi

dent plaques of demyelination is the main pathological feature of MS

(1,151). Gross lesions are absent in EAE and prominent demyelinat

ing is remarkably distinct from the histological profile of EAE



30

(208,209). For that reason, recently developed methods of producing

chronic relapsing EAE in experimental animals and/or increasing the

amount of demyelination by varying the age or strain of the animal

used or the antigen sensitization procedure may be valuable in

developing a more relevant EAE model (25, 150, 197,229, 271,321).

There are, however, other differences that cannot be resolved.

Unlike EAE, MS patients rarely develop skin reactivity to CNS tissue

or BP and MS patients do not produce circulating antibodies to BP

(132, 142,211,246). Moreover, epidemiologic evidence (3,121, 122) and

elevated levels of antiviral antibodies in the serum and spinal

fluid of MS patients (100, 185) point to a possible viral etiology

for this disease.

Nonetheless, EAE has the advantage of being an extensively stu

died model autoimmune disease in which the antigen is well-defined

and can be manipulated so that clinical disease is readily produced

or suppressed. Because EAE is confined largely to the CNS, it pro

vides a means for selectively analyzing the effect of immune com—

ponents on the pathogenesis of CNS disease. Understanding the basic

immunological aspects of EAE and how misdirected or unregulated

immune responses to neuroantigens translate into CNS disease may be

useful in elucidating basic pathogenic mechanisms of neuroimmunolo

gic diseases in general and in clarifying the extent to which immu

noregulatory dysfunction is involved in the expression of MS.

Rationale and Experimental Design.

EAE has been extensively studied as a prototypic cell-mediated

autoimmune disease of the CNS. The relevant neuroantigen, BP, has
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been thorough I y characterized, genetic restrictions on susceptibil

ity to EAE have been established, and the immunological mechanisms

of EAE induction are at least partial ly understood. However, cell

interactions required to initiate the disease process, the action of

effector cells in mediating CNS target tissue damage, and the extent

of tissue damage required for expression of clinical disease all

warrant further investigation. There is also need for greater

insight into the immunoregulatory mechanisms responsible for inhibi—

tion and reversal of EAE. Clar if i cat ion of these mechanisms

requires analysis of the relative roles of suppressor cells, anti

body, and host factors in modulating the course of the disease.

The immunological pathways leading to clinical expression of

autoimmunity to BP may be clarified by characterizing the conditions

of EAE resistance. Suppression of EAE by modification of the neu

roantigen or the neuroantigen-adjuvant sensitization procedure has

been analyzed in some detail and, under these circumstances,

antigen-specific suppressor T cells and/or nonspecific splenic

suppressor cells have been implicated as mediators of inhibition

(90, 129,281,304). In contrast, relatively little information is

available concerning mechanisms of inhibition in systems in which

the host, rather than the antigen, has been compromised.

The present study focuses on the inhibition of EAE achieved

through dietary manipulation, namely prote in malnutrition. The in 1–

tial impetus for this study was a report by Gonatas and coworkers

demonstrating that protein-mal nutrition can protect Lewis rats,

which are usually highly susceptible to EAE, from developing the
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disease (78). One-month-old rats nurtured on low protein diets

since birth failed to develop histological or clinical signs of EAE

following injection with either guinea pig spinal cord or guinea pig

BP in CFA, while well-nourished control rats developed acute para

lytic EAE. These investigators found that there was relative spar

ing of CNS tissue in protein-mal nutrition and demonstrated by

polyacryl amide gel electrophoresis, that there were no qualitative

differences between myel in proteins, including the encephalitogenic

BP, of malnourished and control rats. They also reported that the

capacity of sera from malnourished rats and to bind BP was reduced

slight | y compared to that of well-nourished rats. These authors

suggested that a subtle defect in CNS myel in or impaired immunity

may be involved in the malnutrition-induced inhibition of EAE, but

the precise mechanism of the inhibitory effect was not elucidated.

-

Protein malnutrition has multiple, primarily adverse, effects

on the immune system, particularly the cellular immune system of

devel ping animals and humans (36,297,302). Dietary protein restric

tion and/or protein-caloric malnutrition selectively depresses T

lymphocyte proportions in peripheral blood, lymph nodes, and spleen

(32,35,62, 101,163). These changes are consistent with the pro

nounced involution of the thymus and with depletion of lymphocytes

from the periarteriolar region of the spleen and the paracortical

areas of lymph nodes of severely malnourished children and experi

mental animals (11,34,263). Protein malnutrition also dramatical ly

affects cell-mediated responses in vitvo and in vitro. For example,

DTH cutaneous reactivity to ubiquitous biological antigens as well
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as to a variety of foreign chemical s is impaired

(31, 57,69,149, 182,263). Lymphocyte proliferative responses to T

ce | | mitogens and the production of lymphokines in response to

antigenic stimulation in vitro are decreased (32,163, 183,294,296).

Moreover, decreased cytotoxic T cell responses as well as diminished

mixed lymphocyte reactivity has been reported in protein malnour

ished animals (101,296).

In contrast to dramatic reductions in T lymphocytes, the pro

portion of circulating B lymphocytes is usually normal in protein

malnourished subjects (35,47) and they respond well to B cell mito

gens in vitro (163,248). In protein-malnourished children all major

classes of immunoglobulins may be moderately elevated, while

dramatic elevations in IgA and IgE that are sometimes observed usu

ally reflect the occurrence of concommitant bacterial or parasitic

infections (33, 183). In animals, humoral immune responses may be

increased, normal, or reduced by prote in malnutrition depending on

the nature and dose of the antigen used for testing as well as the

route of sensitization. Diminished or de layed responsiveness is

most often associated with exogenous T-dependent antigens

(163,222,223,294). However, in malnourished children antibody pro

duction is usually adequate to a variety of T-independent antigens

as well as to many viral antigens (33,34,47, 161,168,249).

Relatively little information is available concerning the

effect of protein malnutrition on macrophages. When studied in

vitro, phagocytic activities of peritoneal exudate cells from mal

nourished rats appear to be intact while intrace | | ular killing of
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pyogenic bacteria and facultative intrace | | ular pathogens is

minimal I y reduced (107,109). Major abnormalities in chemotax is have

been demonstrated in vitro (109), and reduced macrophage mobility

appears to be partial I y responsible for reduced DTH reactivity I in

vivo (57, 69,81).

In contrast to the numerous adverse effects of protein

mal nutrition on essential immune functions, malnutrition has been

demonstrated to protect against autoimmune reactivity. In addition

to failure of malnourished rats to develop EAE, autoimmune hemolytic

anemia and autoimmune glomerulonephrit is are inhibited in protein

malnourished mice (63,64).

In light of the effects of protein-mal nutrition on immune

responsiveness and the fact that EAE requires both functional T

ce || s and macrophages for its induction, it seemed reasonable to

test the hypothesis that impaired immunity is responsible for

malnutrition-induced inhibition of EAE. To that end both the gen

eral immune status and antigen-specific in vivo and in vitro respon

siveness of protein–malnourished Lewis rats were assessed and com

pared to those of age-matched well-nourished controls. In addition,

the susceptibility of malnourished rats to adoptively transferred

EAE was evaluated, and the encephalitogenic activity of spleen cells

from BP-sensitized malnourished rats was assessed by adoptive

transfer to both malnourished and well-nourished recipients. The

-

effect of immunological supplementation by normal lymphoid cells on

expression of EAE in malnourished rats was also ascertained.



35

In light of the fact that dietary protein restriction during

the early postnatal period can delay the rate of myel in accumulation

in the CNS and depress the synthesis of myel in components

(74, 179,234), the possibility that a defect in CNS target antigen

was in part responsible for malnutrition-induced resistance to EAE

could not be over looked. Consequently, experiments ; to test this

possibility were also performed.
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MATER ALS AND METHODS

Animals. Lewis rats were used in a l l experiments. Pregnant

rats were purchased from Charles River Breeding Co. (Wilmington,

MA).

Diet regimens. Individually housed pregnant rats were nurtured

on low protein or isocal or ic normal protein control diets (ICN

Nutritional Biochemical s, Clevel and, OH) beginning 3 to 4 days prior

to delivery. The normal protein diet consisted of 27% vitamin free

case in, 59% starch, 10% vegetable oil, and 4% U.S. P. XIV salt mix

ture by weight; the low protein diet consisted of 8% case in, 78%

starch, 10% vegetable oil, and 4% U.S. P. XIV salt mixture. The com—

mercial I y prepared test diets included 1 kg of Vitamin Diet Fort if i

cation Mixture (ICN) per 100 lbs of diet mixture.

At birth each itter was reduced to contain a maximum of 12

pups. Pups were housed in a temperature control led environment with

their mothers until weaning and nurtured on the same diet regimen as

their mothers throughout the duration of the experiment. Food and

water were provided ad I ibitum. Body weights were determined at

birth and at subsequent weekly intervals.

Preparation of myel in basic protein antigen. BP was prepared

from whole guinea pig brains (Pel-Freeze Biological Animals, Inc.,

Rogers, AR) according to established methods (50). Briefly, frozen

tissue was homogenized in 2:1 (volume: volume) chloroform-methanol,

vacuum filtered, and resuspended in acetone to remove lipid. After
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filtration, the tissue residue was adjusted to pH 3.0 and centri

fuged. The extract was adsorbed to carboxymethyl cellulose (Whatman

Ltd., Maidstone, Kent, England) in 2 M urea and the non-basic pro

teins were eluted by gradual y raising the pH to 11.6. After filtra

tion, the alkaline suspension was resuspended in 2 M urea-0.2 M

NaCl-0.02 M sodium glycinate solution, then gradual ly acidified by

addition of HCl for elution of BP. The BP was dialyzed against dis

ti I led water and lyophi Iized. The protein migrated as a single band

on polyacryl amide gels when electrophoresed at acid pH in 8 M urea.

The biologic activity of the BP was tested in well-nourished rats

(164); doses of 10 - 50 ug found to be highly encephalitogenic.

Primary induction of EAE. BP was dissolved in phosphate buf

fered sa line (PBS) and emulsified in an equal volume of complete

Freund's adjuvant (CFA), which was prepared by addition of 5 mg/ml

heat killed Mycobacterium butyricum (Difco Laboratories, Detroit,

MI) to Freund's incomplete adjuvant (Difco). Four-to-six-week-old

low protein diet nurtured (L.) rats and normal protein diet nurtured

(N) control rats were inoculated intradermally in the front and hind

footpads with 0.1 ml of the BP in CFA emulsion. Each rat received a

total of 50 ug of BP and 250 ug of mycobacteria. L and N rats ino

culated with 0. I ml of a 1: 1 (volume: volume) emulsion of PBS in CFA

served as controls. Rats were weighed at the time of BP

sensitization or CFA-inoculation and twice weekly thereafter.

Clinical evaluations. After sensitization rats were examined

daily for signs of disease and graded on a 0 to 5 scale as follows:
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0= no abnormal ity,

1 = f accid tail,

2= f | accid tail plus hind limb weakness,

3= parap legia,

4= quadrap legia or severe parap legia with inan it ion,

5= mori bund or dead.

Evaluations by two investigators yielded essential ly identical

results.

Histological examinations. At various times (7 to 18 days)

after sens it ization rats were sacrificed by ether overdose,

exsanguinated, and perfused with PBS followed by 10% acetate

buffered formal in . Brains and spinal cords were removed, fixed in

10% formal in, embedded in paraffin, sectioned, and stained with

hematoxyl in and eosin (H and E). Two transverse sections of the

cerebral hemispheres, cerebel lum, pons, medulla, and the cervical,

thoracic, and lumbar regions of the spinal cord of each animal were

examined by light microscopy for histological evidence of EAE. Sec

tions were graded on a 0 to 5 scale as follows:

0= no abnormality,

1= mild leptomening it is,

2= mening it is plus one well defined perivascular accumulation

of inflammatory cells,

3= mild parenchymal infiltrate and/or several perivascular

lesions,

4 = multiple perivascular lesions and extensive parenchymal

infiltrate,
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5= severe confluent lesions with parenchymal necrosis.

Lesions from each of the four CNS compartments (cerebrum, cerebel

lum, brainstem, and spinal cord) were scored separately and the

grades for all compartments were averaged for each rat. Random

specimens coded by the primary investigator were scored by one of

two other investigators who were unaware of the code. In the case of

rare discrepancies, grades were averaged.

In one experiment, sciatic nerves were also removed, fixed in

formal in, embedded in paraffin, sectioned and stained with H and E.

Trip licate longitudinal sections of each nerve were graded as fol

lows:

O= no abnormal ity,

-

1= mild local ized inflammatory cell infiltrate,

2= severe general ized infiltrate.

The grades for the three sections were averaged for each rat.

Determination of brain and spleen weights. Brains of N and L

rats that had been perfused with PBS followed by 10% acetate buf

fered formal in were severed from their respective spinal cords just

above the first cervical vertebra, removed, and weighed. In some

experiments, spleens were also removed and weighed prior to perfu

sion.

Determination of encephal ■ togenic activity of brain fissue from

protein-mal nourished rats. Four-week-old naive L rats served as

tissue donors. Donors were sacrificed, perfused with PBS and their

brains were removed, placed in glass vials, and quickly frozen by

immersion in a slurry of dry ice and absolute ethanol. Vials were
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stored at −70°C prior to use. Frozen tissue specimens from four L

rats were pooled, finely minced, and homogenized in an equal volume

of PBS. The homogenate was then emulsified in an equal volume of

CFA so that CNS tissue accounted for 25% of the resulting emulsion.

Five-week-old N and L recipient rats were inoculated intrader

mally in the front and hind footpads with 0.2 ml of the emulsion of

rat brain in CFA. Each rat received a total of 100 mg of brain tis

sue and 250 ug of mycobacteria. Rats were observed for clinical

signs of EAE for 14 to 17 consecutive days following sensitization.

Rats were then sacrificed and perfused, and their brains and spinal

cords were removed and processed for histological examination.

Determination of lymphocyte subpopulations of lymph nodes and

spleens. L and N rats that had been inoculated with BP emulsified

in CFA (L.--, and NB rats, respectively) for primary induction of EAEBP P

and control rats inoculated with CFA (L rats, respecCFA and NCFA
tively) were sacrificed on day 12 after inoculation. Their spleens

and cervical, axillary, brachial, iliac, and pop liteal lymph nodes

were removed and placed in chilled RPMI 1640 medium containing 25 mM

Hepes buffer (RPMI, Grand Island Biological Co., Grand Island, NY)

that had been supplemented with 2mm L-glutamine (Flow Laboratories,

McLean, WA) and 5% heat-inactivated fetal calf serum (FCS, Microbio

logical Associates, Bethesda, MD) (RPMI/FCS). Rats were then

exsanguinated and perfused as described. Brains and spinal cords

were removed and processed for histologic examination.

Red cell free, single cel I suspensions of spleens and lymph

nodes were prepared. Briefly, spleen and lymph node cells were
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dissociated by mincing followed by passage through stain less screens

and suspended in RPMI/FCS. (Spleens and lymph nodes from individual

rats were processed separately.) Cells were allowed to settle for 5

min at 4°C to remove tissue debris, then washed by centrifugation in

RPMI/FCS for 10 min at 200 g at 4°C and resuspended in 4 m I of the

same medium. Cell suspensions were layered over 3 m I of Lymphocyte

Separation Medium (LSM, Litton Bionetics, Kensington, MD) and cen—

trifuged for 25 min at 400 g at room temperature to remove red blood

cells. Cells in the interface layer were removed by gent le pipet

ting, washed three times by centrifugation in RPMI/FCS, and

resuspended in the same medium. Cells were counted, viabilities

determined by 1% trypan blue exclusion and the cell density was

adjusted to 5 x 10° white cells/ml in RPM/Fcs.

An indirect immunofluorescent staining procedure was used to

identify T lymphocytes and T cell subpopulations. Equal volumes (0.1

ml ) of each lymphocyte cell suspension and undi luted supernatant

fractions of one of three monoclonal IgG antibodies to rat T cells

were mixed and incubated under non-capping conditions with 0.02%

azi de for 30 m in at 4°C. Mouse anti-rat T cell IgG, clone W3/13 HLK,

(Sera-lab, Crawley Down, Sussex, England) which recognizes a l l T

lymphocytes was used to enumerate the total number of T lymphocytes

in each ce! I suspension (160,318). Mouse anti-rat helper T cell IgG,

clone W3/25 HLK (Sera-lab) and mouse IgG antibody to rat T cells

(non-helper subset), clone OX8–HL, (Sera-lab) were used to identify

T lymphocytes of the helper subset (TH) and non-helper subset (Tºu)NH’”

respectively (22,299,311). At the end of the incubation period,
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cells were washed twice in RPMI/FCS and the final cell pel lets were

mixed with 0.1 ml of a 1:5 dilution of fluoresce in-conjugated goat

anti-mouse IgG (Meloy Laboratories, Springfield, WA) in PBS and

incubated under non-capping conditions for 30 min at 4°C. (Before

use the fluoresce in-conjugated goat anti-mouse IgG serum was puri

fied by two passages over an immunoadsorbant column consisting of

purified rat IgG coup led to Sepharose 4B (Pharmacia Fine Chemicals,

Piscataway, NJ) to remove molecules that cross reacted with rat

IgG.) After this second incubation cells were washed three times in

RPM■ , resuspended in 0.5 ml in the same medium, and fixed with an

equal volume of 4% paraformal dehyde in PBS for 15 m in at room tem

perature (7). After fixation the suspensions were centrifuged at

200 g for 10 m in at 4°C and cells were washed once in chilled PBS.

The suspensions were stored in PBS at 5°C for a maximum of two weeks

before cells were examined by ultraviolet light and phase microscopy

for cell surface immunofluorescent staining using a Leitz Dial ux

microscope equipped with a 100 watt mercury arc lamp (E. Leitz,

Rock | eigh, NJ). A minimum of 200 lymphocytes were counted in each

test.

A direct immunofluorescent staining procedure was used to iden

tify surface Ig-bearing cells of the B lymphocyte subset (227,228).

Equal volumes (0.1 ml) of each | ymphocyte suspension and

fluoresce in-conjugated F(ab') fragment of goat anti-rat IgG, heavy2

and light chains, (Cappel Laboratories, Cochranville, PA) diluted

1:5 with PBS were mixed and incubated under non-capping conditions

at 4°C for 30 min. Cells were then washed twice in RPMI, fixed with



43

paraformal dehyde, washed in PBS, and stored before examination for

immunofluorescent staining as described above.

Fluorescent antibody staining of CNS tissue sections. Fluores

cent antibody staining was performed on trypsin-treated CNS tissue

sections according to the method of Swovel and and Johnson (283).

Briefly, formal in-fixed, paraffin-embedded sections of brains and

spinal cords of N and |-B rats were mounted on microscopic slides,BP P

deparaffinized in xylene, and rehydrated by passage through 100%,

95% and 50% ethanol. Tissue sections were r insed twice in PBS and

incubated at room temperature for 1 hr in 0.25% trypsin solution

(Grand Island Biological Co.) that had been adjusted with NaHCO +O

pH 7.6. After trypsin digestion, slides were washed twice in re: (pH

7.4) and the area surrounding the tissue was gently blotted dry.

An indirect immunofluorescent staining procedure was used to

identify T lymphocytes (irrespective of subset), Tu cells, and TH NH

ce | | s with in CNS lesions of N and |BP rats. Each of three difBP

ferent mouse monoclonal IgG antibodies to rat T cells (described in

the previous section) were applied undi luted to one of three slides

containing serial ly-sectioned, trypsin-treated CNS tissue from each

rat and incubated in a humidified chamber at room temperature for 45

min. Slides were washed twice in PBS (pH 7.4) for 5 min, excess PBS

was removed, and the tissue sections were stained for 30 min with

purified fluoresce in-conjugated goat anti-mouse IgG (described

above) that had been di uted 1:5 with borate buffered saline con

taining 0.5% bovine serum album in (BBS/BSA). Stained sections were

rinsed twice in PBS, mounted in 30% glycerol in PBS, and examined by
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phase and ultraviolet light microscopy for immunofluorescent stain

ing.

A direct immunofluorescent staining procedure was used to iden—

tify surface Ig-bearing B lymphocytes within CNS lesions of N dBP an

|BP rats. Fluoresce in-conjugated F(ab')2 fragment of rabbit anti-rat2

IgG, heavy and light chains, (Cappel) di luted 1 : 10 with BBS/BSA was

applied to a fourth serial section of CNS tissue from each rat. Sec

tions were incubated for 30 min, rinsed in PBS, and mounted before

being examined for immunofluorescent staining as described above.

Adjacent sections of each tissue were stained with H and E and

served as references for locating inflammatory infiltrates in

fluorescent antibody stained CNS tissue sections. Specificity of

immunofluorescent staining was judged by comparing tissue sections

and Lfrom NBP and |BP rats with those from N rats.CFA CFA

Determination of serum IgG concentrations. Blood was obtained
*

by cardiac puncture under ether anesthesia from N andBP, HBP., NcFA
L rats at various times after BP-sens it ization Or CFA

CFA

inoculation, respectively. Concentrations of IgG in the sera were

determined by quantitative single radial immunodiffusion according

to standard procedures (154). Briefly, solutions of 1% agarose

(Marine Col loid, Inc., Rockland, ME) in BBS containing 0.05 mg/ml of

rabbit anti-rat IgG (Cappel ) were a lowed to gel on glass plates.

Circular wells, 1.5 mm in diameter, were cut in the gels. Ali quots

of 5.0 ul of each serum were added to individual we s and the

plates were incubated at room temperature in humidified chambers for

18 hr. The concentration of IgG in each test serum was determined
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by the diameter of its precipit in ring from a standard curve in

which ring diameters of known concentrations of rat IgG standards

(Miles Laboratories, Inc., Elkhard, IN) were plotted on semi

logarithmic graph paper. Duplicate samples of each test serum were

measured and the average IgG concentration was estimated to the

nearest 10 mg%.

Measurement of serum antibody to myel in basic protein. A solid

phase radioimmunoassay (RIA) was used to measure antibody to puri

fied guinea pig BP in the sera of Nºe and |-B rats that had beenNP P

sensitized to BP 10 to 18 days previously. The technique, originally

developed by Randolph (230) as a double-antibody RIA and later modi

fied by Panitch (199,200) using staphylococcal prote in A (SPA),

measures anti-BP antibody of the IgG class.

Briefly, 16 X 125 mm tissue culture tubes (Falcon, Oxnard, CA)

were coated with 0.1 ml of purified BP at a concentration of 20

ug/ml in BBS, pH 8.0, by rotating the tubes at 0.5 rpm for 1 hr at

room temperature. The tubes were washed twice with 2 m I of BBS/BSA

and the wash fluid was aspirated to remove unbound BP. (Approxi

mately 1 ug of BP adhered to each tube when radio label led BP was

used). Duplicate serial dilutions of serum from each rat containing

known concentrations of IgG were incubated by rotation in the BP

coated tubes for 1 hr at room temperature. Tubes were then washed

twice with BBS/BSA and the fluid was aspirated after each wash. One

m I of a 1 mg/ml solution of 125

125

|-label led staphylococcal prote in A

( |-SPA, Pharmacia) in PBS containing approximately 50,000 counts

per minute (cpm) was added to each tube and incubated at room
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temperature for 90 min. SPA was radioiodinated by the chloramine T

method (97). After two washings with BBS to remove unbound radioac
125

tivity, the percent of bound |-SPA was determined in a gamma

counter (Model 7000, Beckman, Fullerton, CA). To correct for non

specific binding of SPA to BP, duplicate tubes were incubated with
125

BBS rather than serum and the proportion of |-SPA bound by con

trol tubes ( ; 3.7%) was subtracted from the percent bound by each

test serum. A binding curve was constructed for each serum by plot
125

ting the average percent of |-SPA bound by duplicate samples

versus the serum dilution. Proportion of 125 |-SPA bound by sera

from different rats were compared at corresponding concentrations of

IgG to compensate for possible non-specific binding of IgG to BP.

Sera from N and L rats inoculated with CFA alone served as controls.

Means and standard deviations (SD) were calculated and serum samples

from NEP and |-BP rats were designated positive if the quantity of
125 |-SPA bound was greater than 2 percent above the mean for their

respective controls.

De layed-type hypersensitivity skin tests. NBP and |BP rats

that had been sensitized to BP for primary induction of EAE were

sk in tested for de layed-type cutaneous reactivity to BP, to purified

protein derivative of tubercul in (PPD), and to rat serum album in

(RSA, Cappel ). Tests were initiated on day 9 after primary sensiti

zation in an attempt to achieve maximum reactivity (166,319). Skin

tests were performed on shaved areas of the back. Each rat was

injected intracutaneously at three separate sites with one of the

following combinations of proteins:
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1. 100 ug BP, 10 ug PPD, and 50 ug RSA each dissolved in 0.1

ml of PBS,

2. 50 ug BP, 50 ug PPD, and 10 ug RSA each dissolved in 0.1

-

m PBS, or

5. 10 ug BP, 100 ug PPD, and 100 ug RSA each dissolved in 0.1

-
m I of PBS.

Skin test sites were observed for erythema and induration at 6, 18,

24, 42, 48 and 72 hr following injection. At 72 hr, which

corresponded to day 12 after primary BP-sensitization, rats were

sacrificed and perfused with PBS followed by 10% acetate buffered

formal in. Skin specimens from each test site were fixed in forma—

| in, embedded in paraffin, sectioned, stained with H and E, and

examined by light microscopy for inflammatory cell infiltrates.

Skin sections were graded as follows:

0= no abnormal i ty,

1= mild inflammatory cell infiltrate,

* 3= moderate inflammatory infiltrate,

4= severe inflammatory infiltrate.

A minimum of three sections from each skin test site were examined

for each rat. Each section was scored separately and grades for the

particular site were averaged for each rat. Brains and spinal cords

were also removed and processed for histological examination.

Lymphocyte proll feration in vitro. Spleens and draining lymph

nodes from N and L rats that had been inoculated with 50 ug of BP

emulsified in CFA or with CFA alone 11 days previously were removed

and placed in chilled RPMI supplemented with 5% heat-inactivated
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FCS, 2 mM L-glutamine, 100 units/ml of penici I in, and 100 ug/ml of

streptomycin (MOD RPMI). Spleens and lymph node cells of NBP, |-BP,

NCFA and *CFA rats were processed separately. Cells were dissoci

ated, t issue debris was removed, and cells were washed three times

in MOD RPMI as described above. Cells were suspended at a final

density of 2 X 10° viable cells/ml in one of the following media:

1. MOD RPMI containing 1 ug/ml of Concanaval in A (Con A,

Miles-Yeda, Ltd., Rehovot, Israel),

2. MOD RPMI containing 20 ug/ml of BP,

3. MOD RPMI containing 20 ug/ml of PPD, or

-
4. MOD RPM|| a || One.

Concentrations of Con A, BP and PPD specified above were found in

preliminary experiments to be optimum in stimulating in vitro proli

ferative responses of lymph node and spleen cells from Nep rats.BP

-

Stimulation experiments were performed by a modification of a

published method (166). Ali quots of 0.2 ml of each cell suspension

were added to flat-bottomed wells of 96-well plastic microtiter

plates (Falcon). Quadrup licate cultures were established for each

variable. Cultures were incubated at 37°C in 5% C02 in a humidi fied

atmosphere for 68 hr at which time 0.5 uCi of *H-thymidine (New Eng

| and Nuclear, Boston, MA) was added to each we l l and cultures were

incubated under the same cond it ions for an additional 4 hr. Ce | | S

were then harvested on glass fiber filters using a MASH | | cell har

vester (Microbiological Associates, Bethesda, MD). Dried filter

discs were placed in counting vials containing 5 ml of scinti | lation

fluid (Econofluor, New England Nuclear) and DNA synthesis was
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quantitated by measuring the incorporation of *H-thymidine in a

liquid scintil lation counter (Model LS 3133P, Beckman, Fullerton,

CA). A stimulation index was calculated for each variable by divid

ing the mean cpm of radioactivity incorporated by quadruplicate

antigen or mitogen stimulated cultures by the mean cpm incorporated

by unst imulated cultures. An index of 2 or greater was regarded as

significant.

Adoptive transfer of EAE. N
BP and |-BP rats served as spleen

ce | | donors in adoptive transfer experiments. Donor rats were exam—

ined daily for clinical signs of EAE. On day 10, 11, 12 or 13 after

sensitization, they were sacrificed and their spleens were removed.

Representative animals from each donor litter were sacrificed and

their brains and spinal cords were removed and processed for histo

logical examination.

Spleen cells were dissociated as described above, washed twice

in MOD RPMI, suspended in the same medium, and counted. Spleens of

NBP donors yielded more than twice as many viable white cells as

those of |-BP donors (1.0 - 1.5 X 108 and 2.5 - 4.5 X 107
cells/spleen, respectively). Viabilities for all cell suspensions

were approximately 75% by trypan blue exclusion. Spleen cells were

pooled according to diet regimen.

To potentiate successful transfer of EAE using small numbers of

donor spleen cells, cells were "activated" by incubation in vitro in

the presence of Con A prior to transfer according to the method of

Panitch and McFar I in (201). In brief, cells from NBP and |BP donors
6were suspended at a concentration of 2 X 10° cells/ml in MOD RPMI
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containing 1 ug/ml of Con A and incubated at 37°C for 72 hr in 5%

C02 in 75 cm.” tissue culture f l asks (Corning Glassware, Corning, NY)

with 50 ml of cell suspension per flask. At the end of the

incubation period, cells were washed three times to remove Con A and

resuspended in MOD RPMI at a cell density of 1 – 2 X 107 viable

white cells/ml. Cell suspensions were maintained at 4°C prior to

transfer.

Four-to-six-week-old L and N rats served as recipients. Each

recipient received 1 – 4 X 107 Con A-activated, spleen cells from

N.-- or L
BP B

observed for clinical signs of EAE for 8 to 10 consecutive days

P donors by intraperitoneal inoculation. Recipients were

following transfer. At the end of the observation period,

recipients were sacrificed and perfused with PBS and 10% formal in.

Brains and spinal cords were removed and processed for histological

examination.

Immunological supplementation experiments. In an attempt to

potentiate EAE in Lee rats, rats were supplemented with whole spleenBP

cells, macrophage-depleted spleen cells or peritoneal exudate cells

from N rats at the time of primary sensitization with BP. Four-to

six-week old unsensitized N rats served as spleen cel I donors in

supplementation experiments. Donors were sacrificed by ether

overdose. Spleens were removed and placed in chilled MOD RPM1.

Cells were dissociated, pooled, and allowed to settle to remove

tissue debris as described above. Cells were then washed twice in

8MOD RPMI and resuspended at a density of 5 X 10° viable cells/ml.

Cell suspensions were divided into two a liquots: one was maintained
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at 5°C without further treatment (whole spleen cell suspension) and

the other was depleted of macrophages according to the method of Ly

and Mi She (153).

To remove macrophages, 4 m a li quots of the second cell

suspension were first layered over 3 ml of LSM and centrifuged for

25 m in at 400 g at room temperature. Cells in the interface layer

were collected by gent le pipetting, washed twice in MOD RPMI and

8 viableresuspended in the same medium at a concentration of 1 X 10

white cells/ml . Five ml of the cell suspension were applied to a 40

ml column of Sephadex G-10 prepared in a 50 ml syringe barrel and

eluted at room temperature with steri le RPMI (153). After

fractionation, cells were a lowed to settle for 3 m in to remove

Sephadex particles, washed twice in MOD RPM1, and resuspended in the

7 viable cells/ml. Cellsame medium at a cell density of 4.5 X 10

recovery was approximately 20% with < 0.1% of the cells showing

alpha-napthyl butyrate esterase activity specific for cells of the

monocyte-macrophage lineage (138). Cell surface immunofluorescent

staining, performed as described above, revealed that 57% of the

cells were T lymphocytes, 40% were TL cells, 18% were TNH cells, andH

35% were surface Ig bearing cells. Viability of recovered cells as

determined by trypan blue exclusion was 98%.

Four-to-six-week-old naive N rats served as peritoneal exudate

cell (PEC) donors. Donors were inoculated with 10 ml of a 10%

solution of proteose peptone in steri le disti I led H2O (PP, Difco2

Laboratories, Detroit, MI). On day 4 after PP-inoculation, rats

were sacrificed and peritoneal lavage was performed with 50 m I of
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PBS containing 5 units/ml of heparin. The cells were washed three

times in PBS without heparin, counted and viabilities were

determined by 1% trypan blue exclusion. Cells were suspended in MOD

RPMI at a final density of 5 X 106 viable white cells/ml. 85 – 90%

of the PEC stained positively for alpha-naphthyl butyrate esterase.

Four-to-six-week-old |-BP rats served as recipients. At the

time Of BP-sensitization, recipients Were inoculated

intraperitoneal Iy with 2 m I of MOD RPMI containing 1 x 108 spleen

ce || s, 9 X 107 macrophage-depleted spleen cells, or 1 X 107 PEC from

N donors, or 2 m I of medium a lone. Age-matched, unsupplemented,

BP-sensitized littermates of supplemented |BP rats served as

control s.

Rats were observed for clinical signs of EAE for 12 to 19

consecutive days following BP-sensitization. At the end of the

observation period, rats were sacrificed and perfused. Brains and

spinal cords were removed and processed for histological

examination.

Statistical analysis. Whenever statistical analysis was

performed, differences between means were tested for significance by

Student’s t tests were used; differences in proportions were tested

for significance by Chi square analysis. The level of significance

was set at 0.01 in a l l cases.
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RESULTS

Effect of protein-mal nutrition on body weight. The body

weights of 480 L rats from 55 different litters and of 353 N control

rats from 36 litters were determined at weekly intervals beginning

at birth. Growth curves for L and N rats up to 6 weeks of age are

presented in Figure 1. Mean body weights of L rats were reduced sig

nificantly compared to mean body weights of N rats determined at

corresponding ages (p < .0005 for all time points after birth). The

average reduction in body weight for L rats relative to age-matched

control rats was greater than 60% for two-week-old rats, greater

than 70% for four-week-old rats, and greater than 80% for six-week

old rats. Body weights of individual animals varied inversely with

litter size, with smaller litters tending to have heavier members.

In addition, there were striking sex differences in body weights of

N rats; four-week-old female rats weighed 5 to 10 g less than their

male littermates and by 6 weeks of age differences of over 25 g were

commonly observed. In contrast, there were no significant sex

differences in body weights of L rats up to 6 weeks of age.

Primary induction of EAE.

C in ical observations. |-BP and NBP rats were examined for

clinical signs of EAE for 7 to 23 consecutive days following footpad

inoculation with 50 ug of BP emulsified in CFA. The overall time

course and severity of clinical disease in NEP and |-BP rats are

presented in Figure 2.
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FIGURE 1. Body weights of protein-malnourished and well-nourished
control rats as a function of time after birth. 480 L rats and 555
N rats were weighed at birth and at the beginning of each successive
week of life. As rats were sensitized beginning at 4 weeks of age,
their body weights were determined but were excluded from calcula
tions of the mean for their group due to injection association and
disease associated weight losses. However, each data point
represents the mean body weight + standard error of the mean
(S.E.M.) for at least 78 rats. The symbol, e—e, corresponds to L
rats; the symbol, o----- o, corresponds to N rats.
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FIGURE 2: Severity of clinical EAE in protein-malnourished and
well-nourished Lewis rats as a function of time after BP
sensitization. Rats received 50 ug of BP emulsified in CFA divided
among all four footpads. The mean S.E.M. for Lee (s—s ) and Nee
(o----- o) rats observed on a particular day are presented. No dº
point represents the mean for less than 18 animals. (See Table 1 for
the actual number of animals studied on each day). Clinical grading
based on a 0 to 5 scale of increasing severity. Zero grades included
in calculation of the mean.
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A total of 214 N rats from 28 different itters were studied.
BP

At the time of sensitization, the mean body weight for rats in this

group was 107.7 ± 27.6 g and their ages ranged from 28 to 42 days

(mean 33.6). Five rats were sacrificed on day 7 following BP

sensitization prior to the onset of clinical signs. Of the remain

ing 209 N rats, 205 (or 98.11%) developed acute monophasic EAE.BP

Initial signs of f l accid tails or pares is appeared 8 to 10 days

after sensitization. A | | but 5 of the an imals that were observed

for at least 2 days after onset of EAE progressed rapidly to severe

disease with parap legia (grade 3) or quadrap legia (grade 4) accom

panied by acute weight loss. Weight losses ranged from 6.4 to 43.2

g, which corresponded to reductions of 4.1 to 26.3 percent of body

weight prior to onset of signs. The clinical picture for NBP rats

reached a maximum on day 12, after which time rats segregated into

two numerical I y equal but distinct groups: those that survived the

acute phase and those that quickly deteriorated to end stage disease

(grade 5). Terminal illness was heral ded by inanition, incontinence

of feces and urine, and abnormal respiration. In surviving rats,

recovery was gradual. No rat showed signs of recovery until at least

the fourth day after onset of clinical signs and complete recovery

required up to three additional days. Unlike EAE in guinea pigs

which is more severe in females (270,273), EAE in well-nourished

Lewis rats was of equal severity in the two sexes. There was, how

ever, a tendency toward a more prolonged course in female rats.

Two hundred forty-four |BP rats from 36 different litters were

also studied. At the time of sensitization, the mean body weight
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for rats in this treatment group was 23.3 + 4.9 g and their ages

ranged from 28 to 42 days (mean 33.6). Clinical disease was not

detectable at any time during the observation period in 217 (or

88.9%) of the 'er P rats that did
exhibit clinical signs of EAE tended to experience a more benign

rats studied. Moreover, the 27 |-B

form of disease and a more transitory course (Table 1). Clinical

signs, when present, appeared in it i a 1 ly 10 to 12 days after sensiti

zation. Thus there was a lag period of approximately two days in

rats wereonset of EAE in Lep rats compared to Nep rats. Four LBP BP BP

sacrificed when they first showed signs of limp tails or mild

hind limb weakness and one animal died suddenly on day 11 after sen

sitization without having developed previous signs of EAE. Of the

remaining 22 cl in ical I y positive |BP rats, only 10 had progressive

disease; 6 had mild hind limb weakness, 3 became parap legic, and one

died on the second day of illness after exhibiting pares is on the

first day. Clinical disease was accompanied by detectable weight

loss in only 6 animals, all of which had signs of at least grade 2.

In these animals weight losses of 0.4 to 3.8 g corresponded to 2.5

to 15.6% reductions in body weight prior to onset of disease. The

overal I clinical picture for Lee rats reached a maximum on day 12BP

following sensitization (Figure 2), but the greatest proportion of

rats had clinical signs on day 13 and signs in affected animals were

most severe on day 11 (Table 1). Rats observed following onset of

EAE recovered rapidly and no |BP rat showed signs for more than a

total of 4 days. There were no sex differences in susceptibility to

EAE or in severity of disease in |BP rats.



55a

l

TABLE 1

Clinical EAE in Well-Nourished and Protein-Malnourished Rats

Diet Day(s)" Percent Positive” Average Grade”

Norma | Prote in 1-6 0.0 (0/214) N. A.
7 0.9 (2/214) 1.0 + 0.0
8 27.8 (58/209) 1.4 + 0.8
9 71.4 (147/206) 2.1 + 0.9

10 89.4 (168/188) 2.8 + 1.0
11 94. 1 ( 144/153) 3.2 + 0.9
12 94.6 (105/111) 3.5 + 1.0
13 87.9 (51/58) 3.0 + 0.9
14 83.7 (36/43) 2.0 + 1.1
15 88.6 (31/35) 1.7 ± 1.1
16 80.0 (24/30) 1.7 ± 1.3
17 5.0 (18/24) 1.4 + 1.0
18 20.8 (5/24) 1.2 + 0.4
19 5.6 (1/18) 1.0 + 0.0

20-23 0.0 (0/18) N. A.

Low Prote in 1-7 0.0 (0/244) N. A.
8 0.0 (0/242) N. A.
9 0.0 (0/240) N. A.

10 3.1 (7/228) 1.3 + 0.5
11 8.4 (16/191) 1.7 ± 1.3
12 15.3 (19/124) 1.5 + 1.0
13 17.5 (14/80) 1.4 + 0.7
14 9.5 (6/63) 1.2 + 0.4
15 3.2 (2/63) 1.0 + 0.0
16 0.0 (0/51) N. A.

17-18 0.0 (0/33) N. A.
19–23 0.0 (0/21 ) N. A.

Day after BP-sensitization with 50 ug BP emulsified in
CFA.

Percent of animals studied that exhibited clinical
signs. Proportion of positive animals in parentheses.

Mean clinical grade + S.D. Only grades for clinical ly
positive animals were used to calculate the mean. Grad
ing on a 0 – 5 scale of increasing severity. N. A. = not
applicable.
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Susceptibility to EAE was dramatical I y reduced in |-EP rats

rel at i ve to NEP rats and the proportion of affected animals was sig–

nificantly lower in the malnourished group on corresponding days (p

< .0005 on days 10 through 15). When a lowed to recover, Lee ratsBP

exhibited signs for a maximum of 4 days, whereas NEP rats showed

signs for a minimum of 4 days. In comparing the overall clinical

status of the two groups of sensitized rats, signs were minimal in

the |-EP group. Furthermore, when compared on corresponding days,

the mean clinical grades for clinical I y positive L rats wereBP

always lower than those for affected Nep rats. The maximum clinicalBP

grades occurred on day 11, 12 or 13 following sensitization for

individual L rats and on days 10 – 15 for individual NE rats.BP P

The mean of the maximum clinical grade for affected |-BP rats (1.8 +

1.1) was significantly lower than the mean (3.8 + 0.9) for affected

NBP rats (p 2 .001). (Grades for animals that were observed for less

than 11 days after BP-sensitization were omitted from calculations

-
of these means).

To determine whether the relative inhibition of clinical EAE in

malnourished rats resulted from an excessive dose of the antigen

(243,301) the following experiment was performed: ten one-month-old

L rats were sensitized with decreasing doses of BP emulsified in CFA

containing 250 ug of M. butyricum. Four rats received 10 ug of BP,

2 received 5 ug, 2 received 0.5 ug, and 2 received 0.05 ug. Rats

were observed daily for 12 days following sensitization during which

time none of the rats showed clinical signs. Furthermore, only 3 of

the 4 rats that received 10 ug had lesions, those that received 5 ug
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had only mild lesions (grades 1 or 2) which were confined to the

spinal cord, and rats that received less than 5 ug had no histologi

cal evidence of disease. Therefore, it was unlikely that the

lowered susceptibility to EAE in |BP rats was due to antigen-induced

to erance.

Thirty-one age-matched N and L control rats were inoculated

with CFA alone and observed for up to 23 days following injection.

A || 31 of the N rats remained asymptomatic throughout the obserCFA

vation period as did 30 of the L rats. One L rat was ataxicCFA CFA

and appeared to have sore hind limb joints, most likely associated

with adjuvant induced arthritis (295). Mild weight loss for one to

two days immediately following injection was observed in most CFA

inoculated rats. Comparable reductions of 2% of body weight at the

onset of the experiment were also observed in BP-sensitized rats at

this time. These initial "injection trauma" weight losses were

always quickly overcome and were distinct from the disease

associated weight losses described above.

Histological observations. Brain and spinal cord sections

from BP-sensitized N and L rats were stained with hematoxyl in and

eos in and examined by light microscopy for histological evidence of

EAE. The severity of histological disease in Nep and |BP rats onBP

days 7 - 18 after sensitization is presented in Figure 3.

CNS t issue from 84 NBP rats was examined. Characteristic

lesions of EAE consisting of men ingeal and/or perivascular parenchy

mal inflammatory cell infiltrates rich in lymphocytes and macro

phages were present in 81 (or 96.4%) of the Nep rats studied (FigureBP
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F |GURE 5. Histological EAE in protein-malnourished and well
nourished rats as a function of time after BP-sensitization. Tissue
sections from four CNS compartments (cerebrum, cerebel lum, brainstem
and spinal cord) were stained with H and E and examined microscopi
cal ly. Histological grading based on a 0 – 5 scale of increasing
severity. Sections from each CNS compartment were scored separately
and grades for all compartments were averaged for each rat. Each
data point represents the mean + S.E.M. for at least 2 rats. The
symbol, 0–0, corresponds to |BP rats; the symbol, O----- O,
corresponds to NBP rats.
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4). Infiltrates lacked polymorphonuclear leukocytes and only occa

sional plasma cells were observed. Of the 3 NBP rats that did not

have lesions, one was sacrificed on day 7 prior to onset of clinical

disease and the others were sacrificed on day 18 at which time one

had already recovered. The other animal that lacked lesions on day

18 was one of the rare Nep rats that never exhibited clinical signs.BP

In Nep rats, mild men ingeal infiltration of the spinal cord wasBP

first observed on day 7 after BP-sensitization, on day 8 infiltra

tion extended to the subarachnoid space surrounding the medulla and

pons, and by day 9 peri vascular accumulations of mononuclear cells

were present throughout the neuraxis (Figure 5). Parenchymal infil

trates were initial ly confined to white matter, but as disease pro

gressed cells began to accumulate around blood vessels in the gray

matter and eventually diffuse spreading of cells to the adjacent

parenchyma was apparent. Lesions were general I y most severe in the

brain stem and spinal cord, less prominent in the cerebel lum, and

|east prominent in the cerebrum. On most days, however, ranges in

severity of lesions in each of the four CNS compartments over I apped

and on days 11, 12 and 13 several animals had lesions of maximum

severity (grade 5) in a compartments. Histopathological changes

in NBP rats as a group were most striking on day 12 (Figure 5),

which corresponded to the time when clinical disease was also max

imum. Widespread confluent lesions accompanied by underlying tissue

necrosis were common at this time. The severity of lesions

decreased gradually after day 12. Both gray and white matter lesions

became less numerous, but the distribution of lesions throughout the

--
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FIGURE 4. Typical perivascular and parenchymal mononuclear cel I in
filtrates in the CNS of well-nourished rats 12 days after BP
sensifization. TA. SEThaïTCOFT(90X).TE.T Cerebel■ um T(T20X). TC.
Medu | | a (110X). H and E.
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FIGURE 5. Distribution and severify of CNS lesions in protein
malnourished and well-nourished rats as a function of time after
BP-sensitization. H and E stained sections of cerebrum, cerebel lum,
brainstem and spinal cord of Lep and N P rats were examined micros
copical ly for evidence of EAE Dâta pºinº represent the mean histo
logical grade for at least two rats. The symbol, e—e ,
corresponds to |BP rats; the symbol, o----- o, corresponds to NBP
rats.
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neuraxis remained the same. The ratio of macrophages to lymphocytes

in inflammatory infiltrates, however, appeared to increase with

time. Lesions were present in a || Nep rats studied on days 15 andBP

16, although some animals had already recovered from acute

paralysis. On day 18 complete recovery, i.e. both histological and

clinical, was first noted. Luxol fast blue staining specific for

myel in did not reveal primary demyelination at any stage of observa

+ ion.

In general, histological findings were correlated with clinical

findings in NEP rats (Figure 6). Clinical disease was always accom

panied by histological EAE and histological EAE manifested itself as

acute paralytic disease, except for the latent period in which

infiltrates preceded onset of clinical signs and the recovery period

when residual lesions were present. Furthermore, on days 8 - 13,

when both lesions and clinical signs were present, clinical

responses of NEP rats were directly proportional to histological

responses.

In contrast, there was a distinct lack of correlation between

histological and clinical findings in Lee rats (Figure 6). CNS tisBP

sue specimens from 125 Lee rats were examined. Although the majorityBP

of |BP rats (107/125 or 85.6%) had lesions, only 16 rats showed

clinical signs of EAE. Moreover, the character of the lesions, i.e.

the cellular components of the infiltrates and their distribution

throughout the neuraxis, was typical of EAE (Figure 7). Thus, inhi

bition of histological EAE was not a prerequisite for inhibition of

c 1 in ica | EAE.
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FIGURE 6. Histological and clinical findings in BP-sensitized
protein-malnourished and well-nourished rats. The percentage of |BP
and N P rats that were free of both histological and clinical mafiifestºions of EAE (white bars), had CNS lesions but did not show
clinical signs (striped bars), or that had lesions and also showed
clinical signs (shaded bars) on days 7 - 18 after BP-sensitization.
Eighty-five NBP rats and 125 |-BP rats were studied.
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Although the proportion of |BP rats with lesions was comparable

+O that Of NEP rats, histological EAE was of shorter duration and

pathological changes were less intense initial Iy. Onset of histo

logical EAE was de layed by approximately two days in |BP rats com—

pared to NBP rats. Inflammation was absent on days 7 and 8 (Figure

3) and only one of the 7 Lee rats studied on day 9 demonstrated mildBP

men ing it is, which was confined to the spinal cord. Lesions pro

gressed slowly in |BP rats, particularly in the cerebel ■ um and cere

brum which remained uninvolved in 4 of the 14 rats studied on day

10, 6 of the 19 studied on day 11, and 6 of the 36 studied on day

12. Up until day 13, lesions in each of the four CNS compartments

were much less severe in |BP rats than in NEP rats. At the height of

histological EAE in |BP rats on day 13, however, their inflammatory

responses attained the intensity of those of NBP rats (Figure 5).

Lesions in the 11 |BP rats studied on day 13 involved a■ I four CNS

compartments and consisted of dense accumulations of mononuclear

ce | | s around blood vessels in both the gray and white matter which

invaded the adjacent parenchyma sometimes producing diffuse areas of

tissue necrosis (Figure 7). The severity of lesions in these rats

was remarkable in that none of them had developed clinical signs.

Histological changes in Lee rats closely parall eled those of NBP BP

rats on days 15 and 16, but lesions of moderate severity persisted

in Lee rats on day 18, at which time inflammatory infiltratesBP

appeared to contain a greater proportion of macrophages than they

had earl ier.
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FIGURE 7. Typical perivascular and parenchymal cell
infiltrates in Lap rats 13 days after sensitization.jºini cárdºšoj ■ í ú■ íb■ ij■ n (ij■ jºerebrum (120x).
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In summary, clinical responses of L
BP

their histological responses. Clinical EAE was a ways accompanied
rats did not parallel

by histological EAE, but most 85.6% of the rats with lesions never

showed signs. Although clinical I y positive |BP rats tended to have

more severe lesions than asymptomatic |BP rats examined on the same

day after BP-sensitization, individual animals with lesions of max

imum severity (grade 5) did not necessarily exhibit clinical signs.

NCFA and |-CFA control rats were also examined for histological

evidence of disease at various times after CFA inocul at ion and were

found to be free of CNS lesions.

To assess peripheral nerve (PN) involvement, sciatic nerves

from N LBP, HBP, NCFA
previously were removed and examined for inflammatory infiltrates.

and | CFA rats that had been inoculated 12 days

Histopathological changes in PN corresponded to clinical findings.

Severe infiltration (grade 2 on a scale of 0 to 2 of increasing

severity) was observed in the PN of 3 of the 4 NBP rats examined

(Figure 8), while the other showed mild infiltration. A || 4 rats

were acutely paralyzed. Inflammatory cells were not detected in the

PN of the NCFA rat. Of 4 clinical I y negative |BP
no lesions and the fourth had minimal PN involvement (grade 1). The

rats studied, 3 had

*CFA rat also had no lesions.

Characteristics of lymphocytes in CNS inflammatory infiltrates.

CNS tissue sections from representative NBP rats with acute para

lytic EAE and asymptomatic |BP rats were studied to determine if

qualitative differences in populations or subpopulations of lympho

cytes in inflammatory infiltrates of NBP and |BP rats existed. CNS



FIGURE 8. Peripheral nerve infiltrates in a well-nourished
rat with EAE.TA. Mononuclear cell infitrate in sciatic nerve
of well-mourished rat with EAE 12 days after sensitization to
myelin basic protein. H and E (150X). B. Detail from Figure A
to show perivascular accumulation of mononuclear cells.
H and E. (360X)
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t issue sections were selected for immunofluorescent studies on the

basis of histopathological findings in adjacent sections that had

been stained with H and E. Sections from N rats with severe
BP

lesions (grades 4 or 5) and sections from |-B rats with moderateP

lesions (grades 2 or 3) were considered typical for NBP and |-BP rats

on day 12 after primary sensitization.

B cells were detected in a || CNS t issue sections. In both NBP

and |BP rats, B cells were found primarily in perivascular loca

tions, but some B cells were also identified in discrete foci of

inflammatory cells within the CNS parenchyma and subarachnoid space

(Figure 9). There were no obvious differences in the distributions

of B cells in lesions throughout the neuraxes of N P and |BP rats.B

The walls of numerous blood vessels also stained intensely and uni

formly with the fluoresce in-conjugated F(ab')2 fragment of mouse

anti-rat IgG serum. Sections from N and *CFA rats showed onlyCFA

faint uniform staining, which was slightly more intense around the

edges of the sections. Similar background staining was observed in

sections from BP-sensitized rats.

T, TH, and "NH cells were most commonly observed in well

defined inflammatory cell infiltrates within the CNS parenchyma, but

perivascular accumulations of inflammatory cells and cells in the

subarachnoid space also stained positively (Figure 9). Although

corresponding foci of inflammatory cells on adjacent tissue sections

did not necessarily stain for all three T cell markers, there were

no obvious differences between N and |-BP rats with respect to theBP

distribution of foci that stained positively for a particular T cell



FIGURE 9. Immunofluorescent staining of cellular infiltrates in
well-nourished and protein-malnourished rats 12 days after sensiti
zation with basic protein. (400X). A. Ig-bearing B lymphocytes in
men ingeal infiltrate of NBP rat. B. Ig-bearing lymphocytes in
perivascular infiltrate of L P rat. C. "N cells in perivascular
infi | frate of NBP rat. D. *. ce || s in m■ Ringeal in fi |frate of |BP
rat.



63

marker. In addition, the proportions of lesions containing T cells

of a particular subset were comparable in NEP and |-BP rats. There

was no nonspecific staining using any of the three monoclonal mouse

IgG antibodies, other than the very faint background staining ob

served in CNS t issue sections of both BP-sens it i zed and CFA

inoculated rats.

When corresponding foci of inflammatory cells on adjacent sec

tions were positive for more than one T cell subpopulation or for

both T and B cells, fluorescent staining out lined the surface of

many cells in each focus, but the dense accumulations of cells

with in most lesions made it impossible to determine accurately the

number of cells of each type that were positive.

Effect of protein-malnutrition on the central nervous system.

Brain weights. Comparison of the mean brain weights of

five-to-six-week-old |BP and NBP rats revealed a significant reduc

tion of 0.414 g in |BP rats (p & .0005, Table 2). This represented

a decrease of 24.4% relative to brain weights of NBP rats. Nonethe

less, brain weight was only moderately reduced by protein

malnutrition compared to the dramatic reductions in body weights ob

served in the same |BP rats (mean body weights 29.9 vs. 116.2 g for

NEP rats). On the average, body weights of |BP rats were 74.3% lower

than those of NBP rats. This threefold increase in the ratio of

brain to total body weight indicates that there is relative sparing

of the brain in protein malnutrition.

Encephalitogenic activity of whole brain tissue from

protein–malnourished rats. To determine whether defective or insuf
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TABLE 2

Comparison of Brain and Body Weights
of Malnourished and Well-Nourished Rafs

Rats n Brain Weight Body Weight Brain Weight
(grams) (grams) Body Weight

BP 49 1.281 + 0.062 29.9 + 4.3 0.043

33 1.695 + 0.116 116.2 + 23.8 0.015BP

Brain and body weights of five-to-six week old L
Values are presented as mean ± S.D.
n = number of animals studied.
Brain weights were estimated to the nearest tenth of a gram to
calculate the brain and body weight ratio.

and NB rats.BP P
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ficient target antigen in the CNS of L rats was a limiting factor in

the development of EAE in L rats, their brain tissue was bioassayed

for encephalitogenic activity in five-week-old N rats. Encephalito

genic activity was present in the CNS of L rats by 4 weeks of age.

A | | N rats inoculated with L rat brain t issue emulsified in CFA ex

hibited clinical signs of EAE ranging from f | accid tails to hind

| imb paralysis (grades 1 - 3). Signs appeared initial I y on day 10

following sensitization, were maximum on day 12, and rats began to

recover on day 13 or 14, so that they showed signs for at least 4

days. On microscopic examination, dense accumulations of mononu

clear cells were distributed throughout the neuraxes of all N rats

(Figure 10).

Brain tissue from L rats was also encephalitogenic in other L

recipients with 2 of 5 L rats developing clinical signs. One of the

affected rats had mild, non-progressive disease ( limp tail for 5

consecutive days beginning on day 13 following sensitization). The

other affected L rat first showed signs on day 14 which progressed

rapidly to end stage disease (grade 5). Microscopic examination re

vealed moderate to severe lesions in a || 5 L recipient rats. Mononu

clear cells were distributed throughout the CNS in most rats, but

were most prominent in the brain stem and spinal cord (Figure 9B).

Although the mean histological grade for L rats (3.2 + 1.5) was

lower than the mean for N rats (4.6 + 0.3), the two L rats with

clinical signs had lesions comparable in severity to those of N rats

(grades 4.5 and 4.8).
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Effect of protein-malnutrition on immune system.

Spleen weights. Spleen weights of five-to-six-week old

L N L and N rats that had been sensitized to BP or inoBP " ''BP' -CFA CFA

culated with CFA, respectively, 10 to 12 days previously were deter

mined. (Comparison of mean spleen weights of |BP and L rats toCFA

those of their respective well-nourished control rats revealed aver

age weight reductions of 0.206 g in |BP rats and 0.705 g in |-CFA
rats. These represented decreases of 71.0% and 91.3%, respectively,

and were statistical ly signficant (p < .0005 in both cases). The

effects of protein-malnutrition on spleen weights and body weights

were comparable in Lee rats and slight | y more pronounced in spleensBP

in L rats. (Decreases in body weights of Lep and L rats relaCFA BP CFA

tive to their controls were 70.7% and 82.3%, respectively). Thus

sparing of splenic lymphoid tissue in protein-mal nutrition did not

occur (Table 3).

Comparison of the mean spleen weights of NBP and NCFA rats re

vealed a reduction of 0.482 g (62.4%) in Nep rats which was sign if iBP

cant ( p < .0005). This decrease was substantial relative to the de

crease of 41.3% in average body weight of Nep rats compared to thatBP

of N rats and suggests that during the course of EAE spleen cellsCFA

Of NBP rats were being mobilized. When the mean weights of |BP and

*CFA rats were compared, the mean for |BP rats was greater and this

increase in spleen weight was not accompanied by a correponding in

crease in average body weight of |-B rats compared to L rats.P CFA

Therefore, there was no reason to suspect that spleen cells of |-BP

were being mobilized to a greater extent than spleen cells of *CFA



TABLE 3

Comparison of Spleen and Body Weights of
Prote in-Ma | nourished and We | | -Nourished Rats

Rats n Spleen Weight Body Weight Spleen Weight/
(grams) (grams) Body Weight

BP 25 0.084 + 0.021 30.4 + 4.3 0.003

BP 17 0.290 + 0.048 103.8 + 20.7 0.003

CFA 7 0.067 + 0.010 31.3 + 3.2 0.003

8 0.772 + 0.147 176.9 + 20.7 0.004CFA

Spleen and body weights of five-to-six week old N and L rats
that had been sensitized with 50 ug of BP in CFA or inocu
lated with CFA 10 - 12 days previously. Values are
presented as mean + S.D. Spleen weights were estimated to
the nearest tenth of a gram to calculate the spleen weight
to body weight ratio.
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rats.

Lymphocytes in lymph nodes and spleens. T and B lympho

cyte populations and T cell subpopulations of lymph nodes and

spleens from 7 NBP, 7 |-BP, 4 NCFA and 4 |-CFA rats were determined on

day 12 following BP-sensitizati ion or CFA-inoculation, respectively.

At the time of evaluation, clinical signs were absent in all |-BP
rats and in CFA control rats, whereas N rats showed moderate toBP

severe signs of acute paralysis (grades 3 or 4). On microscopic ex

amination, only CNS tissue from BP-sensitized rats had mononuclear

infiltrates, with lesions of NBP rats being more severe than those

of L rats (means t S.D., 4.4 + 0.3 and 2.4 + 1.1, respectively) inBP

these selected groups.

Lymphocytes isolated from spleens and lymph nodes were 95 – 98%

H' "NH
or B cel I specific antisera. Results of cell surface immunofluores

viable by trypan blue exclusion prior to incubation with T, T

cence studies are summarized in Figures 11 and 12 for lymphocytes

from lymph nodes and spleens, respectively.

Ratios of T cells to B cells in lymph nodes and spleens of all

rats were characteristic for the particular tissue (77,517,318). T

cells plus B cells accounted for 95 – 100% of all cells in each tis

sue. There were no significant differences in mean B cell percen—

tages among the four groups of rats in either lymph nodes or

spleens. T cel I percentages for all rats were also comparable when

evaluated in the same t issue. "H cells always accounted for a

greater proportion of total T cells than did "NH ce | | s. There were

no significant differences in TH cell percentages among the four



i
i

FIGURE 11.
and well-nourished rats.

T CELLS

NBP LBP NCFAl-cFA

r TH CELLS
6O H

4OH

NBP LBP NCEALCFA

B CELLS

NBP -BP NCFAl-cFA

TNH CELLS

3. 2. &

NBP LBP NCFAl-cFA
RAT GROUP

Lymphocyte population of lymph nodes of protein-malnourished

that were B, T, Tu and T
CFA-inoculated N §nd L rºs.
S.E.M. are indicated by "I". N
an indirect immunofluorescent staihing te!hnique using monoclonal mouse
IgG antibody against rat T, Tu and T
surface staining with fluoresdein-conjugated F(ab')2 fragment of goat
anti-rat IgG (heavy and light chains) was used to éét

cells, respectively.

The percent of the total number of Tymphocytes
cells are presented for BP-sensitized and

Bars represent the mean for each group;
T, T cells were enumerated by

Direct cell

imate B cells.



T CELLS B CELLS

NBP LBP NoFALCFA NBP LBP NCEALCFA

60T
TH CELLS TNH CELLS

>

NBP LBP NoFALCFA NBP LBP NoFALCFA

FIGURE 12. Lymphocyte populations and subpopulations of spleens
of protein-malnourished and well-nourished rats. The percent of
the total number of splenic lymphocytes that were B, T, Tu and
TNu cells are presented for BP-sensitized and CFA-inoculated N
âHä L rats. Abbreviations and methods as in Figure 11.



67

groups of rats in either lymph nodes or spleens. When evaluated in

the same tissue, Tºlu cell percentages for all rats were also comparNH

able.

Serum IgG concentrations. Concentrations of IgG in the

sera of N and L rats were determined by single radial immunodiffu

sion 10 – 18 days after BP-sensitization or CFA-inoculation. Results

are summarized in Table 4. Concentrations of IgG in the sera of

N L-- and LBP “BP CFA

centration for NCFA rats was slightly lower than the other means.

Serum IgG levels did not vary uniformly with the time after BP

rats were comparable, but the mean serum IgG con

sensitization or CFA-inoculation for rats in any test group.

Effect of protein-malnutrition on Immune responses to myel in

basic protein and other antigens.

Anti-myel in basic protein antibody formation. Sera of |BP

and NBP rats were tested for anti-BP antibody of the IgG class by

radioimmunoassay. Due to variations in serum IgG levels among test

rats (range 100 – 280 mg%), comparison of the sera at equivalent IgG

concentrations was essential. In Figure 13, sera of 49 Lop rats andBP

35 NEP rats that had been sensitized 10 – 18 days previously are

compared at a concentration of 1 mg IgG/100 ml serum, which was

equivalent to 1 ug IgG per reaction tube. On analysis at this same

IgG concentration, sera of NCFA and | CFA control rats showed no an

tigen binding activity. Moreover, even at higher concentrations (up

1221-SPAto 200 mg of IgG/100 ml of serum) the maximum amount of

bound by any control serum was 0.2% so that non immune binding by IgG

was negligible. Values obtained for both control and test sera were
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TABLE 4

Serum IgG Concentrations”

Source of serum n IgG Concentration
(mg IgG/100 ml serum)

N

L

N

BP rats 77 160 + 60

BP rats 36 160 + 60

CFA rats 14 170 + 30

CFA rats 12 130 + 20

Concentrations of IgG in the sera of L and N rats were
determined by single radial immunodiffusion 10 - 18
days after BP-sensitization or CFA-inoculation. Dupli
cate samples of each serum were measured and results
averaged for each rat. IgG concentrations are presented
as mean + S.D. Concentrations were estimated to the
nearest 10 mg%.
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25corrected for nonspecific binding of antigen to 1 |-SPA before

results were analyzed.

Using the criterion of 2.0% binding above serum control levels

to define specific anti-BP antibody, significant binding was detect

ed as early as day 10 in the sera of Nep rats. Sera from a || NBP BP

rats showed significant binding on days 13 through 16 with a peak
125

mean of 11.1% |-SPA bound on day 15. However, antibody levels

fell off rapidly by day 18 with only 2 of 5 NBB rats demonstrating

antibody activity (Figure 13).

| n the sera of |-BP rats, significant binding was detected on

day 10 for individual rats, but the mean for the group was not sig

nificant until day 12. Antibody levels rose rapidly on day 13, sur
125

passing those of NB rats and peaked with a mean of 17.7% |-SPAP

bound on day 15. In contrast to sera of NBP rats, sera of |-BP rats

continued to show high levels of antibody to BP on day 18 (Figure

13).

Antibody activity in sera of |-B rats compared to sera of NP BP

rats as measured by differences between mean binding value per ug of

IgG at corresponding times after BP-sensitization was increased sig

nificantly (p < .01 on days 13 - 15, p < .005 on day 14, and p

.001 on day 18). Moreover, this trend toward increased antibody ac

tivity of L rats relative to NB rats on days 15 – 18 was also apBP P

parent when sera were compared at corresponding dilutions rather

than at corresponding IgG concentrations (Figure 14).

Results reported here for antibody formation by NBP rats are in

agreement with findings of other investigators that levels of circu
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FIGURE 13. §§l in basic prote in antibody activity §§ measured by
binding of +1-label led staphylococcal protein A (+1-SPA) to 196
in the sera of basic protein sensitized protein-malnourished and
well-nourished rats: comparison at corresponding IgG concentra
tions. Binding was measured after incubation of the sera in tubes
coated with BP. Data points represent the mean percent of 1221-SPA
bound/ug of IgG for at least four sera and S.E.M. are indicated (I).
The symbol, ( *—- ), pertains to malnourished rats; the symbol,
(O----- o), pertains to well-nourished rats.
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FIGURE 14. , Myel in basic protein antibody activity 12gs measured bybinding of HI-labeled staphylococcal protein A ( SPA) to IgG in
the sera of BP-sensitized protein-malnourished and well-nourished
Lewis rats: comparison at corresponding serum dilutions. Binding
was measured after incubation of serial dilutions of sera in tubes
coated with BP. Composite data derived from binding curves con
structed for serum samples from 36 malnourished rats ( e—e ) and
23 we || -nourished control rats (O----- o) studied on days 13 - 18
following BP-sensitization. Mean values + S.E.M. are presented.
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lating anti-BP antibody are low in Lewis rats immunized with 50 ug

of BP even though rats consistently develop acute paralytic EAE

(79, 165,166). In light of the fact that only 9 of the 49 representa

tive |BP rats selected for the radioimmunoassay study showed clini

cal signs in response to BP-sensitization and that the signs were

mild (grade 1 or 2), their strong humoral immune response to BP was

conspicuous.

Skin tests. Results of skin tests to BP, PPD and RSA ini

tiated 9 days after primary sensitization of L and N rats to BP are

shown in Table 5. On gross examination, immediate skin reactions

did not occur. None of the |BP rats and only four of nine Nep ratsBP

demonstrated positive delayed reactions when tested with BP or PPD.

Two NBP rats had positive skin reactions to both BP and PPD, while 2

others reacted only to BP. Induration was not detectable until 42 hr

after initiation of skin tests and was maximal between 48 and 72 hr.

Erythema was not observed.

On microscopic examination, however, typical DTH reactions were

commonly observed at BP and PPD skin test sites (Figures 15 and 16,

respectively). Reactions consisted of perivascular and peri lymphatic

accumulations of mononuclear cells as well as dermal infiltrates.

A■ I rats developed definite reactions to BP. All NBP rats also

showed delayed reactions to PPD, whereas 7 of 9 |BP rats exhibited

histological evidence of a cutaneous reaction to PPD. One NBP rat

and one |BP also had mild reactions to RSA, possibly due to injec

tion trauma.



FIGURE 15. Delayed-type hypersensitivity skin reaction to myelin

basic # in a malnourished rat and in a well-nourished rat.A.TInflammatory ce■■ infiltrate in the dermis of an L. rat.
H and E. (130X). B. Inflaminatory cell infiltrate in Éhe dermis of

an NBp rat. H and E. (130X).
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FIGURE 16. Delayed-type hypersensitivity skin reaction to purified
protein derivative of tuberculin in a malnourished rat and in a
well-nourished rat.TATInflamatory cell infiltrate in the dermis

of an "HE rat. H and E. (100X). B. Inflammatory cell infiltraterin the mis of an NBP rat. H and E. (100X).
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The magnitudes of the skin reactions, as revealed by both his—

to logical and gross examinations, were not directly proportional to

antigenic dose for any of the three proteins tested (Table 5).

Therefore, results were pooled for statistical analysis. Composite

data appear in Table 6.

In contrast to disparities in clinical findings and differences
*

in histopathological responses in the CNS of NBP and |-BP rats, on

the average the magnitude of skin reactions of |BP rats to BP was

comparable to that of Nep rats. When grades for PPD reactions wereBP

compared, the mean for Nep rats was increased slight | y, but notBP

oversignificantly over that of L rats. Reactions to RSA wereBP

minimal or nonexistent in both NEP and |-BP rats.

Lymphocyte proliferation in vitro. Experiments were con

ducted to determine the capacity of lymph node and spleen cells of N

and L rats to respond to mitogenic and antigenic stimulation in vi

fro. Prol i ferative responses from cells of acutely paralyzed NBP

rats, asymptomatic |BP rats, and NCFA and | CFA control rats were

determined after 72 hr of culture in the presence of the T cell mi

togen, Con A (56,268), the specific CNS antigen, BP, and the common

tubercul in antigen, PPD. Cells were considered to be actively prol

iferating in response to a particular stimulant if their DNA syn

thesis as measured by incorporation of *H-thymidine was at least

twice that of unst imulated cel Is from the same source cultured in

medium alone. For all variables the cpm for quadrup I icate cultures

varied by less than 10% from the mean, but there was considerable

variability in *H-thymidine incorporation by unst imulated cells from
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TABLE 5

Delayed-type Hypersensitivity Skin Reactions of
Protein-malnourished and Well-nourished Rats to Three Antigens

Antigen Lor, Rats Nor, RatsBP BP

Induration" Infiltration" Induration* Infiltration"and Dose”

100 ug BP 0/3 3/3 (2.5) 1/3 3/3 (2.5)
50 ug BP 0/3 3/3 (1.0) 1/3 3/3 (2.2)
10 ug BP 0/3 3/3 (2.3) 2/3 3/3 (2.1)

100 ug PPD 0/3 3/3 (1.8) 1/3 3/3 (2.5)
50 ug PPD 0/3 3/3 (2.2) 1/3 3/3 (2.2)
10 ug PPD 0/3 1/3 (0.3) 0/3 3/3 (2.2)

100 ug RSA 0/3 1/3 (0.3) 0/3 0/3 (0)
50 ug RSA 0/3 0/3 (0) 0/3 0/3 (0)
10 ug RSA 0/3 0/3 (0) 0/3 1/3 (0.3)

Rats that had been sensitized with 50 ug of BP in CFA 9 days
previously were skin tested at three separate sites on the
back for cutaneous reactivity to BP, purified protein derivative
of tuberculin (PPD), and rat serum albumin (RSA).

Each antigen was dissolved in 0.1 ml of phosphate buffered saline
and injected intracutaneously.

Rats Were observed for evidence of induration at skin test sites
at various intervals up to 72 hr after initiation of skin test.
Results are presented as the proportion of rats that demonstrated
positive reactions.

Proportion of rats that had inflammatory infiltrates on
microscopic examination at 72 hr. Infiltrates graded
on 0 to 3 scale of increasing severity. Mean grade in parentheses.
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TABLE 6

Comparison of Clinical and Histological Findings with Skin
Test Results in Protein-malnourished and Well-nourished Rats

Rats Average EAE Grade” Average Grade on Skin Test"
Clinical Histological BP PPD RSA

BP 0 1.8 + 0.5 2.1 + 0.7 1.4 + 1.0 0.1 + 0.3

Bp 3.0 + 0.3 4.8 + 0.2 2.5 + 0.7 2.3 + 0.5 0.1 + 0.3

Nine L and 9 N rats that had been sensitized with 50 ug of BP in CFA
9 days previously were tested for delayed cutaneous reactivity to BP,
purified protein derivative of tuberculin (PPD), and rat serum
albumin (RSA). Each rat received 10 to 100 ug of each protein, each
dissolved in 0.1 ml of phosphate buffered saline, at three separate
Sites on the back.

Mean clinical and histological grades + S.D.
Clinical and histological grading on 0 to 5 scales of increasing
severity. Grades on day 12 following primary BP sensitization.

Mean grades for skin tests + S.D. Dermal infiltrates
graded on a 0 to 3 scale of increasing severity. Grades at 72 hr
following initiation of skin test.
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different sources. Therefore, results are presented in terms of mean

absolute cpm incorporated and in terms of stimulation index (S. I.),

which allows for comparison between different cell sources and ex

periments.

Results of stimulation experiments involving lymph node cells

are presented in Table 7. Lymph node cells of a rats demonstrated

vigorous proliferative responses to Con A. Based on absolute cpm,

Con A-stimulated cells of N.--, and L
BP

but the mean S. I. for ce | | s of L

CFA rats were the most reactive,

CFA rats was lower than the other

indices (Figure 17). The dramatic responses of lymph node cells of

all L rats to Con A stimulation clearly indicated that their T lym

phocytes were not anergic.

When cells from draining lymph nodes were tested for their

ability to undergo proliferation in response to BP in vitro cells of

BP-sensitized rats, but not cells of CFA-inoculated rats, proli

ferated actively indicating that responses to the CNS antigen were

immunological y specific. Proliferation induced by stimulation with

the specific antigen, BP, was considerably less than that seen with

polyclona I activation by Con A as has been reported elsewhere (196).

Although proliferative responses of cells of both NBP and |BP rats

to BP were regarded as significant, the magnitudes of the responses

of ce | | s of NBP rats were greater than those of |BP rat cel Is (Table

7).

Culture with PPD, an antigen to which all rats had been sensi

tized (the adjuvant in the inocula contained M. butyricum), induced

proliferation of lymph node cells from all sources (Table 7). |n
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TABLE 7

Proliferation of Lymph Node Cells in Response to
Mitogenic and Antigenic Stimulation in Vitro

Counts Per Minute (Stimulation Index)”

Experiment Cell Control CON A BP PPD
Source Counts

1 NBp 1,612 98,319(61) 19,091 (12) 11,640(7)

|BP 1,529 97,520 (64) 4,529(3) 6,340(4)

McFA 2,219 94,300(42) 1,327(1) 10,345(5)

| CFA 2,499 98,674(39) 2,525(1) 9,949(4)

2 NBp 3,840 213,629(56) 21,504 (6) 20, 170(5)

|BP 3, 136 156,842(50) 8,487 (3) 21,731(7)

McFA 1,227 106,520(87) 1,493(1) 4,730(4)

| CFA 3,563 176,643(50) 3,573(1) 9,350(3)

d Lymph node cells from N and L rats that had been
inoculated with 50 ug emulsified in CFA or with CFA
alone 11 days previously were cultgred in microtiterplates at a cell density of 2 X 10° cells/ml in medium containing
1 ug/ml of CON A, 20 ug/ml of BP, or 20 ug/ml of PPD, or in
control medium alone. Cells were harvested at 72 hr after a 4 hr
pulse with “H-thymidine.

Proliferative responses were quantitated by measuring the incor
poration of “H-thymidine in counts per minute (cpm). CPM listed
above are means of quadruplicate cultures. Stimulation index =
cpm of stimulated cultures/cpm unstimulated cultures. Indices
Were estimated to the nearest whole number and are indicated in
parentheses.
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FIGURE 17. Lymphocyte proliferation in vitro: Comparison of responses
of lymph node cells and spleen cells of well-nourished and protein
malnourished-rats. Lymph node and spleen cells from N and L rats that
had been inoculated with 50 ug of BP emulsified in CFA or with CFA
alone 11 days pregiously were cultured in microtiter plates at a cell
density of 2 X 10° cells/ml in medium containing 1 ug/ml of Con A,
20 ug/ml of BP, or 320 ug/ml of PPD. Cells were harvested at 72 hr after
a 4 hr pulse with H-thymidine. 3 DNA synthesis was quantitated by
measuring the incorporation of H-thymidine/culture. S. I. = stimulation
index = mean cpm of stimulated cultures/mean cpm of unstimulated cultures.
The mean S.I. for two experiments is plotted according to cell source.
Indices obtained for cells from NBp rats are represented by shadedbars, from Lpp rats by clear bars," from N rats by horizontally
striped bars," and from | CFA rats by diagoñ■ '■ ly striped bars.
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contrast to BP—stimulation, the mean S. I. for |BP rat cells exposed

to PPD in vitro was comparable to the mean S. I. for NBP rat ce | | s

(Figure 17).

Spleen cells from NBP, |-BP, NCFA and |-CFA rats were also tested

for their capacity to proliferate in response to Con A, BP and PPD

stimulation in vitro. Results are presented in Table 8. In gen

eral, splenic lymphocytes were less reactive than lymph node cells

when cultured with the same stimulant, but all spleen cells exhibit

ed a strong proliferative response to Con A (Figure 17).

In vitro proliferative responses of spleen cells to PPD were

essential I y nonexistent. PPD did not enhance the proliferation of

ce | | S from |-BP, | CFA and NCFA rats and only a minimal response to

PPD was observed with spleen cells from Nep rats.BP

In BP-stimulation experiments, only cells from NBP rats demon

strated significant immunospecific in vitro responses. Although

spleen cells from L rats showed a weak proliferative response toBP

BP in one experiment, they did not respond in the other experiment

so that the average S. I. was not significant.

In order to determine whether the relative decrease in respon

siveness of lymphocytes from |BP rats to BP—stimulation was a func

tion of in vitro antigen concentration, additional experiments were

performed in which the concentration of BP was varied from 0.2 to

200 ug/ml of culture medium. Data from two experiments involving

| ymph node cells and two involving spleen cells are presented in

Figure 18. Because there was considerable variation in proliferative

responses of unst imulated cultures from one experiment to the next,
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TABLE 8

Proliferation of Spleen Cells in Response to
Mitogenic and Antigenic Stimulation in Vitro

Counts Per Minute (Stimulation Index)*

Experiment Cell Control CON A BP PPD
Source Counts

1 NBp 3,060 131,727(43) 28,880(9) 5,941(2)

|BP 2,090 76, 113(36) 1,845(1) 1,783(1)

McFA 2,689 86,526(32) 2,661 (1) 2,326(1)

*CFA 1,753 73,466 (42) 1,292(1) 1,505(1)

2 NBp 1, 186 73,797 (62) 6,202(5) 2,890(2)

|BP 2,491 81,415(33) 5, 193(2) 2,527(1)

McFA 1,774 103,635(59) 1,630(1) 2,201 (1)

*CFA 2,662 107,706(40) 2,200(1) 2,200(1)

d Spleen cells from N and L rats that had been
inoculated with 50 ug of BP emulsified in CFA alone 11
days previously were cgltured in microtiter plates at a
cell density of 2 X 10° cells/ml in medium containing 1 ug/ml
of CON A, 20 ug/ml of BP, or 20 ug/ml of PPD, or in medium
alones Cells were harvested at 72 hr after a 4 hr pulse
with “H-thymidine.

Proliferative responses were quantitated by measuring the
incorporation of ‘’H-thymidine/culture in counts per minute (cpm).
CPM listed above are means of quadruplicate cultures. Stimulation
index = cpm of stimulated cultures/cpm unstimulated cultures.
Indices were estimated to the nearest whole number and are
indicated in parentheses.
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FIGURE 18. Lymphocyte proliferation as a function of in vitro basic
protein concentration. Lymphocytes from NBP and L P rats that had
been inoculated with 50 ug of BP $n CFA 11 days previºusly were cultured at a density of 2 X 10° cell/m medium in the presence of
various concentrations of BP. Ce || s were harvested after 72 hr of

gulfure following a 4 hr pulse with T-thymidine. S. l. = mean cpm of
H-thymidine incorpºrated by quadrup licate BP—st imulatedcultures/mean cpm of ‘H-thymidine incorporated by quadrup I icate un

stimulated cultures. Each point represents the stimulation index
(S. l. ) calculated from two experiments. The symbol, (e—e ),
pertains to |-BP rats; the symbol, (o----- o), pertains to NBP rats.
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results are presented in terms of S. I. The 20 ug/ml concentration

of BP was found to be optimum in stimulating proliferative responses

of lymph node and spleen cells from |BP as well as NEP rats. Lymph

node and spleen cells of NB rats responded well when 10 or 20 ug/mP

concentrations of BP were used, but levels of proliferation de

creased rapidly at both higher and lower concentrations of the an–

tigen. In contrast to responses of cells from N rats, proliferaBP

tion of ce | | S from |-BP rats was much less affected by in vitro an

tigen concentration, but responses of lymphocytes from |BP rats were

lower than those of NBP rats at corresponding concentrations of the

antigen (except at the non-stimulating 0.2 ug/ml concentration).

It has been reported that lymph node and spleen cells from

Lewis rats respond maximal Iy to BP in vitro when cells are obtained

on days 10, 11 or 12 following in vivo BP-sensitization which

corresponds to the time when rats have begun to show paralytic signs

of EAE (166,255). Appearance of CNS lesions and onset of occasional

clinical disease in Lep rats was de layed by approximately two daysBP

BP rats compared to NBP rats. Therefore, spleen and lymph node

ce | | s of |BP rats that had been inoculated 13 days previously (rath

in L

er than the usual 11 days previously) were also tested for their

capacity to respond to BP in vitro. In two such experiments, spleen

and lymph node cells failed to respond to BP when concentrations of

2, 10, 20 or 100 ug/ml were used.

In summary, spleen and lymph node cells from all animals

responded well to mitogenic stimulation indicating that T cells of L

rats were not defective compared to those of N rats. Lymph node
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ce 1 s from both L and N rats also proliferated in response to an–

tigenic PPD-stimulation, but spleen cells from these rats were un

reactive or only marginal Iy reactive to PPD in vitro. Responses to

BP-stimulation in vitro correlated well with in vivo responses in

BP-sens it i zed rats. The NBP rats that served as cel I donors in

stimulation experiments exhibited severe CNS mononuclear infiltrates

manifested by acute paralytic signs and when their spleen and lymph

node cells were cultured in the presence of BP they demonstrated

significant and immunological I y specific proliferative responses. In

contrast, Lee rats that served as cel I donors in stimulation experiBP

ments had lesions of moderate severity which were not sufficient to

produce clinical signs of EAE and their spleen and lymph node cells

did not show either no significant proliferative responses or showed

relatively weak proliferative responses when cultured with BP.

Adoptive transfer of EAE. Experiments were conducted to deter

mine the ability of spleen cells from BP-sensitized L and N. Lewis

rats to adoptively transfer EAE to syngeneic recipient rats and at

the same time, to determine the susceptibility of naive L and N rats

to EAE initiated by adoptive transfer. Four groups of rats were

compared as follows: N recipients of spleen cells from Nep donors,BP

N recipients of spleen cells from |BP donors, L recipients of NEP

spleen cells, and L recipients of |BP spleen cells.

Clinical and histological findings in NEP and |BP spleen cel

donors are summarized in Table 9. Initial signs of disease appeared

in NEP rats on day 8 or 9 following primary BP-sensitization and at

the same time of sacrifice (10 to 13 days after sensitization) all
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TABLE 9

EAE in Spleen Cell Donors”

Donor" clinical EAE” Histological EAE°

NBp 3.0 + 0.6 (74/74) 4.4 + 0.4 (29/29)

|BP 0 + 0 (118/118) 2.3 + 1.6 (50/54)

d Spleen cell donors were sacrificed 10 – 13 days after primary
sensitization with 50 ug of BP in CFA.

Clinical grading on a 0 – 5 scale of increasing severity.
Numbers represent the mean + S.D. for each group. Maximum grade
for each animal used in calculation of the mean. Proportion of
animals studied with clinical signs in parentheses.

Histological grading on a 0 – 5 scale of increasing severity.
Numbers represent the mean + S.D. for rats in each group. CNS
specimens from representative animals in each study group were
examined. Proportion of the number studied with histological
disease in parentheses.
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74 of the NEP donors exhibited signs of acute paralytic EAE.

Throughout the observation period, until the time of sacrifice on

day 10, 11, 12 or 13 following primary sensitization, clinical signs

of disease were absent in a | | 118 |BP donors. Moreover, sensitized

| it termates of |-BP donors, observed beyond the critical period (days

10 - 12) for Onset of C I in i ca | EAE in |BP rats, never showed signs.

On microscopic examination, severe lesions were observed in all CNS

tissue specimens from representative NBP donors. Most representa

tive |-BP donors also had CNS lesions, but they were general Iy milder

than those of "se rats.
Each recipient L or N rat received a total of 1 – 4 X 107 v i

able, Con A-activated spleen cells from either NEP Or |BP donors.

Results of adoptive transfer experiments are presented according to

cell dose in Table 10. Transfer activity did not appear to be a

function of cell dose within the range tested, therefore, data for

each of the four groups of rats were pooled and are presented ac

cording to clinical status in Table 11. The percent of animals in

each of the 4 groups that exhibited signs of disease is plotted in

Figure 17.

Twenty-two recipients were inoculated with CON A-activated

spleen cells from NBP donors. NBP cells successful I y transferred

EAE to N recipients, and there was a positive correlation between

presence of lesions and occurrence of clinical EAE (Table 11).

Nineteen of the N recipients (86.4%) developed both clinical and

histological disease. The 3 N recipients that did not show clinical

signs also had no histological evidence of EAE, possibly resulting
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TABLE 10

Adoptive Transfer of EAE as a Function of Cell Dose

Mean EAE Grade"
Cell Source” Recipient No. of Cells Clinical Histological

Transfeyred
(X 10')

NBp rats N 1 3.0 (1/1) 2.8 (1/1)
2 1.3 (6/6) 2.2 (6/6)
3 2.6 (8/11) 3.2 (8/11)
4 2.3 (4/4) 2.5 (4/4)

NBp rats L 1 ND ND
2 1.0 (2/9) 3.2 (9/9)
3 1.8 (11/14) 3.2 (14/14)
4 0 (0/4) 2.5 (4/4)

|BP rats N 1 0 (0/1) 1.3 (1/1)
2 1.3 (3/3) 2.2 (3/3)
3 1.6 (5/5) 2.0 (5/5)
4 2.0 (3/3) 2.7 (3/3)

|BP rats L 1 1.0 (1/2) 3.3 (2/2)
2 1.0 (1/4) 2.8 (4/4)
3 1.3 (4/10) 2.8 (10/10)
4 ND ND

d Spleen cell donors sacrificed 10 - 13 days after primary
sensitization with 50 ug of BP in CFA. Donor spleen cells
transferred after incubation with 1 ug/ml of Con A for
72 hr at 37° in 5% C02.
Clinical and histological grading of recipients using a
0 to 5 scale of increasing severity. Recipients were observed
for 8 - 10 days after transfer. Numbers represent the mean for
each group. Negative animals not included in calculation
of the mean. Proportion of animals studied that exhibited
clinical or histological signs in parentheses.
ND = not done.



75b

TABLE 11

Adoptive Transfer of EAE from BP-sensitized Protein-malnourished
and Well-Nourished Rats to Naive Protein-malnourished and Well

Nourished Rats

Clinical Clinical Histological
d . . . . . b C d e f

Donor Recipient” Status n Grade Grade

NBp N + 19 2.2 + 0.9 2.7 + 0.8
-

3 O + 0 0 + 0
Total 22 1.9 + 1.1 2.3 + 1.2

NBp L + 13 1.7 + 0.9 3.4 + 0.8
-

14 0 + 0 2.5 + 0.8
Total 27 0.9 + 1.0 2.9 + 0.9

|BP N + 11 1.6 + 0.8 2.4 + 1.0
-

1 0 + 0 1.1 + 0
Total 12 1.5 + 0.9 2.3 + 1.0

|BP L + 6 1.2 + 0.4 3.2 + 0.9
-

10 0 + 0 2.7 + 0.8
Total 16 0.4 + 0.6 2.8 + 0.9

Spleen cell donors were sacrificed 10 – 13 days after primary
sensitization with 50 ug of BP in CFA.

b Recipients received 1 – 4 X 107 spleen cells by intraperitoneal
inoculation. Recipients were sacrificed 8 – 10 days after transfer.

The symbol, +, indicates that recipients demonstrated clinical signs;
the symbol, -, indicates absence of clinical signs in recipients.
Composite data for both positive and negative animals (Total) are
also presented.

n = number of recipients in each category.

Mean of the maximum clinical grade for recipients in each
group + S.D. Clinical grading on 0 - 5 scale of increasing severity.

Mean histological grade for recipients in each group + S.D.
Histological grading on a 0 – 5 scale of increasing severity.
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from technical failure of injection. Clinical signs, when present,

appeared initial I y on day 5 or 6 following transfer and were most

severe on day 7, after which time rats began to recover. Signs

ranged from f | accid tails to complete hind limb paralysis. On mi

croscopic examination, lesions in affected animals were found to be

distributed throughout the CNS, but were most intense in the spinal

cord and brainstem. Lesions in N recipients of Nep spleen cells andBP

in a || other transfer recipients were similar to those seen with

primary sensitization, i.e. they included leptomening it is and

perivascular and parenchymal infiltrates consisting of mononuclear

cells (Figure 20). However, men ingeal infiltrates appeared to be

more prominent in transfer recipients, regardless of the overal |

severity of lesions, than in rats that had been sensitized directly

with BP.

Adoptive transfer of EAE using low doses of spleen cells re

quired both in vivo BP-sensitization of donors and in vitro Con A

activation as has been reported elsewhere (196, 201). In 7 N reci

pients Con A-activated spleen cells from unsensitized N donors pro

duced no clinical or histological disease when doses of 1 – 5 X 107

ce || s were used. Spleen cells from NBP donors that were incubated

under identical conditions in the absence of Con A were also unable

to produce typical EAE. Of 5 recipients inoculated with 1 – 5 X 107

such non-activated BP-primed cells, 3 had no clinical or histologi

cal disease, while 2 recipients lacked lesions and characteristic

paralytic signs of EAE, but did exhibit a mild unsteadiness of gait

possibly associated with adoptive transfer of adjuvant induced
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arthritis (295).

Adoptive transfer of EAE using Con A-activated spleen cells

from NBP donors was studied in 27 L recipients. Susceptibility to

clinical EAE was reduced in L recipients, while susceptibility to

histological EAE was increased slightly compared to similarly inocu

lated N recipients (Figure 19). Although all L recipients had Île

sions, only 13 (48.1%) showed clinical signs. The proportion of the

total number of recipients that were clinical I y positive was signi

ficantly lower for L recipients than for N recipients of N
BP

ce || s (p < .001). Although the severity of disease in clinical ly

spleen

positive L recipients was somewhat milder than that of affected N

recipients the mean clinical grades for the two groups of rats were

not statistical I y different (Table 11). The time of onset and dura

tion of clinical disease in L recipients were also indistinguishable

from those in N recipients.

The mean histological grade for L recipients of N spleenBP

cells was greater than that of N recipients of Nep spleen cells (2.9BP

versus 2.3), but lesions were distributed similarly and the cellular

components of the infiltrates were the same (Figure 20). Although a

direct correspondence between lesions and paralytic signs did not

exist, L recipients with clinical disease tended to have more severe

lesions than asymptomatic L recipient (means 3.4 and 2.5, respec

tively). This difference was statistically significant (p & .001).

Interestingly, the mean histological grade of clinical I y positive L

recipients of NBP spleen cells (3.4) was also significantly greater

than the mean (2.7) for clinically positive N recipients (p < .001).
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DONOR —- RECIPIENT

FIGURE 19. Adoptive transfer of EAE: Comparison of clinical and
histological findings in protein-malnourished and well-nourished
rats. Experimental protocol as in Table 11. Treatment groups are
designated as donor — recipient. The numbers of animals in
groups are listed in Table 11. The percentage of recipients in
each group that exhibited clinical or histological signs of EAE is
represented by a bar. Gray bars represent clinical data; white
bars represent histological data.



FIGURE 20. Perivascular, meningeal and parenchymal mononculear cell
infiltrates in recipient rats 8 days after adoptive transfer of Con A
activated spleen cells from BP-sensitized well-nourished donor rats.
A. Infiltrates in spinal cord of well-nourished recipient. H and E.
(100X). B. Infiltrates in spinal cord of protein-malnourished
recipient. H and E (110X).
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The reciprocal transfer of spleen cells from |BP donors to N

recipients was also studied. |BP spleen cells were highly success—

ful in transferring both clinical and histological EAE to N reci

pients (Figure 19) even though the donors themselves did not show

clinical signs. Eleven of 12 N recipients (91.7%) exhibited signs

ranging from limp tails to hind limb paralysis. Clinical signs, when

present, appeared initial I y on day 5 or 6 following transfer;

disease was maximum on day 7 and animals began to recover on day 8.

All 12 recipients had histological lesions, which were general ly

most intense in the brainstem and spinal cord. Lesions were least

severe in the one recipient that did not show clinical signs (Table

11).

The adoptive transfer activity of spleen cells from |BP donors

in N recipients was analogous to that of spleen cells from NBP
donors. The proportions of recipients with clinical disease were

comparable for the two groups (Figure 19). Furthermore, the time of

onset and duration of clinical disease and ranges in severity of

signs were identical for the two groups of N recipients. Moreover,

the mean of the maximum clinical grades for affected recipients of

L spleen cells was comparable to that of affected recipients ofBP

NBP spleen cells (Table 11). The mean histological grade for N re

cipients of |BP spleen cells was equal to that of N recipients of

Nep cells and in both groups clinical I y positive recipients tendedBP

to have the most severe lesions. Together the two experiments in

volving N recipients indicated that well-nourished rats are highly

susceptible to adoptively transferred EAE regardless of the origin
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of donor cells.

When L rats were inoculated with Con A-activated spleen cells

from |-EP rats, adoptive transfer of EAE was limited. Although a | | 16

L recipients had CNS lesions, only 6 exhibited clinical signs. More

over, disease was general I y milder than that seen in other transfer

recipients (Table 11). Flaccid tails were the only signs of disease

in 5 of the 6 affected L recipients. The other clinically positive

recipient developed mild hind limb weakness which did not progress to

paralysis. Clinical signs, when present, appeared on days 3, 4 or 6

after transfer and the maximum clinical grade for the one animal

with progressive disease occurred on day 7. L recipients of |BP
spleen cells tended to recover more rapidly than other recipients;

two L recipients exhibited signs for only one day, while 2 others

showed signs for two consecutive days. Distribution of histological

EAE in L recipients of |-BP spleen cells was similar to that observed

in other recipients and lesions in clinical I y positive rats were

more severe than in asymptomatic rats (Table 11).

Adoptive transfer of EAE was inhibited in L recipients of |BP
cells in comparison to N recipients of Lee spleen cells. The proBP

portion of L recipients with clinical signs was significantly re

duced (p < .001), although the severity of clinical disease in posi

tive L recipients was comparable to that observed in positive N re

cipients (Table 11). The mean histological grade for clinical I y po

sitve L recipients was, however, significantly greater than the mean

for affected N recipients (3.2 vs. 2.4, p < .001). These findings

suggest that more severe or more numerous lesions are required to

º

--
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initiate clinical EAE in L recipients than in N recipients.

In L recipients, the transfer activity of spleen cells from |BP

donors was analogous to that of spleen cells from NEP donors.

Although the occurrence and severity of clinical EAE were somewhat

less using |BP spleen cells rather than Nee spleen cells (Table 11BP

and Figure 19), differences between the transfer potentials of the

two spleen cell populations were not significant. Histological EAE

in the two groups of L recipients was similar and, as noted above,

occurrence of clinical EAE correlated positively with severity of

lesions in both groups. L rats were only moderately susceptible to

adoptive transfer of EAE by Con A-activated spleen cells, regardless

of the nutritional, clinical or histological status of the donor.

The protective effect of protein-mal nutrition on susceptibility to

adoptively transferred EAE was less pronounced than that seen in EAE

induced by primary BP-sensitization (Table 1).

In summary, N rats were highly susceptible to adoptively

transferred EAE using either spleen cells from clinical I y positive

NEP donors or from asymptomatic |-BP donors. Presence of lesions was

generally associated with occurrence of clinical disease in N reci

pients. There was a significant decrease in susceptibility to adop

tive transfer of clinical EAE in L rats relative to N rats using Con

A-activated spleen cells from either NBP Or |BP donors. |nhibition

of clinical EAE in L recipients was not accompanied by inhibition of

histological EAE, but was accompanied by moderate reduction in

severity of lesions.

º
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Clinical signs of disease, when present, were most severe in N

recipients of spleen cells, less severe in L recipients of NNBP

spleen cells and in N recipients of |-B
BP

P spleen cells, and least

severe in L recipients of |BP spleen cells. Although histopatholog

ical changes in a recipients were similar and resembled those seen

with primary sensitization, lesions were more severe in clinical ly

positive L recipients than in clinical I y positive N recipients. Fi

na | | y, when compared in similarly nurtured recipients, spleen cells

from |BP donors were as active in transferring EAE as spleen cells

from NEP donors. Thus the potential to transfer clinical EAE was in

dependent of the nutritional and clinical status of the spleen cell

donor.

Effect of immunological supplementation on primary induction of

EAE in protein-mal nourished rats. Supplementation of |BP rats with

either whole spleen (SPL) cells, macrophage depleted spleen (SPL

MO), or PEC from naive N donors potentiated the expression of clini

cal EAE in recipients when donor cells were inoculated intraperi

toneal I y immediately following BP-sensitization (Table 12). Five |BP
recipients of SPL cells, 3 recipients of SPL-MO, and one recipient

of PEC, or a total of 9 of 19 cell recipients, showed clinical signs

of EAE ranging from f | accid tails to hind I imb paralysis (grades 1–

3), while all 16 unsupplemented |BP littermates of supplemented rats

remained asymptomatic throughout the 12 to 19 day observation period

following BP-sensitization. Clinical signs, when present, appeared

sporadical I y on days 9, 12, 13, 14 or 15 in supplemented L P rats soB

that some L recipients developed initial signs earlier or laterBP
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TABLE 12

EAE in Immunologically Supplemented and Unsupplemented
BP-sensitized Protein-malnourished Rats

Treatment Number Positive/ Average EAE Grade"
Number Studied° Clinical Histological

Supplemented SPL 5/10 1.4 + 0.9 3.5 + 0.6
Lap Rats" SPL-MO 3/5 2.3 + 0.6 3.9 + 0.6

PEC 1/4 3.0 + 0.0 3.8 + 1.0

Media 2/4 1.0 + 0.0 3.8 + 0.5

Unsupple- None 0/16 N.A. 2.5 + 1.4
mented

b
|BP Rats

d

L p rats were supplemented with whole spleen cells (SPL),m■ šrophages depleted spleen cells (SPL-M0), or proteose peptone
stimulated peritoneal exudate cells (PEC) from naive N donors,
Or With medium algne: Each ra; received 2 ml of yedium
containing 1 X 10° SPL, 9 X 10' SPL-M■ ), or 1 X 10' PEC, or
2 ml of medium alone by intraperitoneal inoculation immediately
following sensitization with 50 ug BP in CFA by footpad
inoculation.

Unsupplemented Lpp rats were age-matched littermates
of supplemented Éts.
Positive indicates demonstration of clinical signs.

Animals were observed for clinical signs for 12 - 19 days following
BP-sensitization. Clinical and histological grading on 0 - 5
Scales of increasing severity. The mean of the maximum clinical
grade for animals in each group that exhibited signs + S.D.
Mean histological grade for all animals in each group + S.D.
N.A. = not applicable.
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than the critical period (days 10 - 12) for onset of actively in

duced EAE in |-BP rats (Table 3). Only 4 of the 9 clinical I y positive

supplemented rats had progressive disease and most rats recovered

within 3 days.

Surprisingly, 2 of 4 |-EP rats that were inoculated with medium

alone immediately following antigenic chal lenge exhibited mild clin

ical signs (fl accid tails for 2 consecutive days), possibly associ

ated with endogenous macrophage activation (106). In light of this

finding, it was of interest to determine if macrophage-rich PEC from

L donors would also enhance EAE in |BP recipients. To that end,

naive L donors were inoculated intraperitoneal I y with 2 m I of the

10% proteose peptone solution and PEC were collected 4 days later

and transferred to -EP recipients. All 3 Lee recipients inoculatedBP

with 1 X 107 PEC from L donors showed clinical signs (grades 1-2)

for 1 to 2 days beginning on day 11 after BP-sensitization and all

had severe lesions widely distributed throughout their neuraxes

(mean histological grade 4.0 + 0.1). These findings indicate that

malnutrition in donor rats did not negatively affect the ability of

their PEC to potentiate EAE in L recipient rats.

On microscopic examination, histological EAE was also enhanced

by immunological supplementation. Characteristic lesions of EAE con

sisting of men ingeal, perivascular, and parenchymal mononuclear cell

infiltrates were observed in a I supplemented |BP rats and were more

severe than those observed in unsupplemented littermates (Table 12.

Lesions were distributed throughout the neuraxis, and were most in

tense in the spinal cord and brainstem. Notably, men ing it is was more

*
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prominent in rats that received cells, but not in rats that received

medium alone, than in other |BP rats regardless of the overal

severity or distribution of their lesions. Histological examination

also revealed a positive correlation between expression of clinical

EAE and severity of lesions for individual animals within each of

the 4 groups. Nonetheless, severe histological disease did not a 1–

ways manifest itself clinical I y in |-EP rats, with the means for both

affected and asymptomatic recipient rats significantly increased

over those of unsupplemented L control rats (p < .001 in bothBP

cases).

In summary, the supplementation experiments suggest that

susceptibility to EAE in malnourished rats can be enhanced by the

injection of additional lymphocytes and/or macrophages. While

immunological supplementation appeared to potentiate the clinical

expression of autoimmunity to BP in |BP rats, the inhibitory effect

of malnutrition on EAE was not completely overcome. The incidence of

paralytic disease in supplemented L P rats was sti | | | Ower than thatB

of NBP rats and clinical signs were less severe in intensity and

duration (Figure 2, Tables 1 and 2).
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D | SCUSS | ON

Clinical and Histological Findings

Marked inhibition of clinical EAE was observed in genetical ly

susceptible Lewis rats rendered resistant to EAE by a regimen of

dietary prote in restriction initiated at birth. Most four-to-six

week old protein–mal nourished rats (88.9%) failed to develop clini

cal signs of EAE following injection with guinea pig BP in CFA,

while the few malnourished |BP rats that did exhibit clinical signs

tended to experience a benign form of disease with a transitory

COUT Se.

These findings confirm a previous report that protein

malnutrition protects one-month-old Lewis rats from developing EAE

(78). In contrast to this previous report, however, malnourished

rats studied here developed characteristic histopathological signs

of EAE. Although the development of moderate to severe CNS mononu

clear infiltrates was delayed by approximately two days in malnour

ished rats compared to well-nourished controls, the striking lack of

correlation between clinical and histological manifestations of EAE

in |BP rats could not be explained by abnormal ities in distribution

of CNS lesions or in the cellular composition of their inflammatory

in fi | trates. Mononuclear ce | | infiltrates of ma | nourished and we | | -

nourished rats were distributed similarly throughout the neuraxis.

Moreover, there were no obvious differences in distributions of T

lymphocytes, TH ce s, Tºu cells, or B lymphocytes in CNS lesions ofNH

■
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the two groups of rats.

Disparities in histological findings between the present and

the previous report could not be explained by differences in age or

strain of rats employed in the two studies. It is also unlikely that

minor differences in compositions of the two test diets were respon

sible for the incomplete inhibition of EAE reported here. (The test

diet used in the present study contained 1% less protein by weight

which was offset by an increase of 1% starch, but the diets were

otherwise nutritional I y comparable.) Discrepancies in results may

have been due to differences in dose of sensitizing antigen or

amount of Mycobaterium butyricum in the inocula, with the previous

study employing more BP, possibly a to ■ erizing dose (4,301), but

less mycobateria. Most like | y, however, differences in sampling

time were responsible; rats in the previous study were not examined

until day 21 after sensitization, so that CNS inflammation may have

already subsided.

It should be noted that the reported occurrence of typical CNS

mononuclear cell infiltrates unaccompanied by overt clinical signs

of EAE is not unique to the method used here for intervening in the

disease process. In studies involving manipulation of the specific

antigen, BP, and/or adjuvant used for injection (particularly when

|FA is used), there is often active antigen-specific cell-mediated

suppression of clinical disease with a relatively unchanged histo

pathological picture (90, 129,243,281). It has been proposed that a

critical number of antigen-specific and/or nonspecific effector

cells may be required to produce sufficient CNS tissue damage to

sº

Tº
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elicit clinical signs of EAE (210). Failure to achieve the

hypothesized threshold level of autoimmune effector cells at the CNS

target site could result in lesions typical for EAE in the absence

of characteristic paralytic signs (210,280,281).

It is possible that subtle quantitative defects in the inflam

matory cell responses of protein-mal nourished rats to BP in vivo may

have protected them from paralytic disease. For example, lesions of

malnourished rats were milder than those of we || –nourished rats dur

ing the first 12 days after BP-sensitization. Moreover, in experi

ments involving primary induction of EAE, as well as adoptive

transfer and immunological supplementation experiments where dispar

it ies between clinical and histopathological findings were also

observed, CNS inflammatory infiltrates of clinical ly affected mal

nourished rats tended to be more extensive than those of asymp

tomatic rats. Thus, while the presence of mononuclear cells in the

CNS did not usually signify the concomitant occurrence of acute

paralysis in malnourished rats, there was a correlation between

severity of lesions and expression of clinical signs of EAE. In

adoptive transfer experiments, lesions of clinical ly affected mal

nourished recipients were significantly more severe than those of

affected well-nourished recipients, suggesting that more extensive

lesions, may be required to overcome the inhibition of clinical EAE

in malnourished rats.

While the cellular composition of inflammatory infiltrates and

their distribution in the CNS of asymptomatic malnourished rats

appeared to be analogous to those of clinical ly affected rats, the
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antisera available for detection of T lymphocyte subpopulations

a lowed only for discrimination between T helper and T non-helper

cells and, therefore, did not distinguish between cytotoxic effector

ce || s and T suppressor cells (22,299, 311). Although macrophages

were common | y observed in CNS lesions, their functional status was

not assessed, so it is not known whether or not they contributed to

CNS tissue damage. Thus, it is not possible to rule out qualitative

differences in cellular responses at the target site as being

responsible for the dissociation between histological and clinical

EAE in malnourished rats.

A curious finding was the presence of moderate to severe

mononuclear infiltrates in sciatic nerves of we 1-nourished rats

with EAE. In contrast, PN involvement was absent or minimal in mal

nourished rats selected for study. Conceivably, PN damage may have

contributed to the severity of paralytic disease in well-nourished

rats, but it is highly unlikely that the malnutrition-induced inhi

b it ion of EAE was related to the lack of extensive PN involvement.

| n f | ammation in PN is not a common feature of EAE in Lewis rats that

routinely develop acute paralysis. Periphral nerve involvement does

occur occasional | y, however, due to cross-reactivity between the

basic P. protein of PN myel in and BP of CNS myel in (83,209).

Status of CNS target antigen in protein-malnourished rats.

It has been we l l established that while nutritional deprivation

during critical periods of development in early life has profound

and often lasting effects, brain growth is less severely affected

than total body growth (67,78, 119,234,259,313). Comparison of brain
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to body weight ratios of malnourished and well-nourished rats con

firmed that there was relative sparing of brain in protein

mal nutrition.

Normal rat brain tissue is capable of inducing EAE in Lewis

rats when injected with CFA (157). Furthermore, it has been esta

blished unequivocal ly that BP is the major, if not the on | y, com—

ponent of CNS tissue responsible for its encephalitogenic activity

(116, 157, 177). In the present study, brain tissue of four-week-old

protein-mal nourished rats was highly encephalitogenic when bioas

sayed in well-nourished rats and was also moderately active in mal

nourished rats indicating that the antigenic portion of BP responsi–

ble for disease induction (55,109,164) was present in the CNS of

malnourished rats by one month of age. Moreoever, in light of the

complete absence of CNS lesions in CFA-inoculated control rats, the

presence of prominent infiltrates in the CNS of malnourished rats

injected with purified BP in CFA indicated an immunological ly

specific response to the neuroantigen.

Indirect evidence that sufficient target antigen was present in

the CNS of malnourished rats was also obtained from immunological

supplementation and adoptive transfer experiments. For example, the

ability of supplemental injections of macrophages and/or lymphocytes

from naive well-nourished rats to potentiate the expression of clin

ical EAE in malnourished recipients suggested that immunological

impairment, rather than a defect in CNS target antigen, was respon

sible for malnutrition-induced inhibition of EAE. Moreover, in

adoptive transfer experiments, approximatel I y 40% of malnourished
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recipients exhibited some degree of clinical involvement indicating

that the CNS target antigen was present and accessible to effector

ce l l s.

The precise biochemical composition of the BP of malnourished

rats has not been determined, however, results of bioassays reported

here are consistent with the findings of other investigators that

BP is present in the CNS of moderately protein-mal nourished rats by

one month of age (78,234,325). There is less myel in in the brains

of postnata | | y malnourished rats by both histological and biochemi

cal criteria (16,39, 74,78), but decreased accumulation of myel in has

been associated with decreased synthesis of myel in specific lipids,

as well as decreased synthesis of myel in proteins (179,234). |n

early postnatal protein-mal nutrition and during starvation in rats,

the synthesis of a | | CNS myel in proteins may be depressed, but the

myel in prote in most affected is the proteolipid protein, so that

there exists a relative increase in both the small and the large

basic proteins (234,313,314). While there appears to be a lag in

the development of myel in in undernourished and protein-malnourished

rats, the protein composition of CNS myel in is not dramatical ly

altered and resembles that of well-nourished rats a few days younger

(234,315). Reduction in myel in synthesis appears to affect all major

brain regions to the same extent and can be accounted for primarily

by a failure of oligodendroglial cell proliferation and total myel in

biogenesis (314). Of particular relevance to the present study, it

has been demonstrated by polyacryl amide gel electrophores is that

protein-mal nutrition in Lewis rats from 2–3 days before birth to

º
F.
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45-120 after birth, which extends beyond the critical period (days

10-15) for appearance of BP (73, 188,234), does not qualitatively

alter the encephali togenic BP or other myel in proteins (78). It has

also been proposed that normal myel in proteins synthesized in nutri

tional I y deprived rats may not be properly incorporated into myel in

(315). Furthermore, minor changes in amino acid sequence could

theoretically produce conformational alterations in BP that could in

turn result in incorporation of the molecule in an orientation in

which antigenic determinants are not fully exposed. It is therefore

conceivable that subtle neurochemical defects may play a role in the

mal nutrition-induced inhibition of EAE.

General immune status of protein-malnourished rats.

To determine whether the inhibition of EAE in malnourished rats

resulted from a systemic immunodeficiency, several immunological

parameters were assessed. Other than reductions in spleen weights

and depressions in the number of cells in lymphoid tissues, as evi

denced by decreased spleen and lymph node cell yields of protein

malnourished rats compared to well-nourished rats, there was no evi

dence for a general ized immunologic defect in malnourished rats.

Moreover, although spleen weights were dramatical I y reduced in mal

nourished rats, reductions were proportional to reductions in total

body weight. Proportions of T and B lymphocytes in the lymph nodes

and spleens of malourished rats were normal and no abnormalities in

T lymphocyte subsets, i.e. "H and "NH ce | | s, were evident. Further

more, lymph node and spleen cells responded well to mitogenic stimu

|ation in vitro, demonstrating strong proliferative responses to Con

º
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A, indicating that their T cells were not anergic. Total serum IgG

levels of |-B rats were comparable to those of Nep rats and those ofP BP

*CFA rats were also within the normal range. Although macrophage

function was not assessed in detail, in supplementation experiments

proteose-peptone stimulated macrophages of naive malnourished rats

were as effective in potentiating EAE in |-BP rats as those of naive

normal rats.

The ability of protein-malnourished rats to respond to the

adjuvant

The ability of malnourished rats to respond to the adjuvant in

the inocula was assessed indirectly both in vivo and in vitro. For

example, induration at the footpad injection site was evident in

malnourished rats and the degree of swel ling was compatible with the

size of their footpads, and so proportional I y reduced compared to

that of we 1-nourished rats. Onset of induration and swel ling was,

however, delayed by 2–3 days in malnourished rats, which was con

sistent with the delay in onset of histological EAE and the lag in

critical period for development of clinical EAE in these rats.

Thus, de layed responses of malnourished rats to the adjuvant may

have been responsible for what appeared to be delayed responses to

the antigen.

The mycobacteria in the adjuvant was the putative agent respon

sible for DTH skin reactivity to PPD and in vitro proliferative

responses to PPD. The incidence and magnitude of positive skin

reactions to PPD were slight | y, but not significantly, reduced in

malnourished rats, while proliferative responses of lymph node cells
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to PPD appeared to be normal. It is therefore unlikely that respon

siveness to the adjuvant was diminished to an extent that would

explain the dramatic inhibition of clinical EAE in protein

mal nourished rats.

Afferent immune responses to BP in protein-malnourished rats.

In light of the fact that resistance to EAE could not be

ascribed to systemic immunodeficiency or to an adjuvant-specific

defect in immune reactivity of malnourished rats, attention was

focused on the possibility that an antigen-specific immunologic

deficit might have been responsible for the inhibition of EAE.

Theoretical ly, inhibition of EAE could result from impaired respon

siveness during either the afferent (or induction) phase of the

immune response to BP or during the efferent (effector) phase when

sensitized lymphocytes either respond directly to this determinant

in the CNS target site or recruit non-specific effector cells to the

site to produce disease.

It was apparent from histological findings that malnourished

rats were responding in vivo to injection of BP in CFA. Moreover,

|BP rats demonstrated positive DTH skin reactions to BP and their

lymph node cells showed specific proliferative responses, albeit

reduced compared to those of Nep rats, to BP stimulation in vitroBP

indicating that the rats had been successful I y immunized and that

their cell-mediated immune responses to BP were not impaired. Ade

quate sensitization to BP was also confirmed by the existence of

high titers of anti-BP antibodies in the sera of |BP rats. This

indicated the presence of BP-specific B lymphocytes and BP

4.
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sensitized T helper cells required for the production of antibodies

to this T cell dependent antigen (80,193). These results suggest

+hat |-BP rats were sensitized to the encephalitogenic region of the

BP molecule which has been local ized to a 13 amino acid fragment of

guinea pig BP which also contains determinants responsible for

stimulating in vitro proliferative responses to BP as well as T

helper function required for the production of anti-BP antibody

(42). It should be noted, however, that studies in genetical ly

resistant Brown Norway rats have shown that there exist additional

regions of the BP molecule distinct from the encephali togenic region

that stimulate DTH skin reactivity and ■ ymphocyte proliferation in

vitro (166,255). Antibodies produced by both Brown Norway and Lewis

rats in response to BP-sensitization are capable of reacting with

fragments of BP which are devoid of encephalitogenic activity

(70,79, 166). Thus, it is possible that malnourished rats were

responding to a nonencephalitogenic portion of the BP molecule in

the tests described above.

The ability of Con A-activated spleen cells from asymptomatic

|-BP rats to adoptively transfer clinical, as well as histological,

EAE to naive well-nourished recipient rats clearly indicates that

L
BP rats were sensitized to the encephalitogenic region of BP. Suc

cessful transfer of EAE using cells from Lee rats further indicatesBP

that antigen-specific T helper cells which have been shown to be

required for initiation of the disease process were present in the

spleens of these rats (93, 193,219). Moreoever, the ability of

spleen cells from malnourished rats to be activated by Con A to



94

transfer the disease suggests that these cells were able to produce

the lymphokine, inter leuk in 2, thought to be required for the gen

eration of effector cel I s which mediate EAE (195).

In summary, lymphocytes of |BP rats were adequately sensitized

to BP in vivo, pro liferated in an immunospecific manner in response

to BP stimulation in vitro, and could adoptively transfer EAE to

naive well-nourished rats following incubation with Con A. There

fore, if an antigen-specific immunological deficit were responsible

for the inhibition of EAE in ma | nourished rats it would have to

involve the effector phase of the immune response to BP.

The effector phase of the immune response to BP in protein

malnourished rats.

Adoptive transfer experiments provided a means of dissociating

afferent and efferent immune responses to BP. For example, adoptive

transfer of spleen cells from actively sensitized donor rats to

naive recipients bypasses the sensitization phase of the immune

response to BP in recipient rats and allows for comparative analysis

of the effector phase of the immune response in malnourished and

we | | –nourished recipients. The decreased susceptibility of L reci

pients compared to N recipients to EAE after adoptive transfer of

activated spleen cells from N P donor rats indicated that the effecB

tor phase of the autoimmune response was inhibited in the malnour

ished rats. This could have resulted from either a selective defi

ciency or an active inhibition of immunocompetent host effector

ce | Is or from overwhelming interference on the part of malnourished

recipient rats with function of autoimmune effector cells of donor
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origin.

The effector cel is directly responsible for producing the CNS

tissue damage which ultimately leads to onset of clinical EAE have

not yet been isolated but are thought to be either antigen-specific

cytotoxic T cells or nonspecific macrophages recruited to the CNS by

sensitized T cells (23,93). As discussed previously, the T cells

required for the adoptive transfer of EAE have been characterized as

T helper cells rather than cytotoxic T cells and are, therefore,

thought to initiate the disease process in adoptive transfer reci

pients rather than to directly mediate CNS tissue damage (93,219).

It has not been determined, however, whether additional "non initia

tor" cells of donor origin present in the transfer inoculum or "pas

sively induced" recipient cells recruited to the CNS by signals from

BP-sensitized T he per cells may function as end stage effector

ce | Is. It has been demonstrated in an EAE adoptive transfer system

employing *H-thymidine-label led donor lymphocytes that approximately

90% of the cells in the CNS inflammatory infiltrates of transfer

recipients are of host origin (306). On the other hand, successful

transfer of EAE to thymectomized, lethal Iy irradiated recipients has

been accomplished using large numbers of BP-sensitized spleen and

lymph node cells (193, 194). Thus the magnitude of the effector

response which occurs in the recipient after cell transfer is

perhaps a more critical factor than the precise origin of that

response with regard to donor or recipient effector cells. In the

present study the protective effect of protein-mal nutrition on sus

ceptibility to adoptively transferred EAE was not absolute.
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Nonetheless significant inhibition of the clinical expression of EAE

was demonstrated in both L recipients of NBP spleen cells and L

recipients of |-BP spleen cells compared to their respective well

nourished controls. Moreover, susceptibility to adoptively

transferred EAE was comparable in both groups of L recipients. If

donor effector cells were solely responsible for mediating the adop

tive transfer of EAE, i.e. if no additional responses on the part of

recipients were required, then one might expect that susceptibility

of L recipients of NBP spleen cells would have been comparable to

that of N recipients of NBP ce l l s, unless there existed an active

immunoregulatory process which a lowed malnourished rats to inhibit

the responses of donor effector cells.

On the other hand, participation of recipient cells in efferent

responses required for the adoptive transfer of EAE would be compa

tible with the finding that spleen cells from asymptomatic |BP rats

were highly successful in transferring EAE to naive immunocompetent

N recipients.

Possible mechanisms of malnutrition-induced inhibition of EAE.

It remains to be determined whether subtle changes in BP in CNS

target tissue of protein-mal nourished rats contributed to the pro

found inhibition of c 1 in i ca | EAE in these rats. Nevertheless,

results reported here strongly suggest that impaired or inhibited

immunological responses to the sensitizing neuroantigen, BP,

expressed at the level of generation of disease-inducing effector

ce | Is may have been responsible for the inhibitory effect of

prote in-mal nutrition. As discussed above, absence of clinical signs
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of EAE in malnourished rats could not be ascribed to a general ized

defect in immune reactivity or to inadequate sensitization of lym—

phocytes of these rats to BP. In adoptive transfer experiments,

however, aberrent efferent immunological responses to BP (as evi

denced by the relative resistance of malnourished rats compared to

well-nourished rats to the adoptive transfer of EAE) appeared to

protect malnourished rats from clinical disease. Several mechanisms

would be consistent with the hypothesis that impaired or inhibited

effector responsess resulted in inhibition of EAE in protein

malnourished rats.

Theoretical ly, protein-mal nutrition could have resulted in the

active inhibition of immune effector ce | | function or in a true

state of unresponsiveness at the cellular level. Active immunologi

cal mechanisms such as the production of blocking an ibodies that

could interfere with cellular immune responses or immunoregulation

of effector cell responses by suppressor cells could explain the

malnutrition-induced inhibition of EAE. On the other hand, a selec

tive deficiency in autoimmune effector cells could conceivably

result in a more "passive" inhibition of EAE in protein-mal nourished

rats.

Selective deficiency in effector cells.

A selective deficiency in autoimmune effector cells in malnour

ished rats would be compatible with results of adoptive transfer

experiments discussed above and could explain the malnutrition

induced inhibition of EAE in actively sensitized malnourished rats.

The immunological supplementation experiments further support the
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hypothesis that an effector cell deficit was responsible. For exam—

ple, there was an increased incidence of clinical disease in mal

nourished rats injected with additional lymphocytes and/or macro

phages from naive well-nourished rats just prior to BP-sensitization

compared to unsupplemented malnourished rats. While the proposed

deficit in effector cells could conceivably have resulted from a

failure in or inhibition of clonal expansion of autoimmune effector

cel Is or an inability to recruit sufficient numbers of effector

cells to the target site, clonal deletion of effector cells would be

incompatible with the reported findings. For example, PEC from

naive L rats also potentiated the expression of clinical EAE in |BP
recipient rats, indicating that end stage effector cells were

present in L rats. Furthermore, the inhibition of EAE in malnour

ished adoptive transfer recipients was not as pronounced as the

inhibition of EAE in actively sensitized rats, so that in this con

text adoptive transfer of additional immune cells could be viewed as

potentiating EAE in malnourished rats which were presumably defi

cient in effector ce | | S.

Suppressor cell control of immune responsiveness to BP.

As discussed in the Introduction, suppressor cells have been

shown to regulate both induction and recovery from EAE. Most infor

mation on suppressor cel I control of immune responsiveness to BP

(and perhaps that which is most relevant to this study) has been

derived from studies in Lewis rats pretreated with BP in IFA where

it has been shown that antigen-specific, cyclophosphamide sensitive

suppressor T cells located in lymph nodes, as well as nonspecific
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suppressor cells located in the spleen, are responsible for inhibit

ing clinical EAE (281,304,305). Suppressor cells stimulated by a

single injection of BP in IFA have been shown not only to prevent

subsequent induction of active or passive EAE in pretreated Lewis

rats, but also to have the capacity to transfer unresponsiveness to

naive syngeneic recipient rats, thereby preventing the subsequent

active induction of clinical EAE. The adoptive transfer of unrespon

siveness in this system requires that large numbers of lymph node or

spleen cells from pretreated donors be transferred directly without

any in vitro activation (281,304). In contrast, it has been demon

strated by Killen and Swanborg that relatively small numbers of Con

A-activated or BP-activated spleen cells from BP-1FA pretreated

donors or BP-1FA-primed ■ ymph node cel is activated in vitro with BP

readily transfer EAE to recipient rats and, therefore, are no longer

protective (1117).

In the present study, small numbers (1–4 x 107) of Con A

activated spleen cells from aymptomatic |BP donors readily

transferred EAE to naive N recipients. In light of the findings of

Ki I en and Swanborg, this observation does not rule out the possi

bility that suppressor cells play a role in the inhibition of EAE in

mal nourished rats. Nonetheless, unresponsiveness to BP does not

appear to be mediated by cells located in the spleens of malnour

ished rats. In a pre liminary experiment, relatively large numbers

of spleen cells (2 x 10°) from asymptomatic |BP rats transferred

directly, i.e. without pre incubation with Con A, were highly suc

cessful in inducing both histological and clinical EAE in naive N
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recipients.

, n contrast to studies described above using splenic suppressor

ce | Is from BP-1 FA pretreated donors, adoptive transfer of unrespon

siveness could not be achieved using large numbers of spleen cells

from malnourished rats. Thus there was no reason to suspect the

spleens of malnourished rats contained a population of suppressor

cel is that were responsible for inhibition of EAE. Similar experi

ments using ■ ymph node cells from malnourished rats to test for

suppressor cells were inconclusive and were abandoned due to the

difficulty of obtaining large enough numbers of lymph node cells

from malnourished rats.

Treatment of malnourished rats with cyclophosphamide at doses

which are known to selectively eliminate suppressor cells or in

vitro stimulation experiments employing mixed cultures of lympho

cytes from malnourished and well-nourished rats would help to deter

mine whether suppressor cells play an active role in the

mal nutrition-induced inhibition of EAE.

Anti-BP antibody in the malnutrition-induced inhibition of

EAE.

The finding that levels of anti-BP antibody in the sera of mal

nourished rats sensitized with purified BP in CFA were significantly

elevated compared to similarly immunized well-nourished rats sug

gested that antibody might play a significant role in the

malnutrition-induced inhibition of EAE. Theoretical ly, the produc

tion of excessive amounts of circulating anti-BP antibody could

interfere with afferent or efferent cell-mediated immune responses
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to BP. For example, anti-BP antibody could interfere with sensiti

zation of antigen-specific T lymphocytes by binding to exogenous BP

in the sensitizing inoculum and blocking the encephalitogenic region

of the BP molecule so that it was no longer recognizable as an

antigenic determinant by T lymphocytes. Alternatively, if circulat

ing anti-BP antibody leaked into the CNS through abnormal I y perme

able cerebrovasculature (189,208) or was produced local I y in the CNS

by plasma cells in the inflammatory infiltrates and bound BP at the

CNS target site (2,79, 189), it could protect endogenous BP from

being damaged by autoimmune effector cells or their products. The

| atter, but not the former, site of interference by anti-BP antibody

would be compatible with results reported here. Significant levels

of anti-BP antibody in malnourished rats did not appear until at

least ten days after primary BP—sennsitization, so that preformed

anti-BP antibody was not available to block initial recognition of

BP by T lymphocytes. Moreover, as discussed above, T lymphocytes of

malnourished rats had been successful I y sensitized and could adop

tively transfer EAE to naive well-nourished recipient rats.

At first glance, it might appear that antibody mediated inhibi—

tion of EAE is incompatible with the finding that suspensions of

spleen cells from |BP donors, which probably contained primed B

ce s as well as activated T cel is required for disease induction,

when inoculated into naive N rats were high I y successful in adop

tively transferring EAE. However, the introperitoneal route of ino

culation and non-irradiated recipient rats were used in these exper

iments, and it has been previously demonstrated, in another adoptive
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transfer system (30) that antibody forming spleen cells transferred

by intraperitoneal inoculation into intact syngeneic recipients face

a "barrier" which severely affects their capacity to implant and/or

to function. This impairment of the functional activity of antibody

forming cells was shown to increase with the immunological maturity

of the recipient and could be abbrogated by irradiation of the reci

pient prior to transfer. Thus, it is conceivable that the immuno

competent we 1-nourished rats studied here were able to interfere

with the production of antibody by exogenous transferred spleen

ce | Is and circumvent its proposed protective effect.

In adoptive transfer experiments, the incidence of clinical EAE

in L recipients of |BP spleen cells was significantly reduced com

pared to similarly inoculated N recipients. In order to maintain

that interference with the production of protective antibody by

transferred |BP ce || s a lowed for the successful adoptive transfer

of EAE in N rats, it would have to be proposed that L recipient rats

were unable to inhibit the production of anti-BP antibody by exo

genous transferred cells to the same extent as N recipients. The

incidence of clinical EAE in L recipients, compared to that of N

recipients, of NBP spleen cells was also significantly reduced, but

the inhibition of EAE in a | 1 malnourished adoptive transfer reci

pients was not as pronounced as it was in L rats that had been

directly sensitized with BP in CFA. In keeping with the hypothesis

out lined above, it could be proposed that levels of anti-BP antibody

in some malnourished transfer recipients might have been suffi

ciently elevated to exert a protective or blocking effect, but that
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not all transfer recipients produced levels of high anti-BP antibody

as high as those of protected actively sensitized malnourished rats.

Further investigations may help to clarify the role of anti-BP

antibody in the malnutrition-induced inhibition of EAE. For exam

ple, passive transfer experiments could be designed to determine

whether purified anti-BP antibody from |BP rats transfers resistance

to EAE to N recipients. Determination of serum titers of anti-BP

antibody in irradiated and non-irradiated transfer recipients would

be valuable in substantiaating or disproving the proposal that inhi

bition of anti-BP antibody produced by exogenous cells, a lows for

the development of EAE in adoptive transfer recipients. The use of

spleen cell suspensions selectively depleted of B lymphocytes would

also be informative. Determination of the precise specificity of

antibodies produced by malnourished rats with regard to encephalito

genic and nonencephalitogenic regions of the BP molecule might also

shed light on the role of antibody in this system. Anti-idiotypic

antibody might also be considered as a mechanism of disease inhibi

tion, though this phenomenon would be expected to occur somewhat

later than the primary sequence of immune responses to BP.

If antibody mediated inhibition of EAE could be demonstrated in

this system, it would not be necessary to invoke active immu

nosuppression of autoimmunity to BP. It would then be more reason

able to propose a malnutrition-associated defect in immunoregulation

which permits the production of abnormal I y high titers of circulat

ing anti-BP antibody which in turn passively inhibits EAE. Such a

mechanism in protein-malnourished rats would also be consistent with
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observations by other investigators that have suggested an inhibi

tory role for antibody to BP in EAE (65,89,143,178,303).

In conclusion, while the relative roles of defective target

antigen and impaired immunity in the malnutrition-induced inhibition

of EAE have not been fully elucidated, results reported here

strongly suggest that impairment or inhibition of the autoimmune

response to BP during the effector phase of EAE is responsible for

the protection of protein-malnourished rats from clinical EAE. A

selective deficiency in autoimmune effector cells, cell-mediated

suppression, or antibody-mediated inhibition of effector function

would a be compatible with the results reported here in. However,

the latter seems to be the most plausible explanation.
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