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Introduction

The inoculation of mice with nonlethal

strains of the intracellular protozoan parasite

Toxoplasma gondii results in clinically in-

apparent infections which are characterized

by the rapid development of an acquired

immunity that terminates the active growth

phase of the parasite in the tissues, and

protects the mouse against reinfection (Fren-

kel, 1956; DeRoever-Bonnet, 1963, 1964;

Stahl and Akao, 1964). The underlying host

factors that control the infection are incom

pletely understood, but are believed to be a

reflection of cell-mediated immunity (CMI)

Frenkel, 1967).

In a recent paper (Stahl et al., 1976), we

reported on the use of the immunosuppressive

drug methotrexate to alter the course and

outcome of experimental Toxoplasma infec

tions in mice. Depending on the dosage,

frequency, and number of injections of the

drug, several distinct patterns of disease

evolved, encompassing a wide spectrum of

symptoms and pathologic changes. The

target cell population could not be pinpointed

however because of the broad and nonspecific

antimetabolic activity of methotrexate.

The present investigation reports on our

efforts to better understand the complex in

terplay between host immune responses and

Toxoplasma, in terms of parasite prolifera

tion and persistence in the host, cyst forma

tion in the brain, immunity to reinfection,

and reactivation of chronic, latent infection.

The latter two objectives will be considered

separately in a companion paper. Heterolo

gous antithymocyte serum (ATS) was chosen

for study because it is generally recognized

as one of the most potent and selective of

immunosuppressive agents, particularly effec

tive against cell-mediated immunity. Unlike

other cytotoxic agents, ATS can be con

sidered a true immunosuppressant, acting

directly and specifically on thymus-derived

lymphocytes, rather than indirectly through

some generalized antimetabolic action (Lance,

1972).

Materials and Methods

Animals

Female, highly inbred Nya: NYLAR

albino mice, 8 to 10 weeks of age, were

obtained from an animal colony maintained

by the New York State Department of

Health. The mice were housed up to 10

per cage, and allowed unlimited food and

water.

Parasite

The nonlethal Cornell (CS) strain of

Toxoplasma gondii, originally obtained from

Dr. A. Kimball, Cornell University School

of Medicine, New York, NY, was used in

this study. The CS strain was maintained

in the cyst stage in the brains of chronically

infected stock mice and was passaged to
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normal mice every six months. To obtain

CS cysts, brains of stock mice were removed

and homogenized in saline in a tissue grin

der. Cysts were counted, and the final

volume was adjusted to yield approximately

24 cysts per ml of brain suspension. The

standard mouse-infecting dose was 12 cysts

in a 0.5 ml aliquot, given by intraperitoneal

(ip) injection.

Toxoplasma Cyst Counts

The brains of experimental mice were

individually emulsified in 4.0 ml of saline in

tissue grinders. Four to eight drops of each

emulsion (approximately 30 drops/ml) were

removed with a pasteur pipette and indivi

dually scanned under the low power (100 X)

of a compound microscope. The total num

ber of cysts in each mouse brain was cal

culated by multiplying the average number

of cysts per drop of emulsion by the average

number of drops (120) in the emulsion.

Antithymocyte Serum (ATS)

The heterologous ATS was prepared in

rabbits according to the method of Levey

and Medawar (1966). Rabbits were given

2 intravenous injections of approximately

109 mouse thymocytes, 14 days apart. Two

weeks after the last injection, the rabbits

were bled out by cardiac puncture. Sera

were pooled, heat-inactivated at 56 C for 30

minutes, portioned out in 2 and 5 ml aliquots

in small glass vials, and stored at — 20 C.

Normal rabbit serum (NRS), used for con

trol studies, was inactivated and stored in

similar fashion. All injections of sera were

given by the intraperitoneal route.

Tests for the Immunosuppressive Potency of

ATS

The immunosuppressive potency of ATS

was assessed by its ability to inhibit the

development of contact sensitivity to oxazo-

lone (4-ethoxymethylene-2-phenyl oxazolone,

BDH Chemicals, Ltd., Poole, England).

Groups of mice were sensitized by applying

0.1ml of 10% oxazolone in absolute ethanol

to an area approximately 3 cm2 on the shaved

dorsum. During the next several days four

different regimens of ATS were administered

to the mice as described in the results.

Six days after sensitization, the mice were

anesthetized, and the thickness of each ear

measured successively 3 times with an engi

neer's micrometer (Fisher Scientific Co.,

NY). One drop of 1% oxazolone in olive

oil was then applied to both sides of both

ears. After 24 hours, the mice were again

anesthetized, and the thickness of all ears

remeasured and the results expressed as the

mean increment in ear thickness in units of

10"3 cm.

Test for ATS Toxicity

Prior to administering ATS to Toxoplasma-

infected animals, several preliminary tests

were performed to determine if ATS was

toxic to mice. Groups of normal mice were

injected daily for 6 days with 0.5 ml aliquots

of ATS or NRS then observed for an ad

ditional 14 days. The total volume of ATS

and NRS administered (3.0 ml) was not

demonstrably toxic to the mice. It was felt

that this lack of overt in vivo toxicity ob

viated the necessity of determining either

hemagglutinin titers or cytotoxic activity in

vitro, or of absorbing the ATS or NRS with

mouse erythrocytes prior to use.

Serology

The indirect hemagglutination test (IHA)

for Toxoplasma antibodies (Jacobs and Lun-

de, 1957), was performed according to Cen

ter for Disease Control (CDC) procedures,

using a commercial Toxoplasma antigen pur

chased from Industrial Biochemical Labora

tories, Rockville, Maryland.

Kxperimental Design and Analysis

The objectives of this study were to note

the effects of heterologous ATS on the course

and outcome of primary nonlethal Toxo

plasma infections in mice, with particular

emphasis on the persistence of trophozoites

in tissues, and numbers of cysts in the brain.

The experimental design was as previously

described (Stahl et al, 1976); briefly, how

ever, graded doses of ATS were administered

to infected mice and the effects assessed by

following morbidity, mortality, and patho

logic changes.
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Results

Verification of cell-mediated immunosuppres-

sive properties of ATS

The inhibitory effect of ATS on cell-medi

ated immunity was monitored by examining

its effects on the development of contact

sensitivity to oxazolone. Four regimens of

ATS were tested, representing the max

imum, intermediate, and minimum doses

administered to the Toxoplasma-infected

mice in the succeeding experiments.

The results are listed in Table 1. It is

evident that the higher doses of ATS, given

in multiple injections, are potent inhibitors

of contact sensitivity. The maximum re

gimen, 4 alternate-day injections totaling

2.0 ml of ATS, completely inhibited ear

swelling. The intermediate regimen reduced

the amount of ear swelling approximately

two-thirds. The minimum regimens, involv

ing single injections of 0.07 ml of ATS either

on day 0 or day 4, had no discernable effects

whatever. It is of interest to note that the

administration of NRS apparently enhanced

the amount of ear swelling recorded, to

almost double that seen in the untreated

control mice.

Course of primary, nonlethal Toxoplasma

infections in untreated mice

Untreated mice infected with the CS strain

of T. gondii generally ran a mild course

during the 30 days they were observed.

Signs and symptoms, when present, appeared

during the second and third weeks of the

infection, and consisted of ruffled fur, hud

dling, a transient ascites, and a gradual loss

of about 10 percent of body weight. No

mortalities were recorded in any group of

infected, untreated mice (5 groups of 12 mice

each).

Toxoplasma cysts were first detected in

brain tissue on day 10, and trophozoites

persisted in peritoneal exudate up to the

12th day post-infection. Histopathological

examination of tissue sections revealed in

flammatory lesions in the heart, lungs, liver,

kidneys, and brain after 2 weeks of infec

tion. Cysts in the brain were solitary, and

generally not associated with the inflamma

tory lesions. Mice infected for 4 weeks had

an average of 900 cysts per mouse brain

and an anti-Toxoplasma IHA titer mode of

1 :512. The mode is the titer with the

highest frequency of occurrence in the group.

Course and outcome of primary, nonlethal

Toxoplasma infections in ATS-treated mice

A series of 5 experiments were performed,

employing as variables the following : The

number, the timing, and the frequency of

serum injections, and the total amount of

ATS injected. Table 2 lists the results of

the 5 experiments in chronological order,

based on the total amount of ATS adminis-

Table 1 Suppressive effects of heterologous antithymocyte serum (ATS) on contact

sensitivity to oxazolone in mice

ATS

Treatment of

sensitized

mice

Untreated

NRS

ATS

ATS

ATS

ATS

Regimens

Days

serum

injected

—

-1,1,3,5

-1,1,3,6

0,2,4,6

0

4

Total

amount

(ml)

—

2.0

2.0

0.5

0.07

0.07

Mean ear

Before

challenge

(day 6)b

22

24

23

22

22

22

thicknesses

After

challenge

(day 7)

34

44

23

26

36

37

(xlO-3 cm)

Increase

in

thickness

12

20

0

4

14

15

a day 0 : day of sensitization with 10% oxazolone.

b day 6 : day of challenge with 1% ozazolone.
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Table 3 Modification of several parameters of nonlethal CS-strain Toxoplasma gondii

infections in mice treated with normal rabbit serum (NRS) and heterologous

antithymocyte serum (ATS) (Data from experiment 4a)

Treatment a of Trophozoites

CS-infected in peritoneal

mice exudate (days)

Cysts in brain

day first cyst

detected clusters

Cyst counts

average range

Serology

IHAb titer

(mode)c

Untreated

NRS

ATS

12

14

23

10 rare 900 ( 650-1,500) 1:512

10 rare l,050( 825-1,300) 1:512

6 abundant 4,000(3,400-5,200) 1 : 512

a Aliquots of 0.07 ml of serum administered ip, on days 0, 4, 8 of infection.

b Indirect Hemagglutination Test. Titers obtained after 4 weeks of infection.

c Mode : The titer with the highest frequency of occurrence.

protracted disease evolved, with 60 percent

mortality within 4 weeks. Press prepara

tions of brain revealed numerous cysts, de

veloping singly and in clusters. Pathologi

cally, an extensive meningoencephalitis was

observed, which is believed to be the cause

of death. Toxoplasma trophozoites were

detected in peritoneal exudate into the fourth

week of the infection. These data are sum

marized in Table 3.

On the other hand, if the 3 injections of

ATS were delayed until days 15, 18, and

21 (Exp. 4b), the Toxoplasma infection re

mained subclinical and the mortality fell to

only 7 percent.

The objective of experiment 5 was to

correlate the day of ATS administration

(timing) with the degree of infection-modi

fication. To focus on the importance of

timing, it was deemed necessary to mini

mize the strong infection-enhancement effects

obtained with the higher doses of ATS,

administered via multiple injections. Accor

dingly, the several groups of infected mice

received a single injection of only 0.07 ml

of ATS, either on day 0, day 4, day 8, or

day 15 of the infection (Table 2).

Only the administration of ATS on day 4

modified the primary subclinical CS infec

tion into clinical disease and death. The

effect of ATS was less marked if the injec

tion was delayed until day 8 and there was

no enhancement if the injection was given

either on day 0, or delayed until day 15.

Serological tests on mice surviving into

the fourth week revealed that antibody titers

were unaffected by a prior single injection

of ATS, whether given on day 0, 4, or 8

of the Toxoplasma infection. The anti-

Toxoplasma IHA titer mode was 1 :512,

comparable to that of the untreated controls.

Discussion

Our results indicate clearly that the ad

ministration of ATS to mice during the first

several days of Toxoplasma infection can

greatly alter the course of the infection.

Depending on the amount and timing of

the ATS injections, several distinct clinical

forms of acute toxoplasmosis emerged, rang

ing from a protracted, slowly evolving neu

rological syndrome to a rapid, progressive,

fatal disease. In all the ATS-treated mice,

Toxoplasma trophozoites persisted for ex

tended periods of time, demonstrating that

the tissue-clearing mechanisms of the host

were impaired. Previously, Strannegard and

Lycke (1972) had shown that ATS prolonged

parasitemia in mice infected with an aviru-

lent strain of Toxoplasma, and reduced the

survival time of mice infected with a viru

lent strain.

Mice receiving the higher doses of ATS

in multiple injections suffered the more rapid

and severe forms of disease, marked by a

profusion of trophozoites in peritoneal exu

date, lungs, heart, liver, and spleen. Histo-

pathologic examination disclosed pneumonitis

and myocarditis. The smaller the amount
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of ATS given, and the fewer the injections,

the less severe the resultant disease. It is

noteworthy that the smaller doses of ATS,

although unable to suppress either serum

antibody titers or contact sensitivity to ox-

azolone, still possessed the ability to modify

the Toxoplasma infection.

These observations are very similar to

those recorded by Stahl et al. (1976), who

examined the effects of treating Toxoplasma-

infected mice with methotrexate (MTX), a

folate antagonist with immunosuppressive

properties. They found that MTX admini

stered during the first week converted the

subclinical infection into several distinct pat

terns of clinical disease. However, it was

not possible to fully interpret their findings

due to the broad antimetabolic and immuno

suppressive properties of MTX. In contrast,

the use of ATS as a highly specific suppres

sant of CMI permits a possible explanation.

With ATS, it was possible to determine

the time of greatest vulnerability of the

hosts' immune system to manipulation and

to pinpoint the type of cells involved. For

example, one injection of ATS on day 4

markedly potentiated the Toxoplasma infec

tion whereas if given either on day 0 or

day 8, the ATS was largely ineffective.

Since ATS operates selectively against T

cells in the circulation (Blanden, 1974), these

data indicate that effector T cells left their

ATS-inaccessible sites in lymphoid tissues

and entered the blood by day 3 or 4, whe

rein they became inactivated by the recently

administered ATS. The destruction of ef

fector T cells would, in turn, block the

activation of sufficient numbers of macro-

phages to control the parasite, and subclinical

infection thereby progressed into clinically

evident disease. By day 8, immunogenesis

apparently was too far advanced for ATS

reversal.

Strongly supporting this line of reasoning

are the findings of Hapel and Gardner (quoted

by Blanden, 1974) who reported that a single

injection of 0.2 ml of ATS on days 3-5 fol

lowing ectromelia infection in mice reduced

the total number and cytotoxic potency of

harvested mononuclear cells. The same dos

age given on days 1, 2, or 6 was ineffective.

Similarly, resistance to histeria monocytogenes

was inhibited by ATS given 2-5 days after

infection, but not if the ATS was adminis

tered on days 6 or 7 (Mackaness and Hill,

1969; Pearson and Osebold, 1973).

Once again, as in previous reports (Stahl

et at., 1966a, b ; 1976), Toxoplasma cysts

were detected in the brains of the immuno-

suppressed mice earlier and in much greater

numbers, with many cysts developing in

large, grape-like clusters. In spite of much

speculation, the origin of these cyst clusters

remains elusive. One possibility, suggested

by Frenkel (1961), involves the rupturing of

cysts in the brain and the release of many

merozoites (intracystic trophozoites) which

then invade neighboring cells and eventually

form new cysts. Supporting Frenkel's viewT

are recent studies by Nakayama (1974), who

subjected chronically infected mice to long-

term cortisone treatment. A four-fold in

crease in the numbers of cerebral cysts was

achieved, as well as the appearance of bud-

like protrusions of the cyst. Nakayama sug

gests this "budding" process may be a

prelude to cyst rupture. However, the mi

croscopic examination of numerous gross and

histopathologic preparations of brain tissue

has not yielded corroborative evidence, in

that neither ruptured cysts nor cyst wall

detritus has ever been found (Waaij, 1959 ;

Stahl et al., 1966b).

Another possibility is that the number of

cysts in the brain may be directly related

to the number of trophozoites reaching the

CNS via hematogenous transport; If so,

any manipulation of the host that would

interfere with the efficient elimination of

trophozoites from the tissues and circulation

should then lead to increased numbers of

cysts in the brain. This hypothesis is sub

stantiated by the dramatic results obtained

after only a single injection of ATS on day

4 of the infection. In the immunosuppressed

mice, the observed persistence of trophozoites

in tissue and blood likely resulted in a con

stant stream of parasites to the brain. There,
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glial invasion was followed by cyst forma

tion. Cyst clusters may represent fortuitous

gatherings of parasites entering the brain

through common portals, or the encystment

en masse of scattered packets of trophozoites

proliferating in the CNS of the immunosup-

pressed mice.

Summary

Groups of mice were infected with a

nonlethal strain of Toxoplasma gondii and

then treated with heterologous antithymocyte

serum (ATS), a potent suppressant of cell-

mediated immunity. The administration of

ATS during the first week of infection (dur

ing immunogenesis) quickly converted sub-

clinical infection into clinical disease with

pronounced morbidity and high mortality.

Depending on the dose of ATS adminis

tered, and the number and frequency of

injections, several distinct clinical entities

of increasing severity emerged, ranging from

a protracted neurological syndrome of several

weeks duration to a fulminating visceral

disease killing within several days. In the

ATS-treated mice, Toxoplasma trophozoites

persisted in peritoneal exudate and tissues

for extended periods of time ; cyst develop

ment in the brain occurred earlier and in

much greater numbers, and many cysts were

found developing in large, grape-like clusters.

Delaying the administration of ATS until

two weeks postinfection did not modify the

ongoing Toxoplasma infection.
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