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The m ouse has been used alm ost exclusively as the experim ental an im al for host

resistance stud ies in the United S tates. Host resistance m odels in m ice have

been validated and these types of stud ies are an in tegral part of the N ational

Toxicology Program ’s (N TP) im m unotoxicology testing program . Given that the

Fischer 344 rat is the an im al of choice for the N T P’s toxicology stud ies, it was

desirable to develop host resistance assays in th is rat strain, elim inating the

need to extrapolate doses between m ouse and rat m odels. These stud ies were

aim ed at the developm ent and the validation of a host resistance m odel to Lis-

t er ia monocytogenes , a gram -positive, facultative in tracellu lar bacterium , in

the Fischer 344 rat. The results dem onstrated that L. monocytogenes in fection

in the Fischer 344 rat produces a very sim ilar d isease with respect to onset

and duration as in the m ouse. An im als inoculated with up to 3 £ 105 viable

colony form ing un its (CFU) of L. monocytogenes were capable of resisting overt

d isease when they had an intact im m une system . Inoculation of an im als with

5 £ 105 cfu resulted in 50% m ortality (5/ 10). H owever, pretreatm ent with cy-

clophospham ide (an im m unosuppressive agent) followed by adm in istration of

5 £ 10
5

L. m onocytogenes resulted in 100% m ortality. Conversely, pretreatm ent

with Corynebacter ium parvum (an im m une-enhancing agent) followed by ad-

m in istration of 5 £ 10
5

L. monocytogenes resulted in 100% survival of an im als.

Overt d isease without recovery was m an ifested in vehicle-treated an im als inoc-

u lated with 8 £ 105 and 1 £ 106 m icroorgan ism , wh ile earlier deaths and 100%

survival resulted after pretreatm ent with cyclophospham ide or C. pa rvum , re-

spectively. These data support the use of the inbred Fischer 344 rat for host

resistance assays.

One goal of immunotoxicologica l studies is to predict t he r isk associat ed

with human exposu re to xenobiot ics. Although dat a on a lter a t ions of

single immune par ameters a re helpfu l for an t icipa t ing human hea lth
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effect s, t he immune syst em is dynamic, and there is a grea t dea l of

over lap in funct ion a llowing for compensa t ion of in jury to individua l

componen t s. Host resista nce models a re one of the approaches used in

immunotoxicology to a ssess the overa ll in t egr ity of the immune syst em.

These models eva lua t e the host’s ability, following exposur e to an agen t

of in t erest , t o dest roy or to inh ibit t he growth of m icroorgan isms or

tumors. Therefore, host resista nce studies play an import an t role in

under sta nding the clin ical relevance of immune in jury det ected by in

vit ro a ssays. In the mouse, var ious host r es ist ance models a re cu r ren t ly

used to det ect in jur y to pa r t icu la r componen t s of the immune syst em. For

example, in the S treptococcus pneum oniae model, the major protect ion

aga inst t he bacter ia has been shown to involve humora l immunity and

polymorphonuclear leukocytes [1]. In addit ion, na tu ra l killer (NK) cells

and cytotoxic T (Tc) cells a r e predominan t ly responsible for pr otect ion in

the B16F10 tumor model [2]. These studies dea l with the developmen t

and valida t ion of a host resist ance model to Listeria m onocytogenes in

the Fischer 344 fema le ra t .

L . m onocytogenes is a gram-posit ive, fa cu lta t ive in t ra cellula r bac-

t er ium. Human disease a ssocia ted with L . m onocytogenes most often oc-

cu rs in immune-compromised humans, including pr egnan t women and

newborns. The foods most often a ssocia t ed with list er iosis outbreaks

include m ilk and milk product s like sour m ilk and cheeses [3]. The pre-

dominan t sit es of L. m onocytogenes growth ar e in hepa tocytes, Kupffer

cells, and splen ic macrophages, and it is believed the bact er ia in fect

other cells via in ter cellula r plasm ic br idges [4].

The extensive study and chara ct er iza t ion of L. m onocytogenes in fec-

t ion and resist ance ha s brought it cen t er st age for use in immunotox-

icologica l s tudies. The in it ia l response (®rst 24 h) to L. m onocytogenes

in fect ion resides in the a ct ion of neu t roph ils t o preven t uncont rolled

bact er ia l growth [4, 5]. The exact act ions of neu t roph ils in the acu te

r esponse have not been fu lly elucida t ed bu t severa l hypotheses exist .

The simplest t heory is tha t neut r ophils have lister icida l act ions, either

in tr insica lly or via the r elease of oxida t ive agen t s. Another explana -

t ion r ender s neu tr oph ils lysing infect ed cells, enabling macrophages

and natu ra l killer cells t o dest r oy the exposed organ ism . Fina lly, neu -

t rophils pr oduce subst ances tha t a re vasoconst r ict ive, wh ich could lim it

t he spr ead of the bacter ia , t her eby increa sing the effect ive log kill of

a ct iva t ed macrophages and NK cells [6]. Although the precise role of

neu t roph ils has yet to be det erm ined, they ar e presen t in lar ge quan -

t it ies immedia t ely following L . m onocytogenes in fect ion. In addit ion to

neu t roph ils, macrophages and NK cells genera te a r apid, nonspeci®c

r esponse to infect ion.

Host resista nce to L . m onocytogenes is a lso media t ed via a T-cell±

dependen t pa thway. Once a macrophage ha s phagocytized the organ ism,
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it relea ses cytokines (pr edominan t ly IL-1, TNF-a lpha , and IL-12), wh ich

act iva te other immune cells (e.g., NK cells) to relea se IFN-gamma, a c-

t iva t ing other macrophages to kill ba ct er ia they contact . St imu lat ed

T cells can a lso act iva t e macrophages to dest roy the bact er ia th rough

phagocytosis and in t racellu la r killing. Once act iva t ion of macrophages

has occur red, L. m onocytogenes clear ance is grea t ly enhanced. There is

no evidence of humora l immunity having a role in host defense aga inst

pr ima ry L . m onocytogenes infect ion .

Severa l host resist ance models in r oden t s have been developed, and

these types of studies a re an in tegra l pa r t of both the Nat iona l Toxi-

cology Program (NTP) [7] and the Nether lands’ Na t iona l In st itu t e of

Public Hea lth (NIPH) toxicology test ing program [8]. Host r es ist ance

assays conduct ed by the NTP a lmost exclusively u t ilize the B6C3F1

(C57B1/6 £ C3HHeN) hybr id mouse, wh ile the NIPH’s host r es ist ance

assays employ outbr ed Wist a r ra t s. Given tha t the Fischer 344 ra t is t he

an imal of choice for the NTP’s toxicology studies, it was desirable to es-

t ablish a host r es ist ance model in th is st ra in . Th is would elimina t e the

need to ext rapola t e doses between mouse and ra t models. Fu r thermore,

t he Fischer 344 r a t is an inbred an imal and as t ransplant ed tumor host

resista nce models ar e developed in the ra t , a n inbr ed st ra in of exper i-

men ta l an imal will be r equ ired.

MATERIALS AND METHODS

Bacterial Culture

L. m onocytogenes st r a in 19303 (or igina lly obta ined from Herber t

Weish imer of the Depa r tmen t of Microbiology and Immunology, Vir-

gin ia Commonwealth Un iversity) was used in both the r ange-®nding

and the va lida t ion studies. This bacter ia l st ra in was a lso used in the t ier

II immunotoxicology valida t ion studies suppor ted and r epor t ed by the

Nat iona l Toxicology Program [7]. The stock cu ltu re was ver i®ed by the

Depa r tmen t of Clin ica l Microbiology a t Virgin ia Commonwealth Un i-

vers ity pr ior to the st a r t of the study. Stock cu ltu res were main t a ined

a t ¡ 80±C, and the viability of the bacter ia l st ock was ver i®ed by per form-

ing colony count s on t rypt ica se soy aga r pla t es pr ior to and following

inocula t ion of t est a n imals.

Animals

Pathogen (coronavirus, mycoplasma, and Senda i viru s)-free female

Fischer 344 r a t s (6±8 weeks old) were purchased from Cha r les River

Labora tor ies (Wilmington , MA). Animals were main ta ined under

condit ions speci®ed by NIH guidelines. Upon ar r iva l, t he ra ts were
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TABLE 1. Exper imental Groups

for the Range-Finding Study

Group Inoculum

1 Veh icle (0.9% NaCl)

2 3 £ 103 L. m onocytogenes

3 1 £ 104 L. m onocytogenes

4 3 £ 104 L. m onocytogenes

5 1 £ 105 L. m onocytogenes

6 3 £ 105 L. m onocytogenes

7 1 £ 106 L. m onocytogenes

quaran t ined for 7 days pr ior to being pu t on study. Animals were ran -

domized and housed individua lly in wir e hanging st a inless st eel cages

with an au tomat ic water ing syst em unt il t hey wer e infect ed with L.

m onocytogenes. Once inocula t ed, t he ra ts wer e housed 4 an ima ls per

cage in shoebox cages on sawdust bedding and ma in t a ined on Agway

Ra t and Mouse Ra t ion (NIH 07) and tap wa ter ad libitum . All an imals

were housed in an imal facilit ies a t Virginia Commonwealth Un iversity

where the t empera tu r e was maint a ined between 18 and 26±C, the rela -

t ive humidity between 40 and 70%, and the ligh t /da rk cycle was on 12-h

in ter va ls.

Following randomiza t ion in the developmen t study (refer red to a s

the range-®nding study fr om here on), t he an imals were assigned to

t rea tmen t groups (8 an imals/group) as shown in Table 1. For the va li-

da t ion study, an imals were randomized and assigned to tr ea tmen t

groups (10 an imals/group) as shown in Table 2. The concen t ra t ions of L.

m onocytogenes (CFU /an imal) used in the va lida t ion study wer e select ed

TABLE 2. Experimen ta l Groups for the Va lidat ion Study

Est imated

Group Inoculum % morta lity a Trea tmen t

1 Veh icle (0.9% NaCl) 0 0.9% NaCl

2 1 £ 105 CF U Listeria 10 0.9% NaCl

3 5 £ 105 CF U Listeria 25 0.9% NaCl

4 8 £ 105 CF U Listeria 75 0.9% NaCl

5 2 £ 106 CF U Listeria 90 0.9% NaCl

6 0.9% NaCl 0 CPS

7 1 £ 105 CF U Listeria 10 CPS

8 5 £ 105 CF U Listeria 25 CPS

9 8 £ 105 CF U Listeria 75 CPS

10 2 £ 106 CF U Listeria 90 CPS

11 Veh icle (0.9% NaCl) 0 C. parvu m

12 1 £ 105 CF U Listeria 10 C. parvu m

13 5 £ 105 CF U Listeria 25 C. parvu m

14 8 £ 105 CF U Listeria 75 C. parvu m

15 2 £ 106 CF U Listeria 90 C. parvu m

a Est ima t ions wer e based on the resu lt s of the range-

®nding study.



Fischer R at Host R esistance to Listeria 49

TABLE 3. Rela t ionsh ip Between Ca lcu lated Inocu la

Concen t r at ion Predosing and Bact er ial Count from Inocula

Postdosing for the Range-Finding and Valida t ion Studies

Range-®nding study Valida t ion study

Or igina l inocu la a Post inocula Or iginal inoculab Post inocu la

(CFU /mL) (CFU /mL) (CFU /mL) (CF U /mL)

1.0 £ 104 1.05 £ 104 1.0 £ 105 8.10 £ 104

1.0 £ 105 7.65 £ 105 8.0 £ 105 8.17 £ 105

1.0 £ 106 1.08 £ 106 2.0 £ 106 1.90 £ 106

N ote. Or iginal inocula represen t a ca lcu la ted number based on

ser ial dilut ion from a stock of 2 £ 109 CFU /mLa and 1.8 £ 109

CFU /mLb .

ba sed on r esult s found in the range-®nding study and ta rget ed a t concen -

t ra t ions to produce a low (10±25%) and a h igh (75±90%) mor ta lity ra t e.

Experimental Design

Inocula Preparation and Viability Veri®cation
On the day pr ior to inocula t ion , t he stock cu ltu r e was enumera t ed.

The stock solut ion was det ermined to be 2.0 £ 109 CFU /mL at the t ime of

inocula prepa ra t ion for the range-®nding study and 1.8 £ 109 a t t he t ime

of inocula prepar a t ion for the va lida t ion study. On the day of inoculat ion

for ea ch study, a via l of the same stock of L. m onocytogenes was thawed.

Based on the colony coun t of the frozen stock on the pr evious day, the

inocula were prepa red by mak ing necessa ry dilu t ions with 0.9% NaCl in

st er ile inject ion via ls in su f®cien t quan t it ies to inoculat e each r a t with

1 mL of the inoculum . Dilut ions wer e kept on ice. Inocula cont rol an i-

ma ls received a volume of 0.9% NaCl equa l to the volume (1 mL) of the

inocula and were dosed a t the same time as the t rea tmen t groups.

The inocula wer e counted a ft er t he an imal in jections were complet ed

to det erm ine whether a loss of viable bact er ia occur red in the in t er im

between r emoving the bact er ia fr om the freezer and the inocula t ion of

the an imals. Table 3 shows the viability of the inocula from the range-

®nding and valida t ion studies.

Test Articles
Cyclophosphamide (CPS, Sigma Chemica l, St . Louis, MO), a known

immunosuppressive agen t , a nd Corynebacterium parvum (C. parvum ,

Ribi Immunochemistr ies, Hamilton , MT), a known immunoenhancing

agent , were the two test a r t icles used for the va lida t ion of th is model.

CPS was fresh ly prepar ed in 0.9% NaCl a t a concen t ra t ion of 20 mg/mL

and an ima ls received a single in t ravenous in ject ion of 100 mg/kg 24 h

before inocula t ion with L . m onocytogenes. C. parvum was pr epared in
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0.9% NaCl a t a concen t ra t ion of 5 mg/mL and an imals received a sin -

gle in tr avenous in ject ion of 25 mg/kg 7 days pr ior to inocula t ion with

L . m onocytogenes. Veh icle cont rol an ima ls r eceived 0.05 mL 0.9%

NaCl/10 g body wt in t ravenously 24 h before inocula t ion with L. m ono-

cytogenes .

Treatment and Inoculation of Animals
To facilit a t e in tr avenous in ject ions, an imals were vasodila t ed by

placing them in shoebox cages without bedding on top of hea t ing pads.

Anima ls were closely monitored to ensu re they did not overhea t . After a

br ief hea t ing per iod, the t est a r t icles, veh icle, or inocula were adminis-

t ered in t ravenously to the designa t ed an imal via one of the two la t era l

t a il veins. Once in jected, t he anima ls were r etu rned to their cages for

the dura t ion of the study.

Safety
All bact er ia l dilu t ions were per formed in a ver t ical lamina r ¯ow

conta inmen t hood, class B. Personnel used appropr ia t e precau t ions, in -

cluding wear ing lab coa t s, gloves, masks, and safety glasses. For inoc-

u la t ions, a ir bubbles were purged from syr inges in to stopper ed vials

or a lcohol-soaked gauze to pr even t ba ct er ia l aer osols. All contamina t ed

mater ia ls, including an imal wast e, were au toclaved pr ior to disposa l.

Dead an imals were removed from cages and stored in a freezer un t il re-

moved for incinera t ion. All an ima l cages were san it ized by au toclaving.

Experimental Analyses

Observations
In the range-®nding study, an ima ls were observed for moribundity

or mort a lit y a t the t ime of inocula t ion and twice da ily ther ea ft er for

14 days. For the va lida t ion study, moribundity and mort a lit y checks

were conduct ed twice da ily a t t he beginning of the study. These checks

were r educed to once a day when an imals began to recover and no an -

ima ls became mor ibund or died over a 2-day per iod. The number of

an imals a live, t he number of an ima ls dead, and the cumula t ive number

of an imals dead were r ecorded a t each check per iod. Anima ls tha t were

moribund were eu than ized and scored as having died a t the subsequen t

observa t ion poin t .

Body Weight Analyses
In the r ange-®nding study, anima ls were weighed on the day pr ior

to inoculat ion and weekly un t il t he end of the study. In the va lida t ion
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study, an imals wer e weighed beginn ing the week before L. m onocyto-

genes inocula t ion (the day pr ior to tr ea tmen t with C. parvum ) a nd then

weekly un t il t he end of the study. Data were ana lyzed as body weight

and body weigh t change over the course of the exper imen ta l per iod.

Statistical Analyses
For body weight ana lysis, Bar t let t ’s test was used to eva lua t e the

homogeneity of the da ta [9]. For homogeneous da t a , Dunnet t ’s t est was

used to compare the t est a r t icle t rea tmen t groups with the veh icle groups

[10]. For nonhomogeneous da t a , t he Wilcoxon rank sum test was used

for st a t ist ica l compar ison [11]. St a t ist ica l sign i®cance was report ed as
¤p < 0.05 and ¤¤p < 0.01 unless otherwise indicat ed. Su rvival t ime dat a

were ana lyzed by the Fit Model [12] using J MP sta t ist ics fr om SAS In-

st itu t e, Inc.

RESULTS

Observations

At the onset of the range-®nding study, a ll a nima ls appea red clin i-

ca lly normal, a nd the an imals inoculat ed with 0.9% NaCl remained nor-

ma l th roughout the exper imen ta l per iod. Animal inoculat ed with 1 £
10 6 CFU of L. m onocytogenes became lethar gic and showed signs of

dehydra t ion beginn ing the morn ing of day 2 following bact er ia l inocula -

t ion, with the ®r st dea th in tha t dose group occur r ing the same afternoon.

At the onset of the va lida t ion study, a ll an imals appear ed clin ically

norma l. Anima ls inocula t ed with 0.9% NaCl r emained clin ically norma l

th roughout the exper imen ta l per iod. On day ¡ 2, an imals in groups 13,

14, and 15 (Table 2) a ll a ppear ed sligh t ly un th r ifty and had dark yel-

low ur ine st a ins on their per inea l a rea s. The au toma tic water ing syst em

lines feeding these an ima ls’ cages was found to be clogged, resu lt ing in

water depr iva t ion and the product ion of very concen t ra t ed ur ine. The

an imals began dr ink ing a s soon a s the lines were open and by the fol-

lowing day, their coa t s were retu r ning to normal appear ance.

Body Weights and Survival Data

Animal weigh t s for the r ange-®nding study a re shown in Figure 1. Rat s

inocula t ed with 0.9% NaCl showed a mean increa se in body weigh t of

6.98 g over the exper imen ta l per iod. Rat s inocula t ed with 3£ 103, 1£ 104,

and 3 £ 104 CFU /an ima l a ll gained weight similar to the 0.9% NaCl con-

t rol group such tha t t heir mean body weight s wer e not sign i®can t ly

differen t from those of the contr ol group dur ing the en t ire exper imen ta l
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FIGURE 1. Mean body weight s of Fischer 344 ra t s inocu la ted with L. m onocytogenes in the range-

®nding study. Rat s wer e inocula ted with th e indica ted concen t r a t ions of L. m onocytogenes on day 0.

The point s and bar s on the cu rve represen t the mea n weight § SE of 8 anima ls per group except

for th e 1 £ 106 CFU group on days 7 and 14, where the point s r epresen t a single animal. Stat ist ica l

signi®cance is denoted as ¤¤(p < 0.01).

per iod. Although there was no sign i®can t difference in mean body

weigh ts, a n imals receiving 1 £ 10 5 CFU showed sign i®cant decrease in

body weight change dur ing the ®r st week post inocula t ion as compa red

to veh icle cont rols. Rat s inocula t ed with 3 £ 105 CFU /an ima l showed a

signi®can t decr ease in weigh t du r ing the ®rst week of infect ion a s com-

pared to the veh icle cont rol group bu t ga ined weigh ts du r ing the second

week such tha t by the last day of the study, their body weigh t did not dif-

fer s igni®can t ly from those of the veh icle cont rol group. On ly one an imal

in the exper imenta l group inocula ted with 1£ 106 CFU /an imal sur vived.

By day 7, th is an imal’s weigh t had decrea sed fr om 137.4 to 114.8 g. Dur-

ing the second week of infect ion, t he an imal began to recover and her

body weight incr ea sed to 130.1 g by the end of the study.

Animal weight s for the inoculum cont rol groups in the va lida t ion

study a re shown in Figu re 2. Veh icle ra t s, t rea t ed and inocula t ed with

0.9% NaCl, showed an incr ea se in mean body weight of 22.27 g over

the exper imen ta l per iod. Animals inocula t ed with 1 £ 105 CFU demon-

str a t ed no st a t ist ica lly sign i®can t differences in their mean body weigh ts

a t t he end of the ®r st week post inoculat ion, bu t their mean weight ga in

was sign i®can t ly decrea sed a s compar ed to the inoculum cont r ol group

(9.2 g as compar ed to 15.6 g). The an imals recover ed dur ing the sec-

ond week post inoculat ion and by the end of the study neither their

mean weigh t nor mean weigh t ga in differed signi®can t ly fr om the con-

t rol group. Anima ls inocula ted with 5 £ 105 CFU exper ienced signi®-

can t weigh t loss du r ing the ®r st week post inoculat ion , with 4 an imals
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FIGURE 2. Mean body weight s of ®sch er 344 rat s with L. m onocytogenes inoculated in th e va lida t ion

study. Ra ts wer e inocu lated with the indica ted concen t ra t ions of L. m onocytogenes on day 1. The

point s on the curves represen t the mean weight § SE of 10 anima ls per group. Data for animals

inoculated with 8 £ 105 and 2 £ 106 are not sh own becau se th ese an imals died with in th e ®r st

week of the study. Sta t ist ica l signi®ca nce is den oted a s ¤(p< 0.05) and ¤¤(p< 0.01).

dying dur ing th is per iod. Although the su rviving an imals ga ined weight

du r ing the second week post inocula t ion, their mean body weight s as

compared to the cont rol group wer e st ill s igni®can t ly decrea sed a t the

t ermina t ion of the study. All an imals inoculat ed with 8 £ 105 or 2 £
106 CFU and t rea t ed with 0.9% NaCl died with in the ®rst week post inoc-

u la t ion (da ta not shown). At the 3 h ighest concen t ra t ions of inoculum ,

an imals t r ea t ed with the CPS died before day 7 post inocula t ion. One an -

imal inocula t ed with 1 £ 105 CFU and t rea t ed with cyclophosphamide

su rvived un t il day 7. Following admin ist ra t ion of C. parvum bu t pr ior to

inocula t ion with L. m onocytogenes, t he mean body weigh ts of an ima ls

sign i®can t ly decreased when compa red to their r espect ive cont rols. Dur-

ing the 2 weeks following inoculat ion , an imals t rea t ed with C. parvum ,

including those r eceiving a ll concen t ra t ions of L. m onocytogenes , expe-

r ienced an increase in mean body weight (da t a not shown).

F igur e 3 displays the su rviva l resu lts for the range-®nding study.

Groups of an ima ls inocula t ed with concen t ra t ions of L. m onocytogenes

up to and including 3 £ 105 showed 100% survival. In the group of ra t s

receiving 1 £ 106 L . m onocytogenes, the ®rst dea ths occur r ed on day

2.5 post inocula t ion. Deaths occur red over the next 3 days, with the last

dea th occur r ing on day 6.5. One an ima l in th is group su rvived unt il t he

end of the exper imen ta l per iod (day 14). Th is an imal showed evidence

of infect ion as manifest ed by its un th r ift y appea rance and loss of body

weight a s descr ibed pr eviously. Using the P roduct Limit Su rviva l Est i-

ma tes, the group receiving 1 £ 106 L . m onocytogenes was sta t ist ically

differen t fr om the cont rol group (probability > v 2
= 0.000).
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FIGURE 3. Survival of fem ale Fischer 344 rat s inocula ted with L. m onocytogenes in the range-

®nding study. Rat s wer e inoculated with the indica ted number of L. m onocytogenes on day 0. The

point s on th e curve represen t per cen t su rvival for each dose group at the indica ted t ime. Groups

consist ed of 8 anima ls per group on day 0.

Su rviva l da t a for an imals inocula t ed with concen t ra t ions of

L . m onocytogenes ranging from 1 £ 105 to 2 £ 106 CFU and t rea t ed with

NaCl in the va lida t ion study are shown in Figur e 4. All of the an imals

inocula ted with 1 £ 105 CFU survived un t il t he termina t ion of the study.

In the group of an ima ls inoculat ed with 5£ 105 CFU, the ®rst an ima l died

on day 4.5 and by the end of the study there was a 50% surviva l ra t e. An-

ima ls in the group inocula t ed with 8 £ 105 CFU began to die on day 3 of

the study and 100% mort a lit y was seen by day 6. In the group of an imals

inocula ted with 2 £ 106 CFU, there was 100% mort a lity by day 2.5.

FIGURE 4. Su rvival of NaCl veh icle-t rea ted fema le Fischer 344 ra t s inoculated with L. m onocyto-

genes in th e valida t ion study. Ra t s were inoculated with the indica ted number of L. m onocytogenes

on day 0. The poin t s on the curve represen t per cen t survival for each dose group a t the indica ted

t ime. Groups con sist ed of 10 anima ls per group on day 0.
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FIGURE 5. Effect s of cyclophosphamide (CPS) and Corynebacterium parvum on per cen t survival

of fema le ®scher 344 ra t s following inocu lat ion with 5 £ 105 CF U of L. m onocytogenes . Rat s wer e

admin ist er ed eit her C. parvu m on day ¡6, 0.9% NaCl (Veh icle) or CPS on day 0. All animals wer e

inoculated via the int r avenuous route with 5 £ 105 CF U of L. m onocytogenes on day 1. The point s

on the cu rve represen t per cen t survival for each dose group at the indica ted t ime. Groups consist ed

of 10 an imals per group on day 0.

At a ll inoculum levels, an imals t r ea t ed with CPS showed mort a lity

a t an ea r lier t ime poin t than their NaCl-t rea t ed cont rols and reached

100% mort a lity by the t erm ina t ion of the study. No dea ths were seen in

CPS-t rea t ed contr ol an ima ls (inocula t ed with 0.9% NaCl). Conversely,

t her e was no mort a lity in groups of an ima ls t r ea t ed with C. parvum ,

r ega rdless of the inoculum level (da t a not shown).

F igur e 5 shows the percen t su rviva l for groups of an imals inoc-

u la ted with 5 £ 105 CFU of L . m onocytogenes. Anima ls t rea ted with

the NaCl vehicle began to die on day 4.5, with the last dea th obser ved

on day 11.0, resu lt ing in 50% mor ta lity. Animals t rea ted with CPS ex-

h ibited sign i®can t ly decreased resist ance as evidenced by ear lier dea ths

and 100% mor ta lity with in the group. C. parvum was observed to sign i-

®can t ly increase host resist ance as evidenced by 100% surviva l with in

the C. parvum -t rea t ed groups.

DISCUSSION

Over the past two decades, a t ier ed approach to immunotoxicology

has undergone development in the United Sta t es and in Europe. In

the United Sta t es, t he Nat iona l Toxicology P rogram (NTP) ha s focused

on mouse models [7], wh ile Europe, championed pr imar ily by the

Nether lands’ Nat iona l In st itu t e of Public Health (NIPH), has concen -

t ra t ed on ra t models [13]. These two systems differ not only in the t est

an imal of choice, bu t a lso in their division of assays into t ier s. In the Eu-

ropean community, t ier I immunotoxicity t est ing in the ra t is included

in the genera l t oxicity t est ing and is based solely on immunopathology
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without funct iona l t es ts. Tier I t est ing in the mouse, a s a ccept ed by the

NTP, follows genera l t oxicity t es t ing and includes immunopathology a s

well as assays for cellu lar, humora l, a nd inna te immunity. For t ier II

t est ing, both approaches include host resist a nce studies. Rat host re-

s ist ance assays have been developed for ba ct er ia l, pa ra sit ic, vira l, a nd

au toimmune disea ses [8], wh ile mouse models have been developed for

bact er ia [1, 14], viru ses [15], par asit es [16], a nd syngeneic tumors [2].

As effor t s toward in terna t iona l harmoniza t ion emerge, t here is a

dr ive to move toward the ra t as the an imal of choice for immunotoxicol-

ogy test ing. H istor ica lly, t he NTP ha s recommended the use of inbred

Fischer 344 r a t s wh ile the NIPH in the Nether lands has used the out -

bred Wist a r ra t for toxicology test ing. One advan tage of using the Fis-

cher 344 over the Wist a r r a t is t he ability to conduct assays such as the

cytotoxic T-lymphocyte assay (CTL) and syngeneic tumor models tha t

r equ ire the homogeneity of an inbr ed species. Therefore, t he pu rpose of

these studies was to develop a bact er ia l model of host resista nce in the

Fischer 344 r a t using L . m onocytogenes.

The da t a presen t ed here show tha t the Fischer 344 fema le ra t is sus-

cept ible to L. m onocytogenes and the course of the disease is simila r to

tha t seen in the B6C3F1 mouse and the Wista r ra t . In the Wist a r model,

75% mort a lity (3/4) was seen in 5-week-old male ra ts inocula t ed with

2 £ 106 L . m onocytogenes with a mean in t erva l between infect ion and

dea th of 4.3 days [17]. Inocula t ion with 3.4 £ 103 CFU has been shown

to cause dea th in 5/12 B6C3F1 mice, with mort a lity occur r ing on days

5 and 6 [18]. Likewise, 50% (5/10) mort a lity was seen in Fischer 344

r a t s inocula t ed with 5 £ 105 CFU L. m onocytogenes , with an ima ls dying

between days 2 and 6. In the Fischer 344 ra t model, a s well as in the

Wist a r ra t and the B6C3F1 mouse models, higher inoculum levels caused

ea r lier dea ths a t short er in t erva ls.

Fu r thermore, immunoenhancing and immunosuppressive agen t s a l-

t ered the outcome of L isteria in fect ion in the Fischer 344 r a t . The a lky-

la t ing agen t CPS preferen t ia lly kills sma ll lymphocytes and decr ea ses

lymphocyte response to mitogens while showing less act ivity aga inst

mononuclear and polymorphonuclea r leukocytes [19]. In th is rega rd,

CPS would be expect ed to in ter fer e with T-cell a ct iva t ion of macro-

phages and, therefore, reduce resist a nce to L. m onocytogenes in fect ion.

In concordance, as compar ed to 50% mor t a lity in an imals with an in ta ct

immune syst em , 100% mor ta lity (10/10) was seen in an ima ls receiv-

ing 5 £ 105 CFU of L . m onocytogenes after being immunosuppr essed

with CPS. Fur thermore, dea ths occur red ear lier in CPS immunosup-

pressed anima ls (beginn ing on day 2.5) than in nonimmunosuppr essed

an imals (beginn ing on day 4.5) given the same inoculum . Conversely,

C. parvum increases the number and act iva t ion st a t e of liver macro-

phages [20] and therefore would be expect ed to increase resista nce to
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Listeria . In agreemen t , pr et rea tmen t with C. parvum followed by admin-

ist ra t ion of 5 £ 105 CFU L . m onocytogenes resu lted in 100% surviva l of

Fischer 344 ra t s (10/10). In summary, a t a ll concen t ra t ions of L. m onocy-

togenes t ested, t rea tmen t with the immunoenhancing agen t C. parvum

was protect ive and t rea tmen t with the immunosuppressive agen t CPS

resu lted in 100% mort a lity.

These da t a show tha t the Fischer 344 ra t , like the Wista r ra t and

the B6C3F1 mouse, is a suit able host for L. m onocytogenes bacter ia l host

resista nce.
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