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Improved Rat Model for Studying Pneumocystis carinii Pneumonia
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Sprague-Dawley rats treated for 8 weeks with cortisone acetate (25 mg per rat twice weekly) were
immunosuppressed to variable degrees. A total of 55% lost over 12% of their initial body weight, had cortisol
concentrations in serum more than five times greater than those of the controls, and had markedly depressed
ratios of helper to non-helper T cells, in both the spleen and peripheral blood. Animals that gained weight
during immunosuppression had cortisol concentrations in serum only three times higher than those of the
controls, had normal ratios of helper to non-helper T cells in the spleen, and had only modestly reduced T-cell
ratios in peripheral blood. The degree of Pneumocystis pneumonia was evaluated in impression smears and
sections of lungs taken from immunosuppressed rats. Pneumocystis infections were more severe in the rats that
showed the greatest weight loss. Weight change during immunosuppression may therefore be used as a reliable
means for predicting the degree of Pneumocystis infection in living rats. This protocol allows the selection of
uniformly infected rats for studies assessing drug therapy of Pneumocystis pneumonia.

Sprague-Dawley rats, when immunosuppressed by adreno-
cortical steroids, spontaneously develop Pncumocystis
carinii infection. This rat model, originally described by
Frenkel et al. (4), has been used to study the pathogenesis
and pathology of infection with P. carinii (10), as well as to
provide a source of organisms for other studies or for culture
(1). In addition, the model has been used for evaluating the
effectiveness of various drugs for prophylaxis or therapy of
Pneumocystis pneumonia (6, 9).

Using the model to screen additional agents for therapy of
Pneumocystis pneumonia, we found that great variability in
the severity of Pneumocystis infection among immunosup-
pressed rats from the same colony made the evaluation of
drug effects difficult. We herein report that weight change
during immunosuppression can be used to separate rats into
groups with uniform infection. By minimizing the variation
in severity of infection within groups of animals, the power
of the rat model to reveal statistically significant drug effects
is improved.

MATERIALS AND METHODS

Female Sprague-Dawley rats were purchased from Harlan
Laboratories and Cox Laboratories (both in Indianapolis,
Ind.) and from Charles River Breeding Laboratories, Inc.,
Wilmington, Mass.). Rats from Harlan Laboratories were
studied most extensively, with pilot studies done on rats
from Cox Laboratories and Charles River Laboratories. All
rats were fed a regular diet and housed one per cage. Rats
weighing between 100 and 200 g received 25 mg of cortisone
acetate subcutaneously twice weekly for 8 to 16 weeks. Rats
weighing over 200 g received 40 mg, and those weighing less
than 100 g received 18 mg on the same schedule. Tetracy-
cline was added to drinking water to achieve a dose of 15 mg
per rat per day. Rats were weighed weekly during the
immunosuppression period.

Two groups of 42 and 63 rats from Harlan Laboratories
were studied. Rats in these groups had initial weights of
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131.9 + 1.2 and 139.1 *= 0.6 g, respectively; they were
housed in an open room. The mean biweekly dose of
cortisone acetate in these animals was 185 mg/kg of body
weight. Two animals in each group were lost in housing
accidents before the end of the study; data from these rats
are not included in Table 1.

Five rats from Charles River Laboratories were originally
housed in barrier cages in which the air into the cage was
filtered. After 8 weeks of immunosuppression with weight
gain and no clinical evidence of infection with P. carinii, two
of these rats were transferred to the open room which
contained the Harlan rats. Five rats from Cox Laboratories
were housed in open cages in an isolation room.

To evaluate the severity of infection, rats were anesthe-
tized with ketamine hydrochloride and sacrificed by
exsanguination. The lungs were removed aseptically, im-
pression smears were prepared, portions were fixed in
Formalin for histology, and additional portions were frozen
and subsequently cultured as previously described (1). Both
impression smears and sections were stained with a rapid
methenamine silver stain by the procedure of Brinn (2), with
the modification that the chromic-acid step was done at room
temperature for 10 min rather than in a microwave oven.
Positive Pneumocystis control slides were included with
each run. Impression smears were also stained with Giemsa
stain; sections were also stained with hematoxylin and eosin.

Slides were examined as unknowns by two examiners, and
their readings were combined for composite scores. The
severity of infection was determined on a scale of 1 to 4+,
with 4+ representing more than 10 organisms per 1,000x
field, 3+ representing 1 to 10 organisms per field, 2+
representing 2 to 9 organisms in 10 fields, 1+ representing 1
organism in 10 fields, and 0 representing no organisms seen.
The numbers of both trophozoites and cysts were evaluated
from the Giemsa stains, but only the numbers of cysts could
be evaluated from the silver stains.

From selected rats, blood was collected in preservative-
free heparin, and the spleens were collected in RPMI 1640
for T-cell studies. The cortisol level in serum was deter-
mined by using GammaCoat radioimmunoassay (Travenol-
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TABLE 1. Changes in body weight of rats during B30 o '1
immunosuppression® g o
N initis o O
Wt change Mg:gvm\:/ttml Mean wt change” ~20 - 1) 4
(no. of rats) @ + SEM (g) + SEM o @)
Expt 1 § o
Loss of >15 g (21) 133.1 = 1.3 =236 1.0 S -10 8 b
Loss of 0-15 g (9) 132419 -72=*1.1 c
Gain (10) 130.0 = 3.1 +12.5+23 -
S O
Expt 2 E oF----"--"-"""—-"—-"=—-"——=- -
Loss of >15 g (36) 139.9 = 0.9 —23.6 = 0.8 (%] o)
Loss of 0-15 g (15) 138.1 = 0.9 -92=*10 £
Gain (10) 137.7 + 1.4 +58 %15 = o
g +10 — b
“ The animals were Sprague-Dawley female rats from Harlan Laboratories. (@]
» Weight changes were calculated after 8 (experiment 1) or 9 (experiment 2) O O
weeks of immunosuppression. O
+20 ™ h
Genentech Diagnostics, Cambridge, Mass.). Leukocyte o
counts and differentials were determined on a Coulter
Counter (model Plus IV; Coulter Electronics, Inc. Hlaleah +30 - ' 1 | | I -
Fla.). 0 1 2 3 [

For analysis of the T-cell subsets, approxnmately 10°
mononuclear cells from either the spleen or peripheral blood
were obtained by using Histopaque 1077 (Sigma Chemical
Co., St. Louis, Mo.) density gradients. The cells were
incubated with 10 ul of the appropriate antibody (Pan T,
Helper T, or Non-helper T; Accurate Chemical and Scien-
tific Corp., Westbury, N.Y.) for 30 min at 4°C. After two
washes with phosphate-buffered saline-2% fetal bovine se-
rum, the wash solution was aspirated, and 200 pl of goat
anti-mouse immunoglobulin-fluorescein isothiocyanate
(Coulter Clone; Coulter Immunology, Hialeah, Fla.) was
added. After a 30-min incubation on ice, the cells were
washed thrice with phosphate-buffered saline-2% fetal bo-
vine serum, and the wash solution was removed by aspira-
tion. One milliliter of cold resuspension medium was added,
and the fluorescence was read on a fluorescence-activated
cell sorter (FACS; Becton Dickinson and Co., Cockeysville,
Md.) with a 100-um orifice, 0.71-mA current, and 500 V on
photomultiplier for fluorescence 1.0 (green). Background
fluorescence or autofluorescence was subtracted using 10°
unstained cells.

Data are reported as the mean = the standard error of the
mean here and in the tables.

RESULTS

Two large groups of age- and weight-matched rats from
Harlan Laboratories were studied independently. The initial
mean body weights of these rats were similar (131.9 = 1.2
and 139.1 = 0.6 g). Over half of these rats (n = 57) lost more
than 15 g over the 8- or 9-week immunosuppression period,

TABLE 2.

Score on Giemsa Stain
(trophozoites + cysts)

FIG. 1. Correlation of weight change after 9 weeks of im-
munosuppression with degree of P. carinii infection, as measured by
Giemsa staining of lung impression smears taken after 11 weeks of
immunosuppression. The animals are described in Table 2. Eight of
the samples scored from +3 to ‘+4 were also tested for viable
organisms by culturing the lung. AI! grew P. carinii.

24 animals lost from 0 to 15 g, and 20 animals gained weight.
Welght loss was most rapid durlng the first few weeks of
immunosuppression; by week 6, body weight stabilized in
most animals. Rats that gained weight tended to gain steadily
during the period of observation. The initial weights did not
correlate with the weight lost during immunosuppression
(Table 1).

Twenty-four rats were randomly selected from experiment
1 for morphologic evaluation. The severity of infection, as
evaluated by Giemsa stains of lung impression smears and
methenamine silver stains of impression smears and sec-
tions, is shown in Table 2. The numbers of Prneumocystis
organisms showed an inverse correlation with weight loss
during immunosuppression (Fig. 1). The lungs from the rats
described in Table 2 and Fig. 1 were used as inocula for
cultures. Organisms were successfully cultured from all of
the seven tested animals that lost >15 g: organisms from one
of the eight tested animals that gained weight grew slightly in
culture, and the rest failed to grow.

The cortisol concentration in serum in samples taken at
sacrifice was determined in 10 rats. including those that lost

Relationship between weight loss and severity of infection”

Severity of infection score*

Wt change Mean initial wt Mean wt change sion smears -
(no. of rats)” (g) = SEM (g) = SEM Impression smears Sections
Giemsa AgNO; (AgNO3)
Loss of >15 g (12) 1329 = 7 -233*+39 3504 3.6 0.7 3.4 0.6
Loss of <15 g (4) 1295 =6 -7.8 £ 38 3.0 0.8 2.6 £ 0.7 3.0x1.0
Gain (8) 130.7 = 8 +13.5 69 1.1 £1.0 1.8 = 0.6 21 *x09

“ The animals described in this table were randomly selected from experiment 1 (Table 1).

» Mean weight changes were measured after 9 weeks of immunosuppression.

< Severity of infection scores were calculated from scores assigned by two independent evaluators (see Materials and Methods).
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TABLE 3. Cortisol concentrations in plasma from normal and
immunosuppressed rats®

Cortisol conen

Wt change Mean initial Mcan wt in serum

(no. of rats) wt (g) change (g) (wedh)
Loss of >15 g (4) 136 = 3.0 -232 +21 11.1 = 0.9
Gain (3) 139 = 3.5 +4.6 2.6 S9+1.2
Normal controls (3) 138 = 3.0 22+0.2

“ Normal controls did not receive cortisone injections. All others received
the standard doses of cortisone acetate. Plasma concentrations were mea-
sured 96 h after the last injection and represent trough concentrations. All
animals except the normal controls were randomly selected from experiment
2 (Table 1).

weight and those that gained weight during immunosuppres-
sion (Table 3). All rats that were immunosuppressed main-
tained cortisol levels well above those of the untreated
controls. Those rats that lost weight had significantly higher
cortisol levels than those of the rats that gained weight. The
cortisol values reported in Table 3 were from animals 96 h
postinjection with cortisone. Animals were regularly in-
jected at 72- to 96-h intervals: these values therefore
repesent the lowest cortisol concentrations expected in these
rats.

Immune function was assessed by measuring the popula-
tions of T-cell subsets both in the spleen and in peripheral
blood from the same 10 immunosuppressed and normal rats
as those used for cortisol determinations (Table 4). Animals
that lost weight during immunosuppression showed mark-
edly depressed proportions of helper cells, as well as overall
suppression of leukocyte populations and diminished pro-
portions of lymphocytes. In contrast, animals that received
the same dose of cortisol but gained weight during im-
munosuppression had about the same proportions of helper
cells in the spleen as normal rats that had not received
cortisol; the proportion of helper cells in peripheral blood
was lower than normal in these rats.

Pilot studies suggested that Sprague-Dawley rats from
Cox Laboratories or Charles River Laboratories failed to
develop severe Pneumocystis pneumonia during im-
munosuppression (Table 5). All of the rats from Charles
River Laboratories, although they had moderate numbers of
Pneumocystis cysts on silver stains, had few trophozoites on
impression smears and had gained weight during the period
of immunosuppression. All the rats from Cox Laboratories
had high numbers of cysts (3 to 4+) detected in silver stains,
and two of the five had significant numbers (3+) of
trophozoites. None appeared ill at the time of sacrifice after
16 weeks of immunosuppression. Preumocystis cultures of
two rats from Charles River Laboratories and three rats from
Cox Laboratories showed no growth.

DISCUSSION

The rat model of Pneumocystis infection developed by
Frenkel et al. (4) has been modified by various investigators.
Some workers have administered dexamethasone in drinking
water for immunosuppression. whereas others have admin-
istered cortisone acetate subcutaneously. Diets have ranged
from normal diets (23% protein) to low-protein diets (8%
protein). Starting weights, ages, and sexes of the animals
have also varied.

Most workers have reported that after immunosuppres-
sion for about 8 weeks, rats spontaneously develop
Preumocystis infection and appear ill but that some rats do
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not develop clinical disease or even morphologic evidence of
infection (13). Some may die of bacterial infection during
immunosuppression. despite treatment with antibiotics in
drinking water. Several investigators have noted variability
in susceptibility to Pneumocystis infection in different
strains of rats or in the same strain from different suppliers or
from the same supplier at different times. Although Sprague-
Dawley rats are used most often in the United States, Wistar
rats are used most often in Japan (11, 15), in part because the
available Wistar rats are more susceptible to pneumocystis
than the available Sprague-Dawley rats are. Even with
Sprague-Dawley rats of similar size given the same im-
munosuppressive agent and regular diet, the degree of infec-
tion that developed varied. In three studies using 200-g rats
immunosuppressed with dexamethasone given in drinking
water at similar doses. the percent infected varied from 50%
at 8 weeks (3) to 90 to 100% at 6 weeks (7) and 100% at 10
weeks (8).

For testing new agents for therapy of Pneumocystis pneu-
monia, a uniformly infected animal model is desirable. After
pilot studies with rats from various suppliers, female
Sprague-Dawley rats weighing 130 to 140 g from Harlan
Laboratories were selected. Animals received standard lab-
oratory chow, because animals on low-protein diets tended
to be more prone to bacterial infections during immunosup-
pression and because organisms from the latter grew less
well in culture.

The studies of Sprague-Dawley rats from Harlan Labora-
tories reported here showed that the severity of infection
varied greatly. The lung impression smears stained with
Giemsa were believed to be the best indicator of severity of
infection and predictor of growth in culture. Giemsa stains
trophozoites which are not evident in silver stains and stains
intracystic bodies. thus staining only viable cysts. Silver and
other cyst-wall stains stain both empty and organism-
containing cysts. We previously noted that the ability to
culture P. carinii is dependent on the number of trophozoites
in the inoculum (M. Bartlett, S. Medley, M. Durkin, J.
Piskura, and J. Smith. Abstr. Annu. Meet. Am. Soc. Trop.
Med. Hyg., abstr. no. 175. p. 135, 1984).

Previous studies on Lewis rats illustrated variability in the
level of infection with P. carinii (13, 14), but no one has
investigated the source of animal-to-animal variation or
reported on a method to select matched animals from a
variably infected population. Our study showed that groups
of infected animals closely matched in the severity of
Pneumocystis infection can be selected by using animals that
lost more than 15 g during 8 to 9 weeks of immunosuppres-
sion. Most of these animals wers able to survive an addi-
tional 4 weeks of immunosuppression for continuing studies.
Mortality in this group could be further limited if animals
that weighed less than 100 g were not used. Animals with
mild weight loss (0 to 15 g) were still significantly infected
but were less infected on average than the rats that lost more
than 15 g were. Animals that gained weight during 9 weeks of
immunosuppression were only mildly infected. These ani-
mals were not used for evaluation of therapy or as sources of
organisms for culture but could be used for pilot studies to
establish drug doses and toxicity.

The response of rats to cortisone acetate may be influ-
enced by metabolic differences among the animals or by
intrinsic differences in the immune systems. Cortisone con-
centrations in the blood of rats that gained weight during
immunosuppression were significantly lower than the con-
centrations measured in rats that lost weight, suggesting a
difference in the rates of cortisol metabolism in these two
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TABLE 4. Subsets of lymphocytes in normal and cortisone-treated rats®

Mean + SEM
Wt change : .
(no. of rats) Peripheral blood Spleen
Total no. of leukocytes % Lymphocytes H/NH” H/NH"
Loss of >15 g (4) (1.4 £ 0.1) x 10° 57.8 = 8.2 0.6 = 0.04 0.3=0.1
Gain (3) (1.5 £ 0.2) x 10° 78.5 = 5.7 1.2 +0.2 0.6 = 0.03
Normal controls (3) (4.8 = 0.5) x 10° 89.0 = 5.4 2.0 0.6 +0.1

“ Viability of isolated lymphocytes ranged from 68 to 99% (mean. 90%). The rats were the same ones as those in Table 3.

» H/NH, Ratio of helper to non-helper cells.

groups. Differences between these two groups were also
noted in the total leukocyte counts and in the percentage of
lymphocytes. The ratios of helper to non-helper T cells from
spleens were also different in the two groups. The results of
these studies therefore suggest that those rats that lost more
than 15 g during cortisone acetate administration were
markedly more immunosuppressed than the animals that
gained weight while receiving the same doses of cortisone
acetate.

The reasons for variable susceptibility to P. carinii among
and within strains of rats are unknown. This study showed
correlation of cortisol levels with the degree of immunosup-
pression, which may at least partially explain the rat-to-rat
variation within a given colony of one strain. The severity of
Pneumocystis pneumonia correlated with the degree of
immunosuppression, as measured by T-cell helper/non-
helper ratios. Variable susceptibility among rat strains and
colonies may also arise from variations in the
pharmacokinetics of cortisone or in the degree of im-
munosuppression from cortisone. Alternatively, Pneu-
mocystis strains in-different rat populations may differ in
pathogenicity. Another possibility is that rat populations
may have other infections that influence susceptibility to P.
carinii. For example, cytomegalovirus is known to suppress
immune responses (12). Sendai virus is capable of suppress-
ing immune responses in rats (5). Rat colonies may be
infected with viruses, and some of these may influence
immune responses.

The rat model described, which used animals matched by

TABLE 5. Pilot studies on Sprague-Dawley rats from
two suppliers

Charles River

Characteristic ) Cox rats
rats
No. of rats studied S S
Initial wt range (g) 162-217 153-180
Mean wt (g)
Initial 190 = 9 169 = §
Immunosuppressed for 8-9 wk 214 £ 9 173 £ 7
At sacrifice 220 + 18.3¢ 194 + 6"

Mean cortisone dose (mg/kg)

Initial 132 148
Range 115-154 139-163
Final 187 206

Severity of infection score

Giemsa impression 09 +0.8 2.0 +0.7
AgNOQO; impression 1.1 0.6 2.7+09
AgNO; section 1413 3.8 +04

« Sacrificed after 16 to 24 weeks of immunosuppression.
» Sacrificed after 16 weeks of immunosuppression.

weight, provides a means of obtaining a more homogeneous
degree of infection than was obtained with previous models.
This technique should prove particularly useful for studies of
chemotherapeutic agents. It also provides a more reliable
source of organisms for culture and a better model for
studies of pathogenesis than were previously available.
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