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Virulent strains of Nocardia asteroides and Nocardia caviae were injected
into mice by five different routes. When these organisms were grown to the same
stage of growth in the same medium and otherwise prepared identically, it was
found that they differed significantly in their ability to infect and kill the host,
depending entirely upon the route of inoculation. Thus, N. caviae 112 was 30
times more virulent than N. asteroides GUH-2 when administered intranasally,
whereas N. asteroides was at least 10 times more pathogenic than N. caviae when
injected intravenously. They had similar degrees of virulence when given intra-
peritoneally. N. asteroides GUH-2 induced a more persistent and progressive
infection than N. caviae 112 when injected into the footpads of mice; however,
the latter strain was more lethal for the animals when given by this route.
Different routes of infecting mice indicate a compartmentalization of the host
response to different strains of nocardia. Therefore, the use of different strains of
nocardia under carefully controlled and defined conditions should make it possible

to dissect the nocardia-host interactions at the cellular levels.

The route of exposure of the host to a poten-
tially pathogenic microorganism may affect sig-
nificantly the ability of the organism to evade
host defenses and cause disease (14). Thus, the
pulmonary response to bacteremic challenge for
a given pathogen such as Staphylococcus aureus
differs from the pulmonary response to an aer-
osol exposure of the same pathogen (14).

There have been several studies concerning
the relative pathogenicities of Nocardia for lab-
oratory animals (1, 2, 8, 10-13, 16-24). Many of
these reports have been inconclusive or contra-
dictory. Many of the problems resulted from the
fact that previous investigators did not standard-
ize their techniques of growing, preparing, and
inoculating the organisms into the host. There-
fore, it is generally not possible to compare the
results of one study with those of another. It has
been demonstrated that the relative age of the
bacterial culture (thus the phase of bacterial
growth) greatly affects the pathogenic potential
of Nocardia asteroides (6). To understand the
mechanisms of nocardial pathogenesis one must
establish further the conditions under which it
is most or least capable of causing disease.

The effect of the route of inoculation of No-
cardia into mice has never been reported.
Therefore, the data presented here compare the
effect of the route of inoculation on mouse sus-
ceptibility to virulent N. asteroides and Nocar-
dia caviae. All experimental variables such as
bacterial culture age, growth, and populations of
mice were the same throughout this study. Thus,
the only variable was the route of administra-
tion.

MATERIALS AND METHODS

Organisms. N. asteroides GUH-2 was isolated
from a fatal human infection and maintained as de-
scribed previously (5). N. caviae CDC 112, isolated
from a human infection, was kindly supplied by W.
Causey (Center for Disease Control, Atlanta, Ga.). It
was grown and maintained as described for N. aster-
oides GUH-2 (6). The growth characteristics of N.
asteroides GUH-2 have been published (6). N. caviae
112 has a similar rate of growth so that a 48-h broth
culture appears to be equivalent to a 48-h culture of
N. asteroides GUH-2 (this corresponds to the begin-
ning of the stationary phase for both organisms).
Therefore, the bacteria were grown to the early sta-
tionary phase; single-cell suspensions were prepared
by differential centrifugation (3, 5, 6), suspended in
0.85% sterile saline, and diluted to the appropriate
optical densities (580 nm with a Beckman Spectronic
20). Plate counts were made of the dilutions to quan-
titate the viable colony-forming units (CFU).

Animals. Groups of random-bred Swiss Webster
mice (obtained from Simonsen’s, Gilroy, Calif., and
maintained as described previously [3, 4, 5, 6]) were
given dilutions of the organism by different inoculation
routes. All mice in these experiments were the same
age (3 to 4 weeks), the same size (18 to 20 g), the same
sex (female), and from the same source. Therefore, the
animals represented controlled groups.

Infection schedules. Mice were infected by the
following routes: intranasally, intravenously, subcuta-
neously in the tail or in the footpad, and intraperito-
neally. They were monitored daily for 3 months. At
the end of 3 months 50% lethal dose (LDso) values
were determined (9), and surviving mice were necrop-
sied and evaluated for gross macroscopic lesions. Cul-
tures were taken to establish the presence of the
appropriate organism. The numbers of bacteria taken
into the lungs during intranasal administration was
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quantitated at 30 min after infection as previously
described (4). In addition, organ clearance studies were
done as previously described (4, 5). Quantitative re-
covery of the organisms from the organs of mice at 4
h and 1 week after intravenous injection was deter-
mined by asceptically removing the kidneys, lungs,
spleen, liver, brain, adrenals, and blood. The blood (0.1
ml) was plated directly on brain heart infusion agar
for quantitation. All other organs were placed in 3.0
ml of sterile saline and homogenized asceptically for
30 s with a Tissumizer high-speed blender (Tekmar
Co.). Dilutions of the tissue homogenates were plated
on brain heart infusion agar, incubated for 5 days, and
quantitated for the numbers of nocardia. Each deter-
mination was done on five separate mice for each
organ. All experiments were repeated at least once,
with similar results.

RESULTS

Table 1 presents the calculated LDs, values
for N. asteroides GUH-2 and N. caviae 112
when inoculated into mice by five different
routes. When injected intraperitoneally both or-
ganisms gave similar LDs, values, and the infec-
tions inducted by this route were characterized
by slowly progressive multiple lesions involving
the spleen, mesenteric lymph nodes, liver, dia-
phragm, kidneys, lungs, and urogenital tract
(Fig. 1). With the exception of very high inoc-
ulation doses (i.e., >10°), mice inoculated intra-
peritoneally did not die in less than 2 weeks, and
generally the infections progressed for 2 to 3
months before death ensued. It is important to
point out that although the LDs, for N. aster-
oides GUH-2 given intraperitoneally was about
10° CFU/mouse (Table 1), the minimal infec-
tious dose was about 50 times less than this
amount. Figure 1 shows the peritoneal cavity of
a mouse infected with 10’ CFU at 3 months
before necropsy. All mice (10 of 10) infected with

TABLE 1. LDs, values for N. asteroides GUH-2
(early stationary phase) and N. caviae 112 (early
stationary phase) inoculated by different routes into

mice®

Calculated
Organism ) Route of I‘llnoi.czf LDs, value

inoculation (CFU/

used b

mouse)

N. asteroides  Intranasal 45 1.9 x 107
GUH-2 Intravenous 30 2.5 x 10°
Intraperitoneal 30 1.5 x 10*
Footpad 29  >53x10°
Tail (subcutaneous) 23 7.0 x 10°
N. caviae 112 Intranasal 45 6.0 X 10°
Intravenous 23 2.7 X 107
Intraperitoneal 30 2.5 x 10°
Footpad 30 10’
Tail (subcutaneous) 18 5.5 x 107

“ LDjso values were determined at 3 months after infection.
® Calculated by the Reed-Muench method (9).
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Fic. 1. Photograph of a mouse sacrificed at 3
months after intraperitoneal injection of 10° CFU of
N. asteroides GUH-2. None of the mice of this group
(10 of 10) died; however, they were all infected as
shown in this figure. Therefore, the infectious dose
required to cause extensive, chronic infection was
much smaller than the dose required to kill the mice
within a 3-month period. Note the large, multiple
abscesses throughout the peritoneal cavity. At 3
months after intraperitoneal injection of approxi-
mately 10" CFU of N. caviae 112, the mice did not
have similar multiple abscesses as seen here; how-
ever, at 1 year after infection multiple abscesses were
present.

this dose survived for 3 months and appeared at
necropsy to resemble the mouse shown in Fig. 1.
In subsequent experiments, mice infected with
approximately 10’ CFU of N. asteroides sur-
vived for more than 6 months even though there
were large numbers of abscessed and granu-
lomatous lesions present throughout the perito-
neal cavity (viable nocardia were readily isolated
from these lesions even at 6 months after infec-
tion). These observations were in sharp contrast
to those obtained when the mice were inoculated
intranasally (Table 1). By this route, the cells of
N. caviae 112 were approximately 32 times more
lethal than cells of N. asteroides GUH-2. Fur-
thermore, the infectous process induced by both
organisms resulted in an acute pneumonic re-
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sponse in which the mice died within 10 days
after infection. All mice that survived for 2 weeks
appeared to recover completely from their pul-
monary infection. Therefore, N. caviae 112 ap-
peared to be most virulent when given intrana-
sally, whereas N. asteroides GUH-2 and N. cav-
iae had similar pathogenic capabilities when
administered intraperitoneally (Table 1).

When N. asteroides GUH-2 or N. caviae 112
was injected intravenously there was an initial
acute phase of illness, and some of the animals
died during the first 2 weeks after infection.
Those mice which survived this acute response
then developed a chronic but progressive disease
that ultimately resulted in death. To calculate
LDs, values, we arbitrarily selected 3 months as
the endpoint for these experiments. However, it
should be noted that LDs, values calculated at
1 year after infection were considerably lower
than those presented for the intravenous route
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shown in Table 1. For the intravenous and intra-
peritoneal routes of inoculation the minimal in-
fectious doses were considerably less than the
minimal lethal doses (Fig. 1).

It was shown previously that different strains
of N. asteroides exhibited specific organ tro-
pisms when injected intravenously into mice (5).
Therefore, we followed the organ distribution of
N. caviae 112 and N. asteroides GUH-2 after
intravenous inoculation. We quantitated total
recovery at 4 h after infection to determine body
clearance (killing) and organ distribution of the
organism. These data are presented in Tables 2
and 3. It is clear that the organisms were effec-
tively cleared from the blood stream (>99.9%) in
4 h. Most of the organisms were removed by the
liver. Approximately 100% of the inoculum of N.
asteroides GUH-2 was recovered at 4 h (indi-
cating no killing by the host), whereas only 51%
of the N. caviae cells were recovered. These

TaABLE 2. Distribution of nocardial cells at 4 h after intravenous injection into mice”

Distribution” of

Organ

N. asteroides GUH-2° (CFU/mouse)

N. caviae 112 (CFU/mouse)

Blood

Brain

Kidneys and
adrenals

Liver

Lung

Spleen

Total recovered

7.5 X 10% (1.0 X 10%)°
6.5 X 10? (0.8 x 10%)
9.3 X 10° (£2.0 X 10°)

4.0 X 10° (£0.7 x 10%
8.5 x 10* (£0.5 x 10%
2.1 X 10° (£0.3 x 10°)

4.3 x 10° (100.0)

<0.01% of total CFU
2.0 x 10? (0.2 x 10?)
1.6 X 10° (0.1 x 10%)

1.8 X 10° (£0.2 x 10°)
2.6 X 10* (0.4 x 10*)
7.1 X 10* (£0.7 X 10%

1.9 x 10° (51.3)

“ Five mice were used for each determination.

® Numbers are based on plate count determinations of 0.1 ml of saline suspension used as the inoculum.

¢ Amount of inoculum, 4.3 X 106_ CFU/mouse.
4 Amount of inoculum, 3.7 X 10° CFU/mouse.

* Numbers in parentheses represent the standard error of the mean. Counts for blood are in CFU per milliliter.

! Percent of original inoculum.

TaBLE 3. Distribution of nocardial cells at 1 week after intravenous injection into mice*

Organ

Distribution of

N. asteroides GUH-2" (CFU/mouse)

N. caviae 112° (CFU/mouse)

Blood

Brain

Kidneys and
adrenals

Liver

Lung

Spleen

Total recovered

2.1 x 10% (£1.3 x 107
4.9 X 10* (£2.4 x 109)
5.2 X 10° (£3.0 x 10%)

54 % 10° (£3.7 x 10°)
4.3 X 10° (£2.9 x 10%)
1.9 % 10* (+0.6 x 10*)

5.8 x 10° (135.1%)"

ND* ‘
4.8 % 10° (£4.3 X 10°)
6.9 x 10* (2.6 X 10%)

3.5 x 10° (£0.4 x 10%)
ND
10 (x£10)

7.7 % 10* (2.1%)"

* Five mice were used for each determination.
b Amount of inoculum, 4.3 X 10° CFU/mouse.
< Amount of inoculum, 3.7 X 10° CFU/mouse.

4 Numbers in parentheses represent the standard error of the mean. Counts for blood are in CFU per

milliliter.

¢ ND = None detected at a 107" dilution in any of five mice.

! Percent of original inoculum.
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data suggested that some killing of the N. caviae
112 by the host occurred within the 4-h period.
Furthermore, the 4-h incubation in the mice
permitted an adequate assessment of the distri-
bution of the organisms and host clearance be-
cause this amount of time was not long enough
for nocardial multiplication to occur as the lag
phase is about 6 to 8 h for both of these orga-
nisms (6). At 1 week after inoculation there were
dramatic differences between N. caviae 112 and
N. asteroides GUH-2 regarding clearance of the
organisms and bacterial growth within the host
(Table 3). Both organisms demonstrated a tro-
pism for the brain, kidneys, and adrenals; how-
ever, N. asteroides GUH-2 increased within the
brain 75-fold and in the kidneys and adrenals
560-fold, whereas N. caviae 112 demonstrated
only a 24-fold increase in the brain and a 43-fold
increase in the kidneys and adrenals. N. caviae
was effectively eliminated from all other organs,
whereas N. asteroides tended to persist in high
numbers in the liver, lung, and spleen (Tables 2
and 3).

The footpad response of the mice to N. caviae
differed from that to N. asteroides GUH-2 (com-
pare Table 1 with Fig. 2). N. caviae induced a
more acute illness with a rapid increase of in-
flammation which peaked at 14 days and then
subsided. N. asteroides induced a similar foot-
pad response that persisted for more than 28
days. The most striking difference was demon-
strated by animal death at 7 to 14 days after

70

-3
o

FOOT PAD WIDTH (mm)
o
o

»
o

30 1 1 1 J

TIME (days)

Fie. 2. Footpad swelling associated with subcu-
taneous infection after inoculation of N. asteroides
(O) and N. caviae (W) into the footpad. Most of the
enlargement is due to extensive abscess formation
involving the entire foot. Control mice had sterile
saline injected into the footpads (A). The bars rep-
resent the standard deviation.
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injection with 2 X 10’ N. caviae and not with N.
asteroides GUH-2 (Table 1). Thus, by LDs,
determinations, N. caviae appeared to be more
than 50 times more virulent than N. asteroides
GUH-2 when injected into the footpad; however,
N. asteroides GUH-2 infections appeared to per-
sist longer within the footpad than those caused
by N. caviae 112. Similar, but not as striking,
results were observed when the organisms were
injected subcutaneously into the tail (Table 1).

DISCUSSION

The data presented above show that the host
responses to infection with N. asteroides GUH-
2 and N. caviae 112 are quite different. Further-
more, these differences depend upon the route
of exposure of the pathogen to the host defense
systems. It has already been demonstrated that
the method of exposing the lung to infection has
a significant effect on how efficiently pulmonary
defense mechanisms inhibit N. asteroides GUH-
2 (4). Thus, N. asteroides was shown to be more
capable of causing progressive pulmonary dis-
ease when the bacterial cells were aspirated into
the lung than when aerosols of these organisms
were inhaled (4). Similar observations have been
reported with Klebsiella pneumoniae (7). Fur-
thermore, it has been shown that the clearance
of inhaled cells of S. aureus from the lung is
different from the clearance of these bacteria
when distributed in the lung after intravenous
inoculation (14). Similar results were obtained
for Nocardia.

The observations presented here demonstrate
that some compartmentalization of host-para-
site interactions occur, and this permits some
evaluation of the specific mechanisms of host
defense against nocardia. For example, the ma-
jor cellular defense against bacteria introduced
into the lungs is the alveolar macrophage,
whereas organisms injected into the blood
stream have early contact with circulating pol-
ymorphonuclear neutrophils as well as with
mononuclear phagocytes present within the liver
(14). In contrast, organisms injected into the
peritoneal cavity initially interact with perito-
neal macrophages which have been shown to be
morphologically, ultrastructurally, and metabol-
ically different from alveolar macrophages that
reside in the alveoli of the lungs (15). Further-
more, nocardial cells introduced subcutaneously
in either the footpad or the tail elicit a mixed,
localized inflammatory process in which poly-
morphonuclear phagocytes predominate early,
followed by an influx of macrophages and lym-
phocytes that persists for the duration of the
response.

Many investigators have suggested that No-
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cardia brasiliensis is more pathogenic than N.
asteroides, whereas others claim that N. caviae
is most virulent. Some investigators claim that
N. asteroides is most virulent, whereas still oth-
ers have indicated that N. asteroides is not
pathogenic for mice (1, 2, 8, 10-13, 16-24). Un-
fortunately, all of these studies were done with
completely different experimental procedures.
That is, the age of the bacterial culture and the
methods of preparing the inocula were not
standardized and controlled. It has been estab-
lished now that these variables greatly affect the
relative virulences of Nocardia (6). In addition,
most of the investigators used different routes of
inoculation as well as completely different
strains of Nocardia for their studies. Therefore,
it is not possible to compare a study with intra-
peritoneal infection of N. asteroides suspended
in hog gastric mucin with a study in which a
different strain of N. asteroides was injected
directly into the footpad or given intravenously
(8, 10-13, 16-24).

All of these observations underscore the ne-
cessity of defining the route of infection and the
methods of preparing the inoculum when ana-
lyzing host-parasite interactions.

Clearly, the host-parasite response to Nocar-
dia is complex. However, the use of different
routes of infection with different strains of No-
cardia under carefully controlled conditions of
growth should make it possible to systematically
dissect host-parasite interactions at the cellular
levels. These studies can be done with specifi-
cally manipulated murine models in combina-
tion with the use of genetically controlled im-
munodeficient animals such as hereditarily as-
plenic and athymic mice (3, 4, 5).

ACKNOWLEDGMENTS

This investigation was supported by Public Health Service
grants AI-13167 and Al-15114 from the National Institute of
Allergy and Infectious Diseases.

We thank Marilyn Wheeler for her expert typing of this
manuscript.

LITERATURE CITED

1. Back, M. S., O. Gold, and M. Finland. 1973. Activity of
minocycline against Nocardia asteroides: comparison
with tetracycline in agar-dilution and standard disc-
diffusion tests and with sulfadiazine in an experimental
infection of mice. J. Lab. Clin. Med. 81:787-793.

2. Beaman, B. L. 1973. An ultrastructural analysis of No-
cardia during experimental infections in mice. Infect.
Immun. 8:828-840.

3. Beaman, B. L., M. E. Gershwin, and S. Maslan. 1978
Infectious agents in immunodeficient murine models:
pathogenicity of Nocardia asteroides in congenitally
athymic (nude) and hereditarily asplenic (Dh/+) mice.
Infect. Immun. 20:381-387.

4. Beaman, B. L., E. Goldstein, M. E. Gershwin, S.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

21.

23.

24.

HOST RESISTANCE TO NOCARDIA 189

Maslan, and W. Lippert. 1978. Lung response of con-
genitally athymic (nude), heterozygous, and Swiss
Webster mice to aerogenic and intranasal infection by
Nocardia asteroides. Infect. Immun. 22:867-877.

. Beaman, B. L., and S. Maslan. 1977. Effect of cyclo-

phosphamide on experimental Nocardia asteroides in-
fection in mice. Infect. Immun. 16:995-1004.

. Beaman, B. L., and S. Maslan. 1978. Virulence of No-

cardia asteroides during its growth cycle. Infect. Im-
mun. 20:290-295.

. Berendt, R. F. 1978. Relationship of method of adminis-

tration to respiratory virulence of Klebsiella pneumo-
niae for mice and squirrel monkeys. Infect. Immun. 20:
581-583.

. Brizin, B., and J. Lenart. 1957. Experimental nocar-

diosis in white mice. Acta Med. Iugosl. 11:292-297.

. Davis, B. D., R. Dulbecco, H. N. Eisen, H. S. Ginsberg,

W. B. Wood, and M. McCarty. 1973. Microbiology,
2nd ed., p. 663-664. Harper & Row, Publishers, New
York.

Drake, C. H., and A. T. Henrici. 1943. Nocardia aster-
oides. Its pathogenicity and allergic properties. Am.
Rev. Tuber. 48:184-198.

Folb, P. 1., R. Jaffe, and G. Altmann. 1976. Nocardia
asteroides and Nocardia brasiliensis infections in mice.
Infect. Immun. 13:1490-1496.

Gonzalez-Ochoa, A. 1973. Virulence of nocardiae. Can.
J. Microbiol. 19:901-904.

Gonzalez-Ochoa, A., and A. Sandoval-Cuellar. 1976.
Different degrees of morbidity in white mice induced
by Nocardia brasiliensis, Nocardia asteroides and No-
cardia caviae. Sabouraudia 14:255-259.

Harrow, E. M., G. J. Jakab, A. T. Brody, and G. M.
Green. 1975. The pulmonary response to a bacteremic
challenge. Am. Rev. Respir. Dis. 112:7-16.

Hocking, W. G., and D. W. Golde. 1979. The pulmo-
nary-alveolar macrophage. N. Engl. J. Med. 301:580-
587.

Krick, J. A., and J. S. Remington. 1975. Resistance to
infection with Nocardia asteroides. J. Infect. Dis. 131:
665-672.

Kurup, P. V., H. W. Randhawa, R. S. Sandu, and S.
Abraham. 1970. Pathogenicity of Nocardia caviae, N.
asteroides and N. brasiliensis. Mycopathol. Mycol.
Appl. 40:113-130.

Macotella-Ruiz, E., and F. Mariat. 1963. Sur la produc-
tion de mycetoma experimentaux par Nocardia brasi-
liensis et Nocardia asteroides. Bull. Soc. Pathol. Exot.
89:426-431.

Mason, K. N., and B. M. Hathaway. 1969. A study of
Nocardia asteroides. White mice used as test animals.
Arch. Pathol. 87:389-392.

. Mishra, S. K., R. S. Sandhu, H. S. Randhawa, V. N.

Damodaran, and S. Abraham. 1973. Effect of corti-
sone administration on experimental nocardiosis. Infect.
Immun. 7:123-129.

Mohapatra, L. N., and L. Pine. 1963. Studies of the
pathogenicity of aerobic actinomycetes inoculated into
mice intravenously. Sabouraudia 2:176-184.

. Runyon, E. H. 1951. Nocardia asteroides: studies of its

pathogenicity and drug sensitivities. J. Lab. Clin. Med.
37:713-720.

Smith, I. M., and A. H. S. Hayward. 1971. Nocardia
caviae and Nocardia asteroides: comparative bacteri-
ological and mouse pathogenicity studies. J. Comp.
Pathol. 81:79-88.

Uesaka, 1., K. Oiwa, K. Yasuhira, Y. Kobara, and N.
M. McClung. 1971. Studies on the pathogenicity of
nocardia isolates for mice. Jpn. J. Exp. Med. 41:443-
457.



