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ABSTRACT: Tuberculosis due to Mycobacterium bovis affects both captive and free-ranging Cer-
vidae in the United States. Various animal models have been developed to study tuberculosis of
both humans and animals. Generally, tuberculosis is transmitted by aerosol and oral routes. Mod-
els of aerosol exposure of large animals to M. bovis are uncommon. In order to develop a reliable
method of aerosol exposure of white-tailed deer (Odocoileus virginianus) to M. bovis, 12 healthy
white-tailed deer, aged 8–10 mo, were infected by aerosol exposure to 23105 to 13106 colony
forming units (CFU) (high dose, n54) of M. bovis or 63102 to 1.63103 CFU (low dose, n58)
of M. bovis. Tuberculous lesions were more widely disseminated in deer receiving the high dose,
while lesions in deer receiving the low dose were more focused on the lungs and associated
lymph nodes (tracheobronchial and mediastinal). Aerosol delivery of M. bovis to white-tailed deer
results in a reliable manner of experimental infection that may be useful for studies of disease
pathogenesis, immune response, mycobacterial shedding, and vaccine efficacy.

Key words: Aerosol, Mycobacterium bovis, Odocoileus virginianus, tuberculosis, white-tailed
deer.

INTRODUCTION

Tuberculosis due to Mycobacterium
bovis in captive Cervidae was identified as
an important disease in the USA in 1990
and prompted addition of captive Cervi-
dae to the United States Department of
Agriculture Uniform Methods and Rules
(UM&R; United States Department of Ag-
riculture, 1999) for its eradication. In 1994
a free-ranging white-tailed deer (Odoco-
ileus virginianus) in Michigan (USA) was
diagnosed with tuberculosis due to M.
bovis (Schmitt et al., 1997). Subsequent
surveys conducted by the Michigan De-
partment of Natural Resources and Mich-
igan State University Animal Health Di-
agnostic Laboratory (Lansing, Michigan)
identified a focus of M. bovis infection in
free-ranging white-tailed deer in northeast
Michigan (Schmitt et al., 1997; O’Brien et
al., 2001). Tuberculosis in both captive and
free-ranging Cervidae represents a serious
challenge to eradication of M. bovis infec-
tion from the USA. Other countries with
wildlife reservoirs of tuberculosis such as
New Zealand and Great Britain have been
unable to eradicate M. bovis. Little is
known concerning pathogenesis and trans-

mission of tuberculosis in white-tailed
deer. Development of diagnostic tests, vac-
cines, or other tools that may be used in
disease control programs will require im-
proved understanding of tuberculosis in
white-tailed deer.

Various animal models have been de-
veloped to study human and animal tu-
berculosis (Buchan and Griffin, 1990;
Dannenburg, 1994; McMurray, 1994;
Orme and Collins, 1994; Palmer et al.,
1999). Routes of experimental infection of
laboratory animals include intravenous, in-
tranasal, intratracheal, intratonsillar, oral,
and aerosol. The primary means of trans-
mission of Mycobacterium tuberculosis in
humans is by aerosol and thus results in
pulmonary lesions. Human infection with
M. bovis can result in pulmonary lesions
indistinguishable from those caused by M.
tuberculosis; however in humans, M. bovis
often results in non-pulmonary lesions,
such as cervical lymphadenitis, due to oral
exposure through consumption of milk
containing M. bovis (Grange and Yates,
1994).

It is generally accepted that deer be-
come infected with M. bovis by either oral
or respiratory routes. To simulate natural
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FIGURE 1. Aerosol delivery apparatus used to de-
liver M. bovis to white-tailed deer. Hose (1) is at-
tached to tank of compressed air used to aerosolize
inoculum within a jet nebulizer (2). Aerosolized in-
oculum passes into holding chamber (3) until inhaled
through one-way valve (4) into mask that is tightly
sealed around muzzle using a rubber gasket (5).

disease, experimental infection of deer has
been done by intratonsillar and oral routes
(Buchan and Griffin, 1990; Palmer et al.,
1999, 2002a). Although aerosol delivery
has been used in small animal models of
tuberculosis, due to obvious limitations
and obstacles, experimental aerosol deliv-
ery of M. bovis to large animals has only
recently been reported (Palmer et al.,
2002b). Objectives of this study were to
develop and characterize a model of aero-
sol exposure of deer to M. bovis and to
compare distribution of lesions to those re-
ported in naturally infected white-tailed
deer.

MATERIALS AND METHODS

Animals

Twelve, healthy, white-tailed deer (females
and castrated males) 8–10 mo of age, were ob-
tained from a tuberculosis free research herd
at the National Animal Disease Center (Ames,
Iowa, USA) and randomly assigned to one of
two groups. One group (high dose, n54) was
infected with 23105 to 13106 colony forming
units (CFU) of M. bovis strain 1315, originally
isolated in 1995 from the medial retropharyn-
geal lymph node of a hunter-killed white-tailed
deer in Michigan. The other group (low dose,
n58) was infected with 63102 to 1.63103 CFU
of M. bovis strain 1315. Challenge inoculum
consisted of mid-log-phase M. bovis grown in
Middlebrook’s 7H9 media supplemented with
10% oleic acid-albumin-dextrose complex
(OADC, Difco, Detroit, Michigan) plus 0.05%
Tween 80 (Sigma Chemical Co., St. Louis, Mis-
souri, USA) as described (Bolin et al., 1997).
To harvest tubercle bacilli from the culture me-
dia, bacteria were pelleted by centrifugation at
750 3 G, washed twice with phosphate-buff-
ered saline solution (PBS, 0.01 M, pH 7.2), and
diluted to the appropriate density for use as
inoculum in 2 ml of PBS. Inoculum was soni-
cated for 5 sec prior to nebulization to disperse
clumps of bacteria. Enumeration of bacilli was
by serial dilution plate counting on Middle-
brook’s 7H11 selective media (Becton Dickin-
son, Cockeysville, Maryland, USA).

Experimental infection

For aerosol exposure, deer were chemically
restrained by intramuscular injection of a com-
bination of xylazine (2 mg/kg; Mobay Corpo-
ration, Shawnee, Kansas, USA) and ketamine
(6 mg/kg; Fort Dodge Laboratories, Fort

Dodge, Iowa). After infection, the effects of xy-
lazine were reversed by intravenous injection
of tolazoline (4 mg/kg; Lloyd Laboratories,
Shenandoah, Iowa). The nebulization appara-
tus consisted of a compressed air tank and
commercially available aerosol delivery system
(Fig. 1) (Equine Aeromask, Trudell Medical,
London, Ontario, Canada) comprised of a jet
nebulizer (Whisper Jet, Marquest Medical
Products, Englewood, Colorado, USA), holding
chamber, and mask. According to the manufac-
turer, in studies using 0.9% saline, the Whisper
Jet nebulizer produces a particle size with a
mass median aerodynamic diameter of 1.91 mm
with an output of 0.24 ml/min at a flow rate of
8 l per min (lpm) and 3.5 kg per cm2. A sep-
arate study comparing the nebulization of al-
buterol by various brands of nebulizers, found
that at a flow rate of 2.0 lpm the Whisper Jet
nebulizer produced a particle with approxi-
mately 5 mm diameter (Hess et al., 1996).
Compressed air (1.75 kg/cm2) was used to jet
nebulize inoculum (2 ml M. bovis in PBS) di-
rectly into the holding chamber. Upon inspi-
ration, the nebulized inoculum was inhaled
through a one way valve into the mask and di-
rectly into the nostrils. A rubber gasket sealed
the mask securely to the muzzle preventing
leakage of inoculum around the mask. Expired
air exited through one-way valves on the sides
of the mask. The nebulization process contin-
ued until all of the inoculum, a 1 ml PBS wash
of the inoculum tube, and an additional 2 ml
PBS were delivered (approximately 12 min).
Experimental infection was done inside a bio-
safety level 3 (BL-3) building with personnel
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wearing appropriate personal protective equip-
ment, including full-face respirators with
HEPA filtered canisters to prevent exposure to
aerosolized M. bovis. The BL-3 animal housing
had negative air pressure as compared to the
outside. Airflow was adjusted to produce 11.4
air changes per hr and designed such as to pre-
vent air exchange between rooms. Deer were
housed four per pen (11 m2) according to treat-
ment group in facilities approved by the Asso-
ciation for the Assessment and Accreditation of
Laboratory Animal Care International (AAA-
LAC). No clinical parameters (e.g., blood val-
ues, body weight, etc.) were routinely moni-
tored. Deer were observed twice daily by ani-
mal care or veterinary staff when the animal’s
general appearance and feed consumption
were subjectively evaluated. A protocol detail-
ing procedures and animal care was approved
by the Institutional Animal Care and Use Com-
mittee (IACUC) prior to the beginning of the
experiment.

Sample collection

Eighty days after infection, deer in the high
dose group were euthanized by intravenous in-
jection of sodium pentobarbital due to poor
condition, weight loss, rough hair coat, infre-
quent coughing, anorexia, and reluctance to
rise when approached. One hundred and eight
days after infection, all deer in the low dose
group were also euthanized as scheduled in the
experimental protocol. Clinical signs such as
those described above in deer receiving the
high dose of inoculum were not seen in deer
receiving the low dose of inoculum. A thorough
postmortem examination was done on each an-
imal and the following tissues collected for bac-
teriologic isolation of M. bovis and microscopic
analysis; palatine tonsil; mandibular, parotid,
medial retropharyngeal, tracheobronchial, me-
diastinal, mesenteric, and hepatic lymph nodes;
lung; and liver. Tissues were processed for iso-
lation of M. bovis as previously described
(Palmer et al., 1999). Isolates of M. bovis were
identified by colony morphology, growth, and
biochemical characteristics as well as a DNA
probe specific for mycobacteria in the M. tu-
berculosis complex (AccuProbe; Gen-Probe
Inc., San Diego, California, USA). Tissues col-
lected for microscopic examination were fixed
by immersion in 10% neutral buffered forma-
lin, processed by routine methods to paraffin
wax and sectioned (5 mm). Sections were
stained with hematoxylin and eosin (HE) for
microscopic examination. Adjacent sections
were cut from samples containing lesions sug-
gestive of tuberculosis and stained by the Ziehl-

Neelsen technique for visualization of acid- fast
bacteria.

Tuberculin skin testing

Ninety days after infection, all deer in the
low dose group were tested for exposure to M.
bovis by the comparative cervical test (CCT)
for Cervidae (United States Department of Ag-
riculture, 1999). Briefly, hair was clipped from
two sites on the right side of the midcervical
region and thickness of the skin at each site was
measured. One-tenth ml (0.4 mg/ml) of M. av-
ium purified protein derivative (PPD; National
Veterinary Services Laboratories, Ames, Iowa)
was injected intradermally in the uppermost
site and 0.1 ml (1 mg/ml) of M. bovis PPD (Na-
tional Veterinary Services Laboratories) was in-
jected into the lower site. Seventy-two hours
after injection, test sites were observed, palpat-
ed, and induration measured to the nearest 0.5
mm using calipers. Results were interpreted by
plotting measurements of changes in skin thick-
ness at both the M. bovis PPD and M. avium
PPD injection sites on a scattergram for inter-
pretation of the CCT for Cervidae (USDA,
1999). Results of the CCT were used to classify
deer as negative, suspect, or reactor.

RESULTS

Due to their poor condition, deer in the
high dose group were euthanized prior to
scheduled intradermal tuberculin skin
testing; therefore no skin test results are
available for these deer. Ninety days after
infection, six of eight low dose deer were
classified as reactors and two of eight were
classified as negative for exposure to M.
bovis using the comparative cervical skin
test.

Tuberculous lesions were more dissem-
inated, involving a greater number of tis-
sues in deer infected with the high inoc-
ulum dose. In the high dose group the
most commonly affected tissues were the
medial retropharyngeal, tracheobronchial,
mediastinal, hepatic, and mesenteric
lymph nodes and lung (Table 1). Mandib-
ular and parotid lymph nodes, palatine
tonsils, and liver were other common sites
of involvement.

In the low dose group the most com-
monly affected tissues were the lung and
tracheobronchial, mediastinal, and medial
retropharyngeal lymph nodes. Gross or
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TABLE 1. Summary of gross, microscopic, and bacteriologic findings from white-tailed deer infected by
aerosol with a low (6 3 102 to 1.6 3 103 colony forming units [CFU]) or high dose (2 3 105 to 1 3 106

CFU) of M. bovis strain 1315. Data represent the total out of four or eight deer in the high and low dose
groups, respectively, that had gross (G) or microscopic (M) lesions or from which M. bovis was isolated (B).

Tissue

High dose

G M B

Low dose

G M B

Tonsil
Mandibular LNb

Parotid LN
Med retropharyngeal LN
Tracheobronchial LN
Mediastinal LN
Lung
Liver
Hepatic LN
Mesenteric LN

—a

2/4
1/4
4/4
4/4
4/4
4/4
1/4
2/4
4/4

1/4
3/4
1/4
4/4
4/4
4/4
4/4
2/4
3/4
4/4

2/4
3/4
3/4
4/4
4/4
4/4
4/4
3/4
3/4
4/4

1/8
1/8
2/8
1/8
3/8
5/8
4/8
1/8
2/8
2/8

—
—
1/8
1/8
3/8
4/8
3/8
1/8
2/8
1/8

3/8
—
2/8
3/8
3/8
3/8
3/8
1/8
1/8
3/8

a — 5 no gross or microscopic lesion or no M. bovis isolated from any animal within the group.
b LN 5 lymph node.

TABLE 2. Lobar distribution of lung lesions in
white-tailed deer infected by aerosol with a low dose
(6 3 102 to 1.6 3 103 colony forming units) of My-
cobacterium bovis strain 1315.

Lobe Number of animals

Left cranial
Left caudal
Right cranial
Right middle/caudal
Accessory

1/6
5/6
1/6
5/6
0/6

microscopic lesions were most common in
the lung and associated lymph nodes (tra-
cheobronchial or mediastinal). Two of the
three deer with medial retropharyngeal in-
volvement were identified as infected
through bacteriologic isolation of M. bovis;
yet no gross or microscopic lesions were
seen.

In all deer from the high dose group,
lungs were grossly characterized by dis-
seminated variably sized granulomas pre-
sent on the pleural surface of all lobes and
extending deep throughout the parenchy-
ma. Lesions in the medial retropharyngeal
lymph nodes consisted of mild to moder-
ate lymphadenomegaly with multifocal to
coalescent caseonecrotic granulomas effac-
ing the cortex and less commonly the me-
dulla of the lymph node. On cut surface
granulomas were gritty and contained cen-

tral caseonecrotic material. Lesions in oth-
er lymph nodes were grossly similar to
those seen in the medial retropharyngeal
lymph node.

In contrast, two of eight deer in the low
dose group did not have lesions in any tis-
sue and M. bovis was not isolated from any
tissue collected. One of eight deer had dis-
seminated lesions similar to those seen in
deer from the high dose group. The re-
maining five of eight deer in the low dose
group had lung lesions characterized by
multiple (,10) variably sized granulomas
($1 cm) most commonly involving the
caudal lung lobes (Table 2). Lesions were
present both on the pleural surface as well
as deep within the pulmonary parenchyma
(Fig. 2). Medial retropharyngeal lymph
node lesions were uncommon in deer
from the low dose group where only one
of eight deer had lesions similar to those
seen in deer from the high dose group.
Lesions in tracheobronchial and mediasti-
nal lymph nodes from the low dose group
consisted of moderate lymphadenomegaly
with multifocal to coalescent caseonecrotic
granulomas.

Microscopic lesions were similar regard-
less of inoculum dose and consisted of fo-
cal, multifocal, or coalescent caseonecrotic
granulomas composed of central areas of
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FIGURE 2. Lung from a white-tailed deer that re-
ceived low dose (63102 to 1.63103 colony forming
units) of M. bovis strain 1315 by aerosol exposure.
Note multiple small coalescent granulomas near lung
margin (between arrows).

FIGURE 3. Photomicrograph of section of lung
from a white-tailed deer that received low dose
(63102 to 1.63103 colony forming units) of M. bovis
strain 1315 by aerosol exposure. Note bronchiole with
intraluminal exudate and adjacent granuloma with
multinucleated giant cells (arrows). HE. Bar5100
mm.

necrosis with some neutrophils, surround-
ed by epithelioid macrophages, Langhans’
type multinucleated giant cells, and lym-
phocytes. In some cases, the central core
of necrotic debris was mineralized. Acid
fast bacteria were seen in low numbers
within multinucleated giant cells or extra-
cellularly among cellular debris within the
caseonecrotic core. Granulomas often
were surrounded by low numbers of fibro-
blasts and small amounts of collagen.
Within the lung many granulomas were
found adjacent to or surrounding bronchi
or bronchioles that contained variable
amounts of intraluminal granulomatous to
pyogranulomatous infiltrate (Fig. 3).

DISCUSSION

The droplet nuclei mechanism of infec-
tion with M. tuberculosis has shown that
tiny residues, ,5 mm, of evaporated drop-
lets (droplet nuclei) can be generated by
talking, coughing, or even singing. Such
nuclei remain airborne for prolonged pe-
riods while larger droplets settle out within
short distances of their source. Once in-
haled, infectious droplet nuclei reach the
pulmonary alveoli while droplets .5 mm

are removed in the upper respiratory pas-
sages (Wells et al., 1948; Loudon and Rob-
erts, 1967, 1968). The Equine Aeromask
system used in the present study is de-
signed for aerosol delivery of pharmaceu-
tical agents to large animals but is easily
adapted for the delivery of microbes. Re-
cently, aerosol delivery of M. bovis to cat-
tle was reported using a similar apparatus
(Palmer et al., 2002b). Aerosol delivery of
infectious agents to deer has not been re-
ported previously. Adaptation of small lab-
oratory animal aerosol delivery systems for
use in large animals such as deer would
likely prove more difficult.

The apparatus described in the present
study provides a reliable method of aerosol
delivery of M. bovis to deer. All but two of
the deer in this study developed tubercu-
lous lesions after aerosol exposure to M.
bovis. Mycobacterium bovis was not iso-
lated from these deer; moreover no tuber-
culin skin test reaction, indicative of ex-
posure to M. bovis was seen, suggesting
that the delivery method did not adequate-
ly deliver the inoculum in these cases. In
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all other deer, distribution of lesions sug-
gests the aerosol generated by the nebu-
lizer was composed of droplets of diameter
less than 5 mm which reached the pul-
monary alveoli. This was especially evident
in deer receiving the low dose of inoculum
where lesions were focused on the lung
and associated lymph nodes.

More severe disease, characterized by
wider dissemination of lesions, with higher
inoculum dosages has also been seen in
other animal models of tuberculosis (Con-
verse et al., 1996; Chambers et al., 2001;
Palmer et al., 2002b). Unlike animal mod-
els of human tuberculosis using mice, rab-
bits, and guinea pigs, the model described
herein uses the animal of interest as the
experimental animal. Extrapolation be-
tween species that may differ in immune
response, lesion development, or suscep-
tibility to infection is therefore, not nec-
essary.

Several surveys of hunter-killed deer
have described the distribution of lesions
in tuberculous white-tailed deer. In natu-
rally infected deer, lesions have been re-
ported most commonly in the medial ret-
ropharyngeal lymph nodes (Schmitt et al.,
1997; Palmer et al., 2000; O’Brien et al.,
2001). The most common extracranial sites
for lesion development are reported to be
the lungs, pulmonary lymph nodes, and
costal pleura. Medial retropharyngeal
lymph nodes were commonly involved
only in deer receiving the high dose of in-
oculum. Deer receiving the low dose of
inoculum did not commonly have lesions
in the medial retropharyngeal lymph
nodes. The different pattern of lesion dis-
tribution in deer infected through aerosol
exposure to M. bovis suggests that the
aerosol route of transmission may not be a
primary means of exposure of white-tailed
deer to M. bovis in natural infection. Cra-
nial lymph nodes were the most common
site of M. bovis isolation in white-tailed
deer fawns orally inoculated with a low
dose of M. bovis (Palmer et al., 2002a).
Interestingly, deer experimentally inocu-
lated using the intratonsillar route routine-

ly develop lesions in the medial retropha-
ryngeal lymph nodes, suggesting an im-
portant role for the tonsils in natural in-
fection (Palmer et al., 1999). The role of
the tonsils in tuberculosis of other rumi-
nant species has previously been highlight-
ed (Lugton, 1999). A predilection for le-
sion development in the caudal lung lobes,
similar to that seen in the present study,
has previously been reported in white-
tailed deer naturally or experimentally in-
fected with M. bovis (Palmer et al., 1999;
O’Brien et al., 2001). The reason for such
a predilection in unclear, but could be due
to mechanical factors such as the direct-
ness of the airways in the caudal lung lobes
or momentum of inspired droplets that
carries them to caudal lung lobes. A defin-
itive reason for such a predilection has not
been found. Moreover, the effect of an im-
mobilizing agent such as xylazine in the
present study, with known ventilatory de-
pressant effects, on lesion distribution is
unknown.

The method of aerosol delivery de-
scribed above represents a reliable method
of experimental infection of deer with M.
bovis. This method could serve as a useful
challenge model to evaluate disease path-
ogenesis, immune response, mycobacterial
shedding, and vaccine efficacy. Likewise, it
would be useful for the study of other re-
spiratory pathogens of deer where aerosol
exposure is critical.
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