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Lesion Development in White-tailed Deer (Odocoileus
virginianus) Experimentally Infected with Mycobacterium bovis

M. V. PALMER, W. R. WATERS, AND D. L. WHIPPLE

Bacterial Diseases of Livestock Research Unit, National Animal Disease Center, Agricultural Research Service,
US Department of Agriculture, Ames, IA

Abstract. The recent discovery of tuberculosis in free-living white-tailed deer in northeastern Michigan
underscores the need for increased understanding of the pathogenesis of tuberculosis in wildlife species. To
investigate lesion development in white-tailed deer, 32 deer were experimentally infected by intratonsilar in-
stillation of 300 colony-forming units ofMycobacterium bovis. Three deer each were euthanatized and examined
at days 15, 28, 42, and 56 after inoculation, and five deer each were euthanatized and examined at days 89,
180, 262, and 328 after inoculation. Microscopic lesions first were seen in the medial retropharyngeal lymph
node and lung 28 and 42 days after inoculation, respectively. Lung lesions were present in 12 (38%) of 32
deer, involving 23 lung lobes. Left caudal and right middle and caudal lobes were involved in 17 (74%) of the
23 affected lung lobes. Lesions in the medial retropharyngeal lymph node first appeared as granulomas com-
posed of aggregates of macrophages and Langhans-type giant cells. Some early granulomas contained centrally
located neutrophils. As granulomas developed, neutrophils were replaced with a central zone of caseous necrosis
that first showed signs of mineralization 42 days after inoculation. Granulomas increased in size as the zone of
caseous necrosis expanded. Peripheral fibrosis, first seen at 56 days after inoculation, progressed to only a thin
fibrous capsule by 328 days after inoculation. By the termination of the study, the central necrotic core of the
granuloma contained abundant liquefied necrotic material and grossly resembled an abscess. Although tuber-
culous lesions in white-tailed deer follow a developmental pattern similar to that in cattle, fibrosis is less
pronounced and the advanced lesions may liquefy, a change seldom reported in cattle. An understanding of
lesion development will aid in the identification of the spectrum of disease that may be seen in this important
wildlife reservoir of tuberculosis.

Key words: Deer; granuloma;Mycobacterium bovis; Odocoileus virginianus; tuberculosis.

In 1994, a free-living white-tailed deer (Odocoileus
virginianus) in Michigan was diagnosed with tuber-
culosis caused byMycobacterium bovis.22 Subsequent
surveys conducted by the Michigan Department of
Natural Resources and Michigan State University An-
imal Health Diagnostic Laboratory identified an epi-
demic ofM. bovis infection in free-living white-tailed
deer in northeastern Michigan.13,22 This represents the
first known reservoir ofM. bovis in free-living wildlife
in the United States and the first known epidemic of
tuberculosis in white-tailed deer in the world. Several
factors are thought to have contributed to the estab-
lishment and persistence ofM. bovis in this wildlife
reservoir. These factors include the large number of
cattle infected withM. bovis in Michigan during the
late 1950s8 and a deer population that has steadily
grown beyond normal habitat carrying capacity to fo-
cal concentrations of 19–23 deer per km2.22 A contrib-
uting factor to overpopulation has been long-term win-
ter feeding to prevent deer migration and decrease
winter mortality in order to keep deer numbers high
for hunting purposes.22 Winter feeding not only results

in increased numbers of deer, but causes prolonged
crowding of deer around feeding sites with increased
opportunity for deer to deer contact and enhanced
transmission of tuberculosis. DNA analysis ofM. bovis
isolates from Michigan white-tailed deer has shown
that the majority of deer were infected with a common
strain ofM. bovis, suggesting a single source of infec-
tion.27 The presence ofM. bovis in wildlife also rep-
resents a serious threat to domestic livestock. Eighteen
M. bovis–infected cattle herds have been identified in
Michigan since the identification of tuberculosis in
white-tailed deer. Restriction fragment length poly-
morphism analysis ofM. bovis isolates from deer and
cattle show that they are identical, suggesting that cat-
tle became infected through contact with tuberculous
white-tailed deer.26

Little is known concerning the pathogenesis of tu-
berculosis in white-tailed deer. Development of diag-
nostic tests, vaccines, or other tools that may be used
in disease control programs will require an improved
understanding of the development of tuberculosis in
white-tailed deer. This study was conducted to exam-
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Fig. 1. Schematic representation of the chronology of
morphologic changes in the medial retropharyngeal lymph
nodes of white-tailed deer inoculated intratonsilarly with 300
CFU of M. bovis and examined at various times after inoc-
ulation.

ine the development and distribution of lesions in
white-tailed deer experimentally infected withM. bovis.

Materials and Methods

Animals

Thirty-two, 9-month-old female and castrated male white-
tailed deer were inoculated intratonsilarly with approximate-
ly 150 colony-forming units (CFU) ofM. bovis strain 1315
into each tonsilar crypt for a total dose of 300 CFU, as
described previously.14 Strain 1315 was originally isolated in
1995 from a white-tailed deer in Michigan. For intratonsilar
inoculation, deer were anesthetized by intramuscular injec-
tion of a combination of xylazine (2 mg/kg; Mobay Corpo-
ration, Shawnee, KS) and ketamine (6 mg/kg; Fort Dodge
Laboratories, Fort Dodge, IA). After inoculation, the effects
of xylazine were reversed by intravenous (IV) injection of
tolazoline (4 mg/kg; Lloyd Laboratories, Shanandoah, IA).

Animals were housed in Association for Assessment and
Accreditation of Laboratory Animal Care International ap-
proved biosecurity level 3 housing, and fed a commercial
pelleted feed with free access to water. An outline of all
procedures was approved by the National Animal Disease
Center Institutional Animal Care and Use Committee before
the beginning of the experiment. Animal euthanasia was
conducted in a manner consistent with the guidelines of the
American Veterinary Medical Association panel on eutha-
nasia.2

Before to inoculation and 90 and 180 days thereafter, de-
layed-type hypersensitivity (DTH) toM. bovis was measured
by intradermal skin testing by the comparative cervical skin
test (CCT), as described previously.14,17

Sampling

Before inoculation and at 30-day intervals thereafter,
swabs of the nasal cavities, oral cavity, and rectum were
obtained and processed for isolation ofM. bovis, as previ-
ously described.14 Additionally, to examine the degree of en-
vironmental contamination that may result from inoculated
deer excretingM. bovis, at 30-day intervals, samples of feed,
water, and feces from the floor of each pen were collected
and processed as described for the isolation ofM. bovis.17

Three deer each were euthanatized and examined 15, 28, 42,
and 56 days after inoculation. Five deer each were euthan-
atized and examined 89, 180, 262, and 328 days after in-
oculation. Animals were anesthetized as above and euthan-
atized by IV sodium pentobarbital. At necropsy, the follow-
ing tissues or fluids were collected and processed for isola-
tion of M. bovis as described;14 palatine tonsil; pharyngeal
tonsil; mandibular, parotid, medial retropharyngeal, superfi-
cial cervical, tracheobronchial, mediastinal, hepatic, mesen-
teric, iliac, prefemoral, and popliteal lymph nodes; lung; liv-
er; spleen; kidney; brain; urine; feces; and swabs of the ton-
silar crypts and tracheal lumen. Each lung lobe was exam-
ined separately and cross-sectioned at 0.5- to 1.0-cm
intervals. Tissues collected for microscopic analysis were
fixed by immersion in 10% neutral buffered formalin and
included all tissues collected for bacteriologic examination
as well as adrenal gland, myocardium, abomasum, and ru-
men. For microscopic examination, formalin-fixed tissues

were processed by routine paraffin-embedment techniques,
cut in 5-�m sections, and stained with hematoxylin and eo-
sin (HE). Adjacent sections were cut from samples contain-
ing lesions suggestive of tuberculosis and stained by the
Ziehl–Neelsen technique for identification of acid-fast bac-
teria.23

Results

Delayed-type hypersensitivity toM. bovis was not
seen in any deer before inoculation. Ninety and 180
days after inoculation, all experimentally inoculated
deer exhibited DTH reactions consistent with exposure
to M. bovis.

Mycobacterium bovis was not isolated from any
sample of feed, water, or feces from the floor of the
pens at any time during the experiment. Likewise,M.
bovis was not isolated from urine, feces, or any swab
of the oral cavity, nasal cavity, rectum, or tracheal lu-
men at any time. However,M. bovis was recovered
from a swab of the tonsilar crypt of one deer that was
euthanatized at 28 days after inoculation.M. bovis was
not isolated from any sample of brain; kidney; spleen;
liver; or iliac, prefemoral, popliteal, or superficial cer-
vical lymph nodes.

Mycobacterium bovis was recovered from the pal-
atine tonsil and medial retropharyngeal lymph node at
15 days, the earliest time point examined after inocu-
lation; however, microscopic and gross lesions were
not seen until 28 and 42 days, respectively, after in-
oculation (Fig. 1). Pulmonary lesions were first noted
42 days after inoculation (Table 1). Lesions in the
lungs consisted of small, often solitary, 3- to 10-mm
pleural and subpleural, white to gray foci, containing
dry, sometimes gritty contents (Fig. 2). Although le-
sions were present in lungs of deer from 42 days after
inoculation to the termination of the experiment, the
number of pulmonary lesions or their severity did not
increase as the experiment progressed. Twelve (38%)
of 32 deer had lung lesions involving 23 separate lung
lobes. The left caudal and right middle and caudal lung
lobes represented 17 (74%) of 23 of the affected lobes
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Fig. 2. Lung; white-tailed deer inoculated intratonsilarly
with 300 CFU of M. bovis and examined 262 days later.
Multifocal, small granulomas on pulmonary surface (ar-
rows). Bar� 12 mm.

(Fig. 3). To examine lesion development over time,
medial retropharyngeal lymph nodes were carefully
examined at all time points.

Twenty-eight days after inoculation, medial retro-
pharyngeal lymph nodes were of normal size, but firm
consistency. Microscopically, granulomas were com-
posed of aggregates of macrophages, Langhans-type
multinucleated giant cells, and few lymphocytes (Fig.
4). Some of these early granulomas contained a small,
centrally located focus of neutrophils (Fig. 5). Mod-
erate to large numbers of acid-fast bacilli were present
within the central neutrophilic infiltrate. No minerali-
zation or evidence of collagen deposition associated
with the granuloma was seen.

By 42 days after inoculation, bilateral lymphaden-
omegaly of the medial retropharyngeal lymph nodes
was present. Multifocal, 2- to 5-mm, pale, firm lesions
were present within the lymph node cortex. Micro-
scopically, lesions were composed of variably sized,
coalescent granulomas composed of aggregates of
macrophages, Langhans-type multinucleated giant
cells, and low numbers of lymphocytes and neutro-
phils. A central area of necrosis containing fine gran-
ular staining visualized by the Von Kossa method and
consistent with early mineralization was present within
coalescent granulomas. Evidence of collagen deposi-
tion was not seen. Acid-fast bacteria were present in
low numbers and seen only within the necrotic core.

Fifty-six through 89 days after inoculation, medial
retropharyngeal lymph nodes were bilaterally enlarged
and contained multifocal, sometimes coalescent corti-
cal granulomas. Microscopically, lesions consisted of
large areas of necrosis surrounded by variable thick
bands of cellular infiltrate containing macrophages,
Langhans-type multinucleated giant cells, and lympho-
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Fig. 3. Schematic of deer lung demonstrating the distri-
bution of lung lesions in white-tailed deer intratonsilarly in-
oculated with 300 CFU ofM. bovis and examined at various
times after inoculation. Numbers represent the percentage of
deer with lesions in a respective lung lobe.

cytes. Von Kossa staining revealed central granular
mineralization of necrotic debris. Low to moderate
numbers of acid-fast bacilli were present within the
mineralized area. Thin bands of collagen, visualized
by Masson’s trichrome staining, surrounded the gran-
uloma, separating it from unaffected lymph node.

Medial retropharyngeal lymph nodes at 180 days
after inoculation, grossly resembled those seen at the
previous time point. Lesions were also microscopically
similar, with the exception of more expansive regions

of necrosis containing partially mineralized debris and
moderate numbers of acid-fast bacilli. Necrotic cores
were surrounded by variably thick bands of macro-
phages, Langhans-type multinucleated giant cells, and
lymphocytes interspersed in a stroma of loosely ar-
ranged collagenous connective tissue.

At 262 days after inoculation, medial retropharyn-
geal lymph node lesions were similar to those seen at
180 days after inoculation; however, more extensive
mineralization of the necrotic debris within the centers
of granulomas was present.

Medial retropharyngeal lymph nodes were grossly
similar at 328 days after inoculation to those seen at
the previous time points; however, on sectioning, many
lesions contained central liquefied, purulent material.
Microscopically, such lesions were composed of coa-
lescent, expansive, partially mineralized, necrotic ma-
terial surrounded by a thin rim of macrophages, Lan-
ghans-type multinucleated giant cells, and lympho-
cytes in a loosely arranged fibrous stroma. Moderate
numbers of neutrophils were present at the interface
between the necrotic core and granulomatous infiltrate.
Variable numbers of acid-fast bacteria were present
within the mineralized necrotic material.

Lesions in the lung followed the same developmen-
tal pattern as did lesions in the medial retropharyngeal
lymph nodes with some exceptions. Microscopic le-
sions were first seen at 42 days after inoculation and
mineralization of the necrotic core and evidence of
mild peripheral fibrosis were seen on days 56 and 89,
respectively, after inoculation. This represented a shift
of one time point later than the appearance of such
changes in the medial retropharyngeal lymph node.
Additionally, although lung lesions progressed to co-
alescent caseonecrotic granulomas with central min-
eralization and mild peripheral fibrosis, no evidence of
liquefaction of the necrotic core was seen in lung le-
sions at any time.

Discussion

Examination of lesion development in the medial
retropharyngeal lymph node in the present study is
appropriate for two reasons. First, although the tonsil
has no afferent lymphatics, the efferent lymphatics
drain primarily to the medial retropharyngeal lymph
nodes.21 Therefore, after intratonsilar inoculation, me-
dial retropharyngeal lymph nodes should be one of the
earliest sites of lesion development. Second, the me-
dial retropharyngeal lymph node is often the most
commonly affected tissue in naturally infected white-
tailed deer.13,15,22

The first appearance of microscopic lesions 28 days
after intratonsilar inoculation is analogous to that seen
in cattle inoculated in similar fashion.16 In contrast,
cattle inoculated intranasally develop lesions as early
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Fig. 4. Medial retropharyngeal lymph node; white-tailed deer inoculated intratonsilarly with 300 CFU ofM. bovis; 28
days after inoculation. Early granuloma is composed of macrophages and Langhans-type multinucleated giant cells. HE.
Bar � 55 �m.

Fig. 5. Medial retropharyngeal lymph node; white-tailed deer inoculated intratonsilarly with 300 CFU ofM. bovis; 28
days after inoculation. Centrally located neutrophils are surrounded by macrophages and Langhans-type multinucleated
giant cells. HE. Bar� 88 �m.

as 7 days after inoculation.5 This difference may be
due to host species differences or differences in route
of inoculation, inoculum strain, or inoculum dosage.
The cellular constituents of lesions seen in deer in the
present study are similar to those seen in cattle.5,16

However, in contrast to cattle, in deer, only mild fibro-
sis surrounding granulomas was present even at 328
days after inoculation. Prominent collagen deposition
has been noted in lesions from cattle as early as 56
days after intratonsilar inoculation.16

In the present study, intratonsilar inoculation of 300
CFU of M. bovis resulted in infection or lesion devel-
opment in 32 (100%) of 32 inoculated deer. Similar
inoculation of red deer (Cervus elaphus) with dosages
of M. bovis ranging from 8 to 8,000 CFU resulted in
infection of 87% of inoculated deer.10 Much higher
dosages, 1.5� 105 to 2 � 107 CFU, have been used
to experimentally infect cattle.5,16 Under the conditions
outlined in the current study, white-tailed deer seem to
be highly susceptible to infection withM. bovis.

Twelve (38%) of 32 deer in the present study de-
veloped lung lesions consistent with tuberculosis.
Lung lesions were first seen 42 days after inoculation.
In cattle inoculated intranasally, lung lesions are seen
as early as 7 days after inoculation.5 In cattle examined
at an abattoir, lung lesions were reported in 7–17% of
tuberculous cattle.7,9,25 However, careful examination
of the lungs has revealed lung lesions in as many as

73–89% of cattle with confirmed tuberculosis.11,24 The
predilection for lesion development in caudal lung
lobes, as seen in the present study, has been reported
in tuberculous cattle, where 90% of pulmonary lesions
are found in the diaphragmatic lobes, approximately
50% of which are in the distal one third.11,12,24 The
reason for such a predilection is unclear. The delayed
appearance of mineralization of the necrotic core and
peripheral fibrosis of lung lesions as compared to le-
sions in the medial retropharyngeal lymph node sug-
gest that lymph node lesions predated the lung lesions.
Lung lesions may have developed as sputum contain-
ing M. bovis was inhaled. Hematogenous spread ofM.
bovis to the lung was less likely because this would
result in more numerous lung lesions disseminated
widely throughout the lung.

Although the cellular response toM. bovis is con-
sidered to be of a granulomatous nature, in the present
study, the earliest lesions were composed of both mac-
rophages and neutrophils. Later, lesions seen at 328
days after inoculation also contained moderate num-
bers of neutrophils at the interface between the ne-
crotic core and the granulomatous infiltrate. Neutro-
phils have been noted in early lesions (�21 days after
inoculation) of experimentally infected cattle5 and ba-
cillus Calmette-Gue´rir–induced granulomas in experi-
mentally infected mice.18 Neutrophils are capable of
killing both virulent and avirulentMycobacterium tu-
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berculosis in vitro4 and have been shown to play a
protective role in mouse models of tuberculosis.3,19

In vitro research on giant cell formation has found
that giant cells initially formed are of the foreign body
type and those formed later are of the Langhans type.1

Giant cells seem to arise from fusion of macrophages
and take the form of either foreign body or Langhans
type, based on microtubule-mediated reorganization.1

Giant cells of the foreign body type were uncommon
in the present study, with those seen even in the ear-
liest recognizable granulomas being of the Langhans
type. This difference may be due to species differences
or differences in the inciting agent used in previous
reports.

Necrosis was first seen at 42 days after inoculation.
Necrosis seen within granulomas often is coincident
with the development of DTH by the host.1 In the pre-
sent study, DTH toM. bovis purified protein deriva-
tive, as measured by the CCT, was not present before
experimental inoculation but was evident in all deer
by 90 days after inoculation. However, no assay to
measure DTH was done before 90 days after inocu-
lation; therefore, the relationship of DTH development
and necrosis within granulomas cannot be elucidated.

The general morphologic changes during early le-
sion development are similar to those described in in-
tranasally inoculated cattle.5 In the present study, by
the termination of the experiment, affected lymph
nodes were markedly enlarged, often containing abun-
dant purulent exudate surrounded by a granulomatous
infiltrate and a light fibrous capsule. Grossly, many of
these lesions resembled abscesses. The abscesslike na-
ture of tuberculous granulomas has been identified in
naturally infected white-tailed deer and other members
of the family Cervidae.15,20 Less frequent reports of
abscesslike lesions in tuberculous cattle are available.25

The conversion of a solid or semisolid caseous lesion
to one of a more liquid nature is similar to the lique-
faction of tuberculous pulmonary lesions described in
humans and experimentally infected rabbits and due to
the action of various proteinases and nucleases.6 The
presence of liquefied lesions is thought to be important
in the dissemination of disease within the host as well
as to other susceptible hosts.

Previously, white-tailed deer experimentally infect-
ed with the same strain ofM. bovis used in the current
study were shown to excreteM. bovis in oral and nasal
secretions, urine, and feces.14,17 In the present study,
such excretion was not seen. This discrepancy likely
is due to the relative low dose of inoculum (300 CFU)
used compared to higher doses (2� 103 to 2 � 108

CFU) used previously.14,17 With lower doses, longer
than 328 days may be required for lung lesions to ex-
pand and enter airways that can then result inM. bovis
in tracheal lumina, nasal secretions, or saliva.

The description of the spectrum of lesions that de-
velop in tuberculous white-tailed deer will aid in lesion
identification in this important wildlife reservoir of tu-
berculosis.
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