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SUSCEPTIBILITY OF PHAGOCYTES FROM ELK, DEER,

BIGHORN SHEEP, AND DOMESTIC SHEEP TO

PASTEURELLA HAEMOL YTICA CYTOTOXINS

Ronald M. Silfiow and William J. Foreyt
Department of Veterinary Microbiology and Pathology, Washington State University,
Pullman, Washington 99164, USA

ABSTRACT: Alveolar macrophages and peripheral blood neutrophils from elk (Cervus elaphus),

bighorn sheep (Ovis canadensis canadensis), and domestic sheep were exposed to culture super-
natants from Pasteurella haemolytica isolated from bighorn sheep and domestic sheep. In a second

experiment, peripheral blood neutrophils from mule deer (Odocoileus hemionus), elk, and bighorn

sheep were exposed to culture supernatants from P. haemolytica isolated from elk, bighorn sheep
and domestic sheep. Alveolar macrophages from elk, bighorn sheep and domestic sheep were
resistant to killing by P. haemolytica supernatants from bighorn sheep and domestic sheep;

susceptibility of neutrophils to cell death, as measured by release of lactate dehydrogenase, differed
significantly (P < 0.05) between the four species tested. Bighorn sheep and domestic sheep
neutrophils were susceptible to cytotoxin damage by the P. haemolytica isolates used; bighorn

sheep neutrophils were four- to eight-fold more susceptible to cytotoxin damage than domestic
sheep neutrophils. Neutrophils from deer and elk were resistant to killing by P. haemolytica
cytotoxins from any species tested.

Key words: Pasteurella haemolytica, cytotoxin, neutrophil, alveolar macrophage, bighorn

sheep, deer, elk, domestic sheep.

INTRODUCTION

Respiratory disease caused by pasteu-

rellosis results in mortality in both bighorn

sheep (Ovis canadensis canadensis) and

domestic sheep species, yet it is reported

less frequently in deer (Odocoileus spp.)

or elk (Cervus elaphus) (Thorne et al., 1982;

Franson and Smith, 1988). Pasteurella

haemolytica can be isolated from both do-

mestic sheep (Frank, 1982) and bighorn

sheep (Wild and Miller, 1991) whether re-

spiratory disease symptoms exist or not.

Bighorn sheep apparently are more sus-

ceptible to respiratory infections than do-

mestic sheep (Foreyt, 1988) and this ap-

parent difference can be partially

explained by the greater sensitivity of big-

horn sheep neutrophils to cytotoxin-de-

pendent killing by P. haemolytica organ-

isms (Silfiow et al., 1993).

Contact transmission of P. haemolytica

from domestic sheep to bighorn sheep pop-

ulations may have devastating conse-

quences to bighorn sheep survival. The ob-

servation of mortality losses in free ranging

bighorn sheep exposed to domestic sheep

is confirmed by the results of experimental

trials in which transmission of P. haemo-

lytica between these two sheep species were

tested on captive bighorn sheep (Foreyt,

1988; Onderka and Wishart, 1988). Con-

sistently, there was high mortality in big-

horn sheep but not in domestic sheep. Im-

portant questions extending from these

results include whether other wild species,

such as deer and elk, also are susceptible

to mortality from P. haemolytica, and

whether deer or elk may serve as a res-

ervoir of pathogenic P. haemolytica which

can be transmitted to bighorn sheep. Pre-

vious experiments involving deer and elk

contact with bighorn sheep did not result

in observed respiratory disease in any of

the animals (Foreyt, 1992).

The cytotoxin produced by P. haemo-

lytica isolates is an important virulence

factor in the development of respiratory

disease in many ruminant species (Nicolet,

1990). Colonization of the lower respira-

tory tract with P. haemolytica results in

exogenous release of a soluble toxin ca-

pable of exacerbating the acute inflam-

mation which is characteristic of pasteu-

rellosis (Baluyut et al., 1981). Previous
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workers have focused primarily on the

neutrophil as the target phagocytic cell

susceptible to cytotoxin mediation (Confer
et al., 1990; Silfiow et al., 1993). Czupryn-

ski et al. (1991) found that at both low and
high concentrations, the cytotoxin isolated
from cattle causes activation or lysis of the
neutrophil resulting in the release of in-

tracellular components which can cause
damage to the integrity of the lung. In
addition to the neutrophil, cytotoxin me-

diation occurs in other immune cells, in-
cluding suppressed proliferation of both
bovine peripheral mononuclear cells

(Czuprynski and Ortiz-Carranza, 1992)
and lymphocytes (Majury and Shewen,

1991a, b), and has both lethal and sublethal

effects on alveolar macrophages from cat-
tle (Markham and Wilkie, 1980; Markham

et al., 1982) and sheep (Sutherland et al.,
1983).

Alveolar macrophages are the phago-

cytic cells responsible for initial defense of
the lung against any infectious or non-in-
fectious agent entering the lower airways
(Liggitt, 1985). Silfiow et al. (1989) found

no apparent differences between bighorn

and domestic sheep in the numbers of
phagocytic cells in the alveolar spaces, nor
in the phagocytic or bactericidal activities

of alveolar macrophages. During early ex-
posure of P. haemolytica to the lower re-
spiratory tract, the first phagocytic cells to
encounter cytotoxin are alveolar macro-
phages.

Our objectives were to determine
whether alveolar macrophages from big-

horn sheep, domestic sheep, and elk were
susceptible to toxicity by P. haemolytica

supernatants from bighorn sheep or do-
mestic sheep, and to test for differences in
bighorn sheep, domestic sheep, deer and

elk neutrophil sensitivity to cytotoxin from
isolates from bighorn sheep, domestic

sheep, and elk.

MATERIALS AND METHODS

Three Rocky Mountain bighorn sheep, three
domestic sheep, and three elk were used as
sources of both neutrophils and alveolar mac-
rophages for Experiment 1 in this study con-

ducted between 19 January and 19 May 1993.
The bighorn sheep (two females, one male) were
1-yr-old and the elk (three males) ranged in age
from 1 to 2 yr. In Experiment 2, conducted

between 1 March and 7 April 1993, five 1-yr-
old Rocky Mountain bighorn sheep (two fe-
males, three males), two 1-yr-old female mule

deer (Odocoileus hemionus), and three male
1- to 2-yr-old elk were used as a source of neutro-
phils. The bighorn sheep, deer and the elk from

both experiments were from a captive herd
(Washington State University, Pullman, Wash-

ington, USA). Three conventionally-reared fe-
male domestic sheep ranged in age from 3 to 4
yr. All animals were clinically healthy when

samples were collected. However, in Experi-
ment 1, we noted that one of the elk samples

contained 50% neutrophils plus an unusually
high number of eosinophils (47%) which were
inseparable from the neutrophils. The results for

this animal were excluded from the neutrophil

sensitivity assay since these mixed-population
cells were significantly (P < 0.05; least squared
differences Statistix version 3.5, Analytical Sof t-
ware, St. Paul, Minnesota, USA) less susceptible
to cytotoxin killing than cells from the remain-

ing two elk which consisted of >70% and 90%
neutrophils, respectively.

Animals were sedated intramuscularly using
0.5 mg/kg of xylazine hydrochloride (Rompun,
Miles Laboratories, Bayvet Division, Shawnee,

Kansas, USA). Alveolar macrophages were ob-
tained for study using the lavage method of
Silfiow and Foreyt (1988). A veterinary laryn-
goscope was used to aid insertion of a section of

plastic tubing 145 cm long and 6 mm in outside

diameter into the trachea. After gently lodging
the plastic tubing in a distal bronchus, 60 ml
aliquots of sterile physiological saline were in-
fused and immediately withdrawn. A total of

300 ml of fluid were instilled and withdrawn
without any deleterious effects. The sedative ef-

fect of the xylazmne was reversed by intravenous
administration of 10 mg of yohimbine hydro-
chloride (Antagonil, Wildlife Laboratories Inc.,
Fort Collins, Colorado, USA). The recovered
lavage fluid was centrifuged at 350 x G and

the cell pellet resuspended in Hanks Balanced

Salt Solution (HBSS) (Gibco Laboratories, Grand
Island, New York, USA) containing 1% fetal

bovine serum (FBS) (Hyclone Laboratories, Lo-
gan, Utah, USA). The alveolar cell population
was characterized by staining a cytocentrifuge-

prepared slide with Dif-Quik Kit (American Sci-
entific Products, McGaw Park, Illinois, USA).
Cells were counted using a hemocytometer
(American Optical Corporation, Buffalo, New
York), and cell viability was determined by try-

pan blue exclusion (Boyse et al., 1964). Typical
yields were >90% macrophages, and these cells
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exhibited >90% viability. For each experiment,
cells were adjusted to a concentration of 2 x

106 cells/ml in HBSS + 1% FBS.
Peripheral blood samples were collected by

jugular venipuncture into citrate phosphate dex-
trose solution (Sigma Chemical Company, St.
Louis, Missouri, USA). Following centrifugation
at 850 x G for 15 mm, the plasma and buffy
coats were discarded. Hypotonic lysis of red cells
was accomplished by the addition of 45 ml dis-

tilled water for 45 sec followed by the addition
of 5 ml of lOx phosphate buffered saline. Fol-
lowing centrifugation at 600 x G for 10 mm,

the lysis and centrifugation steps were repeated,

and the final cell pellets were resuspended in
HBSS + 1% FBS. Cells were counted using a
hemocytometer, and cell viability was deter-
mined by trypan blue exclusion. Typical yields

were >90% neutrophils, and these cells exhib-

ited >90% viability. For each experiment, cells
from each animal were adjusted to a concen-
tration of 5 x 10� cells/ml in HBSS + 1% FBS.

In Experiment 1, isolates of P. haemolytica

from two pneumonic bighorn sheep (T3,4,10
from the spleen; A2 from the lung) and one
healthy domestic sheep (A2 from the pharynx)
were used. These particular isolates were se-

lected to represent both high and low levels of

expected cytotoxin production. In Experiment

2, isolates from one healthy domestic sheep (A2
from the pharynx), two healthy bighorn sheep
(T3,4 and T3,4,10 from the pharynx), and two
healthy elk (T3,4 and T3,4,10 from the pharynx)
were used. The A2 isolate was chosen for this

experiment as a positive control because of its
high level of cytotoxin production. Cytotoxins
were isolated from culture supernatants using

the method of Shewen and Wilkie (1982). In-

dividual P. haemolytica isolates were cultured
onto 5% sheep blood agar plates (Beckton Dick-
inson Microbiological Systems, Cockeysville,
Maryland, USA) and incubated for 18 hr at 37

C. As a negative control, a different Gram-neg-
ative bacterium, Enterobacter cloacae (ATCC
#35030), was handled identically. Several mor-
phologically similar colonies were used to in-

oculate 100 ml of brain-heart infusion broth
(Difco Laboratories, Detroit, Michigan, USA)
which was incubated at 37 C until cultures
reached early logarithmic growth. To count the

number of bacteria, the optical densities of the

cultures were measured at a wavelength of 600
nm (OD�) until 1 OD� (8 x 108 bacteria/mI)
was reached (Maniatis et al., 1982). Bacteria

were centrifuged for 10 mm at 6,000 x G to a

pellet, and resuspended in 30 ml of RPMI-1640
media (Gibco Laboratories) containing 7% FBS.
Following incubation for 1 hr at 37 C, the bac-
teria again were centrifuged at 6,000 x G for
10 mm, and the culture supernatants were re-

moved and filter sterilized by passage through

a 0.45 �zm filter (Sigma Chemical Company).

Culture supernatants were dialyzed (6,000 to
8,000 molecular weight cutoff) (Spectrum Med-
ical Industries, Los Angeles, California, USA) to
exhaustion against distilled water, at 4 C, and

lyophilized.
We characterized the relative potency of tox-

ins produced by various P. haemolytica isolates

by adding bacterial culture supernatants to al-
veolar macrophages and neutrophils in vitro.

Neutrophils from every animal were tested with

every supernatant. Cytotoxicity was determined
by assessing the release of lactate dehydrogenase
(LDH) into the culture medium (Korzeniewski

and Callewaert, 1983). Cytotoxicity was deter-
mined at final concentrations of supernatant of

150, 100, 50, 5, 0.5, and 0.05 �g/50 �d. All of
the samples were resuspended in HBSS con-
taining 1% FBS prior to the assay. Fifty �zl of

each supernatant preparation containing cyto-
toxin were added to the wells of 96-well plates,
followed by the addition of either 1 x 10� mac-
rophages or 2.5 x 1O� neutrophils in 50 �il of
HBSS containing 1% FBS to each well. Follow-
ing 1 hr incubation at 37 C, 100 �il of LDH

substrate were added. Levels of the reduced

LDH substrate were determined on a Titertek
96-well plate reader (Flow Laboratories, Mc-
Lean, Virginia, USA) coupled to an on-line IBM-
XT computer (International Business Machines,

Boca Raton, Florida, USA). All samples were

compared to either macrophages or neutrophils
treated with a 0.5% solution of the detergent
saponin (Sigma Chemical Company) (maximal
release) and untreated cells (background re-

lease) and the results recorded as a percentage

of LDH released from untreated cells. The po-
tency of the various cytotoxins was determined

by comparing the 50% effective dose (EDse).
The EDse is defined as the concentration of su-

pernatant (�g/5O .d) which resulted in the death
of 50% of the cells as determined by a graphic
plot constructed to determine the intersection
of 50% cell death and supernatant concentra-
tion.

Data were tested for statistical significance
using the statistical software package Statistix
version 3.5 (Analytical Software, St. Paul, Min-
nesota, USA) by first performing analysis of vari-

ance (ANOVA), then testing for differences be-
tween means using least squared differences
(LSD) (P <0.05).

RESULTS

In Experiment 1, alveolar macrophages

from all species tested were not susceptible

to killing by any of the P. haernolytica

supernatants used (Table 1). Furthermore,
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TABLE 1. Effects of bacterial culture supernatants tested for cytotoxicity against alveolar macrophages and
neutrophils from bighorn sheep, domestic sheep and elk in experiment 1.

Culture
super-

natant

Enterobacter sp. or
Pasteurella haemolytica

biotype or serotype

Alveolar macrophage source Neutrophil source

Bighorn

sheep

Domestic

sheep Elk
Bighorn

sheep
Domestic

sheep Elk

1 Enterobactercboacae >150’ >150 >150 >150 >150 >150

2 A2b >150 >150 >150 12 48 >150

3 T3,4,10’ >150 >150 >150 >150 >150 >150
4 A2’ >150 >150 >150 8 68 >150

‘50% effective dose (ED,,) = the concentration of supernatant (�ig/50 ��I) which results in death of 50% of the cells as determined

by a graphic plot constructed to determine the intersection of 50% cell death and supernatant concentration.

Isolate from a healthy domestic sheep.

‘Isolate from a pneumonic bighorn sheep.

neutrophils from elk also were resistant to

cytotoxin lysis at concentrations as high as

150 �ig/50 �l (highest concentration test-

ed). Supernatants from the negative con-

trol Enterobacter and from one P. hae-

molytica isolate (T3,4,10 from the spleen

of a pneumonic bighorn sheep) were non-

cytotoxic at all doses tested against both

macrophages and neutrophils from big-

horn sheep, domestic sheep, and elk. Two

P. haemolytica supernatants, one from a

healthy domestic sheep isolate (A2 from

the pharynx) and one from a pneumonic

bighorn sheep isolate (A2 from the lung),

were cytotoxic for neutrophils from both

bighorn sheep and domestic sheep (Table

1). The relative cytotoxic potency of these

supernatants was significantly greater (4-

to 8-fold, P < 0.05) against bighorn sheep

neutrophils than domestic sheep neutro-

phils.

In Experiment 2, neutrophils from deer

and elk were resistant to lysis by culture

supernatants from all P. haemolytica iso-

lates at concentrations as high as 150 �tg/

50 �tl (Table 2). But bighorn sheep neutro-

phils were susceptible to lysis by two iso-

lates, one from a healthy bighorn sheep

(T3,4,10 from the pharynx) and one from

a healthy domestic sheep (A2 from the

pharynx). Supernatants from the negative

control Enterobacter, one isolate from a

healthy bighorn sheep (T3,4 from the

pharynx), and two isolates from healthy

elk (T3,4 and T3,4,10 both from the phar-

ynx) were non-cytotoxic to neutrophils

from bighorn sheep, deer and elk.

DISCUSSION

Based on our results, we believe that the

neutrophil, rather than the alveolar mac-

rophage, is the primary phagocytic cell

susceptible to lysis by the cytotoxin prep-

arations of P. haemolytica isolates. Neither

elk, domestic sheep nor bighorn sheep al-

veolar macrophages were susceptible to ly-

sis by the cytotoxins used in this study.

Neutrophils from deer and elk were not

susceptible to cytotoxin-mediated cell

death, but lysis did occur in neutrophils

from bighorn sheep and domestic sheep.

The in vitro range of neutrophil suscep-

tibility to cell death may reflect the ob-

servation that pneumonic pasteurellosis is

more prevalent in bighorn sheep com-

pared to domestic sheep, and is seldom

documented in deer or elk.

The mechanism for cytotoxin cell lysis

involves the formation of ion channels in

the cell membrane that increase mem-

brane permeability and cause biological

effects ranging from cell activation to cell

death (Clinkenbeard et al., 1989). The ob-

servation that neutrophils are more sus-

ceptible to cytotoxin lysis than macro-

phages is evidence that the neutrophil lipid

membrane is less stable than that of the

macrophage; alternatively, different re-

ceptor levels may exist on neutrophils com-

pared with macrophages. Recognition of
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cytotoxin by cell receptors has not been

definitively demonstrated, but the toxic ef-

fects of cytotoxin was interrupted in some

cases when beta-adrenoceptor antagonists

were used (Henricks et al., 1990). The gly-

colipid, GM 1, is the cell receptor for chol-

era toxin (Holmgren et al., 1973) and chol-

era toxin’s B subunit works through a

similar mechanism as P. haemolytica cy-

totoxin to increase intracellular calcium in-

flux. Majury and Shewen (1991b) propose

that the P. haemolytica cytotoxin, like

cholera toxin, may affect calcium flux via

a glycolipid on the cell surface or via a

second cell surface component associated

with the glycolipid. Possible differing re-

ceptor densities between species and be-

tween cell types may explain the observed

differences in cytotoxin susceptibility.

Furthermore, we have observed that con-

centrations of supernatants greater than

150 �g/50 .ii result in lower neutrophil

killing percentages than concentrations at

or near 150 i.tg/50 �l. Because the super-

natant preparations contain many proteins

present in fetal bovine serum in addition

to the cytotoxin protein, these proteins ac-

tually may block access of the cytotoxin to

the cell under the in vitro conditions of

the assay.

The absence of alveolar macrophage cell

death should not be interpreted to mean

that no role is played by the macrophage

in the pathogenesis of respiratory disease

in bighorn sheep. Indeed, sublethal con-

centrations of cytotoxin and endotoxin reg-

ulate the phagocytic function and the pro-

duction of soluble factors by alveolar

macrophages (Markham et al., 1982). In

bovine alveolar macrophages, phagocyto-

sis and chemotactic factor release are im-

paired by cytotoxin, while P. haemolytica

type 1 endotoxin stimulates alveolar mac-

rophage release of TNF-alpha (Bienhoff et

al., 1992). These soluble factors play im-

portant roles in lung defense by recruiting

neutrophils into the lung for protection

against microorganisms, yet the same pro-

tective features of neutrophil respiratory

TABLE 2. Effects of bacterial culture supernatants

tested for cytotoxicity against neutrophils from big-

horn sheep, deer and elk in experiment 2.

Enterobacter or
Culture

super-

natant

Pasteurella haerno-

lytica biotype!
serotype

Neut rophil source

Bighorn Deer Elk

1 Enterobacter

cboacae

>150’ >150 >150

2 A2b 12 >150 >150

3 T3,4,10’ 125 >150 >150

4 T3,4’ >150 >150 >150

5 T3,4,10’ >150 >150 >150

6 T3,4d >150 >150 >150

50% effective dose (ED,,) = the concentration of supernatant

(�tg/50 �sl) which results in death of 50% of the cells as

determined by a graphic plot constructed to determine the

intersection of 50% cell death and supernatant concentration.

Isolate from a healthy domestic sheep.

‘Isolate from a healthy bighorn sheep.

Isolate from a healthy elk.

burst and degranulation can contribute to

local tissue injury (Czuprynski et al., 1991).

Protection of bighorn sheep populations

from the devastating effects of pasteurel-

losis depends on understanding the mech-

anisms involved in the disease process. The

production of cytotoxin is one of several

possible virulence factors involved in the

development of pasteurellosis, and based

on our observations, we propose that it may

be one of the most important mechanisms

for the cause of respiratory disease in big-

horn and domestic sheep. Use of the cy-

totoxin assay to determine differential po-

tencies of various P. haemolytica isolates

has proven useful in identifying whether

isolates obtained from individual animals

or herds should be considered potentially

lethal. Furthermore, the cytotoxicity assay

has high correlation with neutrophil sen-

sitivity in animals highly susceptible to

pasteurellosis (bighorn sheep) and animals

relatively resistant to pasteurellosis (deer

and elk). Future research efforts focusing

on the prevention of pasteurellosis should

emphasize the alteration or attenuation of

the cytotoxin-mediated effects on neutro-

phils.
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