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ABSTRACT: Avian vacuolar myelinopathy (AVM) was first recognized as a cause of bald eagle
(Haliaeetus leucocephalus) mortality in 1994 in Arkansas (USA) and has since caused over 90
bald eagle and numerous American coot (Fulica americana) mortalities in five southeastern states.
The cause of AVM remains undetermined but is suspected to be a biotoxin. Naturally occurring
AVM has been limited to wild waterbirds, raptors, and one species of shorebird, and has been
reproduced experimentally in red-tailed hawks (Buteo jamaicensis). In this study, chickens and
swine were evaluated for susceptibility to vacuolar myelinopathy with the intent of developing
animal models for research and to identify specific tissues in affected coots that contain the
causative agent. Additionally, submerged, aquatic vegetation, primarily hydrilla (Hydrilla verticillata), and associated material collected from a reservoir during an AVM outbreak was fed to
chickens in an effort to reproduce the disease. In two separate experiments, six 4-wk-old leghorn
chickens and ten 5-wk-old leghorn chickens were fed coot tissues. In a third experiment, five 3mo-old domestic swine and one red-tailed hawk, serving as a positive control, were fed coot
tissues. In these experiments, treatment animals received tissues (brain, fat, intestinal tract, kidney, liver, and/or muscle) from coots with AVM lesions collected at a lake during an AVM outbreak. Negative control chickens and one pig received tissues from coots without AVM lesions
that had been collected at a lake where AVM has never been documented. In a fourth experiment,
eight 3-wk-old leghorn chickens were fed aquatic vegetation material. Four chickens received
material from the same lake from which coots with AVM lesions were collected for the previous
experiments, and four control chickens were fed material from the lake where AVM has never
been documented. Blood was collected and physical and neurologic exams were conducted on
animals before and once per week during the trials. All animals were sacrificed and necropsies
were performed on Day 29 of feeding, with the exception of one treated chicken that was sacrificed and necropsied on Day 15 of feeding. Microscopic lesions of vacuolar myelinopathy were
present in the red-tailed hawk and five chickens that received a mixture of all tissues and two
chickens that received only gastrointestinal tissues of coots with AVM lesions. Three of four
treated chickens in the aquatic vegetation trial developed vacuolar lesions. None of four treatment
pigs or any of the negative control animals developed vacuolar lesions. Chickens are susceptible
to AVM and may serve as a useful animal model for future studies. Swine may be refractory to
AVM or not affected by AVM at the same dose as are chickens and red-tailed hawks. The causative
agent of AVM in affected coots is associated with the gastrointestinal tissues. Furthermore, AVM
can be reproduced in chickens via ingestion of aquatic vegetation and associated materials collected from a lake during an AVM outbreak. The cause of AVM is most likely present in the
materials associated with submerged vegetation because the vegetation itself (hydrilla) was the
same at our AVM-positive and AVM-negative sites.
Key words: American coot, avian vacuolar myelinopathy, bald eagle, chicken, hydrilla, intramyelinic edema, neurologic disease, swine.

INTRODUCTION

Avian vacuolar myelinopathy (AVM) is a
neurologic disease first recognized as a
cause of mortality in 1994 in bald eagles
(Haliaeetus leucocephalus) and in 1996 in
American coots (Fulica americana) in Arkansas (USA; Thomas et al., 1998). Augspurger et al. (2003) reported that AVM
was retrospectively suspected to have

caused mortality in coots as far back as
1990 in North Carolina (USA). Avian vacuolar myelinopathy has been confirmed or
suspected in at least 90 bald eagle and
hundreds of coot mortalities in Arkansas,
South Carolina, North Carolina, and Georgia and has also been found in asymptomatic American coots at one reservoir in
Texas. Avian vacuolar myelinopathy has
been detected in several individuals of
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other avian species from three additional
taxa—Anseriformes, Strigiformes, and
Charadriiformes—at one or more of the
above locations (Fischer et al., 2002). The
cause of AVM remains undetermined despite extensive diagnostic and research investigations; however, a natural or manmade neurotoxicant is suspected.
Gross lesions are not apparent in birds
with AVM. However, there is a consistent
microscopic lesion consisting of multiple
vacuoles within central nervous system
white matter with a predilection for the
optic lobe (Thomas et al., 1998). Vacuole
formation is due to splitting of the myelin
laminae at the intraperiod line, characteristic of intramyelinic edema, which can be
the result of a variety of causes, including
acute toxicosis (Fischer et al., 2002).
Agents known to cause intramyelinic edema in human beings, domestic animals, or
laboratory animals include the rodenticide
bromethalin (Dorman et al., 1992); hexachlorophene (Towfighi, 1980); triethyltin
(Fleming et al., 1991); other manmade
compounds; and toxic plants of the genera
Stypandra (Huxtable et al., 1980) and Heliochrysum (Van der Lugt et al., 1996).
None of these compounds or plants has
been found during investigations of AVM
outbreaks.
Avian vacuolar myelinopathy is characterized clinically by signs of central nervous system disease including difficulty or
inability to fly, swim, or walk (Thomas et
al., 1998). There appears to be a poor correlation between clinical signs and the
presence of brain lesions because AVM lesions have been found in clinically normal
coots collected during AVM outbreaks (Fischer, unpubl. data). Furthermore, brain
lesions persisted in AVM-affected coots after the resolution of their neurologic signs
in captivity (Larsen et al., 2002). Thus,
AVM diagnosis must be based on the presence of microscopic lesions, rather than on
clinical signs.
Avian vacuolar myelinopathy has been
reproduced experimentally in red-tailed
hawks (Buteo jamaicensis) fed tissues from
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AVM-affected coots (Fischer et al., 2003),
demonstrating that raptors, such as bald
eagles, can contract the disease through
ingestion of affected coots. Aquatic vegetation material is suspected as a potential
source of the AVM agent for coots because
they feed heavily on aquatic vegetation
(Alisauskas and Arnold, 1994). In addition
to concerns regarding AVM in wild birds,
questions have been raised regarding susceptibility of mammals to vacuolar myelinopathy. There have been anecdotal reports of neurologic signs in beavers (Castor canadensis) during AVM outbreaks,
but lesions have never been confirmed
(Fischer, unpubl. data). Canada geese
(Branta canadensis) and several species of
ducks (Fischer et al., 2002; Augspurger et
al., 2003) have been documented with
AVM, and human consumption of hunterharvested waterfowl has raised the issue
regarding potential human exposure to the
AVM agent. The objectives of this study
were to determine if chickens and domestic swine are susceptible to AVM and
whether they could serve as animal models
for future AVM research, as well as to
identify specific tissues from affected coots
that contain the causative agent. After associating ingestion of gastrointestinal tissues of affected coots with AVM development in chickens, we fed aquatic vegetation collected from a lake during an AVM
outbreak to chickens to document this material as the potential source of the AVM
agent to coots and other waterbirds.
MATERIALS AND METHODS
American coot collections

From October–April 2001–03, coots were
collected from two lakes with a shotgun using
number 6 steel shot. The age, sex, and weight
of all coots were determined, and half of the
brain was placed in 10% buffered formalin for
light microscopy to confirm the presence or absence of AVM lesions. Carcasses or selected tissues (brain, fat, intestinal tract, kidney, liver,
and muscle) were frozen at 218 C until AVM
status was confirmed, then thawed and used in
feeding trials. Determination of AVM status
was based on the presence or absence of diffuse vacuolization (variable in extent) in the
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white matter of the brain including the optic
lobe.
American coots were collected from Clarks
Hill/Strom
Thurmond
Lake
(338429N,
828209W) on the Georgia/South Carolina border during AVM epizootics, and AVM lesions
were confirmed in these birds. Negative control
coots were collected from Lake Seminole,
Georgia (308489N, 848529W), which has no
known AVM history, and absence of AVM lesions was confirmed. In January 2003, submerged aquatic vegetation, primarily hydrilla
(Hydrilla verticillata), was collected from both
lakes and frozen at 218 C until AVM status of
coots at the lakes was confirmed by microscopic
examination. This material was thawed and
used in the final feeding trial.
Chicken trial 1

Five male and one female 4-wk-old leghorn
chickens obtained in January 2003 were used
in this experiment. Chickens were housed separately to monitor food consumption. For 28
days, five treatment chickens were fed tissues
from AVM-affected coots, and one control
chicken was fed tissues from unaffected coots.
Coot tissues fed to all animals on any given day
were pooled from one to five different coots
per day. To facilitate voluntary consumption,
the coot tissues were rendered into a paste using an electric meat grinder. Each chicken was
fed a mixture of coot tissues (total tissues
x̄[SD]523[5] g/day, brain x̄51[0] g/day, fat
x̄52[0] g/day, intestinal tract x̄57[2] g/day, kidney x̄51[0] g/day, liver x̄51[0] g/day, and muscle x̄511[4] g/day). In addition to the coot tissues, all chickens were fed x̄515[5] g of broiler
starter scratch feed (cracked corn and wheat)
per day.
Chicken trial 2

Three male and seven female 5-wk-old leghorn chickens were used in this experiment in
March 2003. Chickens were housed separately
to monitor food consumption. For 28 days, seven treatment chickens were fed tissues from
AVM-affected coots, and three control chickens
were fed tissues from unaffected coots. Of the
seven treatment chickens, two chickens received only muscle tissue from affected coots;
two received only liver tissue from affected
coots; two received only intestines from affected coots; and one received a mixture of tissues
from affected coots (brain, fat, intestines, kidney, liver, and muscle). Of the three control
chickens, one received only muscle tissue from
unaffected coots, one received only liver tissue
from unaffected coots, and one received only
intestines from unaffected coots. Coot tissues

that were fed to all animals on any given day
were pooled from one to five different coots.
As in Chicken trial 1, the coot tissues were rendered into a paste using an electric meat grinder. All chickens were fed 20 g of their selected
(Chickes-265(1,)-a34251[(1[0]a)-316(m260(were)-2(were)-2(were)-2(were32

LEWIS-WEIS ET AL.—ATTEMPTS TO REPRODUCE AVIAN VACUOLAR MYELINOPATHY

479

was fed only muscle tissue from affected coots
(x̄5480[143] g/day), and the other three treatment pigs each were fed a mixture of tissues
from affected coots (total tissues x̄5575[198] g/
day, brain x̄52[0] g/day, fat x̄545[33] g/day, intestinal tract x̄5338[124] g/day, kidney x̄512[6]
g/day, liver x̄534[14] g/day, and muscle
x̄5144[72] g/day). In addition to the coot tissues, all pigs were fed x̄5155[14] g of corn feed
per day. The red-tailed hawk was force-fed a
mixture of tissues from affected coots: total tissues x̄595(21) g/day, brain x̄52(0.8) g/day, fat
x̄511(6) g/day, intestinal tract x̄530(10) g/day,
kidney x̄54(2) g/day, liver x̄514(6) g/day, and
muscle x̄534(11) g/day.
Neurologic and physical exams

Throughout the trials, all animals were observed once per day for 1 hr in the mornings
for signs of neurologic disease or other health
problems. Prior to the feeding trials and once
a week after the feeding trials began, blood
samples were collected and basic physical and
neurologic exams were performed on all animals, with the exception of the hydrilla trial2.2551eac53-30nlyac53-3pre-ac53-367(an53-3post27(tria526505(blohe)-5[(samp
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Day 15. This chicken was sacrificed and
necropsied on Day 15. No gross lesions
were apparent upon necropsy, and the
chicken appeared to be in good body condition with adequate muscle mass and
some body fat. Microscopic lesions of vacuolar myelinopathy were not apparent in
this chicken.
During neurologic exams performed on
Days 22 and 29 of feeding, clinical signs
became apparent in the remaining treatment chickens. All treatment chickens
were very sedentary and would only stand
for a few minutes before lying back down.
All had varying degrees of ataxia, imbalance while standing or lying down, constant wing and/or tail droop, an unthrifty
appearance, and a hesitant gait; several began defecating on themselves. Four of the
treatment chickens had mydriasis of one or
both pupils beginning at Day 22. There
was some reduction in food consumption,
but most had fair to good appetites even
after the onset of clinical signs. Average
body weight of all chickens including the
control, which had increased from 160 to
302 g, began to decrease the last week of
the trial. During the entire trial the control
chicken remained alert and active and
showed no signs of disease. All blood
counts and serum chemistry results were
within normal limits for chickens (Spano
et al., 1987; Canadian Council on Animal
Care, 1993; Bounous and Stedman, 2000)
and did not differ from the negative control chickens.
At necropsy, all chickens, including the
control chicken, had gross and microscopic
lesions consistent with rickets, and all appeared to be in poor to fair body condition
with some breast muscle atrophy and little
or no body fat. Microscopically the four
treatment chickens had vacuolar lesions
that consisted of mild to moderate vacuolization of the white matter in the optic
lobe. Two chickens also had lesions in the
optic nerve; however, lesions were not apparent elsewhere in the brain, spinal cord,
or sciatic nerve of any birds. Transmission
electron microscopy of the optic lobe

white matter of an affected chicken revealed numerous vacuoles delimited by
myelin laminae that had split at the intraperiod line. Lesions of AVM were not observed in the central nervous system
(CNS) of the control chicken. There were
no other significant lesions apparent in
sections of sciatic or other peripheral
nerves, trachea, lung, heart, liver, spleen,
kidney, adrenal gland, intestine, pancreas,
gonad, and skeletal muscle in any of the
chickens.
Chicken trial 2

All chickens appeared clinically normal
and had good appetites, with the exception
of one chicken receiving intestines from
AVM-affected coots. This bird had anisocoria, in this particular case a rapid unilateral fluctuation between mydriasis and
myosis, during neurologic exams on Days
22 and 29 of feeding. Average body
weights of all chickens steadily increased
every week (x̄5278–742 g). No gross lesions were apparent at necropsy, and all
chickens appeared to be in good body condition with adequate muscle mass and
some body fat. All blood counts and serum
chemistry results were within normal limits for chickens and did not differ from the
negative control chickens.
The chicken receiving a mixture of tissues from affected coots had mild microscopic vacuolization of the white matter in
the optic lobe, but lesions were not evident in other parts of the CNS. The two
chickens receiving intestines from AVMaffected coots had AVM lesions that consisted of mild to moderate vacuolization of
the white matter in the optic lobe, again
with no other lesions evident in the CNS.
Transmission electron microscopy of the
optic lobe white matter of one affected
chicken revealed numerous vacuoles delimited by myelin laminae that had split at
the intraperiod line. Lesions of AVM were
not present in the CNS of chickens receiving muscle and liver or control chickens. There were no significant lesions apparent in sections of sciatic or other pe-
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ripheral nerves, trachea, lung, heart, liver,
spleen, kidney, adrenal gland, intestine,
pancreas, gonad, and skeletal muscle of
any of the chickens.
Aquatic vegetation trial

None of the chickens demonstrated
clinical signs of neurologic disease. Average body weights of all chickens steadily
increased every week (x̄5162–484 g). No
gross lesions were apparent at necropsy,
and all chickens appeared to be in good
body condition with adequate muscle mass
and some body fat. All blood counts and
serum chemistry results were within normal limits for chickens and did not differ
from the negative control chickens.
Three of four treatment chickens had
mild microscopic vacuolization of the
white matter in the optic lobe, but lesions
were not evident in other parts of the
CNS. Transmission electron microscopy of
the optic lobe white matter of one affected
chicken revealed numerous vacuoles delimited by myelin laminae that had split at
the intraperiod line. Lesions of AVM were
not present in the CNS of the control
chickens. There were no significant lesions
apparent in sections of sciatic or other peripheral nerves, trachea, lung, heart, liver,
spleen, kidney, adrenal gland, intestine,
pancreas, gonad, and skeletal muscle of
any of the chickens.
Swine trial

None of the pigs demonstrated clinical
signs of neurologic disease. All blood
counts and serum chemistry results were
within normal limits for swine (Tumbleson
et al., 1986) and did not differ from the
prefeeding or control pig values. No gross
lesions were apparent upon necropsy, and
all animals were in excellent body condition with adequate muscle mass and ample
body fat. Significant microscopic lesions
were not apparent in multiple sections of
the brain (optic nerves, optic chiasma, optic tracts, hippocampus, corpus callosum,
thalamus, cerebral cortex, cerebellar folia,
and brainstem); sciatic nerve; spinal cord;
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trachea; lung; heart; liver; spleen; kidney;
adrenal gland; intestine; gonad; skeletal
muscle; and pancreas of any pig. However,
microscopic lesions of vacuolar myelinopathy were apparent in the red-tailed
hawk that had received tissues from coots
with AVM. Lesions consisted of mild to
moderate vacuolization of the white matter and were most prominent in the optic
lobe, white matter tracts of the cerebrum,
and the cerebellar folia.
DISCUSSION
Chicken trials

These studies demonstrate that chickens
develop AVM lesions when orally exposed
to tissues from coots with lesions, adding
another species within a different order
(Galliformes) to the species of birds susceptible to AVM. Chickens that developed
AVM lesions were fed an average of 9%
and 4% of affected coot tissues by body
weight in trial 1 and trial 2, respectively.
Chickens in trial 1 that developed lesions
were fed slightly more affected coot tissues by body weight (5.2–15.0%, x̄59%)
than the red-tailed hawk in the swine trial
(3.6–8.8%, x̄56%) and red-tailed hawks in
previous research (1.3–7.3%, x̄53%; Fischer et al., 2003). This higher exposure
may account for the clinical signs that became apparent halfway through trial 1;
however, the effects of rickets makes interpreting the AVM clinical signs more difficult. Rickets can cause clinical signs similar to those in this study, including reluctance to stand up and/or walk (Austic and
Scott, 1984). However, some if not all of
the clinical signs were compatible with and
more likely caused by AVM because the
control chicken also had rickets but did
not show clinical signs. It is possible that
the nutritionally compromised status of
the chickens in trial 1 allowed clinical signs
to develop sooner and with more severity
compared with healthier treatment chickens in trial 2. These findings may indicate
that the health status of wild birds may
influence their susceptibility to the disease
as well as their ability to recover. Of fur-
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ther interest is the lack of lesions compatible with either AVM or rickets in the
chicken with clinical signs necropsied on
Day 15 of feeding. Other researchers also
have noted lack of lesions in apparently
clinically ill coots in their laboratory efforts
to reproduce the disease (Rocke, pers.
comm.). In contrast, mallard ducks (Anas
platyrhynchos) allowed to feed/swim freely during a natural AVM outbreak in North
Carolina displayed clinical signs and had
moderately severe lesions as soon as 5 days
postexposure (Rocke et al., 2002).
The chickens in trial 2 receiving intestines or the mixture of tissues containing
intestines from AVM-affected coots developed AVM lesions, suggesting the causative agent of AVM is present in the gastrointestinal tract as a result of ingestion. Previous testing of stomach contents of AVMaffected coots and bald eagles have yielded
no known toxins or toxin-producing agents
(Thomas et al., 1998).
Aquatic vegetation trial

Results of this trial demonstrated lesion
development in chickens following ingestion of aquatic vegetation material, primarily hydrilla, collected from a lake during an AVM outbreak. Although one treatment chicken did not develop apparent
AVM lesions, this bird consistently consumed very little vegetation material and
may not have been exposed to enough of
the AVM agent to become affected. Development of AVM lesions in chickens receiving aquatic vegetation, as well as in
chickens that receive only the gastrointestinal tissues, including their contents,
strongly indicate that the AVM agent is associated with aquatic vegetation. In this
particular study hydrilla was the primary
aquatic vegetation used. Hydrilla is an invasive exotic plant that was first discovered
in Florida in the 1960s (Blackburn and
Weldon, 1969) and has since spread
throughout the Southeast and other regions of the US. Although hydrilla may be
involved in some way with the AVM agent,
it should not be singled out as the cause.

Hydrilla is not found at every location that
has AVM-affected birds nor does AVM exist at every location that has hydrilla. It is
possible that the causative agent is associated with submerged aquatic vegetation
regardless of species, and hydrilla was simply the first species discovered to be involved.
Swine trial

The pigs in this study did not develop
vacuolar lesions although they were fed
approximately the same daily amount (1.8–
2.1%, x̄52% by body weight) of tissues
from AVM-affected coots known to cause
AVM lesions in red-tailed hawks (1.3–
7.3%, x̄53% by body weight; Fischer et al.,
2003). The tissue/body weight dosage
technique was used because the exact
amounts of the causative agent of AVM
contained in the tissues is unknown and
likely varies from coot to coot. Fischer et
al. (2003) demonstrated consistent production of AVM in red-tailed hawks when
tissues from affected coots were fed at a
rate of 1.3% of body weight. Due to rapid
growth of the pigs and a finite amount of
available coot tissues, it was difficult to
maintain the 3% body weight ratio goal.
The positive control red-tailed hawk received 3.6–8.8% (x̄56%) of its body weight
in affected coots.
The additional feed and antibiotics used
in the pigs are factors that may have influenced the susceptibility of swine in this
study, but these were unavoidable variables. We do not feel that the antibiotics
played any part in the failure to reproduce
AVM because there is no evidence that
AVM is of a bacterial etiology (Thomas et
al., 1998). In previous research (Fischer et
al., 2003), one red-tailed hawk was treated
with antibiotics 5 days before being fed affected tissues and still developed AVM lesions. It is possible that pigs are refractory
to AVM or not affected by AVM at the
same dose as are red-tailed hawks.
Results of these trials reveal that swine
may be refractory to vacuolar myelinopathy or are not as susceptible as red-tailed
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hawks or chickens, and this may apply to
other mammals; however, factors including
dose and exposure time have not been adequately tested. This study demonstrates
that chickens are susceptible to AVM and
could serve as a suitable animal model for
future research. The development of lesions in chickens ingesting gastrointestinal
tissues from AVM-affected coots focused
our attention on materials that coots were
consuming, and the aquatic vegetation trial
established that AVM lesions can be produced in chickens via ingestion of aquatic
vegetation collected during an AVM outbreak. Investigations to identify the causative agent should focus on those materials
associated with submerged aquatic vegetation in reservoirs in which AVM occurs.
These materials may include other organisms that may produce or biomagnify toxicants. Additional research is needed to
determine species susceptibility, the pathogenesis of the disease, the predictability
of outbreaks, and the development of
management options to prevent or minimize the impact on wildlife.
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