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DISEASE AND PATHOLOGICAL CONDITIONS OF AN

ENDANGERED RODENT, MICROTUS CALIFORNICUS

SCIRPENSIS, IN A CAPTIVE-REARING FACILITY AND IN THE

WILD

Janet Foley, DVM, PhD, Nora Allan, MS, Risa Pesapane, MS, Amanda Johnson, DVM, Leslie Woods,

DVM, PhD, Laurie Brignolo, DVM, Abigail Luce, BS, Deana L. Clifford, DVM, PhD, and Denise M.

Imai, DVM, PhD

Abstract: Causes of morbidity and mortality and a survey of infectious disease agents were collated from wild

and colony-raised endangered Amargosa voles (Microtus californicus scirpensis). Six voles from the wild and 295

voles in the captive-breeding colony were included in the study upon identification of an infectious agent during

screening, identification of clinical signs of disease, or finding a pathological condition or infectious agent on

necropsy. Findings included 28 significant or incidental pathological conditions of seven organ systems and 19

parasitic, viral, bacterial, or fungal agents. Several voles captured in the wild had fungal osteomyelitis of the tail

that disseminated systemically in a vole brought from the wild to the colony and may have been caused by a

Penicillium sp. Three voles reintroduced from the colony to the wild experienced inanition and subsequent severe

hepatic and moderate renal tubular lipidosis. The most common significant pathological conditions in colony-

reared voles were chronic interstitial nephritis with proteinosis; cardiomyopathy; trichobezoars that, in intestines

or cecocolic junctions, sometimes induced local rupture or infarction with peritonitis; multifocal gastrointestinal

ulceration and colibacillosis; acute renal tubular necrosis or nephritis; sepsis; hepatic and renal lipidosis; molar

apical elongation sometimes progressing to invasion of the calvarium; and mammary tumors. Uncommon

diagnoses included intervertebral disc disease; microvascular dysplasia; and multifocal bacterial abscessation.

Common or clinically important infectious agents included Demodex sp. mites in hair follicles, Demodex sp. in

esophageal mucosa, and an outbreak of tropical rat mites thought to have been introduced via the straw bedding;

gastrointestinal Helicobacter sp.; attaching and effacing Escherichia coli; and Citrobacter braakii, a possible zoonotic

bacterium. This survey of species-specific diseases and pathogens was possible because the established health

surveillance program that is part of the species recovery plan allowed for monitoring of voles throughout the

duration of their natural life spans in captivity.

Key words: Amargosa vole, endangered species, Microtus californicus scirpensis, mites, rodent, trichobezoar.

INTRODUCTION

The Amargosa vole (Microtus californicus scir-

pensis) is a Mojave Desert-endemic, Pleistocene

relict subspecies of California vole found only in

marshes near the Amargosa River in Inyo County,

California.3 It is endangered, with only several

hundred individuals remaining in the wild and in

captivity.6,9. Potential long-standing stressors

identified in the formal recovery plan included

loss of genetic variability and predation.28 In

2013, the U.S. Department of the Interior char-

tered an ad hoc Amargosa vole team that added

disease considerations to the list of concerns.

When the single known sustainable marsh in

which Amargosa voles persisted showed advanc-

ing drying, vegetation collapse, and vole popula-

tion reduction, a captive breeding colony was

initiated in 2014 at the University of California

Davis from 20 voles from the wild.5

Initially captive voles were reluctant to eat and

breed,1 but over time they accepted a high-fiber,

commercial rabbit diet and exhibited species-

appropriate behaviors when provided with open

water bowls and deep straw to mimic the bulrush

litter they utilize in marshes. Some colony voles

have achieved life spans of 32 mo, compared with

the longest known life span of a wild Amargosa

vole of 18 mo. During this time, comprehensive

medical records and a full pathological examina-

tion of voles to determine causes of morbidity and

mortality have informed our understanding of
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natural and infectious disease processes in this

species. The goal of this study was to determine

the relative frequencies of the causes of morbidity

and mortality, including reports on rare patho-

logical conditions. We hope that this information

will help identify conditions that may be associ-

ated either with husbandry or highly specific

adaptations of this species to its environment.

MATERIALS AND METHODS

Study animals

The study population included free-ranging

Amargosa voles from marshes near Tecopa, CA

and captive animals in a colony maintained in

Davis, CA captured or bred between 2014 and

2017. Free-ranging voles live in marshes where

three-square bulrush (Schoenoplectus americanus),

a flowering plant, predominates as a primary

source of their nutrition. A thick litter of dead

bulrush provides sites for nesting and protection

from predators. They were trapped and sampled

as previously described.6 Captive voles are main-

tained individually or in mated pairs in polycar-

bonate rodent cages with a wire top (model

R70PC, Ancare, Bellmore, NY 11710, USA) and

thick straw to mimic bulrush litter, open water

bowls, and rodent chow (Teklad 2018, Envigo,

Hayward, CA 94540, USA) replaced between

April and October 2016 with LabDiet 5326 rabbit

chow (Purina, Largo, FL 33779, USA, milled into

large pellets by Stewart’s Feed Service, Lawrence-

ville, GA 30043, USA). Day : night light cycles

were 12 hr each and rooms are kept between 188C

and 248C. Cages are spot cleaned and water

changed daily and full cleaning is done monthly

during complete physical examination. Some

voles are kept outside in 570-L molded plastic

mesocosms (item #4245, Rubbermaid, High

Point, NC 27265, USA) planted with potting soil

and irrigated bulrush. The mesocosms are cov-

ered with fine hardware cloth; nevertheless,

arthropods and occasional feral mice (Mus mus-

culus) have entered the mesocosms. Low-virulence

pathogens and parasites are tolerated in the

colony to allow voles to retain genetic alleles that

would help defend against parasites. Voles in this

study had been in captivity at most for 4

generations.

Several voles are included in this study that we

had attempted to reintroduce into the wild. These

individuals were transported from Davis, CA to

the Mojave Desert overnight, and then released

into a ‘‘soft-release’’ holding cage in the marsh for

24 hr provisioned with food and water. After 24 hr

they were released into the marsh and monitored

with a radio collar and remotely triggered camera

set near the release cage throughout the battery

life of the collar (approximately 1 mo). All work

was in compliance with U.S. Fish and Wildlife

Service Endangered Species Recovery Permit

TE54614A, California Department of Fish and

Wildlife Scientific Collecting Permit 000854, and

UC Davis Institutional Animal Care oversight.

The latter incorporates oversight of animal care

and work as well as personnel training and

occupational health and safety.

Diagnostic pathology and disease screening

Results of pathological evaluation and infec-

tious disease testing were compiled from the

following sources: (1) ante-mortem findings from

animals captured in the wild before release,

during quarantine after removal from the wild to

bring into the colony, or currently residing in the

colony during physical examinations; (2) on gross

necropsy of five animals assessed only for tricho-

bezoars and external lesions; (3) as needed to

diagnose and treat a documented veterinary

medical condition; and (4) on animals submitted

for full necropsy. In the latter case, any animals

that were found dead or moribund, or that had

very low body condition scores (BCS, 1 or less on

a scale of 1 to 529), or that had a nontreatable

medical condition associated with suffering or

being unsuitable for continued breeding in the

colony were candidates for euthanasia and sub-

mitted for comprehensive pathological examina-

tion. Euthanasia was performed using one or

more of the following methods: 40 mg/kg keta-

mine (intramuscular [IM]) (Zetamine, Vet One,

Boise, ID 83705, USA) and 4 mg/ml xylazine IM

(AnaSed LA, Vet One) or �100/mg barbiturate

euthanasia (Euthanasia, Vet One) solutions. A

secondary method of euthanasia was then used to

ensure complete euthanasia including cervical

dislocation, CO2 asphyxiation, or cardiac exsan-

guination. Because assessment modalities neces-

sarily varied depending on whether animals were

in quarantine, live and healthy, or dead, the total

number of voles assessed for each condition

varied by condition and test and are provided

where test results are reported in this manuscript.

Carcasses were submitted to either the Com-

parative Pathology Laboratory (CPL, Davis, CA

95618, USA) or California Animal Health and

Food Safety Laboratory System (Davis, CA

95616, USA), where they underwent comprehen-

sive gross and histopathological evaluation and

diagnostic testing for infectious agents. Where
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possible, remaining carcasses were donated to the

University of California Berkeley Museum of

Vertebrate Zoology (Berkeley, CA 94720, USA)

or UC Davis Museum of Wildlife and Fish

Biology (Davis, CA 95616, USA) for permanent

curation. For histopathological evaluation, tis-

sues were preserved in 10% neutral buffered

formalin, embedded in paraffin, and then thin-

sectioned onto glass slides, stained with hematox-

ylin and eosin (H&E), and examined under light

microscopy. If required, decalcification was ac-

complished by submersion in 15% formic acid.

Select tissue sections were stained with Grocott–

Gomori’s methenamine silver (GMS), Steiner’s

silver, and Gram, acid-fast, and periodic acid–

Schiff (PAS) stains.

Aerobic culture of nasopharynx, cecal contents,

and gross lesions noted at necropsy was done on

blood and MacConkey agar by routine methods.

Pelage, small intestinal, and cecal contents were

evaluated by dissecting and light microscopy for

arthropod ectoparasites and protozoal, arthro-

pod, and metazoan endoparasites. Fecal samples

were evaluated at CPL by quantitative polymer-

ase chain reaction (PCR) for Helicobacter spp.

Fresh, frozen, and paraffin-embedded tissue from

tail osteomyelitis cases were submitted for the

laboratory’s standard panfungal PCR at the real-

time PCR Research and Diagnostics Core Facility

(University of California, Davis, CA 95616, USA)

and Veterinary Medical Diagnostic Laboratory

(Amarillo, TX 79106, USA) to attempt to identify

the fungal organisms.

Analysis

Data were maintained in Excel (V16.25, Micro-

soft, Redmond, WA 98052, USA). Conditions

were deemed ‘‘significant’’ by a board-certified

pathologist (LW, DMI) if they were likely to be

associated with morbidity or mortality in the

individual or population. Other conditions were

deemed incidental.

RESULTS

BetweenMarch 2013 andMay 2017, six voles in

the field and 295 colony voles met criteria for

inclusion, yielding 28 significant or incidental

pathological conditions of seven organ systems

and 19 parasitic, viral, bacterial, or fungal agents.

Free-ranging voles

There were six diseased voles captured in the

wild: three native to the wild and three that had

been reared in the colony and then released into

the wild. All three of these colony-reared voles

had BCS of 3, but necropsy indicated that these

animals had not eaten while in the field and

camera evidence revealed intraspecific aggres-

sion, which may have contributed to inanition.

All had severe panlobular hepatic macrovesicular

lipidosis and moderate diffuse renal tubular

lipidosis. One had acute generalized degenerative

myopathy with myocyte necrosis suggestive of

capture myopathy or selenium deficiency, al-

though the animals had been raised on commer-

cial diets that are adequate in trace minerals for

domestic rodents.

A wild-born vole that died overnight in a trap

had tracheal epithelial hyalinosis and acute ne-

crosis, which were considered incidental findings.

Two other wild voles were noted during routine

trapping to have extensively destructive granulo-

matous osteomyelitis of the tail (Fig. 1A, B, C).

This presentation was similar to findings in three

voles who appeared healthy in the wild and were

brought into the colony, but then developed the

nodules while in captivity (Table 1). From one

vole, 507, only an amputated section of the tail

with multiple raised hard circular lesions was

evaluated. Fungi and algae were not observed in

special stains and no primary pathogens were

recovered on culture. Abundant Gram-negative

rods and Gram-positive coccobacilli were present

in some regions. Another vole with osteomyelitis

had been housed in the colony for a month during

which tail lesions progressed with concurrent

marked weight loss. The tail lesions were similar

histologically to vole 507 and Penicillium sp. was

cultured from the tail. Vole 3967 developed

progressive disseminated osteomyelitis, initially

observed as a nodule on the tail. After 2 mo,

radiography revealed osteomyelitis in multiple

joints and bones. Treatment with fluconazole

(Diflucan, Pfizer, New York City, NY 10047,

USA, 5 mg/kg orally, twice a day for 60 days)

did not result in any clinical improvement or

change in appearance of diseased tissues, and the

vole was euthanized. On necropsy, severe multi-

focal pyogranulomatous osteomyelitis in the tail

was found, as well as arthritis, tenosynovitis, and

cellulitis in the phalanges and focal chronic

pyogranulomatous orchitis and pancreatitis. Vole

4582 had a similar deep infection of the tail

characterized by diffuse, necrotizing pyogranu-

lomatous dermatitis, myositis, osteomyelitis, ste-

atitis, neuritis, and epidermal ulceration and was

euthanized. GMS- and PAS-positive intralesional

structures suspicious of a fungal or algal organism

were melanin negative on Fontana–Masson stain-
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Figure 1. Pathologic conditions identified in wild and captive-reared Amargosa voles (Microtus californicus

scirpensis). A. Multiple alopecic to crusted plaques and nodules (black arrows) distort the hind feet and partially

amputated tail. B. Severe regionally extensive pyogranulomatous inflammation infiltrates and obliterates the

caudal vertebral bone (b) and soft tissues of the tail with multifocal ulceration (u). Hematoxylin and eosin (HE)

stain. Scale bar¼ 500 lm. C. Within the multinucleated giant cells, there are 10– to 20-lm-diameter oblong to
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ing. Cultures and panfungal PCR tests were

negative.

Captive-reared voles

Integumentary: Incidental demodicosis (Fig.

1D) on the preputial or perineal skin of 22 voles,

an incidental dermoid cyst in one vole, and a

single case of multiple bacterial abscesses com-

prised integumentary disease. Vole 4288 present-

ed with abscesses of left front limb and dorsal

cervical region, the latter progressing to suppu-

rative scapular osteomyelitis. Sequelae included a

neutrophilic tubulitis, glomerulonephritis, and

inanition (inferred on the basis of a reduced

number of zymogen granules visible on H&E

staining within pancreatic cells compared with

other specimens). Histologically, lesions were

severe, chronic, regionally extensive pyogranu-

lomatous dermatitis, steatitis, myositis, and oste-

omyelitis with intralesional rod-shaped bacteria.

Culture yielded Escherichia coli and Pseudomonas

aeruginosa. This vole had no history of being with

a mate or other reason she should have had

trauma.

Alimentary disease

The most common alimentary disease in voles

was associated with trichobezoars (three cases

with obstruction and inflammation as well as 17

nonobstructive cases). Gastric trichobezoars were

typically single and sometimes filled the entire

stomach lumen (Fig. 1E). Trichobezoars that

caused complete obstruction of the tract were

found in small intestines or cecocolic junctions, in

which case they were associated with peritonitis

secondary to local rupture (n ¼ 2, 66.7%) or

infarction of local tissue (n ¼ 1, 33.3%). Despite

gastrointestinal rupture or infarction, affected

voles typically had ingesta in the intestinal tract.

Several voles had very low BCSs suggestive of

prolonged inanition or prolonged partial obstruc-

tion. Degenerative disease of alimentary tracts

included hyalinization of duodenal epithelium (n

¼ 21) and exocrine pancreatic atrophy (n ¼ 1).

Three voles had gastrointestinal ulceration,

characterized as severe, chronic, focally extensive

transmural ulcerative gastritis with abundant

granulation tissue and diverse inflammatory cells

and intralesional yeast (vole 4586); focal acute

duodenal ulceration with luminal hemorrhage

(vole 4261); and resolved gastric ulceration re-

sulting in focal mucosal atrophy with lamina

proprial hemosiderosis and chronic neutrophilic

gastritis (vole 3594). Enteric colibacillosis with

attaching and effacing E. coli (AAEC) occurred in

two voles with histologic changes including mu-

cosal remodeling with enterocyte sloughing,

piecemeal necrosis, and superficially attached

coccobacilli. In one of the voles with AAEC

infection, the disease progressed to sepsis.

Within the dysplasia and neoplasia group, by far

the most common was molar apical elongation

(MAE). Clinical and pathological characteristics

of this syndrome have been discussed in a recent

publication.15 Disease has only been seen in

captive Amargosa voles, with an overall preva-

lence of 36.6%. All molar teeth were affected, and

associated clinical signs include ocular discharge,

abnormal mastication, dyspnea, abnormal menta-

tion, loss of body mass and condition, and death.

Markedly affected individuals showed malocclu-

sion, inappropriate tooth wear, incisor recurva-

ture, and tooth fracture. In extreme cases, the

molar apex protruded into the nasal passages, the

calvarium, and through the ventral margin of the

mandible. Histologic changes were characterized

by apical odontogenic hyperplasia and dysplasia.

Nonspecific gastroenterotyphlocolitis was typ-

ified by pleocellular inflammation with single

enterocyte necrosis/apoptosis, crypt abscessa-

tion, and in one case, goblet cell hyperplasia.

Reproductive and mammary disease

Mucometra was the sole degenerative repro-

ductive disease noted. One case each of erosive

vaginitis (that was suspected to have been bacte-

rial in nature) and adenomyosis was detected.

Dysplasias and neoplasias included choriocarci-

noma, an unusual germ cell tumor of placental

trophoblasts. The choriocarcinomas were in the

right inguinal subcutis in two voles and the

perineal region. All three tumors were associated

with central hemorrhage or hematoma formation.

There was a single case of mastitis. Mammary

carcinoma occurred in three Amargosa voles and

 
Figure 1. Continued. elongated refractile structures (black arrows) that have either a capsule or a thick wall. HE

stain. Scale bar¼ 20 lm. D. Characteristic elongated profile of a Demodex mite within a hair follicle. HE stain.

Scale bar ¼ 50 lm. E. A trichobezoar markedly distends the stomach. F. Demodex mite within the esophageal

mucosa. Squash preparation. Scale bar¼ 100 lm. G. Transverse profile of a Demodex mite (black arrow) within

the cornified (c) superficial layer of the esophageal mucosa (m). HE stain. Scale bar ¼ 50 lm.
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Table 1. Gross and histopathologic findings in Amargosa voles (Microtus californicus scirpensis) submitted 2014–
2017.

Disease category
Number of

affected animals
Number evaluated

(prevalence)

Aging/degenerative

Duodenal hyalinization 21 40 (52.5%)

Chronic nephritis with proteinosis 13 40 (32.5%)

Cardiomyopathy 4 40 (10.0%)

Pulmonary hyalinization 2 40 (5.0%)

Exocrine pancreatic atrophy 1 40 (2.5%)

Extraocular myodegeneration 1 40 (2.5%)

Glomerulonephropathy 1 40 (2.5%)

Intervertebral disk disease 1 40 (2.5%)

Degenerative myopathy 1 40 (2.5%)

Developmental

Possible microvascular dysplasia 2 40 (5.0%)

Inflammatory/ischemic

Obstructive trichobezoars 3 40 (7.5%)

Gastric/duodenal ulceration 3 40 (7.5%)

Acute renal tubular necrosis or nephritis 3 40 (7.5%)

Cholecystitis 3 40 (7.5%)

Sepsis/circulating neutrophilia 4 40 (10.0%)

Exposure keratoconjunctivitis 2 40 (5.0%)

Bacterial colitis (attaching and effacing Escherichia coli) 2 40 (5.0%)

Multifocal bacterial abscessation 1 40 (2.5%)

Cardiomyocyte necrosis (brain/heart) 1 40 (2.5%)

Erosive vaginitis 1 40 (2.5%)

Intra- or extracellular accumulations

Trichobezoar 17 45 (42.5%)

Hepatic and renal lipidosis 15 40 (37.5%)

Cholelithiasis 4 40 (10.0%)

Ventricular or bicameral dilation 2 40 (5.0%)

Neoplasia/dysplasia/hyperplasia

Molar apical elongationa 108 295 (36.6%)

Choriocarcinoma 3 40 (7.5%)

Mammary carcinoma 3 40 (7.5%)

Mammary cystadenoma 1 40 (2.5%)

Dermoid cyst 1 40 (2.5%)

Harderian gland hyperplasia 1 40 (2.5%)

Trauma

Bite marks or lacerations 3 45 (6.7%)

Hind-limb entrapment 1 45 (2.2%)

Incidental

Hepatitis/necrosis with random distribution 8 40 (20.0%)

Nonspecific gastroenterotyphlocolitis 7 40 (17.5%)

Portal hepatitis 5 40 (12.5%)

Pneumonia 5 40 (12.5%)

Fat saponification 3 40 (7.5%)

Mineralized

Concretions/granulomas/lipoma

3 40 (7.5%)

Myositis 3 40 (7.5%)

Focal meningoencephalitis 2 40 (5.0%)

Adenomyosis 1 40 (2.5%)

Mucometra 1 40 (2.5%)

Granulomatous steatitis 1 40 (2.5%)

Granulomatous nasal adenitis 1 40 (2.5%)

Periradiculoneuritis 1 40 (2.5%)

Mastitis 1 40 (2.5%)

Pancreatitis 1 40 (2.5%)

Rhinitis 1 40 (2.5%)

a Includes animals diagnosed antemortem.
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ranged from localized to extensively metastatic

and aggressive disease. In the most severe case,

the inguinal mammary carcinoma had metasta-

sized to the lung, perineal skeletal muscle, max-

illa, and right retrobulbar space. A combination of

Harderian gland hyperplasia and retrobulbar

metastasis acted as a space-occupying mass and

resulted in exophthalmos with exposure keratitis

and phacoclastic uveitis in one vole with mam-

mary tumor.

Hepatobiliary and renal disease

Hepatobiliary and renal diseases included de-

generative chronic interstitial nephritis in 13 voles

and membranoproliferative glomerulonephritis in

one individual. One vole involved in mating

aggression had acute hepatic necrosis. Three voles

had cholecystitis—one with an unrelated chorio-

carcinoma, one with a gastric trichobezoar, and

one with concurrent gastroenterotyphlocolitis.

Cholelithiasis was detected in voles with tricho-

bezoars. Hepatic lipidosis was detected in voles

that also had MAE and may have had poor

nutritional condition. One caught his teeth briefly

in caging wire and was released but died after 3

days, presumptively due to acute renal injury, with

cardiac muscle degeneration, renal casts, and

lipidosis.

Cardiovascular and respiratory disease

There was one vole with peritracheal myocyte

degeneration as well as heart tissue degeneration,

which is consistent with taurine deficiency. This

animal was on a commercial laboratory diet and

this deficiency could not be confirmed. Cardio-

myopathy occurred in four voles, two with two

ventricular and two with bicameral dilation. The

only developmental disease detected in the colony

was possible microvascular dysplasia observed in

two unrelated voles (2994, 2998). Both had been

housed 8 mo outdoors and found dead with no

antemortem clinical signs. On necropsy, there was

arteriolar reduplication but no portal vein hypo-

plasia to confirm intrahepatic vascular shunting in

one vole and arteriolar reduplication, biliary and

oval cell hyperplasia, and mild diffuse lipidosis in

the second, with concurrent MAE with penetra-

tion through the calvarium.

Inflammation of the respiratory tract, sepsis,

and pulmonary neutrophilia were noted in one

vole. One vole was diagnosed with acute diffuse

pneumonia with (presumably) secondaryMyroides

odoratus infection. There were several cases of

subpleural and perivascular pneumonias and

granulomatous nasal adenitis (Table 1).

Musculoskeletal disease

Intervertebral disc disease was found in a single

vole. Extraocular myodegeneration was noted in a

vole (3236) euthanized because of right-sided

exophthalmos. It appeared that the eye had

proptosed in association with MAE, causing

desiccation of the eye, keratoconjunctivitis with

epidermalization and degeneration of the muscles

around the eye, anterior uveitis, and Harderian

gland hyperplasia.

A 2-mo-old pup was submitted for necropsy

after dragging its entire hind limb. There was

incidental and minimal lymphocytic and plasma-

cytic cervical, thoracic, and lumbosacral periradi-

culoneuritis, which was not thought relevant to

the paresis, and no local inflammation or neopla-

sia; thus the cause of the clinical condition was

unresolved. There was a single case of myositis.

Few traumatic injuries were recorded, with the

exceptions of three individual cases with bites or

lacerations and a single 2-wk-old pup with a

severely swollen, edematous foot with an annular

constriction due to fibrous entrapment. This

entrapment resulted in fracture and subsequent

remodeling of the bone.

Infectious agents

Multiple likely opportunistic bacteria were

detected on necropsy (Table 2). These include

Enterococcus faecium in a thoracic abscess, Alca-

ligenes faecalis in the nose of a vole with MAE

disease, Salmonella enterica in the inner ear of a

vole with MAE, and M. odoratus associated with

pneumonia as described above. The Staphylococ-

cus isolates include coagulase-negative staphylo-

cocci from an eye and inflamed nasopharynges.

Escherichai coli comprised nonpathogenic and

AEEC strains. Among eight voles tested for

Helicobacter spp. by PCR, seven (87%) were

PCR-positive. Citrobacter braakii was cultured

from the gastrointestinal tracts of two voles.

Commensal or opportunistic protozoa and meta-

zoa including Giardia and Trichomonas were noted

in 5% of voles, as well as Spironucleus, Entamoeba,

Chilomastix, a suspect Sarcocystis cyst, and an

unspeciated nematode. Neotrombicula microti

chiggers have been well described in wild voles

associated with extensive local tissue damage,7

but have not been detected in the colony. The

colony did experience an epidemic of tropical rat

mites affecting 87 animals, with moderate to
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severe local dermatitis, particularly in the scapu-

lar region.21 It was possible that the source of the

epidemic was infested straw bedding, and the

epidemic was managed with selamectin (Zoetis,

Parsipanny, NJ 07054, USA; 0.1 ml of 60 mg/ml

applied topically) and 7.4% permethrin-saturated

cotton balls (MiteArrest, EcoHealth, Brookline,

MA 02446, USA) in the caging. Demodex sp. mites

in hair follicles were predominantly in the peri-

vulvar or preputial skin, though Demodex sp.

mites were documented in the esophagus and

squamous portion of the stomach burrowed

within the cornified layer of the mucosal epithe-

lium (Fig 1F). Infestations were not associated

with inflammation. Lice were found on one vole,

fur mites (Myocoptes sp.) on two voles, and

nematodes were identified in three. No attempts

were made to further classify these organisms.

DISCUSSION

Intensive field studies and a captive colony

provided an exceptional opportunity to detect

disease over the entire life span of a highly

specialized endangered rodent. With the excep-

tion of the common MAE, neoplasias and dys-

plastic conditions that occurred primarily in older

voles were relatively uncommon causes of mor-

tality. There was a possible propensity for tumors

of mammary glands and trophoblastic tissue,

suggesting that research in this species could

inform basic research on neoplasia. Common

diseases included a varied collection of typically

nonfatal infectious diseases, inflammatory condi-

tions, and disease associated with accumulations

such as trichobezoars and choleliths. The overall

disease burden was not exceptional despite the

species’ low genetic variability19 and rearing of

animals in artificial colony conditions.

Arguably some of the most significant diseases

of wild Amargosa voles are those that could be

associated with immune disorders and infection.

The Myroides infection and the tail dermatitis/

osteomyelitis are possibly indicators of some

immune dysfunction. Myroides infection is found

most commonly in humans with cirrhosis as an

underlying predisposing factor.2 This opportunis-

tic pathogen lives in water and can be found

normally in human intestines. After entering open

wounds, it may cause septicemia and necrotizing

fasciitis with rapid progression and may be fatal.

Progression of an uncomplicated inflammatory

and potentially infectious process to multiple-

organ and bone infection is strongly suggestive of

impaired cell-mediated immunity. The underlying

etiology is likely to have been traumatic introduc-

tion of environmental saprophytes into the tail

with secondary infection of the opportunist. To

date the causal organism has not been identified.

The extent to which voles may have impaired

immunity, for example associated with genetic

drift or inbreeding, should be further evaluated.

Mite species that have been observed previ-

ously on Amargosa voles include a chigger that

induced severe local inflammation and loss of ear

tissue7 and exotic tropical rat mites, also associ-

ated with severe skin lesions.21 The inflammatory

and destructive sequelae of these infestations is

also consistent with immune dysregulation, al-

though no lesions were seen in association with

Demodex spp. in hair follicles or esophageal

tissue of voles in this present study. Given that

Demodex mites are not only typically species but

also anatomical site specific, it is probable that

Amargosa voles are infested with two Demodex

species. Incidental cases of Demodex infestation

in the digestive tract were reported in the tongue

of a house mouse (Mus musculus)27 and a dog

(Canis lupus familiaris),13 whereas more prevalent

infestations occur in grasshopper mice (Onych-

omys leucogaster), yellow-necked field mice (Apo-

Table 2. Infectious organisms detected during surveil-
lance of Amargosa voles (Microtus californicus scir-
pensis).

Pathogenic agent

Number of
affected
animals

Number
evaluated

(prevalence)

Ornithonyssus bacoti 87 200 (43.5%)a

Follicular Demodex sp. 22 41 (14.6%)

Mucosal Demodex sp. 8 41 (9.8%)

Helicobacter sp. 7 8 (87.5%)

Escherichia coli 4 14 (28.6%)

Deep subcutaneous fungal

infection

3 41 (7.3%)

Nematode 3 41 (7.3%)

Staphylococcus spp. 3 14 (21.4%)

Citrobacter braakii 2 14 (14.3%)

Fur mites (Myocoptes sp.) 2 14 (14.3%)

Giardia sp. 2 41 (4.9%)

Spironucleus sp. 2 41 (4.9%)

Trichomonas sp. 2 41 (4.9%)

Chilomastix sp. 1 41 (2.4%)

Entamoeba sp. 1 41 (2.4%)

Enterococcus faecium 1 14 (14.3%)

Lice 1 14 (14.3%)

Protozoal cyst

(suspect Sarcocystis)

1 41 (4.9%)

Salmonella enterica 1 14 (14.3%)

a Includes voles diagnosed antemortem. The denominator

includes all voles in colony before eradication of tropical rat

mites.
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demus flavicollis), and bank voles (Myodes glareo-

lus).16,17,23 In the grasshopper mice, esophageal

demodicosis associated with Demodex leucogas-

teri had a prevalence of 28%, with less frequent

infestation of tongue and oral epithelium and

‘‘some degree’’ of cell damage.23 Other pathogens

or parasites such as Toxoplasma gondii and Ixodes

spp. ticks have been found on wild Amargosa

voles24,25 and could have health implications for

individuals and the species.

Although there was concern that there might be

other diseases typical of inbred hosts, such as

cardiomyopathy or diseases of reproductive or-

gans, the current report does not support this

concern. Only four voles were diagnosed with

cardiomyopathy, two with ventricular dilation and

two with possible hepatic microvascular dyspla-

sia. Hypertrophic cardiomyopathy is often

thought to be related to inbreeding, for example

in domestic cats (Felis catus),18 whereas a restrict-

ed gene pool in some breeds of dogs and cats is

also thought responsible for some hepatic micro-

vascular dysplasia cases.22 Mammary tumors

could theoretically impair successful litter rear-

ing, but all were in aged voles. Mammary adeno-

carcinoma is an infrequent diagnosis in captive

prairie voles (Microtus ochrogaster).20 Given the

low survival rate of voles in nature, such late-

onset disease is unlikely to be relevant in the wild.

One vole had mastitis, one had mucometra, and

one had vaginitis. Mucometra is a common

incidental finding in rodents and may be cyclical

or age related.

Literature on multiple Microtus species suggest-

ed that the kidneys are ‘‘inefficient’’ and that free

water or moisture provided in vegetation are

crucial limitations of voles’ natural distribu-

tions.12 Even though Amargosa voles occupy a

harsh desert environment, they are completely

restricted within the desert to marsh habitat

patches with standing water or abundant moisture

in bulrush. Given this physiological need, evi-

dence of disease of kidneys was sought in this

present series, yielding three acute nephritis cases,

one case of glomerulonephropathy, and 13 voles

with chronic nephritis with proteinosis. In colony-

reared meadow voles (Microtus pennsylvanicus),

older individuals commonly develop chronic

interstitial nephritis with presence of hyaline

casts,4 and wild meadow voles may have pyelone-

phritis.11

Hepatic and renal lipidosis seen in 15 voles was

prominent among voles taken from the colony for

introduction into the wild. A small amount of fat

infiltration in the liver might be normal for this

species, and the pathogenesis of hepatic lipidosis

is poorly understood for most species including

the vole. It is reported to occur in animals with

ample fat storage that are subject to rapid reduced

nutrition, as might be expected in an animal

undergoing the stress of release into a wild, novel

environment.14

From the perspective of managing a captive

colony, the greatest concerns were MAE, tricho-

bezoars, and some infectious diseases. The cause

of MAE is likely multifactorial, due to (1)

continuous growth of molars in elodonts includ-

ing voles, (2) inadequate attrition, and (3) possible

heritable disease susceptibility.15 Initially on in-

troduction into the colony, voles were reluctant to

consume novel foods and were successfully en-

ticed with sweet potato and jicama before gradu-

ally acquiring a willingness to eat a high-protein

and high-fat commercial rodent diet.1 While on

rodent chow diets, dozens of cases of MAE were

observed, prompting managers to attempt to

increase diet components that would promote

natural tooth wear using a high-silica and high-

fiber rabbit diet to better mimic the abrasive

grasses of the natural diet. Cases of MAE have

been reported even in voles reared on the rabbit

chow, but preliminary data indicate that they may

be fewer (Allan, unpubl. data). The prevalence of

the condition in the colony reported here is lower

than in an earlier report,15 in part because more

younger animals were included and also possibly

because of this change in diet.

Candidate risk factors for trichobezoars were

diet, lack of enrichment (leading to excess groom-

ing), and mites in the coat. Use of the higher-fiber

diet may reduce trichobezoar incidence, and

enrichment is provided to voles, including com-

munal rearing of family members when feasible;

deep straw for hiding and chewing; planted soil

cups; and availability of open water dishes.

Colony protocols allow for natural parasites and

pathogens of low virulence to be tolerated to

promote natural heritable resistance against these

agents;8 however, the outbreak of tropical rat

mites was eradicated because it was not thought

to represent organisms of Amargosa voles’ natu-

ral environment and pathogenicity was relatively

high.21 In contrast to MAE, which affects older

voles, trichobezoars have been observed in voles

across the age spectrum. It is not known if

trichobezoars affect voles in the wild. Further

attempts to reduce risk and determine if this is a

natural condition for Amargosa voles are needed.

Most infectious threats in the colony were

incidental or likely natural, such as Helicobacter
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sp. in gastrointestinal tracts and pediculosis.

Because of high potential for spread to other

captive animals, fur mites (Myocoptes sp.) and

tropical rat mites were eliminated with acaricide

when detected. Several pathogens could be

threats to caregivers, including S. enterica, AAEC,

and the tropical rat mite. Spillover to caregivers

was minimized using universal precautions when

handling voles and their cages, including careful

attention to handwashing.

Microtine rodents are valuable models of

multiple biological processes used in studies of

nutrition, neurobiology and behavior, parental

care and monogamy, chemosensation and vom-

eronasal organ function, spatial learning, infec-

tious diseases, and diabetes mellitus.10 Although

numerous species of Microtus are sometimes used

in laboratory research, the list to date has not

included M. californicus, and laboratory colonies

may not maintain individual animals until death

due to natural causes is imminent. Rearing

animals to the end of their life span informs

understanding of disease processes, including

trophoblastic neoplasias, which are otherwise

unusual in humans and any other animal model.

Trophoblastic emboli have been reported in

women and some rodent species, although in

women, they are most frequently located within

the lungs.26 Lifelong care also allows for study of

MAE, renal disease, and other conditions impor-

tant to the vole. As a legally protected endangered

species, there is minimal opportunity to perform

thorough investigation of health on wild-caught

specimens. Work both with opportunistically

sampled wild voles and captive-reared individuals

helps with species management and understand-

ing of multiple disease processes in voles, hu-

mans, and other animals.
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