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Case Study

Fibrous Osteodystrophy, Chronic Renal Disease,
and Uterine Adenocarcinoma in Aged Gray
Mouse Lemurs (Microcebus murinus)

Kerriann M Casey,' Caitlin ] Karanewsky,” Jozeph L Pendleton,? Mark R Krasnow,> and Megan A Albertelli'’

The gray mouse lemur (Microcebus murinus, GML) is a nocturnal, arboreal, prosimian primate that is native to Madagascar.
Captive breeding colonies of GMLs have been established primarily for noninvasive studies on questions related to circadian
rhythms and metabolism. GMLs are increasingly considered to be a strong translational model for neurocognitive aging due
to overlapping histopathologic features shared with aged humans. However, little information is available describing the
clinical presentations, naturally occurring diseases, and histopathology of aged GMLs. In our colony, a 9 y-old, male, GML was
euthanized after sudden onset of weakness, lethargy, and tibial fracture. Evaluation of this animal revealed widespread fibrous
osteodystrophy (FOD) of the mandible, maxilla, cranium, appendicular, and vertebral bones. FOD and systemic metastatic
mineralization were attributed to underlying chronic renal disease. Findings in this GML prompted periodic colony-wide
serum biochemical screenings for azotemia and electrolyte abnormalities. Subsequently, 3 additional GMLs (2 females and
1 male) were euthanized due to varying clinical and serum biochemical presentations. Common to all 4 animals were FOD,
chronic renal disease, uterine adenocarcinoma (females only), cataracts, and osteoarthritis. This case study highlights the con-
current clinical and histopathologic abnormalities that are relevant to use of GMLs in the expanding field of aging research.

Abbreviations: FOD, fibrous osteodystrophy; GML, gray mouse lemur
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Within the past 5 y, recognition of the translational utility of
the gray mouse lemur (Microcebus murinus, GML) has greatly
expanded, in part due to the sequencing of its genome.” GMLs
have been proposed as an animal model in the context of
aging research,'**> most notably within the fields of Alzheimer
disease and dementia®* and circadian rhythms.’>* GMLs are
nocturnal, arboreal, prosimian primates (family Cheirogaleidae)
that are endemic to Madagascar. They are among the smallest
primates, with a body weight of 49 to 80 g in the wild* (60 to 110
g in captivity) and have a life expectancy of approximately 8 to
10 y in captivity."* A small number of captive breeding colonies
have been established throughout Europe and the United States,
many of which have arisen from a closed captive breeding
colony at the Muséum National d’Histoire Naturelle (MNHN)
in Brunoy, France.

Despite an ever-growing interest in the GML as a model
organism, clinical and pathologic case reports focusing
on naturally occurring disease are rare for this spec
ies.141016172028513438 Reports of spontaneous disease often focus on
neoplasia®?*'* or on ocular abnormalities, which are accessible
without invasive interventions.'*!? Apart from age-related
neurodegenerative disease and cognitive impairment,>*226323
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little is known about the natural disease predilection and
histologic aging phenotypes of GMLs.

In June 2017, a 9 y-old male GML was euthanized after the
sudden onset of weakness, lethargy, and tibial fracture. Nec-
ropsy and histopathology revealed chronic renal disease, wide-
spread fibrous osteodystrophy (FOD), and systemic metastatic
mineralization. These findings prompted colony-wide serum
biochemical screenings for potential underlying renal disease
and subsequent metabolic bone disease within the population.

Herein, we report the clinical, gross, and histologic multisys-
temic pathology of 4 aged GMLs. This is the first documenta-
tion of FOD secondary to chronic renal disease in GMLs in a
captive research colony. In addition, we corroborate previous
reports®? of uterine adenocarcinoma in aged female GMLs.
Together, these findings aid in providing appropriate clinical
care to GMLs as their use in the field of aging research continues
to expand.

Materials and Methods

Animals and Husbandry. GMLs were maintained for noninva-
sive phenotyping and genetic research as approved by the Stan-
ford University Administrative Panel on Laboratory Animal
Care (APLAC #27439) and in accordance with the Guide for the
Care and Use of Laboratory Animals ** All animals were transferred
to Stanford University from the University of Texas at Austin in
2015. The colony consisted of GMLs and their offspring origi-
nating from the closed captive breeding colony at the MNHN in
Brunoy, France. At the time of the initial case report in June 2017,
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the colony consisted of 7 adult animals with an average age of
9y (range: 6.7 to 10.7 y). GMLs were individually or group housed
indoors in an AAALAC-accredited facility using modified mar-
moset caging with multiple polyvinyl chloride perches and
nest boxes (Britz and Company, Wheatland, WY). Temperature
was maintained at 23.3 to 24.4 °C and light cycles were altered
from 14:10 h (March to August) to 10:14 h (September to Febru-
ary) light:dark every 6 mo to stimulate photoperiod-dependent
breeding behavior and metabolic changes. All GMLs were fed
crushed Teklad Global 20% Protein Primate Diet (Envigo, India-
napolis, IN, #2050), which made up approximately 20% of the
total diet by weight. The remainder of the diet consisted of fresh
fruits and vegetables. Twice a week, one to 2 insect larvae, such
as mealworms, were provided as enrichment items.

Complete Blood Counts and Serum Biochemistry. Annual
colony-wide physical examinations included complete blood
counts (CBC) and serum biochemistry panels (including glu-
cose, AST, ALT, alkaline phosphatase, total bilirubin, cholesterol,
blood urea nitrogen (BUN), creatinine, calcium, phosphorus, to-
tal protein, albumin, globulin, and electrolyte panel). Blood (250
uL) was collected from the medial saphenous vein for analysis.
After the identification of chronic renal disease in the colony
(animal GML1), additional renal screening panels were per-
formed on the 6 remaining animals to evaluate serum BUN, cre-
atinine, calcium, phosphorus, and total protein levels. All values
were compared with previously obtained values for individual
animals to track changes over time, as well as with reference
ranges for the 25% to 75% quartiles for male and female GMLs
during the appropriate long-day and short-day intervals.’

Radiographs. GML1 was anesthetized with 4% isoflurane de-
livered by induction chamber and maintained with 1% to 2%
isoflurane delivered by face mask for pelvic limb radiographs.
Postmortem radiographs of the right pelvic and right thoracic
limbs were also obtained from GMLI1. Radiographs were ob-
tained with the VetVision DC Dental X-Ray Digital System
(Midmark Corporation, Lincolnshire, IL). Radiographs were
only performed on GML1 due to his clinical presentation — pel-
vic limb lameness and mid-diaphyseal swelling. None of the
other GMLs had clinical musculoskeletal indications for radio-
graphs.

Necropsy and Histopathology. All GMLs were euthanized
by barbiturate overdose under isoflurane anesthesia. Terminal
cardiac blood was immediately collected via cardiocentesis for
serum biochemistry and CBC. Due to limited blood volumes,
serum biochemistry parameters were prioritized. Terminal body
weights were obtained, and a thorough external examination
and gross necropsy were performed. Postmortem body condi-
tion (that is, thin) was based on the subjective assessment of
subcutaneous and intracavitary adipose stores.

Tissues were immersion-fixed in 10% neutral buffered forma-
lin for 72 h. After fixation, bones were decalcified in Cal-Ex II
Fixative/Decalcifier (Fisher Scientific, Upland, CA). The follow-
ing formalin-fixed tissues were processed routinely, embedded
in paraffin, sectioned at 5 pm, and stained with hematoxylin
and eosin (H and E): heart, aorta (ascending and descending
segments), lungs, trachea, thyroid gland, parathyroid gland,
kidneys, urinary bladder, male reproductive tract (testicle, epi-
didymis, seminal vesicle, prostate, and penile urethra), female
reproductive tract (uterus, cervix, vagina, and ovaries), salivary
glands, tongue, epiglottis, esophagus, stomach, small and large
intestine, liver (with gallbladder), adrenal gland, spleen, lymph
nodes, bone (right scapulohumeral joint, right radius and ulna,
stifle joints, right tibia, skull, mandible, maxilla, nasal turbinates,
vertebral column), spinal cord, eyes, and bone marrow.

Fibrous osteodystrophy and chronic renal disease in gray mouse lemurs

Select tissues were stained with Von Kossa (to identify min-
eralization), Masson’s trichrome (to identify collagen), Congo
Red (to identify amyloid), and Gram stain (to identify bacteria).

Ancillary Diagnostics. Based on the gross and histologic find-
ings, ancillary diagnostics were performed. Additional diag-
nostics for GML2 included microbiologic culture (aerobic and
anaerobic) and follow-up PCR speciation of lung and uterine
tissue. Microbiologic cultures were evaluated inhouse using
the Omnilog Gen III (Biolog, Hayward, CA). Formalin-fixed
paraffin-embedded tissues scrolls (3, 25-pm-thick) of lesioned
lung and uterine tissue from GML2 were submitted to Charles
River Laboratories for speciation of Klebsiella sp. via TagqMan
PCR (Charles River Research Animal Diagnostic Services, Wilm-
ington, MA).

Results

GML1 Clinical Presentation. GML1 was a 9 y-old male co-
housed with a male cagemate. Medical history included conser-
vative management for conspecific fight wounds approximately
1y prior to presentation. GML1 presented with sudden onset
weakness and lethargy. On physical examination, he was quiet,
moderately dehydrated, exhibited bilateral pelvic limb weak-
ness (right limb weaker than left), and a palpable swelling over
the middiaphysis of the right tibia. Pelvic limb radiographs re-
vealed a closed, craniolaterally-displaced, oblique fracture of the
middiaphysis of the right tibia (Figure 1 A). Additional radio-
graphic findings included “moth-eaten” lucencies of all bones
and degenerative joint disease of the tibiotarsal and tarso-meta-
tarsal joints. The lemur’s right pelvic limb was splinted, and he
received carprofen (5 mg/kg SC once daily for 3 d), 0.9% saline
(2 mL SC), and was housed individually. He initially improved,
exhibiting normal activity levels with ambulation and climbing
behaviors. However, 6 d later, GML1 presented obtunded, later-
ally recumbent, and tachypneic. Repeat pelvic limb radiographs
showed no evidence of callus formation at the fracture site (not
shown). Based on poor prognosis, GML1 was euthanized.

Terminal serum biochemistry (Table 1) revealed severe azote-
mia (BUN 221 mg/dL, creatinine 1.68 mg/dL), and hyperphos-
phatemia (15.5 mg/dL). Calcium levels could not be measured
due to low sample volume.

GML1 Necropsy. GML1 presented to necropsy in thin body
condition, weighing 55.0 g. Corresponding to the radiographi-
cally observed fracture, medial deviation of the right tibia rela-
tive to the stifle and tarsus was present (Figure 1 B). Distal to the
right elbow was a 0.4-cm-diameter, smoothly contoured nodule
that circumferentially surrounded the radius and ulna (Figure 1
C). Postmortem radiographs revealed closed oblique fractures
of the radius and ulna with significant callus formation (Figure
1 D). The calvarial, axial, and appendicular bones were thin and
extremely pliable upon manipulation. Vessels exiting the left
ventricle were slightly tortuous, increased in diameter (approxi-
mately 0.2- to 0.3-cm diameter), mottled tan to red, and firm
(Figures 2 A and 2 B). Affected vessels comprised the ascending
and descending aorta to the level of the diaphragm, the aortic
arch, and the proximal aspect of the brachiocephalic trunk. Bi-
laterally, the kidneys were diffusely pale tan and pitted along
the cortical surface.

GML1 Histopathology. Histologically, all examined bones
exhibited features of FOD (Figures 3 A and 3 B). Affected bones
included the mandible, maxilla, calvarium, appendicular bones,
and vertebral bones. Bone cortices were expanded and replaced
by highly cellular, trichrome-positive fibrous connective tissue
that surrounded poorly mineralized islands of osteoblast-lined
trichrome-positive immature woven bone. Intratrabecular
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Figure 1. Appendicular fractures in gray mouse lemur 1 (GML1). (A) Closed, oblique, middiaphyseal fracture of the right tibia (asterisk) and
diffuse “moth eaten” lucenies of the right tibia and tarsus. (B) Postmortem medial deviation of the right tibia (arrow) relative to the stifle and
tarsus. (C) Postmortem lateral deviation of the right middiaphyseal radius and ulna (arrow). (D) Postmortem radiographs revealed comminuted
fractures of the radius and ulna (asterisk) in addition to “moth eaten” lucencies of the distal humerus, radius, and ulna.

Table 1. Serum biochemistry values for male gray mouse lemurs (GMLs). Abbreviations: SD = short-day season (10:14-h light:dark); LD =
long-day season (14:10-h light:dark); H = higher than reference value; L = lower than reference value.

GML1 GML4

07/30/2015 (LD) 01/23/2017 (SD) 06/01/2017 (LD) 01/23/2017 (SD) 08/01/2017 (LD) 08/29/2018 (LD)
Parameter Units Baseline screen Baseline screen Necropsy Baseline screen  Renal screen Necropsy
Glucose mg/dL 92 91 — 109 (H) — 101
ALT U/L — 149 (L) 205 168 — 294 (H)
ALP IU/L — 175 (H) — 95 (H) — 45 (L)
T.Bilirubin  mg/dL — 0.4 0.2 (L) 0.5 (H) — 0.2 (L)
BUN mg/dL 21 18 221 (H) 26 (H) 25 (H) 33 (H)
Creatinine mg/dL 1.4 (H) 0.1 1.68 (H) 0(L) 0.39 (H) 0.28
Calcium mg/dL 13 (H) 14.1 (H) 10.6 (H) 8.5(L) 8.4 (L)
Phosphorus  mg/dL — 5.2 15.5 (H) 6.2 (H) 6.3 5.0
T. Protein g/dL — 9.8 — 8.6 (L) 7.3 (L) 6.7 (L)
Albumin g/dL — 6.7 (H) — 6.1 — 4.0(L)
Globulin g/dL — 31 — 2.5 — 2.7 (L)
Sodium mmol/L 148 — 141 — — 149
Potassium mmol/L 6.8 — — — — 44 (L)

resorption cavities and Howship lacunae were associated with
high numbers of osteoclasts.

As noted clinically, a complete oblique nonunion fracture
was present in the right tibia. Variably sized islands of necrotic
bone (sequestra) were present at the fracture site. Similarly,
complete, closed, nonunion fractures capped by multinodular
fibrocartilaginous calluses were present in the midradial
diaphysis and midbody of the scapula.

Nearly all examined vessels (that is aorta, pulmonary artery,
coronary arteries, renal, splenic, lingual, gastric, mesenteric,
scleral) exhibited vascular mineralization. Vessels displayed
segmental to circumferential mural thickening of the vessel
walls by wispy to amorphous, basophilic, Von-Kossa-positive
mineralization (Figures 2 C and 2 D). Mineral deposits were
present within the tunica intima and/or media of large caliber
arteries. Widespread basement membrane mineralization
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was present in the renal tubules, glomeruli, gastric mucosa
(Figure 2 E), pulmonary alveoli, and trachea. Basement
membrane mineralization was also identified in the parathyroid
gland in conjunction with glandular ectasia, vascular dilation,
and multifocal epithelial degeneration and necrosis.

Within the kidneys, features of chronic renal disease and acute
tubular necrosis (due to basement membrane mineralization)
were identified (Figures 4 A and 4 B). Approximately 40% of
renal glomeruli exhibited globally increased mesangial matrix
deposition and increased cellularity. Glomerular capillary
profiles were obscured and admixed with karyorrhectic debris
and rare fibrin thrombi. Glomerular tufts were occasionally
adherent to Bowman capsule. Parietal cells were occasionally
piled up (hyperplasia) or were thin and attenuated. Frequently,
glomerular basement membranes, Bowman capsule, or parietal
epithelial cells were obscured by mineralization. Renal tubular
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Figure 2. Systemic metastatic mineralization in gray mouse lemur 1 (GML1). (A) In-vivo thickening and tortuosity (white asterisk) of the
aorta and brachiocephalic trunk as it exits the heart (H). (B) Ex-vivo dilation and opacity (white arrow) of the aortic arch and descending
aorta. (C) Transverse sections of the aorta exhibited circumferential deposition of dark brown mineral (black arrows). Von Kossa, 4x. (D)
Higher magnification of aorta with replacement of tunica media smooth muscle by dark brown mineral (black arrow). Von Kossa, 40x . (E)
Widespread gastric mineralization (dark brown) seen throughout the lamina propria (arrows), submucosal vessels (asterisk), and smooth

muscle (arrowheads). Von Kossa, 1.25x.

basement membranes (particularly within the medulla) were
frequently mineralized (Figure 4 A, inset). Overlying renal
tubular epithelial cells were necrotic and sloughed within the
tubular lumen or enlarged and basophilic (regeneration). Other
tubules were dilated and contained proteinaceous fluid or
luminal mineralized concretions. Low numbers of neutrophils,
histiocytes, lymphocytes, and plasma cells were scattered
throughout the interstitium where they were occasionally
admixed with fibrosis. Additional histologic findings unique to
GML1 are shown in (Figure 5).

Colony-Wide Serum Biochemical Screenings. Based on the
serum biochemical, gross, and histologic findings identified
in GMLY1, periodic colony-wide screens for subclinical renal
disease (semiannually for animals over 10 y old, annually for
younger animals) were implemented (Table 1 and Table 2)
beginning in August of 2017. As none of the GMLs (including
GML1) had shown indications of renal disease on an annual
serum biochemistry panel performed in January 2017, the
additional screening panels were performed to detect
subclinical renal disease in the colony. Of the 6 remaining
colony animals, 2 additional GMLs (GML2 and GML4) had
serum biochemical evidence of azotemia based on periodic
renal screenings (Table 2). GML2 had significant azotemia,
hyperphosphatemia, and hypercalcemia and thus received
0.9% saline (2 mL SC) 3 times per week. Approximately one
month later, GML2 declined acutely and was euthanized.
GML4 exhibited mild azotemia, hypocalcemia, and

normophosphatemia. Despite continued clinical monitoring,
GML4 was euthanized approximately one year later due to
progressive neurologic signs (circling and repetitive head
movements). GML3 was not azotemic but was euthanized
after being found acutely nonresponsive in her enclosure.
Histologic evidence of chronic renal disease was identified;
therefore, this animal was included in this case series.

GML2, GML3, and GML4. Several histopathologic features
in GML2, GML3, and GML4 had also been identified in GML1.
FOD was found in GML2, GML3, and GML4 with varying de-
grees of severity and anatomic distributions (Figure 3 C and
Figure 5). All GMLs had FOD in the mandibular and/or maxil-
lary bone; these anatomic locations are typically impacted in
the earliest stages of FOD development." None of these GMLs
showed evidence of secondary pathologic fracture. However,
GML2 and GMLA4 both had periodontitis, and GML4 also had
fracture of the molars.

Chronic renal disease, as evidenced by histopathologic le-
sions, was present in GML2, GML3, and GML4 (Figure 4 C, 4
D, and 4 E). Like GMLY1, the other 3 GMLs also had glomerular
mesangial thickening, periglomerular and interstitial fibrosis,
lymphoplasmacytic interstitial nephritis, and tubular ectasia.
Hydronephrosis, cortical atrophy, and interstitial amyloidosis
were prominent findings in GML2. GLM4 had hemorrhage in
the tubules and renal pelvis. The acute tubular necrosis and
mineralization found in GML1 were not seen in the other 3
GMLs.
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Figure 3. Fibrous osteodystrophy (FOD) in gray mouse lemurs (GMLs) (A) Transverse section of the sacroiliac joint (S = sacrum; I = ilium) of
GML1 exhibits diffuse expansion and replacement of bone by highly cellular fibrous connective tissue. Sc = spinal cord. H and E, 1.25x. (B)
Cortical and medullary bone is replaced by fibrosis (arrows) that surrounds poorly mineralized islands of woven bone (asterisk). High numbers
of osteoclasts (arrowheads) are scattered throughout. H and E, 20 x. (C) Transverse section of the oral cavity in GML2 revealed widespread
replacement of the maxillary (asterisk) and mandibular (arrowhead) alveolar bone by fibrous connective tissue and immature woven bone. (D)
Spicules of woven bone (asterisk) were trichrome-positive. Trichrome, 20x. MxM = maxillary molar; MdM = mandibular molar; Bc = buccal

cavity. Hand E, 1.25x.

Both female lemurs (GML2 and GML3) had uterine
adenocarcinoma with metastases to the lungs (GML2, Figure
6) or mesenteric/peri-adrenal lymph nodes (GML3). In both
female GMLs, the uterine adenocarcinoma was composed of
tubules, glands, and islands of neoplastic cells that filled the
uterine lumen and invaded the submucosa and myometrium
(GML2 only). In GML2, a concurrent metritis (Klebsiella sp.,
moderate numbers of Enterococcus faecalis, and large numbers
of aerobic gram-positive rods), suppurative bronchopneumonia
(Klebsiella oxytoca), and generalized septicemia were noted. A
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summary of histologic findings that were unique to GML2,
GML3, and GML4 can be found in Figure 5.

Discussion
As the use of GMLs in behavioral and biomedical research
increases,'®* a generalized understanding of species-specific
disease predispositions is critical for 1) providing adequate
husbandry, 2) appropriately screening for age- or sex-related
clinical abnormalities and, 3) early implementation of clinical
interventions. For models of aging, awareness of naturally
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Figure 4. Chronic renal disease in gray mouse lemurs (GMLs) (A) In GML1, renal tubular dilation (asterisks) was compounded by widespread
basement membrane mineralization (inset, arrows) and acute tubular necrosis (inset, arrowheads). H and E, 10x; inset, 40x. (B) Increased
glomerular mesangial matrix (asterisks) obscured capillary loop profiles. H and E, 40x (C) Undulating cortical surfaces, size variability,
and renal pelvis dilation in gray mouse lemur 2 (GML2). Scale bar = 1 cm. (D). Residual cortical tissue comprised interstitial fibrosis and
lymphoplasmacytic interstitial nephritis (arrow), tubular dilation (arrowhead), and variable glomerular mesangial matrix thickening (asterisks).
H and E, 20x. (E). Renal histology of kidney from Figure 4 C (white box) demonstrating marked cortical thinning, renal cysts (Rc), and tubular

dilation (asterisks). H and E, 1.25%.

occurring diseases and comparing their characteristics to those
of humans and other models is necessary for appropriate model
selection. The GMLs in our cohort either met or exceeded the
average lifespan of captive housed GMLs (8 to 10 y)." Despite
significant variation in clinical presentation, all GMLs exhibited
widespread multisystemic pathology. Disease processes
common to all mouse lemurs included FOD, chronic renal
disease, uterine adenocarcinoma (females only), cataracts, and
osteoarthritis. Routine colony-wide clinical evaluation and
health-screening is critical to detection of these morbidities.
Metabolic bone disease has been reported in colony-housed
marmosets,'®%4? rhesus macaques,*’ and a Golden Lion
Tamarin,’ but not in Microcebus sp. or other prosimian primates.
FOD is a metabolic bone disease characterized by widespread
bone resorption and replacement with fibrous connective
tissue and immature woven bone." Bone lesions manifest due
to primary hyperparathyroidism (that is, parathyroid gland
hyperplasia/neoplasia), secondary hyperparathyroidism
(that is, stemming from underlying chronic renal disease or
dietary imbalances of calcium, phosphorus, and vitamin D),

or paraneoplastic syndromes (that is, elevated parathyroid
hormone-related protein). New World nonhuman primates
are exceptionally predisposed to develop FOD due to their
unique calcium and vitamin D requirements.®?> However,
less is known about species-specific dietary requirements for
prosimian primates* and how these relate to the overlapping
manifestations of chronic renal disease and altered serum
parathyroid hormone (PTH) levels. The GMLs in this report
were fed a commercial diet that is designed to support the
gestation, lactation, and growth of most nonhuman primates.
Relevant composition of vitamins and minerals include the
following: 1.0% calcium; 0.8% phosphorus; 0.5% nonphytate
phosphorus; 0.2% magnesium; 8.0 IU/g vitamin D,. Thus,
while diet cannot be definitively excluded as a contributory
cause of FOD, the seemingly balanced nutritional profile, lack of
concurrent gastrointestinal disease, and presence of significant
renal disease render nutritional pathogenesis less likely.

In marmosets, spontaneous development of gastrointestinal
disease and metabolic bone disease is well-documented.3?>%
Recently, PTH has been identified as an effective marker
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GML1 GML2 GML3 GML4
Age (years) o9 10 11 12
Sex male female female male
Terminal Body Weight (grams) 55.0 53.6 76.1 70.8
Musculoskeletal System
Fibrous osteodystrophy
Mandible and / or maxilla X X X X
Calvarium X - -
Appendicular and vertebral X - - -
Pathologic fracture X (tibia, scapula, radius) - - -
Periodontitis and [ or dental fracture - X - X
Otitis media and externa - X - -
Osteoarthritis X X X X

Cardiovascular System
Vascular mineralization

X (aorta; pulmonary, coronary,

X (coronary a.) X (auricular a.) -

renal, splenic, lingual, gastric,
mesenteric, and scleral arteries)

Thrombosis X (renal a.)
Cardiomyopathy (interstitial fibrosis, X
degeneration, lymphohistiocytic

myocarditis)

Atherosclerosis -
Arteriosclerosis -

- X (aorta) -
- X (coronary a.) -

Renal System
Acute tubular necrosis with glomerular X
and basement membrane
mineralization
Chronic renal disease (mesangial X
lhickening_. periglomerular/interstitial
fibrosis, lymphoplasmacytic interstitial
nephritis, tubular ectasia)
Hydronephrosis with cortical atrophy -
Tubular and renal pelvis hemorrhage -

Hepatobiliary System
Hemosiderosis (Kupffer cells and X
hepatocytes)
Septic hepalﬂmllu lar necrosis -
Bile duct hyperplasia, portal fibrosis, -
and /or lymphoplasmacytic cholangitis

Urogenital System
Uterine adenocarcinoma with distant -
metastases
Suppurative metritis -
Suppurative cystitis -
Testicular degeneration and atrophy -

X (mesenteric and -
peri-adrenal)

X R R

X - B

- - X

X (lung)

Respiratory System
Septic bronchopneumonia -
Pulmonary hemorrhage and -
hemosiderosis
Suppurative rhinitis X

Endocrine System
Septic adrenocortical necrosis -
Thyroid papillary adenoma -

Gastrointestinal System
Lymphoplasmacytic and eosinophilic -
enteritis

Special Senses
Cataracts X
Scleral osseous metaplasia -
Granulomatous scleritis -
Iridocorneal anterior synechiae -

L P

Other
Basement membrane and soft tissue
mineralization

X (gastric mucosa, glomeruli, - - -
renal tubules, pulmonary

alveoli, epiglottis, trachea,
parathyroid glands)

Amyloidosis -

X (kidney, X (tongue and larynx -
spleen) with chondroid
metaplasia)

Figure 5. Histologic lesions within gray mouse lemurs (GMLs). X = feature present; - = feature absent.

for discriminating between marmosets with and without
spontaneous metabolic bone disease.* However, in our cases,
serum PTH levels were not evaluated at the time of euthanasia
due to lack of clinical disease suspicion (in GML1) and lack of
species-specific assay availability. Thus, aberrations in serum
PTH levels could not be confirmed. In addition, histologic
evaluation of the parathyroid gland did not show hyperplasia,
which would have suggested elevated serum PTH levels. Thus,
we are currently evaluating species-specific PTH assays that
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may aid in enhanced detection of FOD in captive-housed mouse
lemur colonies.

In all GMLs, serum biochemistry or histologic lesions
suggested chronic renal disease as a potential underlying
pathogenesis for FOD development. Chronic renal disease has
been documented in other aged prosimians, including Eulemur
sp., Varecia sp., Hapalemur sp., and Loris tardigradis.** Moreover,
chronic renal disease has been described as the most frequent
postmortem pathologic finding of GMLs.?' A histopathologic
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Table 2. Serum biochemistry values for female gray mouse lemurs (GMLs). Abbreviations: SD = short-day season (10:14-h light:dark); LD =

long-day season (14:10-h light:dark); H = higher than reference value; L

= lower than reference value.

GML2 GML3
01/23/2017 08/02/2017  09/01/2017 09/06/2017 01/23/2017  08/01/2017 07/23/2018

(SD) (LD) (LD) (SD) (SD) LD) (LD)
Parameter  Units Baseline screen  Renal screen Renal screen Necropsy Baseline screen Renal screen  Necropsy
Glucose mg/dL 102 — — 126 (H) 77 — —
ALT U/L 74 (L) — — 339 (H) 582 (H) — 218
ALP IU/L 48 — — 48 115 (H) — 43 (L)
T. Bilirubin ~ mg/dL 0.4 — — 0.3 0.4 — —
BUN mg/dL 72 (H) 192 (H) 173 (H) 200 (H) 22 25 42 (H)
Creatinine ~ mg/dL 0.47 (H) 1.45 (H) 1.01 (H) 1.37 (H) 0.08 (L) 024 (L) 0.15 (L)
Calcium mg/dL 10.8 (H) 10.8 (H) 10.7 (H) 9.0 (L) 10.2 9.1(L) 74 (L)
Phosphorus mg/dL 7.8 (H) 11.3 (H) 41 (L) 8.9 (H) 7.0 7.7 6.9
T. Protein g/dL 10.2 79 7.3 (L) 5.8(L) 10.4 9.5 (H) 6.6 (L)
Albumin g/dL 6.4 — — 3.3(L) 7.0 (H) — 41(L)
Globulin g/dL 3.8 — — 2.5 3.4 — 25(L)
Sodium mmol/L — — — 147 — — 151 (H)
Potassium  mmol/L — — — 6.8 — — 3.8 (L)

survey conducted at the MNHN mouse lemur colony found
that approximately 90% of GMLs surveyed over a 10-y period
had histologic evidence of chronic renal disease, with or
without clinical signs.® However, that study did not evaluate
bone pathology; thus, the presence of concurrent FOD in this
population is unknown. In addition, our colony diet is expected
to be appropriate for GMLs, yet the dietary protein content may
nonetheless have potentially exacerbated or contributed to the
development of renal disease.

The gross and histologic presentation of renal disease varied
between the cases in this report. Although GML1 had diffuse
renal lesions, GML1 lacked the marked hydronephrosis and
marked chronic corticomedullary atrophy noted in GML2. De-
spite this, widespread FOD predominated in GML1, yet was only
seen in the mandibular/maxillary alveolar bone and cranium of
GML2. Similarly, metastatic mineralization of the vasculature
(that is aorta, pulmonary artery, coronary arteries, renal, splenic,
lingual, gastric, mesenteric, and scleral vessels) and basement
membranes (that is, renal tubules, glomeruli, gastric mucosa, pul-
monary alveoli, trachea, parathyroid gland) were widespread
throughout GML1, but only noted in the aorta and a peri-auric-
ular artery of GML3, and in a coronary artery of GML2. Thus,
perhaps the presence of underlying renal disease, compounded
with superimposed renal basement membrane mineralization, re-
sulted in significant disease exacerbation in GML1, as compared
with GML2. GML3 and GMIL4 had moderate renal disease, mild
BUN elevation, and a correspondingly lower burden of FOD
(limited to alveolar bone of the mandible or maxilla).

Aside from pathologic fracture (GML1), the GMLs in our
cohort had relatively nonspecific clinical signs. Periodic col-
ony-wide serum biochemical testing to monitor for azotemia,
hyperphosphatemia, and serum calcium alterations may help
to identify animals with chronic renal disease and potentially
trigger intervention in the onset and progression of FOD devel-
opment. However, published serum biochemical values® for
GMLs must be interpreted in terms of both the season (that is,
long-day compared with short-day) and institutional variation.
In our case study, our values were compared with previously
published values;* however, we recognize the need for internal
validation based on our own colony-housed animals.

In addition to renal disease and FOD, uterine adenocarcinoma
with distant metastases was identified in both female mouse

lemurs (GML2 and GML3). In 2009, a comprehensive literature
review and colony-wide retrospective analysis of captive
prosimian neoplasia was conducted.* This study identified
GMLs as the most frequently affected prosimian species (28
of 117 [13%]), with uterine adenocarcinomas (papillary and
tubulopapillary) accounting for 2 of 28 neoplasms. A similar
histopathologic analysis conducted within the MNHN colony
identified uterine papillary adenomas/adenocarcinomas in
27 of 99 (27%) of examined females.®! Of those, 2 had distant
metastases to the kidney (n = 1) or lungs (n = 1). Thus, our
identification of uterine adenocarcinoma with distant metastasis
(lung and lymph nodes) adds to the growing body of literature
regarding the prevalence of this neoplasm in female GMLs and
may have implications for successful breeding colonies.

Klebsiella oxytoca pneumonia, metritis, and septicemia were
significant comorbidities in GML2. In New World and Old
World primates, Klebsiella sp, pneumonia and/or septicemia are
typically attributed to Klebsiella pneumoniae isolates.”®** How-
ever, K. oxytoca has been identified as an opportunistic bacterial
pathogen in laboratory animal species, particularly those that
are immunosuppressed.?® Infection with K. oxytoca can result in
suppurative metritis, otitis media, and pneumonia in rodents.®
Given the multitude of concurrent disease conditions in GML2
(that is FOD, chronic renal disease, metastatic uterine adeno-
carcinoma), immunosuppression was considered a key factor
in the induction and development of K. oxytoca septicemia. Be-
cause of this organism’s predilection for the urogenital tract,
infection was postulated to have begun in the uterus and spread
via hematogenous dissemination.

Lastly, the underlying cause of circling in GML4 was never
fully elucidated. However, the combination of acute pulmonary
and renal hemorrhage, coupled with thrombocytopenia, sug-
gest that the neurologic signs may have resulted from intracere-
bral hemorrhage. The renal disease in GML4 was moderate in
degree and unlikely to have caused neurologic signs.

In summary, this is the first report of FOD in GMLs. Based
on serum biochemistry and histologic evaluation, underlying
chronic renal disease was considered the most likely
pathogenesis for developing metabolic bone disease. Because
the animals showed relatively nonspecific clinical signs,
semiannual to annual colony-wide serum biochemical panels
are recommended to screen for early evidence of azotemia and
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Figure 6. Metastatic uterine adenocarcinoma in female gray mouse lemurs (GMLs) (A) Uterine adenocarcinoma effaced the endometrium
and filled the uterine lumen of GML2. H and E, 10x. (B) Neoplastic cells in GML2 and GML3 comprised polygonal epithelial cells arranged in
tubular formations. H and E, 40x. (C) Tan to black pulmonary nodules (arrows) were visible on the pleural surface and extended within the
parenchyma of GML2. D. Nodules in Figure 6 C corresponded to multifocal metastatic uterine adenocarcinoma (asterisks). H and E, 1.25x. (E)
Metastatic neoplastic cells were cytologically indistinguishable from the primary uterine tumors of GML2 and GML3. (Figure 6 B). H and E,
40 x. (F) Suppurative bronchopneumonia with gram-negative rods (arrow) was also present within the lung tissue of GML2. Gram stain, 100x.

electrolyte abnormalities, which can affect research use as well
as animal health. In addition, uterine adenocarcinoma should
be considered a differential diagnosis in aged female GMLs.
Due to the small numbers of animals in our colony, we cannot
speculate on the age at which these conditions are likely to arise.
The findings in this case series add to the body of literature
describing spontaneous diseases of captive GMLs and help
provide clinicopathologic context for their clinical care and use
in aging research.
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