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Interstitial Myocardial Fibrosis in a Captive
Chimpanzee (Pan troglodytes) Population

Michael L Lammey,"” Gary B Baskin,” Andrew P Gigliotti,’ D Rick Lee,' John J Ely,' and Meg M Sleeper*

The clinical and necropsy records of 36 (25 male and 11 female) chimpanzees age 10 to 40 y old that died over a 6-y period (2001
to 2006) were reviewed. All animals had annual physical exams that included electrocardiograms and serial blood pressures. Nine
of the 36 animals had a complete cardiac evaluation by a board certified veterinary cardiologist, and 7 of the 36 animals (19%)
were diagnosed with some form of cardiomyopathy. Systemic hypertension was noted in 3 cases. Cardiac arrhythmias (ventricular
ectopy) were seen in 15 (12 male and 3 female) of the 36 animals (42%). Sudden cardiac death (SCD) occurred in 13 (11 male and 2
female) chimps (36%) and was the leading cause of death (n = 13), followed by renal failure (n = 9) and septicemia (n = 3). Histo-
logic examination of the hearts revealed interstitial myocardial fibrosis (IMF) in 29 chimpanzees (81%), and all of the animals that
died suddenly due to cardiac causes had IMF to varying degrees. More data will be needed to identify the possible causes of IMF
in captive chimpanzees, and IMF may be associated with arrhythmias and SCD in these animals.

Abbreviations: APF, Alamogordo Primate Facility; ECG, electrocardiography; IMF, interstitial myocardial fibrosis; SCD, sudden cardiac

death

Myocardial fibrosis has been implicated as a factor in sudden
cardiac death (SCD) in humans'® and can lead to heart failure,
defects in conduction, and cardiac arrhythmias.** SCD with con-
current myocardial fibrosis has not previously been described in
chimpanzees but has been reported in other great apes.?* Myo-
cardial fibrosis also has been reported in western lowland gorillas
(Gorilla gorilla gorilla), orangutans (Pongo pygmaeus), white-hand-
ed gibbons (Hylobates lar), vervets (Cercopithecus aethiops), rhe-
sus macaques (Macaca mulatta), and cynomolgus macaques (M.
fascicularis)‘5,11,22,26,29,31

Because myocardial cells cannot regenerate, damaged myocar-
dium is replaced by fibrous tissue, which is noncontractile col-
lagenous tissue. Cardiac fibrosis occurs in humans secondary to
systemic hypertension, myocarditis, and cardiomyopathy or as a
result of any myocardial damage.’#**4" An accumulation of ex-
tracellular matrix (particularly fibrillar type I and III collagen) in
the cardiac interstitial space, a process defined as cardiac fibrosis),
is now recognized as a major determinant of ventricular dysfunc-
tion.” Fibrosing cardiomyopathy in great apes has been defined
as myocardial replacement fibrosis with atrophy and hypertro-
phy of cardiac myocytes, absent or minimal myocardial inflam-
mation, with no apparent etiology or associated disease.”” The 2
types of myocardial fibrosis are replacement (scarring) and reac-
tive (interstitial) fibrosis. Scarring myocardial fibrosis is caused by
the replacement of damaged myocardial cells with fibrous tissue,
usually resulting from a vascular event such as myocardial infarc-
tion. Interstitial myocardial fibrosis (IMF) occurs when a network
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of collagen fibers spreads diffusely through the cardiac muscle
fibers and can be caused by external stimuli such as pressure or
volume overload. IMF is the form of myocardial fibrosis most
often found histologically in chimpanzees.?

To the best of our knowledge, only 3 peer-reviewed publica-
tions report myocardial fibrosis in chimpanzees. One case report
describes a male adult chimp that was diagnosed with hepato-
megaly, congestive heart failure, and premature ventricular
complexes.™ The second article describes 6 colony animals that
died with myocardial disease; myocardial fibrosis was noted
at necropsy, but the number of animals with this change is not
mentioned.” The third article describes myocardial fibrosis in a
single chimpanzee that died suddenly at the National Zoo; this
death was attributed to cardiac arrest.> Here we review the clini-
cal records and necropsy data for 36 captive chimpanzee that died
during a 6-y period (2001 to 2006) at the Alamogordo Primate
Facility (APF).

Materials and Methods

The clinical records including gross pathology and histopathol-
ogy records were reviewed and evaluated for 36 captive chim-
panzees that died between 2001 and 2006. Gross pathology and
cardiac histopathology data were available for all 25 male chim-
panzees and for 10 of the 11 female chimps in the study; histol-
ogy information was not available for review in 1 of the female
cases. Hematoxylin and eosin staining (Figure 1) was performed
on myocardial samples from all chimpanzees, and 13 cases had
Masson trichrome staining of myocardial samples to evaluate the
presence of fibrosis (Figure 2).

While alive, all chimpanzees were maintained in same-sex
group housing and received a commercial primate diet (Monkey
Diet Jumbo 5LR2, Purina Mills International, Brentwood, MO). A
maximum of 6 animals are maintained in each indoor den (180
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Figure 1. Moderate to severe myocardial fibrosis surrounding cardiac
myocytes in a 33-y-old male chimpanzee. Hematoxylin and eosin stain;
magnification, x10.

Figure 2. Mild myocardial fibrosis surrounding cardiac myocytes in a
28-y-old male chimpanzee. Masson trichrome stain; magnification, x10.

ft?, 9.5 ft high) with radiant heated floor and air conditioning.
In addition, 24-h access to an outdoor area (242 ft?, 12 ft high)
is provided, along with weekly access to a Primadome (802 ft?
Brandes Brothers Constructors, Bee Cave, TX). Same-sex housing
is maintained to comply with the 1997 enactment of the National
Center for Research Resources breeding moratorium policy that
no government-owned chimpanzees are to breed for research
proposes.? Chimpanzees at the APF are maintained in accor-
dance with the Guide for the Care and Use of Animals.** The facility
and its program are fully accredited by AAALAC International.
At the beginning of this study, the APF population consisted of
252 research veteran chimpanzees. No research occurs at APF.
Each chimpanzee participates in enrichment programs and is
observed every 2 h by experienced, AALAS-certified animal care
technicians or clinical veterinarians. The enrichment program
involves daily fruits and vegetables plus biweekly forage oppor-
tunities. Novelty items, such as blankets, magazines, and simu-
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lated termite mound feeders, are also provided. The animals are
observed for general health, activity levels, elimination, exercise
tolerance, and recovery rates. Each animal undergoes a complete
physical examination annually while under anesthesia (3.5 mg/
kg tiletamine hydrochloride—zolazepam [50 mg/ml tiletamine
HCL and zolazepam HCLY]), complete blood count, clinical chem-
istry, electrocardiogram (ECG), abdominal ultrasound, tubercu-
losis testing, dental prophylaxis, and blood pressure assessment.
Electrocardiography (ECG) and blood pressure, partial pressure
of O,, and core body temperature measurements are performed
and recorded (Passport 2, Datascope, Mahwah, NJ). The ECG is
monitored visually on the oscilloscope throughout anesthesia,
and a 30-s representative strip is printed for each animal. Eight of
the 36 animals had complete (including Doppler) serial echocar-
diograms performed by a board-certified veterinary cardiolo-
gist using a Prosound 5000 (Aloka, Tokyo, Japan) and a 2.5-mHz
transducer.

All statistical analyses were performed with SYSTAT version
11.0 (SYSTAT Software, Chicago, IL ) by using ANOVA and the
nonparametric Kruskal-Wallis test to model continuous variables
and contingency table methods to model associations between
categorical variables. The threshold for statistical significance
was set at o0 = 0.05 and determined by inspection of F statistics,
Pearson x?, the likelihood ratio (G?) statistic, and the Fisher exact
test.!10

Results

In all, 25 male and 11 female chimpanzees died over the 6-y pe-
riod (2001 to 2006) and ranged in age from 10 to 40 y. The average
age of death for male chimps was 25.5 y (median, 24.8 y) whereas
that for female chimps was 21.0 y (median, 19.2 y). SCD and pre-
sumed fatal arrhythmia was the cause of death in 13 (11 male and
2 female) animals and was the most frequent cause of death (n =
13), followed by renal failure (n = 9), trauma (n = 3), septicemia
(n = 3), thromboembolism (n = 2), anesthetic reaction (n = 2), neo-
plasia (n = 2), hyperadrenocortism (n = 1), and cerebral infarct
(n=1). Seventeen of the 36 chimps (47%) in this series had cardiac
arrhythmias noted on ECG (ventricular ectopy). Twelve of the 13
chimpanzees (92%) that died of SCD had cardiac arrhythmias
(ventricular ectopy). Nine of the 36 chimpanzees had complete
cardiac examinations by a board certified veterinary cardiologist,
and 7of these 9 animals (78%) were diagnosed with some form
of cardiomyopathy, including dilated cardiomyopathy (n = 3).
Other cardiac diagnoses included 1 male chimp with pulmonary
hypertension and 3 (2 male, 1 female) chimpanzees with throm-
boembolic events (the left femoral artery was involved in all 3).

Heart weight (g):body weight (kg) ratios were estimated for all
chimpanzees for which both measurements were known. These
ratios were divided into 3 groups determined by cardiovascular
antemortem and postmortem findings: animals with gross car-
diac pathology with or without histologic myocardial fibrosis,
animals with grossly normal hearts and myocardial fibrosis, and
animals with grossly normal hearts without histologic evidence
of myocardial fibrosis. The mean heart weight:body weight ratio
in chimpanzees with gross anatomical heart disease was 0.0079
(range, 0.0067 to 0.0106; n = 9), whereas that for chimpanzees
with completely normal hearts (gross and histologic analysis)
was 0.0052 (range, 0.0045 to 0.0059; n = 4) and for animals with
grossly normal hearts and myocardial fibrosis was 0.0056 (range,
0.0045 to 0.0087; n = 6; Table 1). One-way ANOVA of the heart



Table 1. Characteristics of the 36 chimpanzees that comprised the study population

Myocardial fibrosis in chimpanzees

Heart Heart weight:
weight Body weight  body weight Myocardial
Animalno. Sex Age(y) (g) (kg) ratio Clinical finding fibrosis*  Hypertension = Myocarditis ~ VPCs
1 M 33 463 60.5 0.0076 SCD +++ yes + yes
2 M 23 550 74.5 0.0075 SCD +++ no + yes
3 M 22 635 72.0 0.0088 SCD +++ no + yes
4 M 29 490 57.0 0.0085 SCD +++ no WNL yes
5 M 28 420 57.0 0.0074 SCD ++ no + yes
6 M 21 650 94.5 0.0069 SCD no WNL yes
7 M 19 500 74.5 0.0067 SCD no + yes
8 M 32 315 42.5 0.0074 Septicemia ++ no WNL no
9 M 39 350 40.5 0.0086 Hyperadrenocortism +++ no ++ no
10 M 27 530 74.0 0.0071 Neoplasia ++ no ++ yes
11 M 36 355 76.0 0.0046 Thromboembolism ++ no ++ yes
12 M 13 450 70.0 0.0064 Septicemia + no WNL no
13 M 25 660 62.0 0.0106 SCD +++ yes + yes
14 M 32 430 425 0.0101 Anesthetic reaction ++ no + no
15 M 16 n/a 52.0 n/a Septicemia WNL no +++ no
16 M 35 495 61.0 0.0081 SCD +++ no WNL no
17 M 28 355 56.5 0.0063 SCD ++ no WNL yes
18 M 40 325 61.9 0.0053 SCD +++ no WNL yes
19 M 13 n/a 28.4 n/a Renal failure WNL no WNL no
20 M 22 290 54.5 0.0053 Trauma ++ no WNL no
21 M 10 340 57.0 0.0059 Trauma WNL no WNL no
22 M 20 340 56.5 0.0060 Trauma ++ no + no
23 M 24 275 55.5 0.0049 Thromboembolism ++ no WNL no
24 M 30 n/a 474 n/a Renal failure WNL no WNL yes
25 M 32 n/a 68.0 n/a Renal failure ++ no + yes
26 F 25 360 49.3 0.0073 Renal failure ++ no ++ no
27 F 18 330 50.7 0.0065 Renal failure WNL no +++ no
28 F 16 415 44.0 0.0094 Renal failure ++ no WNL no
29 F 13 195 43.0 0.0045 Neoplasia + no WNL no
30 F 17 285 61.7 0.0046 SCD + no WNL yes
31 F 21 375 84.5 0.0044 SCD +++ no WNL yes
32 F 19 250 64.0 0.0039 Renal failure n/a n/a n/a no
33 F 29 340 39.0 0.0087 Renal failure + no WNL yes
34 F 31 263.5 59.0 0.0045 Cerebral infarction WNL no WNL no
35 F 18 250 37.0 0.0067 Renal failure ++ no WNL no
36 F 22 450 95.0 0.0047 Anesthetic reaction +++ yes WNL no

F, female; M, male; n/a, not available; SCD, sudden cardiac death; WNL, within normal limits

2+, minimal; ++, mild; +++, moderate

b+, structural heart disease with or without myocardial fibrosis; ++, no structural heart disease and no myocardial fibrosis; +++, no structural heart

disease with myocardial fibrosis

weight:body weight ratio revealed statistically significant dif-
ferences among heart disease categories (F,, = 4.57, P = 0.036),
but the Kruskal-Wallis nonparametric test used to control for
the presence of multiple outliers was not significant (g7, = 5.10,
P =0.078). Heart weight:body weight ratios for 17 animals were
not included in the analysis because the heart was subjectively
defined as hypertrophied on postmortem examination, but no
other abnormality was found (postmortem contracture can make
a normal heart appear hypertrophied).

Histopathologically, all chimpanzees that were diagnosed with
myocardial fibrosis had interstitial, focal, or multifocal fibrosis of

the myocardium. The amount of IMF was categorized as either
within normal limits, minimal, mild, or moderate (Table 1). Eight
(7 male, 1 female) of the 13 animals (62%) that died suddenly had
moderate amounts of IMF, which was identified in 29 (21 male,
8 female) of the 36 animals (81%). The youngest male with IMF
was 13 y old whereas the oldest was 40 y (Table 1). IMF was not
present in 3 male chimps (10, 13, and 16 y of age; 14% of the male
animals), and none of these 3 chimps died of a cardiac event. Sta-
tistical analysis revealed that (as hypothesized) ventricular ectopy
was strongly associated with SCD (G?, = 18.92, P < 0.000). The
data were too sparse to reliably test for associations among the 4
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levels of IMF and either ventricular premature contractions (VPC)
and SCD in the full contingency table. Therefore, we hypothe-
sized a fundamental distinction between the presence or absence
of myocardial fibrosis, and collapsed myocardial fibrosis into a
dichotomy (none versus some). The association between myocar-
dial fibrosis and SCD was statistically significant (G* = 6.29, P =
0.012), but reliability analysis indicated that this result was spuri-
ous (G2 = 2.19, P = 0.138). The association between myocardial
fibrosis and VPC was not significant (G* = 3.19, P = 0.086).

Five chimpanzees had minimal arteriosclerosis noted on his-
topathology, and 3 animals had atherosclerosis. Histopathologic
examination revealed some degree of chronic myocardial inflam-
mation in 13 male and 2 female chimps (Table 1). The myocarditis
was described as minimal, mild, or moderate mononuclear cell
infiltration and was focal or multifocal in distribution.

Ventricular ectopy was noted during physical or cardiac exami-
nations ECG in 14 male and 3 female chimpanzees, of which 12
(10 male, 2 female) animals (86%) died from SCD. In addition, 12
animals with arrhythmias also had some amount of IMF, and 13
were noted to have structural heart disease at necropsy.

Four male chimpanzees with IMF in this study were virus-free,
7 were carriers of hepatitis C virus, 4 were positive for HIV1, and
1 was positive for hepatitis B virus. Another 5 male chimps were
of mixed infectious status (positive for both hepatitis C virus and
HIV), and 1 male chip was positive for both hepatitis B virus and
HIV. Three female chimps with myocardial fibrosis were virus-
free, 1 was a carrier for hepatitis C virus, another was infected
with hepatitis B virus, and 2 others had mixed viral status (posi-
tive for both hepatitis C virus and HIV).

Other pathologic lesions included hepatocellullar carcinoma (3
animals), hepatic amyloidosis (2 animals), and hepatic abscess (1
animal). Seven of the 11 (63%) female chimps that died had renal
disease, whereas 3 of the 25 (12%) male chimps had renal disease.
Blood pressure data was available for all 36 chimpanzees. At APF,
a systolic blood pressure of greater than or equal to 180 mm Hg
or a diastolic blood pressure of greater than or equal to 90 mm Hg
on 3 readings at 2 separate consecutive time points is defined as
evidence of systemic hypertension necessitating treatment. Three
(2 male and 1 female) animals were identified as hypertensive
based on these criteria. Both hypertensive male chimps died sud-
denly, and a moderate amount of IMF with mild hypertrophy
was noted at necropsy. The single female animal with systemic
hypertension died from an anesthetic reaction and had a moder-
ate amount of IME.

Discussion

The most common cause of death in this group of chimpanzees
was cardiac disease manifesting as SCD. SCD is an unexpect-
ed death in a subject with or without preexisting heart disease,
within 1 h of onset of change in clinical status, usually resulting
from a fatal arrhythmia.*” When due to a fatal arrhythmia, the
cause of death is rarely evident on post mortem examination.
The definition of SCD for chimpanzees at the APF differs only in
the time frame, because animals are observed every 2 h during a
24-h period.

Myocardial fibrosis has occasionally been reported in captive
chimpanzee populations,'**>* but the majority of cardiovascular
information used in chimpanzee medicine has been extrapolated
from literature for humans or other great apes. To our knowledge,
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this paper is the first description of IMF in chimpanzees that in-
cludes a considerable number of cases.

For the statistical analysis, the fundamental working model
was that fibrosis leads to ventricular ectopy, which leads to SCD.
This model was confirmed in part. Ventricular ectopy was strong-
ly associated with SCD, as was noted previously in the colony,®
but we found no evidence for a causal prior association between
myocardial fibrosis and VPC and only weak support for an as-
sociation between myocardial fibrosis and SCD. Furthermore,
post hoc analyses revealed a strong association between myo-
cardial fibrosis and SCD, when contrasting the highest level of
myocardial fibrosis to all lower levels (G? =11.15, P <0.000). This
result indicated a potentially strong causal relationship between
interstitial myocardial fibrosis and SCD in the APF captive chim-
panzee colony that demands further investigation.

Excessive myocardial fibrosis inhibits diastolic function in hy-
pertensive human hearts.”' Comparative studies in rats have
shown that an increased salt intake not only elevated blood pres-
sure but also negatively affected the heart, vasculature, and kid-
neys with marked interstitial fibrosis of these organs.* Normative
blood pressure values for chimpanzees were reported 20 y ago,
and the effect of sodium intake on systemic blood pressure has
been studied more recently.®* However, an association between
high blood pressure, heart disease, and IMF has not previously
been evaluated in the chimpanzee. In our study, 3 of these 36
chimpanzees had systemic hypertension, and all 3 of them had
histologic evidence of moderately severe IMF, suggesting an as-
sociation between hypertension and IMF may exist in chimpan-
zees.

Renal failure was the second most common cause of death in
this population of chimpanzees. Renal dysfunction can be as-
sociated with IME. Renal disease has been linked to acute coro-
nary syndromes, cardiac failure, and valvular heart disease in
humans® and the renin-angiotensin-aldosterone system plays an
important role in the regulation of cardiac fibrosis.? The hormones
of the renin-angiotensin—aldosterone system are believed to mod-
ulate the synthetic activity of the cardiac fibroblast.* Myocardial
fibrosis commonly occurs in patients with end-stage renal failure,
and it is an important predictor of cardiovascular events.* In hu-
mans, activation of the renin-angiotensin—aldosterone system
may promote the development of cardiac fibrosis independent of
hemodynamic mechanisms.?® In human uremic patients, cardiac
fibrosis is associated with an increased risk cardiac death due to
arrhythmias.” Nine (6 female and 3 male) of the 36 animals (25%)
in the present study had renal disease, with 5 of these 9 animals
having IMF at necropsy, suggesting a possible link between renal
disease and IMF in chimpanzees.

Normal aging of the heart is associated with a number of char-
acteristic morphologic, histologic, and biochemical changes.?” In
humans, cardiac fibrosis is universal in the aging heart.? Excessive
deposition of extracellular matrix proteins during aging leads to
progressive reduction of myocardial and arterial compliances.*
A collagen network, composed largely of type I and III fibrillar
collagen, is present in the cardiac interstitial space, with type I col-
lagen being the major component (approximately 75%) and deter-
minant of tissue stiffness.* Measurements of collagen content in
myocardial tissue suggest that type I collagen fibers increase in
number and thickness in the aged.” Due to medical advances and
excellent preventive medicine programs, captive chimpanzees
are now living longer. Consequently, the increased life span



creates a geriatric population with geriatric medical concerns. In
this study, of the 4 chimpanzee males with no IMF, 3 were at least
10 y younger than the average age of male chimps at death. In ad-
dition, 1 of the 2 female chimps without IMF was younger than
the average age of female chimps at death. Therefore, IMF may
occur as an age-related change in chimpanzees.

The chimpanzees at APF have varied experimental back-
grounds, including exposure to hepatitis viruses and HIV.* HIV
and hepatitis C virus both have been associated with cardiomyo-
pathies in humans.*'® SIV has been linked to myocarditis and car-
diomyopathies in nonhuman primates.*® Further investigations
are needed to correlate viral infection with cardiovascular disease
in this population.

Interstitial myocardial fibrosis may be associated with an in-
flammatory response.” The infiltration of inflammatory cells can
play a critical part of the process resulting in cardiac fibrosis." Fif-
teen (13 male and 2 female) of the 26 animals (42%) had myocar-
dial infiltration of inflammatory cells at necropsy; in addition, 13
of the 15 animals (87%) also had IMF. A multifocal, mononuclear
cell infiltrate was the most commonly reported inflammatory his-
topathologic change.

The size of the adult chimpanzee heart corresponds with the
relative heart weights calculated for adult human men."* How-
ever, whereas the average adult human has a heart weight of 195
to 300 g,* only 7 of our chimpanzees had heart weights that were
within this normal human range, and 5 of these hearts had IMF.
Because body weights in chimpanzees vary broadly, we attempt-
ed to normalize heart weight by looking at the heart weight:body
weight ratio. Our results, although of marginal statistical sig-
nificance, suggest that chimpanzees with gross structural heart
disease may have greater heart weights, compared with those
having normal hearts or hearts that are grossly normal but have
concurrent histologic evidence of IMF (Table 1). Because heart
weight can vary allometrically relative to body size,” future stud-
ies should apply allometric approaches to better analyze the ef-
fects of heart disease in altering heart weight. Meanwhile, this
information may be helpful for those performing necropsies on
this species and attempting to determine whether heart enlarge-
ment is present.

Heart disease and renal disease are major causes of morbid-
ity and mortality in the captive chimpanzee population, and the
frequent finding of IMF in 92% of animals that died suddenly
suggests that it is an important factor. In humans, cardiac fibrosis
confers an increased risk for such adverse cardiovascular events as
ventricular dysfunction and dysrhythmias.* In vivo, the presence
of fibrotic myocardium with heterogeneity of electrical proper-
ties greatly enhances the likelihood of reentrant tachyarrhyth-
mias.> Myocardial fibrosis has also been noted to cause sudden
death in humans by predisposing the myocardium to electrical
instability, reentry circuits, and fatal arrhythmias.' Interstitial
fibrosis reduces the electrical coupling between cardiac myocytes
because fibroblasts produce smaller or larger collagenous septa,
which electrically insulate cardiac cells or muscle bundles.” Car-
diac fibrosis has not been well documented in captive chimpan-
zees; however, numerous dysrhythmias have previously been
noted in this colony, which includes animals previously used for
research.’* This retrospective study suggests a link between ven-
tricular dysrhythmias and IMF in chimpanzees.

This study was limited by the small number of subjects, its
retrospective nature, the subjective assessment of fibrosis, and

Myocardial fibrosis in chimpanzees

dependency on records, which may be incomplete. However, the
data suggest an association between IMF, cardiac arrhythmias,
and SCD in chimpanzees. Further evaluation of the pathophysi-
ology and objective measurement of fibrosis will help elucidate
the significance of IMF in the chimpanzee and also may result in
useful information for humans with IMFE.
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