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Case Study

Left Ventricular Hypertrophy in Rhesus Macaques
(Macaca mulatta) at the California National Primate
Research Center (1992-2014)

J Rachel Reader,"” Don R Canfield,' Jennifer F Lane,? Sreetharan Kanthaswamy,"* Amir Ardeshir,' A Mark Allen,'
and Ross P Tarara!

Necropsy records and associated clinical histories from the rhesus macaque colony at the California National Primate Research
Center were reviewed to identify mortality related to cardiac abnormalities involving left ventricular hypertrophy (LVH). Over a
21-y period, 162 cases (female, 90; male, 72) of idiopathic LVH were identified. Macaques presented to necropsy with prominent
concentric hypertrophy of the left ventricle associated with striking reduction of the ventricular lumen. Among all LVH cases, 74
macaques (female, 39; male, 35), mostly young adults, presented for spontaneous (sudden) death; more than 50% of these 74 cases
were associated with a recent history of sedation or intraspecific aggression. The risk of sudden death in the 6- to 9-y-old age group
was significantly higher in male macaques. Subtle histologic cardiac lesions included karyomegaly and increased cardiac myocyte
diameter. Pedigree analyses based on rhesus macaque LVH probands suggested a strong genetic predisposition for the condition.
In humans, hypertrophic cardiomyopathy (HCM) is defined by the presence of unexplained left ventricular hypertrophy, associ-
ated with diverse clinical outcomes ranging from asymptomatic disease to sudden death. Although the overall risk of disease
complications such as sudden death, end-stage heart failure, and stroke is low (1% to 2%) in patients with HCM, the absolute risk
can vary dramatically. Prima facie comparison of HCM and LVH suggest that further study may allow the development of sponta-
neously occurring LVH in rhesus macaques as a useful model of HCM, to better understand the pathogenesis of this remarkably

heterogeneous disease.

Abbreviations: HCM, hypertrophic cardiomyopathy; LVH, left ventricular hypertrophy

Naturally occurring hypertrophic cardiomyopathy (HCM) has
been recognized in a variety of species including pigs,** cats'®*
and humans. HCM emerged as an accepted clinical entity in hu-
mans during the late 1950s, with the publication of 2 key papers.>*
Since then, a vast, complex, and sometimes contradictory body
of research has developed around this clinically, phenotypically,
and genotypically heterogeneous disease. HCM is defined as left
ventricular hypertrophy without chamber dilation in the absence
of either a systemic or other cardiac disease that would result in
pressure overload and compensatory hypertrophy.** The primary
physiologic abnormality in HCM is reduced stroke volume due to
impaired diastolic filling, which is secondary to reduced chamber
size and impaired relaxation of the left ventricular myocardium
during diastole; this impaired relaxation is due to the reduced com-
pliance or increased stiffness of the hypertrophied left ventricle.*

Phenotypically, hearts affected by HCM exhibit a wide variety
of changes summarized as left ventricular hypertrophy, which
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may be symmetric or asymmetric and which results in reduced
left ventricular lumen volume, reduced stroke volume, and typi-
cally increased ejection fraction. These changes can be accom-
panied by valvular changes, some of which can be obstructive.
Small intramural coronary arteries may have thickened walls
and narrowed lumens due to proliferation of smooth muscle cells
and collagen.® Histologic changes in the left ventricle associated
with—but not prerequisite for—HCM include myocyte hypertro-
phy and disarray, nuclear atypia, and expansion of the interstitial
collagen compartment.**

In the 1980s, growing recognition that HCM was familial di-
rected efforts toward identifying a genetic defect. Primary HCM
in humans has been identified as an autosomal dominant disease
with variable penetrance and a remarkable diversity in clinical
presentation and disease course.”*’ The first mutation associ-
ated with HCM was a missense mutation in the gene encoding
the B-myosin heavy chain."! More than 2 decades of subsequent
investigation has demonstrated the extensive heterogeneity of
the HCM phenotype, with at least 11 causative genes and more
than 1400 mutations identified. These genes primarily encode
thick and thin myofilament proteins of the sarcomere or Z disc
(sarcomere structural proteins). The majority of mutations oc-
cur in 3 genes—B-myosin heavy chain, myosin-binding protein
C, and troponin T—whereas other genes, including troponin I,



o-tropomyosin and o-actin, account for a smaller proportion of
patients.”? Mutations in several additional sarcomere and calci-
um-handling genes have been proposed but with less evidence to
support pathogenicity. At present, the precise mutation does not
alter management. However, adverse outcomes (sudden death,
stroke, progressive symptoms) are more prominent in patients
with sarcomere mutations than in those without an identifiable
mutation.”

In other animal species, naturally occurring familial HCM has
been best characterized in cats. Maine coon cats'® and ragdoll
cats® develop HCM that is strongly similar to the human disease
in clinical presentation and histopathology. Similar to humans,
HCM in cats is inherited as an autosomal dominant trait, with the
responsible gene, the cardiac myosin-binding protein C gene, re-
cently identified.*** In addition, a genetically manipulated model
has been developed in rabbits,* as well as a vast array of mouse
models.7#

The purposes of this report were: 1) to identify cases of LVH
diagnosed at necropsy in the rhesus macaque colony at the Cali-
fornia National Primate Research Center since 1992; 2) to provide
a preliminary pathologic characterization of these cases; and 3) to
compare and contrast rhesus LVH and human HCM to assess the
extent to which LVH might be developed as a model of HCM in a
species closely related to humans.

Materials and Methods

The California National Primate Research Center is an
AAALAC-accredited facility where animals were cared for in ac-
cordance with the USDA Animal Welfare Act and regulations and
the Guide for the Care and Use of Laboratory Animals.>*'> All cases of
LVH in rhesus macaques that were necropsied at the center since
the entity was first recognized in 1983 were identified by conduct-
ing a search of the pathology database and by cross-referencing
the cases with the necropsy log. Because cases prior to 1992 were
sporadic and because some diagnoses could not be confirmed,
these cases were excluded, as were diagnoses of right ventricular
hypertrophy and generalized cardiac hypertrophy. The sex, cause
of death, and age at death were recorded for each macaque, and
the sires and dams of affected animals were identified when pos-
sible. For the macaques that had died spontaneously, any history
of a possible precipitating cause, including trauma or sedation
immediately prior to death, was noted from the animal records.
Statistical analysis was performed in the R programming environ-
ment (version 3.1.3; https:/ /www.r-project.org/). The function
chisq.test was used to generate the y? contingency table tests. P
values were computed by using the Pearson ? test with Yates
continuity correction for data tables with sufficient sample size;
otherwise, they were computed by using the Pearson y? test with
simulated P value based on 2000 replicates. Statistical significance
was defined as a P value less than 0.05.

A complete gross necropsy was conducted on each of the ma-
caques included in this study. Prior to September 2007, LVH was
defined by a markedly thickened left ventricular wall accompa-
nied by near-complete obliteration of the left ventricular lumen.
Although it is possible, even likely, that we missed less severe or
early examples of LVH that we hope to identify in the future, we
elected to be conservative and include only the most unequivocal
cases in this report. Beginning in September 2007, the ratio of the
left ventricular external diameter to internal luminal diameter
(O:I ratio) has increasingly been used as a defining parameter in

Diagnosis of left ventricular hypertrophy in NHP

the diagnosis of LVH. To obtain this measure, each macaque heart
was sectioned transversely midway between the apex and the
base, and the diameters of the left ventricle and its lumen were
measured (Figure 1). Similar measurements were taken from 132
(male, 50; female, 82) normal control macaques, in which the O:1
ratio (mean £ 1 SD) was calculated to be 2.0 £ 0.3. Therefore an O:1
ratio greater than 3 was considered to conservatively constitute
LVH, given that this measure was more than 2 SD above the mean
for the controls. In addition, in a preliminary effort to gather more
data, a small cohort of 18 macaques—9 with LVH, including both
animals that had died suddenly and those in which LVH was an
incidental diagnosis at scheduled necropsy, and 9 controls, under-
went more comprehensive evaluation. In this subset, the O:I ratio
was measured and calculated as previously described (Figure 1),
and then the thicknesses of the left and right ventricular free walls
and the interventricular septum in the same plane of section were
measured.

Routine histopathology performed on 85% of the cases of LVH
included examination of the left ventricle, septum, and right ven-
tricle, as well as atrioventricular, aortic, and pulmonary valves.
However, standard histopathologic examination of our LVH
cases revealed no overt lesions matching those associated with
HCM. Therefore, in a preliminary effort to more fully characterize
the histopathology of this condition, formalin-fixed hearts from
3 macaques with severe LVH who had died suddenly and 3
age-matched controls were serially sectioned transversely
through both left and right ventricles, and alternating sections
were stained with hematoxylin and eosin, Masson trichrome,
and an immunohistochemical stain for Ki67, a marker of cell
proliferation.

Results

During the period of January 1992 through May 2014, 162 cases
(female, 90; male, 72) in rhesus macaques were identified as LVH
at the time of necropsy. Diagnoses of right ventricular hypertro-
phy or generalized hypertrophy were rare (4 macaques in total)
and were not included. Although sporadic cases were diagnosed
as early as 1983, LVH has been diagnosed much more frequently
since 1992. Of the total number of necropsies conducted from
1992 through 2014, LVH was diagnosed in 1.30% of the female
macaques and 1.28% of the male animals. Figure 2 illustrates a
pedigree assembled by using 8 generations of animal records;
this is the largest of 4 family pedigrees. Some sires and dams have
produced multiple offspring that were affected by LVH. In addi-
tion, 1 female and 12 male macaques (not shown) have produced
2 or more affected offspring, and 3 of the male macaques each has
sired 3 or 4 affected offspring.

Sudden death. Of the macaques diagnosed with LVH, 74 (46%)
died spontaneously without evidence of any other life-threaten-
ing lesions (hereafter referred to as sudden death), whereas 88
(54%) were diagnosed after euthanasia for a scheduled necropsy.
Of the 74 cases of sudden death, 39 were female and 35 male.
When the ratio of males to females in the rhesus colony was con-
sidered, the estimated prevalence of sudden death was 0.06% in
the female population and 0.09% in the male population () test,
P =0.13). Of the 74 macaques that died suddenly, 41 (55%) had
a history of a precipitating event that might have increased their
risk for sudden death in the face of cardiac insufficiency. Specifi-
cally, 14 macaques had received sedation just prior to death, and
the remaining 27 macaques had indications (that is, characteristic

163



Vol 66, No 2
Comparative Medicine
April 2016

Figure 1. Standardized assessment of ventricular thickness and lumen
diameter involved a cross-section of the heart midway between the apex
and the base and determined O (the external diameter of the left ventri-
cle) and I (the internal diameter). An O:I ratio greater than 3 supported
a diagnosis of left ventricular hypertrophy.

vy

Figure 2. Pedigree of rhesus macaques with known left ventricular hy-
pertrophy. For simplicity, only macaques directly involved in the trans-
mission of the disease phenotype to the probands are displayed; many
more unaffected macaques, including close and distant relatives, have
been omitted from the pedigree. Open squares and circles represent un-
affected male and female macaques, respectively; shaded squares and
circles represent affected male and female macaques (or probands), re-
spectively. Dots indicate carriers, but their absence does not necessarily
indicate that the subject is not a carrier. Generations are labeled in Ro-
man numerals, whereas subjects within each generation are indicated in
Arabic numerals.

musculocutaneous trauma) of aggressive behavior directed
against them by other animals. Although macaques that died of
sudden death ranged in age from a few weeks to older than 20
y, the largest number of cases occurred during early adulthood
(mean age, 6.1 y). When sex was taken into account, the mean age
at death was 7.2 y for females and 5.2 y for males; this sex-related
difference was not statistically significant (unpaired ¢ test, P =
0.13). However, the age distribution of the male and female ani-
mal populations within the colony differs quite markedly. Once
this distribution was considered in context with the numbers of
female and male sudden deaths by age group (0to3y,3to 6y, 6
to 9y, 9 to 12y, and older than 12 y), the number of sudden deaths
in the 6- to 9 y-old group was greater for male macaques than
female macaques (y* test: 6 to 9y, P =0.0014;0to 3y, P=0.77; 3 to
6y,P=021;9to12y, P =0.43; older than 12y, P = 0.32).

Gross pathology. The position of the heart in the chests of ma-
caques with LVH varied from a perpendicular diaphragmatic ori-
entation to left deviation of the apex. Cardiac shape ranged from
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unaltered to elongated oval, and the hypertrophic left ventricle
was markedly firm on palpation. On transverse section midway
between apex and base, hearts with LVH showed circumferen-
tial thickening of the left ventricle with accompanying severe de-
crease in lumen size (Figure 3). Some cases showed hypertrophy
of left ventricular papillary muscle, which has been suggested
to represent either a subtype or early form of cardiac hypertro-
phy.** No other structural abnormalities in the cardiac valves
or great blood vessels were identified. In macaques from which
measurements were obtained, a ratio of the ventricular diameter
to luminal diameter (O:I ratio) that exceeded 3, together with ob-
servations at gross necropsy, was used to support the diagnosis of
LVH. When a subgroup comprising 9 macaques with LVH and 9
controls was examined in detail, the left ventricular free wall and
interventricular septum were found to be significantly thicker in
the macaques with LVH, but the thickness of the right ventricular
free wall did not differ between the 2 groups (unpaired ¢ test: left
ventricle, P = 0.0003; septum, P = 0.0002; right ventricle, P = 0.61).
This finding correlated with a significant difference in the O:I ra-
tio between LVH-diagnosed and control macaques (unpaired ¢
test, P = 0.016; Figure 4).

Histopathology. Because routine histologic analysis of limited
sections of the hearts of macaques with LVH revealed none of the
changes typically reported in human cases of HCM, we examined
in detail the hearts from 3 macaques with severe LVH that had
died suddenly and 3 hearts from age-matched controls. In both
LVH and control animals, serial sectioning of the heart demon-
strated myocytes in close apposition, with myocyte profiles rang-
ing from longitudinal to oblique and transverse. Although control
animals had mild to moderate anisokaryosis, karyomegaly was
prevalent and severe in the most severe cases of LVH. In addition,
in extensive regions throughout the free wall of the left ventricle
and the interventricular septum in LVH hearts, myocytes with an
increased diameter were interspersed among smaller diameter
fibers (Figure 5). Myocytes appeared to be viable, with cytoplasm
striated by myofibrils and regularly spaced intercalated discs;
there was no evidence of hypercontraction resulting in necrosis
(contraction band necrosis). Neither control macaques nor those
with LVH showed positive nuclear immunostaining for Ki67, a
marker of cell proliferation, in cardiac myocytes. Myocardial in-
terstitium was typically scant and inconspicuous in the hearts of
both LVH and control macaques. Trichrome staining to highlight
collagen did not demonstrate increased fibrosis or expansion of
the interstitial matrix in the macaques with LVH, nor did it dem-
onstrate areas of myocardial tissue loss and collapse. Examination
of representative sections of the main organs of macaques that
died revealed no lesions in other organ systems (for example,
lungs) that indicated any degree of cardiac failure or hyperten-
sion prior to death.

Discussion

The current study is the first to report a large cohort of cases
of LVH in rhesus macaques that presents as a pathologic entity
resembling HCM. As in HCM, the primary lesion in LVH is left
ventricular hypertrophy that often goes undetected until nec-
ropsy and that is associated with a substantial percentage of cases
presenting as sudden death most likely related to cardiac insuf-
ficiency under stress.

In humans, HCM can be macroscopically symmetrical or asym-
metric, with the symmetrical form accounting for approximately
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Figure 3. (A) A cross-section of the heart from a rhesus macaque diagnosed with left ventricular hypertrophy, where the left ventricle is concentrically
thickened and the lumen markedly reduced such that it is difficult to identify, is compared with (B) that of an-age matched control, where the thickness
of the left ventricular wall and the diameter of the lumen are considered to be within normal limits. Bar, 1 cm.

42% of cases. Both forms occasionally (17% of cases) show right
ventricular involvement.® The classic lesions associated with
HCM involve thickening of the basal anterior interventricular
septum, which bulges beneath the aortic valve and causes nar-
rowing of the left ventricular outflow tract.*® As a result, on cross
section, the ventricular cavity loses its usual ovoid shape and may
be compressed into a banana-like configuration. However, HCM
is now understood as primarily a nonobstructive disease, and
75% of patients have no sizable resting out-flow tract gradient.”
In macaques with LVH, myocardial hypertrophy was symmetri-
cal, with notable thickening of both left ventricular free wall and
interventricular septum and with occasionally prominent papil-
lary muscle hypertrophy. These changes were accompanied by a
correspondingly marked decrease in the size of the ventricular lu-
men but no obstruction of the ventricular outflow tract. Although
originally the gross description of thickened left ventricle was
subjective, only cases with clear-cut hypertrophy were chosen
for the current cohort (Figure 3). In addition, since 2007, we have
gradually standardized the approach to examining the heart at
gross necropsy, incorporating the O:I ratio of the left ventricle
to support the diagnosis and prospectively, with more data, to
detect cases of mild to moderate LVH in early stages of disease
progression. Detailed data from a small cohort of 9 cases of LVH
(Figure 4) demonstrated that the thicknesses of the left ventricular
free wall and interventricular septum are increased significantly
in these cases, supporting the use of the O:I ratio in the diagnosis
of LVH (Figure 1).

The histologic lesion most often associated with HCM in hu-
mans is disorganization of the myocardial architecture in the
left ventricle. Hypertrophied cardiac myocytes have bizarre
shapes, vary in size and shape, and form multiple intercellular
connections often arranged in chaotic alignment at oblique and
perpendicular angles, producing a herringbone or pinwheel
pattern.##4 This disarray is accompanied by expansion of the
interstitial collagen compartment,* and collagen fibrils can be
widely distributed, occupying a substantial portion of the left
ventricular wall (average, 33%). Within myocytes, the myofibril-
lar architecture is disorganized, and nuclei may be bizarre; these
changes are reported to be more extensive in young patients who
die of their disease.**” Myocyte disarray, however, is not pathog-
nomonic for HCM and can occur in the face of an array of other

heart diseases, including syndromes where left ventricular hyper-
trophy is a feature (Noonan syndrome and Friedreich’s ataxia),
and in congenital heart disease. Another reported feature of HCM
is small-vessel disease characterized by intramural coronary ar-
teries narrowed by medial hypertrophy. The clinical significance
of this lesion is uncertain, but small-vessel disease may contribute
to myocardial ischemia in some patients.?*

Our macaques demonstrated relatively subtle histologic le-
sions characterized predominantly by an increased prevalence
of karyomegaly and of regions where myocytes with an en-
larged diameter were interspersed between smaller myocytes.
We did not note any myocyte disarray or interstitial fibrosis, nor
did we see medial hypertrophy in intramural coronary arter-
ies. We performed detailed examinations of 3 macaques with
LVH, including evaluating numerous histologic sections and
carefully comparing LVH macaques with 3 control animals, be-
fore we were confident in diagnosing subtle histologic lesions.
The disorganized myocyte architecture and expanded collag-
enous matrix have been suggested to predispose subjects to the
generation of arrhythmias, life-threatening electrical instability,
and sudden death.?® However, inconsistencies between these
reported histologic lesions and sudden death exist. Indeed,
these lesions do not develop in our macaques, yet sudden death
remains the primary clinical presentation. In humans, disor-
ganized myocardial architecture is not confined to the regions
of the left ventricle that exhibit maximal hypertrophy but can
occur in regions with normal to mild thickening.* This pattern
challenges the theory that the degree of hypertrophy is related
to the degree of architectural disorganization, which, in turn,
is related to clinical outcome; these findings further suggest
that rhesus macaques with LVH may be useful in unraveling
these associations, where hypertrophy is seen in the absence of
overt architectural disorganization or clear vascular changes.
None of the animals in the current study population provided
any evidence of pericardial, hypertensive, congenital, valvular
or ischemic disease which might have resulted in secondary
myocardial hypertrophy; we therefore were left to conclude that
myocardial hypertrophy was indeed primary.

Most human patients with HCM have few (if any) symptoms,
and the diagnosis is usually made during family screening or in-
cidentally, as occurs in the majority of LVH cases identified in our
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Figure 4. Heart measurements from 9 rhesus macaques with LVH, including animals that died suddenly and animals with an incidental diagnosis of
LVH at necropsy, and 9 control animals. All measurements were taken in the same transverse plane of section of the heart. (A) The left ventricular free
wall and the interventricular septum were significantly (*, P < 0.05) thicker in the macaques with LVH compared with controls, whereas the thickness of
the right ventricle did not differ between the groups. (B) The Tukey plot of these same populations shows that the O:I ratio was significantly increased

in the macaques with LVH. The arrowhead denotes an outlier.

colony. If symptoms do develop, the clinical course for patients
with HCM can progress along several discrete pathways: sudden
death, congestive heart failure, and atrial fibrillation (possibly
with thrombosis and stroke). However, predicting which pathway
disease might take in any patient or which subjects might remain
symptom-free is not yet possible. In our colony, the only clinical
presentation identified to date is sudden death, with the diagno-
sis of LVH made at necropsy and according to the appearance of
the heart and the lack of evidence of other causes of morbidity or
mortality. In humans, sudden death is the most devastating and
unpredictable consequence of HCM, predominantly occurring in
young adults, in whom sudden death can be the initial manifes-
tation of HCM with no or mild prior symptoms.? Most people
who inherit a disease-causing mutation demonstrate HCM by
early adulthood, with substantial remodeling of the left ventricle,
with the development of left ventricular hypertrophy typically
occurring with accelerated body growth during adolescence, and
with increased risk of sudden death possibly coinciding with the
pubertal growth phase.?*® Patients with extreme hypertrophy
appear to be at greatest risk of sudden death,* and although not
all cases are associated with vigorous physical exertion, HCM is
the most common cause of sudden death in competitive athletes
in the United States.”

As in humans with HCM,* our macaques with LVH showed
no significant difference in the overall incidence of sudden
death between males and females. When age was taken into
consideration, male macaques in the 6- to 9-y age group had
a significantly increased risk of sudden death when compared
with females of the same age. However, the male macaques in
this age group might be particularly physically active and com-
peting for position within the colony hierarchy. Consequently,
the apparent male sex predilection for sudden death in this age
group in our colony might be related to social and behavioral
influences that make these macaques similar to competitive ath-
letes. HCM has increasingly been identified in children prior to
puberty,®* and although the causes appear to be more diverse
than genetics alone, the gross lesions in these pediatric cases
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resemble the HCM of adult humans. Genetic mutations in genes
routinely screened in adults with HCM account for approxi-
mately half of all cases of childhood-onset HCM.*®* Syndromic
and metabolic causes may account for most of the remaining
cases. Similarly, LVH at the California National Primate Re-
search Center has been diagnosed in several macaques prior to
puberty and even in some that were younger than 1y of age.
Whether the pathogenesis of disease in this prepubertal, 0- to
3-y age group is similar to or different from that in the older
animals remains to be investigated.

The pathogenesis of sudden death is thought to be ventricu-
lar arrhythmias (tachycardia and ventricular fibrillation), as sug-
gested by evidence gathered from implantable defibrillators in
patients with HCM,* and the unstable electrophysiologic en-
vironment has been proposed to arise in response to the classic
HCM histopathology (myocyte disarray and myocardial fibro-
sis) or to possible vascular lesions.” However, this relationship is
tenuous and inconsistent,** rendering it controversial, because
few rigorous studies have documented a positive correlation be-
tween myocyte disarray or coronary vascular disease and sudden
death. In addition, data from a mouse model of HCM dissociate
myocyte disarray and fibrosis from increased susceptibility to
arrhythmia,® instead suggesting that disruption of sarcoplasmic
reticulum Ca** homeostasis is an important early event and com-
mon pathway in the pathogenesis of HCM. L-type Ca** channel
inhibitors, which restore the endoplasmic reticular stores of cal-
cium, significantly reduced the incidence of ventricular hyper-
trophy in a mouse model of HCM* and have been used to treat
HCM in humans. The fact that LVH occurs in the absence of myo-
cyte disarray and fibrosis may make the naturally occurring LVH
in rhesus macaques a useful model in which to study ventricular
hypertrophy uncomplicated by these changes, particularly the
correlation between cardiac myocyte hypertrophy and sudden
death.

A genetic basis for HCM in humans was established after the
first genetic linkage study in a French Canadian family in 1989.'¢
Although the majority of genes identified encode proteins in
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free wall of (A) a macaque diagnosed with severe left veﬁtricular hypertrophy after suddén death

and (B) an age-matched control. The section from the macaque with severe left ventricular hypertrophy demonstrates karyomegaly and hypertrophied
myocytes (arrows) interspersed among those within normal limits. Hematoxylin and eosin stain; bar, 50 pm.

the cardiac sarcomere, the number of mutations implicated is
confounding and has proved to be of little prognostic impor-
tance.” Disease expression varies not only between unrelated
persons but also between members of the same family, suggest-
ing that HCM is a complex inherited trait whose phenotype is
influenced by other modifier genes and environmental factors.
A role for genetic modifiers in hypertrophic response to the Ar-
g403GIn missense mutation in the cardiac myosin heavy chain
has been demonstrated in a mouse model bred onto different ge-
netic backgrounds.* In our current cohort of macaques, several
sires had multiple affected offspring, suggesting that LVH may
be genetically transmitted within this colony. Further inspection
of the pedigrees of 108 probands has suggested that the preva-
lence of LVH in this colony is dominated by founder effects, al-
though currently there is no compelling support for a dominant
mode of inheritance."” Figure 2 illustrates a pedigree assembled
based on 8 generations of animal records; this is the largest of 4
family pedigrees that have been assembled from these records.
The lack of a sufficient number of siblings with a parent diag-
nosed with LVH has so far precluded further analysis to test the
mode of inheritance.

One of the major challenges to developing macaque LVH as
a model of HCM is the identification of animals with LVH prior
to observations by a pathologist. In humans, unexplained thick-
ening of the left ventricular wall in 2-dimensional echocardiog-
raphy is generally sufficient to make the diagnosis; therefore a
targeted ultrasound screening program to identify animals with
LVH, which we have begun, will allow prospective monitoring
of new cases. With the identification of more probands, pedigree
analyses will facilitate studies in captive rhesus macaques espe-
cially with the availability of large numbers of half-sibs, detailed
colony records, and genetic material from 8 or more generations
for phenotypic scoring and genotypic sampling. In addition, this
detailed pedigree information can be used to manipulate the
colony mating structure to minimize inbreeding and maximize
the genetic contribution from all founders to their descendants.”
Furthermore, biomarkers may prove informative for identifying
macaques earlier in the disease process and may assist selective
breeding programs for maintaining LVH pedigrees as a useful

model for elucidating the genetic mechanism of the disease. In
humans, norepinephrine, atrial natriuretic peptide, and B-type
natriuretic peptide have been proposed as biomarkers for HCM,*
and in cats, B-type natriuretic peptide is highly sensitive in detect-
ing severe HCM."?

Over the past 30 y, the study of HCM has shifted its perception
from that of a rare disease of the young to an increasingly diverse
disease with variable clinical expression and natural history. The
genetic, pathologic, and clinical heterogeneity that is the hallmark
of HCM makes its diagnosis and treatment a major challenge. As
we have described here, the naturally occurring LVH in rhesus
macaques (which includes sudden death as a clinical presentation),
if developed as a model of HCM, could be important in advancing
our understanding of HCM as a cause of sudden death in young
adults. One of the apparent differences between HCM and LVH
is the absence of histologic changes, including myocyte disarray
and fibrosis, in macaque LVH. This difference, however, may per-
mit evaluation of the condition without the complicating presence
of—and associated debate regarding—these features, possibly al-
lowing the uncoupling of histologic changes from other features of
this condition, perhaps at a cellular biochemical level. Furthermore,
developing the capacity to identify a population of LVH-affected
macaques antemortem could provide the means for investigating
both the pathophysiology and potential treatment of this multifac-
eted disease, both of which may have application to HCM.
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