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Objective—To assess morphologic and metabolic
abnormalities in dogs with early left ventricular dys-
function (ELVD) induced by rapid right ventricular pac-
ing (RRVP).

Animals—7 Beagles.

Procedure—Plasma carnitine concentrations were
measured before and after development of ELVD
induced by RRVP. At the same times, transvenous
endomyocardial biopsy was performed, and speci-
mens were submitted for determination of myocar-
dial carnitine concentrations and histologic, morpho-
metric, and ultrastructural examination.

Results—In 4 dogs in which baseline plasma total car-
nitine concentration was normal, RRVP induced a
decrease in myocardial total and free carnitine concen-
trations and an increase in myocardial esterified carni-
tine concentration. In 3 dogs in which baseline plasma
total carnitine concentration was low, plasma and
myocardial carnitine concentrations were unchanged
after pacing. Structural changes associated with pacing
included perinuclear vacuolization in 3 dogs.
Morphometric analyses indicated there was a decrease
in myofiber cross-sectional diameter and area following
pacing. Electron microscopy revealed changes in
myofibrils and mitochondria following pacing.

Conclusions and Clinical Relevance—Results indi-
cated that moderate to severe alterations in myocyte
cytoarchitecture are present in dogs with ELVD
induced by RRVP and that in dogs with normal plas-
ma carnitine concentrations, myocardial carnitine
deficiency may be a biochemical marker of ELVD.
Results also indicated that transvenous endomyocar-
dial biopsy can be used to evaluate biochemical and
structural myocardial changes in dogs with cardiac
disease. (Am J Vet Res 2001,62:889-894)

ilated cardiomyopathy (DCM) is a chronic
myocardial disease characterized by a progressive
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decrease in myocardial contractility and a progressive
increase in chamber size.'* Since the advent of echocar-
diography, clinical signs of congestive heart failure
associated with low fractional shortening and dilata-
tion of the cardiac chambers in the absence of other
detectable heart diseases has been considered diagnos-
tic of symptomatic DCM in dogs.' Dilated cardiomy-
opathy is sometimes detected at an early stage in dogs
that do not have any clinical signs of heart failure but
do have cardiac arrhythmias, gallop sounds, or
echocardiographic abnormalities such as mild left ven-
tricular systolic dysfunction and mild left ventricular
dilatation. Diagnosis of this occult phase of DCM
remains difficult, however, because of the overlap
between echocardiographic results in healthy dogs and
dogs with occult DCM.?

Rapid right ventricular pacing (RRVP) is an estab-
lished method of inducing progressive cardiac dys-
function that mimics spontaneous DCM. The hemody-
namic, neurohormonal, structural, and metabolic
abnormalities associated with overt congestive heart
failure induced by RRVP in pigs, dogs, and rabbits have
been well described.””” Recently, hemodynamic, renal,
and neurohormonal abnormalities in dogs with early
left ventricular dysfunction (ELVD) induced by RRVP
have been reported.*” However, little is known about
structural and metabolic alterations in such dogs. The
purpose of the study reported here, therefore, was to
assess morphologic and metabolic abnormalities in
dogs with ELVD induced by RRVP.

Materials and Methods

Dogs—Seven male purebred Beagles weighing 13 to 19
kg and between 4 and 5 years old were used in the study.
Dogs were housed under standard conditions, fed mainte-
nance dry dog food* once daily, and given free access to water.
The experimental protocol was approved by the National
Institutional Animal Care and Use Committee.

Experimental model—Dogs were anesthetized, and a
bipolar pacemaker lead! was surgically inserted in the right
jugular vein and advanced to the right ventricular apex under
fluoroscopic guidance. The lead was connected to a mutipro-
grammable pulse generator® that was inserted into a small
subcutaneous pocket created in the cervical region. Dogs
were allowed to recover for 14 to 21 days after pacemaker
implantation.

Progressive cardiac dysfunction was induced by means
of RRVP. A heart rate of 180 beats/min was maintained for the
first 10 days; a rate of 215 beats/min was then maintained for
the next 7 to 15 days.
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Clinical evaluations—The dogs were examined just prior
to activation of the pacemaker and every 3 to 4 days afterward
to assess the progression of experimentally induced heart dis-
ease. Evaluations consisted of a standard physical examina-
tion, ECG, thoracic radiography, and Doppler echocardiogra-
phy. Pacemakers were turned off when echocardiographic
examination revealed fractional shortening < 28% in associa-
tion with a > 10% increase in left ventricular end diastolic
diameter, compared with each dog’s baseline values. Results of
these evaluations are published elsewhere."

Evaluation of plasma carnitine concentrations—
Heparinized venous blood samples were obtained at the
beginning (baseline) and end of the pacing period. Samples
were immediately centrifuged for 15 minutes at 1,500 X g at
4 C. Plasma was harvested and stored at —20 C until analyzed
for total and free carnitine concentrations, using a radioen-
zymatic method." Dogs were assigned to 1 of 2 groups on the
basis of baseline total plasma carnitine concentration. Group-
1 dogs had baseline total plasma carnitine concentrations >
12 pmol/L, which is the lower limit of the published refer-
ence range for dogs.” Group-2 dogs had baseline total plas-
ma carnitine concentrations < 12 pmol/L.

Endomyocardial biopsy—Myocardial samples for
microscopic and biochemical analyses were obtained from
the right interventricular septum by use of a modified trans-
venous endomyocardial biopsy technique, as described.”
Specimens were taken from each dog twice: before implanta-
tion of the pacemaker and at the end of the pacing period, 1
hour after deactivation of the pacemaker. Disposable
endomyocardial biopsy forceps’ were used. During each pro-
cedure, 7 endomyocardial biopsy specimens, each weighing
approximately 2 to 5 mg, were obtained.

Tissue specimens for evaluation of myocardial carnitine
concentration were blotted dry and immediately frozen in
liquid nitrogen. Myocardial carnitine concentration was mea-
sured by use of a radioenzymatic method specially adapted
for endomyocardial biopsy specimens that quantitates total
carnitine, free carnitine, and esterified carnitine concentra-
tions, with reported values indexed to the amount of noncol-
lagen protein in each sample.”

Endomyocardial biopsy specimens intended for light
microscopy were preserved in buffered 10% formaldehyde,
embedded in paraffin, and sectioned. Four-millimeter-thick
sections were cut from the paraffin blocks, mounted on glass
slides, and stained with H&E or periodic acid-Schiff stain.

Qualitative and quantitative analyses of muscle fibers and
nuclei were performed. Morphometric measurements were
made with a computerized operator-assisted device® at 600X
magnification by a single individual who did not know
whether specimens had been obtained before or after pacing.
Fiber diameter was measured as the shortest diameter of
cross and oblique sections at the level of the nuclei. Fiber and
nucleus areas were measured by use of computerized
planimetry; transverse sections of the fibers at the level of the
nuclei were selected.

Specimens for electron microscopy were fixed in
Millouig 4% phosphate-buffered glutaraldehyde at pH 7 for
24 hours, postfixed for 1 hour in 1% aqueous osmium tetrox-
ide, and embedded in resin. Sections were cut at a thickness
of 1 um, stained with toluidine blue, and examined at a mag-
nification of 100X to select areas where myofibers were ori-
ented in a longitudinal direction. The selected blocks were
used to obtain thin sections for electron microscopy. Three
grids each containing 3 thin sections were prepared from
each block. Thin sections were stained with uranyl acetate
and lead citrate and examined. Areas of the tissue blocks
where myofibers were oriented in a longitudinal direction
were selected. Representative sections of each block were
photographed at 2 calibrated magnifications of 8,000X and
25,000X for analysis.

Statistical analyses—Data were expressed as mean =+
SD. Baseline values of 32 Doppler- echocardiographic vari-
ables" and of histologic variables (fiber diameter and area,
nucleus area, and nucleus-to-fiber area) were compared
between group-1 and group-2 dogs by use of Student t-tests
for unpaired comparisons. The duration of different stages of
ELVD" was also compared between group-1 and group-2
dogs, using the Student t-test for unpaired comparisons.

Histologic differences obtained before and after pacing
were compared by use of Student t-tests for paired compar-
isons. Plasma and myocardial carnitine concentrations were
analyzed by means of repeated-measures ANOVA, using a 2
X 2 factorial design." The first factor related to baseline total
plasma carnitine concentration (group 1 or 2); the second
factor related to plasma and myocardial total, free, and ester-
ified carnitine concentrations before and after pacing. For all
analyses, values of P < 0.05 were considered significant.

Results
Clinical evaluations—All dogs were clinically
normal prior to the pacing period. Mean = SD duration

Table 1—Plasma and myocardial carnitine concentrations in 7 dogs before and after
induction of early left ventricular dysfunction by rapid right ventricular pacing

Group 1 Group 2
Variable Before After Before After
Plasma carnitine concentration (umol/L)
Total 29.52 = 10.28 24.85 + 4.82 6.37 = 0.75* 6.87 = 1.65
Free 26.90 = 7.68 21.95 = 5.00 5.07 = 0.61* 553 = 1.85
Esterified 2.62 = 2.65 290 = 1.85 1.30 = 0.26 1.33 = 0.21
Esterified-to-free 0.08 = 0.07 0.14 = 0.10 0.27 = 0.1t 0.26 = 0.05
Myocardial carnitine concentration (nmol/mg of NCP)
Total 5.06 = 1.30 3.50 + 0.63% 1.60 = 0.49* 1.40 * 0.5
Free 460 + 1.39 2.49 + 065§ 114 = 042 0.81 + 0.44
Esterified 0.48 = 0.21 1.01 = 0.118 0.46 = 0.07 0.58 = 0.16
Esterified-to-free 0.09 = 0.07 0.43 = 0.138 0.44 + 0.13* 0.79 = 0.28

Group 1 consisted of 4 dogs with normal plasma total carnitine concentrations before pacing. Group
2 consisted of 3 dogs with low plasma total carnitine concentrations before pacing.

*Significantly (P < 0.01) different from value for group-1 dogs. tSignificantly (P < 0.05) different from
value for group-1 dogs. 1Significantly (P < 0.05) different from value obtained before pacing.
§Significantly (P < 0.01) different from value obtained before pacing.

NCP = Noncollagen protein.
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of pacing was 19 + 2.7 days. Mean duration of pacing
for the 4 group-1 dogs (ie, dogs for which baseline total
plasma carnitine concentration was normal) was not
significantly (P = 0.38) different from that for the 3

Table 2—Morphometric histologic data for 5 dogs before and
after induction of early left ventricular dysfunction by rapid right
ventricular pacing

Variable Before After
Fiber diameter (um) 208 = 2.1 17.7 £1.9%
Fiber area (u’m) 57.3 = 8.1 42.8 + 12.6*
Nucleus area (u’m) 34+03 29 =031
Nucleus-to-fiber area 0.064 = 0.01 0.073 = 0.01

*Significantly (P < 0.01) different from value obtained before pacing.
tSignificantly (P < 0.05) different from value obtained before pacing.

e

Figure 1—Transmission electron photomicrographs of longitudinal sections of myocardial cells from a dog before (left) and after (right)

group-2 dogs (ie, dogs for which baseline total plasma
carnitine concentration was low). During the pacing
period, no signs of overt congestive heart failure such
as lethargy, inappetence, increased body weight,
ascites, or dyspnea were detected. No electrocardio-
graphic or radiographic signs of cardiac enlargement
were observed during the pacing period. At the end of
the pacing period, a moderate systolic left apical mur-
mur was heard in 1 dog, monomorphic isolated left
ventricular premature beats at a mean frequency of 10
beats/min were detected in another dog, and a pul-
monary interstitial pattern was observed in a third dog.
evaluations—

Doppler  echocardiographic

Baseline preejection period of the left ventricle was sig-
nificantly (P < 0.01) shorter in group-1 (52 + 3 ms)

A

induction of early left ventricular dysfunction by rapid right ventricular pacing. Notice that before pacing, myofibrillar bundles occupied
much of the myocyte volume and mitochondria filled spaces between myofibrils, whereas after pacing, a decrease in myofibrillar con-
tent was observed, as well as vacuolization of mitochondria. Bar = 1.25 um.

(RN

Figure 2—Transmission electron photomicrograph of longitudinal sections of myocardial cells from a dog before (left) and after (right)
induction of early left ventricular dysfunction by rapid right ventricular pacing. Notice that before pacing, a regular array of thick and
thin myofilaments and Z-lines was apparent, whereas after pacing, thickening and irregularities of the Z-lines, sarcomere disruption,
and loss of the myofibrils lateral register were observed. Bar = 0.4 um.
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than in group-2 (63 + 3 ms) dogs. Baseline peak veloc-
ity of the mitral A wave was significantly (P < 0.05)
higher in group-1 (0.49 + 0.02 m/s) than in group-2
(0.35 + 0.04 m/s) dogs. For the 27 other echocardio-
graphic variables that were measured, significant dif-
ferences were not found between groups.

Carnitine metabolism—In group-1 dogs, RRVP
induced significant decreases in myocardial total and
free carnitine concentrations and significant increases
in myocardial esterified carnitine concentration and in
the esterified-to-free carnitine concentration ratio.
However, plasma total, free, and esterified carnitine
concentrations were unchanged (Table 1). In group-2
dogs, RRVP did not induce any significant changes in
plasma and myocardial carnitine concentrations. A sig-
nificant interaction between the effect of group and the
effect of RRVP was observed for myocardial total (P =
0.05), free (P = 0.03), and esterified (P = 0.01) carni-
tine concentrations.

Light microscopic findings—Before the pacing
period, no relationship between fiber diameter, fiber
area, nucleus area, or nucleus-to-fiber area and groups of
dogs was found. Because of the small size of some spec-
imens, light microscopy was performed on specimens
from only 5 of the 7 dogs. Heterogeneity of myofiber
size, atrophic myofibers, angular myofibers, and hyper-
contraction bands were sometimes observed in speci-
mens obtained before or after pacing. Perinuclear vac-
uolization was observed in 3 dogs after pacing.

For determination of the shortest myofiber diame-
ter, a mean of 50 (SD, 6) cells was analyzed. For deter-
mination of myofiber and nuclear areas, a mean of 25
(SD, 6) cells was analyzed. Baseline shortest myofiber
diameter, myofiber area, and nuclear area were similar
in the 2 groups (P = 0.66, 0.83, and 0.12, respectively).
Pacing induced significant decreases in mean shortest
myofiber diameter, myofiber area, and nuclear area,
but the ratio of nuclear area to myofiber area was
unchanged (Table 2).

Electron microscopic findings—Changes in the
myofibrils and mitochondria were the most consistent
effects of RRVP. Before pacing, myofibril bundles occu-
pied much of the myocyte volume, and mitochondria
filled spaces between myofibrils (Fig 1). The mito-
chondria were dense with evenly distributed cristae.
After pacing, myofibril content was decreased, and
areas of cytoplasm free of myofibrils and mitochondria
were observed. The mitochondria appeared abnormal;
cristae were disrupted, leading to intramitochondrial
vacuoles. Similarly, before pacing, a regular array of
thick and thin myofilaments and Z-lines were apparent
(Fig 2). After pacing, frequent thickenings and irregu-
larities of the Z-lines, sarcomere disruption, and loss of
the myofibrils’ lateral register were observed. Many, but
not all, cardiac muscle cells also had an enlarged per-
inuclear region containing giant lipid droplets, lyso-
somes, or cytoplasm with polyribosomes, rough sar-
coplasmic reticulum, and Golgi apparatus. Moderate
vacuolization of the smooth sarcoplasmic reticulum
was sometimes observed.

Discussion

In the present study, RRVP induced a decrease in
left ventricular fractional shortening associated with
left ventricular dilatation. These alterations mimic
echocardiographic changes observed in dogs with
spontaneous DCM.' The method used in this study
did not induce any relevant clinical signs of overt
congestive heart failure. Therefore, this protocol of
RRVP induced an early stage of cardiac dysfunction
that mimics the occult stage of spontaneous DCM in
dogs.

In the past, alterations in myocardial metabolism
and structure have most often been investigated in
patients with end-stage heart failure. Since the advent
of techniques for transvenous endomyocardial biopsy"
and of micromethods for biochemical analyses," bio-
chemical and structural changes can now be investi-
gated during early stages of cardiac dysfunction as well
as serially during the course of the disease.

In the present study, metabolic and structural
alterations of ELVD induced by RRVP were evaluated
by examining transvenous endomyocardial biopsy
specimens from the right interventricular septum. The
advantage of this technique is that sampling can be
repeated several times on the same dog. Disadvantages
are that biopsy specimens can be obtained from only a
single site and that the specimens that are obtained are
small. Results of this study, however, indicate that
despite these drawbacks, transvenous endomyocardial
biopsy can be used to evaluate biochemical and struc-
tural myocardial changes, with results comparable to
those reported in previous studies, in which more inva-
sive techniques such as transmural biopsy or dissec-
tion of the whole heart were used.””

Surprisingly, in the present study, baseline plasma
and myocardial total carnitine concentrations were less
than the lower limit of the reference range in 3 of the 7
dogs." This systemic carnitine deficiency was not asso-
ciated with obvious clinical, functional, structural, or
ultrastructural signs of cardiac dysfunction. Moreover,
only 2 of 32 echocardiographic variables were signifi-
cantly different between the 2 groups of dogs. The
cause of this systemic carnitine deficiency was not
investigated. However, a genetic predisposition cannot
be excluded, because 2 of the 3 dogs were brothers. All
dogs were fed with the same relatively carnitine-poor
dog food before and during the study."

In the 3 dogs in the present study with systemic
carnitine deficiency, RRVP did not induce any signifi-
cant changes in plasma or myocardial carnitine con-
centrations. In the 4 dogs in which baseline plasma
and myocardial carnitine concentrations were normal,
however, RRVP induced significant decreases in
myocardial total and free carnitine concentrations and
significant increases in myocardial esterified carnitine
concentration. As a result, the myocardial total carni-
tine concentration was less than the lower limit of the
reference range, and the myocardial esterified-to-free
carnitine concentration ratio was > 0.15. Decreased
myocardial carnitine concentrations have previously
been reported in conjunction with congestive heart
failure induced by the same method,” making it now
clear that carnitine deficiency occurs early in the
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course of pacing-induced cardiac dysfunction, rather
than simply as a result of end-stage heart failure.

An increase in myocardial concentrations of carni-
tine esters has already been observed in animals with
experimentally induced myocardial ischemia, in human
patients with spontaneous myocardial ischemia, and in
human patients with chronic heart failure undergoing
valve replacement.”"” On the other hand, no significant
change in the myocardial free-to-total carnitine ratio was
observed in patients with heart failure of different ori-
gins,'®" and similar decreases in total, free, and esterified
myocardial carnitine concentrations were found in dogs
with congestive heart failure induced by RRVP’
Therefore, it seems that the metabolic response to car-
diac dysfunction may depend on the origin or severity of
cardiac disease. The accumulation of carnitine esters
observed in the present study could be explained by an
imbalance between the high energetic requirements of
the rapidly paced myocardium and the limited capabili-
ties of lipid B oxidation.'""

No change in plasma carnitine concentration was
observed in the present study. This is different from
results reported by other authors. In previous studies
of heart failure, myocardial carnitine depletion was
often associated with an increase in plasma carnitine
concentration, suggesting altered membrane transport
or integrity.>**" Therefore, it seems that changes in
plasma carnitine concentrations may be variable,
depending on species, origin of the disease, and sever-
ity of heart failure. It is also possible that plasma carni-
tine concentration increases as renal clearance decreas-
es when heart failure worsens.

The most striking histologic finding in the present
study was perinuclear vacuolization observed in 3 dogs
after pacing. Electron microscopy confirmed the pres-
ence of an enlarged perinuclear area free of myofibrils.
Accumulation of lipid droplets observed in this region
is the consequence of an alteration in lipid oxidation.”
The lysosomes could be autophagic vacuoles eliminat-
ing altered myofibrils, and the dilated protein synthe-
sis organelles could be the result of synthesis of new
myofibrils or of hormonal factors. The decrease in
myocyte cross-sectional diameter and area were consis-
tent with the absence of myocardial hypertrophic
response already described with this method of induc-
ing heart failure.**”

Our observations clearly demonstrated that moder-
ate to severe alterations in myocyte cytoarchitecture are
present in dogs with ELVD induced by RRVP. Similar
findings have been described for dogs with overt con-
gestive heart failure induced by RRVP**" Proposed
explanations for these changes include stretching of
myocytes because of the increase in preload, leading to
breakdown of interfibrillar cytoskeletal filaments, and
abnormalities in contractile protein synthesis rate.*” In
the present study, increased preload was suggested by
the increase in left ventricular end diastolic diameter.
Ultrastructural alterations are also observed in sponta-
neous cardiac diseases such as dilated and hypertrophic
cardiomyopathy, ischemic cardiomyopathy, toxic car-
diomyopathy, and cardiomyopathy secondary to nutri-
tional deficiencies.” Therefore, the myofibrillar scarcity
and disarray and mitochondrial degeneration observed

in this study represent nonspecific ultrastructural mark-
ers of ELVD induced by RRVP.
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