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Abstract

Morphological and biochemical aspects of the copper-deficient heart model are briefly reviewed in
terms of intracellular and extracellular changes. The extracellular aspects of hearts from copper-
deficient rats demonstrate fibrosis and thickened and fragmented basal laminae. In addition, heart
valves from copper-deficient rats have altered morphological character and are thickened compared to
valves from copper-adequate rats. The ultrastructural observations pertaining to the altered basal
laminae are pursued in this study in terms of immunohistological staining against specific proteins that
compose the structure. Specifically, we fed copper-adequate and deficient diets to rats for 5 weeks and
processed the hearts for light microscopy and imrnuiiohistochemistry. From such observations it
could be inferred that the hearts from copper-deficient rats had markedly increased staining for
Type IV collagen and fibronectin, whereas the reverse for laminin was observed in lhat little
staining was detected in the copper-deficient myocytes. Furthermore, there was increased binding
of the antibody against the laminin receptor in the copper-deficient rats. The implications of the

compromised basal laminae in the heart are discussed.
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Currently there is no Recommended Dietaiy Allowance
for copper by the Food and Nutrition Board of the
National Academy of Sciences. An estimated Safe and
Adequate intake of 1.5 to 3.0 mgper day has been
established [19]. The study of copper requirements and
metabolism in humans is of interest, since many survey
studies suggest an appreciable level of the American
population often consume copper levels below this
recommended amount. Whether such individuals are at
risk for health consequences is debatable. A potential
consequence of a lack of coppercould be its known
deleterious effects upon cardiac pathology and
function. This paper reviews this subject in terms of the
role of copper in maintaining cardiac metabolism and
function, and in particular focuses upon the roles
copper exerts upon the extracellular matrix. We present
immunohistochemistry findings that support previous
biochemical studies from our lab reporting biochemical
and ultrastructural alterations in matrix architecture.

Copper Deficiency Signs

It is widely known that feeding a copper deficient
diet to animals results in characteristic deficiency
signs. Brain, cardiac, blood and bone anomalies have
historically been reported as signs of copper
deficiency. Rats fed a copper-deficient diet for several
weeks exhibit cardiovascular
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defects such as increase fragility of the connective tissue,
ventricular aneurysms, hemothorax, pleural effusion, car-
diac hypertrophy, aberrant electrocardiograms, hyper-
cholcsterolemia, impaired immune response, lower
hematocrit, impaired glucose tolerance, hypotension, dis-
turbances in fatty acid profiles and norepinephrine meta-
bolism as reviewed by us elsewhere [ 15 j. Among the
signs of copper-deficiency that are of interest in this
paper is cardiac hypertrophy. As suggested above there
are numerous alterations of the cardiovascular system in
the copper-deficient organism. Studies on both copper-
deficient pigs and rats have revealed the pathological
appearance of glycogen granules and lipid droplets
present in hearts that are characteristics of oxygen deficit
cardiomyopathy in other heart disease models. A
hallmark appearance of hearts from copper-deficient
animals includes a markedly increased area occupied by
mitochondria (Figure 1). The mitochondria, however, are
vacuolated where the usual parallel array of the cristae
have become fragmented. One reason for this appearance
may be due to the reported decreased levels of the nuclear
encoded subunits of the copper containing enzyme,
cytochrorne ¢ oxidase. The catalytic portions of this
enzyme are on subunits I and II, and are produced from
the mitochondria! genome. It is unclear as to why copper
is necessary for the appearance
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Extracellular matrix in copper deficient hearts

Figure I. Transmission electron micrograph demonstrating the contrasts between the myocytes from hearts of copper -
adquate (A) as opposed to copper-deficient (B) rats. Note that the copper-deficient myocardium has increased
number of mitochondria that are also swollen and vacuolated. Increased number ofgiycogen granules are apparent in
hearts from copper-deficient rats (arrow). M, mitochondria; my, myofibrils. Bar = lum

of the nuclear encoded subunits. Transcripts for these
peptides are not decreased, nor is iheir synthesis. However,
these peplides are a part of the inner mitochondria! mem-
brane. A lack of these peptides probably explains the
deterioration of the mitochondria. Details on these intra-
cellular events are reported elsewhere [15, 18],

The hearts from copper deficient rats are significantly
greater in mass compared to control rats. Their abdominal
cavities often become filled with fluid, and the animals tire
easily from a treadmill exercise regimen, both of which are
signs of cardiac failure [6]. The type of hypertrophy in
hearts from copper-deficient animals is concentric where
the free walls become markedly thickened, as does the
interventricular septum, and the ventricular lumen vol-
umes are significantly decreased. Concentric hypertrophy is
often associated with obesity, cigarette smoking, and
aortic stenosis. A large increase in blood pressure can
cause this pattern to predominate. The other type of hyper-
trophy is termed eccentric hypertrophy, where the muscle
perimeter walls are greatly enlarged, and chambers wid-
ened. Volume overload conditions, such as what occurs
with severe anemia is a situation where this condition may
be observed. While copper deficient rats may become
anemic or at least have decreased hematocrit levels, the
emerging consensus is that this is not related to cardiac
hypertrophy in this model. We have demonstrated that the
hearts enlarge prior to appearance of anemia, and the
degree of anemia is not connected with heart enlargement

[14]. Some of the largest hearts from copper deficient rats
have been observed with normal hematocrit levels. Also,
the pattern of hypertrophy is concentric, not eccentric, as
would be expected with anemia.

Extracellular Matrix of the Heart in Copper-Deficiency

One of the major defects in hearts from copper deficient
rats is the connective tissue, in particular the collagens, and to
a lesser extent, elastin. Most of the collagen affecting the
heart are Types I, HI, and IV. Types I and III collagen are
encoded by the nucleus within the fibroblasts, whereas Type
IV is nuclear encoded by both myocytes and fibroblasts.
These collagen types exert specific roles upon cardiac
function. Tensile strength and stiffness are attributed to
Type 1 collagen. Type III collagen has a major role in
maintaining the elasticity and compliance of the rnyo-cyle.
Type IV collagen is non-fibrillar in structure. In the heart it
is a component of basement membranes of both myocytes
and capillaries. Lysyl oxidase is an enzyme that contains
copper as a cofactor that deaminates selected lysinc and
hydroxylysine residues. This promotes covalent crosslinking
between collagen molecules, as reviewed by Eyre et al. [8]
and Reiser et al. [20]. Elastin, another type of connective
tissue, is often synthesized during gestation. In humans little,
if any, synthesis of new elastin crosslinks occurs. Elastin
content of animals are likely to have little reduplication
following birth. Most elastin is laid down during
gestation and the infant is born with sufficient

-152-



Extracellular matrix in copper deficient hearts

Figure 2. Light micrograph of tricitspid valve from rats fed copper-adequate (4) or deficient (B) diets for 6 weeks. The views
are cross-sectional and were sampled from the area be/ween [he chordae and line of closure. Note the thickening, but
less densely packed, connective tissue of the copper-deficient valve relative to the capper-adequate valve, a denotes
the atria/ side of the valve, and v the ventricular side. C with the arrow shows collagen fibrils. Original slides were

observed at 400 X.

elastin to last almost the entire life span [21]. This aspect is
likely to have a significant impact upon cardiac valves and
blood vessels. Tricuspid valves from copper deficient rats
show increased thickness, loosely arranged connective tissue
and a separation of the three layers (cell thick cndo-thelial
layer, zona spongiosa layer adjacent 10 the endolhe-lial layer,
and the zona fibrosa layer) that comprise them (Figure 2).
The collagen fibers are dispersed in the ground substance
and the zona fibrosa has increased thickness. This is in
contrast to the controls in that the connective tissue of the
valves appear dense and neatly packed [14]. Similar
findings have been shown with copper deficient pigs [22].
While the collagen content of the myocardium and valves
did not tend to differ by copper status, the degree of
collagen crossiinking was decreased as assessed by the levels
of hydroxylysylpyridinoline, in copper deficient pigs. The
left ventricle showed reduced collagen crossiinking as did
the cardiac bicuspid valves. Despite the decreased
crossiinking in these valves, stress strain tests revealed no
difference in valvular rigidity. One of our recent
unpublished studies used echocardiography to study the
influence of copper deficiency upon valve function in rats.
Rats were fed either copper-adequate or copper- deficient
diets from weaning for 5 weeks. Prior to placing them
under the echo probe, cardiac sounds were determined
with a standard clinical stethoscope. Of the 12 copper
deficient rats in the experiment, all 12 had definite
murmurs. Echocardiography confirmed the presence of
valvular regurgitation in rals fed copper deficient diets. We
repeated a study using pigs in which they were fed purified
diets containing cither copper or no added copper [23]. The
pigs were fed from 15 days of age until 8 weeks of age.
Decreased body weight of copper-deficient pigs were
noted, and ihey appeared more lethargic. One died from
cardiovascular complications, and one died on the echo
table from the anesthesia. With the remaining 5 controls
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and 3 copper deficient pigs, we were able to note valvular
regurgitation in the copper-deficient pigs,

Borg et al. [4] first described that the connective tissue
weave of hearts from copper deficient rats was signifi-
cantly altered and in greater disarray than controls. Borg et
al, [4] and Dawson ct al. [7] both demonstrated that there was
a shift in a greater proportion of Type III collagen to Type
I collagen in hearts from copper deficient rats. Vad-lamudi
et al. [22] reported a shift from Type I to Type III collagen
in both ventricle and bicuspid valves of copper-deficient
pigs. In addition to the collagen proteins, laminin and
fibronectin should be considered, as well as the inte-grins,
in this case the laminin receptor. Farquharson and Robins
[9] went on to further report that proteins comprising the
basement membrane are altered. It is expected that when
Type I collagen is present, fibronectin expression and
synthesis is increased to serve as a scaffold or lattice for
the fibrillar proteins.

Several studies conducted by our group clearly demon-
strated that collagen metabolism is significantly altered in
copper deficiency. We have reported that fibrillar colla-
gens tend to accumulate in the myocytal peripapillary
regions of the heart. The presence of phagocytes are com-
mon. Both the myocytes and blood vessels in the area
appear to be equally affected (Figure 3) in thickening and
disruption of the basal laminae. Older rats placed on diets
deficient in copper when they are well past weaning do not
tend to develop cardiac hypertrophy, but do present a
greater accumulation of fibrillar collagen in the above
mentioned region. Rats fed copper-deficient diets from
weaning display some collagen, but not as much when
compared to rats fed the copper-deficient diets starting as
young adults. Younger rats fed copper deficient diet de-
velop hypertrophy; older rats do not, or if they do, a much
longer time period may be needed. Most of the collagen
crossiinking occurs within the 2 to 3 weeks following
weaning and these rats may be more susceptible to the
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Figure 3. Transmission electron microscopy illustrating the basal laminae area along the mvocytes and capillary interfaces.
Panel A is from copper-adequate rats that document a uniform basal laminae fbl) with uninterupted thickness. In
contrast, copper-deficient rats show a slight scalloping of the myocyte (B) and the basat laminae reveal varying
degrees of thickeness along the capillary and myocyte. On a lower power (C), copper-deficient rats have an
accumulation of collagen (c) fibrils between the capillaries and myocytes. Note the presence ofafibfohlast(f) in this

area. Bar = \i. M.

collagen defects than older rodents where the collagen
crosslinking has already occurred. The presence of this
connective tissue weave may also be inhibitory with respect
to cardiac hypertrophy in that it may serve as a physical
barrier against cardiac enlargement.

Objectives

Due to the observations reported by others and our group
implicating potential alterations in The basal laminae of
hearts from copper-deficient rats, we conducted studies on the
appearance of specific basal laminae proteins of the hearts
from copper-deficient and copper-adequate rats. The goal
was to simply determine if (here appeared to be structural and
relative differences in levels of laminin, Type IV collagen
and fibronectin. Also, since a potential consequence of the
integrity of the basal laminae could lead to greater exposure
of the laminin integral on the surface of cardiomyocytes, we
studied whether antibodies against this integrin demonstrated
increased binding in hearts from copper-deficienl rats.

Methods and Materials

The protocol used was approved by the Institutional
Review Board for the Care and Use of Laboratory Animals at
The Ohio State University.

Male weanling Long-Evans rats were purchased from
Sprague-Dawley (Indianapolis, IN). Upon arrival they were
immediately weighed and placed in individual hanging
stainless steel cages. Deionized-distilled water was provided
to the animals without restriction. All animals were fed a
powdered purified diet that was formulated after the
recommendations of The American Institute of Nutrition [3],
This diet contains on a percent weight basis the following
macronutrients: casein, 20%; com oil, 5%; corn-
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starch, 15%; sucrose, 50%; and alpha eel (fiber) 5%. A
vitamin and mineral mixture were added after the recom-
mendations. With respect to the mineral mix, one diet was
supplemented with 6 mg Cwkg diet in the form of cupric
carbonate; and the other had copper omitted from the
mineral mix. Subsequent analysis of these diets for copper
revealed that the copper-deficient diet has less than 1 nig
Cu/kg diet and the copper-adequate had 6.7 mg Cuw/kg diet. Five
rats were assigned to the copper-adequate group and six to the
copper-deficient group.

Animals were weighed weekly. After 5 weeks all rats were
anesthetized with sodium pentobarbital and thoracic cavity
opened to obtain a small volume of heparinized blood by
cardiac puncture for hematoerit determination. Hearts were
quickly removed, rinsed and perfused through the aortic stump
with phosphate buffered saline to remove blood. Hearts were
then perfused with 10% formalin through the aortic stump
and placed in formalin for several days. Samples were
subsequently processed for histologi-ca! analysis by paraffin
embedding of the tissue, sectioning, and dehydration. Samples
were sectioned onto glass slides prior to dehydration and
staining for specific proteins.

AVectastain ABC-AP kit (Vector Laboratories, Burlin-
game, CA) was used for immunohistochemical staining of heart
sections. Briefly, paraffin embedded sections of tissues were
rehydrated through a series of xylene and graded alcohols for 5
min each in the following proportions: 100% xylene, 100%
cthanol, 95% ethanol, 70% ethanol and 50% ethanol. Sections
were rinsed in water for 5 min and washed in phosphate
buffered saline (pH 7.4) for 20 min. A 20 min incubation in
diluted normal serum from the species in which the
secondary antibody was made prevented nonspecific binding
of the primary antibody. Slides
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were gently blotted of excess normal serum and incubated
for 30 min with primary antiserum diluted in PBS. After a
brief washing in buffer, sections were incubated for 30 min
with diluted biotinylated antibody solution, and rinsed
again in buffer. Sections were then incubated for 30 min
with alkaline phosphatase reagent and rinsed in buffer.
Sections were stained for approximately 15 minutes using
the Alkaline Phosphatase Substrate solution in 100 mM
Tris-HCI, pH 9.5 (Vector Laboratories). Sections were
ihen rinsed in water and dehydrated through a series of
alcohol and xylene concentrations. Cover slips were added
for viewing under light microscopy. Control slides were
made in which the primary antibody was omitted.

The antibodies used were: rabbit anti-iaminin or a6bl
(Serotec Ltd, Oxford, UK), sheep anti-fibronectin (Serotec
Ltd.), mouse anti-collagen. Type IV (Sigma Chemical Co.,
St. Louis, MO), mouse anti-laminin receptor (VLA-6,
a6/bl) (Chemicon, Inc., Temecula, CA).

Photographs of selected fields were made for each animal
specimen at 400X. In some instances, other magnifications
were used. A plus-minus system was used to determine
the relative level of staining intensity for each of the
antigens probed. An impaired t-test was used to
determine if statistical significance between selected vari-
ables existed.

Table I. Final body and hearts weights, hematocrit and
heart:body weight of rats fed copper-adeguate and
deficient diets.

Variable Copper-adequate Copper-deficient
(n=5) (n=6)

Final body weight, g 221%21.6 210 8.2

Heart weight, g 1.15£0.132 1.46 + 0.075

Heart:body weight

(X107 5.16 £ 0.265 6.95 + 0.177

Hematocrit’ 0.494+0.0144 0384 +0.0190

'Heart wei ght differences significant at p = 0.057,
2l—leart:bocly weight and hematoerit significantly different at
p=0.01.

Results

Rats fed the copper-deficient diets demonstrated some of
the usual signs of deficiency. In particular there was a
significant increase in heart:body weight (p < 0.01) and an
increase in absolute heart weight (p = 0.057). Hematocnt
levels were significantly decreased (p < 0.01) in coppcr-

Figure 4. Typical results of light microscopy demonstrating the immunohisiochemical staining for Type IV collagen in
hearts from copper-adequate rats (A and C) as opposed to hearts from copper-deficient (B andD) rats. In the hearts
from copper-deficient rats (B and D) a thickening of Type IVcollagen can be clearly observed. Arrows show where ihe

collagen areas are located along the myocytes.
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Figure 5. Fibronectin staining to heart tissue from copper-adequate (4) and copper-deficient (B) rats. Note the
significant thickness in panel B (arrow) for fibronectin as compared Co panel A.

deficient rats. While there was a trend toward lower body microscopy observations reported earlier [5, 6]. Staining of
weight in the topper-deficient group. Hie difference was not heart sections for Type IV collagen and fibronectin
significanl (p > 0.05). demonstrated clear and consistent thickening of The basement

Immunoliislochemieal staining for specific basement membrane surrounding the myocytes in ad of die copper-
membrane proteins demonstrated clear differences by dietary deficient rats; examined by lighl microscopy (Figures 4 and 5).
copper treatment that were consistent with biochemical In contrast, laminin levels were decreased in the myocytes from
measures (eg. eleclrophorcsis) previously reported by our copper-deficient rats compared to the copper-adequate group
group [13] and appeared consistent with our electron (Figure 6). Since laminin levels

Figure 6. Staining for the laminin protein demonstrates presence in the hearts of copper-adequate rats (A, arrows), but
apparent lack in the hearts of copper-deficient rats (B). Staining against the laminin receptor shows a greaternumber of
exposed receptors in the hearts from copper-deficient rats (D) compared to the hearts from copper-adequate rats (C).
Also note the presence oflhe small dots throughout the photo on the a6bl or laminin receptor (D) demonstrating the
receptor.
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appeared decreased in this study, and the basal laminae in
previous studies conducted by out group suggested frag-
mentation [5, 6] we hypothesized that there may be in-
creased binding of antibodies against the a6bl or laminin
receptor. As indicated in Figure 6, there appeared to be
greater antibody binding in the hearts from copper-defi-
cient rats. Using a scoring system of-2 tot+ 2 for staining
intensity of the signal, the copper-deficient group had a
mean of 1.6 + 0.25 as opposed to 0.4 + 0.25 in the
copper-adequate group (p< 0.01).

Discussion

This research was conducted as a follow-up to the obser-
vations of Farquharson and Robins that reported altered
basement membrane morphology in hearts of copper-de-
ficient rats [9]. We noted from several of our studies that
the basal laminae surrounding the myocytes and the blood
vessels appeared thickened in some areas but thin in others
[5, 6]. Discontinuity of the basal laminae was apparent in
many of the copper deficient rat hearts. Besides offering a
mechanical role or barrier for the myocytes and capi llaries,
the basal laminae may also assist in cell division, orientation
of cell position, and protection of cell receptors [2]. The
laminin layer is adjacent to the sarcolemma of the
capillary membrane and muscle sarcolemma. Type IV
collagen is bound adjacent to the laminin, followed by the
fibroneetin. The laminin is attached to the sarcolemma by a
specific integrin. The fibroneetin is known to increase in
mass whenever there is an increase synthesis of the fibrillar
collagen, such as Type 1. Fibroneetin is thought to serve as a
scaffold in that the collagens may attach to as it develops and
matures. That both fibroneetin and Type I collagen
appeared thickened in hearts from copper-deficient rats
from this study is therefore consistent with this morpho-
logical arrangement.

Using electrophoresis techniques in aprevious study [13] °
we were able to determine if changes relative to control
hearts had occurred. SDS-P AGE results revealed a marked
increase in fibroneetin levels, but a significant decrease in
laminin levels [13], that is consistent with the findings
reported here. Staining paraffin embedded slides with an-
tibodies directed against the laminin integrin, showed dif-
ferences as well. The enhanced staining obtained for the
laminin integrin suggested these receptors were exposed for
antibody binding, a situation considered abnormal. The long
term significance of such a finding raises the question whether
other receptors are exposed to the outside cellular
environment where protease and phagocytes have access.
Some pathology we observe in copper deficient heart
disease could be related to changes in receptor population and
function.

It is not totally clear as to why the basal laminae would
be disrupted by copper-deficiency. Several possible expla-
nation may explain the observations. Type IV collagen
may have impaired cross-links due to potential decreased
activity of the cupro-enzyme, lysyl oxidase. The unique
Three dimensional arrangement of this collagen may afford

stability to the basal laminae and consequent lack of
crosslinking may make the architecture more unstable. The
fibroneetin levels may increase due to the accumulation of
Type 1 collagen within the intercellular spaces of copper-
deficient hearts [5]. Alternatively, we have observed the
presence of phagocytes along the myocytes from copper-
deficient rats, especially in areas where the basal laminae
demonstrated the greatest alterations. Secretion of pro-
teases in the intercellular area by phagocylie cells may
partly explain these observations. The overall significance
of these alterations in the basal laminae upon the heart are
not certain. Recently we observed that rats fed copper
deficient diets developed cardiac hypertrophy prior to any
changes in fibroneetin or laminin levels [12]. Decreased
quantities of the nuclear encoded subunil peptides of cyto-
chrome ¢ oxidase appeared to coincide with the develop-
ment of hypertrophy, as opposed to the changes in the
proteins comprising the basal laminae. This suggests that
damage to the basal laminae is not a significant stimulus in
causing the hypertrophy in copper-deficiency. However,
function of the inyocyte and heart such as electrical
conduction through the myocardium as revealed by abnormal
electrocardiograms could be compromised. The altered
electrocardiograms reported by us [16] for copper-
deficient rats could partly be explained by these results in
addition to the heart enlargement. Subsequent studies on
other tissues from copper-deficient animals that contain
basement membranes may be of value in determining whether
these observations are generalized or specific to the heart
only. Histological studies have revealed thickening of the
basement membranes of lung, kidney and spleen of
copper-deficient rats [1,9-11], Furthermore, the overall
implications of increased access to the laminin receptor
likely implies other cell membrane components could be
less protected and made more available to pro-teases and
phagocytes. The impact upon cell surface receptors and other
related issues remains to be determined,
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