
The Use of Human Cardiac Tissue in Biophysical Research: The
Risks of Translation

Eias Jweied, Pieter deTombe, and Peter M. Buttrick
Center for Cardiovascular Research, University of Illinois at Chicago

Abstract
This past year, the National Institutes of Health announced an ambitious translational research
initiative with the explicit goal of transforming biomedical research in the United States to emphasize
research on human health related issues (1,2). This research announcement stressed the fact that
animal models of human disease are often inadequate and hence it was argued that there was a need
to focus directly on the study of human populations and biologic samples. The research
announcement evoked a mixed response from the scientific community (3) partly because existing
experimental approaches and animal models have been extremely successful in defining relevant
issues and therapeutic strategies in biomedical research.

Given that it is imprudent to abandon effective experimental paradigms, it is incontrovertible that
the ultimate goal of the research initiative, “to translate the remarkable scientific innovations we are
witnessing into health gains for the nation” (1) is laudable. However a myopic and primary focus on
human disease and on human tissue introduces a plethora of research risks and concerns that could
potentially complicate data interpretation and retard scientific progress. While some of these issues
are generic when one extrapolates from animal models to the human circumstance, others are more
specific to the cardiovascular system in general and to the study of cardiocyte biology in particular.
This brief review will highlight some of these.

A mouse is not a man
At the outset an issue that should be acknowledged is that lessons learned from small animal
models may not precisely recapitulate the human circumstance. This is particularly striking
when evaluating adaptive and maladaptive changes in the cardiocyte in response to external
insults such as hypertension or myocardial infarction that in turn define the physiology of
congestive heart failure. Certainly, other, non-myocyte related factors influence the cardiac
muscle response to pathologic stimuli but in the interests of focus and brevity, this review will
focus primarily on the cardiocyte. Three areas are particularly noteworthy, both because there
is a robust literature to support their importance in rodent models and also because human and
rodent biochemistry in these areas are quite distinct: 1. contractile protein isoform shifts; 2.
sarcolemmal and sarcoplasmic reticular calcium handling; and 3. adrenergic receptor biology.

First, with regard to isoform shifting, the discovery that contractile protein isoforms, and in
particular the myosin heavy chain, were transcriptionally modifiable in response to external
demands placed upon the heart, was critical to our current understanding of cardiac plasticity
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(4,5). However, this observation was made in rodent models in which the predominant myosin
heavy chain isoform in the adult heart, accounting for ∼90% of the total complement, is the
αα heterodimer or the “fast” V1 isoform. It is well-described that in response to pressure
overload and other pathologic insults, there is a shift so that the ββ or V3 isoform becomes
predominant. This shift has energetic implications as it contributes to the depressed
myofibrillar ATPase and decreased rates of shortening seen in hypertrophic and failing rodent
myocardium. In humans, and large animals, it seems clear that similar myosin isoform shifts
occur (6). However, since adult human cardiac muscle is predominately comprised of V3
myosin, the contribution of these shifts in defining the mechanical and energetic properties of
the myocardium is likely far less than in rodents. Moreover, recent work in a transgenic mouse
model (7) has linked changes in interstitial fibrosis to this myosin isoform shift suggesting that
the influences on remodeling may be both more profound and more species specific than
previously presumed. Thus, reasoning from mouse to man provides useful insights into the
processes that are available to the heart to moderate its functional status, but to assume precise
correspondence is potentially misleading.

A similar issue arises when considering the calcium handling machinery of the heart, and in
particular the relative contribution of various regulatory moments in calcium handling to
cardiac relaxation. In a series of elegant experiments, Bers and others (8,9) have established
clear species differences in calcium handling. In the normal adult mouse cardiocyte, the SR-
calcium pump contributes ∼95% of the calcium uptake machinery required to ensure
relaxation, whereas in human cardiocytes, the mechanisms that account for calcium removal
from the contractile apparatus are far more heterogeneous: the SR-calcium pump accounts for
∼65% of the total effect, and the Na-Ca exchanger and the sarcolemmal calcium pump account
for ∼33% and 5%, respectively. Given this, it is not surprising that the cellular mechanisms
responsible for prolonging the calcium transient in failing human and murine cardiocytes, while
qualitatively similar are quantitatively distinct and, again, extrapolating directly from mouse
to man is potentially misleading.

Finally, the relative contribution of β1 and α adrenergic receptor stimulation to the inotropic
potential of the heart is radically different in mouse and in man (10–12). In normal human
heart, the general consensus is that the ratio of these two receptor subtypes is ∼90:10 whereas
in murine heart the ratio is ∼55:45 and reflecting this, the adenylate cyclase activity of normal
human cardiac muscle is 3–4 fold greater than mouse. The change in receptor density and
physiology in the context of heart failure has been well described in human heart: the ratio of
β1 to α adrenergic receptor shifts to ∼1:1 largely as a result of a functional decline in the former
(adenylate cyclase activity is reduced) and the contribution of α adrenergic stimulation to
augment dP/dt increases from ∼2% to ∼25–30%, a situation that is quite similar to that seen
in normal adult mouse. The changes in receptor density and in adenylate cyclase activity in
murine models of heart failure are directionally similar to those seen in the failing human heart
(13,14). This certainly validates the observations seen in humans and additionally allows for
the molecular dissection of these responses using novel transgenic models with gain and/or
loss of function of key components in the adrenergic signaling pathways. However, because
of the differences in basal adrenergic tone, these murine models may ultimately fail to
recapitulate and precisely model the human situation.

What lessons and caveats can we take home from these species comparisons? First, it is likely
that qualitative changes in cardiac biology are evident across species, so that lessons learned
in well controlled and easily studied animal models have considerable relevance to the
understanding of human cardiac biology. However, quantitative comparisons may be
misleading. This is especially true given that many studies in human tissue involve end-stage
myopathic tissue whereas studies in mice and other animal models involve the explication of
transitional biologic processes. It seems quite likely that pathologic maladaptation in the
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cardiocyte reflects a spectrum of biochemical changes that effect various moments in
excitation:contraction coupling, and that the hierarchic contribution of each of these to cardiac
adaptation (and maladaptation) is highly species specific. Ultimately, therefore, in order to
understand human cardiac biology it is important to carefully evaluate human cardiac muscle
(at various stages of maladaptation), which presents a series of technical challenges and
potential pitfalls, some of which are discussed below.

What is a control?
The first and perhaps most central issue when dealing with human cardiac tissue specimens is
the definition of a control. In animals, where genetic background can be controlled this is a
relatively straightforward issue (although not always completely transparent as it becomes clear
that the murine genetic background is strain specific and not homogeneous with regard to
modifier genes and QTL biology). However, when dealing with human tissue a variety of
obvious and some unintended variables must be confronted.

First, patient selection is an issue. Patient age, gender and co-morbidities (known and
unknown), genetic background as well as intercurrent pharmacotherapy, both documented and
on occasion serendipitous, are all variables that can profoundly influence cardiac muscle
performance. The importance of these considerations becomes obvious when one considers
several clinical scenarios that might legitimately be construed as appropriate sources of
“control” specimens for the study of cardiac muscle mechanical responses: a young healthy
woman taking oral contraceptives; a middle aged man with a history of hypertension taking a
beta blocker and an angiotensin converting enzyme inhibitor; a young victim of a motorcycle
accident who has sustained massive brain injury and has been maintained in a vegetative state
on intravenous pressors for several days. Obviously these three circumstances might have all
appeared normal if the sole criteria for making this assessment was limited (as it generally is)
to an ante mortem clinical assessment of systolic performance, however each scenario
introduces confounding variables, related to sarcolemmal protein function, sarcomeric mass
and contractile protein make-up as well as the activity of several cytosolic signaling pathways
and the phosphorylation status of several sarcomeric proteins How an investigator confronts
this issue is problematic but it is certainly critical that a comprehensive description of relevant
clinical variables related to control tissue be provided in any publication. More than this, it is
also important for the investigator to consider carefully how these and related clinical variables
might affect the dependent variables (protein phosphorylation, sarcoplasmic reticulum calcium
load, etc.) that are under investigation.

An appreciation of the subtle impact of these considerations can be seen when analyzing the
work of Wolff et al (15) and van den Velden et al (16) both of whom have studied the calcium
sensitivity and force generation of skinned cardiac muscle fibers from “control” hearts (used
as transplant donors) and patients with end-stage cardiomyopathy. Both groups found that the
failing human hearts were more calcium responsive than the donor hearts, a result that is at
odds with some, but not all, published literature using small rodents (17). Both groups also
found that sarcomeric proteins in the donor hearts were heavily phosphorylated (although the
site specificity of this was not described), more so than might have been predicted from animal
studies, and both investigative groups postulated that this may well have contributed to the
relatively decreased calcium responsiveness seen in these specimens. Whether this
hyperphosphorylation is a characteristic feature of control human cardiac muscle in situ is
impossible to say on the basis of these studies, but it is certainly noteworthy that several of the
donors in the Wolfe study (no details are provided in the van den Velde study) were maintained
on inotropic support prior to tissue harvesting and all had sustained brain death with the
associated catecholamine surge. In contrast, although no details are provided, it would be
common practice for end-stage heart failure patients to have been treated with chronic beta-
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blocker therapy and also to have a significantly diminished β1:α adrenergic receptor density.
Whether a comparison of calcium sensitivity between these groups of heart specimens is
legitimate is difficult to say, but it is almost certain that the control group was significantly
influenced by in situ circumstances at the time of organ harvesting.

More recent work in human myofilament research has been published by Paulus and associates
(18,19) suggesting that titin phosphorylation and other cytoskeletal changes might contribute
to the cardiomyocyte abnormalities seen in diastolic heart failure. These studies probably
represent an incremental advance over previous work, in that endomyocardial biopsies were
used rather than samples harvested from post-mortem tissue, however, these studies remained
limited by the lack of a control arm that consisted of tissue obtained from a normal patient
population.

Tissue handling
A second parallel and highly relevant issue relates to how the tissue specimen is handled prior
to experimental manipulation. Our own experience in this regard is very informative. Several
years back we initiated a series of experiments evaluating single cell mechanics using human
cardiac muscle biopsy specimens. The experimental approach involved isolating and skinning
single cell fragments obtained from a fresh or frozen tissue block and then measuring force
generation as a function of calcium concentration, thus providing a measure of maximal force
per cross sectional area as well as a measure of calcium sensitivity (EC50) We obtained tissue
from a number of sources and were initially struck by the variable quality of the samples, which
retrospectively was reflective of the length of time between tissue procurement and immersion
in liquid nitrogen. Sometimes this was manifested microscopically by the obvious presence of
granular deposits, which deformed and distorted the myofibrillar organization but sometimes
the findings were more subtle and the sarcomeric striations though apparently intact were faded
(see figure 1 for examples). Regardless, these muscle fragments (both control and
experimental) did not generate significant force per cross sectional area nor did they
physiologically meaningful EC50 measurements. Of significance, however, these same
samples had yielded very useful information about changes in gene expression as a function
of disease (20).

A second and more subtle issue related to tissue procurement was evident from the analysis of
tissue fragments obtained as part of a collaboration with Steve Houser and Ken Margulies at
Temple University. This group is exquisitely sensitive to issues related to tissue procurement
and has put in place a very careful protocol for tissue collection that includes prompt immersion
in liquid nitrogen following muscle excision (21). However, the interests of this group in large
part relate to the analysis of ion channel behavior and intracellular calcium handling so
obtaining intact and viable cells from cardiac muscle is a primary concern. The cell isolation
protocol they have employed involves extensive in situ cardioplegia followed by perfusion
with modified Krebs-Henseliet buffer contained BDM and collagenase. Subsequently single
cells are isolated from small tissue fragments. The isolated cultured myocytes obtained using
this protocol showed a striking reduction in net calcium uptake by the sarcoplasmic reticulum
and a marked delay in the calcium transient in cells from myopathic hearts relative to controls
(22), findings that have advanced our understanding of the cellular mechanisms underlying
human heart failure. When we evaluated single cell mechanics from these same tissue
specimens, we were very impressed with the quality of the samples and with the consistency
of the mechanical measurements (as well as by the magnitude of the generated Fmax), but we
were struck by the fact that the myofibrillar proteins, in contrast to those seen in the studies of
van den Velde and Wolff, were largely dephosphorylated. When control and myopathic tissues
were contrasted there was little difference in force generation and in EC50, suggesting that
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mechanical changes in human heart are reflective of post-translational modifications of cardiac
myofilament proteins (Figure 2a).

In contrast, we also isolated muscle from patients with and without congestive heart failure
undergoing open heart surgery (23, and unpublished). The protocol we employed involved the
procurement of a single (∼50 ug) biopsy taken just prior to cardioplegia administration. These
samples were then fast frozen in liquid nitrogen and stored in a solution containing phosphatase
inhibitors. Single cell mechanics and biochemical data determined in these samples were
strikingly different from those seen in the Temple samples: peak force generation was reduced
in both control and experimental groups but the heart failure group had depressed function
relative to the controls. EC50 was not was not dramatically influenced either by the tissue
isolation protocol or by the presence or absence of heart failure. Sarcomeric protein
phosphorylation was increased in both control and myopathic specimens relative to that seen
in the Temple specimens, but overall was greater in the heart failure samples. Using a similar
tissue procurement strategy, Noguchi et al. (24) have shown that in vitro dephosphorylation of
cardiac muscle fibers obtained from failing human hearts improves mechanical performance.
Of course, our approach and that of the Vermont group could be appropriately criticized
because of the failure to acknowledge complex intercurrent cardiac muscle disease and also
the heterogeneity of cardiac muscle biology.

However, overall these data suggest that isolated muscle function (Fmax) is highly influenced
by the phosphorylation state of the sarcomeric proteins and that protein phosphorylation (or
dephosphorylation) is an important mechanism whereby cardiac contractile performance is
influenced in human heart failure. Another undeniable conclusion that derives from this series
of analyses is that the strategy used for tissue procurement must be tailored to the experimental
measurements that are being made. A strategy that is appropriate for genomic or mRNA
analysis may not be adequate for evaluation of sarcolemmal or sarcomeric protein biology and
strategies that maintain organelle and membrane integrity may well alter important post-
translational protein modifications.

Acknowledgement of this important limitation is critical in the evaluation of biologic changes
that attend pathologic states in human cardiac muscle and failure to appreciate these issues
may well result in misleading conclusions, and leave cardiovascular investigators “lost in
translation”.
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Figure 1.
Representative micrographs of cell fragments purified from human cardiac specimens. Panel
A shows a cell fragment that was isolated from tissue that had been fast frozen in liquid N2
promptly following surgical excision and generated meaningful F:Ca data. Panel B on the right
is a cell fragment that was not preserved as carefully and, despite the intact sarcomere
registration, did not generate reliable data. Note the granular deposits and distorted myofibrillar
organization.
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Figure 2.
Representative F:Ca relationships in cell fragments obtained from tissue that had undergone
extensive cardioplegia and sarcomeric protein dephosphorylation (panel A, on the left) and
fragments from tissue that had been fast frozen in the presence of phosphatase inhibitors to
preserve the endogenous phosphorylation state (panel B). The square symbols are cells that
were isolated from ostensibly normal myocardium whereas the circles indicate cells that were
isolated from non-ischemic severely myopathic tissue.
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