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Abstract
Background—Myocardial contractile depression develops 4–24 hrs after major burn injury. We
have reported previously that in a rat burn injury model (≈40% of total body surface area burn),
mesenteric lymph duct ligation (LDL) prior to burn prevented myocardial dysfunction. However,
the underlying cellular and molecular mechanisms are not well understood.

Materials and Methods—Left ventricular myocytes were isolated from sham burn (control),
sham burn with LDL (sham+LDL), burn, and burn with LDL (burn+LDL) rats at 4 and 24 hrs
after burn or sham burn. Electrophysiological techniques were used to study myocyte size,
contractility and L-type Ca2+ channel current (ICa). Further studies examined changes in the
mRNA expression levels of pore-forming subunit of the L-type Ca2+ channel, α1C and its
auxiliary subunits, β1, β2, β3 and α2δ1 which modulate the abundance of the ICa in post burn
hearts

Results—Depressed myocyte contractility (≈20%) developed during 4–24 hrs post-burn
compared with control, sham+LDL or burn+LDL groups, a pattern of changes consistent with
whole heart studies. There was no significant alteration in myocyte size. The ICa density was
significantly decreased (≈30%) at 24 hrs post-burn whereas the mRNA expression levels of Ca2+

channel gene were not significantly altered at 4 and 24 hrs after burn injury.

Conclusions—These results suggest that the post-burn contractile phenotype in vivo was also
present in isolated myocytes in vitro, but cellular remodeling was not a major factor. The results
also suggest that changes in ICa regulation, but not from Ca2+ channel gene modification may be a
key element involved in post-burn contractile depression and the beneficial effects of LDL.
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Introduction
Clinical and experimental evidence shows that major burn injury causes significantly
impaired left ventricular contractile function despite fluid resuscitation to replace or exceed
intravascular fluid loss [1–3]. The time-course of changes of cardiac function in clinical and
experimental studies have shown that myocardial contractile depression develops 4–24 hrs
post-burn [3, 4]. Although the pathogenesis responsible for burn-induced myocardial
dysfunction is not well known, the concept that the gastrointestinal tract (i.e., gut) plays a
pivotal role in multiple organ dysfunction following a variety of shock states, including burn
injury is now well accepted [5–7]. Furthermore, there is increasing evidence that gut-derived
factors transported in mesenteric lymph, but not the portal venous system, contribute to the
development of post shock organ dysfunction including lung and cardiovascular systems [8–
11]. Consistent with these studies, we have reported previously that lymph diversion by
mesenteric lymph duct ligation (LDL) prior to burn injury prevented myocardial contractile
dysfunction [12]. However, the mechanisms responsible for burn-induced myocardial
contractile dysfunction and preventive effects of LDL have not been well understood.

There is not substantial direct evidence for a causative role of myocyte contractile
depression in the initiation of post-burn myocardial dysfunction. For example, alterations
within myocardium such as myocardial edema and histological changes could result in cell
death. Loss of myocyte through apoptosis leads to negative inotropic effects with
compensatory morphometric changes with hypertrophy of the remaining myocytes [13–15].
Although signs of apoptosis have been shortly after severe burn [16], isolated myocyte size
associated with altered cardiac function and the effects of LDL have not been investigated.

To improve our understanding of the mechanisms underlying the burn-induced acute cardiac
dysfunction, we first examined myocyte contractility at 4 and 24 hrs after burn injury to test
whether changes are associated with cardiac dysfunction in vivo. Cardiac contraction is
activated by Ca2+ release from the sarcoplasmic reticulum (SR), triggered by a rapid
transsarcolemmal Ca2+ influx through the L-type Ca2+ channels (ICa). It is also the major
source of Ca2+ loading to the SR [14, 17]. Therefore, an abnormal ICa density or regulation
in post-burn myocardium could have profound effects of cardiac contractile function and
may explain the beneficial effects of LDL. Accordingly, the specific aims of this study were:
(1) whether changes in myocyte size are associated with the development of burn-induced
myocardial depression? (2) whether depressed contractility in vivo is associated with cardiac
myocyte contractile depression? (3) whether L-type Ca2+ channel current density (Peak ICa
amplitude, normalized relative to cell size) is altered during the development of myocardial
contractile dysfunction? Morphology of myocytes was examined by measuring cell length
and cell capacitance (which is proportional to the cell surface area) using whole-cell patch-
clamp technique.

Based on biochemical purification, molecular cloning and functional studies, L-type Ca2+

channels are heteromultimers, composed of the principal pore-forming α1C and auxiliary β
(β1–β4) and α2δ (α2δ1–α2δ4) subunits. The α1C subunit forms the pore of the Ca2+

channel and specifies basic voltage-dependent characteristics [18, 19]. The auxiliary
subunits modulate the biophysical properties and/or trafficking of the α1C subunit to
increase Ca2+ influx.[20] Cardiac tissues express β1, β2, β3 and α2δ1 subunits which have
been shown to modulate ICa amplitude and gating [20, 21]. However, until now there have
been no report which examined changes in Ca2+ channel gene expression and Ca2+ channel
current function in post-burn hearts. Therefore, additional studies were performed to
examine whether changes in α1C, β1, β2, β3 or α2δ1 mRNA expression levels were altered
at 4 and 24 hrs after burn injury.
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Materials and Methods
Changes in myocyte size, function and gene expression were investigated at 4 and 24 hrs
after burn injury because the majority of studies on burn injury have reported that acute
myocardial contractile dysfunction develops during the 4–24 hrs post-burn period [3, 4].
Furthermore, mesenteric lymph generated 1–4 hrs after the burn injury exhibits the highest
level of biological activity [22], suggesting the association between a mesenteric lymph-
mediated events and myocardial dysfunction.

Animals
Male Sprague Dawley rats (250–350g) were used in this study. The animals were
maintained in accordance with the rules of the New Jersey Medical School Animal Care and
Use Committee approved the experiments.

Burn injury model and mesenteric lymph duct ligation (LDL)
The procedures used to induce burn injury were similar to those described by Walker and
Mason [23]. Briefly, the rats were anesthetized with pentobarbital sodium (50 mg/kg) and a
40% total body surface area (TBSA) scald burn was induced by immersing the back of the
animal through a template into boiling water (100°C) for 10 seconds following which an
abdominal burn was induced by immersion for 5 seconds [24]. The sham-burned rats were
anesthetized, placed in the plastic template, and immersed in room temperature water.

Mesenteric lymph duct ligation (LDL) was performed on anesthetized rats immediately
before sham or burn injury as previously described [12].

Left ventricular myocyte isolation, measurements of contraction and Patch-clamp
Single left ventricular myocytes were isolated with techniques described previously.[24]

Cell contraction (% cell shortening) was measured by video edge detection [24]. Myocytes
were perfused with Tyrode solution (mmol/L): NaCl, 120; KCl, 2.6; CaCl2, 1.0; MgCl2, 1.0;
glucose, 11; HEPES, 5 (pH 7.3) at 32°C. Myocytes were field stimulated at 1.0 Hz.

Whole-cell patch clamp studies were performed as described previously [24]. Cell
capacitance was measured using voltage ramps of 0.8V/s from a holding potential of −50
mV. ICa was recorded in external solution containing (mmol/L) CaCl2, 2; MgCl2, 1;
tetraethyl ammonium chloride, 135; 4-aminopyridine, 5; glucose, 10; HEPES, 5 (pH 7.3).
The pipette solution contained (mmol/L) Cs-aspartate, 100; CsCl, 20; MgCl2, 1; MgATP, 2;
GTP, 0.5; EGTA, 5 and HEPES, 5 (pH 7.3).

RNA measurement
Left ventricular tissue was rapidly dissected from rats and immediately frozen on dry ice.
Total RNA was isolated by a one-step extraction with acid-phenol guanidium thiocyanate,
followed by a column-based purification (RNeasy, Invitrogen Carlsbad, CA). The
concentration of RNA was spectrophotometically determined using A260=40 μg/ml.

First-strand cDNA was synthesized with d(T)20 using thermostable reverse transcriptase at
50°C according to the manufacture’s instruction (Thermoscript RT-PCR system, Invitrogen
Carlsbad, CA). Primers for Ca2+ channel subunits were designed to avoid the generation of a
band from genomic contamination at the same size. Due to variation in sample-to-sample
loading, glyceraldehydes-3-phosphate dehydrogenase (GAPDH) mRNA was used as
housekeeping gene for normalization [25]. For detection, PCR was performed under the
following conditions: denature at 95°C for 5 seconds, annealing at 58 or 60°C for 5 seconds

Sambol et al. Page 3

J Surg Res. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and extension at 72°C for 1 minute for 16–25 cycles, with the final extension at 72°C for 4
minutes. A SYBR green dye-based method was used to quantify mRNA levels with a
commercial master mix (Applied Biosystem, Foster, CA) using an Opticon DNA engine
(MJ Research, Waltham, MA). Complementary DNA prepared without reverse transcriptase
was used as a negative control, whereas a common RNA preparation prepared from normal
adult rat hearts was used as a positive control to account for the deviations in individual
experiments. Semi-quantitative measurement of standard PCR bands was also performed
using a CCD camera-based system as described previously [26].

Statistics
Data are reported as mean values ± SE. Between groups/conditions analyses were conducted
by using a Student’s t-test. Differences among multiple groups were tested with analysis of
variance (ANOVA) followed by Bonferroni post hoc testing. A value of P<0.05 considered
to be significant.

Results
Myocyte size

The yield of quiescent, regularly striated, viable cells was not different for myocytes isolated
from control and post-burn hearts at both 4 and 24 hrs after burn injury. Similarly, LDL did
not cause any effects on the cell isolation. Furthermore, there was no obvious difference in
apparent cell size under transmitted light among the groups examined. To confirm this
observation, we measured cell length and cell capacitance (which is proportional to the cell
surface area) using cell image system and patch-clamp, respectively. As summarized in
Table 1, cell length and the surface area of the myocytes were not significantly different
between control and burn or burn+ LDL hearts at 4 and 24 hrs after burn injury.

Cardiomyocyte Contractility
Figure 1 shows representative cell shortening recorded in myocytes isolated from control, 4
and 24 hrs post-burn hearts, and the effects of LDL. Cell shortening from post-burn hearts at
4 hrs did not significantly differ from other groups, but the amplitude at 24 hrs post-burn
was significantly reduced (Fig. 1A). As summarized in Fig. 1B, contraction magnitude was
significantly smaller at 24 hrs post-burn and this contractile depression was prevented by
LDL.

It is well established that there is significant slowing of contraction and relaxation velocity
in myocytes isolated from hypertrophied and failing hearts due to changes in Ca2+ handling
including slower rates of SR Ca2+ uptake or the sarcolemmal Na+-Ca2+ exchanger function
[17, 27]. We thus compared the time for 50% decay (T50%) of cell shortening between
control and post-burn hearts. There was no significant difference between the control and
burn group (94.3±2.5 vs.90.0± 3.8 ms, respectively).

Properties of ICa

Whole-cell ICa was measured using patch-clamp. Figure 2A shows typical ICa density
determined by peak ICa normalized relative to myocyte size (pA/pF) recorded in myocytes
isolated from control, burn at 4 and 24 hrs, and burn+LDL at 24 hrs post-burn. ICa density
was significantly lower in myocytes from post-burn hearts at 24 hrs versus control, while
there was no significant decrease in 4 hrs post burn or burn+LDL compared to controls, as
summarized in Table 2. The voltage-dependence of ICa was comparable in control, burn and
burn+LDL groups (Fig. 2B); i.e., ICa activated around −30 mV and reached its maximum
value near +10 mV. Thus, significantly reduced ICa was not caused by abnormal voltage-
dependence of Ca2+ channel characteristics at 24 hrs post-burn.
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Expression of L-type Ca2+ channel mRNA
We examined the expression levels of the α1C and the auxiliary subunits, β1, β2, β3 and
α2δ1. PCR detected significant expression of all target channel subunit mRNAs including
splicing variants of α1C with and without the 75-bp fragment in the C-terminus (Fig. 3). As
summarized in figure 4, real-time PCR analysis indicated that burn injury by itself (Burn)
did not cause significant changes in mRNA levels of any channel subunits compared with
control. The results are consistent with the observation that the voltage-dependence of ICa
was not significantly altered after burn injury.

In contrast to the lack of the burn injury-associated change in Ca2+ channel mRNA
expression, the tissues from burn+LDL contained significantly higher levels of α1C, β2, β3
and α2δ1 than those in burn alone or control (Fig. 4), suggesting that LDL itself may cause
complex changes in Ca 2+ channel mRNA expression. Consistent with this notion, sham
+LDL exhibited significant changes in α1C and β3 mRNA levels: LDL for 24 hrs
significantly increased the expression of the pore-forming subunit mRNA, whereas a
significant transient reduction in β3 mRNA level was seen in LDL at 4 hrs after the
operation (Fig. 5). However, these changes in Ca2+ channel mRNA expression appears not
account for the prevention of the burn-induced reduction in L-type Ca2+ current by LDL.

DISCUSSION
In the present study, using electrophysiological methods and gene expression analysis, we
examined the cellular basis of cardiac dysfunction caused by burn injury as well as the
beneficial effect of LDL.

We observed that (1) basal myocyte contraction was significantly reduced (≈20%) during
the 4–24 hrs post-burn period compared with sham burn (control), sham+LDL or burn+LDL
hearts, (2) myocyte size from post-burn hearts did not differ from other groups, and (3) basal
ICa density was significantly decreased (≈30%) at 24 hrs post-burn, with unaltered voltage-
dependent properties, however (4) the expression levels of Ca2+ channel mRNAs, α1C, β1,
β2, β3 and α2δ1 were not significantly altered after burn injury. Thus the cellular studies
suggest that depressed myocyte contractility and reduced ICa are involved in acute post-burn
myocardial contractile dysfunction. Our observations also indicate that a potential
mechanism for the consistent yet unexplained beneficial effect of LDL is, to a large extent,
due to prevention of burn-induced inhibitory modulation of ICa activity.

Characteristic of isolated myocytes: correlation of cellular findings with myocardial
contractility

Poor cardiac contractile function does not have to be the result of defects in myocyte
contractile properties. Other factors such as tissue injury or edema which causes changes in
cardiac structure and/or cell death due to apoptosis also could contribute to the cardiac
dysfunction that occur during the early stage of burn injury. For example, in chronic heart
failure loss of myocytes through apoptosis, and the presence of dedifferentiated cells, lead to
a reduced number of functional myocytes, with hypertrophy of the remaining myocytes [13].
This possibility was validated by pathological studies which suggest that apoptosis
contributes to burn-induced acute myocardial contractile dysfunction [16].

Our results show that myocyte contractile function was significantly decreased during the
early phase (4–24 hrs) post-burn. These changes in contractility obtained at the cellular level
agree with the previously published whole heart measurements [3, 4]. However, a reduction
in myocyte function and a beneficial effect of LDL were not associated with changes in
myocyte size. These results suggest that depressed myocyte contractility, but not cellular
remodeling, was the major factor in burn-induced myocardial contractile dysfunction.
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Nevertheless, we should consider that in vivo situation, even minor loss of myocytes
(apoptosis) or changes in cardiac structure (dilation) may also contribute to local stretch of
myocardium and reduced contractility.

Mechanisms underlying the reduced cellular contractility
Numerous studies indicate that the depressed contractile function in failing hearts is
associated with altered electrophysiological and excitation-contraction changes due to
abnormalities of cellular Ca2+ regulation. Specifically, slowing contraction and relaxation
and overall prolongation of contraction duration are common features of cardiac
hypertrophy and heart failure [14, 28]. Changes in contraction time course have been
implicated in the diminished capacity of the SR to increase its Ca2+ content, secondary to
depressed SR Ca2+ uptake function.

In our study, when the time course of relaxation was assessed by the time for 50% decay
(T50%) of cell shortening, there was no significant difference between myocytes from sham
and post-burn hearts. These findings suggest that the cellular mechanisms underlying burn-
induced myocardial contractile dysfunction is not primarily caused by defective SR and
Na+-Ca2+ exchanger function. In contrast, our results indicate that alterations in the density
and regulation of the L-type Ca2+ channel contribute to the depressed contractility of post-
burn hearts. Thus, important features of the acute myocyte dysfunction from post-burn
hearts are distinct from cardiac hypertrophy or heart failure which generally develops
slowly.

Expression of L-type Ca2+ channel mRNA
The mechanism of the functional down-regulation of L-type Ca2+ channels observed during
the early stage after burn injury is unknown, but may involve altered gene expression. We
examined the expression levels of the α1C which forms the pore of the Ca2+ channel and the
auxiliary subunits, β1, β2, β3 and α2δ1. In the present study, we found that burn itself does
not affect either pore-forming α1C or auxiliary subunit mRNAs. The results are consistent
with the observation that the voltage-dependence of ICa activation was not significantly
different in any of the groups examined.

In the present study, real-time PCR analysis indicated that the burn injury by itself did not
cause significant changes in mRNA levels of any channel subunits compared with controls.
Lymph duct ligation (LDL) resulted in significant changes in α1C and β3 mRNA levels:
Interestingly, sham+LDL exhibited changes in mRNA expression, indicating that LDL
results in complex changes in Ca2+ channel mRNA expression, but this was not associated
with a significant change in contractile function. It is thus, more likely that LDL prevented a
decrease in the amount of Ca2+ influx by blocking mediators which regulate L-type Ca2+

channel function. The underlying cellular mechanisms are presently under investigation.

Possible mediators responsible for burn-induced down-regulation of ICa activity
Although the exact cellular signaling pathways that are responsible for the contractile
dysfunction of post-burn hearts are unknown, an increasing body of experimental and
clinical evidence now suggest that endogenously produced pro-inflammatory cytokines play
an important role in a variety of cardiac pathophysiological conditions. These include
traditional inflammatory mediators such as the cytokines TNF-α, IL-1 and IL-6 which can
trigger nitric oxide (NO) activity. Changes in NO production can lead to cardiac contractile
depression and their inhibition or neutralization has been shown to prevent burn- or trauma-
shock-induced myocardial depression [3, 29, 30]. NO can also directly regulate normal
contractility by interacting with the proteins involved in normal contractility, such as eNOS
and nNOS isoforms, which are compartmentalized within the myocytes [31].
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In the classic pathway, cAMP-mediated activation of protein kinase A (PKA) results in the
phosphorylation of several intracellular proteins, including the α1C subunit of L-type Ca2+

channels [32]. A blunted response to this adenylyl cyclase step in the β-adrenergic receptor
signaling cascade is reported in failing hearts [14]. It has also been reported that
nitrosylation of L-type Ca2+ channels increases current amplitude, while phosphorylation of
the channel by cGMP/Protein kinase G (PKG) decreases amplitude [33, 34]. Thus,
modulation of these signal-transduction pathways may also be responsible for depressed ICa
activity observed in post-burn hearts and the beneficial effects of LDL [35].

In summary, our results suggest that depressed cardiomyocyte contractility contributes to
myocardial dysfunction that develops during the early stage after burn injury, in the absence
of cellular remodeling. Our experiments also suggest that LDL effects results from
modification of signaling pathways responsible for the regulation of L-type Ca2+ channel
activity.
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Figure 1.
Cell shortening in myocytes at 4 and 24 hrs after burn injury and the effects of LDL. (A)
Typical example of the contraction tracings recorded from each group during field
stimulation at 1.0 Hz. (B) Pooled data for cell shortening (%) obtained from the same group
shown in Table 1. Data are mean ± SE. *, P<0.01 vs. Control.
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Figure 2.
ICa in ventricular myocytes. (A) Whole-cell ICa recorded in myocyte from control, burn at 4
and 24 hrs, and burn+LDL at 24 hrs. Currents were elicited from a holding potential of −50
mV to the indicated test potentials at 0.1 Hz. (B) I–V relationships for peak ICa. ICa was
normalized to the cell capacitance to give current densities (pA/pF). Data are mean ± SE,
from the same cells shown in Table 2.
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Figure 3.
Representative results of the reverse transcription-PCR analysis showing that burn injury
does not influence the expression of Ca2+ channel subunit mRNAs. PCR analysis was
performed with left ventricular RNA obtained from the indicated group of animals. Alpha
1C mRNAs were detected with primers that yield two bands at 378 (major strong signal) and
453 (faint signal) bp. The latter band represents a splicing variant the insertion of 75-bp
fragment in the carboxyl cytosolic portion of channel polypeptide.
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Figure 4.
Determination of Ca2+ channel transcripts. Expression of the corresponding transcripts was
normalized to GAPDH transcript level in the same sample. Columns and error bars indicate
the mean and SEM. * P<0.05 and ** P<0.01 compared to control, whereas # P<0.05 and ##
P<0.01 compared to the corresponding burn group.
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Figure 5.
The effects of LDL on the expression of Ca2+ channel subunit mRNAs. (A) PCR results
obtained from sham+LDL are shown with the left lanes representing DNA size markers. (B)
Real-time PCR data are shown with columns and error bars indicating the mean and SEM.
*p<0.05 compared to Control.
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Table 1

Morphology of myocytes isolated from control (sham burn), sham+LDL, burn and burn+LDL rats measured at
4 and 24 hrs after burn injury. Individual cell size were examined by measuring cell length using cell image
system and cell capacitance (which is proportional to the cell surface area) using patch-clamp protocols.

Cell Length (μm) Cell Capacitance (pF) N

Control (4 and 24 hrs) 125.9 ± 2 (n=154) 129.8 ± 3 (n=168) 22

Burn (4 hrs) 123.3 ± 2.6 (n=64 ) 130.6 ± 5 (n=59) 8

Burn (24 hrs) 123.3 ± 2.6 (n=104) 130.5 ± 4 (n=115) 14

Burn+LDL (4 hrs) 126.3 ± 2 (n=54) 128.7 ± 5 (n=35) 6

Burn+LDL (24 hrs) 125.5 ± 2 (n=64) 130.0 ± 3 (n=58) 7

N= number of rats. n= number of cells. Values are means ± SE.
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Table 2

ICa density measured in myocytes isolated from control (sham burn), burn and burn+LDL rats at 4 and 24 hrs
after burn injury.

ICa density (pA/pF) N

Control (4 and 24 hrs) −7.9 ± 0.4 (n=68) 10

Burn (4 hrs) −7.8 ± 0.6 (n=16) 4

Burn (24 hrs) −5.4 ± 0.5* (n=48) 6

Burn+LDL (24 hrs) −7.0 ± 0.6 (n=30) 4

N= number of rats. n= number of cells examined. Values are means ± SE.

*
p<0.05 vs. Control.
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