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Abstract. We investigated the mechanism by which lytic
granules extracted from cytotoxic T lymphocytes (CTL)
damage guinea pig ventricular myocytes in order to
dertermine whether their actions can be related to the
overall immunological rejection of the transplanted
heart. Granule-induced myocyte morphological changes
and final destruction were preceded by shortening of ac-
tion potential duration (APD) and reductions of the
resting potential and the action potential amplitude.
APD shortening was probably caused by a granule-induc-
ed increase in outward current (most likely non-specific).
Ryanodine, which blocks Ca?* release from the
sacroplasmic reticulum, did not interfere with the mor-
phological and electrophysiological effects of Iytic
granules. Fura-2 imaging indicated that [Ca®*); initially
increased about 2-fold from 90.0+11.5nM, while cell
length decreased less than 5% from a mean value of
99.0+£9.0 um. A further increase in [Ca“]i (> 10 fold)
was associated with progressive contracture and destruc-
tion, suggesting that the structural damage inflicted by
lytic granules is caused by [Ca“}i overload. The results
indicate that the cytocidal action of CTL-derived lytic
granules may be involved in immunologically induced
damage, even to the extent of rejection of the
transplanted heart.
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Transplantation-graft rejection — Myocardial elec-
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Introduction

Heart transplantation has become a common surgical
procedure for the treatment of intractable heart failure;
the major associated problem is the immunological rejec-
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tion induced mainly by cytotoxic T lymphocytes (CTL)
[5]. CTL (both CD4 and CD8 cells as well as T helper
cells) constitute the major immune effectors responsible
for rejection. These cells infiltrate the transplanted heart
and destroy the myocardial tissue and endothelium by as
yet undetermined cytocidal mechanisms [12, 16, 17, 19].
A large body of evidence indicates that T lymphocytes are
the primary mediators of graft rejection, although it is
likely that the Th subtype(s) (CD4), which is involved in
delayed-type hypersensitivity (DTH), is at least partly re-
sponsible for tissue damage and graft rejection. Nonethe-
less, although the precise mechanism(s) whereby CTL de-
stroy their targets is of considerable importance and in-
terest, the issue is still highly controversial. It has fre-
quently been suggested that CTL-derived lytic granules,
containing the pore-forming protein perforin, are respon-
sible for lysis of the target and that this is the cytocidal
mechanism [6, 13, 23, 31]. Since it has been repeatedly
demonstrated that various CTL (and natural killer cells)
contain lysosomal lytic granules, which are capable of ex-
erting cytocidal effects on a wide variety of target cells,
we investigated the effects of CTL-derived lytic granules
on the morphology, electrophysmlogy and intracellular
calcium concentration [Ca®* ]; of guinea pig ventricular
myocytes. We recorded transmembrane action potentials
and membrane currents by means of the whole-cell re-
cording technique, and [Ca®*}; using the fura-2 imaging
technique. In the present study we show that lytic gran-
ules extracted and purified from CTL cause destruction
of ventricular myocytes, and that cell death is preceded by
electrogahysiological derangements and marked increase
in [Ca®"];. These findings therefore point to a possible
mechanism whereby CTL infiltrating the transplanted re-
jected heart damage the myocardial tissue.

Materials and Methods

Preparation of isolated ventricular myocytes. Adult guinea pig ventric-
ular myocytes were obtained by enzymatic dissociation according to
procedures described elsewhere [14]. Guinea pigs (300—400g) were
anaesthetized with pentobarbitone sodium 30 mg/kg i.p. The chest was



opened, the heart rapidly removed and the aorta cannulated and perfus-
ed with modified Tyrode’s solution in a Langendorff apparatus. After
washing out the blood, the heart was perfused with Ca>*-free Tyrode's
solution (CFT). Subsequently, CFT solution containing 0.08% col-
lagenase (type 1, Sigma, St. Louis, MO) was circulated for 35—40 min.
Thereafter, the heart was perfused with 50 ml of Kraftbrithe (KB) medi-
um, containing high K™ and low Cl~ concentrations. All solutions
were oxygenated and warmed to 36.0=0.2°C. Finally, the heart was re-
moved from the cannula, cut into 3 —4 sections and stored in KB medi-
um at room temperature prior to the experiment. The modified Tyrode’s
solution contained (mM): NaCl, 140; KCl, 4; CaCl, 1.8; MgCl,, 1, glu-
cose, 10, and HEPES, 5. CFT solution was prepared by omitting ca**
from the solution. The KB medium contained (mM): KCI, 70; K,HPO;
30; MgSO, 5; CaCl, 0.12; glucose, 20; taurine, 20; succinic acid, §;
pyruvic acid, 5; creatine, 3, sodium adenosine triphosphate (Na,ATP),
5; and ethylene glycol-bis(B-aminoethyl ether) tetraacetic acid (EGTA)
0.5.

Electrophysiological recordings. After an incubation period in the KB
medium, a small volume of KB containing myocytes was transferred to
the recording chamber (0.5 ml), mounted on the stage of an inverted mi-
croscope (IM, Zeiss, Oberkochen, FRG). The Tyrode's solution was
superfused at a rate of 1 —2 ml/min at room temperature (24-25°C).
For the electrical measurements we used rod-shaped myocytes with
cross-striations and clear surfaces. The whole-cell recording technigue
(10] was used to monitor transmembrane potentials and membrane cur-
rents by means of the EPC- 7 parch clamp amplifier (List Medical Elec-
tronics, Darmstadt, FRG). Electrodes were prepared from soft glass
{Kimble, Toledo, Ohio) and had a tip resistance of 1 —3 MQ when filled
with the pipette solution. The pipette solution contained (mM): K-as-
partate, 120; KCl, 20; MgCl,, 3.5; KH,PO,, 20; Na,ATP, 3; glucose,
10, and EGTA, 1. Measurements were initially carried out when
Tyrode’s solution (or drug containing Tyrode's) was superfused. There-
after, flow was stopped, additional measurements made, and 5—7 ul of
granule extract added to the bath in the vicinity of the electrode tip.
There were no differences in action potential characteristics during flow
and after the flow to the bath was stopped.

Preparation of Iytic granules. Lytic granules were prepared following
methods described elsewhere [2, 20, 24]. In brief, granules were extract-
ed and purified from interleukin-2-(IL-2)-dependent CTL (CTLL-2)
cells grown in vitro. This IL-2-dependent cell line is derived from for-
merly cytotoxic CTL. The CTLL-2 cells were grown in vitro in RPMI-
FCS medium supplemented with concanavalin A (Con A) (22%) as an
IL-2 source.

Fura-2 imaging. Guinea pig ventricular myocytes were allowed to settle
onto the single-thickness glass cover slip bottom of a superfusion cham-
ber. The cells were loaded with { —2 pM fura-2/AM for 15 min at room
temperature without superfusion, then superfused with Tyrode’s solu-
tion (1 -2 ml/min) until the addition of the granules (at least 20 min).
Light from xenon lamp was passed through two monochromarors (Pho-
ton Technology International, Princeton, NJ), to provide the 340 and
380 nm excitation into the epi-fluorescence port of the inverted micro-
scope which was equipped with a 40x oil immersion objective (Neo-
fluor; Zeiss, Oberkochen, FRG). The emitted light passed through a
10 nm barrier filter centred at 510 nm and into a CCD camera coupled
to a microchannel intensifier plate (Videoscope Technology Interna-
tional, Washington, D.C.). The video signal was captured and analysed
by hardware and software in an 80386 compatible computer (Photon
Technology International, Princeton, NJ). Four sequential frames were
averaged at each wavelength, with approximately four frames lost dur-
ing transition (full cycle-time 2—3 Hz). At selected times the average
frames were stored on hard disk. After the experiment these digitized
images were recalled, the 340 nm image was smoothed using a 3x 3 con-
volution algorithm, and the ratio frame created. This image was then
masked against the 340 nm image to create a dark background. Because
of reported differences between the characteristics of fura-2 free acid
and the deesterified fura-2/AM [9], we used an in vivo calibration meth-
od. A separate sample of cells were loaded with fura-2/AM in the pres-
ence of an EGTA-buffered low Ca®* (10~7 M), high K* (100 mM) “in-
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tracellular” solution. The cells were then permeabilized with 230 units
of alpha toxin (Gibco BRL, Gaithersburg, MD) for 45 min. Thereafter,
a single cell was selected and fluorescence at the two wavelengths mea-
sured during exposure to extremes of low and high extracellular Ca®*.

. L " . 5.
The values obrained were: R, 0.25; R, 1.2.

Results

Experiments were carried out by exposing isolated
myocytes to lytic granules obtained from the CTLL-2
cells. The exposure to granules resulted in elec-
trophysiological and morphological changes ultimately
leading to myocyte contracture and destruction. The typi-
cal morphological changes occurring within 5— 15 min
are illustrated in Fig. 1. In this myocyte (affected quite
rapidly by the granules) the most consistent change was
a progressive contracture terminating in cell destruction
(ie. cell “death™). The changes in the rod-shape morphol-
ogy were frequently associated with spontaneous irregu-
lar contractions which appeared to originate from differ-
ent sites within the myocyte. These qualitative observa-
tions indicated to us that lytic granules are “toxic” to
myocardial tissue and, in principle, can account for the
overall outcome of immunological rejection.

The next step was to investigate the effects of lytic
granules on electrophysiological properties of guinea pig
ventricular myocytes. The aim of these experiments was
not only to describe for the first time the effects of lytic
granules on myocyte electrophysiology (which might be
relevant to CTL cytocidal action); we thought that any
granule-induced changes in myocyte electrophysiology
would help to elucidate the mechanisms involved in the
cytotoxic effects of lytic granules. The first electrophysio-
logical change was a marked shortening of action poten-
tial duration (APD), occurring prior to detectable
changes in the rod-shape morphology (Fig.2). Subse-
quently, the resting potential was gradually reduced
which, together with oscillations in the membrane poten-
tial, suggested [Ca>*]; overload. These alterations culmi-
nated in a progressive reduction in the membrane poten-
tial and loss of excitability (not shown). In summary, tz-
der control conditions and after exposure to granules for
3-8 min, when morphological changes were absent or
minor (slight shortening), action potential characteristics
were (mean+SEM): resting potential, —80.5+0.6 mV
and =73+2.7mV; action potential amplitude, 121.4
+1.4mV and 102.0£6.2 mV; and APD at 50% repolari-
zation (APDsg), 639.4+53.4ms and 195.2+51.2 ms re-
spectively. The electrical deterioration was always associ-
ated with progressive contracture followed by myocyte de-
struction. It should be emphasized that in these cells
dialysed with the pipette solution, the morphological
changes were qualitatively indistinguishable from those
occurring in neighbouring myocytes. To test whether the
effects on myocyte eletrophysiology and morphology are
reversible, we began superfusing the bath with Tyrode’s
solution, after observing granule-induced reduction in
APD and myocyte shortening (~ 5 min). In these experi-
ments we found that neither the electrophysiological nor
the morphological effects of lytic granules were revers-
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Control

ible, and cell destruction advanced as under control con-
ditions. Control experiments in which none of the above
effects were seen included application of: (1) granules
buffer solution (150 mM NaCl and 10 mM HEPES); (2)
a post-nuclear fraction of Con A-blast prepared from
murine (DBA/2 strain) spleens, which was found to be
non-lytic to sheep red blood cells {2]. In the latter group
(n = 4), action potential characteristics in the control and
15 min after exposure to the non-lytic fraction were
(mean+SEM): resting potential, —80.7+0.5mV and
—78.6+1.0 mV; action potential amplitude, 119.7+1.6 mV

and 1158+2.8mV; and APDs;, 800x18ms and
80641 ms.
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Fig. 2. Effect of lytic granules on the transmembrane action potential
in a guinea pig ventricular myocyte. The action potential is shown in the
control (Tyrode’s solution) and at various intervals after application of
Ivtic granules (5 ul of granules into a 0.5 ml recording chamber). The
temperature was 25.0°C, the cycle length 5s. Bottom right panel is a
recording at slower speed to illustrate the oscillations in the membrane
potential

Fig. 1. Effects of lytic granules on the mor-
phology of a guinea pig ventricular
myocyte 5, 6 and 7 min after application of
7 ul of lytic granules 1o the Petri dish

(3.5 cm) containing the myocytes bathed in
Tyrode's solution at room temperature
(25°C). In numerous experiments we found
that addition of granules resulted in the
destruction of myocytes within 5—15 min

The results above illustrating progressive contracture
and oscillations in the membrane potential suggest that
the toxic effects of the granules are associated with
[Ca?*]; overload. We therefore tested whether the over-
load was due to Ca®* release from the sarcoplasmic re-
ticulum (SR) by treating myocytes with ryanodine
(10uM), which blocks Ca** release from the SR. As seen
in Fig. 3 and Table 1, the attenuation in the action poten-
tial occurred in the presence of ryanodine as under con-
trol conditions. Furthermore, ryanodine did not modify

Tyrode's Ryancdine, 10 uM
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Fig. 3. Effect of lytic granules on the action potential of a guinea pig
ventricular myocyte treated with 10 pM ryanodine for 15 min prior to
granule application. The temperature was 25.0°C and cycle length 55



Table 1. Effect of rvanodine on the lytic granule-induced alterations in
the action potential in guinea pig ventricular myocytes (n = 3)

Tyrode's Ryanodine Lytic granules
(control) (10 uM) (3 -8 min)
Resting poten- -79.6x0.9 -79.9+0.6 -73.6=0.5*
tial (mV)
Action potential 123+0.9 121.6=1.2 99.6+6.1*
amplitude (mV)
APDy, (ms) 586+75 634 +50 87 =38*

Mpyocytes were exposed to ryanodine for {35 min prior to granule ap-
plication. APD,,, Action potential duration at 50% repolarization.
*Significant difference (P<0.01) between lytic granules and ryanodine
and control

the granules’ morphological effects and cell destruction
occurred in the usual sequence. We also found (not
shown) that 10 mM caffeine, which depletes SR Ca“*
stores, did not modify the electrophysiological and mor-
phological effects of the granules, suggesting that
[Ca**]; overload does not result from Ca?*release from
the SR.

Hypothetically, Ca** overload could result from a
granule-induced increase in the L-type Ca’* current,
Ic, - We attempted to test this possibility by investigat-
ing the effect of lytic granules on the /,;. Commonly,
I,y is measured (in the presence of Cs™ substituting for
K™) as the inward current remaining after eliminating
the fast inward current by tetrodotoxin or by using a
holding potential of —40mV to inactivate the Na™
channels. Figure 4 A illustrates in a representative experi-
ment the effect of lytic granules on membrane currents.
Since granules markedly increased the outward current

A

control 1
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(despite the presence of Cs™ ions), it is impossible to
quantify the direct effect on /¢, ;. Indeed, as suggested
by the effect of granules on “/.,” current-voltage /—V
relations (Fig. 4 B), it appears that the reduction in the in-
ward current did not result from a “simple” block of
Ic,y but from an upward shift of the entire /—V rela-
tions, probably due to an increase in a non-specific con-
ductance. The only experimental evidence suggesting that
Ic,y is not mediating Ca*>* overload is that the toxic ef-
fects of lytic granules also occur in the presence of
verapamil [3].

To explore the ionic mechanism(s) that might contrib-
ute to APD shortening, the -V relations of the current
measured at the end of a 300 ms clamp pulse, correspond-
ing in time to the plateau of the action potential was ex-
amined. Under normal recording conditions, this mea-
surement reflects the inward and outward rectifying
K™ currents, I and /. respectively. In the presence of
K™ -containing Tyrode’s solution (Fig.5A), granules
caused flattening of the hump which is related to /1, in-
creased the inward and outward currents and shifted-the
reversal potential towards 0 mV, suggesting an increase in
a non-specific conductance. The increase in the outward
current, especially at positive membrane potentials, can
contribute, at least in part, to the decrease in APD which
will cause a negative inotropic effect. However, it should
be emphasized that flattening of the outward hump and
a shift of the reversal potential towards 0 mV would be ex-
pected to cause a decrease in the resting potential as well
as the reduction in APD. Hence, this apparent controver-
sy is not resolved by the present experiments and requires
further investigation. Since the increase in inward and
outward currents occurred after substituting K* (in the
Tyrode’s and pipette solutions) by Cs* (Fig. 5B), it is
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Fig. 4 A, B. Effect of lytic granules on membrane currents in guinea pig
ventricular myocytes. A Current traces were generated in response to
voltage-clamp pulses from a holding potential of —40 mV to the mem-
brane potentials indicated beside each trace. Traces were obtained dur-
ing control, 1 and 3.5 min after addition of granules to the bath. B The
effect of granules on current-voltage relations of the L-type Ca** cur-
rent, I, (7= 5-8 myocytes). Results are expressed as mean=SEM.
To isolate I¢, . K*in both the Tyrode’s and the pipette solutions was
replaced by Cs™. I, was measured as the peak inward {or outward)
current. Symbols indicate Control (@), | =2 () and 3-35 (CJ) min ex-
posure to lytic granules
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Fig.5A,B. The effect of lytic granules on current-voltage relations
(n = 6—12 myocytes) of the current measured at the end of a 300 ms
clamp pulse, [39. A Control (K" -containing) Tyrode’s solution. B K™
in both the Tyrode’s and the pipette solutions replaced by Cs*. Results
are expressed as mean=SEM. Symbols indicate Control (@), 1-2 (&)
and 3-5 (O) min exposure to lytic granules

likely that lytic granules did not directly affect [
and/or I,. To determine the /—V relations of the lytic
granules-sensitive current, we plotted the difference in
current between control and after 3—5 min exposure to
lytic granules (Fig. 6). It is seen that, except for the most
extreme negative potentials, the /—V relations of the
K- and Cs™ -containing solutions are quite similar; the
relations appear to be linear and cross the voltage axis
around —20 mV, suggesting a major contribution of non-
selective ionic conductance.

As both previous reports [25, 28] and our own results
suggest that cytocidal activity is associated with [Ca**];
overload in the target cell, we used fura-2 to study the ef-
fects of granules on [Ca“]i in relation to cell length
(Fig. 7). Fura-2 fluorescence images at 340nm and
380 nm excitations (510 nm emission) and cell length (ob-
tained from the 380 nm image) were recorded under con-
trol conditions and after exposure to granules. Figure 7A
(1 of 4 experiments) demonstrates that the increase in
[Ca®*); precedes detectable myocyte shortening. By 190 s
[Ca®*}; had risen from a basal level of about 60 nM to
175 nM, yet the cell remained almost fully relaxed. The
cell reached its final stage of contracture by 515 s with an
approximate {Cal"]i of 720 nM, thereafter advancing in-
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Fig. 6 A, B. Lytic granule-sensitive current-voltage (/- V) relations of the
current measured at the end of 300 ms clamp pulse, f35. The curves
were derived from the data shown in Fig. 5, and were constructed by
subtracting the (mean) control /—¥ relations from that in lytic granules
(3—5 min). A Control (K™ -containing) Tyrode’s solution. B K *in both
the Tyrode’s and the pipette solution replaced by Cs™

to a blebbed sphere. Figure 7B demonstrates the similari- .
ty (in each cell), of the time courses of granule-induced
changes in [Ca’*]; and cell length. [Ca®*]; increased
about 2-fold from a basal level of 90.0+ 1.5 nM, while cell
length decreased less than 5% from a resting length of
99.0+9.0um (n=4). With further {Ca“]i increase, a
greater decrease in cell length occurred, followed by
myocyte destruction and a large increase in [Ca’'];
above 1 uM.

Discussion

In the present study we investigated mechanisms whereby
CTL damage myocardial tissue during the immunologi-
cal rejection of the transplanted heart. We studied the ef-
fects of lytic granules extracted and purified from an
IL-2-dependent CTL cell line. The study demonstrates
that CTL-derived lytic granules induce a variety of com-
plex changes in ventricular myocyte morphology, elec-
trophysiology and [Ca®*];. The diversity of these
changes suggests that more than a single granule constit-
uent might be contributing to the effects of whole gran-
ules, and future studies should therefore deal with effects
of individual components such as perforin and serine
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Fig. TA, B. Effect of lytic granules on intracellular Ca** concentration
([Ca:"]‘-} and cell length. [Ca:"]i was measured using fura-2 imaging,
(for details see text) A A representative experiment in a guinea-pig
ventricular myocyte illustrating the changes in {Caz*]i and cell length
induced by granules (see details in text). Initial [Ca\z*’]-I and cell length
were 62 nM and 107 pm respectively. B Time courses of the changes in
[Ca:"}i and cell length in 4 myocytes following exposure to granules.
Each symbol represents data from the same cell in both panels
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proteases. The alterations in action potential configura-
tion and myocyte morphology, as demonstrated by the re-
duction in APD, membrane depolarization and inex-
citability, and contracture and cell destruction, can be
partly explained by the combined changes in [Cal+]i and
membrane currents. However, as [Ca’*]; was measured
in resting myocytes and not in those attached to the patch
pipette, the time courses of the changes in action poten-
tial and membrane currents can not be compared to that
of the changes in [Ca®*};. Some of the changes in action
potential characteristics can be explained by the altera-
tions in membrane currents. The reduction in APD can
be accounted for, at least partly, by an increase in the out-
ward current in the plateau range of the membrane poten-
tial. Since the increase in outward current also occurred
when Cs* was substituted for K7 ions in the Tyrode’s
solution and in the pipette, it is likely that it resulted
largely from a granule-induced rise and/or induction of
a non-specific conductance, and not from a specific
change in I, and/or I;;. Such non-specific conductance
changes have been recorded in lipid bilayers exposed to
lytic granules and purified perforin [31]. In addition, the
reduction in the membrane potential leading to inex-
citability can be caused by the increase in the non-specific
conductance with a hypothetical reversal potential close
to 0mV. The marked increase in {Ca’*]; can also ac-
count for some of the effects of lytic granules, although
it is difficult to distinguish between specific and non-spe-
cific consequences of an elevated cytosolic [Ca®*];. For
example, a rise in [Ca®*]; might lead to a reduction in
APD by increasing I [30], to oscillations in the mem-
brane potential and to contracture and myocyte destruc-
tion. The mechanism responsible for [Ca’*]; overload
was not conclusively identified in this study. The ineffec-
tiveness of ryanodine and caffeine on the granules’
cytocidal action suggests that [Ca®*]; overload does not
result from excessive Ca’* release from the SR. Other
possibilities, such as Ca’* influx via a “perforin-induced
channel”, and/or release from other intracellular stores
should be considered in future studies.

In agreement with our [Ca“}i measurements, Tirosh
and Berke [29] and Poenie and colleagues [25] found that
CTL /target interaction resulted in an increase in target
[Ca®*]; to micromolar concentrations in 250—300s; this
was mimicked by application of cytolytic granules from
rat killer cells. In a related study, Hassin and co-workers
[11] examined functional changes in mengovirus-infected
cultured neonatal rat myocytes, induced by mengovirus-
sensitized CTL. Their finding, that the attenuated con-
traction and impaired relaxation was associated with “os-
cillations in the prolonged plateau phase of the action po-
tential”, disagrees with ours. This discrepancy is probably
due to major differences in the two experimental models.

The involvement of [Ca“]i overload in cell damage
and death is well established and has been associated with
tissue necrosis, ischaemia and immunological responses
[4, 8, 15, 22, 27]. Specifically, increased [Ca2+]i can
cause various cell dysfunctions such as surface abnormal-
ities, DNA fragmentation and Ca’*-induced damage to
mitochondria, thus affecting generation of ATP and
hence the function of ATP-fuelled ion pumps [1, 7, 18,

21,26} Ca’* activation of intracellular ATPases such as
actomyosin could lead to additional ATP depletion and
further suppression of Na*—K™ ATPase [28] which
would most likely cause a reduction in the resting poten-
tial.

Based on the results of the present study, and since
CTL-containing lytic granules have been implicated in the
process of immunological rejection of the transplanted
heart (as well as other organs), it is conceivable that lytic
granules contribute to the damage inflicted on the trans-
planted heart by the invading lymphocytes. To verify this
theory we are currently investigating the electrophysio-
logy of ventricular myocytes subjected to attack by CTL
rather than by their cytotoxic granules.
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