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ABSTRACT

Clinical evidence indicates that skeletal muscle cell membrane rupture occurs in
electrical trauma. The pathogenic mechanisms of this damage have not been clearly
identified. While it is clear that Joule heating causes part of the tissue destruction,
particularly near the skin contact points, it does not appear to explain the pattern of
tissue injury frequently observed at sites distant from the contacts.

In this thesis, the significance of the non-thermal mechanism of membrane electrical
breakdown, often termed electroporation or electropermeabilization, is examined. The
exposure thresholds for damage to skeletal muscle cells due to membrane electrical
breakdown and to heating are determined experimentally. A cable model analysis is
used to show that long skeletal muscle cells can experience transmembrane pe'Qentials
large enough to cause membrane electrical breakdown in typical cases of electrical
injury.

Experiments were performed using isolated cells harvested from the rat flexor dig-
itorum brevis muscle. The transmembrane potentials induced in cells aligned parallel
to a weak electric field were imaged using the membrane-incorporating potential-
sensitive fluorescent dye di-4-ANEPPS. The cytomorphological responses to brief in-
tense electric field pulses in the absence of significant heating and to elevated tem-
peratures were monitored in separate experiments. Repeated application of electric
field pulses of 50-300 V/cm magnitude and 0.1-4.0 msec duration caused irreversible
contraction and eventual collapse of cells along their long axes, indicating alteration
of the contractile proteins. Exposure to temperatures of 45*C and above also caused
collapse of cells along their long axes.

To quantify changes in membrane permeability due to electrical and thermal stim-
uli, experiments were performed using cells loaded with the vital fluorescent dye car-
boxyfluorescein. To prevent contraction and collapse of the cells, they were bathed
in hypertonic solutions of 3.0-times normal tonicity prepared with sucrose or man-
nitol. The fluorescence intensities of the cells were monitored during electrical and



thermal exposures and changes in the cell membrane permeabilities were quantified
using digital image processing techniques.

Experiments performed using di-4-ANEPPS demonstrated that the large trans-
membrane potentials induced in cells parallel to an applied electric field in isotonic
solutions are nearly eliminated in cells bathed in hypertonic solutions. It was concluded
that water loss from the cells in hypertonic solution causes the extensive internal mem-
brane system to block the conduction path in places along the long axes of the cells.
Thus, the transmembrane potential thresholds for electrical breakdown were obtained
using cells aligned perpendicular to the field. Cells loaded with carboxyfluorescein
were exposed to electric field pulses of 150-300 V/cm magnitude and 4 msec duration
at room temperature. An increase in cell membrane permeability during and after
the application of pulses of at least 200 V/cm was observed. This effect was quan-
tified at field strengths of 250, 275, and 300 V/cm, which corresponded to induced
maximum transmembrane potentials of 400-600 mV, a range consistent with other
reported demonstrations of membrane electrical breakdown (Powell & Weaver, 1986;
Zimmerman, 1986). At the high end of this range, the effect appeared to be at least
partially reversed following the exposure. At the lower induced potentials, smaller
permeability increases were observed which persisted over times as long as one hour.
The cable model analysis predicts that transmembrane potentials in this range can be
induced in isolated cells parallel to an applied field as weak as 10-25 V/cm, and in
intact muscle in even weaker fields.

Cells loaded with carboxyfluorescein were elevated from room temperature to tem-
peratures of 45, 50, 55 and 60*C. A delay preceded the onset of dye loss. Both the
delay and rate of dye loss were temperature dependent. An Arrhenius relationship
describes the membrane permeabilization with an activation energy of 58 kcal/mole, a
value consistant with that describing other thermally-induced membrane alterations
(Moussa et al., 1977).

By comparing the experimentally-determined damage thresholds to the electric
field and temperature distribution in the human arm in a typical injury (Tropea, 1987),
it was concluded that membrane electrical breakdown, along with Joule heating, is a
mechanism of damage in many cases of electrical injury. The significance of the muscle
damage caused by the two mechanisms depends on the strength and the duration of
the electric fields in the tissues. Short duration contacts can result in membrane
electrical breakdown in the absence of significant heating effects. For high field or
long duration contacts, thermal damage can predominate, masking the occurrence of
membrane electrical breakdown. The spatial arrangement of the tissues in the limb
determines the induced electric field and Joule heating. Thus, it is expected that in a
typical injury, tissues damaged by both mechanisms will be found scattered along the
current path.

Thesis Supervisor: Raphael C. Lee, M.D., Sc.D.
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Chapter 1

Introduction

1.1 Background

Each year in this country several thousand victims are admitted to hospitals for treat-

ment of electrical "burns". A significant number of these admissions are for severe

injuries incurred by accidental contact with a high-voltage (greater than 1,000 volts)

powerline. The typical victim is a young industrial worker or utility lineman. If a

victim survives the initial cardiopulmonary insult, he then faces life-threatening se-

quelae from extensive skeletal muscle, neural and vascular tissue destruction far away

from any obviously burned tissue. The massive muscle destruction releases proteins

into the circulation which produce direct kidney damage, often leading to renal failure.

Frequently, the victim will require multiple deep tissue debridements and sequentially

higher level limb amputations, leading to permanent disability.

Clinical evidence suggests that skeletal muscle cell membrane rupture occurs in

electrical trauma. This evidence includes the release of large quantities of myoglobin

from the intracellular space (Baxter, 1970) and the elevated levels of arachidonic acid

production, suggesting increased intracellular free calcium (Robson et al., 1984).

The pathogenic mechanisms of cell rupture following electrical injuries have not

been clearly identified. Although Joule heating is commonly believed to mediate tissue

injury, clinicians have observed substantial differences between the tissue response to
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thermal injury and electrical injury. While it is clear that Joule heating causes part

of the tissue destruction, particularly near the skin contact points, it does not appear

to explain the pattern of tissue injury frequently observed at sites distant from the

contacts, which has been described as resembling a crush injury more than a thermal

injury (Artz, 1974).

Long muscle and nerve cells are particularly susceptible to damage in an electrical

injury, while adjacent small connective tissue cells can be relatively unharmed. Since

the magnitude of Joule heating experienced is independent of cell size, it is unlikely

that this mechanism of cellular injury is selective on the basis of cell size. However, for

a given applied field, the magnitude of the induced transmembrane potential imposed

by the field depends on the cell size and orientation in the field. Large elongated cells,

oriented in the direction of the electric field, can experience transmembrane potentials

large enough to lead to cell membrane rupture by electric breakdown (Gaylor et al.,

1988, Lee & Kolodney, 1987), a process often termed electroporation (Powell & Weaver,

1986) or electropermeabilization (Zimmerman, 1986).

Cell membrane disruption by electrical stress is a well-documented phenomenon.

Exposure of cells to brief intense electric field pulses has become a standard laboratory

technique to produce cell fusion and to exchange genetic material between cells (Zim-

merman, 1986). For artificial planar bilayer lipid membranes, rupture has been shown

to occur when transmembrane potentials of 200-500 mV are applied for at least 100

microseconds (Benz et al., 1979; Abidor et al., 1979). A reversible electrical breakdown

of both artificial and biological membranes has been shown to occur when transmem-

brane potentials exceeding 500 mV are applied for times on the order of nanoseconds

to microseconds (Benz et al., 1979; Zimmerman et al., 1980; Zimmerman et al., 1981).

Membrane electrical breakdown results in increased membrane permeability, which

can lead to chemical imbalances in the cell. If not reversed, the effects can cause cell

disfunction and death.
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Cell membrane disruption can also be caused by exposure to supraphysiologic tem-

peratures (Mixter et al., 1963; Moussa et al., 1977, 1979; Gershfeld & Murayama,

1988). The kinetics are temperature-dependent. At 45 0 C, hours are required to pro-

duce lysis of fibroblast and red blood cell membranes. However, only 100 seconds are

required at 600 C. Other mechanisms of cellular damage caused by elevated temper-

atures include protein denaturation, enzyme inactivation, and membrane structural

damage.

The kinetics of the two processes are quite different. Membrane rupture caused by

temperatures of 450C to 60*C occurs over minutes while rupture by electrical break-

down can occur in less than 100 microseconds. Thus, membrane electrical breakdown

may occur long before Joule heating becomes significant. These separate processes

may also act synergistically; heating appears to increase the probability of membrane

electrical breakdown (Zimmerman, 1986).

1.2 Objectives

The principal objective of this thesis is to determine the primary mechanisms of muscle

tissue destruction in major electrical injury. Toward this goal, the thresholds for dam-

age of skeletal muscle cells from Joule heating and from membrane electrical breakdown

will be quantified. The substantial evidence which suggests that the electrical effects

are at least as important as the thermal effects has important clinical implications,

since presently electrical injury cases are treated as burn injuries. It is hoped that this

work will help improve treatment practices, resulting in fewer and less extensive limb

amputations.

The remaining sections of this chapter describe the mechanisms of damage in an

electrical injury, with emphasis on damage to the cell membrane. Of particular inter-

est are the experimental demonstrations of membrane electrical breakdown and the

theories and models that researchers have used to describe the phenomenon. Then, the
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current understanding of the electric field and temperature exposures experienced by

tissues in an electrical injury will be discussed. Finally, the drop in the impedance of

electrically damaged tissues that has been observed experimentally will be examined.

Potentially, this indicator of damage could be exploited in the design of a device for

locating damaged tissues hidden under healthy skin.

In Chapter 2, analytical models are developed which are used to predict the induced

transmembrane potential in skeletal muscle cells in an applied electric field. Models for

both isolated cells and cells in intact tissue are derived. These models were designed to

illustrate the large potentials that can be induced in skeletal muscle cells due to their

large size. The models have also provided insights into the distribution of damage

in tissues following an electrical injury and have helped interpret the drop in muscle

impedance which has been measured experimentally.

Because membrane disruption had not been studied in skeletal muscle cells, the

exposure thresholds for damage due to pure electrical and thermal mechanisms for

rat skeletal muscle cells were determined. These experimental studies are described in

Chapters 3 and 4. Isolated cells harvested from the rat flexor digitorum brevis muscle

were used in the experiments. The induced transmembrane potential in cells aligned

parallel to a weak applied electric field was imaged using the membrane-incorporating

potential-sensitive fluorescent dye di-4-ANEPPS. The cytomorphological responses to

brief intense electric field pulses in the absence of significant heating and to elevated

temperatures were observed in separate sets of experiments. To quantify changes

in membrane permeability due to electrical and thermal stimuli, experiments were

performed using cells loaded with the vital fluorescent dye carboxyfluorescein. In this

way, the fluorescence intensity of a cell could be monitored during an exposure protocol

and changes in the cell membrane permeability could be measured using digital image

processing techniques. As will be seen in Chapter 4, these experiments resulted in

the quantification of the cell membrane damage due to electrical and thermal stresses
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independently, the primary goal of this thesis.

In the final chapter, the experimentally-determined damage thresholds are com-

pared to the electric field and temperature distributions in the human arm in typical

cases of electrical injury. In this way, the significance of each mechanism is determined

as a function of the induced electric fields in the tissues and the duration of the con-

tact. As will be shown, the patterns of damage that occur in electrical injury can

only be explained when both Joule heating and membrane electrical breakdown are

considered.

1.3 Mechanisms of Cellular Damage in Electrical
Trauma

1.3.1 Membrane Electrical Breakdown

Experimental Demonstrations

Two types of membrane breakdown due to applied electric fields have been experi-

mentally demonstrated by others. A non-destructive reversible breakdown has been

shown to occur in artificial planar bilayer lipid membranes (BLMs) and biological cells

when transmembrane potentials exceeding 500 millivolts are applied for times on the

order of nanoseconds to microseconds. (Benz et al., 1979; Zimmerman et al., 1980;

Zimmerman et al., 1981). This type of breakdown manifests itself in a dramatic drop

in the electrical resistance of the membrane, but the membrane survives. The value

of the critical potential depends on the pulse width and the temperature. The break-

down phenomenon has been shown to occur in less than 10 nanoseconds (Benz &

Zimmerman, 1980). It has been proposed that this process is analogous to dielectric

breakdown in self-regenerating capacitors (Zimmerman et al., 1981).

Irreversible membrane breakdown (rupture) has been shown to occur in artificial

planar BLMs when transmembrane potentials on the order of 200-500 millivolts are
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applied for times greater than about 100 microseconds. (Benz et al., 1979; Abidor et

al., 1979). Thus, irreversible breakdown can occur at lower potentials than reversible

breakdown, as long as much longer pulse widths are used. It has been proposed that

this phenomenon is caused by pore formation in the membrane in response to the

electric field (Abidor et al., 1979; Powell & Weaver, 1986).

Reversible and irreversible electrical breakdown were demonstrated by Benz et al.

(1979) using artificial planar BLMs of oxidized cholesterol using a charge-pulse exper-

imental technique, where a high voltage (a few hundred millivolts) was applied across

a membrane in a few hundred nanoseconds. The discharge of membranes charged to

voltages of 100-1200 mV is illustrated in Figure 1.1. Irreversible mechanical rupture

was observed when a membrane was charged to voltages between 150 and 400 mV.

In this case, the voltage decayed to zero over a few hundred microseconds. Reversible

electrical breakdown was observed when the membrane was charged to voltages be-

tween 600 and 1200 mV. In this case, a decrease in the specific resistance of the

membrane by 9 orders of magnitude occurred and the voltage decayed to zero over

a couple of microseconds. It was not possible to charge the membrane higher than

a critical voltage of about 1200 millivolts because the membrane started to discharge

during the charging. At low voltages, the discharge was slow, and thus the membrane

remained charged for a greater period of time than in the case of high voltage, where

the reversible breakdown caused rapid discharge of the membrane. It is important

to note that with membranes composed of other lipids, a mechanical rupture always

followed the electrical breakdown; that is, reversible breakdown was not observed.

Benz and Zimmerman (1980) demonstrated that the critical voltage required for

membrane electrical breakdown depends on the pulse width applied. This is illustrated

in Figure 1.2. For both artificial BLMs and the giant algal cell Valonia utricularis,

the critical voltage drops to about 500 mV as the pulse width increases beyond the

microsecond range.



CHAPTER 1. INTRODUCTION

Sat

0.1

0o t00oo 600

Time (jis)

Time (Jis)
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The critical voltage required for membrane electrical breakdown is also strongly

dependent on temperature. As illustrated in Figure 1.3 the critical voltage for both

artificial BLMs and Valonia utricularis decreases with an increase in temperature. The

data indicate that even with a pulse width on the order of a microsecond, the critical

voltage drops to less than 1 volt at the physiologic temperature of 37°C.

Three effects of membrane electrical breakdown on biological cells have been de-

scribed by Zimmerman et al. (1980). The first are the primary effects of the electric

field on the membrane structure, leading to reversible or irreversible breakdown. Sec-

ondary effects result from the high current density in those membrane regions that

have suffered electrical breakdown. These include heating and electrophoretic effects

and may account for the irreversible breakdown observed when critical pulse widths

and induced potentials for reversible breakdown are exceeded. Finally, there are the

osmotic effects that result from the increased membrane permeability. These conse-

quences of electrical breakdown have been examined experimentally using a variety of

cell types.

Kinosita & Tsong (1977) exposed isotonic suspensions of human erythrocytes to

single electric field pulses. An enhanced permeability state followed by hemolysis was

observed at induced transmembrane potentials of about 1 volt or above applied for

at least 20 psec. The enhanced permeability of the pulse-treated erythrocytes to

various substances was shown to decrease with increasing size of permeant molecule,

reaching impermeability at a critical size. It was proposed that the applied electric

field caused pores to form in the membrane which remained open after the removal

of the field. The intracellular potassium therefore leaked out, and the extracellular

sodium leaked in. To maintain osmotic balance, water entered with the sodium, and

the cell swelled, leading to rupture and the release of hemoglobin. Based on the data,

Kinosita and Tsong concluded that pores formed nearly instantaneously when the

potential was above critical and that an increase in field intensity or pulse duration
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Figure 1.3: Membrane breakdown voltage T/ as a function of temperature T for (a)
artificial BLMs with a pulse width of 0.4 psec (taken from Zimmerman, 1986) and for
(b) the giant algal cell Valonia utricularis with a pulse width of 1-2 ssec (taken from
Zimmerman & Benz, 1980).
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increased the rate of hemolysis, presumably by increasing the pore size. The induced

transmembrane potential required for hemolysis is plotted as a function of field pulse

duration in Figure 1.4.
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Figure 1.4: Induced transmembrane potential required for membrane electrical break-
down as a function of electric field pulse duration as determined by Kinosita and
Tsong (1977). The critical field intensity is the applied field required for hemolysis
of 50% of the cells and the critical transmembrane potential is the corresponding in-
duced potential calculated by modelling the cells as oblate spheroids. Open triangles
and circles refer to hemolysis and potassium release at room temperature respectively,
while closed circles refer to potassium release at 4VC.

By performing their experiments in solutions of varying ionic strengths, Kinosita

and Tsong were able to alter the current, and thus the heating, without changing the

magnitude of the electric field. In this way, they were able to show that the cellular

response correlated with the magnitude of the electric field and not with the tempera-

ture. Thus, they concluded that the increased permeability of the cell membrane and

ensuing hemolysis were due to the effect of the electric field.

In a later paper, Teissie and Tsong (1980) proposed that transmembrane proteins

in the erythrocyte membrane could be the site of voltage-induced pore formation. It

had been shown previously (Kinosita and Tsong, 1977) that the pores could be very
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stable despite the rapid translational diffusion of lipid molecules in a bilayer. Teissie

and Tsong showed that in low ionic medium, at least 35% of the pores was related

to the opening of Na+/K+ ATPase channels. The increased membrane conductance

induced by the applied electric field was partially blocked by the ATPase inhibitor

ouabain.

Zimmerman et al. (1980) demonstrated a reversible increased membrane perme-

ability state in mouse thymocytes when transmembrane potentials on the order of 1

volt were induced with a pulse width of 40 sec at 4VC. The increased permeability

was observed as a potassium and sodium exchange across the membrane. Electron mi-

crographs of the permeabilized cells showed no morphological damage. However, when

slightly higher potentials were induced, substantial membrane deformations were ob-

served. When several volts were induced across the membrane using a pulse width of

0.5 usec, uptake of eosin dye was observed, as illustrated in Figure 1.5. The resealing

process was shown to be strongly temperature-dependent. The permeability increase

persisted for up to an hour when the cells were kept at 4VC. When the temperature

was raised to 37", the cells resealed in a time on the order of seconds to minutes.

However, even at 37°C, resealing occured much more slowly in the cell membranes

than in artificial BLMs. It was proposed that this has to do with protein alterations

and enzyme activity.

Theories and Models

Continuum Electromechanical Modelling of Biomembranes: The cell mem-

brane has been conceptually viewed as a fluid mosaic (Singer & Nicholson, 1972), as

illustrated in Figure 1.6. The mobility of the lipid molecules comprising the membrane

is restricted to the plane of the membrane, leading to behavior as a two-dimensional

fluid layer. The fluidity of the cell membrane is a key regulator of cell growth and

vitality (Shinitzky, 1984). Experiments have indicated that membranes also exhibit
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Figure 1.5: Reversible membrane electrical breakdown in mouse thymocytes. (a) Eosin
uptake in thyrnmocytes exposed to electric field pulses of 0.5 jusec at 4VC. An applied
electric field strength of about 2 kV/cm corresponds to an induced transmembrane
potential of about 1 volt for these cells. (b) Resealing of field-treated thymocytes after
the temperature was elevated to 37*C as measured by the uptake of eosin. (Taken from
Zimmerman et al., 1980).
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the solid property of elasticity, attributed to the connections of proteins and other

molecules associated with the membrane (Evans & Skalak, 1980).

Figure 1.6: Fluid mosaic model of cell membranes, illustrating the fluid phospholipidc
bilayer and embedded proteins and cholesterol. (Taken from Bretscher, 1985.)

Ion fluxes across the ion-selective cell membrane lead to an electric field in the

membrane. Most cell membranes at rest are predominantly permeable to potassium

ions, making the inside of the membrane positive with repect to the outside. The

transmembrane potential plays an important role in the regulation of many cellular

processes.

Cell membranes have fixed surface charges, associated with certain phospholipids

and proteins. These charges are usually negative and must be balanced by opposite

charges in the aqueous phase adjacent to the membrane to preserve the electrical
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neutrality of the membrane system. This results in the formation of electrical double

layers at each face of the membrane.

Many models of cell membranes describe the responses of membranes to electrical

and mechanical stresses in terms of electromechanical parameters such as permittiv-

ity, viscosity, elasticity, and surface tension. By the use of properties usually ascribed

to bulk fluids, the structure of the membrane is characterized as a continuum. This

requires that the scale in space and time over which these properties are measured

include a sufficient number of molecules such that fluctuations due to the behavior of

individual molecules are small. For a biological membrane, the material can only be

strictly considered as a continuum in the two dimensions of the membrane surface.

In the third dimension of the thickness, the membrane exhibits molecular structure

and discontinuity that preclude treatment as a continuous material in this direction.

Thus, characterization of the electromechanical parameters is complicated by the mi-

croscopic, two-dimensional, anisotropic nature of the membrane. However, as will be

seen, many electromechanical models of biomembranes successfully treat the mem-

brane as a continuum in three dimensions in order to describe particular aspects of

membrane behavior.

Electroporation: Many theories have been proposed regarding the mechanism by

which cell membrane breakdown occurs. One of the most important proposes the

mechanism of electroporation to explain electrical breakdown phenomenon. The theo-

ries of electroporation examine the mechanical, electrical, and chemical factors which

cause pores in fluids and membranes (both artificial and biological) to form, and once

formed, to expand or contract.

In a classic paper by Taylor and Michael (1973), it was suggested that axisymmetric

holes in thin sheets of fluid where surface tension forces predominate will expand if

their initial radii are larger than the thickness of the sheet, while holes with radii
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smaller than this thickness will close. This is due to the action of the interfacial

tension, which acts to reduce surface area.

A similar approach was applied to bilayer lipid membranes by Weaver (Weaver &

Mintzer, 1981; Powell & Weaver, 1986). His theory expands on the work of Litster

(1975), who introduced the idea of the Brownian motion of molecules of the surround-

ing media causing pores to form in lipid bilayers, as illustrated in Figure 1.7. These

pores are restrained by the mechanical forces at a pore's edge. The presence of a large

population of small transient pores is consistent with the known electrical properties

of membranes (Weaver et al., 1984).

Figure 1.7: Hypothetical configuration of transient aqueous pores in a bilayer lipid
membrane. (Taken from Weaver et al., 1984).

The energy AE needed to create a pore of radius r is the increase in energy associ-

ated with the creation of the edge of the pore less the energy of the eliminated surface

area:

AE = 21r-yr - ?rr 2  (1.1)

r is the bifacial energy per unit area of the membrane and -y is the strain energy per

unit length of the membrane pore edge. Weaver added a term to this energy equation

to include electrostatic energy effects which are associated with a transmembrane
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potential V,:

AE = 2ir-yr - rr2 (7 + aV, ) (1.2)

where a is a positive parameter dependent on the permittivities of the membrane

and the intracellular and extracellular fluids and the membrane thickness 6m. Thus,

Vm, tends to decrease the stability of the membrane against thermal fluctuations by

decreasing the amount of energy required to form a pore. An applied V, also lowers

the critical pore radius beyond which mechanical forces at the pore's edge cannot

restrain the pore from expanding until cell rupture.

Abidor et al. (1979) proposed that the formation of a pore is a two-step process

where first a hydrophobic pore is formed which then can transform to a hydrophilic

pore after surmounting a high energy barrier. This provides a second energy barrier

between stability and rupture which could account for prolonged stressed states.

A statistical mechanical treatment of transient aqueous pores has been used by

Weaver (Powell & Weaver, 1986) and Chizmadzhev et al. (1979) to describe a pore

population as a function of applied transmembrane potential, which can be used to

predict the conditions for reversible and irreversible breakdown. A stochastic model

has also been developed (Sugar & Neumann, 1984). An enlarged pore population is

expected to increase the conductivity of the cell membrane, thus lowering the trans-

membrane potential (Kinosita et al., 1988). Models of the conductance of pores (Levitt,

1985; Jordan, 1982), have been used in combination with models of electroporation to

describe this phenomenon (Prakah-Asante, 1989).

Electrocompression: A mechanism for electrical breakdown of bilayer lipid mem-

branes was proposed by Crowley (1973) in which rupture occurs as a consequence of

electrostatic compression of the elastic membrane. The breakdown criterion derived

seemed to furnish at least a rough estimate of measured breakdown voltages; however,

it was later pointed out by Weaver & Minzter (1981) that with more accurate values
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for the mechanical properties of bilayers, the predicted breakdown voltage by Crow-

ley's method becomes too high to explain the experimental results. Benz et al. (1979)

discussed reversible electrical breakdown in terms of both membrane compression and

ion movement through the membrane induced by the high electric field strength. It

was proposed that thinning of the membrane by electric compressive forces leads to

the energy of the ions reaching the Born energy required to cross the membrane.

Electromechanical Instabilities: Research on electromechanical instabilities in

thin liquid films has led to biological membrane models. In one of the earliest relevant

studies, Michael & O'Neill (1971) examined the stability of plane waves on a horizontal

layer of insulating fluid bounded vertically by semi-infinite conducting fluids at differ-

ent electrostatic potentials. It was shown that the marginal state between stable and

unstable waves is a static one in which electrical and surface tensions are in balance

at the interfaces.

Sanfeld et al. (1979) developed a hydrodynamic model describing interface surface

motions induced by chemical, mechanical, and electrical stresses for interfaces between

two bulk phases. Using linear stability analysis, the threshold conditions for the on-

set of longitudinal and transverse surface motion were studied for plane and spherical

systems. New varieties of instabilities appeared due to the coupling between chem-

ical, hydrodynamical, and electrical processes. The model was extended to include

the finite thickness of biological membranes (Steinchen et al., 1982). The membrane

was modelled as an incompressible, uncharged, isotropic, viscoelastic material sand-

wiched between identical Newtonian viscous fluids. The van der Waals attraction

forces between the two faces of the membrane and Marangoni effects (lateral surface

displacements) were taken into account. For the symmetric membrane system here,

the two modes of wavy perturbations, the stretching modes and the squeezing modes,

were uncoupled, and were used to explain cell deformation and membrane rupture,
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respectively.

Similar hydrodynamic models were developed by Maldarelli et al. (1980). Mal-

darelli and Jain (1982) modelled the membrane as a transversely isotropic, viscoelas-

tic thin film. Nonionic and univalent ionic solutes were included in the system model;

however, the membrane was considered to have no volume charge density. The mem-

brane interfaces were considered tangentially immobile due to the presence of fixed

surface charges on the membrane surfaces. Since cell membranes have been shown to

highly resist compression, the membrane was constrained completely from changes in

thickness. In this case, only the stretching modes of instability were exhibited. Using

this model, Jain and Maldarelli (1983) were able to show the effects of induced trans-

membrane potential on the stability of a membrane as a function of other modelling

parameters such as surface tension. Later Dimitrov (1984) used a simple viscoelastic

model of a membrane to examine the dependence of breakdown potential on electric

field pulse duration.

Dimitrov (1984) has proposed that the time course of electrical breakdown can be

divided into three stages: (i) growth of membrane surface fluctuations, (ii) molecular

rearrangements leading to membrane discontinuities, and (iii) expansion of pores, re-

sulting in the mechanical breakdown of the membrane. The works of Jain, Maldarelli,

and Dimitrov may help explain the first stage of this process, while the statistical

models of Powell and Weaver (1986) and Chizmadzhev et al. (1979) and the stochastic

model of Sugar and Neumann (1984) may help describe the last step. While various

pictures of the molecular rearrangement involved in the second step have been sug-

gested, this process has not been successfully modelled. It is thought to last on the

order of nanoseconds.
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1.3.2 Joule Heating

The changes induced thermally in a biological system depend on the duration of the

exposure to an elevated temperature; that is, the process of damage is a rate process.

Thus, thermal damage to cells and particularly to cell membranes can be modelled

using a damage rate equation based on the concept of activation energy (Henriques,

1947). The activation energy E for a process is the critical amount of energy required

in a system for the process to take place. Therefore, the rate of the process will be

proportional to the fraction of the system constituents which have an energy at least

equal to the activation energy. From the Maxwell-Boltzman energy distribution law,

this fraction is e- E /RT where R is the gas constant and T is the temperature in degrees

Kelvin. Thus, the rate of damage, denoted by an arbitray function fl, can be written

as an Arrhenius relation:
d- P e-E/RT (1.3)
dt

The damage is completed when f] = 1. The Arrhenius relation can be used to predict

the damage time td for arbitrary temperature elevations T(t):

ldddt = Fe-m dt = 1. (1.4)

Many experimental studies have demonstrated that thermal damage accumulation

in biological systems can be described by an Arrhenius equation. In one of the earliest

studies, Moritz and Henriques (1947) performed experiments on pig skin by direct

exposure of the surface of the skin to a rapidly flowing stream of hot liquid (water or

oil) at temperatures ranging from 44°C to 100*C for durations of between 1 second

and 7 hours. Exposures were designated as sub-threshold or supra-threshold based

on whether they were sufficient or not to cause complete trans-epidermal necrosis.

Similar exposures were made on human volunteers. The results indicated that there

is little or no quantitative difference in the susceptibility of human and porcine skin

to thermal injury, as illustrated in Figure 1.8. By fitting the experimental data to
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the Arrhenius equation, Henriques (1947) estimated the activation energy for damage

to epithelium to be 150 kcal/mole. By comparing this value to the known activation

energies of several biological processes, he concluded that the mechanism of damage

was probably thermal alterations in proteins.
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Figure 1.8: Time-temperature thresholds for epidermal necrosis (adapted from Moritz
& Henriques, 1947). The crosses indicate the threshold at which necrosis of porcine
skin occurs. The circles indicate the threshold for human skin.

Mixter et al. (1963) studied the effects of elevated temperature in the range of

45"C to 65"C on human fibroblasts. Cells bathed in a nutrient solution containing

eosin Y stain were subjected to a prescribed temperature exposure. Since eosin Y

stains necrotic cells, damage was quantified by a count of the stained cells. The time

required for 50% cell death at a given temperature was fit to the Arrhenius equaticn,

resulting in an activation energy for fibroblast necrosis of approximately 80 kcal/mole.

The effects of elevated temperature on human fibroblasts were studied again by

-d
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Figure 1.9: Time-temperature thresholds for damage to human fibroblasts (adapted
from Moussa et al., 1977). Moussa et al. (1977) used the appearance of the first
bubble on the cell membrane as the indicator of damage while Mixter et al. (1963)
used staining of 50% of the cells with eosin Y, which stains necrotic cells.

More recent studies addressed the rate of hemolysis of red blood cells exposed to

elevated temperatures. Moussa et al. (1979) performed experiments similar to the

earlier fibroblast experiments using temperatures in the range of 44 to 60*C. Two
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models were used to examine the data. The first approach assumed that the damage

kinetics involved two first-order processes, a reversible alteration and then irreversible

damage. The first step was found to have an activation energy of 60 kcal/mole, and

the second step of 31 kcal/mole. The second model was a statistical model where

it was assumed that the number of cells damaged at any given time was normally

distributed. The statistical model fit the data better, but the kinetic model provided

more information about the damage process.

Gershfeld and Murayama (1988) have addressed the mechanism of hemolysis. Not-

ing that hemolysis can occur at even slight temperature elevations above physiologic,

as illustrated in Figure 1.10, they proposed that different mechanisms govern hemol-

ysis at different temperatures since the processes commonly thought to be involved

(denaturation of structural proteins and inactivation of enzymes, formation of lytic

agents in plasma, and melting of membrane lipids) do not occur at low temperature

elevations. Hemolysis occurring at temperatures below 45"C is proposed to occur due

to a transformation of the membrane bilayer. Gershfeld (1968) has shown that mem-

brane bilayer assembly occurs spontaneously only at a critical temperature, the growth

temperature of the cell (in this case 37*C). The critical temperature is a function of

the types of phospholipids forming the membrane and thus is different for membranes

of different composition. At temperatures above the critical temperature, a certain

amount of nonuniformity of the bilayer membrane is expected, including the formation

of multibilayers. Assuming the size of a cell remains constant and that no lipid synthe-

sis occurs, regions of the membrane will become deficient of lipids and become leaky.

In the Gershfeld and Murayama study, hemolysis was studied for the temperature

range of 4 to 50'C. At temperatures below 37*C, no significant hemolysis occurred.

At temperatures above 450C, hemolysis occurred with an activation energy of about

80 kcal/mole, which is consistent with activation energies for protein denaturation. At

temperatures in the range of 38 to 45*C, hemolysis occurred with an activation energy
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of 29 kcal/mole, a value too low to be protein denaturation. However, this activation

energy was shown analytically to be consistent with Gershfeld's theory of membrane

transformation.

0 5 10 15 20 25 30 35

t, hr

Figure 1.10: Hemolysis rate of human red blood
(Taken from Gershfeld & Murayama, 1988.)

cells as a function of temperature.

1.3.3 Mechanisms Particular to Skeletal Muscle Cells

Since skeletal muscle cells have been shown to be particularly susceptible to damage

in electrical injury, this thesis focuses on the damaging effects of intense electric fields

and elevated temperatures on skeletal muscle cells. Due to the complex physiology

of skeletal muscle cells, there are many mechanisms of damage particular to this cell

type.

Figure 1.11 illustrates the organization of skeletal muscle from the gross to the

molecular level. Figure 1.12 shows the structure of the individual muscle cells. The
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skeletal muscle cell (fiber) is characterized by its long cylindrical shape and by the

presence of numerous nuclei. The cells are grouped in parallel into fascicles, which

associate in various patterns to form the whole muscle. The entire structure is invested

by connective tissue. A capillary network surrounds each cell.

Each cell is enclosed in a membrane called the sarcolemma. The transverse stri-

ation, a characteristic feature of skeletal muscle cells, is not a property of the sar-

colemma, but is due to the structure of the contractile mechanism of the cells, the

myofibrils. The myofibrils are composed of two kinds of protein filament called actin

and myosin. Each type of filament is organized in a cylindrical group, and groups

of the two filaments alternate along the length of the cells. These filament groups

have different refractility, leading to the appearance of the striations. Each unit of

this rep~ating pattern is called a sarcomere. The cell contracts by a calcium-activated

process of sliding filaments.

A continuous membrane system called the sarcoplasmic reticulum extends through-

out the cytoplasm to form a network around each myofibril. At regular spacings, corre-

sponding to the pattern of the sarcomeres, the sarcoplasmic reticulum forms a terminal

cisternae which borders a transverse tubule (T tubule). This structure is illustrated in

Figure 1.13. The purpose of this membrane network is to rapidly propogate an action

potential received at the sarcolemma to all parts of the cell so that contraction of all

myofibrils will be simultaneous. During rest, the sarcoplasmic reticulum accumulates

calcium ions from the cytoplasm. When an action potential is propogated through

the T tubules, this calcium is released back into the cytoplasm. In the presence of

calcium, the actin and mysosin filaments slide against each other in the longitudinal

direction, producing a contraction.

The complex physiology of skeletal muscle cells provides many mechanisms for

damage. Their large size makes them more vulnerable to electroporation, since large

transmembrane potentials can be induced. Increases in the permeability of the cell
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Figure 1.11: Organization of skeletal muscle from the gross to the molecular level.
(Taken from Bloom & Fawcett, 1975.)
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Figure 1.12: Structure of skeletal muscle. (Taken from Bloom & Fawcett, 1975.)
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Figure 1.13: Distribution of the sarcoplasmic reticulum around the myofibrils of am-
phibian skeletal muscle. The location of the triads with respect to the bands varies
from species to species. (Taken from Bloom & Fawcett, 1975.)
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membrane or the sarcoplasmic reticulum to calcium ions lead to contraction, which is

easily observed experimentally. In addition, any alteration in the actin-myosin com-

plex, such as heat-induced denaturation of the proteins, leads to disfunction, although

not necessarily membrane disruption. It is known that the actin-myosin complex is

very sensitive to its ionic surroundings and that small changes can cause dissociation

of the protein chains to a globular form (Laki, 1971; Tonomura, 1973; Lapanje, 1978).

1.4 Electrical and Thermal Exposures in Electrical
Trauma

In order to weigh the relative importance of membrane electrical breakdown and Joule

heating to the cellular damage occurring in electrical trauma, the magnitude and time-

dependence of the electric field and temperature exposures must be known. Usually,

only the voltage contacted by the victim is known accurately. Statistics from the

Edison Electric Institute, illustrated in Figure 1.14, indicate that contacts in the range

of 6000-10,000 volts are the most common cause of nonfatal injuries. The duration of

the contact can usually only be guessed. The distribution of the electric field and the

temperature attained in the affected tissues is too complicated to approximate even

roughly. However, a small number of experimental and theoretical studies have been

performed by others in an attempt to address these issues.

Relatively few experimental studies of electrical burn injury have been undertaken

in the past. However, two research groups have presented data relevant to this thesis.

The first group, from the Medical College of Wisconsin, performed experiments on

hogs to determine the amount of current flowing in various tissues in a simulated

electrical trauma (Scances et al., 1981, 1983). They determined that while the artery

and nerve exhibit the largest current densities due to their high conductivity, it is the

muscle that carries the highest percentage of current due to its large cross-sectional

area. They also noted that bone passes the least amount of current due to its high



INTRODUCTION

Edison Electric Institute 1984

3-6 kV 6-10 kV 10-15 kV > 15 kV

Voltage Contacted

1.14: Voltages contacted in nonfatal electrical injuries. (Data provided by the
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resistivity.

A second research group, from the Microsurgical Research Laboratories of Royal

Victoria Hospital in Montreal, developed a high-voltage electrical injury model using

primates (Daniel et al., 1988; Zelt et al., 1986). A computer-controlled system ap-

plied a predetermined amount of energy hand-to-hand, and the temperature, current,

and voltage drop were monitored at various locations throughout the arm. In agree-

ment with Scances's results, this group of researchers found that the muscle carried

the largest percentage of the current. However, they measured a significantly larger

current in the bone than the Scances team. The highest temperatures were measured

in the muscles of smallest cross-sectional area, and at the wrists and elbow, where

highly-resistive bone predominates. Their data is well-summarized in Figure 1.15. Of

particular note is Figure 1.15b, which provides the temperatures reached in various

parts of the arm following injuries that would require amputation above and below

the elbow. Also of interest was the observation (Zelt et al., 1986) of a "central core

of damage" in the muscles, even though measured voltage drops varied little over the

muscle cross-section (Daniel et al., 1988).

A three-dimensional finite element model of the human arm was developed by

Tropea (1987,1989) to simulate the thermal response in an electrical trauma. The

model included the geometries of the tissues (bone, muscle, fat, and skin), surrounding

air convection, metabolism, Joule heating, and blood perfusion. Simulations were run

for applied amperages of 5, 10, and 20 amps for durations of 0.2, 0.5, 1, and 5 seconds.

These parameters were believed to cover the range of cases seen by clinicians. The

thermal response of muscle, bone, fat, and skin in the mid-forearm to an exposure of

10 amps for I second is shown in Figure 1.16. As indicated, the muscle reaches the

highest temperature. Thermal convection from the muscle to the other tissues leads

to temperature increases in these tissues following the exposure.

The thermal response of muscle in the different regions of the arm to an exposure of
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Figure 1.15: (a) Current distribution in the primate arm in trials of 40 kJ with total
current passage of 4.5 A. (b) Peak temperatures in the primate arm in trials of 25 kJ
and 60 kJ which produced injuries requiring amputation below and above the elbow
respectively. (c) Temperature generated in the primate arm in trials of 40 KJ. (Taken
from Daniel et al., 1988.)
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mid-forearm during an exposure of 10 amps for 1 second as predicted by the com-
puter simulation of Tropea (1989).
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10 amps for 1 second is shown in Figure 1.17. The temperature rise correlates roughly

with the cross-sectional area of the arm in the region of interest. Thus, the distal

forearm experiences the largest temperature due to its small cross-sectional area and

large current density. The mid-arm experiences the smallest temperature increase.

For the mid-forearm, the temperature rise for other exposures was calculated. The

model predicted a temperature rise in the muscle of 2*C, 80C, and 320C for applied

currents of 5, 10 and 20 A of 1 sec duration. For 10 A of current flow, the values for

durations of 0.2 sec, 0.5 sec, and 5 sec were 1.7*C, 40C, and 40.5*C, respectively. The

cooling rates were shown to be highly dependent on the rate of blood perfusion.

Tropea determined the electric field distribution in the arm which occurs when

a specified current flows through it. The cross-sectional areas and the distributions

of the tissues within these cross-sections accounts for the variation in field strength

along the arm. The predicted fields for an imposed current of 10 amps is illustrated

in Figure 1.18. As shown, the electric field is highest in the distal forearm, which has

a small cross-section, and in the elbow, where highly-resistive bone predominates.

1.5 Muscle Impedance Changes in Electrical Trauma

In a study by Chilbert et al. (1985), the relationship between tissue destruction and

tissue resistivity was investigated. In these experiments, a current of 1 A at 60 Hz

was passed between the hind legs of dogs until the temperature in the gracilis muscle

reached 600C. The time required for the temperature elevation was not reported. The

changes in muscle resistivity correlated well with the severity of the damage inflicted by

the applied current. Tissue exhibiting severe necrosis was shown to have a resistivity

70% lower than in controls. Tissue exhibiting minimal necrosis had a resistivity 20-

40% lower than in controls. This study demonstrated that changes in resistivity can

be used as an indicator of damage in electrical injury.

A more recent investigation by Bhatt et al. (1990) demonstrated that a drop in
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Figure 1.17: Thermal response of muscle regions in the human arm during an exposure
of 10 amps for 1 second as predicted by the computer simulation of Tropea (1989).
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impedance occurs when short-duration, high-intensity electric field pulses are applied

to intact skeletal muscle explants in the absence of significant heating effects. In the

experiments, the biceps femoris muscle was dissected from rats and trimmed to obtain

a rectangular specimen. Impedance of the muscle explant was determined using a

chamber designed for two-port impedance measurement at 10 Hz. For field exposure,

the explants were transferred to a chamber filled with a physiologic saline solution.

Electric field pulses were applied which ranged from 30 to 120 V/cm to cover the range

of expected tissue exposure in electrical accidents. The pulses ranged in duration from

0.5 to 10.0 msec, short enough to prevent significant Joule heating. Pulses were always

separated by 10 seconds to allow cooling. The impedance was measured within five

minutes following the delivery of a total of 10, 30, and 60 pulses of a specified magnitude

and duration. A decrease in impedance magnitude occurred following electric field

pulses which exceeded threshold values of 60 V/cm in magnitude and 1.0 msec in

duration. The field strength, pulse duration and number of pulses were all factors in

determining the extent of the damage. The results are illustrated in Figure 1.19.
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Impedance as a Function of Electric Field Strength Impedance as a Function of Pulse Duration

Number of Field Pulses

Figure 1.19: Muscle impedance drop caused by exposure to short duration (d),
high-intensity (E) electric field pulses. Pulses were separated by 10 seconds. Each
point represents the mean and standard error of the mean for five muscle samples.
(Taken from Bhatt et al., 1990.)



Chapter 2

Analytical Methods

2.1 Induced Transmembrane Potential

Major electrical trauma frequently involves the upper extremity, setting up current

pathways as illustrated in Figure 2.1. In such instances, the long axes of most skeletal

muscle cells are oriented roughly parallel to the direction of the electric field lines.

Characteristically, at frequencies much less than 1 MHz, mammalian cell membranes

are highly resistive compared with the intracellular and extracellular fluids. As a

consequence, currents established by low-frequency fields in the extracellular space are

shielded from the cytoplasm, leading to large induced transmembrane potentials. For a

non-spherical cell in an electric field, the maximum induced transmembrane potential

depends on the cell's orientation with respect to the electric field, reaching its greatest

magnitude when the major axis of the cell is parallel to the average direction of the

electric field. The case of cells parallel to the applied electric field is most relevant to

the clinical problem, and will be treated first, using a cable model analysis. The case

of cells perpendicular to the applied electric field is of interest in the interpretation of

experimental results, and will also be discussed.

For both cases, a geometrically simple model of an elongated cell is analyzed.

The cell membrane is modeled as a cylindrical boundary separating two electrical

conductors, which represent the intracellular and extracellular fluids. The membrane
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J

Figure 2.1: Illustration of the current path through the arm during a typical electrical
accident. Electric field lines are generally near parallel to the major axis of the skeletal
muscle cells.
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and the intracellular and extracellular fluids are assumed to be homogeneous and

isotropic, and to have electrical properties that are independent of the applied field

until membrane breakdown.

2.1.1 Parallel Case - Cable Model Analysis

For the case of an elongated cell aligned parallel to an applied electric field, the tradi-

tional cable model approach is used. Electrical properties of the plasma membrane are

represented by a series of parallel resistors and capacitors (Jack et al., 1975; Adrian,

1983), as illustrated in Figure 2.2. Longitudinal current in the membrane is ignored

because the membrane has negligible cross-sectional area. This lumped-parameter

circuit model of the membrane is combined with the specified resistivities of the in-

tracellular and extracellular media to result in the well-known cable circuit represen-

tation. In the presence of an applied uniform field E(t) in the Z direction, a trans-

membrane potential will be superimposed over the natural resting potential across

the membrane. Following the examples of Sten-Knudsen (1960), Ranck (1963), and

Cooper (1984), the cable equations are used to solve for the spatial distribution of

the induced transmembrane potential. Because human skeletal muscle cells may have

significant cross-sectional areas, this application of the cable model necessitates the

use of a boundary condition which accounts for the transmembrane current through

the ends of the cell. The induced transmembrane potential distribution will be solved

for isolated muscle cells and then for cells within intact tissue.

Analysis of the circuit model leads to a differential equation for the induced trans-

membrane potential v,(z, t):

Sv.(z, t) Ov(z, t)(2.1)A 8z2  = t m(zt) + Mat (2.1)

The space constant Am and the time constant rm are given by

Am = 1 rm = , (2.2)
(r, + ro)gm gm
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Figure 2.2: Cable circuit model of a skeletal muscle cell aligned parallel to an applied
electric field E(t). V,(z, t) is the induced transmembrane potential superimposed over
the natural resting potential. Cell length is 2L; cell radius is a.

where ri and ro are the resistivities (ohms/cm) of the intracellular and extracellular

fluids respectively, and c,, and g, are the capacitance per unit length (F/cm) and

the conductance per unit length (mhos/cm) of the membrane respectively. For the

case of a single cell in an infinitely extending bath of extracellular fluid, ro is negligible

compared to r, since the extracellular space is much greater than the intracellular space.

However, when the effects of neighboring cells are considered, this approximation is

no longer valid.

Because powerline a.c. frequencies are of interest in this study, the problem will

be solved for the sinusoidal steady state:

E(t) = ({ Eo ewt } (2.3)

and

Vm(z,t) = R{ Vm(z) eiW' } , (2.4)

where V,m is a complex amplitude and E. is assumed real. In this case, the differential
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equation simplifies to
A 2 d'Vm(z)S d2  - () , (2.5)

where

A' m . (2.6)
m 1 + jwrT

An appropriate solution is

Vm(z) = A sinh(z/A,) , (2.7)

where A is a constant to be determined from the boundary conditions. The boundary

conditions constraining V,,(z) can be determined from Kirchhoff's voltage law,

dVm(z) _ rIi(z) + rolo(z) , (2.8)
dz

where Ii(z) is the complex amplitude of the total current in the Z direction inside the

cell (i,(z, t)), and I,(z) is the complex amplitude of the total current in the Z direction

outside the cell (i,(z, t)).

At the ends of the cell (z = ±L), charge conservation requires that the current

through the membrane equal the current just inside the cell (Ii(hL)). If the admittance

of the portion of the membrane which "caps" the end of the cell is denoted by

G' = (1 + jwr,)G , , (2.9)

where G, is the conductance of the membrane section (in mhos) and r~ is the time

constant reflecting the electrical properties at the ends of the cell,

1i(±L) = G: Vm(±L). (2.10)

It is assumed that the magnitude of the induced transmembrane potential is approxi-

mately constant over the entire ends of the cell at Jzl = L. It is well known that the

electrical properties near the ends of skeletal muscle cells can differ dramatically from

the rest of the cell (Milton et al., 1985). This is generally attributed to the extensive
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membrane folds and invaginations which usually occur at the ends, and not to differ-

ences in the membrane electrical properties. Thus, it can be assumed that r, = r,,

but it cannot be assumed that Ge = ira2 g. Unfortunately, this difference has not

been well-characterized for most species.

Isolated Cell Model

For the isolated cell case, it is assumed that I,(z) is much greater than I(z) because the

extracellular space is much larger than the intracellular space. Therefore, the product

rIl(z) can be assumed to be approximately constant, leading to the condition

r Io0 (z) - ,. (2.11)

The constant A can be determined by substituting the boundary conditions 2.10

and 2.11 into Equation 2.8, and evaluating at z = L. Thus,

A'Eo sinh(z/A')Vm(z) = M ( (2.12)
cosh(L/A') 1 + A',riG' tanh(L/Al)

With the exception of the term which takes into account the end boundary con-

dition, the form of the solution is consistent with Cooper (1984). In the limit that

L >> Am, the end condition of Equation 2.10 is insignificant and Equation 2.12 gives

the same prediction as Cooper. However, when L << Am,, the end condition is signifi-

cant. In this limit, the current entering the cytoplasm originates mostly at the end of

the cell, with negligible current entering through the sides. Thus, the transmembrane

potential changes linearly along the length of the cell. This behavior can be readily

appreciated from Equation 2.12 by analysis of the L << Am case in the d.c. limit.

This predicts

Rm
Vm(z) R _ 2 Eo z for L/Am << 1 , (2.13)Ri + 2Rm

where R, = 1/G, is the resistance of each of the endcaps of the cell and Ri = 2Lri

is the resistance of the cytoplasm inside the cell. For z = L, Vm(L) is expressed as a
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fraction of the total voltage across the cell (2LE.) determined by the voltage divider

Rm/(Ri + 2Rm).

Tissue Model

For cells within intact tissue subjected to an electric field, the previous analysis can

be modified to include the effects of neighboring cells on the induced transmembrane

potential. The cells are assumed to be ordered parallel to each other in a hexagonal

array as illustrated in Figure 2.3. To facilitate the comparison of induced transmem-

brane potential in tissue with the case of isolated cells, the quantity Ve/2L is used as

the "source" term, where V, is the voltage drop across the full length of a cell. For the

isolated cell case, V,/2L is equal to the applied field amplitude E,.

>rane

cyt lular space

Figure 2.3: Hexagonal array representation of parallel skeletal muscle cells. Cell radius
is a; extracellular fluid radius is b.

In this tissue model, each cell is surrounded by a volume of extracellular fluid. By

symmetry no current crosses the boundry into the adjacent extracellular region. This
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conveniently isolates each cell from its neighbors for the purposes of the analysis. Here,

the boundaries are approximated by cylinders of radius b as indicated in Figure 2.3

The total current IT within each cell's region, consists of the intracellular current I,(z)

and the extracellular current I(z):

IT = (z) + IO(z) . (2.14)

The cross-sectional area of extracellular space will determine the extracellular re-

sistivity ro. Generally, for cells that are not on the muscle surface, ro is not negligible

compared to ri and significantly affects the value of the space constant in Equation 2.2.

In addition, the extracellular electric field amplitude between muscle cells is not con-

stant in z. Therefore, the approximation of Equation 2.11 is no longer valid.

The solution form of Equation 2.7 is unchanged but retains a modified coefficient

A' to be determined. Kirchhoff's law, Equation 2.8, provides
( r, A'

IT- = I(z )) 1 i+ rA', . (2.15)

By symmetry, the current inside a cell at z = 0 must be the sum of the current

entering from the end (I,) and from the sides (I,). I, is simply Ii(-L), as expressed

in Equation 2.10. I, can be found by

I, = gm(1 + jWrm) -Vm(z)dz = A'A'gm(1 + jwrm)[cosh(L/A')- 1] . (2.16)

Equations 2.14 thru 2.16 can be solved for the constant A'. Knowing A', the total

currents inside (I,(z)) and outside (I,(z)) the cell can be derived. Integrating either

ri,(z) or roIo(z) over the total length of the cell leads to V, in terms of IT. Thus,

V(zV) . A'1 (ro + r)/r, sinh(z/A')Vm(z) .M M (2.17)2L cosh(L/A') 1 + A' ( (ri + ro)G + ro/(Lr)) tanh(L/A) (2.17)

Analysis

Using the above results, the variation in induced transmembrane potential with cell

dimensions and intracellular spacing can be determined. Typical values for the elec-
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trical properties of human skeletal muscle cells are used: Cm . 3-6 F/cm2 and

Gm w 1.0-2.5 x 10 - 4 mhos/cm2 (Schanne & Ruiz P.-Ceretti, 1978). From these values,

gm = 27raGm, Cm = 2iraCm, and rm = Cm/G, are easily determined. ri = (1/7ra 2 ai)

is determined from the intracellular fluid conductivity, ai .01 mhos/cm. Since the

electrical properties of the ends of human skeletal muscle cells have not been charac-

terized in the literature, it will be assumed that the membrane properties are uniform

over the entire cell, and thus G, = ira2 G, and r, = ,m.

Using average values for human skeletal muscle cells, WTm = wCm/Gm is > 1 for

frequencies greater than approximately 10 Hz. Thus, in the sinusoidal steady state at

standard commerical power frequencies (50-60 Hz), wrm cannot be neglected and the

induced transmembrane potential remains a complex quantity. The magnitude of the

induced transmembrane potential V,(z) at 60 Hz was calculated from Equation 2.12

for isolated skeletal muscle cells of several arbitrary lengths with a constant radius

100 pm, corresponding to a space constant Am,,, on the order of 0.5 cm. The results are

plotted in Figure 2.4(a) for cells of length 0.2 Am, 0.6 Am, Am, and in Figure 2.4(b) for

cells of length 1.0 Am, 2.0 Am, 3.0 Am, 4.0 Am, 6.0 Am, and 8.0 Am.

For cells that are short compared to their space constant, the induced transmem-

brane potential varies linearly with z, is constrained by symmetry to be zero at the

origin, and reaches a maximum at the cell ends. For longer cells, the transmembrane

potential has a more exponential dependence. Thus, the imposed transmembrane cur-

rent is disproportionately concentrated toward the ends. The extent to which cell

structure leads to intramembrane field intensification can be appreciated from Equa-

tion 2.12. If the cell membrane conductivity were equal to that of the cytoplasm

or extracellular fluid, then IVm(±L)I would equal Eo6m. If the cell membrane were

perfectly insulating, IVm(±L) would equal EoL. For muscle cells with characteristic

membrane properties which are short enough that the resistance of the membrane is

infinite compared with the cytoplasm, IVm(±L)J is equal to EoL. For longer cells, the
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maximum value of IV,m(±L)I reaches E, IJA,J, because the space constant Am reflects

the value of the membrane conductivity relative to the conductivity of the intracellular

and extracellular fluid.

In the sinusoidal steady state, IV.(L)I does not increase monotonically with cell

length, as expected for the d.c. case. Instead, it reaches its first and only significant

maximum at a length which is determined by the frequency, the cell radius, and the

electrical properties of the membrane. Then IV,,(L)I decreases to a plateau of IA',IE o.

This behavior is illustrated in Figure 2.5(a).

For long cell, IVm(L)I is strongly dependent on cell radius. For short cells (L <<

Am), IV,,(L)I is independent of cell radius. However, as the radius increases, the

length of the cell over which membrane resistance governs the intracellular current

increases. This added length allows a higher potential to be imposed across the ends

of the cell as illustrated in Figure 2.5(b).

These results suggest a classification of cells into three groups, depending on their

electrical properties. The electrically long cells, having large length-to-radius ratios,

have a IVm(±L)I which is independent of length, but increases with radius. The elec-

trically short cells, having small length to radius ratios, have a IVm(±L)J which is

independent of radius, but increases with length. Cells having dimensions between

these two limits have a IVm(±L)I which increases with both length and radius.

The effect of adjacent cells is fundamentally to limit the extracellular space available

to each cell. This results in an increase in the maximum transmembrane potential for

any given cell length and radius. The smaller the extracellular space, the greater the

increase. This is illustrated in Figure 2.6 where IV,,(-L)I is plotted as a function

of b/a for a cell of length 10 mm (L=5 mm) and radius 50 /m. This result can be

readily interpreted. When a cell is isolated in extracellular fluid, the low resistance

of the extracellular fluid acts to short out the voltage drop across the length of the

cell. In other words, the current tends to flow around the cell rather than through



CHAPTER 2. ANALYTICAL METHODS

2 4 6 8

L(mm)

250000

200000

150000

100000

50000

0 60 100 150 200

a(.,m)
Figure 2.5: Cable model prediction of the magnitude of the induced transmembrane
potential at the end of an isolated skeletal muscle cell parallel to an applied electric
field as a function of (a) cell length 2L for selected radii a and (b) cell radius for
selected lengths. This potential is the maximum induced along the length of the cell
and is thus designated V,... Here Vm,, is normalized to the potential drop across a
distance 6., the thickness of the cell membrane, in the uniform field to indicate the
"amplification" of the field in the membrane.
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the cell. With other cells in close proximity, the resistance of the extracellular path

increases and more current will flow end-to-end through the cell. This results in a

greater transmembrane potential at the ends of the cell. In addition, because the space

constant A, is decreased by an increased ro, the induced transmembrane potential is

more confined near the ends of the cells.

nnnn10uuuu

200000

100000
1.0 2.0 3.0

b/a

Figure 2.6: Cable model prediction for the maximum induced transmembrane potential
in skeletal muscle cells (L = 5 mm, a = 50 sm) arranged in a hexagonal array as a
function of the extracellular spacing b/a. Here V,,a is normalized to the potential
drop across a distance 6,., the thickness of the cell membrane, in the uniform field to
indicate the "amplification" of the field in the membrane.

As the ratio b/a becomes large, that is, as r. becomes small, IV,(±L)I approaches
that predicted for an isolated cell of the same dimensions. As the ratio b/a approaches
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unity, that is, as r, approaches infinity, the cell appears to be a lumped three-element

voltage divider. Thus, in the d.c. case,
V0  1/(2Lr,)
2 GL)/2e 1/(2Lr,) when b/a 1 . (2.18)
2 G,/2 + 1/(2Lri-)I

The voltage divider does not depend on cell radius, and is in fact the same voltage

divider relationship derived for isolated cells of short length to radius ratios (Equa-

tion 2.13). This is not surprising since a bundle of cells with no extracellular space

(ro = oo) will behave like a single cell of the same length, but greater radius. Thus,

the response can be described by the isolated cell model, with Eo = V,/2L.

It has been shown that the presence of neighboring cells in a tissue prevents current

from being diverted around a given cell, and instead forces more current to flow through

the ends of the cell. This effect is more pronounced the closer the neighboring cells are

located. The same idea can be applied to a study of the effects of various other cellular

environments on the imposed transmembrane potential and, thus, the vulnerabilities

of various cells to breakdown.

It seems reasonable that cells at the very edge of an intact muscle would experience

a lower transmembrane potential than those cells in the interior, since cells on the edge

are exposed to the more highly conducting fascial planes which short out the potential.

The situation for cells adjacent to cortical bone is exactly the opposite. The cortical

bone, being less hydrated than extracellular fluid, is far more resistive. As a result,

cells next to bone would experience a higher transmembrane potential due to a greater

amount of current flowing through the cell membranes. Thus, it seems reasonable that

the cells closest to the bone are more likely to be ruptured by non-thermal electrical

forces than the cells adjacent to the fascial plane.

These results suggest a pattern of injury which correlates strongly with clinical

observation. When the current path includes an upper extremity, victims of electrical

trauma have been found to develop a characteristic pattern of tissue injury. In tissue

locations far enough away from the surface contact points so that the local temperature
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is unaffected by intense skin heating, the muscle injury has been observed to be the

most severe around bone (Baxter, 1970; Hunt et al., 1980) and in the central core of

the muscle (Zelt et al., 1986).

Charging Time

The response to a d.c. applied electric field can easily be found from the previous

analysis by setting w to zero. However, the time required for the cell to reach the

predicted transmembrane distribution is still to be determined. Just as the voltage

of a capacitor cannot change instantaneously, the transmembrane potential will not

change instantaneously either. As demonstrated by Cooper (1986), a modal transient

solution to the cable equation that is axisymmetric about z = 0 is

Vt(, t) = Asin(a., z/A,)e-(=+a)'l/"; a = (2.19)
,=l 2L

Thus, the time-dependent terms decay with a time constant

T= +m ) (2.20)

The time r, is the maximum time constant and is thus the time required for the cell to

attain the transmembrane potential distribution predicted by the cable model analysis.

For long cells, this time approaches Tm (typically on the order of milliseconds), but

decreases for cells of decreasing length. The fact that the charging time is on the

order of milliseconds implies that for a 60 Hz applied field, the cell may not charge to

its maximum value during each excursion of the sinewave, since the duration of each

excursion is about 8 msec and its magnitude is only above the root-mean-square value

for 4 msec.

2.1.2 Perpendicular Case

To determine the induced transmembrane potential for an elongated cell aligned per-

pendicular to an applied electric field, the cell is modeled as an infinitely long cylinder,
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the cross-section of which is illustrated in Figure 2.7. Neglecting the ends in this way is

of little significance since it is the maximum transmembrane potential that is required

and this will occur in the middle of the cell, where the end effects will be negligible.

The transmembrane potential will decrease as the ends are approached. Only the d.c.

case will be considered here, since d.c. was used in all experimental protocols.

0Om membrane

-4) Eg

0

Figure 2.7: Cross section of a skeletal muscle cell aligned perpendicular to an applied
d.c. electric field Eo. The induced transmembrane potential Vm is a function of 0, being
maximum at 0 = 0* and at e = 180*. Membrane thickness is a - b. Conductivities
are denoted by o's.

This case presents a simple three-region problem requiring solutions to Laplace's

equation in cylindrical coordinates. The solution must be finite at the origin, equal Eo

at infinity and satisfy the charge conservation boundary conditions at the interfaces.

The d.c. potential distribution inside the membrane is

-2oeEo [-rcosb o~. + a, .o
4b in + I- VcOsq - 97M) + o ](2.21)•" -(o.+o.)(o,+o.) (o, - 6b2  a( - o, .

where Eo is the magnitude of the applied electric field, a and b are the outer and inner

radii of the cell, respectively, and oa, or, and ai are the conductivities of the extra-

cellular fluid, the membrane, and the cytoplasm, respectively. Since the membrane



CHAPTER 2. ANALYTICAL METHODS

conductivity is much less than the conductivities of either the extracellular fluid or the

cytoplasm, this expression can be simplified considerably:

2Eo cos 4 r 14 0 1 + -). (2.22)

Analyzing this expression at r = a illustrates that the potential distribution at the

outside edge of the membrane is the same as that of a perfectly conducting cylinder.

This is due to the large resistivity of the membrane compared to the fluids, and to

the geometry of the problem. Thus, it is reasonable to assume that only negligible

current flows across the membrane and through the cytoplasm, and the maximum

transmembrane potential is half the value of the maximum voltage drop across the

cell. This maximum occurs at q = 0* and at q = 180*, and is equal to 2Eoa.

Charging Time

The charging time for the three-region problem illustrated in Figure 2.7 is a compli-

cated function of the three permittivites, the three conductivities, and the geometrical

parameters a and b. However, when approximations are made using the fact that the

membrane conductivity is much less than that of the surrounding fluids, the charging

time simplifies to that for an insulating cylinder:

-e .(2.23)
ae

This time is generally on the order of nanoseconds. This is obviously an underestimate

of the charging time since it assumes no current flow through the membrane; however,

it is clear that the charging time for cells perpendicular to the applied electric field

will be orders of magnitude less than the charging time for long cells parallel to the

field.
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2.2 Muscle Impedance Model

As demonstrated by Chilbert et al. (1985) and Bhatt et al. (1990), the impedance of

skeletal muscle tissue drops following electrical injury by an amount that depends on

the extent of the damage incurred. In order to explore the physical reasons for the

impedance drop and to develop a method for predicting the magnitude of the drop,

a skeletal muscle tissue impedance model was developed. Of primary concern is the

longitudinal impedance, that is, the impedance measured when the applied current is

parallel to the long parallel muscle cells in an intact muscle. This is the predominant

current distribution in most electrical injuries.

The model uses the one-dimensional cable model for single elongated cells in a

uniform electric field to represent the behavior of the individual cells in the whole

muscle. The cable model for a single cell represents the electrical properties of the

components of the system (extracellular fluid, cell membrane, and cytoplasm) in terms

of a lumped resistor-capacitor network. Using the single cell network as a unit, a whole

muscle model can be formed by connecting these units in parallel to represent parallel

cells and in series to represent cells aligned end-to-end, as illustrated in Figure 2.8.

The resulting one-dimensional model of the transmembrane potential distributions of

all the cells in the muscle can be used to derive an expression for the impedance of the

whole muscle.

To derive the impedance of a single cell with its surrounding extracellular fluid,

the total voltage drop across the cell (V,) and the total current through the cell and

extracellular fluid (I,) must be derived. The impedance Z, is then V,/II. The voltage

drop across the cell can be expressed

Ve = 2[V,(L)+fL rIi(z)d z] , (2.24)

or equivalently,

VC = 2]o roIo(z)dz. (2.25)
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The current I,(z) can be expressed

Ie(z) = I(-L) - gV,,m(z)dz . (2.26)

The transmembrane potential distribution Vm(z) and the end current I.(-L) were de-

rived in the tissue model analysis and are given in Equations 2.17 and 2.10 respectively.

Thus, it can easily be shown that

V/=A'= 2sinh(L/A') + 2ri(G'L- )sinh(L/A',) + 2rig'A' ,cosh(L/A)
rt + ro

(2.27)

where A' is the coefficient derived in the tissue model analysis.

The total current I, is easily evaluated by examining the parameters at z = 0, since

IC = I,(o) + 1o(0) . (2.28)

Using Equation 2.15 and Equation 2.26, both evaluated at z=0, it is easy to show that

1 r.
IA= + (1 + -)[G' sinh(L/A'm) + gm(cosh(L/A') - 1). (2.29)

Thus,
2L r; + 2roA'[1 + rG'L - ,-r+] tanh(L/A\)

a C(2.30)z 1 + (ro + rJ,)A'mG' tanh(L/A')(2.30)

To obtain the impedance of an intact muscle from this value for a single unit cell, it

is only necessary to multiply by the number of cells aligned end-to-end in the muscle

(m) and divide by the number of cells in parallel in the muscle (n).

The single cell cable model predicts that rupture is most likely to occur at the ends

of the cells, since that is where the induced transmembrane potential is the greatest.

Thus, it appears valid to model a ruptured cell as a resistor having the resistance of

the extracellular fluid in parallel with the resistance of the intracellular fluid, since a

cell which is ruptured at the ends provides an open pathway for current flow from the

extracellular space through the cytoplasm without the diversion around the membrane
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at the ends. Thus a ruptured cell has an impedance

Z, = 2L rro. (2.31)
r, + ro

The model for the longitudinal impedance of muscle can be adapted to form a

model for electrically-damaged muscle by replacing a specified percentage of the cells

with damaged cells of impedance Z,. For an array of cells with n arbitrary and m

equal to one, the change in impedance due to rupture of a specified percentage of the

cells can be easily determined. For simplicity, the d.c. case will be considered using

typical values for the cell dimensions and electrical properties. Using ai = ao = .01

mho/cm, G, = 1 x 10- 4 mho/cm2 , L = 0.5 cm, a = 5.0 x 10- S cm, and b/a = 1.05,

the impedances of intact and ruptured cells are Z, = 4.5 Mfl and Z, = 1.2 M~2. Thus,

when 100% of the cells are ruptured, the impedance of the tissue drops by about

73%. When 50% and 25% of the cells are ruptured, the drops are about 58% and

41% respectively. This compares well with the observations of Chilbert et al. (1985)

who measured drops of 70% in tissues exhibiting severe necrosis, and drops of 20-

40% in tissues exhibiting minimal necrosis. The measurements of Bhatt et al. (1990)

show similar impedance drops (see Figure 1.19) in tissues damaged by pure electrical

mechanisms.

In the previous calculations, the impedance drop was calculated using m = 1, that

is, for no cells end-to-end. For m > 1, the calculations are more difficult, unless

it is assumed that all damaged cells are end-to-end with other damaged cells and

all healthy cells are end-to-end with healthy cells. This is probably not a realistic

assumption. However, in cases of high percentage of damaged cells, this assumption is

not as important, and the predictions for m = 1 are valid approximations. For cases

of low percentage of damaged cells, the analysis for m = 1 will predict an impedance

drop higher than can be expected if the damage is randomly distributed.

While it appears that this model is useful in interpreting the observed impedance

drops associated with damaged tissue, it has limitations in other respects. The fre-
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quency response that it predicts rolls off at a frequency determined almost entirely

by the membrane time constant r, = Cm/Gm. Using C , 1.0-10.0 pF/cm2 and

Gm s 1.0-2.5x 10- 4 mho/cm2, this frequency is 7;1  10-250 Hz, a range far lower

than observed experimentally (Zheng et al., 1984; Bhatt, 1988). This could be due to

inaccurate numerical values for the parameters in the model, but is more likely due to

the influence of the complex structures of the skeletal muscle cell, such as the T-tubule

network and the sarcoplasmic reticulum, which were not included in this simple model.



Chapter 3

Experimental Methods

Experimental protocols were designed to observe the response of skeletal muscle cells to

electrical and thermal stimuli and to determine the thresholds for membrane damage

due to membrane electrical breakdown and Joule heating. Rat sketetal muscle cells

were harvested for use in these experiments. Custom-built exposure chambers allowed

real-time observation of cells with a microscope. Experiments were video-recorded

and digitized images were stored for later analysis using image processing techniques.

Induced transmembrane potentials due to weak applied electric fields were imaged

using the membrane-incorporating potential-sensitive fluorescent dye di-4-ANEPPS.

The cytomorphological changes induced by intense electric field pulses and elevated

temperatures were observed using cells bathed in phyiological solution. Both stimuli

led to cell twitching and contraction. In separate experiments using cells paralyzed in

hypertonic solutions and loaded with the fluorescent dye carboxyfluorescein, induced

changes in membrane diffusive permeability were observed and quantified.

3.1 Isolation and Culture of Rat Skeletal Muscle
Cells

Rat skeletal muscle cells were harvested from the flexor digitorum brevis muscle of the

hind foot of adult female Sprague-Dawley rats (Bekoff & Betz, 1977; Bischoff, 1986).
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This muscle consists of a few thousand short muscle cells divided into three slender

muscles to flex the second, third and fourth digits.

First, a rat was sacrificed by asphyxiation in 100% CO2 using a protocol approved

by the Massachusetts Institute of Technology Animal Studies Committee. The mus-

cles were quickly excised and immediately placed in a specimen container filled with

Dulbecco's Modified Eagle's Medium (DMEM) (GIBCO, Grand Island, NY). The

DMEM was supplemented with antibiotics at 2x concentrations (1000 U/ml penicillin

and 1000pg/ml streptomycin, GIBCO), 25 mM HEPES Buffer (Sigma, St. Louis, MO)

and 10% NuSerum (Collaborative Research, Waltham, MA), a partially-defined serum

formula, less variable from lot to lot than serum derived entirely from an animal.

The cells were loosened from the intact muscle by digestion of the extracellular

matrix using 1.5 mg/ml collagenase (type II, Sigma) in the supplemented DMEM.

Digestion was allowed to proceed for about 2.5 hours at 37*C. Then the muscles

were washed 4 times in the supplemented DMEM to remove the collagenase. To

obtain the cells from the muscle, the tendons were teased apart and the pieces were

pipetted up and down gently in a wide-mouth pipette. These short cells could survive

this mechanical agitation, which has been shown to easily damage and break longer

skeletal muscle cells (Bekoff & Betz, 1977). The resulting suspension of isolated cells

was pipetted into several 60 mm glass petri dishes. Cells were maintained in a 5%

CO02-95% air incubator at 37*C and 99% humidity until used in experiments.

The isolated muscle cells were 600 to 1200 microns in lengt h and 15 to 30 microns

in diameter. Several hundred cells could be obtained from each digested muscle. Un-

der 10x and 40x phase contrast optics, the characteristic striations and numerous

nuclei were clearly visible, as illustrated in Figure 3.1. Evidence of the vitality of the

cells included their characteristic striated appearance, indicating a functioning outer

membrane, and their ability to incorporate and de-esterify the vital dye fluorescein

diacetate (Rotman, 1973). Damaged cells would hypercontract, making them easily



CHAPTER 3. EXPERIMENTAL METHODS

distinguishable from the healthy cells.

The cells could be maintained in culture for at least one week. The cells did not

readily adhere to the glass petri dish, but remained in suspension, which facilitated

their use in experiments. However, after several days in culture, the fibroblast popula-

tion would cover the bottom of the petri dishes and skeletal muscle cells would begin

to attach in clumps to the fibroblasts. At this point, some of the skeletal muscle cells

in the clumps, and occasionally isolated cells, would begin to fibrillate.

Bekoff and Betz (1977) have shown that cells dissociated using this technique have

a slightly low resting transmembrane potential of about -60 mV, compared to the

-70 - -80 mV range observed in undissociated mammalian muscle cells. This resting

potential was shown to remain constant for up to 12 days in culture. However, the

normal value of the specific membrane resistance (500 11cm 2) that was measured for

these cells indicates that the dissociation procedure does not lead to a change in

membrane permeability.

3.2 Use of Fluorescent Dyes

3.2.1 Carboxyfluorescein

Fluorescein diacetate (FDA) and carboxyfluorescein diacetate (CFDA) (M.W. 460.4)

(Molecular Probes, Eugene OR) were used to determine cell viability and to demon-

strate and quantify changes in cell membrane permeability. These dyes diffuse across

cell membranes, where esterases of healthy cells cleave the dye molecules producing

fluorescein and carboxyfluorescein. These are negatively-charged fluorescent molecules

that do not diffuse readily across the cell membrane and thus accumulate in the cy-

toplasm. Only cells with cell membrane integrity will retain the dye. These dyes are

commonly used as a test of viability in a large range of cell types and to measure subtle

changes in membrane permeability. The fluorescence intensity of fluorescein dyes is

also pH dependent and has been used as a probe for measurement of intracellular pH
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Figure 3.1: Isolated rat skeletal muscle cell photographed using 10x and 40x phase
contrast optics. Cells were typically 600 to 1200 gm in length and 15 to 30 microns in
diameter. The characteristic striations and numerous nuclei are clearly visible. The
two ends illustrate typical morphologies of skeletal muscle cell end regions.
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(Cowden, 1985). The molecular stucture of CFDA and the spectral response curves

for the excitation and emission of carboxyfluorescein are shown in Figure 3.2.

It was established that 10 #l of FDA or CFDA (derived from a 4 mg/ml stock

solution in acetone) added to 5.0 ml of cell suspension in DMEM labelled skeletal

muscle cells brightly. The cells were allowed to incubate for about 15 minutes at 37*C

to incorporate the dye before use in experiments. CFDA provided better results than

FDA since FDA hydrolyses to a much less hydrophobic fluorophore and thus leaks

more rapidly from the cell.

3.2.2 di--4-ANEPPS

The potentiometric dye di-4-ANEPPS (Molecular Probes) was used to image the

potential drop across the cell membrane. This dye is taken up by cell membranes and

undergoes a change in fluorescence intensity of approximately 8-10 % per 100 millivolt

change in transmembrane potential (Gross & Loew, 1989). di-4-ANEPPS is classified

as a charge-shift dye since it undergoes a large charge shift upon excitation. The energy

difference between the ground and excited states is therefore sensitive to an external

electric field oriented in the direction of the shifting charge. The response to potential

changes is fast, occurring on the order of milliseconds. The dye is commonly used

to image the spatial variation in potential along the surface of a cell. The molecular

stucture of di-4-ANEPPS and its spectral response curves for excitation and emission

are shown in Figure 3.3.

It was determined that 10 jil of di-4-ANEPPS (derived from a 1.0 mg/ml stock

solution in 20% ethanol - 80% phosphate-buffered saline) added to 5.0 ml of cell sus-

pension in DMEM labelled cells properly. The muscle cells were allowed to incubate

for about 15 minutes at 37*C to incorporate the dye. It was obvious that cells with

membrane integrity were stained only in the outer membrane by the bright edges ob-

served under fluorescence microscopy. Cells with disrupted membranes would appear
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Figure 3.2: Molecular structure of carboxyfluorescein diacetate and carboxyfluorescein,
the product of intracellular enzymatic hydrolysis (taken from Haugland, 1989), and
spectral response curves for the excitation and emission of the fluorescent molecule
carboxyfluorescein (adapted from DeBiasio et al., 1987).
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bright throughout, due to the staining of the internal membranes of the cell. Thus, it

was very easy to choose the healthiest cells for use in the experiments.

3.3 Use of Hypertonic Solutions to Paralyze Cells

In order to monitor changes in membrane permeability using fluorescent dyes, it was

necessary that the cells remain absolutely still during the protocols. Unfortunately,

application of an electric field produces an action potential which leads to twitching

and contraction. It was also discovered that heating leads to contraction. Therefore, it

became necessary to artifically prevent these physiologic responses. Many techniques

have been discussed in the literature for altering the cellular response to an action

potential (R. Eisenberg, 1983, Caputo, 1983). Most of the methods merely diminish

or delay response. However, one of the most common techniques, bathing the cells in

hypertonic solutions, is often used to completely paralyze skeletal muscle cells. It has

been shown that contractility can be completely blocked by exposure to solutions of

tonicity made two- to three-times normal by the addition of solutes unable to pene-

trate the cell membrane. Membrane properties such as the transmembrane potential

are not significantly affected.

The mechanism of muscle cell paralysis caused by hypertonic solutions is not totally

understood. In an early study, Howarth (1958) proposed that since some water will exit

a cell in hypertonic solution due to osmosis, the fiber diameter will shrink, which may

lead to an increased cytoplasm viscosity and friction between parallel sliding contractile

proteins. He also hypothesized that the change in cytoplasmic concentration of certain

ions may effect the actin and myosin proteins.

While it appears that the hypertonic solutions primarily effect the contractile mech-

anism directly, effects on the excitation-contraction coupling have also been observed.

Parker and Zhu (1987) have demonstrated significant suppression of intracellular cal-

cium transients in frog muscle cells exposed to tonicities greater than two-times nor-
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mal. Tonicities of three-times normal diminished the transients by half, while tonicities

of four-times normal blocked them completely. In addition, hypertonic solutions have

been shown to suppress depolarization-induced tension more than caffeine-induced

tension, which does not depend on the excitation-contraction mechanism.

In preliminary experiments with harvested rat skeletal muscle cells, it was deter-

mined that although a tonicity of 2.5-times normal was often sufficient to suppress the

contractile response, a tonicity of 3.0-times normal was required to reliably paralyze

nearly all cells in all the protocols. Thus, for use in the experiments, the tonicity of

phosphate buffered saline (PBS) was made 3.0-times normal with either sucrose or

mannitol. Both molecules do not permeate healthy cell membranes. Assuming the

isotonic osmolarity of PBS is about 280 mOsm, the solutions were prepared to have

an osmolarity of about 840 mOsm, attained with 192 gm/l sucrose (molecular weight

342.30) or 102 gm/l mannitol (molecular weight 182.17). Although decreases in cell

volume were expected when the cells were exposed to the hypertonic solutions, no

obvious changes were often evident, as illustrated in Figure 3.4 where a cell is shown

in both isotonic and hypertonic solutions. Cytomorphological changes were sometimes

observed, the most common being kinks in the cell, causing them to curve. Unhealthy

cells would contract irreversibly when exposed to the solution. Cells exhibiting notice-

able deformations were avoided in the experiments.

3.4 Image Processing

In order to analyze fluorescence images of cells, a computer-controlled image process-

ing system capable of image acquisition, enhancement, and analysis was employed.

Images were digitized in real-time or from tape into one of three 512x512x16 bit

frame buffers of a Hamamatsu image processor (Hamamatsu City, Japan). Sixty-four

thousand intensity levels were available with the 16-bit encoding scheme used. The

buffer contents were then transferred via DMA interface to the memory of a Vax-
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Figure 3.4: Rat skeletal muscle cell photographed in isotonic and then in hypertonic
solution (3.0-times normal tonicity). As shown, no obvious cytomorphological changes
were induced by the exposure to the hypertonic solution.
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Station II computer (Digital Equipment Corp.). Because of the time required to store

images to fixed disk, the storage rate was limited to 1 image every 4 seconds. Typically

64 frames at 1/30 second per frame were averaged into each image; thus, the mean

image acquisition and storage throughput was approximately 1 image every 6 seconds.

To analyze the images, a menu-driven digital image processing package custom-

designed by D. Askey (1987) was employed. The software was capable of identifying

the cell by the range of intensities it occupied compared with the range occupied by

the background.

First, a frame of video was loaded into the frame memory of the image proces-

sor. Then, a window of the image background specified by the user was sampled. A

Gaussian distribution of intensities within the window was assumed. The mean and

the range of the background intensities were calculated. The range was defined as

two standard deviations above and below the mean, and thus 96% of the samples fell

within the range.

Next, the program sampled a user-specified window that contained the cell of

interest and accumulated an intensity histogram of the window. It searched the part

of the histogram corresponding to the background and subtracted out the background

peak. Then the program looked for the remaining mode intensity and, assuming a

Gaussian distribution of cell intensities, located the range of cell intensities as the range

of intensities above the background range and symmetric about the mode. Data on the

cell area (in number of pixels) and the average cell intensity were returned. Average

cell intensities were reported in two ways: referenced to the background median and

normalized to the background median. Normalized data helped correct for background

intensity fluctuations that sometimes occurred during a single experiment. The same

method was used to analyze small sections of a cell. In this case, the progam identified

the entire cell window as cell and proceeded accordingly.
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3.5 Imaging the Induced Transmembrane Poten-
tial

Induced transmembrane potentials in skeletal muscle cells were imaged using the

membrane-incorporating potential-sensitive fluorescent dye di-4-ANEPPS, described

in Section 3.2.2. The experimental system used to apply weak electric fields to the

cells and to observe, record, and analyze the response is illustrated in Figure 3.5.

3.5.1 Exposure Chamber

The chamber used to apply electric fields to isolated skeletal muscle cells is illustrated

in Figure 3.6. The space occupied by the cells above the glass window and below the

coverslip was 200 lm thick. When the chamber was filled with medium, this thin

region had a resistivity much greater than the other channels of the chamber. Thus,

most of the applied voltage dropped across this section, which was approximately 2

cm long. An applied voltage of A V led to a field experienced by the cells of about

A/2 V/cm.

Platinum electrodes were mounted on opposite ends of the chamber. Platinum was

chosen for its resistance to corrosion. The distance between the electrodes and the cell

exposure area (about 3 cm) isolated the cells from any electrode products for times

well beyond that of the experimental protocols (on the order of one minute).

Since electric field application for several seconds was required, heating was con-

ceivably a problem, depending on the magnitude and duration of the applied voltage.

The chamber provided a mechanism of cooling by a flow of cooled nitrogen gas. A

copper-constantan foil thermocouple (RdF Corp., Hudson, NH) permanently mounted

below the glass window allowed constant monitoring of the temperature.

The expected temperature rise in the chamber during the application of a single
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Figure 3.5: System used to image the induced transmembrane potential in isolated
skeletal muscle cells in an applied electric field using di-4-ANEPPS.
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Figure 3.6: Chamber used to expose isolated skeletal muscle cells to electric fields
in order to image the induced transmembrane potential using di-4-ANEPPS. The
chamber allowed for continuous temperature monitoring using a thermocouple.
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electric field pulse was calculated using

oE2 t
AT = (3.1)

pO

where a is the conductivity of the medium (about 8 x 10' S mhos/cm for physiologic

solutions), E is the applied electric field, t is the time of the exposure, p is the density

of the medium (about 1 gm/cm'), and 0 is the specific heat of the medium (about

4.17 J/gm/°C). For the exposure generally used in the protocols, E = 5 V/cm for

t = 5 sec, the temperature rise in the chamber was expected to be about 0.24*C. This

was considered to be a negligible amount and no cooling of the chamber was required.

3.5.2 Imaging System

The exposure chamber was mounted on the stage of a Nikon Microphot with phase-

contrast and epi-fluorescence capabilities. A Nikon G-2A filter block was used which

provided excitation in the range of 510-560 nm, a dichroic mirror passing wavelengths

above 580 nm and reflecting those below, and a barrier filter passing wavelengths above

590 nm. Illumination for the fluorescent optics was provided by a 75 W Xenon arc

lamp. Various Nikon objectives in the range of 4x to 100x were used. Figure 3.7

shows a properly-stained cell observed under light and fluorescence optics.

It was determined that cells were sensitive to prolonged excitation of the dye. They

hypercontracted after 5-10 minutes of continuous excitation when using the full power

of the Xenon lamp. Therefore, it was necessary to limit the power of the excitation

with the use of a filter (ND4). As a result, properly stained cells had a relatively

low fluorescence intensity. A Hamamatsu video-intensified camera connected to a

Hamamatsu C1966 digital image processor (Hamamatsu City, Japan) was used to

collect images in standard video format. This set-up produced grainy and noisy, but

adequate, images.

To decrease the effects of the noise, images were processed using the jumping or

rolling average feature of the Hamamatsu Image Processor. Typically a 4-16 frame
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Figure 3.7: Skeletal muscle cell stained with di-4-ANEPPS observed under 10x phase
contrast and fluorescence optics.
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average was specified. The processed image that was recorded by a high resolution

3/4 inch format videocassette recorder (Panasonic model 9240-XD).

3.5.3 Protocols

Cells in DMEM were stained with di-4-ANEPPS using the protocol described in

Section 3.2.2. Experiments were performed using cells in isotonic and hypertonic

solutions, prepared as described in Section 3.3. To obtain cells in hypertonic solution,

the DMEM in a dish of cells stained with di-4-ANEPPS was replaced a little at a

time with hypertonic solution until the color of the cell suspension changed from red

(the color of the DMEM) to clear (the color of the hypertonic solution).

Before cells were placed in the chamber, a thin coating of Cell-Tak (BioPolymers,

Farmington CT), an adhesive protein derived from the marine mussel, was deposited

on the glass window of the chamber by spreading a 5 pl volume evenly over the surface.

When the Cell-Tak dried, the window was rinsed with dionized, distilled water. To

place cells in the chamber, an instrument made from a flame-pulled Pasteur pipette

(to a tip diameter of a few hundred microns), a length of rubber tubing, and a thumb

screw suction device was used. Using this tool, individual cells which had incorporated

di-4-ANEPPS could easily be removed from a petri dish along with a small volume

of fluid and transferred to the exposure chamber. Cells were quickly aligned using

a flame-sealed micropipette before they settled to the bottom and adhered to the

window. Several were transferred for each trial because when the coverslip was set

in place, fluid motion would cause many cells to move. The Cell-Tak did not adhere

cells very reliably in this protocol. After the wells on each side of the window were

filled with medium, the coverslip was anchored in place with a thin coating of vaccuum

grease around the edges.

For each experiment, a cell or section of a cell of interest was monitored and video-

recorded for a short time under light and then fluorescence optics. Then, a prescribed
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voltage was applied to the chamber for 5 or 10 seconds. Repeated field applications

were separated by about 30 seconds.

The models described in Section 2.1 were used to approximate the applied voltage

required to induce a maximum transmembrane potential of 100-200 mV, a range con-

sidered to be too low to significantly damage the cell by membrane electrical break-

down. For cells aligned parallel to the applied electric field, a voltage of 10 V was

applied, leading to a field in the chamber of about 5 V/cm. For cells aligned perpen-

dicular to the field, voltages in the range of 25-100 V were applied, leading to fields

of about 12.5-50 V/cm.

For applications of 10 V, heating was measured to be less than 10C (as predicted

by Equation 3.1), so no cooling was required. For larger voltage applications, shorter

exposure times (1-2 seconds) were used to limit temperature rises to under 5°C. This

was found to be much simpler than using the cooling capabilities of the chamber. Since

the experiments were performed at room temperature, at no time did the temperature

in the chamber rise above physiologic temperature (370C).

Induced transmembrane potentials were observed as changes in the fluorescence

intensity of the di-4-ANEPPS molecules incorporated in the membrane. Using the

known sensitivity of the dye (about 8-10% change per 100 mV induced), the intensity

measurements were converted to induced potentials. The results are presented and

discussed in Section 4.1.

3.6 Electrical Experiments

The experimental system used to observe the response of isolated skeletal muscle cells

to intense electric field pulses is illustrated in Figure 3.8. The system allowed real-time

observation of the cells during pulse application, as well as video-recording and digital

image storage and analysis.
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Figure 3.8: System designed for the application of
tric field pulses to isolated skeletal muscle cells.
servation of the cells during pulse application, as
image storage and analysis.
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3.6.1 Exposure Chamber

An electric field exposure chamber was designed and built to mount on a microscope

and allow observation of cells during electric field pulse application. The chamber is

illustrated in Figure 3.9. To construct the chamber, a 10 x 10 mm square hole was cut

through a 7 mm thick polysulfonate block. A glass reticle ruled with a 100 Jm square

grid was mounted on the bottom surface of the block using Silastic brand medical grade

silicon elastomer (Dow Corning) to produce a water-tight seal. Platinum electrodes

were mounted on opposite ends of the chamber. Platinum was chosen for its resistance

to corrosion. Stainless steel electrodes were found to quickly form an oxide layer with

use, which would eventually block conduction entirely.

For monitoring of the temperature of the medium in the chamber, a 2-mm diameter

precision thermistor element (Omega model 44033, Stamford, CT) was mounted in one

side wall of the chamber so that the epoxy-coated tip extended 2 millimeters into the

chamber midway between the electrodes. The thermistor had a maximum operating

temperature of 150*C and a specified time constant on the order of seconds (time to

indicate 63% of a newly impressed temperature). The thermistor leads were connected

to a multimeter (Fluke model 75, Everett WA) and the measured resistance (2252 fl

at 25*C) was used to determine the temperature using the standardized resistance

temperature curve (provided by Omega) within ±0.1*C.

The expected temperature rise in the chamber during the application of an electric

field pulse can be calculated using Equation 3.1. For the maximum exposure used in

the protocols, E = 300 V/cm and t = 4 msec. This leads to a temperature rise per

electric field pulse of about 0.7°C.

To determine the temperature rise associated with the series of pulses used in the

experiments, the temperature in the chamber was monitored in control experiments

with twenty 4 msec 300 V/cm pulses, spaced at 15 seconds. The results are plotted in

Figure 3.10. As indicated the total temperature rise was approximately 5*C. Cooling
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Figure 3.9: Chamber used to expose isolated skeletal muscle cells to brief high-intensity
electric field pulses. The transparent glass bottom permitted real-time observation of
cells with a microscope. The thermistor was used to monitor the temperature in the
chamber throughout experimental protocols.
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between pulses clearly helped minimize the rise. Since the experiments were performed

at room temperature, the temperature in the chamber was always below the physiologic

temperature of 370C.
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Figure 3.10: Measured temperature rise in exposure chamber during maximum expo-
sure (300 V/cm 4 msec pulses, one every 15 seconds). The left vertical axis indicates
the measured thermistor resistance, the right vertical axis converts these readings
into temperature using the conversion curve provided by Omega. The dots indicate
measured data; the solid line is the rise predicted by Equation 3.1 in the absence of
cooling.

The current flow through the media leads to a pH gradient in the chamber. This

is caused by chemical reactions at the electrodes. At the positive electrode, electrons

are generated by the breakdown of water, releasing hydrogen ions and oxygen gas.

Thus the region near the positive electrode becomes acidic. At the negative electrode,

electrons are combined with water to form hydrogen gas and hydroxyl ions. Thus

the region near the negative electrode becomes basic. These electrode reactions are

Ohms
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necessary for the current flow to be continuous between the two kinds of conductors,

the metallic electrodes and the ionic media.

In preliminary experiments using twenty 4 msec 300 V/cm pulses, it was demon-

strated using litmus paper that pH changes of about 2-3 pH units adjacent to the

electrodes occurred. When the media in the chamber was supplemented with 100 mM

HEPES buffer or when the polarity of the electrodes was switched after every four

pulses, the changes at the electrodes fell to less than 1 pH unit. These changes were

not considered important, since in the protocols cells were placed near the center of

the chamber where no significant pH changes occurred.

3.6.2 Pulse Generator

A custom designed and built pulse generator was used to apply electric field pulses

of 50-300 volt/cm magnitude and 0.1-10.0 msec duration to the exposure chamber.

Figure 3.11 shows the circuit diagram for the pulse generator, which was powered by

a 50-350 V power supply (Hewlett Packard model 710B, Palo Alto).

The generator was designed with ports for continual monitoring of the voltage

across the capacitors using a multimeter (Fluke model 75) and for scoping the current

or voltage delivered to the chamber during pulse application (Hewlett Packard oscillo-

scope type 561A). Assuming a conductivity of 0.8 x 10- S mhos/cm for the physiologic

medium in the chamber, the resistance of the 1 cmxl cmx 0.5 cm (£ x w x d) chamber

was 250 fl. Preliminary measurements indicated that applied 300 V pulses across the

chamber resulted in currents of 1.0-1.5 A in the chamber, which is consistent with

Ohm's law. Thus, it was concluded that any impedance drops across the electrodes

due to electrode polarization did not contribute significant error.
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Figure 3.11: Custom designed and built pulse generator used to apply electric field
pulses of 50-300 V/cm magnitude and 0.1-10.0 msec duration to the exposure cham-
ber.
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3.6.3 Imaging System

The chamber was mounted on the stage of a Nikon Diaphot inverted microscope with

phase-contrast, Nomarski, and epi-fluorescence capabilities. A standard Nikon filter

block (B-2A) for use with fluorescein was used which provided excitation in the range

of 470-490 nm, a dichroic mirror passing wavelengths above 510 nm and reflecting

those below, and a barrier filter passing wavelengths above 520 nm. Illumination for

the fluorescence optics was provided by a 100 W mercury arc lamp.

A Hamamatsu (Hamamatsu City, Japan) chalnicon camera head connected to a

Hamamatsu C1966 digital image processor was used to collect images in standard

video format. Video recordings were made using a high resolution 3/4 inch format

video recorder (Panasonic model 9240-XD).

3.6.4 Protocols

Protocols were designed to observe and quantify the physical damage to isolated skele-

tal muscle cells caused by exposure to brief electric field pulses. All experiments were

performed at room temperature.

To place cells in the chamber, an instrument made from a flame-pulled Pasteur

pipette (to a tip diameter of a few hundred microns), a length of rubber tubing, and a

thumb screw suction device was used. Using this tool, individual cells could easily be

removed from a petri dish along with a small volume of fluid and transferred to the

exposure chamber.

In experiments using single cells, cells were always placed halfway between the elec-

trodes to minimize the effects of electrode products and pH changes. They were aligned

either parallel or perpendicular to the applied electric field. It was not very hard to

deposit cells in the center of the chamber in the desired alignment, although cells that

were not correctly placed could be moved by use of a flame-sealed micropipette to

create fluid motion near the cell.
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In most experiments, a pulse duration of 4 msec was used. This value was chosen

for its relevance to electrical injury. It is the time during which the voltage in a 60 Hz

signal is above its root-mean-square value, occurring twice every cycle as illustrated in

Figure 3.12. Thus the 4 msec square pulse roughly models the "pulses" of a sinusoidal

signal.

4- 4 -rsec -,
t

/
/
/

/
/

I\ /

Figure 3.12: A pulse duration of 4 msec was used in most experiments due to its
relevance to electrical injury. It is the time during which the voltage in a 60 Hz signal
is above its root-mean-square value, which occurs twice every cycle.

Cytomorphological Changes

Experiments were performed to observe the cytomorphological changes induced by

brief electric field pulses for cells bathed in a physiologic, isotonic solution. For each

experiment, a single cell was transferred to the PBS-filled chamber and aligned. Cells

damaged in the process would hypercontract, making it easy to ensure that only

I
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undamaged cells were used in the experiments. Pulses of magnitude 50-300 V/cm

magnitude and 0.1-4.0 milliseconds were applied. The cellular response was observed

under 10x phase contrast optics on the monitor and recorded on tape for further

analysis. In selected experiments, cells loaded with carboxyfluoresc in (as described in

Section 3.2.1) were observed under 10x fluorescence optics in an effort to detect any

obvious dye leakage. The results are presented and discussed in Section 4.2.1.

Membrane Permeability Changes

Experiments were performed to demonstrate and quantify changes in the diffusive

permeability of skeletal muscle cell membranes induced by brief high-intensity electric

field pulses. These experiments involved use of cells loaded with carboxyfluorescein

(as described in Section 3.2.1) and paralyzed by exposure to a hypertonic solution (as

described in Section 3.3). Figure 3.13 shows a cell loaded with carboxyfluorescein in

hypertonic solution aligned in the chamber prior to the start of an experiment. Mem-

brane permeability changes were observed as a rate of dye loss greater than established

baseline values.

Qualitative Studies: A protocol was developed to examine many cells of different

alignment in the chamber during a given exposure. In this way, the amount of dye loss

could be compared visually between cells and patterns could be observed. For these

trials, the DMEM in a dish of cells labelled with carboxyfluorescein was replaced a

little at a time with hypertonic solution until the cell suspension changed from red

(the color of the DMEM) to clear (the color of the hypertonic solution). Then, cells

were transferred several at a time to the chamber until it was filled with solution. The

chamber was examined under the microscope. Typically 25-50 cells were randomly

placed throughout the chamber. Position and alignment of cells was adjusted using a

flame-sealed micropipette so that many cells were in the center of the chamber aligned



Figure 3.13: Skeletal muscle cell loaded with carboxyfluorescein in hypertonic solution
aligned in the electric field pulse exposure chamber under light and fluorescence optics.
The grid markings represent 100 pm.
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either parallel or perpendicular to the electric field.

A video recording of the location, orientation, and condition of the cells in the

chamber was made as the chamber was slowly scanned using 10x light optics and

then 10x fluorescence optics. Digital images were stored of 10-15 particularly well-

positioned fluorescent cells. Fifteen minutes later, the chamber was scanned again

under fluorescence optics and images were stored as before. By this time any damaged

cells had lost a large amount of dye and their decrease in intensity was noticed. Thus,

only healthly cells were studied further.

After the initial examinations of the cells, a specified protocol of electric field pulses

was delivered to the chamber. In most experiments, twenty 4 msec pulses of 150,

200, 250, or 300 V/cm magnitude were applied. Pulses were always separated by 15

seconds. Fifteen minutes after the application of the pulses, the chamber was scanned

under fluorescence optics and images of the selected fluorescent cells were stored. This

was repeated every fifteen minutes for at least one hour. After the completion of the

experiment, the videotape and/or the stored digital images were reviewed to determine

what effect, if any, the electric field pulses had on the fluorescence intensity of the cells.

The results are presented and discussed in Section 4.2.2.

Quantitative Studies: Experiments were performed with single cells to quantify

the changes in fluorescence intensity associated with exposure to electric field pulses.

For each trial, a cell from a petri dish of cells in DMEM loaded with carboxyfluorescein

was transferred to the exposure chamber which was filled with hypertonic solution.

The cell was positioned in the center of the chamber and aligned either parallel or

perpendicular to the field as precisely as possible. Estimates of the length and diameter

of the cell were made using the grid on the glass reticule.

The cell was exposed to the optical excitation for approximately ten seconds once

every minute, at which time a digital image of the fluorescent cell was stored. After
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10 minutes, the application of electric field pulses commenced. Usually twenty 4 msec

pulses of 200-300 V/cm amplitude were applied, one every 15 seconds. Images were

stored at one-minute intervals during and after the pulse application until a total

elapsed time of 30 minutes was reached. The 31 stored images were analyzed, and the

average cell intensity as a function of time was determined. A membrane permeabil-

ity increase appeared as a rate of intensity decrease beyond the baseline established

during the first 10 minutes of monitoring. The results are presented and discussed in

Section 4.2.2.

3.7 Thermal Experiments

The experimental system used to examine the effects of elevated temperatures on

isolated skeletal muscle cells is illustrated in Figure 3.14. The system allowed real-time

observation and video-recording of cells during carefully-controlled thermal exposures.

The system is described in detail in Cosman et al. (1989) and Cosman (1983).

The system was set up in a lab remote from that used for the electrical experiments,

and therefore the Hamamatsu image processing system was not available for real-time

use in the experiments. All experiments were videotaped for analysis at a later time.

3.7.1 Exposure Chamber

The chamber used to control the temperature of the cells is illustrated in Figure 3.15.

The chamber was heated from below with a transparent resistive element (tin oxide on

glass) and cooled with a flow of nitrogen gas under the resistive element. A copper-

constantan foil thermocoupie (RdF Corp., Hudson, NH) was sandwiched between the

heating element and a glass window above. A thin film of mineral oil was used to

affix a sapphire window above the glass window. Cells were placed on the sapphire

and a coverslip was set down on top, held in place with vaccuum grease. Sapphire has

broad band optical transparency and a very high thermal conductivity which reduced

100
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Figure 3.14: System used to observe the response of isolated skeletal muscle cells

to elevated temeratures. The system allowed real-time observation of cells during

carefully-controlled thermal exposures, as well as video-recording of experiments for

later analysis. (Adapted from Cosman et al., 1989.)
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thermal gradients to a maximum of 0.10C/mm.

3.7.2 Temperature Control System

Gaseous nitrogren, cooled by passage through a coil immersed in liquid nitrogen, flowed

through the chamber at a constant rate. A heater controller system used feedback

from the thermocouple in the chamber to adjust the power in the heating element to

counteract the cooling and thus maintain the cells at a specified setpoint temperature.

Menu-driven temperature control software running on a microcomputer allowed

temperature protocols to be specified in one of two ways: a series of linear intervals

defined by their heating or cooling rates and their durations, or linear intervals defined

by their durations and final temperatures. The program used this information to gen-

erate mathematically the time-varying temperature setpoints, which were converted

to an analog voltage and sent to the heater controller.

The heater controller displayed a temperature obtained from a linear conversion

of the thermocouple voltage. The controller then corrected this temperature estimate

using the known non-linear properties of the thermocouple (supplied by the manufac-

turer). The corrected temperature was used by the feedback control algorithm and

was also sent to the video monitor for display.

Figure 3.16 shows the temperature readings of the heater controller and the video

monitor in response to a user-specified setpoint temperature. Unfortunately, the soft-

ware was not programmed to display temperatures over 50 0 C on the monitor. As

indicated, it was the corrected temperature (displayed by the monitor) that the heater

controller attempted to make equal to the input setpoint.

A calibration of the system's temperature measurements to the actual chamber

temperature was performed using Tempilstik temperature indicators (60630 series,

VWR Scientific, San Fransisco, CA). These indicators melt at a temperature within

1% of their stated melting temperatures in degrees Fahrenheit. Four Tempilstiks with
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Figure 3.15: Chamber used to expose isolated skeletal muscle cells to care-
fully-controlled temperature elevations. A flow of cooled nitrogen gas cooled the
chamber. Feedback from the thermocouple was used to control the resistive heater.
The transparent windows allowed real-time observation of the cells. The high ther-
mal conductivity of the sapphire reduced thermal gradients. (Adapted from Cosman,
1983.)
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Figure 3.16: Displayed temperatures as a function of user-specified setpoint tempera-
ture. The video monitor displayed a corrected temperature computed from the heater
controller displayed temperature using the known non-linear behaviour of the ther-
mocouple.
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melting temperatures of 37.8+.6°C, 45.0±.6'C, 55.0±.7°C, and 65.6±.8°C were used.

For each trial, a small amount of the Tempilstik was shaved off with a razor blade

and put in the chamber. The chamber was heated until the substance liquified and

then cooled down until crystallization occurred. This created a smooth layer in the

chamber. Then the temperature was raised slowly (2-10oC/minute) until melting was

observed. The melting temperature as indicated on the heater controller and on the

video monitor was recorded. Two trials were performed using each Tempilstick.

With the data obtained using the Tempilstiks, the readings of the temperature

controller and the video monitor were calibrated. The results are shown in Figure 3.17

which shows the temperature in the chamber as measured using the Tempilstik as a

function of the user-specified setpoint temperature. As shown, temperatures appear

to be controlled to within f ±1C.

3.7.3 Imaging System

The exposure chamber was attached to a Zeiss research microscope with epi-fluorescence

capabilities. For fluorescence observations, a standard Zeiss FITC filter block for flu-

orescein dyes was used. A 200 W Mercury arc lamp provided the illumination for the

fluorescence excitation. Typically, cells were observed using 8x light or fluorescence

optics. A microchannel intensifier (Electrophysics Corp., Nutley, NJ) was attached be-

tween the video port of the microscope and a Panasonic videocamera to provide gain

in the fluorescence experiments. The camera was connected to the monitor (Panasonic

model BT-S1300N) and the 3/4 inch video recorder (Panasonic model 9240-XD).

3.7.4 Protocols

Cytomorphological Changes

Several protocols were used to examine the cytomorphological changes induced by

thermal stimuli. Cells in isoto,; c DMEM were transferred to the exposure chamber
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Figure 3.17: Chamber temperature as a function of user-specified setpoint tempera-
ture, calibrated using Tempilstik temperature indicators.
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using a suction device similar to that used in the electrical experiments. The cover

slip was set in place, and the chamber was attached to the microscope stage.

In the simplest experiments, the temperature in the chamber was raised from room

temperature at a rate of either 1°C/min or 30°C/min to a final temperature in the

range of 37-70OC. Cells were held for several minutes at the final temperature.

In another protocol, cells were raised in two-degree increments from room temper-

ature to 50'C. Each temperature was held for one minute before the next increase.

The final protocol was a control for the electrical experiments, where the cells were

subjected to small but rapid temperature jumps. To allow observation of the effects of

such jumps, cells were stepped from room temperature to temperatures in the range of

30-400 C at a rate of over 1000°C/min (the maximum possible with the system). The

cells were cooled back down to room temperature over a period of 15 seconds, and the

heat step was repeated. In each trial, 10-20 heat steps were applied. While the rate of

heating could not be made to match that occuring in the electrical experiments, the

magnitude of the total temperature excursion was much greater than that predicted

to occur in the electrical experiments (see Section 3.6.1). The results are presented

and discussed in Section 4.3.1.

Membrane Permeability Changes

In preliminary experiments, it was discovered that isolated rat skeletal muscle cells

hypercontracted in response to temperatures of 45°C and above. Therefore, in or-

der to perform fluorescence experiments paralleling the electrical protocols, cells were

paralyzed by exposure to hypertonic solutions prepared as described in Section 3.3.

For each trial, a cell from a dish of cells loaded with carboxyfluorescein (as de-

scribed in Section 3.2.1) was transferred to a dish of hypertonic solution. The cell was

then transferred to the chamber, the coverslip was set in place, and the chamber was

attached to the microscope. The gain of the intensifier was increased, if necessary, to
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produce an image of the fluorescent cell of good contrast.

The videotape recorder was set to begin recording, and the cell was monitored

at room temperature for 5 minutes to establish baseline levels of cell intensity loss

due to natural leakage and bleaching. Then, the temperature was raised in 5 seconds

to temperatures of 37, 45, 50, 55, or 600 C. The cell was monitored until it lost all

or nearly all fluorescence intensity. The videotapes of the experiments were used to

obtain digitized images of the cell intensity at regular time intervals, and the image

processing software was used to examine the time dependence of the intensity loss.

The results are presented and discussed in Section 4.3.2.

It was important to know if the temperature alone has any effect on the fluorescence

intensity of the dye. To answer this question, the chamber was filled with media taken

from a dish of cells that had been loaded with carboxyfluorescein several hours earlier.

The media contained a large concentration of carboxyfluorescein that had diffused

from the cells, and thus fluoresced brightly. The fluorescence intensity of the media

was monitored for 5 minutes at room temperature and then for 15 minutes at 600C.

No intensity change was detected.
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Results

In this chapter, the experimental results will be presented and discussed. From the

data, the thresholds for skeletal muscle cell membrane damage due to thermal and

electrical mechanisms will be determined. In the next chapter, this information will

be used to predict patterns of tissue damage in typical cases of electrical injury.

4.1 Imaging the Induced Transmembrane Poten-
tial

The potential-sensitive dye di-4-ANNEPPS was used to image the induced trans-

membrane potential for cells aligned parallel to an applied electric field exposed to

both isotonic and hypertonic solutions. Figure 4.1 shows the average percent change

of the dye intensity at the ends of cells when an electric field of approximately 5 V/cm

was applied for several seconds. The induced transmembrane potential was calculated

from the reported response of the dye (about 9% per 100 mV; Gross & Loew, 1989). In

11 trials using cells in isotonic solution, only 1 showed no intensity change. All others

exhibited an intensity change of at least 10%. The average for the 11 trials was 10.9%.

In 9 trials with cells in hypertonic solution, the greatest intensity change observed was

5%, which occurred in only one cell. More than half showed no intensity change. In

order to obtain an average, cells exhibiting a slight, but less than 5%, intensity change
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were counted as 5%, since the exact value was difficult to resolve. The average for the

9 trials was 2.2%.

The results indicate that exposure of skeletal muscle cells to hypertonic solutions of

3.0-times normal tonicity has a dramatic effect on the magnitude of the induced trans-

membrane potential. It is proposed that this effect is caused by the extensive internal

membrane system of the skeletal muscle cells, particularly the T-tubules and the sar-

coplasmic reticulum (see Section 1.3.3). In hypertonic solution, water removal from

the cell is expected. This appears to lead to membrane packing or overlap which acts

to dramatically increase the cytoplasm resistance to current flow in the longitudinal

direction. The relatively large induced transmembrane potentials observed for cells in

isotonic solution indicate that these membranes do not prevent current flow under nor-

mal circumstances. As will be seen in Section 4.2, the diffusion of carboxyfluorescein is

significantly hindered along the long axes of cells bathed in hypertonic solutions, which

also suggests that membrane blockages occur at points along the axes. The hypoth-

esis is consistent with the finding of Parker & Zhu (1987) that intracellular calcium

transients in frog muscle are significantly diminished in solutions of 3.0-times normal

tonicity. As will be shown in Section 4.2, current and diffusion in the radial direction

did not appear to be affected, indicating that the regions between the membranes of

each sarcomere are not blocked in the process.

The measurements of the induced transmembrane potential for skeletal muscle cells

in isotonic solution can be compared to the cable model prediction (see Section 2.1.1).

Nominal values for the membrane electrical properties of rat skeletal muscle cells are

r, = 500 ncm2 and c, = 7 AF/cm2 (Bekoff & Betz, 1977; Kiyohara & Sato, 1967;

Dulhunty et al., 1984). In hypertonic solutions, the cells had radii of 10-20 Am and

lengths of 500-1000 Am. Using these values, the predicted maximum induced trans-

membrane potential is 30±10 V per applied V/cm. Thus, an applied field of about

5 V/cm is expected to induce a maximum potential of 150±50 mV for the average
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Figure 4.1: Transmembrane potential induced in the ends of isolated skeletal muscle
cells aligned parallel to an applied electric field of approximately 5 V/cm as measured
by a change in the fluorescence intensity of di-4-ANEPPS incorporated in the mem-
brane. The dye responds with a fluorescence intensity change of about 9% per 100
mV induced. The averages are computed from 9-11 trials. The error bars represent
the standard error of the mean.
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cell. In isotonic solution, the average induced potential was 120 mV. This is in good

agreement with the predicted value, given the uncertainties in the electric field in the

chamber, the electrical properties of the cells, the sensitivity of the dye, and the linear-

ity of the imaging system. It thus appears that the cable model derived in Section 2.1.1

provides a good estimate of the induced transmembrane potential for skeletal muscle

cells aligned parallel to an applied electric field.

As mentioned in Section 3.5.2, cells stained with di-4-ANEPPS in isotonic solu-

tion were particularly sensitive to electric fields when excited with the light source.

Since only the ends of the cells were excited (using 40-100x optics) in the preceding

experiments, this was generally not a limiting problem. Often, the end under observa-

tion would contract a little (for cells in isotonic solution), but usually a measurement

could be made before this happened. However, when a lower magnification was used

to image the entire cell, this sensitivity was a problem. In this situation, nearly all

cells in isotonic solution aligned parallel to the field contracted as soon as 5 V/cm was

applied. In over 15 trials, only one completely satifactory observation was recorded.

The cell was short (about 600 pjm in length). This allowed the entire length to be

observed with 10x optics. A smaller induced transmembrane potential is expected

in shorter cells and this is probably the reason that the cell did not contract. The

fluorescence intensity change in response to a field of about 5 V/cm was measured at

regular intervals along the length of the cell. The result is plotted in Figure 4.2. As

shown, the variation is approximately linear in the middle of the cell. This agree, with

the cable model prediction for short cells (see Figure 2.4). The linear relation breaks

down near the ends, however. This may be due to electroporation. As explained in

Section 1.3.1, even small induced transmembrane potentials can lead to an increased

membrane permeability by increasing the number and size of pores in the membrane,

leading to an increased membrane conductivity and decreased induced potential (Pow-

ell & Weaver, 1986). This has been demonstrated using sea urchin eggs by Kinosita
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et al. (1988). For the case shown, the induced transmembrane potential adds to the

resting potential on the right end, but subtracts from the resting potential on the left

end. Thus, electroporation should be much greater on the right end. As shown in Fig-

ure 4.2, the induced potential at the right end is much more limited than that at the

left end. Clearly, however, further studies of this kind are required before conclusions

can be drawn.

Unfortunately, efforts to image the induced transmembrane potential for cells ap-

plied perpendicular to the applied electric field were not successful. The large fields

required to induce a potential of about 50-100 mV usually resulted in the collapse

of cells in isotonic solution. The fields also caused the cells to electrophorese toward

the positive electrode. The intensity of the dye should increase on the side facing

the positive electrode and decrease on the side facing the negative electrode when a

potential is induced. For this reason, an induced transmembrane potential could not

be distinguished from a slight movement of the cell toward the positive electrode.

4.2 Electrical Experiments

4.2.1 Cytomorphological Response

Isolated skeletal muscle cells in isotonic solutions responded dramatically to the ap-

plication of brief electric field pulses. In one set of experiments, a 0.1 or 1.0 msec

electric field pulse was delivered to a cell every 30 seconds, starting at a field intensity

of 30 volts/cm, and increasing by 10 volts/cm with each additional pulse up to 300

volts/cm. Typically, a cell would exhibit a strong twitch response at field intensities

up to 100 volts/cm. At higher values, the twitching often ceased, possibly due to

damage incurred at the lower field strengths. In the highest range of field intensi-

ties applied (from about 200 volts/cm to about 300 volts/cm), irreversible contraction

and total collapse of the cell along its long axis usually occurred. This response was

observed for both pulse durations used, but was more pronounced for the longer dura-
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Figure 4.2: Transmembrane potential induced along an isolated skeletal muscle cell
in isotonic solution aligned parallel to an applied electric field of about 5 V/cm as
observed by the change in the fluorescence intensity of di-4-ANEPPS incorporated
in the membrane. The cell was small, about 600 pm in length and about 15 pm in
diameter.
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tion pulses. Cells aligned perpendicular to the applied electric field exhibited a more

forceful twitching response in general than those aligned parallel to the field.

In other experiments, a pulse of 1-4 msec duration and 100-300 V/cm magnitude

was applied every 15 seconds until irreversible contraction occurred. A typical exper-

iment is pictured in Figure 4.3. In this case, a cell approximately 1 mm in length

aligned perpendicular to the field was exposed to 1 msec 300 volts/cm pulses. Irre-

versible contraction occurred after only 1 pulse (b). Several more pulses resulted in the

total collapse of the cell (c,d). Similar responses were observed in all other trials. The

higher field strengths and pulse durations in general caused more rapid cell collapse.

As before, a more forceful twitch response was observed in cells aligned perpendicular

to the applied field. In some cases, the twitches were so violent that the cell moved

out of the field of view.

The twitch response exhibited by cells in isotonic solutions is the natural cellular

response to an action potential. Apparently, the perpendicular field is more effective

in producing a contraction in isolated cells. This may be due to the fact that the T-

tubules are themselves perpendicular to the long axis of the cell. These small channels

transmit electrical signals to the inside of the cell, causing the release of calcium from

the sarcoplasmic reticulum and triggering the contractile response. This effect may

also have to do with the longer charging time of the parallel cells compared to the

perpendicular cells (see Sections 2.1.1 and 2.1.2).

The irreversible contraction that occurred indicates some damage to the excitation-

contraction coupling mechanism or to the contractile apparatus itself. The total col-

lapse of the cell can only be explained by a breakdown of the contractile proteins, since

the intact structure can only contract by about 32% (Mannherz & Holmes, 1982). It

is well known that actin and myosin filaments are very sensitive to their environments

and that small changes in pH or ion concentration cause their breakdown into glob-

ular form (Laki, 1971; Tonomura, 1973; Lapanje, 1978). These changes are expected
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Figure 4.3: Typical cytomorphological response to electric field pulses of 1-4 msec
duration and 100-300 V/cm magnitude. In this series of photographs, the cell was
exposed to a 1 msec 300 V/cm pulses every 15 seconds. The cell was about 1 mm long
(grid is 100 Mm) and aligned perpendicular to the applied field (a). After a single pulse,
an irreversible contraction occurred (b). Further pulses led to the eventual collapse of
the cell along its long axis (c,d).
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following membrane disruption.

It appears that the cell membrane remains largely intact, but significantly perme-

abilized, following the pulse application and cell collapse. In experiments performed

with cells loaded with carboxyfluorescein in isotonic solution, no obvious dye leakage

was observed, even following the collapse of the cells. However, in most cases, the

overall cell fluorescence intensity appeared to the eye to decrease at a rate beyond

that due to bleaching, indicating an increase in the membrane permeability to the dye

molecules. Quantification of this observation using image processing was not possible

due to the movements of the cells.

It is important (and surprising) to note that the volume of the cell in Figure 4.3

following its collapse is roughly the same as it was before the collapse. The length was

reduced by a factor of about 6.5, but the radius was increased by a factor of about

2.5. Modelling the cell as a cylinder, the volume is proportional to the length and to

the square of the radius. Thus, the volumes are approximately the same. It appears

that no cytoplasm is lost in the process.

It was initially considered that the the damage observed might be due to ripping of

the cell membrane during the violent twitches which occurred. However, as shown, no

evidence of such gross membrane defects was discovered. The twitch and contraction

responses must be restrained to a great extent in vivo by the support of the extracel-

lular matrix and surrounding cells. In this case, the forces are more likely to result

in ripping of the membranes, since there is a mechanical constraint against the force.

The extracellular matrix could also be disrupted by the forces. Thus, non-thermal

mechanisms of membrane damage other than electrical breakdown are possible.

4.2.2 Membrane Permeability Changes

The experiments performed with cells loaded with carboxyfluorescein in hypertonic

solutions were initially designed to provide visual evidence of membrane disruption by
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making evident sites of dye leakage. However, at no time was such obvious leakage

detected, indicating that the effect of the field was to permeabilize but not to grossly

rupture the cell membrane.

Membrane permeability changes were observed as an increased rate of dye loss from

cells in hypertonic solutions. As will be seen, the induced transmembrane potential

required to produce these changes is in the range known to cause membrane electrical

breakdown.

Qualitative Studies

Increases in membrane permeability were observed to depend heavily on cell orienta-

tion in the electric field. Cells exposed to 20 4 msec 300 V/cm pulses spaced at 15

seconds lost all or nearly all fluorescence intensity in the fifteen minutes following the

exposure if aligned perpendicular to the applied electric field, but appeared unchanged

if aligned parallel. That no effect was observed for cells aligned parallel to the field

is consistent with the results presented in Section 4.1, which showed that exposure

to solutions of 3.0-times normal tonicity suppresses the large induced transmembrane

potential expected at the ends of a cell. It was proposed that this was due to current

blockages by the internal membrane at intervals along the long axis of the cell. The

effect observed for cells aligned perpendicular to the field suggests that current is not

hindered radially along most of the length of the cell.

Cells aligned diagonally usually lost intensity, but at a markedly slower rate. Cells

that were curved lost intensity in the perpendicular parts, but remained bright in the

parallel parts. Kinks or sharp bends were not required for this behavior. A gradual

curvature could lead to one end of a cell parallel and the other end perpendicular

to the applied field. Observed gradients of dye intensity in a cell usually remained

for the duration of the experiments (at least one hour). This behavior demonstrated

that there was a significant hindrance to dye diffusion along the long axes of the
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cells. It has been shown by Mastro et al. (1984) that when cells are subjected to

hypertonic solutions, translational motion of small molecules (M.W. less than 1000)

can decrease significantiy. Mastro et al. hypothesized that the decrease in cell volume

under hypertonic conditions is accompanied by an increase in cytoplasmic barriers to

diffusion. However, in the skeletal muscle cells, no dye concentration gradients were

observed in the radial direction, so it is likely that membrane blockages also played a

role in this behavior.

The dramatic difference between the behavior of perpendicular and parallel cells

was used to detect induced changes at lower electric field strengths. With the parallel

cells essentially acting as controls, relative changes in the intensities of the perpen-

dicular cells could be noted. Without this comparison, it would have been difficult

to discriminate between slight induced dye leakage and the natural dye leakage and

bleaching that occurred in all cells.

Cells exposed to 250 V/cm pulses and aligned perpendicular to the field exhibited

evidence of slow dye leakage. Large fluorescence intensity losses were usually not

noticed until one-half hour after exposure. It could take an hour or longer for cells to

lose all intensity. When cells were exposed to 200 V/cm pulses, only slight differences

between the fluorescence intensities of perpendicular and parallel cells were noted one

hour after exposure. Cells exposed to 150 V/cm pulses showed no obvious intensity

loss beyond that which occurs in cells of both alignments due to natural leakage and

bleaching.

In Section 2.1.2, it was shown that the maximum induced transmembrane potential

in a cell aligned perpendicular to an applied electric field E, is Eod, where d is the cell

diameter. The diameters of the cells in hypertonic solution were in the range of 15-20

prm. For this range, the predicted induced potential for an application of 250-300

V/cm is approximately 400-600 millivolts. These potentials are in the range known

to cause membrane electrical breakdown for pulse widths on the order of milliseconds
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and a temperature of about 25*C (see Section 1.3.1). For shorter pulse widths and/or

lower temperatures, the critical potential is expected to be higher. However, for the

physiologic temperature 37°C, the critical potential is expected to be lower.

As shown in Section 2.1.2, the transmembrane potential induced in cells perpen-

dicular to an applied field does not significantly depend on the conductivity of the

cytoplasm, as long as that conductivity is much greater than the conductivity of the

membrane. Thus, any changes in the cytoplasm caused by loss of water from cells in

hypertonic solutions cannot be expected to alter the induced transmembrane poten-

tial. This water loss can, however, reduce the radius of the cell. This reduced radius

was used to calculate the induced potential from the applied electric field.

As shown in Section 2.1.2, the transmembrane potential induced in a cylindrical cell

perpendicular to an applied electric field has a sinusoidal distribution that is maximum

along the sides of the cells facing the electrodes. Thus, the damage will not be uniform

over the membrane. Unfortunately, it cannot be expected to be sinusoidally distributed

either, since damage occurs above a potential threshold, not in direct proportion to

the potential. It is predicted that the membrane will be perforated with damage sites

on the areas facing the electrodes where the induced transmembrane potential is above

the threshold, and undamaged elsewhere.

Minimal cytomorphological changes were observed. Membrane irregularities were

not detected under 10-40x phase-contrast optics. The characteristic striations of the

skeletal muscle cells which exhibited dye loss always disappeared. Cells which exhibited

little or no dye loss generally retained clear striations. The loss of striations indicates

a breakdown of the contractile proteins, presumably due to changes in their chemical

environment caused by the membrane disruption. Some swelling of the permeabilized

cells was also observed. This may have been due to the regaining of the water lost when

the cell was placed in hypertonic solution. When the cell membrane was disrupted,

the fluids inside and outside the membrane re-equilibrated.
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As explained in Section 3.6.1, the pH was kept under control in all experiments in

one of two ways. The first was to supplement the hypertonic solution with 100 mM

Hepes buffer; the second was to switch the polarity of the electrodes after every four

pulses. With either of these methods, the changes at the electrodes fell to less than

1 pH unit. The membrane permeability changes observed in this experiment did not

depend on which method was employed.

It was determined that p1H changes and the presence of electrode byproducts in

the chamber did not significantly affect the results. It was clear from the results for

cells aligned parallel to the field that these artifacts did not affect the permeability

of the cells, as they would affect cells independently of their alignment. Also, it was

demonstrated that cells could be placed as close to 1 mm from an electrode without

a significant change in their response to the field. Occasionally, a cell would end up

behind an electrode. These cells always retained fluorescence intensity even though

they were exposed to the pH changes and electrode byproducts. They were not,

however, exposed to the electric field.

Experiments were usually performed using hypertonic solution prepared with su-

crose. To determine whether the sucrose itself had any effect on the membrane perme-

ability changes observed, experiments were also performed using hypertonic solution

prepared with mannitol. No qualitative difference in the cellular response to the fields

was observed.

The carboxyfluorescein dye molecule carries a negative charge. Migration of the dye

in the applied electric field was therefore a concern. It can easily be shown, however,

that this had little effect on the results. Assuming a mobility of 1 x 10- cm 2/V.sec for

the dye molecule in media outside the cell (the value for a small molecule in water),

the distance it would move during a 4 msec application of 300 V/cm is .12 gm, two

orders of magnitude smaller than the cell radii. Inside the cell, the electric field is

much less than the 300 V/cm applied due to the highly insulating cell membrane
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(before significant permeabilization occurs), and the movement of dye particles would

be even less. Particles would diffuse to equilibrium in the cell between pulses, so the

movement would not be additive as further pulses were applied. Thus, the migration

of dye molecules in the applied electric field could not lead to significant decreases in

cell intensity. Proof that this was the case is the fact that dye diffused out of the cell

membrane at an increased rate long after the pulse application was completed.

It was considered that the presence of an electric field inside the cell could catalyze

chemical reactions altering the fluorescence of the dye. However, before significant

permeabilization occurs, the electric field inside the cell is expected to be very small.

In addition, the pH dependence of the dye fluorescence was a concern. However, a

pH drop of several pH units was found to be necessary to extinguish the fluorescence

intensity of the dye. The major evidence indicating that these were not artifacts in the

experiment derives from the results of preliminary experiments performed by D. Israel

(1988) using the dye Lucifer Yellow. This dye must be injected into the cells, a process

that proved to be too time-consuming for use in collecting large amounts of data.

However, trial experiments demonstrated qualitatively the same results described here.

As shown in Section 3.6, the chamber temperature never exceeded the physio-

logic temperature of 37*C. Thus, thermal damage could not have contributed to the

'Permeability changes measured.

It was considered that the direct heating of the membrane by the induced trans-

membrane potential and current could play a role in membrane electrical breakdown.

This, of course, would not be an artifact of this experiment, but the case in all reported

observations of the phenomenon. The magnitude of the heating expected to occur can

be calculated using Equation 3.1. Due to the extreme thinness of the membrane, the

temperature of the membrane will equilibrate with the temperature of the surround-

ing fluid essentially instanteously, but an upper bound can be approximated. For a

cell of radius 10 ism aligned perpendicular to an applied electric field of magnitude
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300 V/cm, the induced transmembrane potential is about 600 mV. If the thickness

of the membrane is assumed to be 50 A, the electric field in the membrane is 120 x

106 V/m. The membrane conductivity can be approximated by a = 10- 4 mho/cm' x

50 A. Since the membrane has thermal properties more similar to oil than to water,

the density and heat capacity of olive oil can be used: p = .92 gm/cm s , O = .4(4.17)

J/gmoC (Weast, 1970). Equation 3.1 then predicts a maximum temperature rise of

0.19'C per 4 msec pulse. This is less than the calculated temperature rise in the media

(0.7°C per pulse). The interior of the cell is expected to have a negligible electric field

and hence negligible heating. It is possible that the small temperature gradients that

are briefly induced play a role in cell membrane electrical breakdown.

Quantitative Studies

The induced changes in membrane permeability following electric field exposure were

quantified for applied fields of 250, 275, and 300 V/cm. All cells were aligned per-

pendicular to the field. Using the image processing techniques described in the last

chapter, average cell intensity as a function of time was plotted. To facilitate com-

parison of the responses, each intensity value in a given trial was normalized to the

intensity value recorded immediately before pulse application began. To illustrate the

response for a given applied field, the normalized plots were averaged. The results are

shown in Figures 4.4a through 4.4c. The plots show that in all cases, a clear increase

in the rate of fluorescence intensity loss began as soon as the pulse application started.

The new rate depended on the applied voltage.

The initial rate of fluorescence intensity loss in cells occurring in the 10 minutes

before the pulse application was due to the combined effects of natural dye leakage

and bleaching. These effects were removed from the data by subtracting the slope

obtained from a linear regression of the first 10 points in Figures 4.4a through 4.4c.

The results are shown in Figure 4.5. In this figure, the fluorescence intensity drop is
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Figure 4.4a: Normalized cell fluorescence intensity versus time for cells exposed to
20 300 V/cm 4 msec pulses between the 10 and 15 minute marks. The average is
computed from 7 trials. The error bars represent the standard error of the mean.
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Figure 4.4b: Normalized cell fluorescence intensity versus time for cells exposed to
20 275 V/cm 4 msec pulses between the 10 and 15 minute marks. The average is
computed from 5 trials. The error bars represent the standard error of the mean.
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Figure 4.4c: Normalized cell fluorescence intensity versus time for cells exposed to
20 250 V/cm 4 msec pulses between the 10 and 15 minute marks. The average is
computed from 7 trials. The error bars represent the standard error of the mean.
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due solely to the effects of the electric field pulses.

As illustrated in Figure 4.5, the damage incurred by the cells due to the field

exposure appears to be at least partially reversible. For a field application of 300 V/cm,

a complete reversal seems occur during a 5 minute period following the exposure. This

effect may be partially due to nonlinearities of the imaging system, as the cell intensities

were significantly lower 5 minutes after the exposure than they were at the start. It

is also likely that the cell exposure to the hypertonic solution caused some dye to

become trapped in the internal membrane system due to water removal. In this case,

the cell intensity cannot be expected to go to zero, and irreversible damage could lead

to the results illustrated in Figure 4.5. However, the fact that the slope began to

reverse almost immediately after the exposure was completed is evidence that at least

a partial reversal of the permeability increase occurred. The trials using 250 and 275

V/cm show less evidence of reversal. The qualitative experiments performed using 200

V/cm showed that a small but steady dye loss could proceed for as long as an hour

after exposure.

As discussed in Section 1.3.1, reversible electric breakdown of artificial planar bi-

layer lipid membranes has been shown to occur at higher potentials than those causing

irreversible breakdown. The proposed reason for this is that when higher voltages are

applied, the membrane quickly breaks down and discharges, analogous to the break-

down of a capacitor. This quick phenomenon (thought to last on the order of nanosec-

onds) appears to cause no lasting damage to the membrane. However, lower induced

potentials lead to a slower discharge, and more permanent damage to the membrane.

The diffusion of dye across the cell membrane is described by

V -- " + J A = 0; J = P,,, (ci - o), (4.1)

where V is the volume of cytoplasm, A is the surface area of the cell membrane, c.,

and co are the dye concentrations inside and outside the cell, J is the flux of dye out

of the cell, and P,,, is the membrane permeability, which for now is assumed uniform.
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Figure 4.5: Cell fluorescence intensity as a function of time for cells exposed to 20 4
msec electric field pulses of the indicated magnitude between the 10 and 15 minute
marks. The effects of natural dye leakage and bleaching have been subtracted off.
Thus, the intensity drop is due solely to the effects of the electric field pulses.
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Assuming that the dye concentration outside the cell is negligible compared to that

inside, the concentration inside as a function of time can be expressed

ci(t) = C e-'/; A (4.2)

Thus, the dye loss proceeds as an exponential which depends on the permeability. An

increase in the permeability leads to a decrease in r and an increased rate of dye loss.

The natural logarithm of ci is a straight line of slope a = - . A change of permeability

results in a change of slope. Relative changes of permeability can be obtained from

the change of slope:

Pm Il S2m - = - (4.3)
Pm 7T2 S1

In order to examine the changes in permeability occurring during and after the

pulse application, the plots of the natural log of the cell intensity as a function of time

were examined for each trial. The initial slope as was determined from the images

stored before the application of the pulses. The slope s2 was taken as the maximum

slope calculated using at least four consecutive data points. The ratio of the slopes

was calculated for each trial and the values were averaged. The results are plotted

in Figure 4.6. The curve has been extrapolated to lower fields using the information

obtained from the qualitative experiments. Also plotted are the permeability changes

calculated by taking s2 to be the slope of the data points 10-15 minutes after the

pulse application. As shown, smaller permeability changes are calculated for this time

period, indicating the reversibility of the process.

The permeability changes indicated in Figure 4.6 are actually lower bounds of the

true values. Several effects not included in the analysis act to increase the estimates.

For the calculations of membrane permeability changes, the permeability of the

membrane was assumed to be uniform at all times. Clearly, this is not expected

to be the case after the cell has been permeabilized by the electric field. Since the

experimentally-determined permeability change really represents an average over the
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extent of the cell membrane, the maximum induced in certain regions must be more

than this value. The maximum value can be approximated if it is assumed that

the induced increase in permeability has a sinusoidal distribution like the induced

transmembrane potential. As already stated, this is not exactly the case, but it will

provide a useful approximation. The average of the absolute value of a sinusoid of

amplitude P, is P,m. Thus, the maximum value of the induced permeability change

can be expected to be roughly E g- 1.6 times the measured value.

Equation 4.1 was used in the analysis with the assumption that all cell fluores-

cence intensity loss was due to diffusion across the cell membrane. However, in the

experiments, this was not the case. The photochemical effect of bleaching also caused

a steady decrease in intensity during all intervals when the dye was optically excited.

In order to minimize these effects, the cells were only exposed to the excitation for

10 seconds per minute, the minimum required to store images of cells at their full

fluorescence intensity. However, it cannot be assumed that the intial slope observed

in Figures 4.4a through 4.4c is not at least partially due to bleaching. The effect of

this bleaching is to reduce the membrane permeability change calculated using Equa-

tion 4.3. In fact, if the bleaching effects were much larger than the diffusive effects,

no membrane permeability change would be measured. Therefore, the permeability

changes plotted in Figure 4.6 may be underestimated slightly due to the effects of

bleaching.

Equation 4.1 is valid only if the dye concentrations are uniform at all times. For

rapid dye diffusion from the cell, it might be expected that concentration gradients

would form. The time for equilibridm to reestablish in a cylinder following a change

is on the order of 0.1 a2 /D (Harris, 1972). The diffusion of small molecules (M.W.

less than 1000) in the cytoplasm of mammalian cells has been characterized by Mastro

et al. (1984), who demonstrated that the diffusion coefficient in cytoplasm is 1/2 to

1/5th that in water. For a cell radius a of 10 pim and a dye diffusivity D of 20 x 10- 7
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cm 2/sec (Mastro et al.'s value for sucrose (with a M.W. close to CDFA) in cytoplasm),

this time constant is on the order of 0.05 sec. However, Mastro et al. also showed that

the diffusion coefficient can decrease substantially (by factors of 2 or more) when cells

are bathed in hypertonic solutions. Nevertheless, the redistribution of the dye takes

place in a time under a second, which is negligible compared to the time over which

the dye diffuses from the cell (tens of minutes).

Two experiments were performed using 60 300 V/cm 0.4 msee pulses spaced at

10 seconds. The cells exhibited an increased rate of dye loss as soon as the pulse

application started, just as in the trials with the longer pulse width. The maximum

permeability attained in both trials was about 2.5 times the starting permeability. The

fact that significant damage could be caused with field pulses as brief as 0.4 msec is

consistent with the hypothesis that the membrane disruption is caused by the same

mechanisms discussed in Section 1.3.1. As discussed in that section, experiments per-

formed by others have shown that irreversible membrane electrical breakdown occurs

with pulse widths of 0.1 msec and above.

4.3 Thermal Experiments

4.3.1 Cytomorphological Response

Isolated skeletal muscle cells raised from room temperature to the physiological tem-

perature of 37*C exhibited no cytomorphological changes, as expected. However, tem-

perature elevations just above this value caused cell contraction by an amount that

depended on the temperature. Small contractions observed at temperatures between

38*C and 420C were usually completely reversed when the temperature was lowered

to 37*C. Larger contractions occurring between 42"C and 44*C were only partially

reversible. Cells raised to temperatures of 45*C and above rapidly and irreversibly

collapsed along their main axis. This response appeared to be independent of the rate

of heating.
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The extent of the contraction at various temperatures is illustrated in Figure 4.7.

The sequence of photographs shows five cells at temperatures of 28"C, 380C, 400 C,

42°C, 44°C and 46*C. Each cell was held at the indicated temperature for one minute

before the temperature was stepped up 2*C. The photographs were taken 30 seconds

after each new temperature was imposed.

The total collapse of the cells along their major axis that occurred at temperatures

of 45'C or above in isotonic solution was irreversible and was very similar to that seen

in the electric field experiments. It is likely that the collapse was caused by the denat-

uration of the actin and myosin filaments since protein denaturation commonly begins

at about 45*C (Gershfeld & Murayama, 1988). It is known that the skeletal muscle

cells in meat retain their striated appearance while cooking, even for long periods at

high temperatures; however, significant protein alterations occur (Davey & Winger,

1979). The first phase of cooking, at temperatures of 40-50°C, is associated with a loss

of myosin solubility and denaturation of the contractile system. Sarcoplasmic proteins

are also denatured in this temperature range.

The stimulus of the partially-reversible contractions observed at lower temperature

elevations is unknown, but it is possible that a temperature-induced increase in the

permeability of the cell membrane or the sarcoplasmic reticulum to calcium ions is the

mechanism. It is unlikely that any significant membrane defects were formed at such

small temperature elevations, but membrane transformations resulting in leaky patches

have been postulated by others (Gershfeld and Murayama, 1988) to occur at even 10C

above physiologic temperature. It is also possible that the actin-myosin complex itself

is temperature sensitive in this low temperature range. The fact that these contractions

were at least partially reversible indicates that the contractile mechanism was at least

partially functional following the exposure to the elevated temperature.

In several experiments, cells were loaded with carboxyfluorescein in isotonic solu-

tion. No obvious dye leakage was observed when the cells were collapsed by exposure
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Figure 4.7: Cytomorphological response to supraphysiological temperatures. The tem-
perature in the chamber was raised in 20C increments from room temperature to 46GC.
Each temperature was held for 1 minute. The photographs show the cells 30 seconds
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semicircle on the left of each image is the thermocouple.
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to temperatures just above 45*C. This indicates that the cell membranes were not sig-

nificantly disrupted when the cell collapsed. As in the collapse associated with applied

electric field pulses (see Section 4.2.1), the collapse was not accompanied by any sig-

nificant change in cell volume. When cells were rapidly raised to temperatures of 60*C

or higher, evidence of dye would appear outside the collapsed cell for several seconds

until it diffused away. This indicates an increased permeability of the cell membrane

caused by the heating.

The collapse of the cells in response to both thermal and electrical stimuli prompted

the concern that the electrical response could be due to heating, even though the

temperature rise associated with each field pulse was very small. To examine this, cells

initially at room temperature were exposed to heat 'pulses' by raising the temperature

rapidly (over 1000*C/min) and then immediately forcing them to cool back down to

room temperature over a 15-second period. Repeated heat pulses to temperatures

below 370 C showed no cellular response. Heat pulses to temperatures between 370C

and 40"C caused very slight reversible contractions to occur, as expected. At no time

did collapse occur. Unfortunately, the rate of heating used (the maximum attainable

with the system) was substantially less than that caused by a 4 msec electric field pulse,

but the imposed temperatures were much greater. However, no evidence to suggest

a thermal contribution to the cytomorphological changes observed in the electrical

experiments was discovered.

4.3.2 Membrane Permeability Changes

Increased membrane permeability at elevated temperatures was demonstrated using

skeletal muscle cells loaded with carboxyfluorescein in hypertonic solutions. The in-

creased permeability was observed as an increased rate of dye loss from the cell. The

increase in permeability generally did not appear immediately after an elevation from

room temperature to temperatures between 45 and 60'C. Rather, a delay occurred
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before the onset of dye loss. The length of the delay depended on the magnitude of

the temperature rise. The rate of dye loss following the delay also depended on the

temperature.

At high temperatures (above about 60*C), the presence of dye outside the cell

immediately following the temperature rise was apparent with the proper brightness

and contrast settings on the monitor, as illustrated in Figure 4.8. The dye diffused

rapidly away from the cell, and was replaced at a slower and slower rate as the dye

concentration inside the cell decreased. At lower temperatures, or with lower contrast

settings on the monitor, dye outside the cell was not readily detected. This was

required in the experiments so that the image processing software could properly

identify the cell at all times.

The kinetics of the dye loss were quantified for cells raised to temperatures of 45*C,

500C, 55'C, and 600C. The average fluorescence intensity of the dye in the cells as a

function of time was plotted for each trial. To facilitate comparison of the responses,

the fluorescence intensities at each time point in a given trial were normalized to the

value recorded just before the elevation of the temperature. To illustrate the kinetics

of the response, the normalized plots for a given elevated temperature were averaged.

The results are shown in Figures 4.9a through 4.9d. The delay before the onset of

dye loss is evident in the plot for 45*C. The large scatter after the delay indicates

the variability of the response. Many individual trials exhibited longer delays than

apparent in the average. The plot for 50*C shows a smaller delay and a similar

variability in the response. The plots for 55*C and 600C illustrate the rapid onset

of dye loss that occurred at the higher temperatures.

In Figure 4.9a the plot levels off at the point were the temperature was elevated.

This is because some (but not all) of the individual plots showed a small but clear

increase (a few percent) in intensity at this point. Since it was shown (see Section 3.7.4)

that the fluorescence intensity of the dye was not temperature dependent, another
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Figure 4.9a: Normalized cell fluorescence intensity as a function of time for cells ele-
vated from room temperature to 45*C in 5 seconds at the 5 minute mark. The averages
are computed from 9 trials. The error bars represent the standard error of the mean.
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Figure 4.9b: Normalized cell fluorescence intensity as a function of time for cells
elevated from room temperature to 50*C in 5 seconds at the 5 minute mark. The
averages are computed from 11 trials. The error bars represent the standard error of
the mean.
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Figure 4.9c: Normalized cell fluorescence intensity as a function of time for cells ele-
vated from room temperature to 55*C in 5 seconds at the 5 minute mark. The averages
are computed from 5 trials. The error bars represent the standard error of the mean.
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Figure 4.9d: Normalized cell fluorescence intensity as a function of time for cells
elevated from room temperature to 60*C in 5 seconds at the 5 minute mark. The
averages are computed from 6 trials. The error bars represent the standard error of
the mean.
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mechanism must have caused this effect. It is possible that the increased temperature

led to an increased rate of dye cleavage in the cell, so that if there were any non-cleaved

dye molecules in the cell at the start of the experiment, they were quickly cleaved when

the temperature was elevated, leading to a small jump in the baseline intensity level.

It was demonstrated that the fluorescence intensity of the dye in healthy cells under

observation at 370C did not generally begin to decrease significantly for at least one-

half hour. Since cells at the temperatures of interest began to lose intensity within 10

minutes, it is clear that the responses were not interrupted by the effects of bleaching

or harmful effects of the optically-excited dye molecules.

The initial rate of fluorescence intensity loss in cells occurring in the 5 minutes

before the temperature elevation was due to the combined effects of natural dye leakage

and bleaching. These effects were removed from the data by subtracting the slope

obtained from a linear regression of the first 5 points in Figures 4.9a through 4.9d.

The results are shown in Figure 4.10.

Since the characteristic response was a clear delay before the onset of dye loss, the

time td until 5% dye loss was chosen as the criterion of damage. The delay times were

obtained from Figure 4.10. Also examined were the times until 10% , 20% and 40%

loss. The results are illustrated in Figure 4.11.

In order to model the processes involved in the delay as an Arrhenius process (see

Section 1.3.2), the natural logarithm of td was plotted against the inverse of T (in

degrees Kelvin), as illustrated in Figure 4.12. The points were fitted to a straight line.

The slope and intercept of this line provided the relation:

S= 1.6 x 1037 e ' (-) . (4.4)
td sec

This can be compared to the Arrhenius relation:

dfl E=F e- . (4.5)dt
The activation energy (E) for the process is 58 kcal/mole.
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Figure 4.10: Cell fluorescence intensity as a function of time for cells elevated from
room temperature to 45, 50, 55, and 60*C in 5 seconds at the 5 minute mark. The
effects of natural dye leakage and bleaching have been subtracted off. Thus, a slope of
zero indicates the normal membrane permeability.
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Figure 4.11: Time t to 5% (squares), 10% (circles), 20% (triangles), and 40% (stars)
cell fluorescence intensity loss as a function of the temperature T. The data points
were obtained from Figure 4.10.
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Figure 4.12: Arrhenius plot showing the natural log of the delay before cell fluorescence
intensity loss (5%) versus temperature. The slope of the line fitted to the data provides
an activation energy for the process of 58 kcal/mole. The data for 10%, 20%, and 40%
dye loss are also indicated (as circles, triangles, and stars respectively). The results of
Moussa et al. (1977) are shown for comparison.
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The fluorescence experiments in hypertonic solutions provided quantification of

membrane permeability changes, one manifestation of the membrane alterations in-

duced by heating. The results of similar experiments by Moussa et al. (1977) are also

plotted in Figure 4.12. Moussa et al. used the time required at the given temperature

until membrane blebs (blisters) were apparent as the criterion of damage. As shown,

the formation of these gross membrane defects takes longer than membrane alterations

resulting in a permeability increase. The activation energy derived from Moussa et

al.'s data is 59.5 kcal/mole, nearly the same value obtained here. Thus, it appears

that the process of membrane damage that occurs due to elevated temperatures in

the range of 45-60'C has an activation of about 58-59 kcal/mole. The process can

first be observed as a membrane permeability increase, and later as the formation of

membrane blebs.

As mentioned previously, the rate of dye loss following the delay depended on

temperature, as illustrated in Figure 4.10. To analyze this effect, the times until 10%,

20%, and 40% loss of intensities occurred were examined. The time between td (5%

loss) and 40% loss is over 4 times greater at 45*C than at 60*C. It could be hypothesized

that this was purely due to the temperature dependence of the diffusion coefficent

for the dye in the system. That is, once the membrane was damaged in the time

td, the dye leakage proceeded as simple diffusion across the permeabilized membrane

and into the surrounding medium. For water molecules, the diffusion coefficient D is

proportional to the ratio of the temperature T (in *K) to the viscosity tr (Powell et al.,

1941). The viscosity of pure water has been shown to have a temperature dependence

rl = A(T/To - 1)", where A = 0.139 cP, To = 225*K, and p = -1.64 (Taborek et

al., 1986). Thus, is can be calculated that the diffusion coefficient will rise by a

factor of only 1.3 when the temperature is raised from 45*C to 60"C. The temperature

dependence of the diffusion coefficient for the dye in the system cannot be expected

differ significantly from that for water. Therefore the temperature dependence of the
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diffusion coefficient cannot account for the temperature dependence of the dye leakage

following the delay. It appears that the extent of the damage caused in the time td

is temperature dependent, and/or that the damage continues to accumulate after the

delay at a rate that depends on temperature.

Further study is required to characterize the membrane alterations that occur due

to elevated temperatures. As already mentioned, structural defects in the bilayer lipid

portions of the membrane are expected (Gershfeld & Murayama, 1988). In addition,

denaturation of the membrane proteins is expected at temperatures above 45*C. The

extent of the contributions of these two mechanisms will be temperature dependent.

It is likely that the behavior below 45*C will differ dramatically from that above 45*C.
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Conclusions

This final chapter will examine the relevance of the experimental results to electrical

injury. The goal is to determine when each of the two mechanisms of cellular damage

explored in this thesis contributes to the damage in the various muscles in typical cases

of electrical injury. Guidelines will be established to aid surgeons in locating damage

and determining its direct cause. The electric field and temperature exposures in

electrical trauma discussed in Section 1.4 will be used in combination with the results

presented in Chapter 4 to meet these goals.

In this thesis, electrical breakdown of rat skeletal muscle cell membranes was

demonstrated. Increased membrane permeability was observed with the aid of a fluo-

rescent dye when membrane potentials on the order of 400-600 mV were induced. As

discussed in Section 1.3.1, this range of induced potentials has been shown to cause

membrane electrical breakdown in other membrane systems. At the low end of this

range, the permeability increased by factors of at least 2-4, with only a slight reversal

over times as long as one hour. At the high end of this range, a greater permeability

increase (by factors of at least 7-11) was observed, but at least partial recovery of the

membrane integrity appeared to take place. Cells which exhibited an increased per-

meability state also lost their characteristic striation pattern, indicating a breakdown

of the contractile mechanism and loss of function. Thus, even if the membrane defects

induced were reversible and membrane integrity was reestablished, damage was caused
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that was probably irreversible.

The experiments demonstrating electrical breakdown were performed using cells

aligned perpendicular to the applied field. Yet in typical cases of electrical injury,

the electrical field is predominantly parallel to the skeletal muscle cells in most tissue

groups. Unfortunately, experimental conditions prohibited observation of increased

permeability states induced in cells aligned parallel to the field. The hypertonic solu-

tion used to paralyze the skeletal muscle cells caused the removal of some water from

the cells. The water loss appeared to alter the internal structure of the cells, blocking

the current flow along the long axes of the cells. This was demonstrated using the

potentiometric dye di-4-ANEPPS. Cells in isotonic solution exhibited induced trans-

membrane potentials roughly as predicted by the cable model analysis of Section 2.1.1.

However, this response was nearly entirely suppressed for cells in hypertonic solutions

of 3.0-times normal tonicity. The changes in the internal structure of the cells that led

to these problems probably have to do with the membranes of the T-tubules and the

sarcoplasmic reticulum which exist at each sarcomere. The loss of water may cause

some overlap or bunching of the membranes leading to the blockages. One need not

assume that this occurs at every sarcomere to explain the observations, but it must

occur frequently along the cell. This effect led to further complications by causing dif-

fusion to become inhibited along the long axes of the cells. There was no evidence that

diffusion was significantly limited radially. Thus, the dye was compartmentalized, and

membrane damage occurring only at the ends could not lead to a significant decrease

in cell fluorescence intensity.

It will be assumed that the threshold determined using cells perpendicular to the

applied field holds generally. That is, electrical breakdown occurs for the skeletal

muscle cell membrane whenever and wherever potentials on the order of 1/2 volt are

induced.

In order to determine the applied electric field strength that puts a muscle tissue
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at risk of membrane electrical breakdown, the induced transmembrane potential as a

function of field strength must be known. The cable model analysis of Section 2.1.1

provides this relationship for cells aligned parallel to the applied electric field. The

induced potential is largely dependent on the cell length and radius. For the isolated

skeletal muscle cells used in the experiments, an applied field of only 10-25 volts/cm

can lead to an induced transmembrane potential of 1/2 volt in the ends of cells aligned

parallel to the electric field. As illustrated in Figure 2.6, cells in intact muscle expe-

rience larger induced transmembrane potentials than isolated cells for a given applied

field, so the required applied field for membrane electrical breakdown may be signifi-

cantly less than this amount. For larger human skeletal muscle cells, which can reach

lengths of 10 cm (Mannherz & Holmes, 1982), the value should be lower still. Never-

theless, for the purposes of the following discussion, the critical electric field will be

assumed to be 25 volts/cm. As will be seen, the value is low compared to the fields

generally required to produce significant heating with contact durations of interest, so

a more precise value is not required for the comparison of the two mechanisms.

The determination of a critical temperature required for damage is complicated

by the fact that it is the time the cell is held at a specific elevated temperature that

determines the extent of damage. In the experiments performed for this thesis, the

contractile mechanisms of the cells were destroyed immediately following exposure to

temperatures of 45*C and above. However, an increased membrane permeability state

at this temperature did not begin to appear for several minutes after the temperature

elevation. At higher temperatures, the increased permeability state commenced more

rapidly. Thus, if contractile mechanism damage is of interest, the critical temperature

appears to be 45°C, but when the issue is membrane integrity, the temperature history

of the tissue is important. A tissue which experiences 55*C for a minute or less would

exhibit no membrane permeability change, while a tissue exposed to 450 for several

minutes would.
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As indicated in Figure 1.14, the most common nonfatal high-voltage electrical

injury experienced by electrical utility workers results from contact with a 6000-10,000

volt electric powerline. The current entry and exit sites on the body determine the

strength of the electric field experienced by the tissues. A hand-to-hand contact

between line voltage and ground would lead to an average field in the arms of about

60-100 V/cm, assuming an arm length of 0.5 m. Hand-to-foot contact would lead to

a similar average field in the arm, but a lower average field in the leg due to its larger

cross-sectional area. Contacts separated by shorter distances can lead to much higher

electrical field strengths in the tissue. The resistance of a human limb is approximately

250-500 fl. Thus, the current expected for hand-to-hand or hand-to-foot contact of

6000-10,000 volts is 6 to 20 amps.

It is interesting to compare these "high-voltage" exposures to the "low-voltage

exposure" of a child sucking on a household extension cord. In the latter case, 120

volts is dropped across about 1 cm, setting up an electric field larger than that oc-

curring in many cases of high-voltage electrical injury. Since it is the field strength

that determines the extent of heating and membrane electrical breakdown, it is clear

that the classification of injuries into high-voltage and low-voltage has little relevance

clinically.

The duration of voltage contact in most cases of electrical injury is not known.

High-voltage injuries often occur without physical contact with the voltage line since

arcing through the air can establish the current flow. In these cases, the victim is

quickly thrown away from the line and the contact may last only a fraction of a

second. In the other extreme, victims grasping a dead line will usually find themselves

unable to let go when the line is energized due to muscular contractions. In this case,

the contact may last for a few seconds or longer. Long contacts also can occur when

victims fall on a line or a line falls on them and the victim can not easily escape.

The heating expected to occur in muscle tissue experiencing a given field strength
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E for a given period of time t can be easily computed using Equation 3.1. Muscle

tissue has a conductivity a of approximately 4x10-3 mhos/cm and a specific heat pO

of approximately 4.14 J/gm/*C (Tropea, 1987). Thus, the temperature rise in degrees

C is about E2t/1000. This equation is plotted for temperature rises from 37"C to

45*C, 500C, 55*C, and 60*C in Figure 5.1.

Membrane electrical breakdown is expected to occur significantly above fields of

about 25 V/cm for any realistic duration of contact. However, the duration of contact

will affect the extent of the damage. For a 60 Hz signal, 120 electric field "pulses"

per second will be applied. As shown in Figure 5.1, there is a large range of expo-

sures having short duration and/or low intensity that can lead to membrane electrical

breakdown but not to thermally-mediated damage.

With the aid of the computer simulations of electrical trauma developed by Tropea

(1987,1989), the results of Chapter 4 can be related to the electrical and thermal ex-

posures in typical cases of electrical injury. Figure 5.2 illustrates the thermal response

of muscle tissues in the arm following exposure to 10 amps for 1 second. The time-

temperature thresholds for the onset of increased membrane permeability has been

taken from Figure 4.12 and added to this figure. The Arrhenius fit of the data has

been used to extend the curve down to 40*C. However, the true threshold curve must

deviate from the Arrhenius fit as temperatures approach 370C or else a non-zero rate

of damage will be predicted at the physiologic temperature. Thus, it is expected that

the extension of the curve provides a lower bound on the time until damage, and does

not represent the actual behavior. As shown, it appears that only the distal-forearm

reaches a temperature high enough to lead to membrane permeabilization by a ther-

mal mechanism. The mid-forearm and the proximal-elbow may intersect the threshold

curve at long times, but as just noted, the curve underestimates the true threshold.

In any case, permeability changes induced at temperatures of 40"C and below cannot

be expected to be significant, as these temperatures are in the fever range. The mid-

152



CHAPTER 5. CONCLUSIONS

U
0
u)

N
0 50 100

E (V/cm)
150

Figure 5.1: Electric field strength and contact duration required for cellular damage
by thermal and electrical mechanisms. Membrane electrical breakdown will occur
for fields above 25 V/cm for any realistic contact duration. For large fields or long
contact durations, thermally-mediated damage will mask this effect, as indicated by
the temperature curves. Thus, membrane electrical breakdown is important at low
field strengths and short contact durations.
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forearm and the proximal-elbow just reach 45*C, and therefore may be susceptible to

thermal damage to the contractile mechanism. The mid-arm is not expected to ex-

perience thermally-mediated damage in this case. Of course, many accidents involve

contact voltages and/or durations greater than those used in this example; and it is

expected that in these cases, more tissues will experience thermally-mediated damage.

The importance of the duration of contact is illustrated in Figure 5.3. The electric

field in the tissue as a function of the position along the arm is plotted for a 10 amp

contact. Horizontal lines mark the minimum field required for heating from 370C

to 45*C during the indicated contact duration. As shown, for a 2.0 second contact,

essentially the entire arm will reach temperatures of 45* and above. However, for a 1.0

second contact, only the distal-forearm and the elbow region will reach temperatures

of this magnitude. For a 0.5 second contact, only a small section of the distal-forearm

will heat to just over 45°C, and no significant amount of thermally-mediated damage

can be expected. However, all tissues in the arm will experience electric fields large

enough to lead to membrane electrical breakdown. Thus, contact with high-voltage

powerlines can lead to predominantly non-thermal injuries if the duration of contact

is short enough.

Figure 5.4 again illustrates the electric field induced in tissues of the arm during

a 10 amp exposure. This time, the minimum fields required to raise the temperature

from 37°C to 45*C, 50*C, and 55*C in one second are marked. During this exposure

only a portion of the distal-forearm reaches temperatures as high as 50*C. Only the

distal-forearm and the elbow region reach temperatures above 45*C. Yet the electric

field strengths in the entire arm are capable of causing significant membrane electrical

breakdown. In 1 second, 120 field "pulses" will be applied. This plot graphically

illustrates the pattern of damage to be expected in a typical electrical injury. At

the distal-forearm, heat damage will occur consisting of membrane permeabilization

and destruction of the contractile mechanisms. Farther up the arm and in the elbow
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Figure 5.2: Thermal response of muscle regions in the human arm to 10 amps for 1
second (adapted from Tropea, 1989). The time-temperature thresholds for the onset
of increased membrane permeability are denoted by squares. The dashed line is the
Arrhenius fit of the data (see Figure 4.12). Only the cells in the distal-forearm can
be expected to experience increased membrane permeability due to heating. The cells
in the mid-forearm and in the proximal-elbow may experience thermally-mediated
damage to the contractile mechanism. No thermal damage can be expected in the
mid-arm.
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Figure 5.3: Tissue damage as a function of contact duration for a 10 amp current flow
in the human arm (adapted from Tropea, 1989). The horizontal lines indicate the

minimun electric field strength required for the tissue to reach 45*C in the indicated

time. For a 0.5 sec contact, only a small portion of the distal-forearm will reach

this temperature. For a 1.0 sec contact, the distal-forearm and the elbow region will

reach this temperature. For a 2.0 sec contact, essentially the entire arm will reach

temperatures of 45*C and above. However, at the field strengths indicated, all muscle

tissues in the arm are suceptible to membrane electrical breakdown. This illustrates

the importance of contact duration on the relevant mechanism of damage.
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region, no thermally-mediated membrane permeabilization will occur, but thermal

damage to the contractile mechanism is possible. Throughout the arm, membrane

electrical breakdown is expected to occur, but this will be masked in the regions

experiencing thermal damage. Only by considering the effects of the thermal and

electrical mechanisms combined can the large myoglobin release (Baxter, 1970) and

the arachidonic acid production due to increased intracellular calcium (Robson et al.,

1984) observed clinically be explained.

It is important to note that only skeletal muscle cells are susceptible to membrane

electrical breakdown in typical cases of electrical injury. Much higher field strengths

are required to damage other cells types with much smaller dimensions. For example,

fields on the order of kilovolts/cm are required for red blood cell hemolysis (Kinosita

& Tsong, 1977). This may be part of the reason that skeletal muscle is particularly

susceptible to damage in electrical injury.

The occurrence of membrane electrical breakdown may explain the clinically-

observed "progressive" necrosis of muscle tissues. Damage caused by this mechanism

may be initially unrecognized since the tissues will not appear to be burned. The

chemical imbalances in the cytoplasm which result from the electropermeabilization

may lead to a slower rate of cell death than that caused by protein denaturation and

other thermal effects, particularly if the permeabilization is reversed following the

exposure. By recognizing this, appropriate therapeutic treatments may help salvage

tissues which are currently lost.

In summary, this thesis has demonstrated that electrical injury is more complicated

than was previously thought. As shown, heating of tissues cannot account for all of the

damage observed clinically in typical cases. The patterns of damage that occur can

only be explained when the two mechanisms of Joule heating and membrane electrical

breakdown are considered.
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Figure 5.4: Temperature distribution in the human arm due to a 10 amp current flow
for 1 second (adapted from Tropea, 1989). As indicated, the distal-forearm and elbow
region reach a temperature of at least 45*, and are thus susceptible to thermal injury
of the contractile mechanism. Only a small portion of the distal-forearm reaches tem-
peratures of 50-55*C leading to thermally-induced increased membrane permeability.
However, at the field strengths indicated, all muscle tissues are susceptible to mem-
brane electrical breakdown. This illustrates how damage of different causes can be
scattered along the current path.
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