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ABSTRACT

VOLTAGE-DEPENDENT CURRENTS or agnlsmgsgua Hanson;

MUSCLE FIBERS

by

Timothy Allen Day

Individual muscle fibers acutely dissociated from the

human parasite schistgsgmg mansgni were studied in order to

determine the nature of the voltage-dependent currents of

the sarcolemma. These studies were performed on frayed

contractile fibers which were morphologically distinct from

a number of other types of contractile fibers that could be

dispersed from the parasite.

Current clamp experiments revealed that the frayed

fibers had a resting potential of 3-22 mV. The fibers

display a marked time-dependent outward rectification that

was attenuated by the replacement of intracellular K+ with

Cs+. Under these conditions, the fibers did not produce

action potentials in response to depolarizing current

injections, even if the outward rectification was blocked.

Voltage clamp experiments revealed that the frayed

fibers have at least two distinct voltage-dependent K+

currents: a slow current which is in the delayed rectifier

class and a fast current which is in the "A" class. The

fibers did not show any voltage-dependent inward currents,



even when the outward currents were blocked, the fibers were

bathed in high extracellular Ca2+ or Ba3+, hyperpolarizing

prepulses were supplied before depolarization, and a variety

of additives were supplied in the intracellular solution.
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INTRODUCTION

I. GENERAL BACKGROUND on THE Scursroson:

A. THE scuzsrosons As A PARASITE

The schistosome is the etiological agent of

schistosomiasis, a disease that currently threatens over

one-half billion people (Utroska et.al, 1989). Nearly 200

million humans are infected with schistosomes according to

current estimates, with almost half of them being under 15

years of age. Between two and four million die as a result

of schistosome infection each year, the largest portion of

these being children.

The schistosome life cycle involves two parasitic and

two free-living life stages, each of which must coordinate a

series of complex behaviors. Appropriate muscle function is

critical to the schistosome in each stage of its life cycle,

including the adult forms which reside in the human

mesenteric blood system. The adult schistosome utilizes

muscles for migration within the host, for attachment at

appropriate locations within the host, for a primitive

digestive tract, for reproductive function, as well as other

vital processes.
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A large number of the anti-schistosomal drugs currently

in use produce severe alterations of muscle function, such

as metrifonate (Pax etafl., 1981) or praziquantel (Fetterer,

Pax & Bennett, 1980). The usefulness of these anti-

parasitic drugs lies, at least in part, in the drug's

ability to exert an effect that is somewhat selective for

the musculature of the parasite in comparison to the

musculature of the host, most directly to the muscle of the

vasculature of the host. Although much is known about the

mechanisms by which contraction of mammalian vascular muscle

is controlled, almost nothing is known about the mechanisms

which control schistosome muscle, so the basis of the

selectivity is not at all understood.

B. THE scnzsrosons As A PRIMITIVE INVERTEBRATE

The schistosome is a platyhelminth (flatworm) and as

such occupies an important position in the phylogenetic

scheme. Flatworms are the most primitive animals that

display bilateral symmetry, central cerebral ganglia, and

neural components condensed into a central nervous system

(Bullock & Horridge, 1965). Many consider them to be the

closest extant relatives of the common ancestor of the

protostomes and the deuterostomes (Figure 1), or the common

stock from which all metazoan life evolved (Barnes, Calow &

Olive, 1988). Although the details of muscle physiology are

currently being elucidated in the more primitive radially



FIGURE 1- Many consider flatworms to be the closest extant

relatives of the common ancestor of the protostomes and the

dueterostomes. One suggested scheme depicting the

radiations which produced the phyla of living animals

(Barnes, Calow & Olive, 1988). The authors say,

"Multicellular animals may have arisen from within the

Protista from three to five or six times, to consider only

those groups which have survived through to the present, but

it is almost certainly from only one of these lines--the

bilaterally symmetrical flatworms--that all other animal

phyla have derived."
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symmetrical coelenterates (Anderson, 1984; Dubas, Stein &

Anderson, 1988), almost nothing is known about the muscle

physiology of the platyhelminths.

II. BACKGROUND 0N Scursroson: MUSCLE

As mentioned, knowledge of how schistosomes, or

flatworms in general, control their motor behavior is

extremely limited. Direct information about the nature of

events occurring at the level of the muscle cell membrane or

the neuro-muscular junction does not exist. Even

information about the anatomical relationships between

nerves and the muscles is very sparse.

A. Gnoss MOSCULAR ANATOMY

Several groupings of somatic muscle, such as circular,

longitudinal, and oblique, have been identified in the

schistosome (Silk 8 Spence, 1969a). The outermost feature

of the schistosome is the tegument, which consists of an

outer and an inner lipid bilayer surrounding a cytoplasm

that is syncytial about the entire animal (Figure 2). A

thin layer of circular muscle lies directly beneath the

basement membrane of the tegument. Beneath the circular

muscle lies a much thicker layer of longitudinal fibers,

which constitute the bulk of the mass of schistosome muscle.

A small number of oblique fibers, aligned in neither a

circular nor longitudinal fashion, have also been



FIGURE 2. A syncytial tegument covers a thin layer of

circular muscle and a thicker layer of longitudinal muscle

in the adult schistosome. (Top) A micrograph showing the

tegument and the underlying muscle layers. The circular

muscle (cm) is the thin band of striations that lie directly

beneath the basement membrane of the tegument (teg). The

longitudinal muscles (1m) lie beneath the circular muscle

and are seen out in cross-section, revealing the filament

bundles. (Below) A schematic showing the relationship

between muscle cytons and tegumental cytons. This schematic

represents a wider angle view of the area in the micrograph

above. The nuclei of the somatic muscle are not located in

the contractile elements, rather in cell bodies called

cytons (mc) which are buried deeper in the animal.

Similarly, the nuclei which service the tegument are located

in tegumental cytons (tc) that are adjacent to the muscle

cytons and are coupled to them via gap junctions.
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identified. Also present are transverse somatic muscles,

which traverse the parenchyma, spanning the animal in a

plane perpendicular to the dominant somatic muscle layers.

The parenchyma, as well as digestive and reproductive

structures, underlie the dominant somatic muscle layers.

B. INDIVIDUAL MUSCLE ANATOMY

In adult schistosomes, all muscle lacks the striations

and the T-tubule arrangement of mammalian skeletal muscles.

The individual longitudinal fibers are small (4-5 pm

diameter), often have branching ends and are quite complex

in their structure (Silk & Spence, 1969a). The contractile

elements of the individual cells are located in the muscle

layers as described above and are electrically coupled to

the contractile elements of Other fibers (Thompson, Pax &

Bennett, 1982). However, the nucleus of the cell is

contained in a distal cell body (cyton) that is connected to

the contractile elements by one or more thin cytoplasmic

bridges. The cell bodies are buried deeper in the animal,

toward the parenchyma and are electrically coupled to

neighboring cytons which serve other muscles and the

tegumental cytoplasm. Although some synaptic junctions have

been observed on the contractile fibers, they seem very rare

(Silk & Spence, 1969b). Nothing is known about the nature

of the input to the muscle in the schistosome, but

speculation is that the muscles have non-contractile
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cytoplasmic arms which extend toward the nervous system,

since this has been demonstrated to be the case for other

members of this phylum (Webb, 1987).

C. MUSCLE PHYSIOLOGY

Investigation of parasitic flatworm muscle physiology

has been hampered by the inability to obtain a muscle

preparation free of extraneous and interfering tissues on

which controlled experiments can be performed (Pax &

Bennett, 1992; Sukhdeo, 1992). As a result, studies of

schistosome muscle control have centered on studies of the

whole animal (Hillman, 1983: Pax eteu., 1983).

In vitro, the schistosome displays fairly continuous,

random, slow, rhythmic movements that are superimposed on a

resting tone (Sukhdeo & Mettrick, 1987). Although this

activity of the longitudinal somatic musculature is much

like the spontaneous myogenic activity that is

characteristic of many smooth muscles, it is not known if

this activity is myogenic in these parasites.

The spontaneous motor activity can be altered by the

exogenous application of a wide range of putative

neurotransmitters, neurohormones and anthelmintics.

Acetylcholine is abundant in the nervous system of the

schistosome and exogenous application of cholinergics or

dopaminergics cause an inhibitory or relaxing effect to the

longitudinal musculature (Tomosky, Bennett & Bueding, 1974).
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Exogenous application of serotonin to the whole parasite

increases both the force and the rate of motor activity

(Barker, Bueding & Timms, 1966: Fetterer, Pax & Bennett,

1977). Although not synthesized by these parasites,

schistosomes have a high-affinity uptake system for

serotonin (Bennett & Bueding, 1973) and it is present

throughout the nervous system (Bennett 5 Bueding, 1971).

Such studies involving the application of various

compounds to intact worms have provided a wealth of

information regarding the control of schistosome muscle in

the whole worm, yet they cannot provide any conclusive

evidence regarding the site of action of any of these agents

nor can they provide any conclusive evidence as to what

mechanisms of control are present in the muscles of

schistosomes. Any action observed in the whole worm could

be mediated by effects on sensory systems, on the central

nervous system, on pre-synaptic transmitter release, or

directly on the muscle.

III. TIGHT-SEAL RECORDING TECHNIQUES

Many of the limitations of interpretation imposed by

'these whole-animal studies can be avoided due to the recent

Tdevelopment of a procedure for obtaining dispersed cells

from schistosomes (Blair etafl., 1991). The availability of

individual muscle fibers provides the potential for the
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determination how various treatments directly affect the

muscle itself.

The individual schistosome muscle fibers are typically

very small--too small for study with conventional

microelectrode techniques. However, the development of

tight-seal recording techniques (Hamill etad., 1981), often

referred to as patch clamp techniques, have made it possible

to study the electrophysiological properties and the nature

of ion channels in such small cells.

Some of the most important descriptors of smooth muscle

cell function are the complement and characteristics of the

voltage-gated ion channels present. Voltage-gated ion

channels mediate the currents that determine the

characteristics of excitability in the fiber. The whole—

cell configuration of tight-seal recording has been utilized

to identify and describe the voltage-gated ionic currents of

a wide variety of muscle cells, including comb jelly muscle

cells (Dubas, Stein 8 Anderson, 1988), arthropod muscle

cells (Wu 8 Haugland, 1985), amphibian smooth (Walsh 8

Singer, 1987), striated (Stein 8 Palade, 1989) and cardiac

(Simmons, Creazzo 8 Hartzell, 1986: Hume etad., 1986) muscle

cells, as well as a wide selection of mammalian muscle

cells. In each of these examples, and in every muscle

studied to date, voltage-dependent currents are present and

their characteristics play an important role in determining

the physiology of the fibers.



OBJECTIVES

The general goal of the present study is to gain a

better understanding of the physiology of individual

schistosome muscle fibers. Such research has previously

been limited by an inability to obtain a preparation of

individual muscle fibers and the extremely small size of

those individual fibers. I will be taking advantage of

recent advances in our laboratory that have resulted in a

specific protocol for the dispersion of individual

contractile fibers from schistosomes (Blair eted., 1991).

Further, I will be employing fairly recently-developed

techniques for tight-seal, recording that make feasible the

electrophysiological study of very small cells (Hamill et

a1., 1981).

Specifically, my goal will be to identify the major

voltage-dependent currents of schistosome muscle fibers.

Voltage-dependent currents have been found to be present in

every type of muscle thus far examined and are a critical

determinant for the function of those muscles. Included in

my goals will be the characterization of any currents

present in terms of their ionic selectivity, voltage-

dependence, kinetic behavior and pharmacology. This will

provide us with a better understanding of the possible roles

12
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that these currents may be playing in normal schistosome

muscle function, as well as providing a basis for relevant

comparisons between the schistosome currents and those

present in animals of other phyla._



MATERIALS AND METHODS

I. MUSCLE DISPERSION

The standard incubation medium for the muscles in these

studies was a supplemented Dulbecco's Modified Eagle’s

Medium (DMEM, w/o NaZHPO. or Ncho,, catalog no. 3656,

Sigma, St. Louis, MO, USA). It consisted of the DMEM

reduced to 67% of its usual concentration to which was added

the following components: 2.2 mu CaCla, 2.7 mm MgSO., 0.04

mM Na2HPO4, 61.1 mM glucose, 1.0 mM dithiothreitol (DTT), 10

nu serotonin, 10 mg/ml pen-strep and 15 mM 4-(2-

hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES) (pH

7.4); final measured osmolality, 290 mosm. With these

modifications, the final concentrations of ions were, 4.1 mM

K*, 82.6 mM Na*, 3.6 mu Ca2+, 3.3 mu Mg’+, 93.7 mM c1‘, 3.3

mfl 804‘, and 0.04 mM PO" (the complete composition of this

medium is listed in Table 4, Appendix I).

The parasites used as the source for the dispersed

muscle fibers were adult 51 mansgni (Puerto Rican strain)

recovered 45-60 days post-infection from the portal and

mesenteric veins of female Swiss Webster mice. Once

recovered, the parasites were stored in the supplemented

DMEM at 37°C. For the enzymatic digestion procedure, 20 to

14
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25 paired parasites were first placed on a glass microscope

slide and coarsely chopped with a razor blade. The

resultant pieces were then incubated with gentle agitation

on a shaker table for 45 min at 37°C in the supplemented

DMEM to which was added: 1 mn ethyleneglycol-bis-(B-

aminoethyl ether) N,N,N’,N'—tetraacetic acid (EGTA), 1 mu

ethylenediamine tetraacetic acid (EDTA), 0.1% bovine serum

albumin, and 1 mg/ml papain (Sigma). After 45 min, the

enzymatic medium was removed and the worm pieces were washed

with three gentle exchanges of enzyme-free incubation medium

and then incubated for an additional 10 min in the enzyme-

free supplemented DMEM. The worm pieces, still intact for

the most part, were then broken up by forcing them back and

forth through the orifice of a pasteur pipet 75 to 100

times. This process yielded a cell suspension which was

then plated onto glass cover slips and allowed to settle for

~20 min. This resulted in the attachment of a large number

of the fibers to the glass surface, at which point the

unattached cells and debris were rinsed away with several

exchanges of fresh culture medium.

II. DESCRIPTION OF THE PREPARATION

This procedure for the dispersion of $1 mansgni cells

yields a wide range of cell morphologies as well as cellular

debris (Figure 3). Amongst the products of the preparation

are numerous fibers which contract when exposed to elevated
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FIGURE 3- The isolation procedure yields a wide variety of

morphological cell types as well as a wide variety of

debris. Two very typical examples of the product of the

cell dispersion protocol. Noticeable in the milieu are a

number of fibers and a number of more spherically-shaped

entities as well as a large amount of debris. The scale bar

is 25 um.
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extracellular K+. From amongst these contractile fibers,

three morphological categories have emerged that can be

reliably distinguished from the other cell types and from

the debris (Figure 4).

In the first category (Figure 4, top) are fibers with

bifurcated or frayed endings which are most frequently about

20 um in length (range 15-100 um). This type will be

referred to as frayed fibers. Distinct from these are

crescent-shaped fibers with concave sides that are

characterized by numerous thin projections (Figure 4,

middle). Their average length is 60 um (range 30-200 um),

and they often occur in pairs, with the concave sides facing

each other. The third category of contractile fibers are

spindle-shaped and average 25 pm in length (range 15-120

um)(Figure 4, bottom). Spindles typically comprise less

than 10 per cent of the fibers that can be classified into

one of these three categories, and sometimes are not present

at all. The frayed fibers and the crescent-shaped fibers

are relatively more common, each constituting about 45 per

cent of these fiber types. In every preparation there were

a variety of contractile fibers that did not fit into any of

these three categories. .

The studies reported here will focus solely on the

frayed fibers. Figure 5 shows a number of the frayed fibers

and demonstrates how prevalent they can be in the dispersed

cell preparation. Although data on the crescent- and



19

FIGURE 4. Three morphological categories of contractile

fibers can be reliably distinguished from the others.

Scanning electron micrograph of a frayed fiber (top) a

crescent-shaped fiber (middle) and a spindle-shaped fiber

(bottom). The scale bar in each micrograph is 10 um. These

electron micrographs were supplied by Dr. Nailah Orr.
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FIGURE 4
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FIGURE 5- Frayed fibers are contractile, very distinctive

and can be very prevalent in the cell dispersion. Examples

of fields with many frayed fibers. It was not unusual to

find many frayed fibers in a single microscopic field.

Eight frayed fibers are present in the top example and five

are present in the bottom example.
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FIGURE 5
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spindle-shaped contractile fibers is not included here, a

general description of the voltage-dependent currents of all

three types has been published (Day eteu., 1993).

The frayed fibers may not be whole cells. In the

intact animal, the contractile portion of the somatic

muscles is connected to a distal cell body by a thin

cytoplasmic bridge. It is likely that these bridges are

severed in the dispersion process and the cell bodies are

disconnected from the contractile fibers. Nuclei were not

discernable in the frayed fibers with the nuclear stain

bizbenzimide (Holy etefl., 1989), but they were clearly

discernable in many of the unidentified cell types. On rare

occasions, the preparation yeilded some frayed fibers which

may have been intact, whole cells. These fibers had a thin

process which projected from the central portion of the

fiber and terminated in a cell body-like structure. Despite

the fact that most of the frayed fibers may not bewhole

cells, they will exclude trypan blue and will retain their

morphology and contractility for at least 24 hrs. Further,

larger pieces of undigested worm in the preparation contain

meshwork of fibers very similar in morphology to the

isolated frayed fibers.

III. ELECTROPNYSIOLOGICAL RECORDINGS

The standard extracellular bathing solution for the

electrophysiological studies was an inorganic incubation
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medium which consisted of 110 mM NaCl, 5.4 m” KCl, 0.4 mM

MgCl,, 2 mu EGTA and 20 mn Na-HEPES (pH=7.4). The standard

pipet (intracellular) solution consisted of 120 mu KCl, 1 ma

CaC1,, 10 mM EGTA and 20 mM K-HEPES (pH=7.4). Any variance

made from these standard media will be described

specifically in the text with the pertinent experiments.

All of the experiments were performed at room temperature.

Patch pipets were pulled from 1.2 mm outer diameter

borosilicate glass using a two-stage vertical puller (Model

PP83, Narashige USA, Inc., Greenvale, NY, USA) and were

fire-polished by heated nichrome filament to resistances

between 5-15 Mn. When pipets of this size were used, 75% of

attempts resulted in the formation of a high-resistance

seals of 25 Ga. Lower-resistance recording pipets resulted

in a clear decrease in the probability of obtaining a high-

resistance seal with the fibers and higher resistance pipets

tended to generate unacceptably high access resistances (see

Part I of the Results section). Access resistance values

were often high, due in large part to the need to use higher

resistance pipets. Since high access resistance can give

rise to error in the control of voltage when large currents

are flowing, I did not include data from any fibers in which

the access resistance value was greater than 30 MD or

greater than three times the pipet resistance.

For several reasons, -40 mV was utilized as the

standard holding potential for all of the fibers in the
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voltage clamp experiments. Importantly, attempts to clamp

the membrane voltage more negative than -40 mV for long

periods of time resulted in a drastic increase in the

probability of losing cell and/or seal resistance. Also,

studies on intact schistosomes attribute a resting potential

near -30 mV to the muscle in situ (Bricker, Pax 8 Bennett,

1982). Numerous other smooth muscle types report resting

potentials near -40 mV, for example rabbit intestinal smooth

muscle is -39 mV (Ohya etau., 1986), toad stomach smooth

muscle is -40 mV (Singer 8 Walsh, 1980).

A List EPC-7 patch clamp amplifier (List Electronic,

Darmstadt/Eberstadt, Germany) was used for current to

voltage conversion and amplification. The data were aquired

at 7 kHz and filtered at 3 kHz. The voltage signal was

converted from analogue to digital using an Axon TL-l DMA

interface (Axon Instruments, Foster City, CA, USA) and

stored directly to computer hard disk. Control voltages and

currents were applied to the fibers with the use of pClamp

5.5 software (Axon Instruments) through the Axon TL-l DMA

interface. Data were analyzed with the assistance of pClamp

5.5. Unless otherwise noted, the current traces displayed

in the figures are single iterations that have been

digitally filtered at 0.5 ms. A11 statistics given are mean

1 standard deviation.
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RESULTS

I. PASSIVE PROPERTIES OF THE FIBERS

Of the first 85 attempts at tight-seal, whole-cell

recording from the frayed fibers, 31 were successful as

judged by the following two criteria: 1) seal resistance

must be greater than 5 on and 2) access resistance must be

lower than 30 MD or three times the pipet resistance,

whichever is less. Data from these 31 successful attempts

are listed in Table 1.

Thirty-three of the initial 85 attempts resulted in

seal resistances of less than 5 on. The average pipet

resistance for these 33 attempts was 1.5 MB, leading to the

general conclusion that acceptable seals were more difficult

to obtain when the pipets were too large. Twenty-one of the

attempts resulted in access resistances greater than 30 MD

and/or greater than three times the electrode resistance.

The average pipet resistance for these 21 attempts was over

20 MD, leading to the general conclusion that acceptable

access resistances were more difficult to obtain when the

pipets were too small.

26
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TABLE 1.

Passive Properties of the Pipet and the Frayed Muscle Fibers

in the Whole-Cell Configuration.

 

Pipet Resistance 10 i 4 Mn

Seal Resistance 11 i 3 GD

Access resistance 14 i 5 Mn

Cell capacitance 5.7 i 1.9 pF

 

The average pipet resistance for successful attempts

was 10 i 4 Mn, so pipets ranging between 5-15 HR were

utilized for the bulk of the remaining experiments and the

same criteria regarding seal quality and access resistance

were applied. The cell capacitance averaged 5.7 pF for

these 33 fibers but, due to the extremely irregular shape of

the fibers, it is fruitless to attempt to calculate membrane

area based on this data.

Using pipets in the 5-15 Mn range, the frayed fibers

were quite amenable to tight-seal recording techniques and

the formation of high-resistance seals with the fibers

became quite routine, as detailed in the Figure 6 legend.

Certainly, these tight-seal techniques were vastly more

productive than my completely unsuccessful attempts to

penetrate the fibers with microelectrodes.
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FIGURE 6. High resistance seals with the frayed fibers

could be obtained routinely. An example of an pipet with a

resistance of #10 MD which had formed a seal of >5 CD with a

frayed fiber. Such high-resistance seals were successfully

obtained in 413 of the first 551 attempts with the frayed

fibers, when pipets in the range of 5-15 M0 were used.

Whole-cell access was gained in approximately 70% of fibers

successfully sealed. Of these, 60% remained stable for a

sufficient period of time to obtain voltage or current clamp

recordings.
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FIGURE 6
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II. CURRENT CLAMP EXPERIMENTS

A. FIBERS DISPLAY OUTWARD RECTIFICATION

The tight-seal, whole-cell current clamp technique was

used to record membrane voltage changes in response to

applied currents. When the current was clamped to zero and

resting membrane potentials monitored, the frayed fibers

showed a resting membrane potential of -22 i 3 mV (n=33).

Injected current flowed much more easily out of the

fibers than it did into the fibers. The injection of

hyperpolarizing current injections produced a linear steady-

state change in membrane voltage. Depolarizing current

injections were accompanied by a time-dependent increase in

membrane conductance and, therefore, produced a smaller

steady-state change in voltage (Figure 7). This outward

rectification was essentially the same in every fiber, with

the average steady-state input conductance (after time-

dependent rectification) to positive currents being over six

times greater than the input conductance to negative

currents (Figure 7).

B. FIBERS DO NOT DISPLAY ACTION POTENTIALS

‘ The injection of depolarizing current did not induce

action potentials in any of the fibers tested when the

[Ca’*] in the extracellular medium was 0.4 mM. The time-

dependent outward rectification of the schistosome fibers
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FIGURE 7- The frayed fibers display a time-dependent

outward rectification. (Above) An example of the voltage

responses of a single frayed fiber to current injections.

The depolarizing current injections elicited a time-

dependent decrease in membrane resistance and, therefore, a

smaller voltage excursion. (Below) The average voltage vs.

current relationship for the frayed fibers. There is no

data point displayed for the -75 pA injection, because the

membrane typically became rather unstable in response to

such current injection, even though that is not the case for

the example shown above. Steady-state voltage levels were

used for the V-I relationship and were obtained as averages

of the values between 250 and 300 ms after the initiation of

the current injection. A best fit of the points from 0 to -

50 pA yielded a conductance of 0.6 nS (a resistance of 1514

MD), while the points from +25 to +75 mV yielded a

conductance of 4.1 nS (a resistance of 244 MR) (n=13).
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FIGURE 7
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was only partially blocked and no action potentials were

evident even when the 110 mH Na+ of the extracellular bath

was completely replaced by 110 mM tetraethylammonium (TEA+)

(Figure 8), even though TEA+ blocks outward rectification

and unmasks action potentials in some muscle cell types

(Fatt 8 Katz, 1953). The outward rectification was almost

completely blocked when Cs+, which is impermeant to most K+

channels, was substituted for K+ in the intracellular

solution, but action potentials were still not evident

(Figure 8). Also, to overcome any possible steady-state

inactivation of voltage-gated channels, some fibers were

hyperpolarized to potentials near -70 mV by applying a 450

ms, -25 pA prepulse, yet these fibers still did not produce

action potentials when depolarized. Additionally, an

increase in extracellular Ca2+ concentration of over 100-

fold (from 0.4 mM to 50 mM) did not elicit action potentials

even when applied in combination with any or all the

experimental treatments discussed above (Figure 8).
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FIGURE 8. The frayed fibers do not display action

potentials in response to depolarizing current injections.

(Top) An example of voltage responses from a frayed fiber in

120 mM extracellular TEA+. In these experiments, all of the

Na+ in the extracellular medium was replaced with the

general K+ channel blocker TEAI. The time-dependent outward

rectification was only partially blocked and no action

potentials were unmasked. (Middle) An example of voltage

responses from a frayed fiber with 130 mM intracellular Cs+.

All of the K+ in the intracellular medium was replaced with

Cs+, which is impermeant to most K+ channels. The time-

dependent outward rectification was almost completely

abrogated, but action potentials were still not elicited.

The largest depolarizing current injections produced a

depolarization to +40 mV in this fiber. (Bottom) An example

of voltage responses from a frayed fiber with 130 mu

intracellular Cs*, 70 mM TEA+ and 50 mM Ca2+ in the

extracellular medium and a 150 ms, -50 pA hyperpolarizing

prepulse. Again, all of the K+ in the intracellular medium

was replaced with Cs*, and the Na+ in the extracellular

medium was replaced with TEA+ and Ca2+. This fiber had a

resting potential of -22 mV under these ionic conditions and

the hyperpolarizing prepulse held the potential near -80 mV.

Even with outward rectification blocked, increased

extracellular Ca2+ and a hyperpolarizing prepulse, no action

potentials were generated in response to the depolarizing

current injections.
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FIGURE 8
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III. VOLTAGE-DEPENDENT OUTwARD CURRENTS

A. THO DISTINCT OUTHARD CURRENTS ARE PRESENT

1. RECOGNITION OF Two CURRENTS

The schistosome muscle fibers displayed a profile of

voltage-dependent currents which was dominated by a

relatively large net outward current that activates at test

potentials near -10 mV. When the test pulses were applied

from a -40 mV holding potential, some of the fibers had a

net outward current which appeared to have only a single

component (Figure 9). In these cases, the rising phase of

the net outward current was fit very well by Hodgkin-Huxley

kinetic equations (see Part D of this section for further

elaboration). No inactivation of this net outward current

occurred within the span of the 150 ms test pulse. Other

fibers, however, had two components to the rising phase of

the net outward current. In these examples, the n2 power

function did not fit the data as well, and a visual

inspection of the fit revealed a smaller component of the

net outward current which was activating markedly faster

than the component that was described by the power function,

creating the appearance of a "shoulder" on the rising

current (Figure 9).



37

FIGURE 9. Two distinct voltage-dependent outward currents

are present in some fibers. (Top left) An example of the

net outward current from a fiber that appeared to have only

a single component and (top right) a fiber that had an

additional fast-rising "shoulder". The conditions were

identical for these two recordings. (Bottom) A direct

comparison of the current responses of these two fibers.

The respective responses to the +30 mV step are superimposed

in order to clarify the difference in the responses of the

two fibers. The difference suggests the presence of two

outward currents in the fiber with the more complex current

profile.
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FIGURE 9
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2. SEPARATION OF THE Two CURRENTS

The shoulder progressively increased in prominence as

the fiber was held at potentials more negative than -40 mV

prior to the test pulse (Figure 10). When a prepulse of 150

ms to -90 mV was applied before each of a series of test

potentials, the amplitude of the fast current dramatically

increased, whereas a prepulse to -10 mV minimized the fast

current. Since neither of the prepulses had significant

effect on the amplitude of the slow outward current, the

difference between the current families elicited by these

different protocols was simply the presence (the family with

the -90 mV prepulse) or the absence (the family with the -10

mV prepulse) of the fast outward current. Therefore, a

subtraction of the outward currents elicited in protocols

with the -10 mV prepulse from those elicited with the -90 mV

prepulse yields a remainder which is the isolated profile of

a quickly activating and inactivating voltage-dependent

outward current. This fast current had a threshold of -20

mV and completely inactivated within the span of the 150 ms

test pulse.

Therefore, for the studies on the slow current, fibers

were used in which the fast current was not evident from the

-40 mV holding potential, or a prepulse of -10 or

~20 mV was utilized to erase the effects of the fast

current. The slow voltage-dependent outward current had an

amplitude of 413 i 158 pA (n=21) at +50 mV in the time span
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FIGURE 10. The two outward currents can be separated by

manipulation of the pre-pulse potential. (Top) An example

of a fiber to which hyperpolarizing pre-pulses of various

amplitudes were applied before a single test pulse to +50

mV. These hyperpolarizing prepulses of 150 ms increased the

amplitude of the fast component of the net outward current.

(Middle) An example of a fiber to which was applied a pre-

pulse of (left) -10 mV and (right) -90 mV before each of an

entire series of test pulses. The depolarizing prepulse

left no evidence of the shoulder on the current profile and

the hyperpolarizing prepulse clearly magnified the presence

of this second, faster component. (Bottom) The results of

the subtraction of the -10 mV pre-pulse family from the -90

mV pre-pulse family. The difference between these two

current profiles is the presence of a quickly activating and

inactivating current when the fiber is exposed to the

hyperpolarizing prepulse.
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between 130-140 ms after the application of the test pulse

(Figure 11). The capacitance of these fibers was 5.6 i 1.2

pF, yielding an average of 74 pA/pF.

The fast current was isolated from the slow current in

the manner described above, by subtracting a family of test

potentials with a -10 mV prepulse from the same family of

test potentials with a -90 mV prepulse. After such a

protocol, the fibers displayed an outward current of 165 i

88 pA (n=10) at +50 mV in the time period 3-8 ms after the

application of the test pulse (Figure 12). The capacitance

of these fibers was 6.1 I 1.2 pF and an average of 27 pA/pF.
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FIGURE 11. The larger voltage-dependent outward current

activates slowly and inactivates very slowly. (Top) An

example of a typical profile and (bottom) the current vs.

voltage relationship for the slow current. The values for

the I-V relationship are the average of the current levels

from 130-140 ms after the application of the 150 ms test

pulse. The current elicited with a test pulse to +50 mV was

413 i 158 pA (n=21).
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FIGURE 12- The smaller voltage-dependent outward current

activates rapidly and inactivates rapidly. An example of a

typical current profile and the current vs. voltage

relationship for the fast current. Values for the I-V

relationship are the average of the current levels from 3-8

ms after the initiation of the test pulse, from current

families isolated as described in this section (n=10). The

current elicited with a test pulse to + 50 mV was 165 i 87

pA (n=10).
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B. BOTH OUTwARD CURRENTS ARE K*-SELECTIVE

Both the slow and the fast voltage-dependent outward

currents are carried selectively by K*, as determined by

examination of the reversal potential of each. If a current

is activated by a sufficient depolarizing test pulse, tail

currents can be observed upon repolarization as the channels

mediating the current close. Inspection of these tail

currents makes it possible to measure the direction of

current flow at potentials at which the current would not be

activated and, therefore to determine the potential at which

the current reverses direction.

Tail currents attributable to the slow current were

easily isolated by maintaining the test pulse for 150 ms,

insuring no interference from the fast current due to its’

complete inactivation. Under the standard recording

conditions, where the equilibrium potential for K+ was -82

mV (130 mu K+in and 5.4 mu K*°ut), the reversal potential of

the slow current was -70 mV (Figures 13 8 14). Any

alteration in the [K+]out resulted in a corresponding change

in the reversal potential of the current. This current

showed a shift in reversal potential of 59 mV per 10-fold

change in [K*]°ut, while the nernst equation predicts a 58

mV shift in reversal potential per lO-fold change in [K+]out

for a K*-selective current (Figure 14).

In order to isolate tail currents attributable to the

fast current, it was necessary to test fibers in which the
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FIGURE 13. The reversal potential of the slow outward

current depends on extracellular [K+]. (Left) Examples of

the tail currents generated in (from top) 5 mu, 25 mM and 50

mM extracellular KI. These individual records are not all

from the same cell. The current traces show only the end of

a 150 ms test pulse to +50 mV from a -40 mV holding

potential. In each example, there is a line that denotes

the zero current level. (Right) The corresponding current

vs. voltage relationship for each example. The values for

the current vs. voltage relationship were obtained by

averaging the current level between 2.5 and 3.5 ms after

cessation of the test pulse and the beginning of the

variable after-pulse potential. The line drawn is a

regression through those points, and the x-intercept of the

regression is the reversal potential shown in Figure 14.
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FIGURE 14. The slow outward current is K*-selective. The

relationship between reversal potential of slow current

tails and [K+]°. The values for reversal potential were

taken from the x-intercept of the regression line through

current vs. voltage relationships like those demonstrated in

Figure 13. Each point is the average of at least five

trials. The dashed line represents the predicted reversal

potential for KI, slope of -58 mV/lO-fold [K*]°, and the

line formed by the data has a slope of -59 mV/lO-fold [K+]°.
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fast current was relatively large. Further, due to the

transient nature of the fast current, it was necessary to

limit the duration of the test potential to approximately 8

ms, in order to insure that the shift to the post-pulse

potential was made before the fast current inactivated. In

order to protect against interference from the slow current,

a -10 mV prepulsed protocol was subtracted from a protocol

prepulsed to -90 mV (Figure 15). With the equilibrium

potential for K+ at -82 mV, the reversal potential of the

fast current was -72 mV (Figure 15). Due to the relatively

small size and fast kinetics of these tail currents,

determination of reversal potential after media exchange

provided erratic, dubious results that are not provided

here.
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FIGURE 15. The reversal potential of the fast outward

current coincides with the equilibrium potential for K*.

(Left) An example of tail currents attributable to the fast

current. In order to augment the fast current and subtract

out the influence of the slow current, a subtraction of

prepulsed protocols was used. The duration of the test

pulse is only 9 ms in this example, long enough to ensure

fast current activation without allowing significant

inactivation. The length of the test pulse was varied for

each fiber in order to correlate with the peak of the fast

current. The straight line denotes the zero current level.

(Right) The current vs. voltage relationship for the tail

currents in this example. The current values were obtained

by averaging the current level between 2 and 2.5 ms after

the cessation of the test pulse and the beginning of the

variable after-pulse potential. The line drawn is a

regression through the points and the x-intercept of the

regression is -76 mV in this example. The reversal of the

tails averaged -72 I 9 mV (n=5) under these conditions in

which the reversal potential of K+ is -82 mV.
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C. VOLTAGE-DEPENDENCE OF THE OUTwARD CURRENTS

(The data from this section are summarized in Table 2 on page 73.)

1. VOLTAGE-DEPENDENCE or ACTIVATION

The conductance of both of these outward currents was

dependent on the amplitude of the test potential. The

voltage-dependence of activation for each of the currents

was examined by comparing the conductance at each test

potential. Since both currents had been determined to be

K+-selective, the conductance of each could be calculated.

The conductance at any potential is the slope of a line

drawn between the following two points on a current vs.

voltage relationship: 1) the observed amplitude of current

at that potential and 2) the hypothesized zero current flow

at the conducting ion's reversal potential, in this case -82

mV for K+. At a test potential of +50 mV, conductance of

the slow current was 3.13 I 1.20 nS (n=21) and the fast

current was 1.32 I 0.71 nS (n=10).

The relative conductance, the conductance at a given

potential compared to that at +50 mV, was plotted against

the amplitude of the test potential and the relationship was

described by the Boltzmann equation in the form:

 

x = (1 - A)/[1 + e""”°"‘] + A

EOUATION 1
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where X is the relative conductance, A is the portion of the

y-axis that is not fit by the curve, V is the test

potential, V30 is the voltage of half activation and k is

the slope factor. The slope factor indicates the steepness

of the voltage-dependence about the midpoint, such that a

deviation of k mV from.V,o:results in a change of 1/(1 + e)

in the level of activation.

The voltage of half-activation for the slow current is

19 mV with a slope factor of -10.6 (Figure 16). The fast

current has a lower voltage of half-activation, 3 mV, and a

more gradual slope factor of -12.4 (Figure 17).

2. VOLTAGE-DEPENDENCE OF INACTIVATION

The conductance of both of these outward currents is

also dependent on the amplitude of the holding potential

that preceeds the test pulse. The voltage-dependence of

steady-state inactivation of each of the currents was

examined by comparing the conductance generated by a test

pulse to +50 mV from various holding potentials. The

relative conductance, the conductance generated from a given

holding potential divided by that generated from the most

hyperpolarized holding potential utilized (-100 mV), was

plotted against the amplitude of the holding potential and

the relationship was described by the Boltzmann equation

(Equation 1).
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FIGURE 16. The conductance of the slow outward current is

dependent on the amplitude of the test potential and the

holding potential. The activation and inactivation curves

for the slow outward current. The parameters describing the

voltage-dependence of activation were determined by fitting

the relationship between relative conductance and test

potential to Equation 1 (D). For each fiber, the

conductance at each potential was determined by dividing the

value of the average current from 130-140 ms after the

initiation of the test potential by the difference between

the test potential and the reversal potential for K+ (ER+=-

82 mV): the relative conductance was determined by dividing

the conductance at each test potential by that at +50 mV.

The parameters describing the voltage-dependence of

inactivation were determined by fitting the relationship

between the relative conductance and holding potential to

Equation 1 (I). The holding potential was imposed on the

fiber for 20 s before a +50 mV test potential and the

current averaged from 130-140 ms after the initiation of the

test pulse. That current value was used to determine the

conductance at +50 mV from that holding potential, which was

compared to the conductance at +50 mV from a -100 mV holding

potential.
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FIGURE 17. The conductance of the fast outward current is

dependent on the amplitude of the test potential and the

holding potential. The activation and inactivation curves

for the fast outward current. This graph was derived in the

same manner as Figure 16 except: 1) the inactivating holding

potential was only applied for 150 ms, and 2) the current

values used were those averaged from 3-8 ms after the

initiation of the pulse from records of isolated fast

currents. The relationship between relative conductance and

test potential describes activation (A) and the relationship

between relative conductance and holding potential describes

inactivation (A).
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The two K+ currents varied dramatically in their

steady-state inactivation characteristics. The steady-state

inactivation of the slow current required a very long period

of time. There was clearly more inactivation after 10 s

than after 5 s in every instance, and some fibers required

more than 15 s to maximize steady-state inactivation of the

slow current. Conversely, the steady-state inactivation of

the fast current required only a very short time, easily

reaching maximum effect by 150 ms.

A large portion, 42%, of the slow current was not

Subject to steady-state inactivation and did not inactivate

even after being held at +40 mV for 20 s. All of the fast

Current was subject to steady-state inactivation, even after

only 150 ms at -10 mV.

Ninety-seven per cent of the slow current was

unaffected by steady-state inactivation at the standard

holding potential of -40 mV, while only 33% of the fast

current was intact at this potential. The V5,, of

inactivation for the slow current is -10 mV (Figure 16),

while that of the fast current is -51 mV (Figure 17). The

s:Lope of the inactivation of the slow current is steeper

than that of the fast current (slope factor of 10.3 vs.

1 4 .1) .

All of the parameters listed above were determined in

Qa =*-free extracellular medium. The presence of 0.4, 4 or
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25 mM Ca2+ in the extracellular medium had no effect on

these descriptors of voltage-dependence.
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D- KINETICS OF THE OUTNARD CURRENTS

(The data from this section are summarized in Table 2 on page 73.)

l. ACTIVATION KINETICS

The rate of activation for the fast and the slow

outward current are voltage dependent, with greater

depolarizing steps producing a faster activation of the

currents (Figure 18). The time course of activation for

both currents was fit with Hodgkin-Huxley-type kinetics,

using the equation:

I = A + A,(1 - e'°/')"‘

EOUATION 2

Where 1' is the time constant of activation, A1 is the

amplitude of the current fit by the equation and A is the

amplitude of the offset from zero of the current fit by the

curve. Both currents were described best when the exponent

n§2.

The slow current was fit utilizing records produced

from the standard -40 mV holding potential in which the fast

current was not evident. The slow current displayed a T-°t

of 16.8 I 4.2 ms (n=10) for a test pulse to +50 mV and an e-

led change for every 36 mV change in pulse potential

( Ffigure 18). The 1,6: was not significantly altered when
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FIGURE 18. The rate of activation is voltage-dependent for

both the slow and the fast outward currents. (Top) Examples

of activating slow currents (left) and fast currents (right)

with superimposed mathematical approximations. The time

constants of activation of the slow current were determined

by fitting the current values from the region 1-135 ms after

the initiation of the test potential to Equation 2 with n=2.

For the fast current, the same equation was used and the

beginning of the fitting region was always 1 ms, but the end

ranged from 4 ms (at +50 mv test potential) to 7 ms (at 0

mV), depending on the location of the peak outward current.

In both cases, the fitting region began at 1 ms after the

pulse in order to avoid interference from capacitive

transients. (Bottom) The relationship between the time

constants of activation and the test potential for the slow

current (I) and the fast current (A).
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slow current activation was fit utilizing records in which

the fast current was noticeable. This is due to the fact

that the fitting region for the slow current activation was

135 ms long and the fast current interfered for only a small

fraction of this time.

The fast current was fit by utilizing subtractions of

traces with a 150 ms, ~10 mV prepulse from those with a 150

ms, ~90 mV prepulse. From a ~90 mV holding potential, the

fast current had a 1,0t of 0.6 I 0.1 ms (n=5) for a test

pulse to +50 mV and an e-fold change for every 60 mV change

in pulse potential (Figure 18). Activation of the fast

current could also be fit by utilizing the initial region of

fast activation in records produced from the standard ~40 mV

holding potential in which the fast current was clearly

evident. This analysis showed that, from a ~40 mV holding

potential, the current had a T.ct of 1.1 I 0.4 ms (n=5) for

a test pulse to +50 mV. The activation was slower at any

potential from the ~40 mV holding potential as opposed to

the ~90 mV holding potential, but the slope factor

describing the change in Tact per change in mV of test

potential was equal.

The activation kinetics of these currents were not

altered by the presence of normal (0.4 mu) or high (4 mM)

extracellular Ca’*, nor by the presence of 2 mM

intracellular adenosine triphosphate (ATP).
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2. INACTIVATION KINETICS

The rate of inactivation for the fast current is

voltage dependent, but the inactivation rate of the slow

current is relatively independent of voltage (Figure 19).

In both instances, the inactivation of the current was fit

best by a single exponential, utilizing the equation:

 

I = A + Ale‘t/'

EQUATION 3

 

where A is the amplitude of the non-inactivating current, A,

is the amplitude of the inactivating current and T is the

single time constant of activation.

The slow current had a Tin‘ct of 3423 I 782 ms (n=5)

when pulsed to +50 mV and did show a trend of slower

inactivation at lower potentials, but the correlation was

weak (Figure 19). Inactivation of the slow current was fit

utilizing the net outward current from fibers in which the

fast current was not very prominent. Even so, it might be

expected that the presence of the fast current could make

the description of net inactivation a biexponential

function, but this was not the case. The first signs of

inactivation of the net outward current, and therefore the

beginning of the fitting region for inactivation, did not

occur until over 150 ms after the initiation of the test
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FIGURE 19. The rate of inactivation is voltage-independent

for the slow outward current, but voltage-dependent for the

fast outward current. (Top) Examples of inactivating slow

currents (left) and fast currents (right) with superimposed

mathematical approximations. The time constants of

inactivation of the slow current were determined by fitting

the region that spanned from the peak of the net outward

current (between 200-400 ms after the application of the

test potential, depending on its value) to 9000 ms to

Equation 3. For the fast current, the beginning of the

fitting region was dictated by the location of the peak of

the outward current in subtraction-isolated traces, which

usually occurred between 4-7 ms after the application of the

test potential, and the end was set at 100 ms. (Bottom) The

relationship between the time constants of inactivation and

the test potential for the slow current (I) and the fast

current (A).
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pulse. This is more than 10 times the #13 ms Tinact of the

fast current, insuring that the inactivation of the fast

current would not interfere with the inactivation of the

slow current, providing it a misleading biphasic form.

The fast current had a Tin.ct of 13 I 6 ms (n=5) when

pulsed to +50 mV and was e-fold slower for every 37 mV drOp

in the test potential (Figure 19). The inactivation of the

fast current was fit utilizing reCords of the isolated fast

current as derived from the subtraction of protocols

previously discussed.

3. RELAXATION KINETICS

Relaxation, sometimes referred to as deactivation, of

the slow current is very strongly voltage-dependent. The

relaxation of the slow current was fit by the same single

exponential equation as was the inactivation (Equation 3).

When the fully activated current was returned to the holding

'potential of ~40 mV, the current relaxed with a T of 15 I 3

ms (n=7) and was e~fold faster per ~39 mV (Figure 20).

Relaxation of the fast current was difficult to discern in

any reliable quantitative way and did not fit any kinetic

model.
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FIGURE 20- The rate of relaxation is voltage-dependent for

the slow outward current. (Top) Examples of inactivating

slow currents with superimposed mathematical approximations.

The time constants of relaxation were determined by fitting

the region from 1-80 ms after cessation of a +50 mV test

potential to Equation 3. (Bottom) The relationship between

the time constant of relaxation and the test potential.
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TABLE 2.

Properties of the Two Vbltage-Dependent K+ Currents

of Schistosome Frayed MUscle Fibers.

 

DEUHIDJEELHHIKJZEEHEI

Im.x, +50 413 I 158 pA

Gm.x, +50 3.13 I 1.20 nS

Voltage-Dependence

activation

threshold z-lO mV

V50 19 mV

slope factor (k) -10.6 mV

inactivation

Vso -10 mV

slope factor (k) 10.3 mV

Z non-inactivating 42%

Kinetics

activation

r-ct. +50 16.8 I 4.2 ms

e-fold change per... 36 mV

inactivation

rin‘ct, +50 3423 I 782 ms

e-fold change per... voltage-independent

relaxation

Tr.1‘x_ -40 15.4 I 2.5 ms

e-fold change per... 39 mV

ZALJZHEEEI

Im-x, +50 165 I 87 pA

6“,“. +50 1.32 I 0.71 nS

Voltage-Dependence

activation

threshold z-40 mV

V50 3 mV

slope factor (k) -12.4 mV

inactivation

V50 ~51 mV

slope factor (k) 14.1 mV

Kinetics

activation

1.6:, +50 1.1 I 0.4 ms

e-fold change per... 60 mV

inactivation

finnct, +50 13 i 6 ms

e-fold change per... 37 mV
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E. PHARMACOLOGY or THE ouTwAao CURRENTS

1 . TETRAETHYLAMMONIUM (TEN)

Both the slow and the fast currents are relatively

insensitive to extracellular TEA*. After external

application of 30 mn TEA*, the slow current was reduced to

88% of control values (Figure 21). Further, a significant

slow current could be measured in fibers even when the 110

mM extracellular Na+ was completely replaced with TEA*. The

fast current was slightly more sensitive to the TEA+

application, with only 69% of the control current remaining

in the presence of 30 mM TEA+ (Figure 22).

2. 4-AMINOPYRIDINE (4-AP)

Both the slow and the fast currents can be blocked by

4-AP, but only at relatively high concentrations. Half-

blockade of the slow current was accomplished by

approximately 10 mu 4-AP, as the external application of 10

mn 4-AP reduced the current to 48% of control values (Figure

21). Half-blockade of the fast current required less than 3

mn 4-AP, as that concentration reduced the fast current to

45% of control values (Figure 22).
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FIGURE 21. The slow outward current is partially blocked by

tetraethylammonium or 4-aminopyridine. (Top) Current traces

demonstrating the response of the slow current to 30 mM 4-AP

(left) and to 30 mM TEA+ (right). The darker trace is the

control current and the lighter trace is current in the

presence of the treatment. (Bottom) The dose-response

relationship of both compounds on the current. A control

current response was obtained by averaging the last seven of

15 consecutive 150 ms voltage pulses to +50 mV. The

procedure was repeated five minutes after the addition of

the desired concentration of the test compound to the

extracellular bath. Each point on the graph below

represents an n24.
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FIGURE 22- The fast outward current is partially blocked by

tetraethylammonium and is completely blocked by high

concentrations of 4-aminopyridine. (Top) Current traces

demonstrating the response of the fast current to 30 mM 4-AP

(left) and to 30 mM TEA+ (right). The darker trace is the

control current and the lighter trace is the current in the

presence of the treatment. (Bottom) The dose-response

relationship of both compounds on the current. The

experiments were performed as described in Figure 21, except

that the fast current had to be isolated via the subtraction

method described earlier. Each point on the graph below

represents an n24.
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3. DENDROTOXIN (DTX)

Both the slow and the fast currents are insensitive to

the potassium channel toxin DTX, the neurotoxic peptide

isolated from the venom of the African green mamba snake.

DTX in concentrations as high as 200 nu had no measurable

effect on either current (Figure 23).
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FIGURE 23. The slow and the fast outward currents are both

insensitive to dendrotoxin. Current traces demonstrating

the insensitivity of both the slow (above) and the fast

(below) outward currents to 200 nM DTX. In both cases, the

experiments were performed as described for the previous two

figures and the darker trace is the current trace and the

lighter trace is five minutes after the application of DTX.
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IV. VOLTAGE-DEPENDENT INHARD CURRENTS

As detailed earlier in this section, none of these

fibers ever displayed action potentials in response to

depolarizing current injections under any of these

experimental conditions. The possible presence of voltage-

dependent inward currents was further explored in the whole-

cell voltage clamp mode. Because concurrent studies in our

laboratory suggested that the frayed fibers were more

contractile when cultured in the supplemented DMEM, this was

used as the extracellular medium for these experiments (see

Appendix I for more detail on this matter).

The first step toward detecting voltage-dependent Ca2+

currents was to raise the level of extracellular Ca3+.

Voltage-dependent Ca2+ channel activity could potentially be

detected in two different ways from these conditions. Most

obviously, the increased [Ca3+] could provide enough charge

carrier to produce noticable inward currents, even in the

presence of the relatively fast outward currents. Secondly,

even if the fast outward current obscured an inward current,

voltage-dependent Ca2+ influx could be detected due to an

increased outward current, since the presence of Ca3+-

dependent K+ channels in these fibers has been established

(Blair etafl., 1991). However, when the [Ca3+] was varied

between nominally Ca’+-free (i.e., no added Ca3+, no EGTA)

and 20 mM, there was no sign of an inward current and no

change in the macroscopic outward current (Figure 24).
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FIGURE 24- Increased extracellular [Ca2+] does not expose a

voltage-dependent inward current nor does it alter the

macroscopic outward current. Examples of typical currents

recorded from a single cell that was exposed to (top)

nominally Ca2+ free and (middle) 20 mM Ca2+ in the

extracellular medium. The current responses appear

essentially identical, with no evidence of an inward current

in the high extracellular Ca2+. (Bottom) The current vs.

voltage relationship for the slow and the fast outward

currents of this cell in three different extracellular

[Ca2+]. The slow current in nominally Ca2+-free (I), 4 mM

Ca2+ (D) and 20 mM Ca2+ (*) and same data for the fast

current (A, A, and -). Even though the presence of Ca2+-

dependent K+ channels has been established in these fibers,

there is no Ca2*-dependent component of the macroscopic

outward current, supporting the indication that voltage-

dependent Ca2+ entry is not occurring under these

conditions. Similar tests were performed on five other

cells with like results.
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Further attempts to directly measure inward currents

required the blockade of the the relatively large voltage-

dependent outward currents that have already been described.

A substantial outward current persisted even after complete

replacement of the 110 mu Na+ in the extracellular solution

with 110 mu TEA+ (Figure 25). However, when the replacement

of the extracellular Na+ with TEA+ was coupled with the

complete replacement of the 120 mu K+ in the intracellular

solution with 120 mu Cs+, the outward currents were

completely abolished. With the outward currents blocked in

this fashion and extracellular Ca2+ (or the alternate charge

carrier Ba’+) raised as high as 50 mM, no voltage-dependent

inward currents were evident in response to the standard

voltage protocol applied from a -40 mV holding potential

(Figure 25). Hyperpolarizing prepulses to as much as -90 mV

were added to the protocol in attempts to overcome any

steady-state inactivation but, still, no inward currents

were detected. Also unsuccessful in conjunction with these

protocols were various additions made to the intracellular

solution: 2-10 mfl ATP, 2 mu cAMP, 2-5 mM GTP, 2 mu cGMP, 0.5

mM GTP-y-S, 20 mM glucose.

In some instances, I was successful in obtaining a

high-resistance seal and subsequent whole—cell access in

spontaneously contracting fibers. Even in these instances,

inward currents could not be detected.



 

q
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FIGURE 25. No voltage-dependent inward currents are evident

when the outward currents are partially blocked by

extracellular tetraethylammonium or completely attenuated by

intracellular Cs+. (Top) An example of typical currents

obtained with the extracellular Na+ entirely replaced with

TEA*. The experiments described here were performed using

an inorganic extracellular medium based on the supplemented

DMEM. Both the fast current and the slow current are still

evident in the presence of such high concentrations of

extracellular TEA+, and there are no signs of any inward

currents. (Middle) An example of typical currents obtained

with the 110 mM extracellular Na+ replaced with 50 mu Ca2+

and 60 mM TEA+ as well as the intracellular K+ replaced

completely with Cs+. The outward currents are abolished

when the intracellular K+ is replaced with Cs*, but even in

this example where there is 50 mM extracellular Ca2+, no

inward currents are evident. (Bottom) The current vs.

voltage relationship for trials in the conditions shown

above. Shown are the average amplitudes of the fast and the

slow currents in normal conditions (dashed line and dotted

line, repectively), the average fast and slow current with

110 mu extracellular TEA+ (I and A, n=3) and the average

current with extracellular TEA+/Ca2+ and intracellular Cs+

(0, n=3). The same results were obtained when the

extracellular cations were 50 mM Ba’* and 60 mM TEA+ (n=5).
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FIGURE 25
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DISCUSSION

1. MATHEMATICAL MODELING

The two voltage-dependent K+ currents of the

schistosome muscle fibers are described well by the

classical equations typically used to fit the individual

kinetic parameters of K+ currents. For example, Hodgkin-

Huxley-type kinetics describe the onset of either the

delayed rectifier current or the ”A" current very

satisfactorily, with the best fit in both instances being

with n=2 (Equation 2). As has been determined with other K+

currents, inactivation of both currents fits a single

exponential function (Equation 3).

In each of these instances, however, the aspects in

question were fit isolated from other aspects of the

macroscopic current. The macroscopic current is affected

simultaneously by all processes: activation and inactivation

of both the delayed rectifier current and the "A" current.

In order to determine how well the combination of these

equations described the complete current elicited from a

test pulse, the equations describing activation and

inactivation of both currents were combined.

88
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The summed equation describing the activation and

inactivation of both currents at any given potential is:

 

I = [Adr * (1 _ e-t/rdr not)2 * (e-t/rdr inact)] +

[An (1 _ e—t/ra not): * (e—t/fa inact)]

EQUATION 4

 

where A is the amplitude of the respective currents, t is

the time after the initiation of the test pulse and 1’s the

various time constants.

In order to test the ability of this combined equation

to describe the macroscopic current of specific fibers, the

individual amplitudes and time constants of both currents

were determined for an individual fiber as described in the

Results section (Table 3). Then, the variables were placed

in Equation 4 and the results were superimposed on the

original data traces (Figure 25). The results confirm the

accuracy of these previously-established mathematical models

and show that the combined equation is sufficient to

describe the entire current response of a fiber. This

affirms that the combined activity of delayed rectifier and

”A" currents as described are sufficient to account for the

entirety of the current response, i.e., that no other

significant currents are present.
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TABLE 3.

Variables for the Mathematical Model in Figure 25.

 

Test Potential +40 +30 ' +20 +10 0

Delayed Rectifier current

Amplitude (A) 489 386 271 146 65

r“,: 20.6 30.8 48.8 64.9 95.7

r1n‘ct 3670 3670 3670 3670 3670

“A" Current

Amplitude (A) 128 101 65 45 31

r 1.82 2.01 2.30 3.13 4.48
‘Ct

10.1 19.8 25.9 33.8 44.1
T inner:
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FIGURE 26. The combined equation describing delayed

rectifier and ''A" current activation and inactivation is

sufficient to model the macroscopic current of the fibers.

The voltage responses of a fiber and the mathematical model

of those responses generated from the combined equation for

the delayed rectifier and "A" currents (Equation 4). The

amplitude and kinetic parameters used in the equation were

calculated for this example exactly as the parameters

reported in the Results section.
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FIGURE 26
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II. CLASSIFICATION or TNE Two SCNISTOSONE K’ CURRENTS

A. DELAYED RECTIFIER CURRENT

A delayed, slow, voltage-dependent outward K+ current

was first identified in the squid giant axon (Hodgkin &

Huxley, 1952a, 1952b). Since the current was activated

after a delay upon membrane depolarization and it provided

rectification in response to the depolarization, it has

classically been referred to as a delayed rectifier current.

The criteria used to identify a K+ current as a delayed

rectifier current are not completely agreed upon, but in

general two criteria are used (Rudy, 1988). First, the

kinetic behavior of the current must be similar to that

described by Hodgkin and Huxley, i.e., it must be described

by Hodgkin-Huxley kinetic models. Second, the current must

be neither a Ca’*-dependent current (activated by internal

[Ca3+]) nor an "A" current (quickly inactivating and heavily

subject to steady-state inactivation). As would be

expected, this definition yields a fairly diverse class of

currents that often display very different kinetic

properties, voltage-dependent properties and pharmacological

profiles that can be mediated by very different channels.

The slow current of the schistosome muscle fibers is, by

this definition, a delayed rectifier current.
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B. "A" CURRENT

A fast, transient, voltage-dependent outward K+ current

that was extremely susceptible to steady-state inactivation

was first identified in the nerve somata of a sea slug

(Connor & Stevens, 1971). The criteria typically used to

identify a K+ current as an "A" current have been: 1)

activation must be fast compared to other voltage-dependent

K+ currents, 2) inactivation must be fast and complete, 3)

the current must be sensitive to steady-state inactivation,

and 4) threshold of activation must be low compared to other

K+ currents. The fast current of the schistosome fibers is

an "A" current by this definition.

III. ABSENCE or VOLTAGE-DEPENDENT INwARo CURRENTS

Although the electrophysiological studies produced no

direct evidence for the presence of voltage-gated Ca2+

channels in these fibers, concurrent studies in our

laboratory provided some indirect evidence of their

presence.

Spontaneous contractile activity was not uncommon

amongst frayed fibers produced by the dispersion procedure

listed in the Materials and Methods and the fibers were

incubated in the supplemented DMEM or the inorganic version

of the supplemented DMEM (see Appendix I for more detail).

The spontaneous activity varied from full contraction-
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relaxation cycles every few seconds to barely detectable

twitching of the extremities of the fibers.

Exposure of individual fibers to an extracellular

solution with 25 mM K+ induced contractions in quiescent

fibers about 80% of the time (Figure 27). The high K+-

induced contractions were generally similar to the

spontaneous contractions, that is, they consisted of a

series of quick twitches or more complete contraction-

relaxation cycles that continued for as long as the high K+

was applied. In other instances, the contractions were

sustained and relaxation would not occur until high K+

application was halted.

These high K*-induced contractions were dependent on

extracellular Ca3+. The K+-induced contractions were

abolished if the 3.6 mfl Ca2+ was omitted and 0.5 mM EGTA was

added to both the extracellular medium in which the fibers

were bathing and the high K+ medium with which the fibers

were depolarized. Further, the high K+-induced contractions

are blocked by the presence of classical voltage-gated

calcium channel blockers such as 10 H" nicardipine or 5 mM

Co’+.

So, it is clear that depolarization by high K+ causes

contraction of individual schistosome muscle fibers. This

suggests the presence of some mechanism for depolarization-

induced Ca3+ entry into these fibers, possibly through

voltage-gated Ca’+-selective channels. This idea is
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FIGURE 27- The frayed fibers contract in response to

depolarization by high K+. A sequential series of

micrographs showing the depolarization-induced contraction

of a frayed fiber. The top panel shows the fiber at rest

and the next panel shows the fiber in a contracted state

moments after being exposed to a small amount of high KI-

containing version of the culture medium via the pipet. In

the third panel, the fiber is relaxing though still being

perfused with the high K+ medium and the bottom panel is

after removal of the perfusing pipet.
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FIGURE 27
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supported by the fact that these depolarization-induced

contractions are inhibited by the voltage-dependent Ca2+

channel blocker nicardipine. However, neither voltage or

current clamp studies provided any direct evidence for the

presence of such channels. It is possible that these fibers

do not have voltage-gated Ca2+ channels and high K+-induced

contractions are mediated by some other mechanism. However,

I think it more likely that voltage-gated Ca2+ channels are

present but are not detectable under the conditions of these

studies.

One possible explanation for this could be that the

Ca2+ channels are rendered non-functional due to the

omission of critical molecules from the experimental

intracellular solution. However, voltage-dependent Ca2+

currents have been recorded from many smooth muscle types

utilizing simple extracellular solutions composed of

inorganic ions with glucose and intracellular solutions

composed completely of inorganic ions (Bolton etefl., 1986:

Bean etafl., 1986; Ohya, Kitamura & Kuriyama, 1988). For

example, the conditions under whiCh voltage-dependent Ca2+

currents can be measured in rabbit portal vein smooth

muscle, (Beech & Bolton, 1989a), toad stomach smooth muscle

(Walsh 8 Singer, 1987), or ctenophore smooth muscle (Dubas,

Stein & Anderson, 1988) do not produce measurable inward

currents in schistosome muscle. In some muscle types, the

addition of 2-5 mu ATP to the intracellular solution
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provided a dramatic improvement in the amplitude or the

persistence of the Ca2+ currents (Yatani etafl., 1987:

Hatsuda, Volk & Shibata, 1990: Kotlikoff, 1988), but the

presence of ATP had no effect on the current of schistosome

muscle.

One difference that exists between these other muscle

types and schistosome muscle is that the schistosome fibers

are much smaller, such that the intracellular contents may

be dialyzed much more rapidly. Evidence of how fast the

dialysis of cell contents occurs in the schistosome fibers

is that the outward K+ currents were attenuated immediately

when Cs+ was used to replace K+ in the pipet. In larger

cells, similar attenuation of K+ currents can require up to

30 seconds.

Another possibility is that the Ca2+ currents are

present but are simply too small to be measured by these

techniques. The small size of the schistosome muscle fibers

grants that even a modest Ca2+ influx may be sufficient to

control intracellular events. Inward currents less than

about 25 pA could be difficult to discern under these

recording conditions.
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IV. COMPARATIVE SIGNIFICANCE

This is the first direct demonstration of delayed

rectifier and "A" currents in the platyhelminths. The

presence of these currents with no novel properties is in

harmony with the continuity that is observed in viewing the

properties of the voltage-dependent K+ currents across the

phyla. In organisms as primitive as protozoa, a wide range

of voltage-dependent outward K+ and inward Ca2+ currents

have been identified which are strikingly similar to the K+

and Ca2+ currents of many mammalian cells. Delayed

rectifier currents have been identified in sarcomastigotes

(Febvre-Chevalier etefl., 1986, 1989) and in ciliates

(Machemer 8 Ogura, 1979; Satow & Kung, 1980: Wood, 1982:

Deitmer, 1984). The presence of "A" currents have also been

established in ciliates (Deitmer, 1984, 1989). Further,

both transient and sustained voltage-dependent Ca2+ currents

have been found in the protozoa (Deitmer, 1984, 1986, 1989).

Present in a heliozoan is a single voltage-dependent current

that mediates action potentials which can be supported by

either Ca2+ or Na+, and is sensitive to the classical Ca“+

channel blocker D-600 (Febvre-Chevalier, 1986, 1989).

Notably absent from this phylum, however, is the

tetrodotoxin-sensitive voltage-dependent Na+ current that is

responsible for the propagation of signals in a variety of

cell types in higher animals.
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Ctenophore muscle has a voltage-dependent inward

Ca2*/Na* current similar to that of the heliozoan. This

current can be supported by either Ca2+ or Na+, is sensitive

to verapamil and is not sensitive to TTX (Dubas, Stein &

Anderson, 1988). Jellyfish nerve has a voltage-dependent

inward current that is Na+-selective, yet is sensitive to

verapamil and insensitive to TTX and a separate Ca3+-

selective current that is much smaller and somewhat slower

(Anderson, 1987). The muscle and nerve of ctenophore both

have "typical" delayed rectifier and "A" currents, with the

exception being that the macroscopic delayed outward current

appears to have a notable Cl‘ component. It is unclear if

this is due to Cl‘ flow through K+ channels or due to the

contribution of a separate voltage-dependent Cl‘ component.

Evidence for the presence of a TTX-sensitive voltage-

dependent Na+ current first appears in platyhelminth neurons

(Blair 8 Anderson, 1991). This research is the first

published description of voltage-dependent currents from any

platyhelminth muscle and the first description of voltage-

dependent K+ channels in the phylum. The results reinforce

the continuity of the general properties of the voltage-

dependent K+ currents across the phyla. Unfortunately, the

results shed little light on the presence or nature of the

voltage-dependent inward currents of platyhelminth muscle.
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V. FUNCTIONS OF THE DELAYED RECTIFIER CURRENT

A. GENERAL DELAYED RECTIFIER CURRENT FUNCTIONS

As demonstrated in the schistosome fibers, delayed

rectifier currents are the source of outward rectification.

They stabilize the membrane by protecting against drastic

steady-state voltage responses to depolarizing currents,

although they usually activate too slowly to inhibit action

potential generation via fast, voltage-dependent inward

currents. Specifically, it has been shown that delayed

rectifier currents are responsible for tempering the

amplitude of depolarizing slow waves. Delayed rectifier

currents have also been shown to affect repolarization of

the membrane after action potentials.

1. SLOH RECTIFICATION:

CREATING PLATEAUS IN SLOH-HAVE DEFOLARIZATIONS

Some cells exhibit slow oscillations of membrane

potential, which may or may not have action potentials

superimposed. Canine colonic smooth muscle exhibits such

slow wave activity and the depolarizing phase plateaus when

the delayed rectifier current is activated to offset the

inward current being mediated by voltage-gated Ca2+ channels

(Cole & Sanders, 1989). The delayed rectifier current can

provide a useful rectification in response to such slow

depolarizing currents because of its inactivation

characteristics. Although the delayed rectifier current is
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often not able to offset fast depolarizations because of

relatively slow activation, it is able to offset slower,

sustained depolarizations because of relatively slow

inactivation. Further, in some instances, a portion of the

current is not subject to inactivation and is therefore

available to provide long-term outward rectification even in

response to a slow depolarization which might cause the

steady-state inactivation of other currents (Okabe, Kitamura

& Kuriyama, 1987: Numann, Wadman & Wong, 1987: Beech &

Bolton, 1989b).

2. REPOLARIZATION AFTER ACTION POTENTIAL:

CONTROLLING SPIKE DURATION

In some cell types, delayed rectifiers provide the

driving force that repolarizes the membrane after action

potentials (Barish, 1986: Cole & Sanders, 1989; Beech &

Bolton, 1989a), and it has been directly demonstrated that

altering the activation kinetics of the delayed rectifier

current will alter the duration of the action potential

(Suzuki, Nishiyama & Inomata, 1963: Osa, 1974). In these

cells, the activation kinetics of the delayed rectifier

current determines the length of the action potential. For

example, the delayed rectifiers are slow (T.°t~1000 ms) and

the action potentials are long (durationzlooo ms) in

amphibian cardiac muscle (Hume & Giles, 1983: Simmons,

Creazzo & Hartzell, 1986), while in the smooth muscle of
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rabbit portal vein (Beech & Bolton, 1989b), delayed

rectifiers are faster (T.ctz100 ms) and the action

potentials shorter (durationzloo ms). In many neurons, very

fast delayed rectifier currents (r_°t from 1-10 ms) are

responsible for keeping action potentials very short

(duration from 1-10 ms)(for example, Connor, 1975: Galvan &

Sedlmeir, 1984: Belluzzi, Sacchi & Wanke, 1985).

B. CONSIDERATION OF THE FUNCTION OF THE DELAYED RECTIFIER

CURRENT IN THE SCHISTOSOME MUSCLE

Delayed rectifier currents have been identified in a

huge variety of cells, including most nerve and muscle cells

investigated and both excitable and non-excitable cell

types. The demonstrated functions of these currents are in

some cases related to modulation of slow wave electrical

activity and in other cases related to the modulation of

action potentials.

Until the presence or absence of electrical

excitability or slow wave electrical activity is determined

in these fibers, discussion of the function of the delayed

rectifier current in the schistosome muscle is only

conjecture. However, a look at the properties of the

current might provide some clues to its function. The

properties of the schistosome delayed rectifier current

would allow it to perform either of the functions that

delayed rectifiers have been directly demonstrated to
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fulfill, either in the modulation of slow wave activity or

in the control of spike duration.

1. INACTIVATION CHARACTERISTICS:

THE ABILITY TO PROVIDE MAINTAINED RECTIFICATION

The delayed rectifier current described here is among

the slowest and least completely inactivating described,

with a Tinnct in the 5 5 range and over 40% non-

inactivating. In response to either a maintained

depolarizing current or a slow depolarizing current, the

delayed rectifier current of these fibers could provide a

maintained rectification. For example, even after 20

seconds of a sustained or slow depolarization, almost half

of the maximal current mediated by these channels would

still be flowing.

2. ACTIVATION RATE:

THE ABILITY TO CONTROL SPIKE DURATION

If the schistosome delayed rectifier current is the

agent of action potential repolarization, the action

potentials would be limited to between 10-20 ms, as deduced

from the correlation that exists between the T,ct and the

duration of action potentials in other such cells.
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VI. FUNCTIONS OF THE "A" CURRENT

A. GENERAL "A" CURRENT FUNCTIONS

"A" currents have been demonstrated to delay or inhibit

the initiation of an action potential in response to a

depolarization, to lengthen the interval between action

potentials, and to shorten the duration of the action

potential. If they are available from the resting potential

and fast enough, they can delay or inhibit the initiation of

an action potential in response to a depolarization from

rest. An "A" current can also lengthen the interval between

action potentials, if it is recruited by the

hyperpolarization that follows action potentials. Lastly,

if they inactivate slowly enough, they can play a role in

action potential repolarization.

1. FAST RECTIFICATION:

DELAYING THE INITIATION OF ACTION POTENTIALS

It has been demonstrated that by supplying a fast and

transient rectification, the "A" current can create a

latency between the onset of depolarization and the

initiation of an action potential mediated by voltage-gated

inward currents (Getting, 1983: Segal, Rogawski & Barker,

1984). With membrane depolarization, the "A" current

quickly activates, slowing the rate of depolarization and,

therefore, increasing the time required for the
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depolarization to reach threshold and initiate an action

potential.

Fulfilling a similar function, fast inward currents

have been described in crustacean coxal receptors which have

fast voltage-gated Na+ channels but do not fire action

potentials in physiological conditions (Hirolli, 1981).

Normally, the formation of action potentials is inhibited by

the fast hyperpolarizing current that is activated in

response to any depolarization, but if these fast K+

currents are blocked, action potentials can be elicited.

The role of "A" currents in controlling the rate or the

extent of the initial depolarization (i.e., the latency

period) depends on: 1) the kinetics of their activation and

2) the voltage-dependence of their inactivation. To provide

such a shunting depolarization, the channels mediating the

"A" current must activate at least as quickly, if not more

quickly, than the channels mediating the inward current. It

is also necessary that the channels mediating the "A"

current not be completely steady-state inactivated at the

resting potential, so that a significant portion of the

current is available. Indeed, in each of the systems where

the "A" current has been demonstrated to fulfill such a role

the current has a very fast T.ct (<1 ms in Mirolli, 1981: <5

ms in Getting, 1983: <5 ms in Segal, Rogawski & Barker,

1984) and the relationship between the cell's resting

potential and the V30 of inactivation predicts near 50%
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activation. Also, the extent of the delay that they create

will depend on the rate of their inactivation. As long as

the "A" current is activated, it will inhibit action

potential formation, but as it inactivates, the depolarizing

current will be unopposed (Segal, Rogawski & Barker, 1984).

Therefore, a more quickly inactivating "A" current will

delay the initiation of action potentials for only a short

period, while a more slowly inactivating current can provide

a longer delay.

2. AFTER-SPIKE RECTIFICATION:

LENGTHENING THE INTERSPIKE INTERVAL

It has also been demonstrated that the "A" current can

lengthen the duration of the interval between successive

action potentials (Getting, 1983: Segal, Rogawski & Barker,

1984). When the "A" current is active, the interspike

interval is longer: When the "A" current is inactive the

interspike interval is shorter.

The role of the "A" current in controlling the

interspike interval is again dependent on fast activation,

but is not as dependent on the voltage-dependence of

inactivation. This function does not require activation at

the resting potential, since the channels may be activated

by the hyperpolarization that often follows action

potentials. The speed, as well as the extent of activation,

is enhanced by the after-spike hyperpolarization, since the
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time constant of activation is faster from more

hyperpolarized potentials. Therefore, an "A" current that

may activate too slowly from the resting potential or may be

too inactivated at the resting potential to inhibit the

formation of an action potential in response to an initial

depolarization could still lengthen the interspike interval

because the hyperpolarization following the first action

potential would speed the activation kinetics and recruit a

greater portion of the current.

3. REPOLARIZATION AFTER ACTION POTENTIAL:

SNORTENING SPIKE DURATION

It has been demonstrated that the "A" current can play

a key role in mediating the repolarizing phase of an action

potential (Galvan & Sedlmeir, 1984: Giles & Van Ginneken,

1985). Although this function is typically assigned to

delayed rectifier currents, the selective blockade of the

"A" current in some cells results in a substantial

lengthening of the action potential.

The critical parameter in determining an "A" current's

ability to serve such a function is the time course of its

inactivation. For example, "A" currents with a Tin-¢t of 5

ms could not be involved in action potential repolarization

in a cell with an action potential 100 ms in duration. This

function has only been demonstrated in cells with relatively
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slowly inactivating "A" currents (11n_ctz100 ms in Galvan &

Sedlmeir, 1984: #100 ms in Giles & Van Ginneken, 1985).

B. CONSIDERATION OF THE FUNCTION OF THE "A" CURRENT IN THE

SCHISTOSOHE HUSCLE

This consideration of their function demonstrates why

"A" currents have typically been associated with

excitability and are thought of as a practically ubiquitous

feature of excitable cells--all of the demonstrated

functions of the "A" current are related to modulation of

action potentials. Until the presence or absence of

electrical excitability is confirmed in these fibers,

discussion of the function of the "A" current in the

schistosome muscle is only conjecture. However, a

consideration of the properties of the current might provide

some clues to its possible function.

The schistosome muscle "A" current is among the fastest

activating "A" currents with a I“,t in the 1 ms range,

certainly fast enough to provide significant fast

rectification under conditions in which the current is

activated. The fast rate of inactivation of this current

dictates that it could have little effect on the

repolarization phase of an action potential, unless that

action potential is atypically short for a smooth muscle

fiber.
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This consideration only takes into account the

functions of "A" currents that have actually been

demonstrated in various cells, all of which are associated

with excitability and only eliminates some of those

functions as unlikely on the basis of measured parameters of

the schistosome "A” current. It is certainly possible that

the "A" current in schistosome performs an as-yet-

undemonstrated function that may or may not be associated

with excitability.

1. RELATIONSHIP BETHEEN RESTING POTENTIAL AND V50:

THE ABILITY TO PROVIDE RECTIFICATION FROM THE

RESTING POTENTIAL

As mentioned, critical to the function of the "A"

current, or any current for that matter, is the normal

relationship between the resting potential of the cell and

the voltage-dependence of inactivation for the current.

This points out the fact that the resting potential of the

cell is important in determining how these inactivating

currents will function in the cell. There is evidence that

the resting potential of the schistosome muscle fibers in

situ may be in the -30 mV range. Studies on intact

schistosomes attribute a resting potential near -30 mV to

the muscle in situ (Bricker, Pax & Bennett, 1982), and these

studies of the isolated fibers yielded a potential of -22

mV. Further, many other invertebrate muscle types display

less drastic membrane potentials than typical neurons. In
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relationship to the membrane potential, the'V,o for

inactivation of the "A" current is near -50 mV. If the

resting membrane potential of these cells is really near -30

mV, then only a very small portion, less than 20%, of the

channels would be available for activation in a resting

situation.

It has been shown that divalent cations can affect some

of the voltage-dependent characteristics of "A" currents in

smooth muscle (Beech 8 Bolton, 1989a) and in neurons (Galvan

8 Sedlmeir, 1984: Numann, Wadmann 8 Wang, 1987), altering

the vgotof inactivation. These effects of divalent cations

are not attributable to a Ca3+- or divalent cation-

dependence of the current, since the current is still

present in the absence of all divalent cations and Cd2+ is

more efficacious at producing the effects than is Ca3+.

Instead, the alterations in the voltage—dependence of the

"A" currents are ascribed to the effect that divalent

cations can have on local surface potentials (Beech 8

Bolton, 1989a). Although I designed no experiments to

specifically investigate the effects of divalent cations on

the voltage-dependence of the "A" currents in schistosome

muscle, the presence of extracellular Ca2+ in physiological

ranges (0.4 to 4 mM) caused no measurable alteration in

voltage-dependence as compared to those in the absence of

Ca3+.
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The lack of divalent effects on the schistosome "A"

current can be explained by the relatively gentle lepe of

its voltage-dependency relationship (k for inactivation = 14

mV). It has been hypothesized that the stronger voltage-

dependence makes such currents more sensitive to alterations

in surface potentials caused by divalent cations (Beech 8

Bolton, 1989a). "A" currents generally show steep voltage

dependence, with typical inactivation k’s ranging between 4-

6 mV (Hagiwara, Yoshida 8 Yoshi, 1981: Galvan 8 Sedlmeir,

1984: Zbicz 8 Weight, 1985: Wu 8 Haugland, 1985), and only

the steepest of these have been demonstrated to be affected

in this way by divalent cations (Beech 8 Bolton, 1989a).

Delayed rectifier currents generally show more shallow

voltage-dependence, with typical inactivation k’s ranging

between 7-9 mV (Adrian, Chandler 8 Hodgkin, 1970: Cahalan et

a1., 1985: Gustin eted., 1986: Yamamoto, Hu 8 Kao, 1989:

Kotlikoff, 1990), with the steepest example being 6 mV

(Marchetti, Fremont 8 Brown, 1988). As predicted, the

voltage-dependent characteristics of delayed rectifiers have

never been shown to be affected by divalent cations and have

been shown in many instances to be unaffected (Beech 8

Bolton, 1989a: Mayer 8 Sugiyama, 1988).

If, in fact, the resting potential of these cells in

the animal is in the —30 mV range and physiologically

relevant concentrations of divalent cations do not affect

the voltage-dependence of the "A" current, the relative
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unavailability of the current from rest would not allow it

to play a significant role in fast rectification in response

to depolarizing currents from the resting potential. It

could not be expected to shunt or dampen the voltage

response to depolarizing current and control the initial

rate of depolarization (read, "interval to first action

potential" if, in fact, this cell discharges action

potentials). So, hyperpolarization from resting potential

would be required for significant availability of this "A"

current. As mentioned previously, such currents can be

recruited by the hyperpolarization following an action

potential and, so, lengthen the interval between spikes.

The time and voltage-dependent parameters of the schistosome

"A" current are such that it could fulfill this function.

However, since it is not clear if these muscles do, in fact,

fire any action potentials, it is untenable to speculate

that their function is such. Even if these fibers do not

fire action potentials, it is worthwhile to consider that

any stimulus causing activation of the delayed rectifier

channels would lead to hyperpolarization of the fiber and

increase the amount of "A" current available in the event of

any subsequent depolarization.
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2. RATE OF INACTIVATION:

THE ABILITY TO CONTROL SPIKE DURATION

The "A" current described here inactivates fairly

quickly with a Tm“,t in the 10 ms range. This means that

this current could only be involved in action potential

repolarization for a fairly fast action potential, certainly

not contributing much to repolarization of an action

potential lasting longer than 20 ms. Since the action

potentials of smooth muscle are typically much longer than

this, the fast inactivation of the schistosome "A" current

would make it very ineffective for the purpose of action

potential repolarization.



SUMARY

1) Individual frayed contractile fibers dispersed from

adult schistosomes have a resting membrane potential of z-22

mV.

2) The fibers display a marked time-dependent outward

rectification in response to injected current which is

attenuated by the replacement of intracellular K+ with Cs+.

Under these conditions, the fibers do not produce action

potentials in response to depolarizing current injections,

even if the outward rectification is blocked.

3) The fibers have at least two distinct voltage-

dependent K+ currents: a slow current which is in the

delayed rectifier class and a fast current which is in the

"A" class. The properties of these two currents are

summarized in Table 2 on page 73.

4) The fibers do not show any voltage-dependent inward

currents, even with the outward currents blocked, high

extracellular Ca2+ or Ba’+, hyperpolarizing prepulses and a

variety of intracellular additives.

5) Individual fibers contract in response to exposure

to high K+ if Ca2+ is present in the extracellular medium.

The K*-induced contractions are blocked by 10 DH

116
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nicardipine. This suggests the presence of voltage-gated

calcium channels in the fibers, despite the failure to

measure voltage-dependent inward currents with in voltage

clamp.



APPENDICES



APPENDIX I

PREPARATION OF DISPERSED MUSCLE FIBERS FROM THE SCHISTOSONE

The procedure for the preparation of dispersed muscle

fibers from schistosomes provided in the Materials and

Methods is actually the culmination of a fairly long

development process. Throughout the development of this

procedure, the parasites were the Puerto Rican strain of S;

mansgni, removed 45-60 days after infection from the portal

and mesenteric veins of Swiss Webster mice. Before papain

was discovered to be an effective enzyme for the procedure,

various combinations of collagenase, elastase, pronase,

dispase, trypsin and chymotrypsin were also tested, but they

yielded few intact cells.

The earliest version of the procedure which produced

intact, contractile fibers suitable for electrophysiological

studies primarily utilized the culture medium RPMI-1640

(Gibco, Grand Island, NY, USA), which had proven to be a

very suitable medium for the in vitro maintenance of the

whole worms. After removal from the host, 15-25 paired

adult parasites were placed directly into supplemented RPMI

(Table 4) at 37°C and allowed to incubate for 15 min. The

119
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worms were rinsed several times, placed on a glass slide and

chopped coarsely with a razor blade, approximately 40

strokes with the razor. The resultant pieces were incubated

for 15 min in the supplemented RPMI to which was added 0.1%

bovine serum albumin (BSA), at which point the medium was

drawn off and replaced with 5 ml of the same medium to which

had been added 6 mg/ml papain (Sigma Co.). This preparation

was incubated for 30 min, then gently drawn back and forth

through the tip of a Pasteur pipet approximately 20 times.

After settling had occurred, 4 ml of the supernatant

fraction was removed and replaced with 2 ml of the

supplemented RPMI with BSA but without papain, thus reducing

the papain concentration by %. This preparation was then

incubated for 90 min and then once again agitated by passage

through the tip of a pasteur pipet 20-40 times.

Approximately 100 pl of this suspension was placed in the

middle of the 500 pl culture dishes and given 15 min to

settle, at which point the dish was rinsed 10 times the dish

volume of supplemented RPMI. The plated cells were then

incubated in the supplemented RPMI at 37°C in an air

atmosphere until used, usually within 6 hr. This form of

the preparation yielded fibers that contracted reliably in

response to osmotic stimulus, but rather unreliably in

response to exposure to high extracellular K+.

A large reduction in the amount of papain and some

slight alterations in the same basic procedure yielded a
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larger number of dispersed fibers that were noticeably more

extended. The worms were picked and chopped as per the last

procedure, but the pieces were placed in 1 ml of the

supplemented RPMI to which had been added 0.1% BSA, 1 mM

EGTA, 1 mM EDTA and 2 mM DTT as well as 1 mg/ml papain,

pipetted 20 times then incubated at 37°C. At 15 min, this

incubation medium was drawn off and replaced with 1 m1 of

the same medium and the worm parts were passed back and

forth through a pasteur pipet 20 times, which usually caused

a fairly significant dispersion. After 15 more minutes at

37°C, the cells were pipetted again and the incubation

medium diluted 10 times with the same medium without papain.

This suspension was then plated like before and, after 15-30

min for attachment of the fibers, the cells were rinsed 10

times in supplemented RPMI with 2 mu DTT, which was used as

the culture medium.

The primary differences between the preparation yielded

from this procedure and the one listed before it were that

the resultant fibers were, on the average, longer and that

the preparation was cleaner in terms of the amount of non-

cellular or extracellular debris. In general, the

morphological classes of contractile fibers described above

were not altered, except that the frayed fibers and

crescents were often longer. As a result of the decreased

extracellular matrix, the fibers were generally easier to

work with in electrophysiological experiments. The fibers
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prepared in this manner displayed contractile responses like

those prepared with earlier procedures: consistent

contraction to osmotic stimulus, but apparently inconsistent

contraction to high K+ stimulus.

Eventually, it was discovered that the apparent high K+

contractions were, in fact, osmotically-induced. If the

[K+] outside of a cell is altered while the [Cl‘] remains

constant, the resultant alteration in the K+ X Cl‘ product

will result in ion and water fluxes across the cell membrane

which can cause cell swelling and be very analogous to

exposure of that cell to hypo-osmotic medium. In order to

independently assess the effect of depolarization without

fluxes of Cl‘ and water, it is necessary to keep the K+ X

Cl“ product constant in the control and the experimental

media. When the K+ X Cl‘ product was controlled, the fibers

no longer responded to the high K+ stimulation, suggesting

that the apparent high K+ responses had in fact been

osmotically-induced. None of the preparation procedures

using supplemented RPMI as the base medium yielded fibers

that contracted consistently to the high K+ stimulation when

the R X Cl product was controlled.

The next major modification in the procedure was the

substitution of a DMEM-based medium for the RPMI-based

medium. After a few other minor modifications, the

procedure yielded fibers that contracted regularly in
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response to high K+ stimulation with the K x Cl product

constant.

In this procedure, the one which is listed in the

Materials and Methods, the parasites were removed and

chopped in the same fashion as in the proceeding protocols,

except that these steps were carried out using an culture

medium of supplemented DMEM. After chopping, the pieces

were incubated with gentle agitation on a shaker table for

45 min at 37°C in the supplemented DMEM to which was added:

1 mM (EGTA), 1 mM (EDTA), 1 mM DTT, 0.1% BSA and 1 mg/ml

papain. After 45 min, the enzymatic medium was removed and

the worm pieces washed with three exchanges of enzyme-free

incubation medium and then incubated for an additional 10

min in the enzyme-free supplemented DMEM. The worm pieces,

still intact for the most part, were then broken up by

forcing them back and forth through the orifice of a pasteur

pipet 75 to 100 times. The resultant suspension was then

plated, allowed to settle and rinsed with supplemented DMEM

which was used as the incubation medium.

One of the focal differences of this procedure, besides

the substitution of DMEM for RPMI, is the fact that the worm

pieces are not pipetted, and therefore not substantially

broken up, until after the enzyme containing medium has been

replaced, when the incubation medium is relatively enzyme-

free. Theoretically, with this procedure the individual

dispersed fibers have a drastically reduced exposure to
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enzyme than with any previous method. This method yielded

fibers which were much like those from the RPMI-based

procedure in shape and size, but the fibers contracted

reliably in response to high K+ stimulation when the K+ X

Cl‘ product was controlled.

Tight-seal, whole-cell recordings have been made on

fibers with supplemented RPMI, supplemented DMEM, inorganic

versions of RPMI and DMEM, and several other variations of

each serving as the extracellular medium. The K+ currents

showed no detectable differences regardless of the

extracellular medium, and the lack of measurable inward

currents was also uniform in all of these extracellular

media, with all of these slightly varied dispersion

protocols.
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TABLE 4. Primary Media Used in various

Isolation Procedures.
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APPENDIX II

COMPARISON OF VOLTAGE-DEPENDENT K‘ CURRENT PROPERTIES

This appendix is built around two tables, each of which

furnish some of the quantitative properties of voltage-

dependent K+ currents: Table 5 details delayed rectifier

currents and Table 6 enumerates "A" currents. The tables

are not intended to be exhaustive, but they are intended to

supply examples from a fairly wide range of the animal

phyla. Further, the tables are not intended to be precise,

rather their purpose is to be accurate in depicting the

relative physiological characteristics. In many cases, the

data were not available to provide a complete entry for a

given cell type, but the presence of a cell type in the

table reflects that there is fairly conclusive evidence for

a current of this class in that cell type.

The values given are not precise values, but rather

indexes that strive to standardize for the varied conditions

as described below:

tau .is the standard concept of time constant (T).

The T's were rounded to values of 1 ms, 5 ms, 10
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ms, 50 ms, 100 ms, etc... All T’s are

standardized to approximate the expected value

at 250C, assuming a Q1° of 3. The various T's

are also intended to reflect the time constant

at a given test potential: 1) +50 mV for delayed

rectifier activation and inactivation, 2) +10 mV

for "A" activation and inactivation and 3) -50

mV for delayed rectifier relaxation. Although

these experiments may reflect the use of various

holding potentials, no compensation is made for

this variance.

is the threshold of activation.

is the voltage of half activation or half

inactivation as determined by a Boltzmann

distribution (see Equation 1).

is the slope factor for the voltage-dependence

of activation or inactivation as determined by

the Boltzmann distribution.

is the percentage of the delayed rectifier

current that does not inactivate.
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4-AP and TEA.Tare values reflecting the sensitivity of the

currents to these compounds. The value

represents the mM concentration of the compound

that produces a block of 40-60% of the current.

If the value is preceded by "NB" it represents

the highest concentration that was tested that

had no significant effect on the current.
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