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SUA/frLARY

Phenamil, an amiloride derivative, is 17 times more potent than the parent

compound in inhibiting epithelial type sodium channels in gut epithelia. Epithelial sodium

channel blockers have been found to relax smooth muscle. Phenamil is a potent relaxant

of smooth muscle strips. In contrast, it was found to be a cardiac stimulant in canine

ventricular trabeculae @C5s:59 plzf). Cardiac tissue does not contain epithelial type

sodium channels, hence the positive inotropy is due to the unmasking of other effects of

phenamil. A knowledge of these other effects will further elucidate the pharmacological

profile of phenamil. The mechanism of phenamil-induced positive inotropy was

determined through mechanical and eiectrophysiological studies in cardiac tissue from

dog, rat, and guinea pig. Phenamil produced a prolongation of the twitch duration, which

was accompanied by a prolongation of the action potential. The sarcoplasmic reticulum of

cardiac tissue may be compromized by the presence of cyclopiazoruc acid, which inhibits

calcium uptake into the longitudinal tubules, or ryanodine, which prevents calcium

accumulation into the transverse tubules. Positive inotropy by phenamil is not abolished

by compromising the sarcoplasmic reticuium hence calcium uptake, storage, or release

from the sarcoplasmic reticulum are not affected. In voltage clamp experiments, the

prolongation of the action potential was shown to be due to inhibition of the inwardly

rectifying potassium current. Neither of the calcium entry pathways through the



sarcolemma (calcium channels or sodium-calcium exchange) were significantly affected by

phenamil, however in biphasic experiments we found that positive inotropy is the result of

interference with a sarcolemmal event. The prolongation of the action potential occurrs

specifically during phase 3. During this stage the forward mode of sodium-calcium

exchange is driven by the membrane potential to remove calcium from the cytosol. It is

concluded that the inhibition of the inwardly rectifiTing potassium current by phenamil

results in depolarization of the terminal part of the action potential, thereby reducing the

driving force for the forward mode of sodium-calcium exchange. The reduced activity of

the sodium-calcium exchanger slows the extrusion of calcium from the cell at the end of

the action potential, slowing the twitch duration and causing a gradual development of

positive inotropy.
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HEPES 6-N-2-hydro4yethylpiperazine-N-2-ethanesulfonic acid



HP Holding potential

ICa, L-type calcium current

16 Outwardly rectifying potassium current

IK, Inwardly rectifying potassium current

Pl First phase of a biphasic contraction

P2 second phase ofa biphasic contraction

pH; cytosolic pH

p}lo pH of bathing medium

PRC Post-rest contraction(s)

RCC Rapid Cooling Contracture

RMP Resting membrane potential

SR Sarcoplasmic reticulum



Page I

INTRODUCTION

PREAMBLE

At the start of my research in Dr. Ratna Bose's laboratory my initial mission was to

assess the effectiveness of amiloride in relaxing tracheal smooth muscle (Guia and Bose,

1990) in an animal model of asthma (Kepron, et a|,7977). We showed that amiloride is

useful in reducing airway resistance in in vivo allergic reactions of the airway (Yu et al,

1993) and that it relaxes tracheal smooth muscle strips contracted with the antigen or with

histamine. At about the same time a long-term study commenced in North Carolina based

on work done by Knowles and coworkers (V/altner et al, 1987; Henkin, 1990; Gallo,

1990; Knowles et al, 1990). The studies were quite promising with the finding that in

children with cystic fibrosis the amiloride-induced inhibition of sodium channels in the lung

epithelium will also prevent the accumulation of chtoride from the lung fluids. This results

in an osmotic dilution of the lung fluids so that these can be more easily mobilized

resulting in reduced airway blockade (Collins, 1992). In future, amiloride or a mixture

containing amiloride may prove to be a valuable agent for the therapy of cystic fibrosis,

and its smooth muscle relaxant effect may prove to be useful in the management of

obstructivã lung disorders.
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Amiloride affects many cell membrane events including several ion channels, and

some intracellular enzymes (as reviewed in Kleyman and Cragoe, 1988). Phenamil is

relatively more potent and specific than amiloride for inhibiting the epithelial sodium

channels. This indicates that phenamil may be better than amiloride in reducing airway

resistance and in mobilizing lung fluids. This knowledge and the experiments ongoing in

the laboratory led to my interest in phenamil.

The potency of phenamil for inhibiting epithelial-type sodium channels makes it

difficult to study the pharmacological profile of this drug in tissues that contain this type of

channel. Adult cardiac muscle contains many channels that are found in smooth muscle

and in endothelium. However it has not been shown to express epithelial type sodium

channels. In order to address the specificity of phenamil and further elucidate its

pharmacological profile, I chose to work with cardiac tissue in the hope to unmask any

other effect(s) of phenamil, unrelated to inhibition of sodium channels. Interestingly, I

found that in spite of it being a potent smooth muscle relaxant, in cardiac tissue it is a

positive inotrope. This initiated the work to be presented in this thesis.

AMILORIDE

Amiloride is used clinically as a mild, potassium-sparing diuretic (Weiner and

Mudge, 1985). Inhibition of epithelial-type sodium channels has been observed in the

various tissues, for example: amphibian epithelium, human and rabbit kidneys, toad and

turtle urinary bladder (reviewed in Benos, 1982; Benos, 1988). The pharmacological
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profiles of this drug and many of its analogs were extensively studied in the 1980's. In

addition to sodium channels, amiloride has been shown to also inhibit a variety of other

cell membrane-linked processes, namely sodium-calcium exchange, sodium-hydrogen

exchange, calcium channels, sodium pump, and potassium channels. This variety of

processes modulated by amiloride reduces its usefulness as a pharmacological tool when

the objective is to use it as a specific compound to inhibit a sodium-dependent process.

TTTc ¿N¿T,oGS .A,ND TIIEIR SELECTTyITY

Considering the obvious overlap of the effects of amiloride on various membrane

events, it is preferable to use the more selective analogs of amiloride as tools for the study

of specific membrane events. The relative specificities of the derivatives on membrane

ionic channels and other cellular events are reviewed in detail by Kleyman and Cragoe

(1988). The majority of the amiloride derivatives can be divided roughly into th¡ee

categories: sodium channel blockers, sodium-calcium exchanger blockers, and sodium-

hydrogen exchanger blockers. The more specific derivatives in each of these categories

are: phenamil for inhibiting sodium channels, 5-(4-chlorobenzyl)-2',4'-dimethylbenzamil

(CBDMB) for inhibiting sodium-calcium exchange, and 5-(1.{-ethyl-N-isopropyl)-amiloride

(EPA) or 5-Q'{-methyl-N-guanidocarbonylmethyl)amiloride (N,IGCMA) for inhibiting

sodium-hydrogen exchange. The more commonly used compounds are listed in table 1

with their specificities for'the three processes. This table is limited to only these th¡ee

classes of action and intentionally does not attempt to include all possible effects of these

compounds since they are not the main focus of this study.
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Drug Na-H exchange Na-Ca exchange Na channels

Amiloride 83.8 I 100 0.34

Phenamil >500 >4003 o.02ot'2

CBDMB >500 't.3 >400

DCB >400 29 0.085

HMA 0. t6 100 >400

EIPA 0.054.38 130 >400

MGCMA 1.35 1600 >400

Table 1: K¿for analogs of amìlorìdè

Data expressed in ¡r.M, extracted from tKleyman 
and Cragoe, 1988, ztrmstrong 

et al,

1992;3Erelin et al, 7988.

The sodium-hydrogen exchange inhibitors have better selectivity for the sodium-

hydrogen exchanger than for the other two transport processes. Many studies have used

and continue to use 3',4'-dichlorobenzamil (DCB) to inhibit sodium-calcium exchange

(e.g.: Harrison and Lancaster, 1gg4). Unfortunately this compound is a better inhibitor of

sodium channels (50% inhibition with 29 ¡tMfor sodium-calcium exchange, and 0.085 ¡rM

for sodium channels, Kleyman and Cragoe, 1988). In cardiac tissue it has also been shown

to interfere with SR calcium ATP-ase, sodium pump, cAMp-dependent

phosphodiesterase, voltage-gated calcium channels, and mitochondrial oxidative

phosphorylation in the same or lower concentration range as that which inhibits sodium-

calcium exchange (Floreani et al, 7987; Bielefeld et al, 1986). Its isomer, 2',4'-dichloro-
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benzamil, different only in the position of the chlorine atoms, is a more potent inhibitor of

sodium-calcium exchange (12 pM for sodium-calcium exchange, and 0.136 pM for

sodium channels) than DCB. It also has a greater affinity for sodium channels. Several

compounds that are potent inhibitors of sodium-calcium exchange are more specific for

sodium channel inhibition. CBDMB is chemically similar to DCB but with an aryl group

on the pyrazine ring, conferring specificity for inhibiting the sodium-calcium exchanger.

This indicates a role of the charged guanyl nitrogen in the inhibition of sodium channels

(see figure 4). In fact it is believed that the charged portion of the molecule is involved in

the inhibition of channels by inserting into a sodium binding site (Cuthbert and Shum,

1976; Rossier et al, 1994). On the other hand, phenamil is much more potent than

amiloride in inhibiting sodium channels, yet it is very hydrophobic at physiological pH,

implying that the charged form of the molecule is not necessary for inhibiting sodium

channels. It has also been proposed that amiloride acts at an allosteric site on the channel

@enos, 1982).

Phenamil is a lipophilic amiloride derivative which is a very potent and selective

sodium channel blocker in epithelial cells. Since phenamil blocks epithelial sodium

channels in the nanomolar range, it has proven useful in the isolation and purification of

renal epithelial-type sodium channels @enos et al,1986; Benos et al, l9ï7;Barbry et al,

1990; Frelin et al, 1983). The potency of phenamil for inhibiting sodium channels has

been misquoted a few times in the literature (3 nM, Raijman et al,1992;86 nM, Schiffinan

et al, 1990). Concentrations in the range of 20 to 30 nM phenamil produce 50%

inhibition of the epithelial type sodium channels (Vigne et al, l9B9). Although binding
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studies in thyroid cells show 50% specific binding by phenamil with 20 nM (Yerner et al,

1989), in other cell types specific binding studies have shown binding to membrane

proteins that are not sodium dependent (Goldstein et al,1993). This sodium independent

protein is believed to be diamine oxidase (Lingueglia et al,1993; Chassande et al, 1994).

Functional studies have shown that phenamil inhibits diamine oxidase in kidney epithelium

at simiiar concentrations to those required for inhibiting epithelial sodium channels (Kd :

47 nM Novotny et al,1994). This same study also showed inhibition of diamine oxidase

by amiloride (Kd : 5.1 ¡rM), and by EIPA (Kd : 1.75 ¡rltQ. These concentrations do not

correlate with the concentrations required for inhibiting epithelial type sodium chan¡els,

hence inhibition of diamine oxidase by phenamil is independent of sodium channel

inhibition. Much higher concentrations of phenamil are required to inhibit cardiac or

epithelial sodium-hydrogen and sodium-calcium exchangers (K1>500 pM and

KI:200 pM, respectively; reviewed in Kleyman and cragoe, 1988). As compared to

amiloride, phenamil is 17 times more potent in blocking sodium channels in the epithelium

(Kleyman and Cragoe, 1988). Since phenamil is a potent blocker of slow sodium

channels, it's effects on other membrane channels may be masked in tissues containing

slow sodium channels.

EPITH ELIAL-TYP E SO D I UM C H AN N ELS

Epithelial-type sodium

1992; Horisberger et al, 1993;

channels (reviewed in Smith and Benos, l99l; Palmer,

Ga.ty, 1994) have voltage-independent gating. These are
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receptor-operated channels (e.g., controlled by aldosterone, vasopressirq cAMP, ANP,

G-proteins, protein kinase C, sodium, calcium, pH¡, etc.) that allow passage of small

monovalent cations çNa*, Li*, K*, If). The relative permeabilities of sodium and

potassium depend on the tissue and species and can vary from 2 to 19 times greater

permeability for sodium than for potassium ions. The channel density and distribution on

the cell membrane also depends on tissue type and species, ranging from 130 to 400

sites/¡rm2. The distribution or density can vary within a cell or within a tissue (e.g.: renal

cells have more sodium chan¡els on the apical cell membrane, and it is believed that many

cells in lung epithelium have very low channel densities while others within the same tissue

have high channel densities).

These ion channels were originally separated into two groups: high affinity

amiloride-sensitive sodium channels, and low afünity amiloride-sensitive sodium channels.

High afünity sodium channels are inhibited by less than I ¡rM amiloride but are not

inhibited by EIPA, The high affinity epithelial sodium channel has been isolated from a

toad kidney cell line revealing a 700 KD heteromultimeric protein (Sariban-Sohraby and

Benos, 1986; Oh and Benos, 1993; Benos et aI, 1987). Covalent bonds of this protein

were reduced to produce 5 proteins with molecular weights of 315, 150, 95, 71, 55, and

40KD @enos et al, 1987). The 150KD protein appears to be sufficient for sodium

transport. The 95KD segment is believed to be linked to a G-protein and the T1KD

segment contains the aldosterone receptor. The three larger segments are glycosylated.

The three smaller segments are believed to be proteolytic products (71 and 55KD from the

150IO segment, and 40KD from the 95KD segment). Single channel conductance for
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these channels varies from 4pS to 28pS. Highly sodium-selective channels have lower

single channel conductance (reviewed in Rossier et al,1994).

A high affinity sodium channel has recently been sequenced. The channel's

sequence reveals that the epithelial sodium channels form part of a gene superfamily that

includes other monovalent cation channels such as the P2ç receptor, channels involved in

mechanosensitivity and neurodegeneration in C. elegans, voltage-gated potassium

channels, epithelial K channels, inwardly rectifying potassium channels (N4B-IRKl,

MB-IRK2), and cyclic nucleotide-gated cation channels (Ashford et al, 1994; Driscoll,

1992;Takahashie¡ aL,7994;valera etal,1994;Wible etal,1995;Zhouetal,1994). The

channel is a polymer of three units: s (79KD, canessa et al, 1993), B (72KD), and y

(75IO) @ossier et al, 7994). The subunits share 35% homology and span the plasma

membrane twice with both terminals in the cytoplasmic side (see figure 1). The s subunit

is glycosyiated at 4 to 6 sites on the large (400 residues) extracellular loop. Due to

homology between subunits, it is likely that the other two subunits are glycosylated

similarly.

Amiloride has been shown to inhibit sodium-permitting channels that are activated

by glutamate in neurons under certain diseased states and thereby reduce the amount of

calcium entering through sodium-calcium exchange (Guiramand et al, I99l; Stys et al,

1991). It is possible that these non-specific cation channels may be of the Pzx type as has

been shown in pheochromocytoma PCI? cells @rake et al, lgg4), rat vas deferens
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(Valera et al,1994) and other cell types. These are high affinity amiloride-binding sodium

channels.

Low amiloride-binding affinity sodium channels are inhibited by 6 to l0 pM

amiloride. Barbry et al (1989; 1990) have found two phenamil binding sites in renal

epithelium, at least one of which was a sodium channel. Unfortunately what they thought

was the low affinity sodium channel (a 180KD protein made of two subunits of

90-105KD) was likely to be diamine oxidase (Lingueglia et al, 7993; Novotny et al, 1994;

Chassande et al, 1994). Another low affinity sodium channel has been described in lung

epithelium (Garty and Benos, i988) which may be the channel inhibited in the therapy of

cystic fibrosis (Collins, 1992). It is possible that this low affinity channel is a subset of the

high affinity channels described above, with the lower affinity being due to different

isoforms of the ü, B, or y subunits. An epithelial-like sodium channel with very low

amiloride afünity has been described in rat aortic cells (Van Renterghem and Lazdunski,

1991). This channel is sensitive to higher concentrations of phenamil (greater than

10 pM). Single channel measurements revealed an open state conductance of 10.7pS with

a selectivity 11 times greater for sodium than for potassium ions. A channel with similar

properties was found in rabbit renal proximal convoluteci tubules (Goegelein and Greger,

1986). It is expected therefore that smooth muscle also contains sodium channels which

fall into the family of epithelial-type sodium channels.
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SivroornMUScLE

Amiloride itself has attracted much attention as a sodium-hydrogen antiport

blocker and a sodium channel blocker. Sodium is important in excitation-contraction

coupling in smooth muscle @rading et al, 1980, Bose et al, L989). The usefulness of

amiloride as a smooth muscle relaxant of airway smooth muscle (Souhrada et al, Lggg;

Krampetz and Bose, 1988) and other smooth muscle preparations has been demonstrated

(Akhtar-Khavan et al,198l). Krampetz and Bose (1988) described the biphasic nature of

smooth muscle relaxation produced by amiloride when the log of the effect was plotted as

a function of time. The rapid phase of the amiloride-induced relaxation is due to inhibition

of sodium-hydrogen exchange, and the slower component is due to inhibition of sodium

channels (I(rampetz and Bose, 1988). Phenamil has proven to be a potent smooth muscle

relaxant showing only one phase of relaxation in the same range of concentrations that

block epithelial sodium channels (Yu et al, 1989). The relaxant effects in smooth muscle

are greater with analogs possessing an epithelial sodium channel inhibitory property.

Phenamil and amiloride both produce relaxation of smooth muscle and reduce sodium

uptake into smooth muscle cells, whereas neither MGCMA

significant relaxation, nor significantly reduced sodium uptake

cells (Yu et al,1993).

nor

into

CBDMB produced

the smooth muscle

The relaxant properties of amiloride on the tracheal smooth muscle and, implicitly,

on the smooth muscle of the respiratory system has aroused the possibility that amiloride

could be used in the treatment of not only cystic fibrosis (Waltner et al, l9B7; Collins,

1992), but also of asthma, or other obstructive pulmonary diseases. A few of the major
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complications associated with asthma include airway smooth muscle hyperexcitability,

excessive mucus production, tissue thickening, and acidosis (Iafrate, el dl, 1986).

Smooth muscle hyperexcitability is due to histamine-induced contraction of the smooth

muscle and antigen-induced contraction of sensitized muscle. The thick mucus produced

is difficult to be mobilized by the airway and results in an accumulation which eventually

produces plugs that can block the small airways.

It has been shown that amiloride effectively relaxes ainvay smooth muscle in vitro

using carbachol (figure 2A; Guia and Bose, 1990) or other smooth muscle stimulants

(Figure 28; Krampetzand Bose, 1988; Souhradaet al, r9B8;yu et al, 1993; pinon and

Fabre, 1985) as well as in vivo using carbachol (Krampetz and Bose, Ig87), ragweed

antigen (figure 2C; Yu et al, 1993), or ovalbumin antigen (Souhrada et al, 1988).

Ragweed-sensitized dogs are similar to humans during anaphylactic response i.e. the

response in airway smooth muscle is mediated by IgE (Ishizaka, 1976; Kepron et al,

1977). By inhibiting sodium channels (Haddy et al, 1985; Krampetz and Bose, 1988;

Souh¡ada and Souhrada, 1988, Yu et al,l99O), it is likely to cause calcium to be extruded

by indirectly enhancing forward mode or decreasing reverse mode of sodium-calcium

exchange. Pinon and Fabre (1985) have proposed that reverse sodium-calcium exchange

is inhibited by amiloride. In addition, in other tissues sodium is required for the

production of IP¡ (Kimura et al, 1,994, Guiramand et al, i99i), hence it is likely that the

relaxation of smooth muscle is due to an increase in forward mode of the exchanger, as

well as a decrease in IP3 production.
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Figure 2
The relaxant effect of amiloride on smooth muscle. A. Typical in vitro tension-time
traces 9f f gM.cqbachol-contracted canine tacheal smooth-muscle showing relaxation
þy gi.loride_(10.to 100+M).(.adapte¡ from Krampetz,I.: PhD Thesis, Uãiversity of
Manitoba,. Winnipeg, Canada). Traces are aiigned so as to illustrate the
concentration-dependence of amiloride-induced relaxãtion. B. In vitro time-tension
gYrv_e-showing.relaxation of ragweed (?lpglnl) antigen-contacted smooth muscle by
S.Oe,.Y amiloride pretreatment. Amiloride was addeã 5 minutes before the ragweeä
challenge^. Amiloride did not change the resting tension upon addition. Tissue was
isolated.from.ragweed-sensitized_dogs, or passivðly sensitìzeï with blood plasma from
ragweed-sensitized dogs (from .Y" çt al, iSSl¡. t. In vivo time-response curve of
measurements of ragweed-sensi{zed canine ventilated airway resistance in response to
an insult with ragweed antigen. Data shown for ragweed chaÍlenge to untreated'controls
33d to do_g^s^pretreated with a nebulized form of amiloride (10pM for 5 minutes) (from
Yu et a|,1993).
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Epithelium has been shown to be a potent modifier of the smooth muscle

contraction, especially in the upper respiratory tract (Farmer et al, i986; Vanhoutte,

1989). Although the in vitro traces shown in figure 2A are from tissues with the

epithelium removed, the relaxant effect of amiloride was found to be unmodified by the

epithelium (Guia and Bose, i990). The involvement of epithelium-derived factors in the

contraction of smooth muscle may only be of any concern in the larger airways and would

be negligible in the smaller airways (Stuart-Smith and Vanhoutte, 1987). Amiloride

proved to be effective in decreasing mucus viscosity and mobilizing urway fluid by

blocking excess salt (sodium) uptake through the epithelium in patients with cystic

fibrosis. It allows a build-up of sodium, and chloride, its counterion, in the airway fluid

(Waltner et al, 1987). This allows cilliary action and coughing responses to clear the

airways because of the thinning of the secretion.

Amiloride will therefore alleviate at least two of the complications of asthma:

smooth muscle hyperexcitability, and the airway lumen blockade due to thick mucus

production. Amiloride was found to have a long lasting effect in isolated tissues,

eventually bringing about a complete relaxation of canine tracheal smooth muscle for as

long as it was present in the bathing solution (Guia and Bose, 1990). In vivo, amiloride

was observed to be active in the dog for up to four hours. In contrast, the relaxant

potency of salbutamol, a common anti-asthmatic agent, slowly declined in vitro so that no

relaxation was seen after 15 to 40 minutes. Maximum relaxation in vitro occurred in less

than 10 minutes after the addition of salbutamol and rezulted in only a 35Yo decrease in

maximum tension (60 pM). This degree of relaxation was achieved by the same
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concentration of amiloride in only five minutes, and a TOyo decrease in tension was

observed aft"er 20 minutes exposure to amiloride (Guia and Bose, 1990). Due to down-

regulation of beta receptors by salbutamol, multiple applications of the drug are not

feasible. Amiloride does not down-regulate its receptors. Furthermore, salbutamol does

not increase fluid motion in the airways (Robinson et aL,1989). These facts further favor

the use of phenamil for the treatment of asthma due to it's inhibitory properties on the

epithelial-type sodium channels.

Phenamil is 17 times more potent than amiloride at inhibiting the epithelial-type

sodium channels, but only 5.5 times more potent than amiloride at inhibiting sodium-

calcium exchange. It has no effect on sodium-hydrogen exchange (Frelin et al, l98B;

Kleyman and Cragoe, 1988; Bridges et al, 1989; Barbry et al, l99o). In smooth muscle

and gut epithelia, phenamil blocks sodium and calcium entry (Ki<50 nM Yoilley et al,

1994; Bridges et a|,1989; Barbry et al, L99o;Yu et al,1989) and is a very potent smooth

muscle relaxant (Yu et al, 1993). This may make it a better candidate for the therapy of

cystic fibrosis, asthma, or COPD.

ETTTcT oF PIIENAMIL oN sMooTH MUSCLE

Phenamil has been used as a tool to inhibit voltage independent sodium channels in

bacilli bacteria (Atsumi et al, 1990), where it was shown to have more specificity for all

slow sodium channels than amiloride, to various mammalian tissues including white blood

cells (Kraut et al, 1993; de Moraes, 1993), intestinal epithelium (Sellin and Dubinsþ,

1994), human colonic membrane vesicles @udeja et al, lgg4), thyroid epithelium
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(Armstrong et al, 7992;Yap et ã1, 7993), renal tubules (Merot et al, l9B9;Parenti et al,

1992; Barbry et al, 1990), vascular smooth muscle (Van Renterghem and Lazdunski,

1991), vascular endothelium (Vigne et al, L989), tongue epithelium (Schiftnan et al,

1990), etc.

Phenamil produces fast and complete relaxation of tracheal smooth muscle more

potently than that observed with amiloride (figure 3; Yu et al, 1993). Phenamil also

impairs sodium uptake from airway fluids (O'Brodovich et al, 1997) therefore it would be

expected to liquefy the airway mucus and alleviate the symptoms of cystic fibrosis by the

same mechanism as amiloride (Collins, 1992). The mechanism by which phenamil

produces relaxation of smooth muscle is by inhibition of sodium channels (Van

Renterghem and Lazdunski, 1991; Yu et al;1989;Yu et al,1993).

The relative benefits of the use of phenamil in place of amiloride in a clinical

situation seem convincing. It is known that phenamil inhibits epithelial-type sodium

channels in systems that contain such channels, and in those systems, the sodium channel

inhibition is the dominant role of phenamil, masking any other effects it may have. Aside

from inhibition of sodium channels, little else is known about phenamil. In order to

elucidate other pharmacological effects of phenamil on membrane ionic events, and on cell

function, it must be tested in tissues that do not contain epithelial-type sodium channels.
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The relaxant effect of phenamil on isolated smooth muscle. A. Typical tension-time
traces of l¡rM carbachol-contracted canine tacheal smooth muscle'siro*ing relaxation
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EFFECTS ON CARDIAC MUSCLE

The tetrodotoxin-insensitive slow sodium channels, which are found in epithelial

and smooth muscle tissues, are believed not to be present in measurable amounts in

healthy adult cardiac tissue, which has tetrodotoxin-sensitive fast sodium channels

(R.euter, 1979; Colatsþ, 1980; Fozzard et al, 1985). A study of the effects of phenamil

on cardiac tissue will therefore unmask any other effects that phenamil may have on cell

function and will provide valuable information towards elucidating the pharmacological

profiie of phenamil.

Amiloride has been shown to produce either positive inotropy or negative inotropy

(Yamashita et al, L98I; Duff et al, 1991; Brown et al, 7991) or both in guinea pig tissue

(Pousti and Khoyi, 1979; Kennedy et al, L9B6; Cargnelli et al,l9B9). The appearance of

both positive inotropy and negative inotropy in guinea pig heart was linked to the

stimulation rate (Pousti and Khoyi,1979). Amiloride inhibits sodium-calcium exchange in

guinea pig and beef cardiac membrane vesicles (Siegl et al, 1984). Inotropy by amiloride

and its analogs has been proposed to be due to inhibition of sodium-calcium exchange in

guinea pig tissue (Floreani and Luciani,1984; Altschuld et al,1984; Cargnelli et al, l9B9).

This conclusion appears to be supported by data in rat ventricular tissue @rown et al,

1991). Micromolar concentrations of amiloride are required to produce positive inotropy,

however inhibition of sodium-calcium exchange is only achieved with much higher

concentrations of amiloride (>0.35 mM; Siegl et al, 1984: Floreani and Luciani, I9B4;

smith et al, 1982) or more (Ki:1.0 mM; Kleyman and cragoe, 19gg), and at these
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concentrations a number of other processes are also inhibited by amilorid e @relin et al,

1984; Kleyman and Cragoe, 19S8). Several derivatives of amiloride have been shown to

produce positive inotropy in cardiac tissue (Floreani et al, 1987; Brown et al, l99l; Siegl

et al,1984). Negative chronotropy has also been associated with inhibition of the sodium-

calcium exchanger @rown et al, l99I; Satoh and Hashimoto, 1986; Yamashita et al,

i e8 1).

In rat right ventricular papillary muscle, both amiloride and EIPA produced

negative inotropy whereas derivatives more specific for inhibition of sodium-calcium

exchange produced positive inotropy @rown et al, 1991). EIPA is relatively specific for

inhibition of sodium-hydrogen exchange. Amiloride inhibits sodium-hydrogen exchange ar

much lower concentrations @Cso:83 to 87 ¡rM, Kleyman and Cragoe, 1988) than those

that inhibit sodium-calcium exchange. The rank order of potency of amiloride and its

derivatives for producing positive inotropy in rat ventricular papillae does not match their

rank order of potency for inhibiting the sodium-calcium exchanger @rown et al, l99l;

Kleyman and Cragoe, 1988). The direct inhibition of this exchanger does not offer a good

explanation for the inotropic effects of amiloride.

Calcium channel inhibition by amiloride has been demonstrated for L-type calcium

channels in rabbit SA node (87 frM; Satoh and Hashimoto, 1986). Derivatives that inhibit

sodium-calcium exchange also inhibit L-type calcium channels in cardiac tissue (5 pM;

Bielefeld et al,1986). Amiloride blocks low threshold T-type calcium channels in mouse

neuroblastoma cells and chick dorsal root ganglion (30 ¡rM, Tang et al, 1988) and in
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cardiac tissue (Tytgat et al, 1990). However, its usefulness as a pharmacological tool to

study these channels has been limited due to other effects of amiloride on cell membrane

proteins, and due to the small currents elicited by these channels. T-type calcium channels

'were recorded with high calcium and low sodium concentrations in the extracellular

solutions and were not inhibited by lidocaine or by tetrodotoxin. These channels are

inhibited by nickel and amiloride whereas the tetrodotoxin-sensitive sodium channels are

not inhibited by nickel, or by lower concentrations of amiloride (<1 mNd). Garcta et al

(1990) generalized that inhibition of calcium channels by amiloride and its derivatives is

related to the hydrophobicity of the compounds. Inhibition of calcium channels cannot be

a predominant effect of amiloride or of derivatives which produce positive inotropy in

cardiac tissue.

Inhibition of the sodium pump results in elevated cytosolic sodium levels. These

elevated levels of sodium can reduce or even reverse sodium-calcium exchange in cardiac

tissue, resulting in positive inotropy and eventual tissue damage (Lazdunski et al, 1985).

The sodium pump in guinea pig left atria and ventricular papillary muscle is inhibited only

with high concentrations of amiloride (0.3 mM to 2 mM; Kennedy et al, 19g6, 6 mM;

Floreani et al, 1987) and derivatives specific for inhibiting sodium-calcium exchange

(68 ¡rM DCB; Floreani et al, 1987). In other tissues as well, high concentrations of

amiloride are required to observe inhibition of the sodium pump (Soltoff and Mandel,

1983). It has long been known that amiloride protects the heart from anhythmias brought

about by sodium pump inhibitors (Seller et aL,1975; Waldorffet al,l9ïl;Rabkin, l9B9).

It appears therefore that inhibition of the sodium pump is not responsible for positive
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inotropy otherwise this effect \¡iould be additive with the effects of sodium pump inhibitors

and would promote anhythmias.

Inhibition of potassium channels can slow the repolarization process and

secondarily enhance calcium entry into the myocytes. Amiloride has been shown to inhibit

16 in rabbit SA node (Satoh and Hashimoto, 1986) and possibly 16, in human ventricles

@uffel al, 1997). The conclusion that I¡¡, was inhibited in human tissue was made from

its antiarrhythmic actions and is yet unclear. Inhibition of 16 has also been observed in

frog right atria using a derivative of amiloride that is specific for inhibition of sodium-

calcium exchange @ielefeld et al, 7986). Aithough not entirely carried by potassium, the

potassium portion of I1o that is sensitive to 4AP is enhanced by another amiloride

derivative. Tedisamil slows the inactivation of I1o, thereby prolonging and promoting I¿o

(30 ¡rM; Dukes and Morad, 1989). Inhibition of I1s results in positive inotropy, therefore

potentiation of I1o would likely result in negative inotropy. The potentiation of I1o may

not be considered a dominant effect of amiloride and its derivatives in cardiac tissue.

PH¡ directly affects the force of contraction by interaction of H+ with binding sites

for calcium on troponin C (Fabiato and Fabiato,7978; Orchard and Kentish, 1990) and by

more indirect effects such as on SR calcium release sites (Rousseau and Pinkos, i990),

potassium channels (I{arvey and Ten Eick, 1989b), calcium channels (kisawa and Sato,

1986), and other mechanisms (Kaila et al, 1987; orchard and Kentisl4 1990). The

relationship between pH¡ and cell or muscle contraction has been described in detail
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elsewhere (Macleod and Harding, 1991; Vaughan-Jones el at, 1987). Activation of

sodium-hydrogen exchange could alkalinize the cytosol and produce positive inotropy.

Ernpcr oF AMTLoRIDE ANALocs oN posr-rscnEMrc coNTRAcrrLE DysFuNcrroN

Ischemia involves many simultaneous events (IIearse, 1988), one of which is cytosolic

acidosis resulting from the hydrolysis of high energy phosphates and anaerobic glycolysis

during ischemia (Lazdunski et al, 7985;Karmazyn,198B; Meng and pierce, l99O). Upon

reperfusion the extracellular pH increases, thereby increasing the driving force for the

sodium-hydrogen exchanger. Lazdunski et al (1985) proposed that ischemia-reperfusion

damage was due to calcium overload resulting from enhanced sodium-calcium exchange

activity in response to a cytosolic sodium overload. The sodium overload was proposed

to be due to the activity of sodium-hydrogen exchange (Lazdunski et al l9B5; Karmaø¡n,

1988; Meng and Pierce, 1990). Thirtyminutes of in vitt'o ischemia, by stopped flow,

sufüces to produce damage during reperfusion (Cobbe and Poole-Wilson, 1980;

Karmazyn, i988). Amiloride was found to protect the heart from post-ischemic

reperfusion-induced damage (Iftrmaz¡m, 1988; Meng and Pierce, 1990), thus interpreted

as inhibiting sodium-hydrogen exchange.

Sodium levels were found to increase during acidosis @ielen et al, 1990; Kaila and

Vaughan-Jones, 1987), due to the activity of sodium-hydrogen exchange. Manipulation of

the cytosolic pH alone should therefore produce tissue damage similar to that produced by

ischemia. Simulated metabolic acidosis, with lactic acid, has been shown to histologically

damage endocardium and cardiac cells in multicellular preparations (Carter and Gavirq

1989). Simulated respiratory acidosis, with COr, did not result in myocardial damage

upon restoration of pHo (Cobbe and Poole-Wilson, 1980). The sodium-hydrogen

exchanger was also found not to contribute to increased cytosolic calcium concentrations
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in single cells (I{ayasltt et al, 1992) nor to play a role in low-flow ischemic conditions

since more specific inhibition of the exchanger did not alter pH¡ during the ischemia (Imai

et al, 1991). It therefore appears that sodium-hydrogen exchange does not directly

contribute to tissue damage under low-flow ischemic conditions. The driving force for the

sodium-hydrogen exchanger is reduced by the increased extracellular H+ during

acidification, hence the sodium-hydrogen exchanger is not a significant contributor to the

increased sodium levels during acidification (Imai et al, l99l). Sodium loading through

the exchanger will therefore only occur during reperfusion (Karmazyn, 1988; Meng and

Pierce, 1990; Vaughan-Jones and Wu, 1990). Amiloride and some of its analogs are

cardioprotective only if present during reperfi.rsion (Meng and Pierce, 1990). However

since acidification alone is not sufficient to produce ischemic damage (Imai et al, 1997;

Kohmoto et al, 7990; Mohabir et al, l99l), it seems more likely that amiloride has some

other effects that are protective for the tissue. Further, many of the studies showing

cardioprotective effects of amiloride have used higher concentrations than those required

to inhibit sodium-hydrogen exchange (Murphy et al,l99l).

Both amiloride and EP,\ a sodium-hydrogen exchange specific blocker, slowed the

sodium accumulation in the perfused hearts during hypoxia and removal of KCI (Anderson

et al, 1990). Unfortunately Anders on et al (1990) did not show an increase in c¡osolic

sodium during restoration of potassium and normoxia but instead showed a decrease in

cytosolic calcium upon restoration of potassium to the perfusate and during removal of

acidosis. In spite of the slowed sodium accumulation during hypoxi4 a recent study

showed that amiloride protects the heart from post-ischemic reperfi.rsion damage to the

contractile function, but EIPA does not (Hanison and Lancaster, 1994). Amiloride also

inhibits sodium-calcium exchange in the millimolar concentrations used to prevent post-

ischemic contractile dysfunction. Other sodium-calcium exchange blockers prevent

reperfusion-induced damage (Flarrison and Lancaster, 1994). These data suggest some
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mechanism other than sodium-hydrogen exchange and hence it is difficult to implicate the

sodium-hydrogen exchanger for explaining the increase in cytosolic calcium during

acidosis (Orchard and Kentish, i990).

Increased calcium results in further cytosolic acidification (Kaila et al, L9B7) and in

cell damage (Lazdunski et al,1985). Excess cytosolic calcium increases ATp hydrolysis.

With limited substrate, such as during ischemia or hypoxi4 ATP hydrolysis causes further

intracellular acidification (Cobbe and Poole-Wilson, 1980). It is possible therefore that

cytosolic acidification is a product of elevated cytosolic calcium levels. Increased ATp

hydrolysis produces adenosine and other byproducts. Metabolism of adenosine involves

an oxygen-requiring step for the activation of xanthine oxidase. Reperfusion after hypoxia

induces free radical formation (from the activation of xanthine oxidase) which can directly

produce tissue damage (Allen and Orchard, 1987; McCord, 1985). It is therefore more

likely that the reintroduction of oxygen may produce tissue damage by the liberation of

free radicals (McCord, 1985).

EnTncT oFPI{ENAMIL oN CARDIAc MUScLE

Blockade of the epithelial sodium channels by phenamil occurs in the nanomolar

range (I{¡=0.086 ¡rM; Kleyman and Cragoe, 1988) or micromolar range (Smith and Benos,

1991) depending upon the type of epithelial channel. Amiloride also causes positive

inotropy (Cargnelli et al, 1989; Floreani, and Luciani, 1984) in concentrations which

inhibit epithelial sodium channels (Kleyman and Cragoe, 1988; Smith and Benos, 1991).

One would expect a shortened action potential duration and negative inotropy following

inhibition of sodium channels. It is therefore unlikely that blockade of sodium channels is

responsible for producing positive inotropy.
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Phenamil produces positive inotropy in rat right ventricular trabeculae (Brown e/

al, 1991). In the heart, pharmacological studies revealed that amiloride and some of its

derivatives inhibit L-type calcium and delayed rectifier potassium channels @ielefeld, et al,

1986; Kleyman and Cragoe, 1988; Pierce et al, 1993), sodium/calcium exchange, and

sodiumlhydrogen exchange (Frelin et al, 1988). Inhibition of potassium channels could

account for the increased tension development in the presence of phenamil. Inhibition of

sodium/calcium exchange has been suggested to explain the positive inotropic effect of

high concentrations of amiloride (1.6 mM, Pousti and Khoyi, 1979;0.7 mM, Floreani and

Luciani, 1984) and some of its analogs such as DCB (20 ¡rM, Floreani et al, 1937).

Brorvn et al (199I) concluded that positive inotropy by phenamil (10 to i00 pÀuI) and

other derivatives in rat ventricular papillary muscle was due to inhibition of sodium-

calcium exchange. Their conclusion was based on the similarity of the inotropic actions of

phenamil and CBDMB in their preparation. Much higher concentrations of phenamil are

required to block the exchanger (Kleyman and Cragoe, 19gg) as compared to

concentrations that produced positive inotropy. Other compounds in their study produced

positive inotropy at similar concentrations in spite of being more potent inhibitors of

sodium-calcium exchange than phenamil. The rank order of potency of these compounds

for producing positive inotropy does not correlate with their rank order of potency for

inhibiting sodium-calcium exchange. The mechanism of positive inotropy by phenamil is

therefore not clearly understood.
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PH ENAMIL: PHYSICAL PROPERTTES

Phenamil (figure 4) has the chemical composition of N-phenylamidino-

3,5-diamino-6-chloropyrazinecarboxamide (compound #64, Cragoe et al, 1967) resulting

from the introduction of a phenyl group on the terminal nitrogen of the carboxylguanidino

moiety amiloride (l'I-amidino-3,5-diamino-6-chloropyrazinecarboxamide). phenamil

crystallizes in methanesulfonate (CH3SO2OH, 96 g/mol) as a yellow powder (272"C

melting point) with the formula CrzHrzNzOCl (305.727 g/mol). The g conjugated double

bonds in the molecule may resuit in interference with fluorescence measurements. Under

physiological conditions phenamil exists in a protonated or unprotonated form (pIÇ 7.8 in

an aqueous solution of 30% ethanol) (I{eyman and Cragoe, 1988) and is expected to

attain a higher steady state concentration in the cytosol (pH, -7.2) as compared to

extracellular medium (nWl.+¡. It distributes 98.7Yo into octanol or chloroform when

equilibrated between equal volumes of the solvent and 0.iM aqueous phosphate buffer

@H 7.fi or water making phenamil difücult to wash out of biological preparations

(Kleyman and Cragoe, 1988; O'Brodovich et al, i991).
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Figure 4
The chemical structure of amiloride and phenamil. A. Amiloride,
N-amidino-3,5-diamino-6-chloropyrazs,ne carboxamide, is a weak acid in aqueous
solutions. Due to the sp2 Itylld orientation of the chemical bonds, both species eiist aspla¡ar molecules. .. R.. - 

Phenamil, \;phenylamidino-3,5-dianíino-O-ätri*opyr*inõcarboxamide, is similar in structure to amilôride, howerret *íth a phenyl $o;p oïone oftle guanyl. u..tt.l. D¡re to repulsion be¡weei hydrogens, the'pheáyigtóip extends
above and below the plane of the molecule. c. Deíignaíion ôf atoms. 
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C ELLU LA R E LECT RO P HYSIO LOGY

ElrcrnoclrEiltrsrRY

To understand ion channels, some basic principles of electrochemistry must be

understood. Hille (1992) reviews the concepts of electrochemistry that are relevant to

biological systems.

Ail matter is made up of charged particles that are usually in equal numbers of

opposite charges, hence most bodies are electrically neutral, meaning that a mole of NaCl

completely dissolved in water becomes 6.02 x 10æ positive charges, and the same number

of negative charges (Avogadro's constant for the number of particles in a mole of

substance). Every charged particle, whether a cation or an anion, contains the same

amount of charge per valence. This quantum is measured in Coulombs, with each charged

particle having 1.6 x 10-te Coulombs. The Faraday constant describes the charge per

valence of a mole of cations or of anions: 9.648 x 104 Coulombs per mole per valence.

These charges in a solution balance out to give neutrality at steady state. Energy is

required to move a body away from neutrality. This energy is conserved as electrical

potential energy, which represents the quantity of charge in a body.

Selectively permeable membranes can exclude the passage of certain charges or

ions- There is a measurable difference in electrical potential energies of the solutions on

either side of the membrane. This difference in potential energies is called the membrane

potential, and is measured in Volts. Electrical charges moving across a membrane
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produce a current, measured in Amperes \¡/here one Ampere is equal to the movement of

one Coulomb of charge per second. The current produced by ion movement across a

membrane is therefore directly proportional to the number of charges moving across that

membrane' Ionic current across a membrane will move the membrane potential towards

the equilibrium potential of the ion. The currents of ions that move across the membrane

are additive. The movement of ions across a membrane is also dependent on the relative

concentrations of the ion on either side of the membrane. The Nernst equation may be

used to predict the equilibrium potential across a membrane for each ion that exists in the

solutions at steady state. An equilibrium potential is the membrane potential that produces

no net movement of that ion across the membrane. More specifically, it is where the

electrochemical driving force for the movement of that ion is exactly equal in magnitude to

the driving force created by the transmembrane concentration gradient of that ion. The

difference between the steady state equilibrium potential, or reversal potential, for an ion

and the membrane potential determines the electrochemical driving force for that ion to

cross the membrane.

The strategy of current clamp involves injecting a known quantity of current into a

cell, and measuring the resulting changes in the membrane potential. Voltage clamping

involves measuring how much current needs to be injected into the cell in order to force

the membrane potential to the desired value and holding it there. By convention, the

current and voltage measurements are reported as measurements on the cytosolic side of

the membrane with reference to the matrix outside the cell. A negative current trace

therefore means that negative cunent had to be applied to clamp the cell voltage, meaning
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that the net ion movement across the membrane carried a positive charge into the cell.

Negative applied currents are therefore called "inward currents" since they represent

inward movement of positive charge or oufward movement of negative charge. Biological

systems contain channels on their membranes that are usually selectively permeable to a

particular ion or group of ions. Permeability is usually presented as a ratio of

permeabilities befween two permeant ions.

In the cytosol there is a higher concentration of potassium and a lower

concentration of sodium than in the extracellular space. Cell membranes, at rest, are more

permeable to potassium than to sodium, hence the outward movement of potassium

produces a resting membrane potential that is polarized in a negative direction. Changes

in membrane potential are either hype¡polarizing (in a negative direction from the resting

membrane potential) or depolarizing (in a positive direction). The movement of positive

charges into the cell, or of negative charges out of the cell produces a membrane

depolarization while outward movement of positive charges or inward movement of

negative charges repolarizes the membrane.

CapoH c ELB ctnopnysrol ocy

With an electrode inserted into a cardiac cell it is possible to measure electrical

events, of which the action potential is the most important. The electrical properties of the

cardiac action potential have been extensively reviewed (e.g.: Katz, 1977; Surawicz,

1992). The action potential (AP) is made up of four phases, with the resting state being

the fifth phase. At rest the membrane potential is always in phase 4, with a resting
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membrane potential ßNß) typically between -70 mV and -85 mV. Phase 0 is the

upstroke of the AP. The rate of the upstroke during phase 0 depends on I¡u and is a

determinant of the tissue conduction velocity or the rate of travel of the electrical stimulus

within the tissue (from cell to cell, and along the cell membrane). An area of tissue where

there is a decreased rate of upstroke will have a smaller conduction velocity, and hence be

a potential site for reentrant arrhythmias. The "peak" of the AP is the maximum voltage

of the AP, typically reaching +20 mV to +45 mV. Since this value is greater than 0 mV, it

is also called the "overshoot". Phase 1 is the "notch" afterthe peak of the AP. In some

tissues the notch is barely noticeable (e.g.: guinea pig ventricle) whereas in others it is

prominent (e.g.: canine ventricle). The notch has been shown to be deeper in epicardial

cells than in endocardial cells (Lukas and Antzelevitch, 1993). Phase 2 is the "plateau" of

the AP where most of the calcium enters the cells. Phase 3, the repolarization phase,

terminates the action potential.

The action potential is initiated by a small deflection of the membrane potentiai which

is sufficient to open fast tetrodotoún-sensitive sodium channels (tNJ. These channels are

responsible for phase 0 of the ventricula¡ action potential (Trautwein, Ig73). The notch of

the action potential is caused by the action oftransient outward currents (Ito), the plateau

by calcium current (ICJ, termination of phase 2 and initiation of phase 3 is accomplished

by the delayed outwardly rectifying potassium currents (16) and the final repolarization in

phase 3 as well as the resting membrane potential are brought about by the inwardly

rectifying potassium current (If r).
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The voltage-gated channels carrying inward curïent (Içu and I¡J have more than

one gate, each operating at different speeds. The sodium current offers an ideal example

of this, containing an "m" gate and an "h" gate. The h gate is open while the m gate is

closed at rest. Upon depolarization to -70 mV or more positive, the m gate opens quickly

(within 0.1 to 0.2 ms), allowing entry of sodium. Sodium channels have a low threshold

for activation. The h gate closes slowly (2 ms) at higher voltages (>-100 m\) therefore

there is an eventual inactivation of the channel. These gating kinetics produce a sodium

cuffent that turns on and off quickly and, for the most part, the event is over within 5 ms.

All of the h gates are opened at a membrane potential of -100 mV and closed at a voltage

of -50 mV. Closing of this gate is accelerated by more positive potentials hence

inactivation of sodium channels is accelerated by more positive membrane potentials.

Opening of this gate is also accelerated by more negative potentials, however at

physiological membrane potential, the opening of this gate is slow hence the sodium

channel remains refractory to activation for a short time after repolarization of the

membrane. The large number of sodium channels on the membrane, combined with their

simultaneous openings and rapid activation, produces a very fast and strong inward

sodium current. In spite of the amplitude of the current, the rapid inactivation does not

allow much sodium to enter the cell. The strong current brings about the fast upstroke

(phase 0) of the action potential (Strihmer et al,1989).

I¡o brings about a quick repolarizing current during the notch or initial fast

repolarization (phase 1) of the action potential. This current is outwardly rectifying and

activates at a much more depolanzed potential (-45 mV), hence it does not appear until
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after the membrane potential is already depolarized in phase 0 of the action potential. It

activates within 10 milliseconds and inactivates after 80 to 100 ms (Josephson el al, l9B4;

Shimoni and Severson, 1995; Wang et al, 1993). Besides its activation after

depolarizatio4 this current is also increased because the reversal potential of potassium

channels is negative to the membrane potential. Rat ventricular myocytes possess a strong

116 component. The abundance of these channels in the myocardial sarcolemma varies

from endocardium, to mesocardium, to epicardium and is dependent on the age of the

animal (Walrler et al, 7994; Walker et al, 1993; Lukas and Antzelevitch, 1993; Tand,e et

al,1997; Wang et al,799I). This current is comprised of multiple components flilang øl

al, 1993). It results predominantly from potassium currents, but there is also chloride

cur¡ent associated with this outward current. The role of the chloride currents in the

action potential of healthy cardiac tissue is not well understood. The notch of the action

potential is shaped by the turning offof Içu, by the profile of 116, and by the turning on of

rcu'

There are two varieties of calcium currents: L-type and T-type. ICu, turns on within

20 to 50 ms and becomes partially inactivated after 120 to 160 ms. Inactivation of this

current is calcium-dependent (I(ass and Sanguinetti, 1984). Ltype calcium channels are

activated at voltages positive to -35 mV and maximum current occurs with the membrane

potential near 01s +10 mV. Ttype calcium channels have been described in cardiac tissue

(Tytgat et al, 1990) but their role is as yet not well understood. They activate and

inactivate quickty (within 100ms) and carry a small current. These low th¡eshold channels

are activated by voltages positive to -55 mV. Inactivation of these channels is accelerated
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by higher membrane potentials such that the peak current of these channels occurs at

around -30 to -40 mV. It has been suggested that Içu1 is involved in initiating the release

of calcium from the SR (Mitra and Morad, 1986; Sham et al,I99Z).

Towards the middle of the plateau (phase 2) of the action potential, the voltage starts

to repolarize. This repolanzation is due in part to the inactivating calcium channels, and

to the activation of the delayed outwardly rectifying potassium currents (If). If activates

very slowly (itt about 250 to 400 ms), but is significant in contributing to the

repoiarization of the membrane. Iç is potentiated by the presence of small amounts of

calcium (Tohse, 1990). Due to its time dependence, a longer action potential will elicit

progressively more I¡ç. This provides a safety to the cells so that a prolonged action

potential cannot continue to render the cells inexcitable for long periods of time.. This

current does not inactivate with time. One component of the current is inhibited at higher

membrane potentials (I1ç, is completely inhibited by +60 mV), but this may not be

considered an inactivation since upon repol anzation it possesses deactivation kinetics

similar to the other component of 16: I1ç (Sanguinetti and Jurkiewicz, 1990). This

current also has a high threshold of activation, opening only at potentials more positive

than -40 mV. The deactivation rate is slow so that a small decaying current is present

during repolarization to voltages below -40 mV. The deactivation does not allow this

cument to fully repolarize the membrane potential during phase 3 hence there is another

cur¡ent that predominates in the tail of the action potential, and maintains the resting

membrane potential: I ç,.
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I6t is the inwardly rectifying potassium current. Although it has been postulated to

be inhibited by magnesium at voltages positive to -20 mV @iermans et al, I917;Matsuda,

1988), it is now believed that this is temperature and species dependent Qvlartin et al,

1995). In the range of voltage in the action potential, this current activates and

deactivates quickly without significantly inactivating. The inwardly rectifring potassium

cuffent increases to a maximum at -60 mV then decreases toward the reversal potential for

potassium channels. The relative strength of I¡ç,, I¡Ju and other inward leak currents

together determine the threshold voltage for an action potential. A small deflection of

membrane voltage may not open enough sodium channels to oppose Iç,, whereas a larger

deflection will open enough sodium channels so that I¡¡u is larger than Iç,, which will

initiate an AP.

Excrr.lrroN-CoN-rR q.crroN coupl,lNc

Contractile tension is proportional to the cytosolic free calcium concentration.

Mechanisms by which calcium may be released into the cytosol will therefore regulate

contraction @abiato, 1983). There are two such mechanisms: transsarcolemmal calcium

entry, and calcium release from the SR. Trans sarcolemmal calcium entry occurs through

two main entry pathways: calcium channels and sodium-calcium exchange. Calcium

channels are active from the end of phase 1 to the beginning of phase 3 of the action

potential as discussed above. T-type calcium channels probably open during the upstroke

of the action potential þhase 0) and inactivate by the plateau phase, bringing calcium into

the sub-sarcolemmal space early during the action potential. The overall amount of
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sodium that enters through sodium channels during the upstroke of the action potential is

small, but because it happens within a couple of milliseconds, and because there is a

diffi.rsion barrier just inside the membrane to create a"fuzzy space" (Lederer et al, l99e),

most of the sodium that enters the cell remains near the sub-sarcolemmal space. This high

concentration of sodium just inside the membrane stimulates the reverse mode of the

sodium-calcium exchanger. This event as well brings calcium into the sub-sarcolemmal

space. The reason that this should be an important issue is that the small amount of

calcium that enters produces calcium release through ryanodine receptors in the SR

membrane. Opinions in the literature at present appear un¡esolved as to whether cytosolic

calcium release is triggered by sodium-calcium exchange (Leblanc and Hume, 1990;

Levesque et al, 1991; Levesque el al, 1994), calcium channels (Lederer et al, 1990;

Cannell et al;1995;L6pez-López et a(,1995).

The calcium release channel in the SR (ryanodine receptors) has been found in the

terminal cisternae, juxtaposed to the T-tubules of cardiac myocytes. They are presumably

connected to the membrane through a "foot protein" which links them to dihydropyridine

receptors and to the sodium-calcium exchanger (Frank et al, 1992). Although 50%

linkage with sodium-calcium exchange and 50Yo linkage with dihydropyridine receptors

has been described, the ryanodine receptor may be linked with more than one membrane

channel. It is possible therefore that other channel types are also linked with the ryanodine

receptors. The small amount of calcium that enters through the sarcolemma either via

reverse mode sodium-calcium exchange or via T-type calcium channels is sufficient to
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produce calcium induced calcium release from the SR (Leblanc and Hume, 1990; Lipp and

Niggli, 1994). The released calcium produces contraction in the tissue.

During phase 2 of the action potential, calcium enters the cells through L-type

calcium channels. This continues to increase twitch tension and prevents calcium

accumulation in the SR by maintaining the release channels open. The relative

contribution of calcium release from the SR versus transsarcolemmal calcium entry to the

contraction may be determined by a variety of interventions that compromise the SR. A

common method is by the use of ryanodine or caffeine to deplete the SR calcium pool by

opening the calcium release channels on the SR and thus determine the contribution ofjust

transsarcolemmal calcium movement to contraction as compared to control where both

are present. By this method it is known that some species, such as frog, do not rely on

calcium release from the SR for the production of a ventricular contraction, whereas other

species, such as rat, are strongly dependent on calcium release from the SR for their

contraction @ers, 1989; Bers, 1991).

Equal in importance to contraction is the relaxation of cardiac muscle. Relaxation

begins at the end of phase 2 of the action potential when calcium channels inactivate with

time or deactivate with voltage. The free cytosolic calcium is removed by several

mechanisms. SR calcium ATP-ase is known to sequester calcium from the cytosol and

into the longitudinal section of the SR @bashi and Lipmann, 1962). In the absence of

transsarcolemmal calcium entry the sequestered calcium will accumulate in the terminal

cisternae of the SR and allow the muscle to relax. Another mechanism of calcium removal
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from the cytosol is through sarcolernmal calcium ATP-ase however this is probably not

fast enough to explain the fast relaxation times @ers et al, 7993). A final mechanism is

via forward mode sodium-calcium exchange. During the repolarization phase, the

sodium-calcium exchanger has been shown to play a role in promoting an inward current

during phase 3 in rat ventricular muscle (Schouten and Ter Keurs, 1985), slowing the

repolanzation of the action potential. Inward current is produced by the inward

movement of three sodium atoms per atom of calcium removed from the cytosol, causing

a net inward cun-ent during forward mode. The result is the removal of calcium from the

cytosol. At the end of the action potential the cytosolic calcium concentration should be

at least high enough to promote further calcium release from the SR via stimulation of the

ryanodine receptors. In spite of this, the muscle is able to relax. It is likely that due to the

clustering of ryanodine receptors and sodium-calcium exchange sites, sodium-calcium

exchange plays an important role in preventing calcium induced calcium release at the end

of the action potential by removing calcium from the vicinity of the ryanodine receptors.

MECHANISMS FOR POSITIVE INOTRO?y: pLAN OF WORK

Contraction is the end result of an interaction between calcium and troponin C

Q{atz,1977). To produce positive inotropy a compound must either increase the amount

of calcium bound to troponin C, or increase the force of contraction brought about by a

given amount of calcium bound to troponin C. The mechanisms of inotropy may be

grouped into those of intracellular origin, and those of sarcolemmal origin.



Page 35

I¡{.IR,4.cELLIJLAR S oI]RCES

Several mechanisms produce positive inotropy without increasing the amount of

calcium entering through the sarcolemma. An increase in the affinity of the binding of

calcium to troponin C or a decrease in calcium buffering in the vicinity of the myofilament

(such as with caffeine, lVendt and Stephenson, 1983; or with cytosolic pH changes,

Fabiato and Fabiato , 1978), will both increase the number of sites with calcium bound to

them and result in positive inotropy. Saponification or permeabilization of the tissue

allows one to clamp calcium concentration in the cytosol and prevent contributions from

SR calcium release or from sarcolemmal calcium entry. In permeabilized canine

ventricular trabeculae (With 0.1o/o Tnton-xl00) it was determined that phenamil does not

change the sensitivity of the myofibrils to calcium (unpublished results). Whether

phenamil changes cytosolic pH to modulate the binding afinity of troponin C to calcium

has not been previously tested.

Tissues can be made to contract biphasically by replacin g 95% of the calcium with

strontium (King and Bose, 1983). Strontium can enter the cells through the sarcolemmal

calcium channels but it does not inactivate these channels. The 5Yo calcium that enters

during the long action potentials is not sufficient to inactivate calcium channels. However,

it partially replenishes the SR calcium pools and provides a trigger for the release of

calcium from the SR. This results in two phases of contraction. The first phase comes

from release of calcium from the SR which is induced by the small amount of calcium

entering the cell during the action potential. The second phase results from the eventual

transsarcolemmal accumulation of strontium. Compounds that can increase calcium
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storage in the SR will preferentially increase the first phase of contraction. Compounds

that can increase endogenous sensitivity to calcium and strontium will increase both

phases equally. Compounds that can potentiate or prolong calcium entry through the

sarcolemma" or reduce calcium removal from the cells will preferentially increase the

second phase of contraction.

Drugs that increase calcium release from or increase calcium uptake into cytosolic

stores (SR) are capable of producing inotropy by increasing the amount of calcium

released into the cytosol upon stimulation. Calcium uptake into the SR is accomplished by

a calcium ATP-ase in the SR membrane. This calcium pump is inhibited by cyclopiazonic

acid (CPA) @audet et al, 1993) and thapsigargin (Kijima et al, 1991). In the presence of

inhibitors of the SR calcium ATP-ase, compounds that enhance calcium accumulation into

the SR will no longer be capable of producing inotropy. Calcium release sites are

controlled by a number of agonists and antagonists. Ryanodine is capable of maintaining

these release channels open and eventually depletes the SR of calcium. In the presence of

ryanodine, compounds that produce inotropy by enhancing calcium release from the SR

will be ineffective in producing inotropy.

Cooling of the tissue causes inhibition of ATP-dependent processes, and of

sarcolemmal calcium transport mechanisms @ers et al, 1989). Rapid cooling causes an

apparent release of calcium from the SR possibly from a backward leak through the

calcium uptake channels and not through ryanodine-sensitive channels (Feher and

Rebeyka, 1994). During the cooling calcium is not taken back into the SR since it is an
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ATP-dependent process, and the membrane exchange process does not function at very

cold temperatures. This produces a contracture at the low temperature @CC) and the

amplitude of the contracture is an index of the amount of calcium that was present in the

SR immediately before cooling @ridge, 1986). SR calcium content may be enhanced by a

number of mechanisms, including increased sarcolemma calcium entry.

During diastole calcium is taken up into the longitudinal SR and must be

transferred to the terminal cisternae to be available for release. A basic stimulus interval

of 0.5FIz in canine tissue is not sufficient to allow all the calcium taken up in the

longitudinal cisternae of the SR to be transported to the terminal cisternae of the SR. A

short rest period inserted into a train of stimuli allows more calcium to be transferred to

the terminal cisternae and more calcium will be released during the first stimulus after the

rest. Post-rest contractions are therefore potentiated with respect to the contraction

before rest. Compounds that increase cytosolic calcium levels during resting state will

increase the amount of calcium taken into the SR to produce positive inotropy and

potentiate post-rest contractions (e.g.: cardioactive glycosides, IVeir and Hess, 1984).

Compounds that promote calcium leak from the SR such as BAY K 8644 (Hrysltko et al,

1989) will attenuate the post-rest contraction.

Tn,q,NssÄRcoLEMMÄ cALcIUM ENTRY.

Drugs that increase calcium entry or decrease calcium removal through the

sarcolemma are capable of producing inotropy in the absence of SR function, but will not

be capable of increasing contractile strength when the sarcolemma is saponified or
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permeabilized. Sarcolemmal calcium entry may occur either through calcium channels, or

via sodium-calcium exchange. Positive inotropy may be produced by either enhancing

calcium movement through L-type calcium channels, such as with BAY K 8644 (Hrystrko

et al, 1989) or by inhibition of the forward mode or enhancement of reverse-mode of

sodium-calcium exchange.

These two transsarcolemmal calcium transport systems can produce positive

inotropy by indirect mechanisms as well. Two commonly discussed mechanisms of

positive inotropy are cytosolic sodium build-up, such as with ouabain or other cardioactive

steroids (Weir and Hess, 1984) and prolongation of the action potential by inhibition of

potassium channels (Kennedy et al, 1986). Compounds that interfere with ionic currents

of the sarcolemma also produce changes in the profile of the action potential.

Measurements of the action potential will therefore provide reasonable predictions .of the

effects of an inotrope on the sarcolemmal ionic processes.

GENERAL HYPOTHESES

Unpublished observations with permeabilized canine trabeculae suggested that

calcium sensitivity of myofibrils was not altered by phenamil. Therefore the general

hypothesis was that phenamil produces positive inotropy by increasing the amount of

calcium available for contraction. It was further hypothesized that phenamil affects

transsarcolemmal calcium movement as opposed to increasing SR calcium uptake or

release. This hypothesis was tested with a series of experiments designed to separate and
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measure the effects of the two pools of calcium on contraction. The following section

describes the possible mechanisms for the production of positive inotropy. Once it was

determined that the inotropic effect of phenamil was of a sarcolemmal origin, a second

series of experiments was performed to determine the mechanism by which calcium may

enter the cells. Three hypotheses for the mechanism of transsarcolemmal calcium entry

were tested. 1) Phenamil enhances calcium entry through L-type calcium channels.

2) Phenamil does not directly affect the calcium entry pathways, but prolongs the action

potential to increase the duration of calcium entry into or decrease the amount of calcium

removal from the cells. 3) Phenamil enhances calcium entry through sodium-calcium

exchange or through some mechanism that affects sodium-calcium exchange. More

specific hypotheses for each series of experiments are mentioned in the results section.
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MATERIALS AND METHODS

Mongrel dogs of either sex (8-12 Kg) v/ere anesthetized with sodium pentobarbital

(30 mglkg i.v.). The portal vein was removed via a midline abdominal incision. The heart

was removed via a lateral intercostal incision. The tissue was quickiy rinsed with and

placed into cold (4'C) Krebs solution. Thin free-running canine right ventricular

trabeculae less than I mm thick were tied at either end using number 5 silk thread, then

were dissected from the free wall of the dog heart.

Guinea pigs (200 to 350 mg) or rats (250 to 350 mg) were made unconscious by

cervical dislocation and the heart was quickly removed by an incision along the diaphragm

and separation of the thorax by fwo lateral cuts. This allowed complete removal of the

heart from the animal and rinsing with cold Krebs solution in I to 1.5 minutes after

cervical dislocation. Guinea pig or rat right ventricular papillary muscle was tied with

number 5 silk th¡ead and dissected free of the heart. Guinea pig hearts that were used to

obtain cells for the measurement of ionic membrane currents \¡/ere removed from the

animal and suspended directly onto a Langendorffapparatus without intermediate cooling.

Caution was used to avoid excessively stretching the muscle during tying and

dissection. Stretched muscles were found to have a gradually rising baseline tension

during measurement of twitch tension.
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SMOOTH MUSCLE

Trssrre PREPÄR.A.TIoN

Canine portal vein was cut free of connective tissue (tunica serosa) then cut into

longitudinal strips 1 mm wide and 10 mm long while submersed in K¡ebs Henseleit

solution (inmM: NaCl 118, KCI 4.72, Mgsoql.2, KHzPo¿ 1.4, CaCl22.5, glucose 11

and NalICOt25, pH7.\. The endothelium was removed mechanically by blotting the

surface of the tissue with Kim-wipes. The smooth muscle strips were suspended vertically

in a 5 ml organ bath by threads tied to a steel wire loop at the bottom and to a mechanical

force transducer (Grass FT03) at the top. The L" or the length required for maximal

active tension development during electrical stimulation was found to be at a resting

tension of 19. The preparation was allowed to equilibrate for one hour in Krebs solution

aeratedwith95Yo Ozand 5o/oC}zatapH of 7.4at37"Cwithapreloadof 1g. Signalsof

muscle tension were amplified and recorded by a Grass 4-channel chart recorder (Grass

Polygraph 5, Model 5C) or 6-channel brush recorder (Gould Inc., Bedford, Mass, USA).

EvnT,unII oN oF SoD II]M-PoTASsIUM PUMP INHIBITIoN

The procedure using a portal vein preparation to test for sodium-potassium pump

inhibition was similar to that described by Bose and Innes (1973) for smooth muscle.

After one hour equilibration, the solution \¡/as replaced with potassium-free Krebs

Henseleit solution in order to inhibit the sodium-potassium pump and cause sodium-

loading of the smooth muscle. The resulting depolarization and reversal of sodium-
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calcium exchange led to an increase in tone of the muscle. Restoration of potassium

caused immediate relaxation of the preparation due to reactivation of the sodium pump.

Test drugs were added after the tension stabilized in potassium-free Krebs Henseleit

solution. After one hour in the presence of the drug, potassium (5 mM) was restored to

reactivate the pump.

CARD IAC M ECH AN I CAL STU DI ES

Trssur PREP.A.RATIoN

Isolated muscle preparations were transferred to 5 ml vertical organ baths

containing orygenated (95o/o C.2, 5% COz) Krebs Henseleit solution maintained at 37"C

and at pH7.4. The muscle was tied at one end to a force transducer (Grass FT 03C) and

anchored to the bath at the other end. Muscles were stretched to an optimal length for

maximal isometric force production during a 45-60 min equilibration period. Tension

traces were recorded on a Grass 4-channel chart recorder (Model 5D Polygraph, Grass

Instrument Co., Quincy, Mass., USA). Muscles were field stimulated with rectangular

pulses through two stainless steel electrodes adjacent to the muscle. The train of stimuli

was generated from a computer-controlled stimulus sequencer (Boyechko and Bose,

1982) where a computer-driven TTL signal initiated first a calibration step to 0 mV for

5 msec, then to -50 mV for a further 5 ms. The Haer stimulator was driven by the TTL

signal, but the stimulus was delayed until after the calibration steps, and was timed so that

the stimulus artifact was partially hidden by a sample-and-hold circuit immediately after
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the last calibration step. A calibration step \¡ias perfbnned with each stimulus. Canine

trabeculae were stimulated with a basic cycle length of 2000 ms (0.5 Hz), Z ms pulse

duration, at an amplitude approximately I00Yo greater than threshold. Up to four

trabecular preparations per dog were used simultaneously. In the majority of experiments,

one of the four tissues was used as a time-based control. A dose response relationship

with phenamil was obtained using individual non-cumulative concentrations of phenamil

(2 rMto 120 ¡rN4).

Posr-n¡sr coNTRACTIoNS

The trabeculae were stimulated continuously at a basic cycle length of 2000 ms.

Into this continuous train of stimuli was inserted a short rest period from 5 seconds to

4 minutes in duration. The tissue was allowed to reach steady state tr¡iitch tension before

another rest period was imposed.

The stimulator was computer driven using software that allowed different trains of

stimuli to be sequenced. Each train had a programmable initial delay, number of stimuli in

the train, basic cycle length, and stimulus duration. Four signal amplifiers were controlled

simultaneously by the software, and served as four independent stimulators. Each

stimulator had a voltage control that allowed adjustment of the stimulus strength to Z\Oyo

above th¡eshold for producing a contraction twitch.
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Bpn¿,slc coNTRÁcrIoNs

Biphasic contractions in canine trabeculae were produced as described by King and

Bose (1983). Trabeculae were equilibrated in K¡ebs Henseleit solution by stimulating at

0.5H2 for one hour. This was followed by replacement of the solution with a calcium-

free solution containing strontium (2.5 mNf). A small amount of calcium (about 50 to

200 plv[ 5-10% of the normal) was then added to maintain a stable biphasic contraction.

The early and late phases of contraction, Pl and P2, had approximately equal tensions

before the test drugs (Phenamil, norepinephrine, ouabagenin, or 4-aminopyridine) were

added.

Rapm cooLINc coNTRAcrnRES

Canine ventricular trabeculae were suspended in a 2 t¡'ú, horizontal bath machined

from a solid piece of nylon and perifused with a l{EPES-buffered solution (in mM: NaCl

128; KCI 4.3; CaClz2.5;}l/:gCl2 2.0; TIEPES 20; Dexrrose l0). The muscle was tied on

one end to a stainless steel extension from a tension transducer (Grass FT03C), and

anchored on the other end to a stainless steel rod attached to a micromanipulator to allow

fine adjustment of preload tension. The muscle was stretched to a preload tension of 0.5

t

Figure 5 is a schematic representation of the apparatus for producing rapid

temperature changes. Two jacketed reservoirs maintained 60 rnl of solution at OoC and

30 rnl of solution at 38oC. In order to maintain the cold temperature without freezing the

water in the water bath, antifreeze was added to the water bath. Two manual switches at
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Peristaltic
pump

Figure 5
Apparatus for producing rapid cooling contractures. Solutions were maintained at 38oC
or at.0oC (total circulating.volume of 30 ml or 60ml respectively) in water-bathed
chambers. Antifreeze was added to the OoC water bath to prevent freéíing. Temperature
loss iltubing was minimize-d-þV. insulation on the tubing, ánd by maintaining a high flow
rate (300ml.per minute). .Mixing time was minimizeð-by a õmall bath võlume-(Zrnl-)
and a short distance from the switch to_the bath (5cm). Switching ì¡/as done maiuallf
Solution not being circulated through the bath was bypassed in õrder to prevent deád
lPace of solution with uncontrolled temperature or únoxygenated. Air inlets in the
bypass system adjusted the circulating volume so as to maiüáin the same volume in the
bathed chamber. This aparatus allowed a 95o/o change in temperature inside the tissue
chamber within one second. The muscle was suspenãed in the tissue chamber with one
end tied to a force transduc-er (FT)_and the otheito a stainless steel adjustable anchor.
The muscle was stimulated by fiêld stimulation with tungsten stimulätion electrodes
(SE) 

^ 
Temperature was measured in each holding chamber] and inside the bath Uy he

use of temperature probes (TP).
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either side of the tissue chamber selected whether the muscle was perifused with cold

Krebs I-IEPES or with warm Krebs HEPES solution. The solutions \¡/ere allowed to flow

by gravity at approximately 300 to 400 mVmin, which was sufficient to change the

temperature of the medium in the tissue chamber from 37oC to 7"C or from 4oC to 35oC

within one second of switching. Five seconds of flow resulted in a stable temperature of

4"C or 37"C at the tissue chamber. Temperature v/as measured at the outflow end of the

tissue chamber, and in each of the two reservoirs. At the outflow end, a Cole-Palmer

roller pump returned the solution to the reservoirs. Solution not passing through the

chambers was passed through a bypass circuit in order to maintain well oxygenated

solution and to keep a constant temperature in each circuit. All tubing was insulated with

pipe insulation. The flow of solution was adjusted with a clamp so that, at a single pump

speed setting, the flow from each of the reservoirs was just sufficient to almost equal but

remain slower than the pump speed. Ã Z2-gauge needle was placed into the bypass

system to allow air intake into the solution which was not circulating through the chamber.

This allowed the level of solution in each of the reservoirs to be constant, and hence the

surface area of solution in contact with a heating or cooling surface was kept constant.

The trabeculae were stimulated with 10 ms square pulses at a voltage 5Oo/o over

threshold, and paced at a basic cycle length of 2000 ms (model SD5 Stimulator, Grass

Instruments, Quincy, Mass., U.S.A.). One second before switching to cold solution the

stimulator was stopped. The tissue was perifused with cold Krebs I{EPES solution for

30 seconds, then switched back to 37oC for one minute without stimulation. After this

rest period a second cooling was imposed for a further 30 seconds. This procedure was
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repeated once more for a total of th¡ee rapid cooling contractures @CC). At the end of

the third contracture the muscle was allowed to rest for 30 seconds before the stimulator

was restarted. Only the first two RCC were used for measurements and are referred to as

twin RCC. The experimental protocol involved the following in chronological order:

a) equilibrate the muscle for an hour, b) do control twin RCC, c) equilibrate in 50 pM

phenamil for an hour, d) do twin RCC, e) wash the drug out and equilibrate for an hour,

f) do twin RCC, g) equilibrate with 14.3 mM total KCI for 20 minutes, h) do twin RCC,

i) wash out the extra KCI and equilibrate for an hour, j) do twin RCC, k) equilibrate in

3 ¡rM ouabagenin until maximum inotropy is reached, and l) do fwin RCC. Tension traces

were simultaneously recorded on a 4-channel chart recorder (Grass Polygraph 5, Model

5C), and, through a signal reverter (Grass, model R5DC), and sampled digitally (Scientific

Solutions Labmaster DMA A-D Converter with Axotape software, Axon Instruments,

California, USA). Data was stored on a computer hard disk for later analysis of RCC

peaks.

Fr,uonBscENcE: Cyrosor,rc pH

A calibration method which is dependent on the amount of dye left in the cells has

been described for smooth muscle (Yu et al, I99l). However, this approach does not

work reliably with cardiac muscle and had to be modified. To assess cardiac cellular pH¡,

a technique was developed which compensates for dye leakage seen in cardiac tissue

during long experimental protocols. This was necessary for evaluating if phenamil

produces positive inotropy by increasing cytosolic pH by modulating sodium-hydrogen
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exchange. The in situ calibration curve of BCECF in cardiac tissue was found to be

sensitive to the amount of dye present at the time of measurement. An adjustment was

made to the calibration curve based on the amount of dye present inside the cells.

Tissue preparøtion

Canine right ventricular trabeculae were isometrically suspended in a horizontal bath

of a Jasco model TI02 tissue fluorescence measuring assembly with the light beam from a

Jasco model CAF100 intracellular ion analyzer (Jasco Inc., Easton, Maryland) focused on

its undersurface. One end of the trabeculae was tied to a Grass FT03 force transducer

(Grass Instrument Co., Quincy, Mass.), and the other end was anchored to the horizontal

bath. Stainless steel stimulation electrodes were placed on either side within 5 mm of the

muscle to provide field stimulation at a site away from the light beam. The muscles were

stimulated at 0.3 IIz with a voltage 50% above threshold. The 3 x 5 cm horizontal bath

had an aeration inlet and recirculation iniet and outlet; it was kept at 37"C with a Peltier

effect thermoelectric device. The solutions were recirculated at 25 mlhntn to external

water-jacketed reservoirs at 37oC. A temperature probe and miniature pH probe Q\/n404,

M440, Microelectrode Inc., Londonderry, NH) were placed in the bath adjacent to the

muscle.

Er¡uípntent

A schematic representation of the apparatus used is shown in figure 6. Light from the

50 Watt lamp of the Jasco CAF100 fluorimeter passed through a rotating filter assembly
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Figure 6
Aqarals for measuring cytosolic pH simultaneously with contractile tension in
trabecul ae. Ventricular trabeculae werè i sometrically sutrabeculae. Ventncular trabeculae were isometrically suspended in the horizontal bath of
a Jasco Model TI02 tissue fluorescence measuring ãssembly with one end tied to a grassa Jasco Model rruz tlssue tluorescence measuring assembly with one end tied to a grass
FT03 tension transducer and the other anchored to the bath with a thread. TemperatureTemperature*d PF gf_tle medium was measured adjacent to the muscle. Stainless steel elèctodes
qtgYiqe-d- field stimulation at a locus away from the light beam. Light of a Jasco
CAF-100 intracellular ion anal passe_d through a rotating filter assembly alternately\.¡r-c-ru\., rlruaçeuular lon anaryzer passe_o mrough a rotaüng tilter assembly alternately
placing a 500 nm-or a 440 nm filter into the lightþath. The e-xcitation light was reflecteä
and focused on the surface of the tissue. Erñission lieht was collected"alons the samean{ f9cus.9d on the surface 9!the tissue. 

_ 
Erñission light was collected"along the same

path,.but light greater than 500 nm wavelength was rãflected and passed ttrrãugt à SqO
nm filter onto a photomultiplier tube (pMT) fãr measurement.
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which placed either a440 nm or 500nm filter into the light path. The incident light at

440 nm or 500 nm was reflected from a mirror on the Jasco TI02 and focused on the

muscle surface through a quartz glass window. Epifluorescence returned along the same

path and was reflected from a mirror through a 540 nm filteç and focused on the

photomultiplier tube (Plvff) of the Jasco CAF100 for measurement. Fluorescence

emission at each excitation wavelength (Flsoo, FI¿¿o), fluorescence ratio (FIsooÆI*o),

tensiorq temperature, and pH were measured simultaneously and recorded on a 6-channel

chart recorder (model SE-400, BB C-Metraw att/ G o erz, B roomfi eld, Colorado).

Dye loadíng

The tissues \¡/ere bathed in recirculating K¡ebs-Henseleit bicarbonate-buffered

@icarb) solution or IIEPES-buffered (IIEPES) solution (same composition except that

NaHCO3 was replaced with 25 nrNI I{EPES, pH 7.a0). The bath had 5 ml volume; total

recirculating volume was 20 ml. After equilibration at optimal preload tension Go), in

either Bicarb or FIEPES solution bubbled with either 95yo Oz-sYo COz or l00Yo Oz

respectively, at 37"C, the muscles were exposed to a final concentration of 8 pM

2',7'-bis(carbo>cyethyl)-5,6-carboxyfluorescein acetoxy methyl ester (BCECF-AM).

BCECF-AM is capable of adsorbing on the cell membrane, and will randomly distribute

between the intracellular and extracellular facets of the membrane. Intracellular esterases

cleave cytosolic BCECF-AM and trap BCECF free acid inside the cells. BCECF in buffer

solution has a peak emission at 540 nm when excited with 500 nm light (Flsoo). This

fluorescence is pH sensitive, exhibiting higher intensity at higher pH values. Fluorescence
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at 540 nm emission with 440 nm excitation (FI¿oo) is not pH sensitive in the buffer and

may be used as an indication of dye concentration. BCECF-AM does not contribute to

the fluorescence at Flsoo or FIq¿0, hence liberation of free BCECF acid inside the cells

results in an increase in FI¿¿0. In one to two hours, the cells in the trabeculae were loaded

with BCECF after which the tissues were washed with five changes of fresh solution over

30 minutes to remove any BCECF-AM and BCECF from outside the cells before any

experiments \¡/ere performed. Autofluorescence accounted for 75o/o+3Yo of the total signal

at 440 nm, and rzyo+lo/o at 500 nm (n:9). Autofluorescence was subtracted from the

total fluorescence measurements.

Exp erí nte ntal p rot o c ol

BCECF free acid, untreated trabecular tissue, or BCECF-loaded tissue was added to,

or mounted in a cuvette containing oxygenated FIEPES-buffered medium and their

excitation and emission fluorescence spectra were obtained using the Perkin-Elmer

Spectrophotometer. The unstimulated muscles \¡/ere stretched to 0.5 to 0.7 grams preload

tension. The progression of loading after the addition of 8 pM final concentration of

BCECF-AM was monitored in two tissues by performing multiple scans over a 95 minute

period. Spectral scans were also obtained in IIEPES-buffer acidified with acetic acid or

alkalinized with NaOH medium to different pH values. A similar protocol was performed

in the absence of trabeculae: five different concentrations of BCECF free acid in an

intracellular electrolyte solution (120 mM KCI, 1 mM MgCl2, 25 mM IIEPES, pH 7.00)

\ryere exposed to different pH values and fluorescent spectra were scanned.
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In separate experiments, different concentrations of BCECF free acid were added to a

solution of intracellular electrolytes (contents above) in the Jasco CAF-100. Fluorescence

measurements were made (540 nm emission with 440 nrn or 500 nm excitation) at

different medium pH values (with NaOHÆCl)

During calibrations, the muscles were pH-clamped using 4.5 ¡rM nigericin and 80 mM

potassium @isner et al, 1989; Yu et al, 1,991). The dye fluorescence rvas measured at

steady state after changing the pH of the bathing solution. Calibrations were performed at

various times between I and 16 hours after loading with BCECF. Four tissues were

subjected to repeated calibrations at various times over a 12hour period. One tissue was

tested 24 hours after loading with BCECF. Calibrations were also performed using

4.5 pM nigericin and different KCI concentrations for each pH calibration. In two

trabeculae the medium pH and 4.5 ¡rM nigericin were maintained constant and KCI was

added in 40 mM concentration steps.

In verifying that v/e were measuring cytosolic pII, the medium was acidified by

addition of ammonium chloride, (+) lactic acid or acetic acid from 10 mM stock solutions,

or by bubbling 100% CO2inthe medium.

Sp ectral cltarøcterístics of BCECF

The fluorescence spectra (figure 7) were scanned with a Perkin-Elmer Fluorescence

Spectrophotometer (model LS-5, Oak Broolq lllinois) using a 5 mm slit \¡iidth. The
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Excllollon Wovelenglh (nm)
BCECF in tissue
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Excllollon Wwelengrth (nm)
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Figtre 7
Flu-orescence scans of BCECF \¡/ere done in a Perkin Elmer Spectofluorimeter.
Excit¿tion spectra between 4i5 nm and 515 nm are shown with emijsion measured at
540 nm. Scans were done with a 5 mm slit \¡/idth and light intensity was plotted in
g!_itary units as a function of wavelength (À). Arrows inðicate FI440 at 44:O nm and
FI500 at 500 nm. IIEPES buffer solutioñ was maintained at 37oC. A. The fluorescence
excitation JPec{r1T of a ventricular tabeculum at pH 7.45 before (0') and after the
addition.of 8 qMBCECF AMfor 30 minutes (30'),'45 minutes (45'), ánd 95 minutes
Q5'). Th9 excitation peak in the tissue was at 5b7 fm, and in bufibr lt Soz wn. Inset:
The emission scan from 510 nm to 610 nm with excitation at 500 nm. Spectra are shown
{r9m tissqg. alone. (0') and with BCECF AM (95') at pH 7 .45. Arrows indicate FI500 at
540 nm. The emission peak in the tissue was at 532 nm, and in the buffer at 527 nm. B.
Fluorescence excitation specfrum of a trabeculum loaded with BCECF at pH 7.78, 6.62,
and 4.30. The isosbestic point occurs at 463 nm. Inset'.0.58 ¡rM BCECF free acíd in á
buffer of cytosolic electolyte concentrations at pH 6.78 and'plH 5.92. The isosbestic
point occurs at 415 nm.
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sample chamber of the Spectrophotometer was adapted to accommodate an aeration tube

and tissue suspension hooks inside a 1 cm square cuvette.

The addition of BCECF-AM to the bathing medium results in incorporation of

BCECF into the cells of the trabeculae (figure 7A), producing maximal fluorescence

emission at 532 nm (figure 7Ar inset) with excitation at 507 nm (figure 7B). Maximal

emission of fluorescence of BCECF free acid in a high potassium intracellular electrolyte

buffer solution occurs at 527 nm when excited at 500 nm (figure 78, inset), therefore

there was a shift in the peaks to 532 nm emission with 500 nm excitation inside the

muscle. There was also a shift of the isosbestic point from 440 nm to 463 nm in the

excitation spectra (540 nm emission) (fìgure 7B). Since the isosbestic point is shifted

when the dye is loaded intracellularly, calibrations must be done with BCECF in situ.

BCECF free acid was added to the high potassium electrolyte buffer solution until the

change in FI¿¿o was equal to the average change in FI¿¡o seen at the completion of tissue

loading with BCECF-AM. Cytosolic BCECF was estimated to be 0.58 pM. BCECF-AM

in solution or solution alone did not exhibit pH-dependent changes in fluorescence in the

range measured. Before dye-loading, tissue exhibited less than 3Yo of the pH-dependent

fluorescence of tissue loaded with BCECF.

Calibratíon techníque

Dissociated BCECF- exhibits maximal fluorescence ratio ßÀ4",.) whereas BCECF-H

has minimal fluorescence ratio (Rr.,o;,,). The proton activity can be calculated by equation

I i ] (James-Kr acke, 1992).
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tll

F¿+OeeSpß++O¡çp ratio (the ß factor) was calculated at 0.681 for BCECF in situ

and was not affected by the amount of dye loaded. Since the ß factor was a constant, it

was combined with the dissociation constant, K¿, to produce the apparent dissociation

constant, Ku'. A Henderson-Hasselbach logarithmic transformation of equation [1] yields

equation [2] which is used to fit calibration curves.

pH¡=pK,-t"*ffi

Figure 8A shows the pH-dependence of the ratio of fluorescence of various

concentrations of BCECF free acid in a high potassium intracellular electrolyte medium.

Calibration curves were constructed by plotting the fluorescence ratios against the pH of

the bathing medium and fitting the data to equation [2] using ay2 method of least squares.

PKa' was found to be 6.968+0.027 (n:5). Since FI¿¿o may be linearly correlated with dye

concentration (12:0.98, data not shown), we used FI¡ro to represent dye concentration.

Different concentrations of BCECF in solution produce linearly correlated R¡,1,* values

(figure 8B; intercept : -22.5, slope : 0.202, 12:0.988). There is comparatively little

change in R¡,ri' with the different concentrations of BCECF (intercept :0.701, slope:

-0.003, p>0.05).

During the course of experiments with BCECF loaded in the trabeculae, FI¿¿o showed

a slow, progressive decline of about 30% per hour. This decline \¡/as also observed in the

l2J
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Figure I
Vfuitipie calibrations \ryere done with different concentations of BCECF free acid in high
9_otassium intrac_ellular electro_llt-e solution. A. The steady-state fluorescence rat'ío
(Jasco CAF100 fluorimeter)_of F¡o¿nl*o is plotted againsr pH. The lines are described
þY.a best fit_ to equation [2] using a I' tesi (see teit). ioncenfation of free acid is
indicated !o the. right of each plot. B. the_parameters of the best fit lines in A, R*o and
$"- T.9 plotted against FI*', iepresenting tlie amount of dye, measured at pH í.0 äiring
the calibration. Lines were frt by linear regression (pKa, i': 0.988; r, R; rr:0.99; a1
R*" r'?:0.96).

BCECF in buffer
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dark after the tissues '¡iere left in the recirculating bath for over eight hours. The drop in

FI¿¿o was more prominent during acidic to alkaline transitions in the bathing solutions.

Thus this decrease in Flso, or in BCECF, was considered to be largely due to leakage of

the dye, and not due to photobleaching. Since there is a decrease in intracellular BCECF

with time, equation [2] needs to be corrected to account for dye leakage.

At the end of each experiment the tissues were pH-clamped with nigericin, an

ionophore selective for hydrogen and potassium ions, and 80 mM KCI @isner et al, L989;

Yu et al, I99l). The calibration curves for three different tissues are shown in figure 94.

The parameters from the best-fit curves in figure 9A were plotted against the amount of

BCECF loaded in the tissue as indicated by Flaas at pH 7.0 (figure 98) showing a similar

correlation to that seen with BCECF free acid. For each experiment the curve had

different Rv"* and Rn¡n values. The apparent dissociation constant (pKa') did not change

significantly in different experiments, hence it was taken as a constant. In our

experimental conditions, the mean pKu'from 23 tissues was 7. T35L0.027. As was found

with BCECF free acid, R¡1o* and R¡a¡', of the tissue-loaded dye were both dependent on the

amount of dye loading (figure 9B). A linear regression of R¡a"* and of Rvn with FI¿¿o

(plots shown in figure 9B) yields the con'ection equations [3] and [a].

Rr* = 1.652+.0357 x FIooo

R*n = 0.3 196+.00859 x FI*o

(r2: 0.989)

(P:0.957)

13l

l4l
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Figure 9
Multiple calibrations were done in BCECFloaded canine ventricular trabeculae
pH-clamped using 4.5 ¡rM nigericin and 80 mM KCl. Six calibrations from 3
gjeparatþl! ar_e shown: 2 from each tissue. A. The steady-state fluorescence ratio
(Jascg- CAF100 fluorimeter) of FI500ÆI440 js ploned agaínst pH. The lines are
described. by a best fit to equation [2] using ay' teit. B. Tñe parameters of the best fit
lines in -{ are.plotted against the amount-of ciye loading GI440) measured àt pU l.o
d¡1qs_.thg _calibration. Lines were fit þv lineár regresslon (o, É"* f:0.99; Å, R*r,
r'=0.96). Measurements were corrected fór autofluoréscence.

BCECF in tissue
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R¡u¡*, is more sensitive to changes in BCECF concentration than is Rp6n, however

since the values of both R¡ao¡ and R¡ç6 are important in equation [2], both correction

equations were incorporated into the calculation of ptt. The corrected formula for the

calculation of pH¡ incorporates equations [3] and [a] into equation l2l to yield equation

tsl

PH¡ =7.735-log
(1.652+ 0.035Lx FI*o - R)

(R - 0.3196 - 0.008 59 x FI*o)

Due to the shift in the isosbestic point, the value of Fl++o was also pH-dependent. The

slopes and intercepts of the correction equations [3] and [a] are hence pH-dependent.

Since the magnitude of the changes in FI¿¿o with pH is small we assumed this variation to

be insignificant. To calculate the amount of error produced by this assumption, we

replotted the slope and intercept data in figure 98 using Flaae values measured at different

medium pH values ranging from 6.5 to 8.5. The slopes and intercepts in equations [3] and

[4] were themselves linearly correlated with pH (data not shown). The assumption that

FI¿¿o is not pH-dependent results in an error of 0.027 per calculated pH unit using

equation [5] in the range of pH 6.5 to 8.5. The pH¡ predictions using this equation would

hence have a variability of 0.055 per unit of pH¡ (contributed to by the pH-dependence of

FI¿¿o and by the variability in pKu'), i.e.; 94.5Yo confidence. In the absence of any

corrections for dye leak (using equation [2]), the calculated pH¡ values were off by as

much as 4 to 5 pH units if the measurement was made a few hours before the calibration.

t5l
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Figure 10 shows the effect of changing potassium concentration on the calibration

curves of tissue with 4.5 ¡rM nigericin. In the same tissue, three consecutive calibrations

were performed with different concentrations of KCl. Although there was a decrease in

Rr',r,, related to dye leakage, there was no change in the calculated pKu' with 40 to

120 mM KCl. In a separate experiment on the same preparation but with pH was held

constant, KCI concentration was increased from 40 to i40 mM in 20 mM steps (figure 10,

inset). Fluorescence of BCECF-loaded tissue was not appreciably affected by different

concentrations of KCI befween 80 and 120 mM. Similar results were observed in two

tissues. The use of a high-potassium solution of intracellular electrolytes, instead of

adding KCI to IIEPES-buffered solution, did not produce a calibration curve different

from that done with the muscle in FIEPES-buffered solution with KCI added.

VeriJîcatíon of tlte tecltnír1ue

The method was verified with intact, non-penneabilized canine ventricular trabeculae.

Ischemia is commonly simulated in vitro by slowing or stopping perfusion thereby

producing hypoxia and acidosis by modifying many parameters at once. Measurements of

intracellular pH during ischemia-reperfusion have led to controversy over the mediators of

cardiac tissue damage in ischemia-reperfusion experiments (Allen and Orchard,, I9B7;

Bright and Ellis, 1992; Carter and Gavin, 1989; Cobbe and poole-'Wilson, l9g0;

Lazdunski et al, 1985). One of the possible reasons for discrepancies in the literature is

the use of different buffering systems in the experimental protocols. IVe measured the

effect of acidification on pH¡ and tension recovery in the presence and absence of
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Figure 10
Mr:ltiple calibrations \¡/ere done in BCECF-loaded canine ventricular tabeculae
pH-clamped using 4.5 ¡rM nigericin. Three calibrations from the same tissue are shown.
The steady-stgte_fluorescence ratio (Jasco CAF100 fluorimeter) of FI500ÆI440 is ptorcã
against p!I. 

^Different concentrations of KCI were used in each curye (t, 40 mtr¿; o, go

*M; 4, 120 mM). The lines are descri_b_ed b_y a best fit to equation [)]'using ay'íest.
I-ines dropped to the pF *il indicate pKa ofeach curve. Rñla*, anä'nuirísh& dy¿
leak--le.lated changes. Inset shows the ãependence of the steady-siate fluorescence raíio
on KCI concentrations þH was kept constant at 6.96) stepped up to t+o mM.
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bicarbonate in the buffer medium. The results sho\ry that in either buffer medium,

prolonged intracellular acidification (45 minutes) with lactic acid or hypercapnia did not

produce significant irreversible damage to the ventricular trabeculae, as judged by

developed isometric contractile tension or intracellular pH.

To verify that we were in fact measuring cytosolic p[ NI{4CI experiments were

carried out. In six experiments using five different dogs, ammonium chloride changed the

intracellular pH without affecting the extracellular pH (figre 11, pHr, second trace from

top). Upon addition of 10 mM NH4CI there was an immediate alkalization of the cytosol,

followed by positive inotropy (figure 11, second trace from bottom, and bottom trace,

respectively). After washout of NHaCI there was an immediate acidification of the

cytosol, followed by the eventual return of pH¡ and twitch tension to pre-exposure level.

Twitch tension returned to pre-treatment level quickly whereas the return of pH¡ was

slower and outside the time-frame of figure 1 i. In bicarbonate-buffered solutions, it was

difficult to change solutions without a small change in pH of the bathing solution,

however, results were similar to those seen with l{EPES-buffered solutions.

The dependence of pH¡ on pHo was found by changing plF,o either with Co2 or

acetic acid (figure i2). Figure 12 contains a typical trace from 5 experiments showing the

effects of the addition of acetic acid (arrows) to the bathing medium. The pH¡, as

indicated by the ratio (middle traces), follows pH, (top traces), and the contractile

strength follows pH¡ (bottom traces). In Bicarbonate-buffered solutions, with each

addition of acetic acid there was a rapid transient drop in pHo followed by a return to
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Figure 11
Sample tracings show the effects of a short pulse of NH.CI (10 mM) on the measured
parame-ters of the function of canine ventricuÎar trabeculaè in'fmpgslbuffered medium.
!tf:t t9* t_o_p 

to bottom repres_ent temperature (Temp), pH of ttt. Uutting solution
(pHo), FI4,o, Fl5o',_cytosolic plr þE'), and-tension. 

'cafit;âtion 
bars from topio bottom

describe pHo.,. ¡IIt, and tension. Similar results were found in 6 experim'ents with 5
tissues from different animals.

I
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Figure 12
Sample tracing_s_.show the effects of a progressively increasing concentration of acetic
acid on the pHi and tension from one ðanine ventricular Èabeculum bathed in A.
IIEPES-buffered medium and B. bicarbo4ate-buffered medium. Acetic acid was added
to the bathing solution in..small steps (ù, Ac) to acidify the medium. From top to
bgqoot,the tracings and calibration bãrs represent pH of thé bathing solution (pHo), r^atio
of fluorescence, and tension. Steady-statê valuei of pHo and plli are shoim oíêr the
trace for each step.

HEPES buffer
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steady state showing a relatively small acidification of the medium (figure 12B). With the

same tissue in l{EPES-buffered solution each addition of acid had a less pronounced effect

on pHo and pH¡ (figure 124). This reflects the small instantaneous, but large steady-state

buffering capacity of bicarbonate buffered solutions. Although pH¡ appears to decrease

more in bicarbonate-containing buffer, with each transient acidification a further drop in

Flaas \¡/âs observed, suggesting a leak of the dye. The dye leak is also indicated by the

relative difference between the ratio trace and the tension trace since cytosolic

acidification would be reflected in the twitch tension.

Fluorescent dyes such as BCECF are used to measure pH¡ in cardiac trabeculae

simultaneously with tension. BCECF leaks out of the cells of the tissue, making long

experimental protocols difiìcult to perform. Our findings v/ith this calibration technique

show that tissues in buffer acidified with CO2 are able to buffer pH¡ more easily than those

in buffer acidified with organic acids. Previous studies have shown a slow time-dependent

decrease in FI¿¿o (Aalkjær and Cragoe, 1988; Putnam and Grubbs, 1990; yu et al, r99l),

but few have investigated the reasons for this phenomenon. We also observed a similar

slow decrease in fluorescence with time, which was accelerated with acid to base

transitions. We describe a method for correcting the calibrations to account for this dye

leakage. This technique estimates pH¡ more closely during long experimental protocols

using cardiac trabeculae. We investigated the recovery of pH¡ simultaneously with tension

after 45 minutes of acidification with a high concentration of CO2 and with the addition of

lactic acid in bicarbonate- and FIEPES-buffered media. We could not observe tissue
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damage caused by the acidification and realkalinization as judged by the recovery of

generated tension and of pH¡, which was complete.

The calibration of BCECF in situ was previously found not to be different from that

of BCECF in buffer (Rink et al,1982). We observed a shift in the excitation and emission

peaks, and in the isosbestic point, a phenomenon which has been observed by others

(Thomas et a|,7979). Unpredictable cytosolic ionic strengths and interaction of BCECF

with intracellular proteins may changethe in silz fluorescence without reducing the pH

sensitivity of the dye (Reers et al, 1989; Yu et al, 1991, work from our lab; for a

discussion of the effect of ionic strengths on microelectrodes see lllingworth, 1981), hence

calibrations need to be performed with BCECF in situ. In our preparations there was

leakage of the dye from the cells over time, which caused a slow reduction in the ratio. A

calibration of BCECF done in a tissue at the end of a long experiment is therefore invalid

for calculating pH¡ from a part of the experiment done long before the calibration. The

leakage of the dye from the cells was dependent on the treatment performed. Transitions

from acid to base result in faster dye leakage than transitions from base to acid or steady

pH maintenance. This suggests the presence of an acid transporter on the membrane.

Although such a transporter has not been described in cardiac tissue, the use of probenecid

has been advocated for the prevention of dye leak from cardiac tissue (Mohabir et aI,

1991) as well as from other cell types (Gerard et aL,1990). Flaae decreases with time even

in the absence of any incident light, hence the phenomenon is not due to photobleaching of

the dye, or ifany photobleaching does occur, then the products do not fluoresce at 540 nm

when excited at 440 nm or 500 nm. This is concluded from the fact that the formula
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parameters from calibrations done at different times in the same muscle strip (time-

dependent decrease in cytosolic dye concentration) match the parameters f¡om calibrations

done with different initial cytosolic dye concentrations. This is also evidence that

compartmentalization of the dye does not arise slowly during experiments. It is possible

that during the presence of an acidic intracellular environment the protonated form of

BCECF is lipophilic enough to cross the membrane and hence leak out (Thomas et al,

1919). This being the case one would expect a high degree of compartmentalization of

the drug into intracellular organelles. Compartmentalization of BCECF has been shown

not to occur @orzak et al,1990). We did not attempt to further charactenze the leakage

phenomenon. Compartmentalization of the dye would result in a slower response of the

dye to changes in cytosolic pH since H+ would have to equilibrate with the compartments

as well before reliable readings could be used. If the calibration curve was done in the

presence of the compartmentalized dye then it would still hold true for the steady-state

measurements done during the experiment if one makes the assumptions that the

compartments do not change their pH¡ dependence and that the dye does not accumulate

slowly into the compartments during the experiments.

Some studies of intracellular pH describe relative pH change rather than absolute pH.

With microelectrodes this may be due to electrode drift over time. Studies \¡iith BCECF

derive pH¡ from the calibrations performed at the end of the experiment. During an

experiment there is leakage of the dye out of the cells as evidenced by a decrease in the

Flaas reading. It has been assumed that the only change in time during an experiment with

BCECF is a downward shift of the calibration curve (Aalkjær and Cragoe, 1988; Putnam
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and Grubbs, 1990), implying that relative changes intracellular pH should be reliable

regardless of the amount of leakage of the dye. However, since Rv,,. changes more than

Rvi,,, the slope of the linear portion also changes, decreasing with dye leakage. If one is to

use the calibrations at the end of an experiment where the amount of dye loaded is low,

and extrapolate those values to the beginning of the experiment where the amount of dye

loaded is high, the extrapolated results are not only offset from the real absolute pH¡, but

measured changes are exaggerated. As a result of the leakage of the dye, in order to

obtain more reliable results one must limit the experiment to a short duration, and only

relative changes can be described unless the calibration is done immediately after the

experimental protocol. This is limiting to the kind of experiments that could be performed

using BCECF. Only a few studies have incorporated measurements corrected for the dye

leakage in smooth muscle (Yu et al, 1991) or renal tubule cells (Noël et al, 7989). In our

preparation, uncorrected calibration curves consistently gave us an overestimation of both

absolute pH¡ values and of relative pH¡ changes (data not shown).

The calculated pH¡ values are most reliable in the range of pH 6 to 8 since beyond

these values the ratio approaches the asymptotes at Rrr¡i, and Rrr,r"*. A linear correction for

the data in this range may also be used (Yu et al, 1991) but at the expense of greater

variability in the results (data not shown). There is no way around this difficulty since

FIøo must be fixed in order to calculate pFLr' and in order to assume the F ratio of equation

(2) to be constant (James-Kracke, 1992). Contribution to the pH¡ calculation by the pH-

dependence of FIøo is minimal (0.055 units per pH unit) and was left out of the equation

by necessity. If anything, the shift in the isosbestic point actually serves to make the ratio
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more sensitive to pH changes since Flaaa will change in the opposite direction from FI5e6,

producing a larger change in the ratio per change in pH unit. The ß factor in equation [l]
was found to be constant, therefore the apparent pK.' did not change with pH. In order to

minimize any elror in calculated pH¿ the FI¿¿o values at pH 7.0 were used to find the

corection factors. Since R¡a,* is the parameter most sensitive to variation in Flaas, The

calcuiations of pILr will be slightly underestimated for pFLr values greater than pH 7.0 and

slightly overestimated for pHl values less than pH 7.0 (up to o.oz7 per pH unit).

Our medium-to-tissue volume ratio was 4000:1 and the muscle surface was

continuously superfused by rapid flow; hence the contribution of extracellular dye to

fluorescence \¡/as negligible. The ammonium chloride pulse has been used to induce

transient cytosolic pH changes without affecting extracellular pH. In solution NH4CI is in

equilibrium with NH3 which freely diffi;ses through the cell membranes. Inside the cells

NH3 and NH4+ establish an equilibrium, thereby taking up H+ and resulting in

alkaliz¿1i6¡1 of the cytosol. The removal of the ammonium chloride produces the same

series of events in the reverse direction, resulting in acidification of the cytosol.

Experiments with the ammonium chloride pulse demonstrated that pH¡ was being

measured independently of pHo. The overall buffering power of the cell includes

transmembrane pH control mechanisms and the specific buffering capacity of the cell

cytosol. The measurement of the specific buffering capacity requires the use of

pharmacological blockers of the membrane events which actively buffer pH. Amiloride

and its analogs are commonly used to block the sodium-hydrogen exchanger. Amiloride

also changes cytosolic calcium concentrations in that it produces relaxation of smooth
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muscle and inotropy in cardiac muscle. Calcium shares many of its cytosolic binding sites

with hydrogen @abiato and Fabiato, i978) hence a change in cytosolic calcium may

change the intrinsic buffering capacity of the cells.

Acidification of the external buffer results in cytosolic acidification without greatly

affecting the driving force for the sodium-hydrogen exchanger. pH; directly affects the

force of contraction by interaction of H+ with binding sites for Ca2+ on troponin C

(Fabiato and Fabiato,1978; Orchard and Kentish, 1990) and by more indirect effects such

as on calcium release sites (Rousseau and Pinkos, 1990), potassium channels (I{arvey and

Ten Eick, 1989b), calcium channels (Irisawa and Sato, 1986), and other mechanisms

(Kaila et al,1987; Orchard and Kentist¡ 1990). The relationship between pH¡ and cell or

muscle contraction has been described in detail elsewhere (Macleod and Harding, l99I;

Vaughan-Jones øl al, 1987). The buffering capacity of the cells is affected by not only

membrane events such as the sodium-hydrogen exchanger, anion exchangers, and the

sodium-dependent anion exchangers, but also intracellular enzymes and metabolism. We

found that the dependence of pH¡ on pHo was not contingent on the presence of

bicarbonate in the medium. One of the cytosolic enzymes which specifically control pH is

carbonic anhydrase. The presence of carbonic anhydrase may explain the improved

cellular buffering when the medium is acidified with CO2. The observation that tension is

less dependent on pH¡ when bicarbonate is present in the medium implies some additional

role of bicarbonate on tension development which is independent of the changes in pH¡.
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In summary, the calibration curves for the fluorescence of BCECF must be adjusted

to compensate for dye leakage from the cells throughout each experiment; hence the pH-

dependence of the dye fluorescence is dependent on the concentration of the dye. Invitro

calibration of BCECF fluorescence to pH does not correlate to in situ calibrations due to

intracellular interactions and a shift in the isosbestic point. These changes are linear such

that measurement of FI440 provides the data required to correct the calibrations to correct

the pH¡ calculations from the fluorescence ratio of Flsoo: FI440l/vith emission at 540 nm.

CAR D I AC ELECT RO P HYS I O LO GY

HTcn nTSTSTANCE ]vtrCRoELEcTRoDE STUDTES

Tissue preparation

Canine trabeculae were suspended horizontally with one end pinned to a silicone

rubber base and the other attached to a tension transducer (FT 03C). Guinea pig right

ventricular papillary muscle was horizontally suspended in a manner similar to the canine

trabeculae. A flow{hrough bath kept the tissues perifused with Krebs Henseleit solution

G)}J7.4, 37"C, and bubbled with 95To 02, 5% CO2). Guinea pig tissues were field

stimulated at a basic cycle length of 1000 ms, with pulses 1 ms in duration, at a voltage

20o/o abovethreshold. Canine tissues were stimulated similarly but at a basic cycle length

of 2000 ms.
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Messurentent of Action PotentiøIs

Glass capillary tubes (1.2 mm O.D., 0.75 mm I.D.) with a microfilament were

heated and pulled using a model P-77 Brown-Flaming micropipette puller (Sutter

Instruments Co., San Francisco, California, USA) to leld microelectrodes with tip

resistances of 8-20 megaohms. These were filled with 3 M KCI solution and connected to

the preamplifier via a AgCl2 electrode. The reference consisted of a Ag-AgCl2 wire

suspended in the bathing solution. Surface cells from the tissue were impaled with the

microelectrodes to measure action potentials. The membrane potential was measured

using a model 1600 Neuroprobe amplifier (Transdyne General Corp., Ann Arbor,

Michigan, USA) with the headstage mounted on a mechanical micromanipulator

@rinkmann Instruments, Rexdale, Ontario, Canada). Both transmembrane potential and

tension \¡/ere recorded digitally using a data acquisition program (Scientific Solutions A-D

converter with Axotape software, Axon Instruments, California, USA). With each action

potential a calibration signal was recorded consisting of 0 mV for 5 ms, followed by

-50 mV for 5 ms then back to resting potential for a further 5 ms. A computer driven

TTL signal triggered both the calibrator which initiated immediately, and the floating

ground stimulator (Frederick Haer & Co., Brunswick, ME, USA model Pulsar 6i) which

was delayed 20 milliseconds to allow time for the calibration step. The stimulation of each

action potential was delayed until after the calibration steps and timed so as to almost

completely suppress the initial stimulus artifact.
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Low nnsIsTANcE MICRoELEcTRoDES: IoITTc CURRENTS

Guíneø-píg cell isolation:

The technique used to isolate guinea-pig ventricular myocytes was modified from

that described by Hume and Uehara (1935). Guinea-pigs weighing 250-350 grams were

killed by cervical dislocation and their hearts quickly removed and quickly canulated

through the aorta and perfused in Langendorff mode with warm (33"C) Krebs solution

(in mM: 120 NaCl; 25 NaHCO3, 4.2 KCI; 1.2 KTI2PO4; 1.2 MgSO4; 7.8 CaCl2; 1I

Glucose, bubbled with 95% Oz-5o/o COz, pH7.4). The connective tissue and pericardium

were mechanically removed while perfi.rsing the coronary arteries in an anterograde

direction by gravity (65 cm column) at 33oC for 10 to 15 minutes at a flow rate of

0.8 mVmin. After rinsing the vasculature free of blood, the perfusate was then switched to

a nominally calcium-free perfi.rsing solution for 5 minutes, after which the drippings of

solution from the heart were collected and reperfused. To the calcium-free reperfrrsing

medium, crude collagenase (type Ia, Worthington or Bohringer Manheim) was added at a

concentration of 60 U/ml (0.2-0.3 mg/rnl) and digestion was allowed to proceed at a flow

rate of 0.5 mVmin for 45 minutes during which time the perfi.rsate was recycled. The right

ventricle was then cut from the heart and placed into enzyme-free and calcium-free

perfi.rsing solution and cut into small pieces approximately 3 mm in size. These pieces

were subjected to a second digestion, this time incubated in 1.8 mM calcium-containing

solution with 40 U/rnl of the same collagenase. For each experiment, a few pieces were

removed at 5 minute intervals to a maximum of 40 minutes digestion to find the optimal

exposure to the second,digestion. Upon removal from the digesting medium, the pieces
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IÀiere rinsed and stored at 33oC in fresh enzyme-free i.8 mM calcium-containing solution

until needed. All solutions were bubbled ttttth 95% 02, 5Yo CO2. Cells were liberated

from the pieces by trituration. Fifteen minutes of the second digestion was found to be

optimal.

Measurentent of ionic cunents

The "standard" bathing solution for whole-cell clamp experiments was of the

following composition (mN!: 140 NaCl; 5.4 KCI; 0.5 MgCl2; 5 TIEpES-NaOH

(pH 7.40*0.01); 2.5 CaClz;5.5 Glucose. Cesium external solution contained 10 mM CsCl

instead of KCl, at pH 7.40+0.01 (balanced with NaOþ.

The standard pipette solution \ryas as follows (mNQ: 110 K-Gluconate; 30 KCI;

0.5 MgClz; 5 I{EPES-KOH (pH 7.20+0.01); 10 NaCl; 0.1 ethylene glycol tetraacetic acid

@GTA); 1Mg-ATP. Cesium-containing pipette solution \¡/as as follows (m[z!:

105 csoH, 105 Aspartic Acid, 20 cscl, 20 TEA-cl, 0.5 MgcI2, 5 rIEpES-csoH

(pH7.20t0.01), i0 NaCl, 0.1 EGTA 5 Mg-ATp.

External solution was perfused in the stage-mounted chamber (approximately 3 cm

x 1 cm) by gravity, at a flow rate of 2-3 mVmin. The perfusate was evacuated by a suction

line and discarded. The fluid volume was kept at approximately I ml so as to enable

changing the bathing solution within one minute. All experiments were carried out at

room temperature (22"C). The junction potential between the intra-pipette solution and

the bathing solution was determined by placing a pipette tip into a bath with intra-pipette
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solution and offsetting the tip potential measurements to zero, then switching the bath to

external solution and measuring the junction potential produced.

Calcium tolerant cardiac ventricular myocytes (figure 13) were clamped using the

standard whole-cell configuration of the patch clamp technique (Hamill et al, lggl).

Large diameter micropipettes were pulled using a two-stage micropipette puller (Narishige

Scientific Instruments, Toþo, Iapan; model PP-83) and polished using a microforge

(|{arishige Scientific Instruments; modelFP-83). IVith tip diameters of about 1.0 ¡rn1 the

pipette resistances were in the range of 2 to 5 N,{ç¿ when filled with the internal solutions

described above. A Marzhouser Micromanipulator (MS 314, Fine Science Tools Inc.,

#25711-10, #25501-00) was used to approach the cell with the tip of the microelectrode.

With the tip near the cell, the output of the measured potential was offset to reflect the

junction potential between the pipette solution and the bathing medium. Gentle suction

was applied to the micropipette to form a gigaohm seal between the glass tip and the cell

membrane such that no current was required to produce a 20 mV change in the tip

potential (measured using a Hitatchi VC6025 oscilloscope). Once a seal was formed, the

cell was raised off the bottom of the chamber in order to improve access of the bathing

medium and to prevent vibration from tearing the membrane and producing leaks in the

seal. After compensating for tip capacitance and clamping the tip potential to -40 mV,

stronger suction was applied for a short time in order to break the membrane attached to

the tip. This produced whole-cell access without causing the cell to contract and

destabilize the seal. Series resistance compensation was done for all experiments using a

i0 to 60 ms decay constant. Voltage clamp protocols were computer driven using
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Figure 13

1t_{1.-d -.-ldif 
n}/ocyte. Guinea pig cardiac ventricular myocytes were isolared by

usrng.a two-step digestion method (see_ t_ext)._ Cells used for whóle-cell voltage clami
experiments. \¡iere calcium tolerant in 2.5mM calcium-containing solution.- Oïy çgü;
displayin^g clear striations and.a sharp uniform membran. un¿.i +õ0.-*ugni¡.æioi were
selected for experiments. Cells werê triturated from the tissue when neecl"ed. Shown is a
representativecell. Included in the field is the tip of a 4 megaohm pipettè attaõtred to thecell, and a circle where a red filter has beén drilled ("as u .äqiir.tnént- ior other
experiments).
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PClamp software (version 5.5.1) and an Axopatch lD amplifier or Axopatch 200

integrating patch amplifier (Axon Instruments, Foster City, CA). In current clamp

experiments, action potentials were recorded in standard internal and external solutions.

Action potentials were elicited by short (1.5-2 ms) depolarizing current pulses applied

intracellularly via the patch micropipette once every 10 seconds. The amplitude and

duration of the pulses were adjusted for each cell to elicit a voltage change sufficient to

surpass the excitation threshold and elicit an action potential, thereby minimizing the

stimulus artifact. Drug was added after the characteristics of the action potential had

reached steady-state. In voltage clamp experiments, currents were recorded in standard

internal and external solutions for I1ç, measurements, standard external and sodium-free

internal solutions for Iç measurements, and cesium internal and external solutions for

L-type calcium cur¡ents (ICaJ measurements. Ail data were acquired using a PC-486

computer interfaced with a 12-bit analog-to-digital acquisition board (TL-I25 with a

Scientific Solutions Labmaster DMA A-D Converter, Axon Instruments Inc.), and

temporarily stored on the computer hard disk for later analysis (using PClamp version

5.5.1) and display (I{ewlett Packard LaserJer).

Cltemicøls

Except for CsOH (Aldrich Chemical Company, Milwaukee, 'Wisconsin, USA),

chemicals used to make physiological bathing solutions were purchased from Canlab

(Winnipeg, Man.) and Sigma (St. Louis, Missouri, USA) Chemical Companies. Solutions

used for voltage clamp experiments were prepared fresh every week. Phenamil,
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3',4'-dichlorobenzamil @CB) and 5-(4-chlorobenzyl)-2',4'-dimethylbenzamil (CBDMB)

were purchased from E.J. Cragoe, Jr @.O. Box 631548, Nacogdoches, Tx 75963-1548).

Preparation of these derivatives is described elsewhere (E.J. Cragoe, Ir. et al, 1967).

tetrodotoxin, Ouabagenir¡ and ouabain were purchased from Sigma Chemical Co. (St.

Louis, MO). Stock solutions were prepared for the following chemicals in

dimethylsulfoxide: amiloride hydrochloride (100 mM), 5-(4-chlorobenzyl)-

2',4'-dimethylbenzamil (CBDMB, 100 mM), phenamil (r00 mM or 200 ml\4,

5-(ltl-methyl-N-guanidinocarbonyl methyl)-amiloride (MGCMA5 100 mN,f;. Pentobarbital

v/as prepared in 70o/o ethanol. The remaining compounds were prepared in deionized,

distilled water.

Between experiments all solutions were kept frozen at -20 C in the dark due to the

light sensitivity of some of the compounds. Aqueous dilutions of phenamil were not

frozen. Tissues were tested with DMSO controls to verify that the measured effects were

due to the drug and not to the vehicle. The drugs were added directly to the bathing

medium of the preparations during the experiments. In voltage clamp experiments the

drugs were added to a reservoir for external solution to achieve the final desired

concentration before each experiment.

STATISTICAL ANATYS/S

Data are expressed as means + SE, n=number of animals or cells from different

animals in a sample. When two groups were compared, the differences were tested for
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significance using a fwo-tailed Student t-test. A multiple analysis of variance (ANOVA)

test for repeated measures was used for comparisons of control to several doses of a drug

or in the determination of a drug effect during a continuously and unidirectionally

changing event where measurement is taken before, during, then after the drug. Several

groups of data using different drugs or different treatments were tested for significant

differences using a two-tailed simple ANOVA. 'Where 
tests were being compared to a

control done on the same tissue, blocked ANOVA or paired t-tests were used. In

measurements of action potential with high resistance microelectrodes, the absolute values

of peak and resting membrane potential were tested with unpaired t-tests due to electrode

drift over time. Individual differences were determined by Duncan's new multiple range

test, or by Tuckey's test. Unless otherwise stated, differences were considered significant

when a 95o/o level of confidence could be achieved (p<0.05). Slopes of regression lines

were compared using a t-test. No more than one tissue per animal was used in each data

set so that all data in a comparison was from different animals. 'When 
the curve is not

described by a formula, it was fit by a Spline method. Curves described by an equation

were fit to their equation by a least squares or X2 method. In figures, significant

differences are indicated by * (p<0.05), ** (p<0.01), and *** (p<0.001).
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RESULTS

MECHANICAL STUDIES

Iso¡¿mrruc TENSIoN

Both amiloride and phenamil were found to produce positive inotropy. Addition

of phenamil to canine trabeculae caused a slow increase in r'¡¡itch tension over a prolonged

period of time (30 to 40 minutes). Phenamil concentration of 60 pM produced significant

and reproducible inotropy which was stable after 40 min (figure 14) phenamil exposure.

Within l5 min, 60 pM phenamil increased twitch tension from 147+31 mg to 526+126 mg

(expressed as mean*S.E; 1 1 9 mg SE of difference, p<0.01). Figure I 5 shows the tension-

concentration relationship of phenamil. At concentrations below 30 ¡rM, phenamil caused

no significant change in the isometric fwitch tension within 15 minutes, higher

concentrations resulted in a significant positive inotropy. Concentrations greater than

120 pM produced automaticity in the tissue, followed by unresponsiveness to electric

stimuli before stable inotropy could be achieved. These toxic effects were observed

without any increase in baseline tension during decline of twitch tension. The resulting

irregular fwitch tensions precluded meaningful measurement of isometric tension. Inotropy

with phenamil was also gbserved in the presence of tetrodotoxin at concentrations (5 ¡rlv!
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Control

20 min

Figure 14
!tre9t of phenamil on electrically driven canine right ventricular trabeculae. Tension
developmentwithout any drugs.(Control) and with õO ¡rtø phenamil (Phen). Phenamil
was added when the muscle ¡¡¡itch tension was at steady state. The point át which the
drugs were added is indicated by the pointers.
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Figure 15
Non-cumulative dose-response plot of phenamil. The force of isometric contraction in
electrically. driven canine right ventricúlar trabeculae (paced at a basic cycle length of
2000 ms) is expressed as relative ¡vitch tension, witti tooø being the áctive tásion
before the addition of .phenamil. Tssue toxiðiry induced by þhenamil prevented
evaluation of concentrations greater than 120 ¡rM. 

-(n:5 
to 23 ániinals; 5O%'maximal

inotropy with 59.0 ¡rM phenamil, by extrapolatión froìn a least squares beit-fit curve.)
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data not shown) which reduced steady state contractions and produced an increase in

threshold stimulus voltage.

It has been hypothesized that amiloride compounds produce positive inotropy by

inhibiting sodium-calcium exchange. In order to test this hypothesis, we tested the effects

of CBDMB on the contractile tension of canine cardiac tissue (figure 16). Twitch

contractions in the presence of CBDMB (5-(4-ctrlorobevyl)-2',4'-dimethylbenzamil) did

not differ from those in control conditions in the same amount of time. This finding was

similar in three tissues.

In order to analyze the effects of phenamil on the twitch duration, the twitch

tensions of the trabeculae in the absence of phenamil were normalized to the level of those

seen in the presence of phenamil (60 ¡rÀ{. Figure 174 (left) shows two overlapping

traces of the twitch response, showing that phenamil elicits significant positive inotropy.

Normalized twitches (figure 17 A, .ighÐ emphasize that phenamil caused a slight

lengthening of the twitch duration. Norepinephrine (l ¡rNQ produced a similar amount of

inotropy in the muscle (figure 178, left), but shortened the twitch duration (figre 178,

right). The effect of phenamil on twitch duration was significantly different from that of

norepinephrine. Phenamil increased the twitch duration by 7 .?i3.7 % whereas

norepinephrine decreased it by 7.3*.4.6Yo after 10 min. (Control twitch durations were

256.6+11.1 ms for Phenamil, and 328.Gi20.0 ms for NE.)

In spite of the effects of phenamil being different from those of norepinephrine,

figure 18 shows that the effects of phenamil can be reduced by nadolol (1 pM), a beta
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Control

,rl

20 min

Figure 16
Effect of CBDMB on electrically driven canine right ventricular trabeculae. Tension
development without_any drugs (Control) and witñ 50 ¡rM CBDMB. CBDMB was
added when the muscle ¡¡¡itchlension was at steady state. The point at which ,h. ¿-g
was added is indicated by the pointers.
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Figtre 17
Co.mlarison of the twitch durations of electrically driven canine right venticular
trabeculae in the presence of phenamil or norepinephrine. Traces are aligñed by the time
of stimulation. A. The twitch. profile. in the preience of 60 ¡rM pheñamil (a; left) is
overlapped w.ith its.control (thick-er_line)_showiñg positive inotropy. 'On the ¡Àtrt (U)itre
control twitch has been normalized to ihe level-oi the teated ¡"it"h to empiasi'zé the
pro_longation of the twitch duration. B. The same lryas done for muscles exp'osed to 1.0
¡rM norepinephrine emphasizing the shortening of the tr¡¿itch duration. Atro*s above
normalized twitch traces indicãte the directioã of change induced by the drug- C.rrI'tropic effects of both drugs are. plotted a.s tension as a-percent of coitrol Qeft)i rhe
effects of the two drugs 9n the twitch durations are plotted as a percent of cÈange from
control .FghO. G.6q ¡rMphenamil,.n:9; tr I plvtnorepinephrine, n:3; *, p<b.05. :
phenamil lengthened the twitch duration by 7+llo/o and^norèpinephrine'shoitened the
nvitch durations by 7+8%. (n:9 for phenamil, n:3 for norepineph¡nè )

Phen NE
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500 mg

Phen

Control

Nadolol after Phen

0.5 sec

Fipre 18
Isomefic contraction recordings in canine right venticular trabecula in control, with
50pM phenamil (Phen),'and with l¡rM nadolofadded on top. (n:5)
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adrenoceptor blocker. This blockade was seen whether nadolol was added before

phenamil, or after phenamil. Other beta blockers (e.g.: sotolol, propranolol) also had a

similar effect, although more variable. Thus the effect of the beta blockers is not mediated

via the blocking of the action of released norepinephrine.

Bnn¿.src coNTRAcrIoNS

Biphasic contractions \¡/ere produced and the ef;Fect of phenamil studied to test the

hypothesis that it affected transsarcolemmal movement of calcium. In these experiments

calcium was first replaced by strontium to result in a prolongation of the action potential.

This was accompanied by a contraction which had a longer latency of duration. This

contraction lacks a sarcoplasmic reticulum-mediated component since strontium is not

stored in the sarcoplasmic reticulum in any appreciable amount. Addition of about I0o/o of

the normal amount of calcium resulted in the appearance of an earlier component of

contraction @1) whose peak was clearly separated from the delayed peak @2) of the

strontium mediated contraction. Pl is affected by agents acting on the sarcoplasmic

reticulum while P2 is affected by agents acting on transsarcolemmal calcium influx (King

and Bose, 1983). In tissues made to contract biphasically (figure 19), 60 ¡rM phenamil

caused an increase in PZ of the contraction. This differed from the effects of 1 ¡rM

norepinephrine which caused a preferential increase in Pi. 0.5 ¡rM ouabagenin caused an

increase in P2. Similarly, 4AP increased P2. The effect of phenamil on biphasic

contraction was similar to that of ouabagenin and 4AP.
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Figure 19
Fffectof phe1ry_i! guaþlgenin, norepinephrine, or 4AP on biphasic contractions elicited
by replacingg.0-9-5% of the external Ca'.-with Srt*. A. Contiol trvitches are overlapped
with ¡¡¡itches in the presenc_e of phenaÎil (l!r.q, 60 pM), norepinephrine çNE, r 0 t M),
ouabagenin (q""!, 0.5 pM) or 4AP (l ,nM) showiirg ihe posìtivê inotroþy éticiteia Uy
these,agents. -8. 

'The average percent change-in each p'hase ôf tne contracdän (tr P1, anäI P^2) by 
^.g.lt 

o{ t_hg agents is shown. (1:5; Data foi ouabagenin are from Kìng, 1'9g2.
n:3 for 4AP,3 mM 4AP also potentiated'P2.)
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One feature that differentiated the effects of phenamil from those of ouabagenin is

that ouabagenin toxicity caused a rise in diastolic tension, whereas phenamil toxicity did

not produce a rise in diastolic tension. At very high concentrations of phenamil toxicity

was manifested as extra beats or in more severe cases as automaticity.

S¿ncopr,asiltrc RETrcuLrrM

Figure 20 shows the twitch responses in the presence of ryanodine, an agent

shown to deplete the stores of calcium from the SR (Hilgeman4 1982). When 100 nM

ryanodine was added, the twitch tension decreased to 23o/o of control tension. The

resulting contraction was predominantly dependent on transsarcolemmal calcium

movement. When 60 ¡rM phenamil was added in the presence of ryanodine, it prolonged

the twitch duration and caused the appearance of a second phase of contraction; phenamil

continued to induce positive inotropy after 40 min in the presence of ryanodine (figure

20A). In spite of phenamil's similarity to 4AP in its effects in biphasic contractions, 4AP

did not elicit a second phase of contraction in the presence of ryanodine (figure 208).

After-contractions induced with phenamil at toxic concentrations could not be abolished

with ryanodine (0.4 ¡rM) hence toxic concentrations probably did not result in cytosolic

calcium overload.

Cyclopiazonic acid (CPA) has been used to deplete calcium stores by inhibiting

ATP-dependent calcium uptake into the sarcoplasmic reticulum @audet et al, 1993).

CPA (100 ¡rNf) reduced twitch tension to l2Yoof control tension (figure 2l). Addition of

phenamil (100 ¡rÀQ after CPA resulted in a relatively rapid increase in tension (figure 214)
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Figure 20
Prolongation of the lwitch.duration.by phenamil in the presence of 100 nM ryanodine(ryun), Traces are aligned by the time 

-of 
stimulation. A. A twitch in the prósence of

ryanodine is overlapped with a.control tr¡/itch from the same muscle (toþ). In the
presence _of ryanodine, phenamil (phen, 60 FM) increased the ¡witch tèásion and
prolonged the trvitch duration in this muscle- (bgttom). Under these conditions, phenamil
elicited a second phase of contraction. Similar rêsults were seen in 4 tiésues. B.
Tw-itches. in the presence. of 4AP (i rY; top) or of ryanodine (middle) are overlapped
with their control twitches. .In the.piesence of ry-anodine, iAp píoduced potìtìrrè
lrotronl and p.rolongation of the twitcli but did not áicit a seôond pliase of coniraction
(bottom). Similar results \¡/ere seen in 6 tissues.

Ryan + 4AP (3mM)
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Figtre 21
Positive..in_otropy ÞI ph.enamil _i1 Jhe_ presence of cyclopiazonic acid (CpA) A.
l[.^nq]il (P!"1, 100 ¡rN{) was adclgd_afte} equilibrating the tissue in solutioà coníaining
çPA (1.00. pl4). B. Suryp_J:.tryitches weie recordòã before addition of any drugi
(control), in.the presen€e gfCn{ (100-¡rlr,f), and with both CPA and phenamil (tbopNõ.
Traces are aligned_ Þv thç time of stimulation, emphasizing effects on iritch ¿uràtiori. ó.
Inotropy prodl"{ by phenamil in the presence óf Cpe iõ plotted as a percent of control
tension (*, p>0.05; n:4).
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and prolongation of the twitch duration (figure 2IB). In the presence of Cp{ 50 pM

phenamil produced over 200Yo positive inotropy (figure 2lC).

Thus the inotropic effect of phenamil is not dependent on intracellular calcium

release from the SR.

Posr-nrsr coNTR A.crIoNS

Calcium in the muscle cell is rapidly taken up into the longitudinal element of the

sarcoplasmic reticulum (SR) between contractions. It is then translocated to the terminal

cisternae in preparation for release during the next action potential. This translocation

step is slow so that if the interval between beats is increased, then more calcium will be

available for release f¡om the SR causing a transient potentiation of the subsequent

contractions. Rest periods of 10, 30, 60 and 720 sec within a regular train of electrical

stimuli (basic cycle length of 2000 ms) were applied and potentiation of the first twitch

after the rest period was compared after 40 minutes of phenamil (60 ¡rN{ ouabagenin

(1 pIÐ or 4AP (3 mÀ/Ð (frgure 22). At these concentrations, the three inotropes all

produced 200% to 500o/o positive inotropy. Both 60 pM phenamil and 3 mM 4Ap

reduced the PRC potentiation more than I ¡rM ouabagenin (n:6 to 14).

Cyrosor,rc pH

C¡osolic pH measurements were made to

activate protein kinase C, which would activate

alkalinize the cytosol resulting in positive inotropy.

the hypothesis that phenamil may

sodium-hydrogen exchanger and

test

the
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Figtre 22
Post res.t p_otentiation of canine ventricular trabeculae in control and in the presence of
phenamil _(Phen, 69 pM), ouabagenin (Ouab, I frM) or 4AP (3 mM). The inuscle was
stimulated at a basic cycle lengfh of 2000 ms. In control (traces left óf the dotted line),
the first beat after a rest pe{od has a higher t'witch tension than the last steady state beát.
Tgp^to bgtt9ru tlr¡ effects of the vehicle, DMSO alone, phenamil (60 pM), ouãbagenin (i
pM) and 4AP (3 _mM) are shown on tracings on thè right, màtched'with théir own
controls on the left. Tracings of both contol-and test compound are shown for a rest
period of 30 and 60 sec, For 4AP.only a2 min rest period is-shown. Tracings are typical
representatives from experiments in 6 animals.

Control
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In our system phenamil (50 ¡rM) produced positive inotropy (223*17% of control,

n=5) without alkalinizing cytosolic pH (figure 23A) or, in 3 of those 5 tissues, with a

slight drop in the apparent cytosolic pH. C¡osolic pH in the bicarbonate-containing

buffer was found to be 7.24+0.05. Other compounds can produce inotropy simply by

alkalinzing the cytosol. Ammonium chloride produced positive inotropy (ZB3+10o/o of

control) without changes in extracellular pll which was maintained at pH7.44+0.02

(figure 238). Increase in cytosolic pH with NII4CI was 0.15+0.05 pH units ar steady state

tension.

S ooru¡n-porAssrrlM prJMp

Some of the effects of phenamil were similar to those of inhibitors of the sodium

pump. We tested the hypothesis that phenamil may inhibit the sodium pump. Smooth

muscle was used for supporting evidence that phenamil does not inhibit the sodium pump.

The sodium-potassium ATP-ase in smooth muscle is inhibited by similar concentrations of

the same drugs that inhibit this pump in cardiac tissue (Skou and Esmann, lggz).

In the absence of extracellular potassium the sodium pump is blocked, resulting in

an accumulation of sodium in the cells, which brings calcium into the cells via the sodium-

calcium exchanger @ose and Innes, 1973). The inability of phenamil to block the sodium-

potassium pump is shown in fr,gre 24. Removal of potassium from the extracellular

medium augmented the tension in all three portal vein strips. In the control preparatiorq

the increase in tension lryas reversed when potassium was restored to the solution (figure

24, top trace). Ouabagenin (1 frltd) caused a further increase in tension of the smooth
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Figure 23
A.-Sample tracings show the efÏect of phenamil @hen, 50pM) on cytosolic and
extr¿cellu_la1 PH during the time-course of positive indtropy. Similár observations were
made in 5 tissues. 8.. Sample tracings show the effects oi a short pulse of NH4CI (10
mtr¡Ð on the measured.parámeters of the function of canine ventricular trabecülae'in
bicarbonate-buffered medium. similar results were obtained in 6 tissues.
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Figure 24
Effect of restoration of normal potassium medium on canine portal vein contracted in a
potassiu.m-free me-dium-in- contiol, and in the presence of 1 ¡rM ouabagenin or 60 ¡rMphenamil.-Dotted lines below each tacing repiesents the res[ng tensio-n of the muicle
after equilibration in normal K* containlng solution, immediatãly before replacement
with potassium-free medium. Similar resi:lts \ryere observed in 4 tissues.' Baseline
tension with a preload of 1g is indicated for each trace as a dotted line under the trace.
Tension calibration bars extend from baseline tension to maximum tension attained
during the contracture.



Page 77

muscle after restoration of potassium into the bathing medium (figure 24, center trace),

while phenamil did not impair the K+-induced relaxation of the muscle (figure 24, bottom

trace).

S oonnvr- cALcruM EXcHANGE

In order to test the hypothesis that phenamil could directly inhibit the sodium-

calcium 
,"l1chanSer 

to produce inotropy, we employed the rapid cooling contracture

technique.

Rapid cooling of the tissue results in calcium release from the SR @ridge, 1986).

Due to the cold temperature, the calcium pump does not remove calcium from the cytosol,

resulting in a contracture. This is an effective method for quantitating changes in SR

calcium content. During reheating, calcium is removed from the cytoplasm into the SR or

out of the cell. Before the tissue reheats completely, the most active method for calcium

removal is the sodium-calcium exchange. The calcium pump becomes fully activated later,

afterthe temperature comes closer to37"C, but only after calcium levels are lower in the

cells. When the muscle is then left unstimulated and a second rapid cooling contracture

(RCC) is produced, the height of the second RCC, with relation to the first, reflects the

amount of calcium that moved through the sarcolemma during reheating, and hence

reflects the amount of calcium removed predominantly by sodium-calcium exchange. The

relative heights of twin RCC's are therefore an index of the activity of sodium-calcium

exchange @ridge, 1986). These experiments make the assumption that the compound

being tested does not make the SR leaþ, nor does it modulate the calcium pump.
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Figure 25 shows the results of twin RCC experiments with phenamil (50 ¡rN4) and

with ouabagenin (3 pN4). Figure 254 reveals that phenamil produced positive inotropy

without greatly changing SR calcium content. In 5 experiments phenamil did not

significantly change the relative levels of the twin RCC as compared to either control, or

to washout of the drug (figure 258). Ouabagenin significantly decreased the reduction of

the second RCC hence it reduces the activity of the forward mode of the sodium-calcium

exchanger. This sodium pump inhibitor produced positive inotropy and greatly reduced

the amount of calcium that was removed after the first RCC as compared to control

(figure 25C).

The driving force for the sodium-calcium exchanger is the difference between the

membrane potential and the ¡eversal potential for the exchanger. Depolarization of the

membrane potential can reduce the ionic flux through the exchanger and mimic an

inhibition of the exchanger. According to the Nernst equation, the membrane is

depolarized by approximately 30 mV in the presence of 14.3 mM KCI (4.3 mM in

solution, and 10 mM added). This depolarization of the membrane potential reduced the

activity of the sodium-calcium exchanger (figure ZsD).
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Figure 25
\apid qgolrrrg cont?c_tures. A. Rapid cooling contractures before (controt), with
phenamil (Pltgr, .50pM), and after the washout of the drug (wash). Hãcdcal
stimulation of the tissue was stopped within 2 seconds of the first ðoojing cóntracture and
was not restarted until much beyond the end of the traces shown. Similar results were
obtained in 5 of 6 experimentl. _P. Þur graphs showing the effects of phenamil on steady
state contraction in c__ontrol (white bars), with phenamil (50pM; daik bars), and after
washout of_the drug (light bars). Due to the gradual declirìe in tension over fime, a two
ryay ANpVla' was performed to determine stãtistical signifïcance between control, with
drye, ry{ after washout. Effect of phenamil on the ¡viñ RCC's (righÐ is graphed âs the
ratio of the second contracture to the first contracture in the couplãt. 

-C. 
naþid cooling

contractures before (control) and in the presence of ouabagenin-(3¡rM). Siniitar resultõ
were seen.in 4 experiments- D. Rapid côoling contractureibeford and ín the presence of
a depolarizing KCI solution (14.6mM). Similar results were obtained'in 3 of 5
experiments.
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E LECT RO P H YS I O LO GY EX P E R I M ENTS

AcTTox poTENTIAL¡ wHoLE TISSUE

Since it \¡/as determined that phenamil produces positive inotropy through some

transsarcolemmal event, I needed to assess whether phenamil affects membrane channels

to alter the action potential profile.

Phenamil prolonged the action potential in canine trabecular tissue (figure 26).

This prolongation followed the time-course of positive inotropy and was dose-dependent

(figure 26A). APDgo was prolonged with 40 pM and APDso with 60 ¡rM phenamil

(p<0.05, figure 268), hence phenamil had a more prominent effect during phase 3 of the

action potential. With 60 ¡rM phenamil, the resting membrane potential became partially

depolarized (figure 268). The peak of the action potential was not significantly affected.

Phenamil (60 pM) prolonged APD59 from 172*5 msec to 212+11 msec; prolonged APDs.

from207+6 msec to 262+LZ msec; and depolarized RMP from -83+3 mV to -7612mY.

With higher concentrations of phenamil (>80 ¡rlrrf), the muscles became insensitive to

stimulation and sometimes became automatic (frgre 27). The twitch tension and the

action potential traces are shown in the absence and presence of 80 ¡rM phenamil from a

tissue that eventually became automatic and then insensitive to stimulation. Phenamil

caused both positive inotropy and a lengthening of the twitch duration (figure 278, and C)

as compared to control (figure 27A). Prolongation of the action potential \ryas seen, but as

the muscle became less excitable, the latency before phase 0 increased progressively up to

i00 ms while the resting membrane potential depolarized by up to 20 mV (figure 27D).
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Figte 26
Effect of phenamil on the action potentials of canine ventricular trabeculae. A.
flol-ol9ation ol tlre. action potential 

-by 
different concentations of phenamil (20¡rM;

40pld; and 60¡rM). is shown on the left. In the same tissue, potentiation of the twitch
te¡sion by.phenamil (a0¡rM and_60¡rltf) is shown on the right.^ B. Bar graphs show the
effects of three concentrations of phenamil (40, 50, and 60 t lvf) on peakãnä ruæ (left),
and on the action potential.duratión (right).'Dãta irom connol'traces are shown in'opeá
bars. Duration bars (right) for APD,o-arê overlapped on those for APDro of the sáme
tr¿ces. .Tory 3¡rd 5q pM phenamil produced significant prolongation of ÃPDoo; 60 ¡rM
plenamll 

-significantly prolonged both APDjo añd ApDno. (p.o-.0s, n:5 for 4ö and øo
FM n:7 for 50 ¡rM pheiramil.)

AP Duration (ms, at 50% and 90o/o)
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Figure 27
Á"iion potential and twitctr tension of a canine ventricular trabecula in control and with
phenamil (80 p¡4. Calibration bars to the left of each set of traces are for the action
potential traces. A: co^ntrol;B: 5 min after phenamil addition; C: 10 min after phenamil
addition; D: toxic effect of phenamil, takèn immediately bôfore the canine trabecula
þeg.ame unresponsive to stimulation. Íhe four traces are'lined up by time of stimulus
indicated b¡' qrows. The stimulus artifacts \¡iere suppressed excepi inb where the small
upward delection of trans-membrane potential at thê start of theãction potential trace is
caused by the stimulus.
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The upstroke velocity was slowed when the resting membrane potential became slightly

depolarized. If stimulation was stopped for a short period, the lag time decreased for the

first stimulus, but reappeared with each successive stimulus. In about 5 min the muscle

became insensitive to stimulation. This could be temporarily corrected by increasing the

strength of the stimulus.

Phenamil has been shown to prolong the action potential of guinea-pig ventricular

myocytes (Guia et al, L992) at room temperature. Prolongation of the action potential

duration in guinea pig papillary muscle was also observed at 37"C (figure 28). The

prolongation of the action potential was proportionalto the dose of phenamil (figure 288)

and was reversed upon washing out the drug. Within 15 min the action potentials

increased in duration from 164+6 ms to 207*14 ms in the presence of 60 ¡rM phenamil

(12 ms SE of difference; p<0.01; figure 28C). Maximum prolongation of the action

potential duration took place during the next 20 min. In this species, concentrations

greater than 80 ¡rM led to toxicity (automaticity and inexcitability to external electrical

stimuli).

Guinea pig ventricular myocytes do not exhibit a noticeable phase I of the action

potential, which has been shown to be attributable to I1s and blocked by aAP (Giles and

Imaizumi, i988). The action potential profile of rat ventricular myocytes is largely

controlled by Ito (Josephson et al, 1984). The effects of phenamil were hence compared

to those of 4AP in rat ventricular papillary muscle (figure 29). In rat ventricular tissue,

phenamil (100 pM shown, similar results were observed with 50 pM) produced reversible
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Figure 28
Effecj of. phenamil on the ugtion potentials of guinea-pig left ventricular papillary
muscle. A. Time-dependent effect of +o ¡rM phenañril on thãaction potential. É. þfeit
of cumulative doses of phenamil on the agtlon potential. The increasè in action potential
duration^wç-s1gr.ufi.cant^wiqr-" 10 min (.Æ_ D" changed from 164 ms to 207 ms;p..0.01,
us.ing 60_ ¡rM.Phen).. C. Electrophysìologiðal effects in control (open bari)'after z5
milutes (middle bars), or. qfte¡ +s miñutes litraOea bars) in the preseìôe of phánamil (60
*10_o,n the a.ction potential. Left: Effect oÈ phenamil ó¡ the reiting membåne potenìial
(RMP).and.the qe1\ of the action potential @eak). Right Time ió 5Oo/o repolanzation
(APDro).and to_20% repolarization (APDoo).'Majór lenþhening of the actiôn potentiai
occurred after 50o/o repolarization. (n:7)
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-ef-féct 
of phenamil o¡ iAP ol thg action potentials of rat ventricular papillary muscle. A.

Measurements of twitch tension (above) and membrane potential þeioiv) in-control, with
5gp.M phenamìl for i0 minutes (10' Phen) or 30 minutès (30' Phen), aid after washout
of the drug_ (Wash). B. A similar experiment using I mM 4AP viith-measurements after
2 minutes (2' 4AP) or 15 minutes (15' 4AP). Simi-lar results were seen in tissues from 3
animals. C. A Bar graph shows the effect-of phenamil (50 frM) or 4AP (3mM) on the
action potential d-uration. Data is expressed as- a percent of control duration. ÁPDro is
shown with open bars, aird is overlapiied on APDno. (n:3)
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negative inotropy and depolarization of the resting membrane potential (figure 2gA).

There \¡/as a transient period of positive inotropy upon washout. In contrast, 4Ap (3 m¡o

resulted in positive inotropy (figure 298). The decrease in resting membrane potential

\Ã/ith 4AP was not consistent (n:3), and not reversible on washout hence it was likely due

to electrode drift. Figure 29C demonstrates that phenamil and 4AP had different effects

on the rat action potential duration. Phenamil prolonged predominantly APDso (dark bar)

whereas 4AP prolonged predominantly APDso.

ACTION POTENTIAL : SINGLE.CELL

Whole-cell voltage clamp studies were done on freshly dispersed guinea pig

ventricular myocytes.

Myocytes were studied under current clamp conditions using the standard

potassium-containing internal and external solutions. Cells exhibited an average resting

membrane potential ßlvÍP) of -82+1 mV, a peak overshoot of +47t2 my, action potential

durations of 369+58 ms at 90% repolarization (APD96), and 296+53 ms at 50%

repolarization (APDso n:20; figure 30). Phenamil (10 frlvÐ progressively increased the

action potential duration. The lengthening of the action potential \¡/as accompanied by a

delayed decline in RMP after 10-15 min. A higher concentration of phenamil (60 frM)

caused a more prominent.and faster change in the APDs¡ and RMP (figure 308). These

effects were almost completely reversible upon washout of phenamil (figure 304 and B).

Phenamil (60 pM) was also tested in other myocytes with variable results, including

delayed afterdepolarizations, intermittent series of spontaneous action potentials, or
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Figure 30
The effects of phenamil on the action potential of guinea-pig ventricular myocytes. A.
Action potentials from one cell before (a), after 5 minutes with 10 ¡rM phenamil (b), with
60 pM phenamil (c), and after its removal (d). Letters correspond to the time-curve in
panel B. B. Time-course of effects of phenamil (10 and 0O pM) on the resting
membrane potential (Rlvæ) and action potential duration (APD) at 90Yo repolarizatioñ
(closed circles) a-nd at 50% repolarization (open circles). Letters ôn the curve correspond
to faces in panel A. Phenamil (1OpM) was added at time=O and the concenfatiorwas
increased to 60¡iM at time:Z2 min. C. Left panel. The voltages of the resting
membrane. potential ßI,ß) and the overshoot of the action potential @eak) in control
(open bars) were not different from those recorded at 5 minutes in the prèsenie of 10 pM
phenamil (closed bars). Right panel. In the presence of 10 ¡rM phenãmil, time to 9b%
repolarization (APD'') was significantly different from control- 1*'*, p=0.009, n:10).
Time to 50Yo repolanzation (APD") was different from confol, bui witli less confidenie
fu=9.07, n:10). Action potentials were elicited with a short positive pulse of cunent
applied in the clamp pipette in current-clamp mode.
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oscillatory potentials \¡ihere a triggered AP remained in phase 2 (stabilized near -35 m\)

for several tens of seconds then suddenly repolarized. Even when continuously exposed

to lower concentrations of phenamil (10 pM), the cells eventually depolarized, then

became inexcitable and failed to recover even after long periods of washout

(>60 minutes).

Soon after the addition of phenamil (10 plv[ 5 minutes), RMP and peak overshoot

of the action potential were unchanged whereas APDm was increased þ=0.009, n:10).

The phenamil-induced changes in APD56 after 5 minutes were not significant at the 95o/o

confidence level but were at 93o/o confrdence level þ:0.07;p:10; figure 30C),.

WH O LE-CELL VOLTAGE CLAM P EXPERIMENTS

L-rypB cALcruM GURRENT, Iço"

Calcium currents were recorded in cesium- and TEA-loaded myocytes superfused

with potassium-free, cesium external solution containing 10 mM TEA to inhibit potassium

channels. The cells were held at -80 mV to reduce the run-down of Iç*. A 200 msec

preconditioning step to -40 mV was imposed before the test potential in order to

inactivate sodium channels. From this level, test potentials from -30 16 +60 mV were

applied in 10 mV incremênts for 250 msec and the peak calcium current was plotted to

construct the I-V relationship of Iç* (figure 3 iC).
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Figure 31
Effect of phenamil on L-type calcium current. Internal and external potassium was
replaced by cesium and TEA.. A. Sample traces obtained in one myocyté in response to
25_0 msec steps to 0 mV in the absence (a: Control), in the presence (b: 100 ¡iNI) and
followingwashout of phenamil (c: Wash), and after the addition of I pM nifedipiie (d:
Nifed). E-ach sæp to 0 mV was preceded by a 200 msec pre-step to -40 mV to inãctivàte
sodium channels (IIP:-80 mV; protocol shown in thè insei of panel B). Letters
correspond to__those labelled on the time-course plot illustrated in þanel B. B. Step
pulses to_0_mV were applied every 30 sec. The maximum amplitude of the current wai
measured-{u_ring the_ application of (Phen, 50, 100, 200, anã 500 ¡rlv[ solid bars of
varying._thickness, first êxposure started at time=O) and following the removal of
ph.gtlaidl 4!.t the removal of phenamil, nifedipine was added (l lrM Nifed, second
solid bar_)- Letters on the curve correspond to iraces in panel À. 'C. 

Relaiive I-V
relationships_of_p.eak inward current obtained during step piotocols ranging from -30 to
+60.mV PPllied it_t tO qV increqrents (again each tést pirl3e was preceded-by a pre-step
to -40 mv from HP:-80. mv). Peak inward current measuremerits (means * SË) werè
normalized .against maximum cunent (+10 mV) and ploued as à function of step
p^otential._ PJrenamil did,not affect the shape of thel-V relationship of ICaL (O, ContoÎ;
o, 50 ¡r.M Phenamil; n=6).
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Figure 314 shows sample tracings, taken at times indicated by corresponding

labels in panel B, evoked by 250 msec test potentials to 0 mV applied at 30 sec intervals

(panel B, inset), under control conditions (a), in the presence of 100 ¡rM phenamil (b),

after removal of phenamil from the bathing solution (c), and during the application of

1 pM nifedipine (d). Panel B shows the time course of changes of peak inward current

during the application of various concentrations of phenamil (50, 100, 200, or 500 ¡rM).

At concentrations of 50 or 100 ¡rM, phenamil had no observable effect on Içur. A small

dose-dependent inhibition of Içu, was evident lvith 200 or 500 pM phenamil (6% and

25% inlxbition respectively). Nifedipine (i pM) inhibited ICa,- by more than 9O%o.

Similar results were obtained in 7 other cells.

Data from 6 cells were averaged to construct the I-V curves in figure 31C. Due to

the time-dependent run-down of Içu, @elles et al,1988), all data points were normalized

against the largest current (+10 mV). The reduction in cunent after the addition of

phenamil is not significantly different from the reduction in current after the washout of

phenamil. Phenamil (50 pM) did not appreciably change the voltage dependence of Iç-.

Dnr,¡.yao REcTIFTER porASSruM cIIRRENT, I¡¡

Delayed outwardly rectifying potassium current was recorded using five-second

step protocols from -30 to +60 mV in 10 mV increments (IIP:-80 mV, 200 msec pre-step

to -40 mV, 30 sec interval between pulses). The membrane was then repolanzed to

-40 mV for 5 seconds to record deactivating tail current. Pilot experiments using 5 mM

intra-pipette EGTA concentration or calcium-free external medium to inhibit calcium-



Page 84

dependent ionic currents (sodium/calcium exchange; non-selective cation channels, Ehara

et al, 1988) resulted in rapid and extensive run-down of Iç which compromised the

analysis of the effects of phenamil on this potassium current, an observation consistent

with the previously reported calcium-dependence of I1ç (Tohse, 1990). Experiments were

carried out using a sodium-free pipette solution containing a low EGTA concentration

(0.1 mM). Nifedipine (t plvÐ was included in the perfi.rsate to inhibit calcium current.

These conditions minimized the contribution of the sodium-calcium exchange currents and

transient inward currents which are often observed following long step depolarizations to

positive potentials. The delayed rectifier currents may be subdivided into slowly activating

(Iç) and rapidly activating (Ttç) components. At potentials positive to *30, the

contribution of Iç is small (Sanguinetti and Jurkiewicz, i990). In contrast, the

deactivating tail current measured upon repolarization to -40 mV is the sum of both

components (Sanguinetti and Jurkiewicz, 1 990).

Figures 32A and B illustrate the results of a typical experiment in which we

examined the effects of phenamil on 16. (measured at the end of a step potential to

+60 mV as the maximum time-dependent current) and on 11ç + IIç (measured as the

steady-state activation current as seen by the tail current during a -40 mV step). Figure

324 shows sample current traces, corresponding to the labeled measurements depicted in

panel B, obtained at different times before, during (panel B, heavy bar) and following

application of 50 pM phenamil. Figure 328 is a plot of the time course of changes in I¡ç

amplitude (filled circles) measured during five-second steps to +60 mV and the magnitude

of tail current (filled squares) recorded after repolarization to -40 mV; this protocol was
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Figure 32
The effects of phenamil on outwardly rectifying potassium current, I*. A. Five-second
voltage steps to +60 mV were used to elicit I*; membrane was repolarized to -40 mV for
5 seconds to record deactivating outward tail current (IIP:-80 mV, protocol inset in panel
B). Measurements were done using standard internal and external solutions in the
presence of I ¡rM nifedipine in the bathing medium, and in the absence of internal
sodium. Sample traces from one cell were taken at three different times: (a) at the
beginning of the experiment, (b) in the presence of phenamil (10 pM), and (c) after
washout of the drug. B. The time-dependent current (I*-\*J during steps to +60 mV
(IK during step, o) and the tail current amplitude at -40 mV (TaiI cuirent, r) are
plotted as a function of time during which phenamil (50 pM Phen) was added (at
time:O) and then washed out of the extracellular mediurir. Letteis on the curve
correspond to traces in panel A. C. The outwardly rectifying potassium current was
normalized relative to the current measured at+40 mV (-V protõCol). The I-V curves in
the presence of phenamil (10 or 50 pNf) were not different from control. Left: The I-V
curves of the relative current recorded during voltage steps (relative I* during step; n:6)
were fit to a second degree polynomial function. Right: Steady statè activàtion curves
of I* based on relative tail current amplitude measurements (means + SE, n:4) were fît to
a Boltzmann function. (Control: Yl/rl4mY, K:13mY X'=0.37; l0¡rM Phenamil:
Y Vz:lZmY, K: 1 2mY X" 

:0 .29 ; 5 0 ¡rM Phen ami I : Y t/r 1 6mY, K: I 5 mY X' 
:0 . 12) .
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imposed on the cell every 60 seconds. The amplitude of the time-dependent current

measured at the end of the pulse (figure 328, circles) and the tail current seen upon

repolarization to -40 mV (squares) gradually declined with time due to run-down of these

channels at room temperature (Hume, 1989). The time course of changes in the

magnitude of 16 at+60 mV and tail current at -40 mV can be attributed to current run-

down rather than to an inhibitory effect of phenamil since these changes were not

appreciably altered during the application of phenamil or following washout. Similar

results were obtained in 5 other myocytes.

Figure 32C shows plots of voltage-dependence of normalized meanrsE currents

during steps (panel a; normalized against the cur¡ent recorded at +60 mV; n:6) and tail

currents (panel b; n:6) recorded under control condition, and in the presence of 10 or

50 ¡rM phenamil (P). Phenamil produced little effect on the voltage-dependence of the

time-dependent potassium current recorded during steps. In 4 out of 6 experiments

phenamil (50 plt4) had no noticeable effect on the voltage-dependence of tail currents

evoked after repolarization to -40 mV. Due to run-dow4 tail currents in the remaining

two cells were too small to draw any meaningful conclusions about the effects of

phenamil.

Ixw¡r¡r,y REcrrFyINc porASSruM cIJRRENT, f¡ç,

Based on our current clamp data (Guia et al, 1995), one possible explanation for

the prolongation of the action potential is that phenamil may inhibit inwardly recti$ing

potassium channels (Içt) which are known to play an important role in determining RMP
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and phase 3 repolarization in cardiac myocytes (Shimoni et al,1992). We have tested this

hypothesis by examining the effects of phenamil on Iç, using slow voltage ramps or step

protocols. From a holding potential (IIP) of -80 mV, positive-slope voltage ramps from

-140 to +60 mV over 8 seconds were applied to the cell repeatedly every 30-60 seconds.

Such protocols elicited quasi-steady-state membrane currents which have been previously

shown to be carried mainly by IK, at potentials negative to 40 mV (Shimoru et al, 1992;

Harvey and Ten Eick, 1989a). All ramp protocol data were obtained using standard

internal and external solutions. Since ramp protocols yield quasi-steady-state membrane

currents and not steady-state currents, the effects of phenamil were also tested on I¡ç,

evoked during voltage steps.

Inwardly rectifying potassium cur¡ents (If, ) are time-independent (Sakmann and

Trube, 1984). In a quasi-steady-state curve, the majority of the current seen below

-40 mV is carried by the 16,. As shown in figure 334, phenamil potently blocked IK,. In

this cell, application of 10 ¡rM phenamil produced overgTYo inhibition of Iç, at -60mV

(inset, Phen) and 80o/o at -120 mV. These effects were partially reversible upon removal

of phenamil from the extracellular medium (Wash). The phenamil-sensitive current (figure

338) obtained by digital subtraction revealed a current-voltage relationship typical of that

expected for I¡i, (rlarvey and Ten Eick, 1989a; Shimoni et al, lggz). The small

phenamil-sensitive inward current at +40 mV most likely reflected run-down of the

delayed rectifier potassium current þredominantly Iç; Sanguinetti and Jurkiewi cz, I99O)

as seen during long step depolarizations (see figure 32). Indeed, the inward current
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Figure 33
The effect of phenamil on quasi-steady-state membrane current recorded in one cell. A.
Eight-second voltage- 913.p ramp protocols from -140 mv to +60 mv ([Ip:-gO mv,
protocol inset in-panel B) were applied every 20 seconds. Membrane currents are plotted
Sqq.nsi ramp voltage. Il this cell phenamii (Phen; 10¡rM; 20 min) caused 80% io 90%
inhibition of the inwardly rectifyinþ potassium channeis ai compared to the trace taken
before the addition of phenamil (Ctrl). The current partially recbvered after removal of
phenamil (Wash; 25 min). Inset shows a magnificatibn of the "hump" region of the I-V
c9rye. B. The phenamil-sensitive current was derived by subtracting the control curve
of the.trace in panel A from the curve obtained in the piesence of pÍenamil. Reversal
potential of the phenamil-sensitive current was at -87 mV.
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apparent in the presence of phenamil remained after washout of phenamil (data not shown)

whereas the current below -40 mV partially recovered.

The time-dependent effects of phenamil on Iç, are shown in figure 34. Sample

traces from one experiment (A) show the time course of inhibition of Iç, by phenamil

(50 pM) using a voltage ramp protocol similar to that used in figure 33. Net current at

three different voltages (-135, -100, and -65 mV) during the ramp protocol was measured

and plotted as a function of time (figure 348 and C). Addition of phenamil (50 ¡rNQ

resulted in a slow decrease in current at each of the potentials (-95% at -65 m\). Similar

results were obtained from 4 other cells.

Figure 35 reports data of experiments inwhich the effect of phenamil was tested

on Iç, elicited during step protocols (from -120 to +30 mV in 10 mV increments, 100 ms

steps, HP=-80 mV) instead of ramp protocols. In these experiments, the bathing medium

contained 1 ¡rM nifedipine to inhibit calcium currents. Each step was preceded by a pre-

step to -40 mV for 200 msec to inactivate sodium current. The current \¡/as measured at

the end of the test pulse. Figure 354 shows sample traces for I-V relationships in the

absence (Control) and presence of 50 ¡rM phenamil @hen). 1¡ç, I-V relationships obtained

in control (r23) and in the presence of 50 ¡rM phenamil (n:12) are illustrated in figure

358. The phenamil-induced inhibition of Iç, elicited during voltage steps was

qualitatively similar to that observed during voltage ramps (figures 33 and 34). The inset

in panel B shows the voltage dependence of the inhibition of Iç, by 50 ¡rM phenamil

(n:12). The block by phenamil was weakly voltage-dependent with a slight tendency of
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Figure 34
The time-dependent effects of phenamil (50 ¡rM) on quasi-steady-state current. A.
Su.p protocols (!r:lçt) were_applie.{ gnce every'miiute. Letters (a-f¡ represenr different
times after the addition.of phenamil (.So ¡rVt) where (a) is ttre tràce imrirediately before
the.addition of phenamil. Arrows indicate -í¡s mv (i), -100 mv (o) and -65 inv (r)
and correlate with the voltage at which the__current (!'méasurements'dere done in paielé
B and C. B, C. The time-course of the_effegt of plìénamil (50 pM, added at timei0) on
currents in the "hump" region -(-65 mV, A) of ihe I-V plòts of ihe quasi-steady-étate
currents, and at two pglgllial_s _below tle reversal potentiãl for potassiúm (-100 -V ¡;-135 mV, r). Phenamil (50 ¡rM) was added ar timæ0.
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Effect of phenamil (50 ¡rM).on inwardly rectifying potassium current, I*, elicited by 100
ms step -protocols on ventricular myocytes. A. - Sample taces used'lb construót I-V
relationship: in the absence (Control) and after 12 minutes exposure to phenamil @hen,
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the compound to be less potent at voltages more negative than -60 mV. However, a

multiple AIIOVA revealed no significant differences between the inhibitory effects of

phenamil at voltages in the range of -120 to -60 mV. These results demonstrate that

phenamil is a relatively potent inhibitor of Iç, in the heart. Higher concentrations of

phenamil (up to 200 ¡rM; data not shown) produced faster inhibition of I¡ç, with a

complete block observed at 200 ¡rM at voltages positive to -1 10 mV (n:2).
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DISCUSSION

SOURCE OF INOTROPY

Ison¿mrnrc TENSIoN

Canine cardiac tissue was used to investigate the mechanism of inotropy by

phenamil. In right ventricular trabeculae, phenamil produced positive inotropy

@C56:59 pÀu[). Higher concentrations were needed for amiloride and other analogs

@rown et al, 1991) to produce the same degree of inotropy. At concentrations that

produce positive inotropy, phenamil is known to affect only epithelial-type sodium

channels (reviewed in Kleyman and Cragoe, 1988), a channel which has not been

described in cardiac tissue. Phenamil has a pKa (7.8) higher than intracellular pH, and is

among the more hydrophobic derivatives of amiloride (Kleyman and Cragoe, 1983). The

inotropic effect of phenamil was slow in reaching steady state at lower concentrations

(40 minutes). This may suggest a requirement for cytosolic or membranous accumulation

of phenamil indicating a possible site of action. Compounds that become polar in their

protonated forms, and that have a pKa close to the physiological range are known to

accumulate in the cytosol due'to lower intracellular pH. The inhibition of Iç, was shown

to be less effective when, the membrane became more polarized (Guia et al, 1993)
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Amiloride blocks alpha-2 adrenoceptors (Shi et al, 1990), causing release of

norepinephrine (Sdarne et al, 1990) which can interact with the cardiac beta

adrenoceptors. Since the inotropy by phenamil can be blocked by a beta adrenoceptor

antagonist, an inhibitory role of phenamil on alpha-Z receptors of the neurons cannot be

ruled out. Dichlorobemamil is chemically similar to phenamil and also produces positive

inotropy in the 5-30 pM range. It was shown to block phosphodiesterase @lorearu et al,

1987). Both these events are known to increase cytosolic levels of cAMP which results in

positive inotropy. A possible sympathomimetic effect of phenamil was investigated. The

effects of phenamil are significantly different from those of norepinephrine in that there is a

prolongation of the t\¡/itch duration by phenamil. Therefore it is likely that the intracellular

concentration of cyclic AMP and the calcium ATP-ase are not affected by phenamil.

Many beta blockers have other direct effects aside from beta blockade, such as potassium

channel blockade by sotalol (Sanguinetti and Jurkiewicz, 1990). It is not surprising

therefore that the effects of phenamil may be blunted by the addition of beta blockers.

Rnr,arrw IMPoRTÄNcE oF SR vs. SL

To deduce whether positive inotropy was due to SR calcium release or

accumulation, biphasic contractions described here and elsewhere (King and Bose, 1983)

were used. As described previously, Pl and P2 phases of contraction produced by

replacing 90 to 95o/o of the external calcium with strontiunq denote the contribution of SR

and sarcolemma calcium movements respectively. Under these conditions, strontium

prolongs the action potential by reducing Ig (Tohse, 1990) and by reducing the calcium
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dependent inactivation of the calcium channels. Furthermore it is not taken up by the SR

to any significant amount. This delayed component of contraction @2) is caused by a

direct effect of strontium on the contractile apparatus ffenick et al, 1980). The small

amount of calcium present in the medium causes an early component of contraction

mediated by the SR. Under these conditions, compounds, such as norepinephrine, which

enhance calcium storage in and release from the SR @ers, 1991) will potentiate Pl.

Ouabagenin is known to increase cytoplasmic calcium levels by transmembrane movement

through sodium-calcium exchange Ç,azdunsl<t et al, 1985). 4AP produces positive

inotropy by inhibiting I1e and increasing the height of phases I and 2 of the action

potential (Ruiz-Petrich and Leblanc, 1989), promoting calcium entry. Compounds, such

as ouabagenin that decreases transsarcolemmal removal of calcium, or 4AP which

prolongs the action potential, also enhance the transsarcolemmal movement of strontium.

These compounds potentiate P2, which is sensitive to the action potential duration.

Phenamil had effects similar to those of 4-AP and ouabagenin hence it affected

transsarcolemmal calcium movement.

Posr-rusr coNTR.A,crIoNS

Post-rest potentiation of the contraction is a useful indicator of the amount of

calcium in the SR and available for release @ers el al, ï985). Between contractions the

calcium in the cells is takèn up into the longitudinal element of the SR very quickly. It

then passes to the terminal cisternae to be made available for release during the next action

potential. Since the transfer from the longitudinal element to the terminal cisternae is
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time-dependent, a longer rest period befween beats allows more calcium to accumulate in

the terminal cisternae and become available for release, eliciting a potentiated PRC.

Calcium continuously leaks from the SR and is subsequently removed from the cells by

sodium-calcium exchange or by calcium ATP-ase between beats, hence longer rest periods

reduce the amount of calcium available to produce contraction @ose et al, 1988).

Positive inotropes that produce inotropy by increasing the amount of stored calcium will

potentiate the PRC. Phenamil did not potentiate the PRC with respect to the steady-state

cont¡actions. Although this could be taken as evidence that phenamil makes the SR more

leaþ to calcium, the PRC is larger than in control; it is possible that the steady state

contraction in the presence of phenamil produced saturation of the calcium binding sites

on the myofilaments so that a period of rest will not potentiate the PRC, but instead show

only the effect of leak of calcium from the SR. If in fact phenamil was predominantly

producing a calcium leak from the S\ then it would have produced negative inotropy,

and P1 of biphasic contractions would be attenuated. These observations suggested that

the inotropic effect of phenamil is predominantly on the sarcolemmal movement of calcium

rather than on the SR storage or release of calcium. Ouabagenin increased calcium levels

in the cytoplasm of resting muscle and therefore \¡/as able to augment the amount of

calcium which v/as sequestered into the SR. This increase in calcium storage in the SR

made more calcium available for release and potentiated the PRC. 4AP causes more

calcium to enter the cells through the sarcolemma during the prolonged action potential.

It therefore has little potentiating effect on PRC. Thus the effects of phenamil on rest

potentiation resemble those of 4AP in canine cardiac muscle.
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Smcopr,asn/trc RETICULTJM

Strontium does not inactivate calcium channels. It can be argued that in biphasic

contraction experiments phenamil's effect may have been altered by the presence of

strontium. Further elucidation of the SR function in phenamil's action was done by two

methods. Ryanodine has been shown to empty intracellular calcium-release stores

(Ililgemann, 1982; Bers el al, 1987). In the presence of ryanodine any calcium that is

taken up into the SR is released upon reaching the terminal cisternae. Ryanodine

interferes with calcium-loading of the SR by increasing leak (Hilgemann, 1982). The

contraction is reduced with a leaþ SR and becomes more sensitive to the

transsarcolemmal calcium movement. This preparation was similar to the one causing

biphasic contractions where the amount of calcium-loading of the SR was reduced in the

presence of strontium (King and Bose, 1983). In the presence of ryanodine the twitch

duration was very dependent on transsarcolemmal calcium movement (reviewed in Bers,

1991). CPA does not interfere with calcium-release, but produces similar effects by

inhibiting calcium uptake into the SR @audet et al, 1993). Under these conditions

phenamil was still capable of producing positive inotropy. Phenamil also prolonged the

tviitch in the presence of either ryanodine or CPd indicating that phenamil affects a

transsarcolemmal event rather than the SR. The prolongation of the twitch duration

results from prolongation of the action potential. Phenamil generated a second phase of

contraction in normal calàiu*-containing medium in the presence of ryanodine with the

same time course as that seen for the inotropy. This second phase of contraction was

probably due to the prolongation of the action potential by phenamil.
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SoITuvT ITPENDENT EXcIIANGERS AND TR.q.NSPoRTERS

S o díu m-c aI cíu m exclt øng e

The concentrations at which phenamil prolongs the action potential duration are

too low for the effect to be due to the direct inhibition of the sodium-calcium exchange

(Kr200 pM Kleyman and Cragoe, 1988). In fact, the relative potencies of the different

analogs and amiloride at prolonging the action potential @ielefeld et al,1986; Kennedy et

al, 7986; Satoh and Hashimoto, 1986; Pierce et al, i993) do not correlate with their

potencies for inhibiting the sodium-calcium exchanger @ierce et al, 1993; Kleyman and

Cragoe, 1988). Dichlorobenzamil is 8 times more potent than phenamil in blocking

sodium-calcium exchange (K¡:30 pM; Bielefeld et aL,1986, K¡:17 ¡rM; Siegl et al, 1984).

This, coupled with inhibition of phosphodiesterase, should make it a better inotropic agent

(Floreani et al, 1987). In spite of these properties, it produces the same amount of

positive inotropy as phenamil. This may be attributed to other properties of DCB, such as

inhibition of Iç* @ielefeld et al,1986). In our preparations CBDMB, a specific sodium-

calcium exchange inhibitor (Kleyman and Cragoe, 1988) did not inhibit Içu, (unpublished

observations). Sodium-calcium exchange, in forward mode, produces an inward current.

Direct inhibition of this exchange process would shorten the action potential.

Furthermore, CBDMB, an amiloride derivative with specificity for inhibiting the sodium-

calcium exchanger, did not produce positive inotropy in canine trabeculae in normal

physiological solutions, nor did it affea guinea pig membrane currents measured with a

ramp protocol with normal internal and external solutions, nor calcium currents in

potassium-free internal and external solutions (unpublished results). In fact, in some
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tissues in order to block the sodium-calcium exchanger amiloride analogs must be added

to the voltage ll*p 
pipette solution and applied to the internal surface (cardiac myocytes,

D. Ililgemann, personal communication). However in other tissues these compounds are

effective blockers of the sodium-calcium exchanger when provided externally

(lymphocytes, Kraut et al, 1992). This makes it unlikely that phenamil produces positive

inotropy by blocking the sodium-calcium exchanger.

The sodium-calcium exchange activity is dependent on the intracellular ion

concentrations (with a reversal potential between RMP and 0 mÐ and on the membrane

potential. An increase in intracellular sodium concentration could result in decreased

activity of the forward-mode sodium-calcium exchange, and possibly increased activity of

reverse-mode sodium-calcium exchange, both of which would produce positive inotropy.

Since phenamil did not produce an increase in the baseline tension even at toxic doses, it is

unlikely that phenamil inhibits calcium extrusion by either the sodium calcium exchanger

or via calcium ATP-ase. The exchanger has been shown to be responsible for a

prolongation of the action potential at the end of phase 3 of the action potential of rat

ventricles (Schouten and Ter Keurs, 1985). In this light, one would expect that if

intracellular sodium was elevated or sodium-calcium exchange was inhibited by phenamil,

then the current elicited by the forward-mode sodium-calcium exchange during phase 3

would decrease, and, if anything, this would shorten the action potential duration. In

contrast, I have shown a prolongation of the rat ventricular action potential duration by

phenamil. It was necessary to rule out the effects of phenamil on sodium-calcium
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exchange. Twin rapid cooling contractures were performed to determine the effect of

phenamil on sodium-calcium exchange.

The rapid cooling contracture (RCC) is proportional to the amount of calcium

present in the SR before the initiation of the cooling contracture (flryshko and Bers,

1990). Upon reheating the tissue, calcium sequestering mechanisms are once again turned

on. The maximally activated sodium-calcium exchange removes enough calcium so that if

the tissue is not stimulated between RCC's, a subsequent contracture will be attenuated

due to the loss of calcium @ers, 1991). During the period that the tissue remains

unstimulated there is a leak of calcium from the SR. This calcium is removed from the

cytosol by calcium ATP-ase (both on the sarcoplasmic reticulum and on the sarcolemma)

and by sodium-calcium exchange. One minute rest period was inserted between

contractures in order to insure that calcium had sufficient time to reach the terminal

cisternae and was available for release during the second contracture. Ouabagenin

increases cytosolic sodium and reduces the forward-mode activity of sodium-calcium

exchange. With this compound, the attenuation of the second cooling contracture was

less and with 3 ¡rM ouabagenin there is no attenuation of the second contracture.

Phenamil did not increase the second cooling contracture, therefore it did not decrease the

activity of the exchanger. If anything, the second contracture was smaller, although the

changes in RCC by phenamil were not statistically significant.
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S o díu m-p ot as síu m ATP- as e

Since some of the effects of phenamil resembled those of ouabagenin, it was

important to test whether phenamil blocked the sodium-potassium ATP-ase. Inhibition of

this pump results in increased cytosolic sodium concentration. The elevated cytosolic

sodium exchanges for calcium to increase diastolic calcium levels, resulting in positive

inotropy. Inhibition of the sodium-potassium ATP-ase of the portal vein preparation by

extracellular potassium depletion caused intracellular sodium accumulation leading to an

elevated cytosolic calcium concentration possibly by sodium-calcium exchange resulting in

a gradual rise in tension @ose and Innes, 1973). IVhen potassium was reintroduced into

the solution, sodium-potassium ATP-ase was reactivated and an immediate

hyperpolarization occurred because in the sodium overloaded condition the sodium-

potassium pump is electrogenic. This promotes the closing of calcium channels and

removal of sodium from the cells, and allows the sodium-calcium exchanger to extrude

more calcium out of the cell. In the presence of ouabagenin, the replenishment of

potassium further depolarized the cells by reducing the transmembrane potassium gradient.

Consequently, the increased activity of calcium channels caused spikes of contractile

activity. Phenamil did not alter the complete and immediate relaxation of the smooth

muscle upon restoring potassium into the solution, proving that it did not inhibit the

sodium-potassium ATP-ase. There is evidence that the Na pump is not inhibited by

phenamil, in kidney @arbry et al,l99Ì)and ileal smooth muscle (Sellin et al,1989).

Interestingly, phenamil inhibited the spontaneous activity of the portal vein smooth

muscle contracted by potassium depletion. Spontaneous contractions were also blocked
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by calcium channel blockers. The concentration of phenamil used in this study did not

inhibit the calcium channels of cardiac tissue (Guia et al, 1993), and a positive rather than

a negative inotropy was observed. Although both tissues express L-type calcium channels

(Hille, 1992), their subunit composition is different (IIullin et al,1992).

Phenamil does not elevate intracellular sodium levels by inhibiting the smooth

muscle sodium pump as shown in this study. Phenamil prolongs the action potential

whereas inhibition of the sodium pump has been shown to shorten the action potential

duration in canine ventricular tissue (Vassalle et al, 1962; Chilson and Davis, 1985).

Furthermore, phenamil has been shown to inhibit sodium channels of epithelial tissue and

sodium influx into smooth muscle tissue (Yu et al, 7993), hence we do not expect that

elevated sodium levels are responsible for the positive inotropy induced by phenamil.

Indeed post-rest potentiation by phenamil did not resemble the profile of the post-rest

potentiation by ouabagenin. The sarcolemmal calcium pump r¡ias not activated by

phenamii since that would produce negative inotropy. Indeed, activation of the

sarcolemma calcium pump would likely increase the rate of relaxation and shorten the

twitch whereas phenamil prolongs the twitch.

Aithough amiloride produces positive inotropy in cardiac tissue at concentrations

in the same range at which it inhibits the sodium-hydrogen exchanger (I{eyman and

Cragoe, 1988), in fluoresòence measurements using BCECF, phenamil did not acidify or

alkalinize the cytosol in the same concentrations that produce positive inotropy. In other

tissues also, phenamil does not inhibit this exchange process (Ki>500 pM; Kleyman and
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Cragoe, 1988). Inhibition of the proton exchanger would result in negative inotropy due

to competition of tf for Ci* binding sites on troponin C (Fabiato and Fabiato, 1978), and

by inhibition of calcium channels (Irisawa and Sato, 1986). Alkalization via sodium-

hydrogen exchange can be produced by activation of protein kinase C (Rosofi 1988;

Besterman et al,1985). It is therefore likely that phenamii did not have a significant effect

on cardiac protein kinase C since there was no phenamil-induced alkalization of the

cytosol associated with inotropy. Thus a cytosolic pH-induced inhibition of 11ç, potassium

channels (Moody and Hagiwara, 1982; Harvey and Ten Eick, 1989b) is also ruled out.

The sodium-hydrogen exchanger in cardiac myocytes has been shown to be activated in

bicarbonate-free medium only at intracellular pH of 6.7 to 7.1. The cytosolic pH in

cardiac cells was found to be in the range of 7.24 (this study) to 7.16 (Wallert and

Frohlicl¡ 1989).

ACTION POTENTIALS

Inhibition of the cardiac sodium channels would result in negative inotropy since

this would decrease reverse mode sodium-calcium exchange during phase I of the action

potential and increased forward mode exchange during phases 3 and 4. Phenamil in the

10-60 ¡rM concentration range did not produce negative inotropy, thus inhibition of fast

tetrodotoxin-sensitive sodium channels is not an expected action of phenamil.

It is possible that sodium channels were blocked by higher concentrations of

phenamil. However, these concentrations were usually toxic to the muscle, causing
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conduction block and unresponsiveness to stimulation. Conduction block resulted in extra

beats. Since this only happens for a short time before the muscle becomes totally

unresponsive to stimulation, it was difficult to measure these events. A rise in threshold

voltage needed to produce atwitcl¡ and a slowing of phase 0 of the action potential seen

in some of the experiments showed that phenamil was capable of blocking fast sodium

channels when used in toxic concentrations. The slowing of phase 0 may have been due to

a partial depolanzation of the resting membrane potential. However this does not explain

the positive inotropy. Prolongation of the action potential was seen with relatively low

concentrations compared to those which produced a slowing of phase 0 of the action

potential.

Phenamil produced positive inotropy in canine tissue in the same time-frame and

concentration range in which it prolongs the action potential in canine, guinea-pig and rat

tissue, and in guinea-pig cardiac myocytes. The phenamil-induced effect on the action

potential was not surprising since amiloride and many of its analogs have been shown to

prolong the action potential (Satoh and Hashimoto, 1986; Bielefeld et al, 7986;Pierce et

al, 1993) without effects on phase 0 of the action potential (Duff et al, T988). Atpha-

adrenoceptors, ß-adrenoceptors, ACh-, histamine Hi-, or H2-receptors are also not

affected by amiloride (Kennedy et al, 1986; Yamashita et al, 1981). It is likely that the

positive inotropy may be.predominantly due to phenamil's ability to lengthen the action

potential. The action potential data obtained from canine trabeculae, guinea-pig or rat

papillary muscle showed similar prolongation by phenamil (10 to 60 pM) at 37"C. The

time to 50Yo repolanzation was less affected by phenamil. It is likely that this was a
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consequence of the prolonged time to 90Yo repolarization and the effect on the transient

outward potassium channels of the canine trabeculae is minimal. The major effect on the

action potential duration by phenamil was on phase 3. The prolongation of the action

potential adequately explains the prolongation of the trvitch duration and the development

of a second phase of contraction in the presence of ryanodine.

Increases in inward calcium current could directly increase cytosolic calcium

concentrations and produce positive inotropy. The three outward currents that have been

shown to control the action potential profile all prolong the action potential when

inhibited: the transient outward current, I1s; the outwardly recti$ring potassium current,

Iç; and the inwardly rectifying potassium current, I¡,. L-fype calcium current, Içur,

outwardly rectifying potassium currents, and inwardly rectifying potassium currents were

tested on guinea pig isolated ventricular myocytes. Guinea-pig ventricular myocytes do

not exhibit a significant I¡s cuffent as is evidenced by the lack of a phase 1 repolarization.

Canine ventricular tissue possesses an Ils component of the action potential. Phenamil

was found to produce positive inotropy in rat ventricular tissue @rown et al, 1991),

where I1o plays an important role in the repolarization phase of the action potential

(Josephson et al, 1984; Wettwer et al,1993). This channel is blocked by 4AP (Gles and

Imaizumi, 1988). Phenamil resembles 4AP in its effects on biphasic contractions and

action potential in canine tissue, but not in rat tissue. In the rat ventricular wall, phenamil

prolongs phase 3 of the action potential, prolonging predominantly APDeç, whereas 4AP

prolongs the action potential early in phase 1, thus increasing APDso more than APDso.
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Phenamil prolongs the action potential of guinea-pig ventricular myocytes and

guinea-pig ventricular tissue. Measurements in ventricular tissue \¡/ere at 37"C while those

in myocytes \¡/ere at room temperature. Since there was a similar degree of prolongation

of the action potential, it may be assumed that the prolongation is not due to modulation

of a temperature-sensitive event, such as any of the ATP-dependent processes. In canine

tissue, positive inotropy occurs concurrently with the prolongation of the action potential.

IONIC CURREAÍiTS

rca

Negative inotropy observed with amiloride and its analogs has been explained on

the basis of their inhibitory effects on calcium channels (Garcia et al, L99};Bielefeld et al,

1986). Garcia et al (1990) attributed the inhibitory effect on the calcium channels to the

lipophilicity of the analogs. Although phenamil is lipophilic among the amiloride

derivatives (Cragoe et al, 1967), it did not inhibit calcium channels in our study at

concentrations (<200 ¡rM) which inhibited Iç, and prolonged the action potential. It did,

nevertheless, require time to produce its effects, possibly due to an accumulation effect in

the cell membrane or to some steric hindrance of the drug's approach to the binding site.

Satoh and Hashimoto (1986) also reported that amiloride had no effect on the slow inward

calcium current at 87 ¡rM but produced 25% irlltbition at 400 ¡rM. At these high

concentrations, amiloride also has many other membrane effects (Kleyman and Cragoe,

1e88).
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16

Analysis of the effects of phenamil on the delayed outwardly rectifying potassium

channels and L-type calcium channels was complicated by the fact that these currents

exhibit significant run-down after gaining whole-cell access. Holding the membrane at

-80 mV, and the use of pre-steps to -40 mV to inactivate sodium surrent, minimized but

did not prevent run-down of these currents. Recording of Iç was also significantly

improved by dialyzing the myocytes with a sodium-free pipette solution which suppressed

contaminating sodium-calcium exchange and transient inward currents during the

application of long depolarizing steps to evoke 11¡. Despite these limitations, our data

suggest that phenamil had little, if any, effect on total 111 as evidenced from monitoring the

time-course of changes in Iç during the application and washout of 10 or 50 ¡rM

phenamil.

Time-dependent run-down of this current when using dialyzing pipettes is well-

reported with experiments done at room temperature (Hume, 1989). It also explains the

inward deflection that did not wash out which was seen in the +60 mV region of the

difference cuffent of the voltage ramp protocol. Run-down of 1¡ç at room temperature

was decreased by the exclusion of sodium from the internal solution and to a lesser extent

by the addition of nifedipine (1 pM) to the bathing solution, but not by exclusion of

calcium from the bathing medium, or by an increased EGTA concentration in the internal

solution. The inclusion of nifedipine in the external solution, and removal of sodium from

the internal solution served to inhibit the contribution of sodium-calcium exchangers to the

current measurements. This further served to stabilize the intracellular calcium
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concentration whereas removal of cytosolic calcium results in a negative shift in the

voltage-dependence of Iç (Matsuda" 1983; Matsuura et al,1987) thereby reducing Ig in

the absence of calcium and possibly enhancing it in increased calcium concentrations.

Sanguinetti and Jurkiewicz (1990) described the voltage dependence for the two

components of I¡¡ in guinea pig myocytes, TTG and I¡ç. Pharmacological separation of TrG

and Iç using sotalol or its derivative E-4031 revealed a minor contribution of I¡ç at

potentials positive to +30 mV (during steps); in contrast, both Iyç and I¡ç. were shown to

overlap at potentials negative to that value (Sanguinetti and Jurkietvtcz, l99Q; Chinn,

1993). Thus in our experiments total Iç recorded during steps in the range of +40 to

+60 mV would predominantly reflect I¡çr, whereas the deactivating tail current at -40 mV

would be determined by the sum of the two current components. Chinn (1993) provided

the kinetic evidence for these two currents. In this study, the maximum 11ç current during

the voltage step, the time-dependent potassium current, is comprised mostly of Iç since

Iç is inhibited by voltages positive to +40 mV. The peak of the tail current (the steady-

state activation current) contains both Iç and IrG since both are activated by voltages

positive to -40 mV. Although we did not attempt to pharmacologically or kinetically

separate Iç into its fast (Iç) and slow (I1ç) components, since the application of phenamil

did not alter the time course of changes of Iç during positive voltage steps or the tail

cur¡ent at -40 mV, we conclude that the phenamil-induced prolongation of the action

potential is not'the result ofblock of either components of 16.
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Although phenamil did not affect Iç, other analogs of amiloride have been shown

to inhibit this potassium channel. Satoh and Hashimoto (1986) and Bielefeld et al (1986)

showed that amiloride and 3',4'-dichlorobenzamil (DCB) inhibit Iç in canine SA node and

frog atrial myocytes respectively. Simüar results were obtained with high concentrations

(0.5 to 1 ml\Q of amiloride in guinea-pig myocytes @ierce et aI, 1993). Pierce et al

(1993) also reported inhibition of I1o in rat heart papillary myocytes. Tedisamil, another

amiloride derivative, accelerates the inactivation of I¡s in rat ventricular myocytes

resulting in a prolongation of the action potential @ukes and Morad, 1989). In guinea pig

ventricular myocytes there is no dip during phase 1 of the action potential, which is related

to the action of the transient oufward potassium channels. These channels have not been

reported in guinea pig ventricular myocytes hence we did not look at the effects of

phenamil on this current.

rKt

Iç, is the only outward current which inactivates at voltages above -30 mV and is

involved in maintaining the resting membrane potential near the equilibrium potential for

potassium (Surawicz, 1992) since it is not turned off at negative potentials (Sakmann and

Trube, 1984). The current is outward above and negative below the reversal potential for

potassium. In these studies the reversal potential was calculated and measured to be

-83 mV. The inhibition of I¡¡, by phenamil was demonstrated using voltage ramp or step

protocols. At potentials negative to 40 mV, I¡ç, is known to represent the dominant

repolarizing current in guinea-pig ventricular myocytes (IIume, l9S9). Slow voltage ramp
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protocols have proven useful to investigate the voltage-dependence and pharmacological

profile of I¡ç, (Ilarvey and Ten Eic( 1989a). Despite potential contamination by other

dynamic curent systems (ICar, IX) at potentials positive to -50 mV, our data are

consistent with the idea that the phenamil-sensitive current elicited during a voltage ramp

in the range of -140 to -50 mV mainly reflects inhibition of the inwardly rectifying

potassium current, Iç, (Guia et al, 1993). Since I¡ç, is not inactivated with time and is

turned on almost instantly, the voltage ramp from -140 to -30 mV should reflect the true

11ç, current. Sodium channels rapidly become inactivated during the slow ramp resulting

in not enough sodium channels open at any one time to produce a measurable cur¡ent over

the 8-second voltage ramp protocol. L-type calcium channels remain open much longer

and hence may result in an accumulation of calcium which may affect other calcium-

dependent channels. The delayed outwardly rectifying potassium channels open slowly

and remain open as long as the voltage is high. Both of these channels are prone to time-

dependent run-down (Sanguinetti and JurHewicz, 1990; Matsuura et al, 1987; Korn and

Horn, 1989). As a result, the quasi steady-state current is not reliable at voltages above

-30 mV due to a small (due to inactivation) contribution from Içu, above -30 mV, and by

+60 mV there is little Içu, but a noticeable contribution from I¡ç. Likewise, at very

negative voltages there is interference with Iç, from sodium. The possibility that the

phenamil-induced prolongation of the action potential could partially result from inhibition

of Iç is not excluded by the data from the voltage ramp protocol because of the small

inward deflection in the +60 mV range. In spite of the drawbacks, the ramp protocols

provide useful information about the voltage-dependence of I¡ç,. The inhibition of I1i, by
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phenamil was also confirmed with step protocols. The phenamil-induced suppression of

outward K+ flux through 16, and positive shift of the "apparent" reversal potential of net

current are mainiy responsible for the observed lengthening of the action potential, and

membrane depolarization (figures 26 to 30). The time-course of inhibition of 16, by

phenamil further supports the hypothesis that the inhibition of I¡ç, is responsible for the

phenamil-induced prolongation of the action potential, both having a time-course of effect

of around 10 to 15 minutes in our experiments.

The lengthening of the action potential, partial depolarization of resting membrane

potential, and oscillatory potentials and afterdepolarizations are consistent with a block of

Iç, (Surawicz, 1992). Some of the other pharmacological inhibitors of I1ç, are not as

potent, requiring much higher concentrations (Martin and Chinn, 1992), and are not as

specific in cardiac tissue @uan et al,1993; Braun et aL,7992).

GENERAL D/SCUSS/OA/

Phenamil is among the more hydrophobic of the amiloride derivatives (Cragoe et

al, 1967; Kleyman and Cragoe, 1988). This properly allows it to enter the cell easily.

Since it has a higher pKa than physiological pH, its protonated form would slowly

accumulate in the cytosol where pH is lower than extracellular pH. It's hydrophobic

nature would also result in accumulation into the sarcolemma. Phenamil-induced positive

inotropy is slow to reach steady state, and higher concentrations eventually become toxic

to the tissue before reaching steady state. It is possible that the cardiac effects of phenamil
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described in this thesis require the accumulation of the drug in the cell. Although such an

accumulation effect would explain the time required to produce positive inotropy, it is

unlikely. The time required for the inhibition of Iç, and for prolonging the action

potential are shorter than the time required to reach steady-state positive inotropy. Other

mechanisms, such as the progressive filling of the sarcoplasmic reticulum may be

responsible for the production of the delayed steady state positive inotropy.

Since phenamil has similar actions on both isolated myocytes and trabecular tissue,

involvement of agents of neural origin appear to be unlikely. The release of

norepinephrine was not required for the production of positive inotropy. Furthermore, the

effects of phenamil on the tension profile do not resemble those of norepinephrine.

Amiloride and a few of its analogues have been shown to produce positive

inotropy @ielefeld et al, 1986; Siegl et al, 1984; Floreani et al, 1987). Kewredy et al

(1986) attributed this to a combination of events, such as inhibition of the sodium pump,

sodium-calcium exchange and prolongation of the action potential duration by amiloride.

Indeed the use of rapid cooling contractures showed that phenamil did not inhibit sodium-

calcium exchange at concentrations that prolong the action potential and produce positive

inotropy.

Activation of protein kinase C could up-regulate the sodium-hydrogen exchange

and produce cytosolic alkalization which can lead to positive inotropy. In our studies,

phenamil produces positive inotropy without affecting intracellular pH. In cardiac tissue,

where epithelial-type sodium channels have not been demonstrated, the predominant effect
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of phenamil is to inhibit 11ç, without significantly affecting 11ç or lçur. The phenamil-

induced prolongation of the action potential in the guinea-pig ventricular myocyte is

adequately explained by a specific inhibition of inwardly rectifying potassium channels.

In our studies, phenamil produced negative inotropy in the rat. Some amiloride

analogs have been shown to produce negative inotropy @ierce et aL,7993), presumably by

inhibiting calcium channels (Garcia et al, 1990). Fluorescence studies with fura-2 were

performed showing decreased calcium entry into cardiac myocytes using amiloride and its

analogs (Pierce et al, 1993). This interpretation may be flawed because these analogs

have been shown to quench the fluorescence of fura-2 (Kraut et al,1993). The negative

inotropy found in the Pierce study was likely due to the sodium-hydrogen exchanger

blocking effects of the analogs, in IIEPES buffered media. By omitting bicarbonate from

the bathing solution the bicarbonate-dependent pH buffering of the cells was disabled,

making them dependent on the sodium-hydrogen exchanger to avoid acidosis.

Intracellular acidosis is commonly known to produce negative inotropy (Gaskell, 1880;

Fabiato and Fabiato , 1.978; Orchard and Kentish, 1990). L-type calcium channels are not

inhibited by phenamil in concentrations that produce positive inotropy (Guia et al, 1993).

During the tail of the rat action potential, calcium is removed from the cells (Schouten and

Ter Keurs, 1985). By prolonging the action potential, it is likely that phenamil causes

further removal of calcium from the cells (Shattock and Bers, 1989), and this may be the

cause of negative inotropy in the rat.
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An interesting aspect in the data is that in smooth muscle phenamil inhibited the

oscillations brought about by the absence of potassium from the bathing medium. In the

absence of extracellular potassium, the sodium pump does not function hence there is a

depolanzation of the cell membrane. This causes voltage-gated calcium channels to open

and produce the oscillation in tension. Inhibition of these oscillations may therefore be

linked to calcium channel inhibition, however phenamil did not inhibit calcium channels in

cardiac tissue.

Fast tetrodotoxin-sensitive sodium current \ryas not measured, however

prolongation of the action potential was evident before any noticeable changes in phase 0

of the action potentiai, which is sensitive to sodium channel activity. Considering that

inhibition of sodium channels would produce negative inotropy, there was little reason to

suspect inhibition of the tetrodotoxin-sensitive sodium channels as a primary effect of

phenamil, a positive inotrope. Calcium and sodium channel openers are capable of

producing positive inotropy (e.9.: BAY K-8644, Schouten et al, 1987; DPI 201-106,

Hoey et al,1994). Phenamil did not potentiate calcium curent and it is not expected that

sodium current is potentiated by phenamil. Potentiation of sodium current would be

similar to inhibition of the sodium puilp, resulting in positive inotropy via sodium-calcium

exchange. Phenamil did not enhance or inhibit sodium-calcium exchange.

Dukes and Morad (1989) demonstrated that tedisamil, another amiloride analog,

speeds up the inactivation of I¡6 in rat ventricular myocytes resulting in a prolongation of

the action potential. The pharmacological profile of inhibitors of I1s includes positive
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inotropy in the rat, as well as a prolongation of the action potential, predominantly at 50o/o

repolarization as seen here and previously @uiz-Petrich and Leblanc, 1989). Phenamil

had the opposite effects: positive inotropy, and a prolongation predominantly at 90Yo

repolarization of the action potential. Any inhibitory effect of phenamil on I1s is not

significant as compared to the inhibition of Iç,.

The amiloride-based compounds that produce positive inotropy appear to be

stronger inhibitors of epithelial sodium channels than of the sodium-calcium exchanger

(Kleyman and Cragoe, 1988). Compounds that produce positive inotropy appear to

inhibit potassium channels. This implies a binding site on potassium channels similar in

structure to the epithelial sodium channel binding site. The sequences of both the Iç, and

the delayed rectifier channels have been reported. These channels are in the same family

of genes as the epithelial sodium channel (described in figure 4). The structure of the Iç,

channel (figure 36) is similar to that of the epithelial sodium channel, however it has a

small extracellular loop QKubo et al,1993).

Block of Iç, occurred with as little as 10 ¡rM phenamil in one cell, and

reproducibly with 50 ¡rM. Inhibitors of Iç, act as Class Itr antiarrhythmic agents

according to the Vaughan Williams classification of antiarrhythmic drugs (Vaughan-

Williams, 1984). Phenamil could be a potent antiarrhythmic compound with

antifibrillatory actions at both the atria and the ventricles and would prolong refractory

period without affecting conduction velocity (c.f.: tenkalant, Escande et al, 1992).

Unfortunately in zones that already have depressed conduction velocities, there may be a
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Figure 36
The structure of the I*, channel (adapted from Valera et al, 1994 and Kubo et al, 1993)
depicting the transmembrane topography of the protein. Amino acid sequence for I*, is
highly concerved between species and tissues (Ashen et al,1995). The protein contains
two tansmembrane segments (Ml and M2) and one hydrophobic region (H5) in the
extracellular loop. Both the C and N termini are cytoplasmic. The channel structure is
similar to the epithelial sodium channel (see figure l) however it has a smaller
extracellular loop, and a single hydrophobic region. Based on sequence homology of the
pore region (Valera et al, 1994), it is suggested that these chánnels are in tlie same
superfamily of channels as the epithelial sodium channels.
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conduction block due to the partial depolarization of the resting membrane potential.

Although it has not been measured, amiloride has effects on the action potential that match

the profile for an inhibitor of Iç, (Duff et al, l99l). A potentially dangerous situation

would be an extreme lengthening of the action potential, partial depolarization of the

resting membrane potential, and oscillatory potentials and afterdepolarizations that are

consistent with a block of Iç, (Surawicz, 1992).

The 16, channels do not allow passage of calcium into the cell (Sakmann and

Trube, 1984), nor does inhibition of Iç, prolong the action potential in the region where

calcium channels are active (Surawicz, 1992). However, the extra calcium to produce

positive inotropy results from increased transsarcolemmal movement. Since Iç, becomes

inactivated at voltages above -30 mV, it is difficult to implicate L-type calcium channels as

being allowed to remain open longer, and a direct effect of phenamil on calcium channels

has been ruled out. A weak inhibition of Iç, prolongs only the part of the action potential

beyond the voltage range where calcium channels would be open. Stronger inhibition of

Iç, results in membrane depolarization and inactivation of sodium channels, resulting in

negative inotropy, and failure to respond to electrical stimulation. Transient calcium levels

in the cytosol have been measured showing higher cytosolic calcium concentrations during

the time of the,tr¡¡itch, corresponding to phases 2 to 4 of the action potential @ers, 1987).

The calcium channels close at the beginning of phase 3 of the action potential and calcium

is removed from the cytosol by sodium-calcium exchange (Shattock and Bers, 1989) and

into the SR by calcium ATP-ase @audet et al, 1993). The sodium-calcium exchanger is

controlled by the ionic gradients for sodium and for calcium as well as by the difference
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between the membrane potential and the reversal potential for the exchanger, or

electrochemical driving force (Leblanc and Hume, 1990, Bers, 1991). Sodium-calcium

exchange is electrogenic, exchangtng 3 sodium molecules for each calcium @eeves and

Hale, 1984). The reversal potential for sodium-calcium exchange is more positive than the

resting membrane potential, hence in resting state the exchanger removes calcium from the

cytosol, but since there is very little calcium in the cytosol, the activity of the exchanger is

low. At the end of the action potential, the repolarization of the membrane during phase 3

of the action potential increases the driving force for the removal of calcium by sodium-

calcium exchange. These events are described by Shattock and Bers (1989), and are

shown in figure 37. 
^ 

depolarization of the membrane caused during phase 3 of the action

potential would reduce the driving force for the exchanger. This would result in a

decrease in activity of the exchanger and leave more calcium available for uptake into the

SR. Integrated over many beats, this would eventually result in positive inotropy @ers,

1991; Bridge et al, l99I). Figure 38 summarizes the proposed mechanism for the

production of positive inotropy by phenamil.

Such a mechanism of positive inotropy could mimic inhibition of sodium-calcium

exchange since the activity of the exchanger would decrease due to inhibition of 16r. This

provides a possible explanation for the finding that some amiloride analogs produce

positive inotropy by inhibiting sodium-calcium exchange at concentrations known not to

directly inhibit the exchanger @rown et aI, 1991). The prolongation of the action

potential may result in some additional calcium entry through L-type channels. The

sodium-calcium exchanger in rat ventricular myocytes functions in the direction opposite
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Figure 37
The driving force for the sodium-calcium exchanger (Shattock and Bers, 1989). A. An
action potential from rabbit venticle is superimposed on the calculated reversal potential
for sodium-calcium exchange. B. The difference between the reversal potentiãl of the
exchanger and the membrane potential determines the driving force. Calcium influx
occurs when the difference is less than 0 mV, or when the reversal potential of the
exchanger is more negative than the membrane potential. Maximum calcium removal by
the exchanger occurs during phase 3 of the action potential when cytosolic calcium levels
are high, and the driving force for the exchanger in the forward mode is high. Maximum
calcium entry through the exchanger occurs during phase 1 of the action potential when
cytosolic calcium levels are low and cytosolic sodium levels are high.
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The Model

Figure 38
A proposed model for the inotropic effect of phenamil. Phenamil inhibits I*, and
prolongs the action potential. Sodium-calcium exchange during phase 3 of the action
potential is maximally active. By maintaining ttre membrane potential depolarized for a
longer time during the repolarization phase, the driving force for the exchanger is
reduced. Calcium is also quickly taken up into the sarcoplasmic reticulum. The calcium
that is not removed from the cell via sodium-calcium exchange is taken into the
sarcoplasmic reticulum. Integrated over many beats, the gradual accumulation of
calcium in the cell results in positive inotropy. A. A model cell illustrating the channels
that are not affected by phenamil as measured in this stud¡ as well as those affected by
phenamil. Letters inside closed circles represent each of the channel types. Only one
channel is shown to be inhibited by phenamil in concentrations that produce positive
inotropy. Channel types'not shown are not expected to produce positive inotropy if
inhibited. When I*, is inhibited, there is an apparent partial inhibition of sodium-calcium
exchange. B. Same as in figure 37 \ but showing the effect of inhibition of I*,. The
reversal potential of sodium-calcium exchange would follow the membrane potential,
and prolong the time to remove calcium from the cytosol, however the calcium ATP-ase
on the sarcoplasmic reticulum would still take up calcium from the cytosol during the
prolonged presence of calcium at the end of the action potential. C. The driving force
for sodium-calcium exchange would decrease due to the inhibition of IKl, resulting in
decreased calcium removal from the cytosol.
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to that of other species. During the tail of the action potential, calcium is removed from

the cells by the exchanger, and during diastole, calcium is imported into the cells by

sodium-calcium exchange (Bers, 1991). This peculiarity of rat ventricular tissue

adequately explains the findings of negative inotropy in rat ventricular tissue in spite of a

prolongation of the action potential by phenamil.

It is concluded therefore that phenamil, an epithelial sodium channel blocker,

inhibits 16, in cardiac tissue, a channel similar structurally to the epithelial sodium channel.

The inhibition of Iç, prolongs phase 3 of the action potential thereby indirectly and

transiently reducing the activity of sodium-calcium exchange, prolonging the time required

for the exchanger to remove calcium from the cytosol during the repolarization of the

action potential. It is during phase 3 of the action potential that the sodium-calcium

exchanger is most effective in removing calcium from the cytosol. Since calcium uptake

into the SR is not modified by phenamil, more calcium will be sequestered into the SR

with each beat. Integrated over time, the resulting accumulation of calcium into the SR

produces positive steady state inotropy.
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CONCLUSIONS

This section summarizes the major findings included in this thesis.

oPhenamil is an effective smooth muscle relaxant by blocking sodium influx.

.Phenamil produces positive inotropy in cardiac tissue.

.Positive inotropy originates from a change in transmembrane calcium movement.

.Phenamil does not directly affect SR calcium content.

oPhenamil does not affect cytosolic pH.

olnotropy does not require the release of neurotransmitters.

olnotropy is concurrent with a prolongation of the action potential.

oProlongation of the action potential is due to inhibition of Iç,

oPhenamil does not affect lçur, or I¡ç

.Phenamil t u, no direct effects on the sodium pump or on sodium-calcium

exchange.
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Inhibition of Iç, prolongs phase 3 of the action potential. Positive inotropy results

from an indirect reduction in the activity of the sodium-calcium exchanger, secondary to

the prolongation of the action potential during phase 3.
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