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ABSTRACT

The supernormal period is a time span following an action
potential when a stimulus less than the steady state threshold can
elicit a second action potential.

A recent report indicates that the Hodgkin and Huxley model
for the squid giant axon predicts supernormality and that this
results from slow potassium kinetics.  The present study was |
undertaken to determine how common ' this mechanism was.
Models for the crustacean motor neurons, frog myelinated nerve
fiber, the ventricle and the Purkinje fiber were stﬁdied.

In the crustacean motor neuron model, supernormal excitability
resulted from an undershoot of the transient potassium inactivation
variable B during and following membrane action potential.
Prevention of this undershoot in B abolished supernormal
excitability with no effect on the shape of the action potential.
Supernormality in the ventricular  model resulted  from
afterdepolarization, secondary to an undershoot of a potassium
current le'

The frog myelinated nerve fiber and the Purkinje fiber models
did not predxct supemormahty However, the Purkinje fiber model

showed a region of increased excitability in the refractory perlod‘

of the membrane  which resulted from increased ,sodlum

.
1w



conductance‘ |

I conclude ‘that supernormalxty, at least in the models that;
predict it, results directly or indirectly from an undershoot of a
potassium conductance during the repolarization phase of the
membrane. The reduction of potassium conductance at a period
when the inward currents are back to their steady states means
less depolarization is needed to generate a second action

potential.
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I. INTRODUCTION and LITERATURE REVIEW

Following the stimulation of a neuron or a muscle fiber with a
suprathreshold stimulus (a stimulus which generates an action potential),
there is a time span when further stimulation, regardless of strength,
cannot elicit a second action potentiél. This is called the absolute
refraétory period. Following the absolute refractory period is the relative
refractory period; during this period the threshold is increased. However,
immediately after the relative refractory period a stimulus smaller than
the steady state threshold can elicit a second impulse. This period is
known as the supernormal period (SNP). Subsequent to this period, a
stimulus greater than or equal fo the steady state threshold value will
generate an action potential.

The simplest events involved in the generation of a membrane
action potential in a space-clamped squid axon are as follows:
Depolarizatioh results in an initial increase in sodium conductance. The
resulting inward current causes further depolarization and further
increases in sodium cdnductance (sodium activation).. Depolarization
causes the potassium conductance to increase, but more slowly than the
increase in sodium conductance.  This outward current, along with the
dépolarization—dependent inactivation of the sodium current ultimately
restores the membrane to its resting potential. The above description is

very simplified. More than two ionic currents are involved in the



‘ generatlon of most action potentials.

The refractory penod has been well studied (Hodgkm & Huxley,
1952) and it is understood to result from sodium inactivation as well as
potassium activation.  The inactivated sodium conductance cannot
reactivate until the membrane has repolarized. Until sodium inactivation
has been removed, the membrane is absolutely refractory.  The

potassium conductance turns off slowly following membrane
repolarization and the residual outward current is responsible for the
relative refractory period.

The term supernormal period was coined by Adrian and Lucas
(1912) who described the phenomenon in a nerve-muscle preparation.
Latef Adrian (1921) observed it in the frog myocardium. Subsequently,
Hoff and Nahum (1938) described it in the mammélian ventricular
muscle. This period of supernormal excitation has been observed in
several kinds of invertebrate (Hodgkin, 1948; Zucker, 1973, 1974; Fuchs
& Getting, 1980) and vertebrate (Adrian & Lucas, 1912; Adrian, 1921)
nervous systems. In the mammalian central nervous system, this
phenomenon has been described in efferents of the caudate nucleus
(Kocsis & VanderMaelen, 1979), visual and somatosensory callosal
axons (Swadlow & Waxman, 1976; Swadlow, 1985), olfactory peduncle
axons (Ferrayra-Moyano & Cinelli, 1986, Eng & Kocsis, 1987), fibers of
the dorsal hippocampal commissure (Bartesaghi, 1987), parallel fibers in
the cerebellum (Gardner-Medwin, 1971; Merrill et al., 1978; Dorhich et
al., 1986), the brainstem (Rompre & Miliaressis, 1987) and lateial |

Lissauer tract (Merrill ez al., 1978). In the mammalian heart, the atrium,



the interatrial fibers (Agha et al,, 1972; Childer et al., 1968), the His-
Purkinje system (Spear and Moore, 1974; Hoffman & Cranefield, 1976)
‘and the ventricles (Wcidm‘ann,' 1955b; Goto, 1986 Paleev et al.; 1986;
Chang, & Prystowsky, 1987) exhibit supernormal excitability.

Prior to the 1940s, direct measurcments of the excitability of
neurons and the heart were practically non-existent. What little that was |
known was derived from extracellular and surface clectrode recordings.
Electrodes were placed on the surface of a nerve-muscle preparation
(Adrian, 1912) or, in the case of the heart, cle‘ctrodes‘ were attached to
the myocardium in a way which minimized injury to the underlying tissue
(Drury & Andrus, 1924; Lueken & Schutz, 1938).

Figﬁre 1 demonstrates the method used to evaluate membrane
excitability. At least four electrodes (S R; R, Ry were placed on a
nerve fiber or portions of the heart. Through S a specified current
stimulus was applied. R, - R; were unipolar extracellular recording
electrodes measufing the local potential with reference to a distant

ground electrode (not shown in figure 1). R, was positioned close to S to
record the local response to the stimulus. R, was also positioned within

a space constant of S and was used to detect the response which the
cells near the stimulation electrode generated.

The conduction time of the response was obtained by observing

the difference in activation times between R, and Rj. Rj is positioned
several millimeters away from R,. In some studies compartments were

~ built around the electrodes to study ~localiied effects of pH and drugs on



 membrane excitability (Adrian,~ 1921, Schimitt & Erlanger, 1928).

Placement of electrodes in extracellular recordings

Figure 1. A schematic diagram showing how
electrodes were positioned during membrane excitability

measurements. S is the stimulating electrode and Ry
records the response to the stimulation. R; may be avoided

if S is capable of stimulating and recording simultancously.

By recording from R,, the apparent threshold potential can

be determined. The speed of conduction can be determined

from the time taken for the impulse to propagate from R, to

R3 and the distance between them.



| Most early workers on membrane excitability looked at the
~ velocity of conduction mumrt‘han' direct mensurement of the stimumg
magnitude needed  to elicit a sec‘om impulse after membrane
refractoriness.  Using extracellular recordings, it was observed that low
pH and increased extracellular  potassium concentration  enhanced
membranc excitability as evidenced by increased conduction velocity,
whereas high pH had no effect (Adrian, 19213 Schmitt & Erlanger, 1928).
Extracellular recordings gave answers to questions related to the
timing and location of supernormal excitﬁbilily but could not be used to
measure the threshold current directly. Recently, intracellular recording
has been the main approach to the study of membrane excitability. The
same paradigm shown in figure 1 is employed, except that the electrodes
are intracellular.  Three electrodes are commonly used (Draper &
Weidmann, 1951; Spear & Moore, 1974; Hoffman & Cranefield, 1976),
since S is capable of stimulating and recording simultancously.  This
approach has been more difficult to usc on heart preparations than
surface stimulation. The main problem arises from unstable clectrode
penetration due to muscle contraction upon stimulation (Cranefield et al.,
1957). Perhaps the most fruitful compromise has been to stimulate with
surface electrodes and to record the resulting change in transmembrane
potential with one or more intracellular microclectrodes (Hoffman &
Cranefield, 19’76). If care is taken to avoid distortion ofr the record of
transmembrane potential by longitudinal‘currcnt this technique permits a
] determmatxon of the effects of stnmulatmg current on the transmembrane

potenual and makes it possible to observe thc development of local



responses and propagated - action  potentinls (Hoffman & Cmmﬁ#!d?
1976). | ; ; |
| With intracellular elmmdcs it hm been possible to mcawm
quanmatwaly the cxmmbxhty m’ cells tmfmc and mmﬁdidtcty after an.
action potentinl,  Conduction velocities have also been measured
accurately. As well, it has been possible to measure the mput resistance
of the membrane (Spear & Moore, 1974). A change in input resistance,
by itsclf, is an ambiguous indicator of membrane excitability since the
change can ise. in either inward or outwird currents. |

The SNP has been implicated as playing a physiological role in.
neural encoding (Kocsis ¢f al., 1979; Raymond & Lettvin, 1978) and in
frequency-dependent conducuon of action potentials in branched axons
(Chung et al., 1970; Kocsis et al., 1979; Zucker et al., 19806; Smckbrsdge
& Stockbridge, 1988; Stockbridge, 1988).  Also, Zucker (l973, 1974,
1986) has suggcétcd the possible effects of the SNP on synaptic
facilitation. He postulated that repetitive stimulation can cause the
smaller axon terminals to become more excitable and that this can cause
" increased transmitter release. ‘

A variety of results suggests the importance of the SNP in the
heart as an explanation for some cardiac arrhythm:as, e.g. Wolff-
Parkinson-White Syndrome (Mark & Langcndorf 1950; McHenry et al,,
1‘166 Crancﬁcld 1977; Amdorf, 1977; Hoffman & Rosen, 1981). Mark

4 ‘& Langendorf (1950) argucd that an abnormahty in impulse initiation or

conduction could mﬂwer a second xmpulse propagation indcpendent of the

normal rhythm of the heart. When during an action potential and where



in the heart cart an dbnOfmal impul se be generated? They Suggested
that the probabxhty of perturbing the rhythm of the heart by initiation of an
extra 1mpulse was higher durmg the SNP than at any other phase of an
,actlon potential. They and other authors as well (Hoffman & Cranefleld
1976 Moe et al., 1968; Moe & Anzelevitch, 1987), have suggested that
any region of the heart where the SNP has been observed is a potential
site for abnormal impulse initiation.

This idea is originally attributable to Schmitt and Erlanger (1928)
who performed experiments demonstrating reentry in isolated ventricular
tissues. Using a multicompartment tissue bath, they created segmental
refractoriness in stri‘ps of turtle ventricle and assessed conduction by
monitoring contractien along the various segments of the preparation.‘
Depression of the distal end with high potassium followed by stimulation
of the proximal end induced a contraction‘wave that propagated in the
forward direction, giving rise to a confraction wave at the distal site that
propagated in the retrograde direction leading to recurrent activation df
the proximal end. Their interpretation of this observation was that the
high potassium segment caused failure of anterograde conduction of the
impulse while 1mpulse conduction succeeded through an adjacent parallel
pathway (Schm1tt & Erlanoer 1928; Moe et al., 1968; Moe &
Anzelevitch, 1987). The successful propagation of an 1mpulse through
an adjacent parallel pathway depends on which phase of the membrane
excitability the local current meets. If the local current arrives durmg the
~ phase of ‘membrane refractoriness, then it is unlikely an abnormal impulse

would be initiated. _However, if the SNP of the incoming impulse is met



by a local current from a branch or parallel ﬁber, then an abnormal
impulse is more llkely to be elrcrted |

Although functlonal roles of the ONP in nerve and muscle |
physiology have - been suggested the mechanism of this phenomenon
remains somewhat unclear. Attempts have been made to find the causes
for supernormal excitability (Stein, 1966; Spear & Moore, 1974; Barrett
& Barrett, 1982) but all fall short of determining the actual ionic basis for
this phenomenon. |

Stein (1966) showed that the SNP was observed only coincident
with the afterdepolarization phase of the Hodgkin & Huxley‘ model of the
squid axon action potential. ~ Eight years later, Spear and Moore '(1974)
showed that action potentials in Purkinje fibers from the canine heart .
which showed a depolarizing afterpotential exhibited supernormality, |
while regions which had no afterdepolarization (His bundle and ventricle)
did not._ These findings also suggested that afterdepolarization may be

related to the SNP. Perhaps the best attempt that has been made to find

| the cause of afterdepolarization was the work of Barrett and Barrett
(1980).  With intracellular recording of the frog sciatic nerve, they
observed that altering different ion concentrations did not affect the;‘ >
depolarizing afterpotential However, the voltage transient evoked by‘ a |
hyperpolarrzmg current pulse had a slowly decaymg component and its
: time constant resembled that of the ‘depolarizing afterpotentlal On the
basis of thrs observat1on the afterdepolarrzatxon was attributed to the
capacitive current that flows in the internodal portlons of myelinated

nerves.



Although these investigators = have concluded that  the
afterdepolanzatlon and the SNP Were causally related the
afterdepolanzatlon is not a requirement for supemormallty, since there
are cases where supernormality is present without an afterdepolarlzatlon,
e.g. in crustacean motor nerves (¢« 3r 1974).

The inactivation of inward currents and activation of outward
currents are responsible for  the decreased excitability during the
refractory period. The possible causes of enhanced excitability during
- the SNP are: |

(1) activation of an inward current;
() reduction in the outward current or

(3) afterdepolarization, possibly secondary to (1) or (2) above.

Recently, the SNP in the squid giant axon model (Hodgkin &
Huxley, 1952) has been attributed to the slow kinetics of the delayed
rectifier potasSium current (Stockbridge, 1988). Stockbridge (1988)
reported that the activation variable, n, undershoots its steady state value
during the SNP. As a result, the outward current remains below. 1ts
resting value for a period of time when the membrane potential and
inward current variables have returned to their steady state values. As
a consequence, there is a larger net inward current withirr this time span.
and a 1ewer threshold. e

It is‘unclear whether the recent explanation of the ’ionic basis for
supemormahty in the squtd axon model applies to other neuron models or

. to models for cardiac actron potenttals Other voltage and time
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fk depe-ndent potassxum currents could cause supernormality if they had
similar slow kinetics. In particular, the calc1um-act1vated potassium "
current, whose récovery requires 'the reductxon of thc subme‘mbrane
calcium concentration (Stockbridge, 1988), is a possible ‘candida’tke. A
chloride current with the appropriate kinetics (Owen et al., 1986) could

also cause supernormality.  Supernormality could result from the

afterdepolarization following a mefnbranc action potential (Spear &

Moore, 1974). The afterdepolarization might result from one of the
suggested caﬁses of supernormality or a prolonged calcium conductance
" as seen in some ventricles (Beeler & Reuter, 1977).

The study of the SNP and its origin in biological preparations is
hindered by the difficulty in maintaining a microelectrode in a neuron or a
contracting muscle fiber. This difficulty hinders one’s ability to define the
exact time span of the “ SNP and to do any ionic manipulations to
document the ionic basis for its occurrence. Biological variation is also a
potent problem which makes studies on the SNP difficult. As well, some
experimental manipulations are impossible to do, e.g. clamping a state
variable of an ionic currenf to its resting value during the course of an
action potential (Stockbridge, 1988).

- Descriptive equations of the membrane ionic currents of neurons
and cardiac muscles have been formulated based on voltage clamp

experlmental results obtain by many mvestlgators, e.g. the Connor Walter‘

e ,& M\,Kown (CWM, 1977) model for crustacean motor neurons, the

- Frankerhaeuser & Huxley (FH, 1964) ‘model for frog myelinated axon,
the McAlhster Noble & Tsien (MNT 1975) model for Purkinje fleI'S,
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| the Beeler & Reﬁtef (BR, 1977) model for ventridular myocardial fibers,
and Noble s (1985) model for atrlum and rat ventricular celis. |

These models represent an extension of the Hodgkm & Huxley
1 (1952) formalism for the ionic conductances which are functions of
voltage and time, although significant new features were added to
recreate the shape of the membrane action potential of the respective
cell or fiber. Although, quantitative and perhaps qualitative changes in
these models may be required as further investigation of the physiology
of excitable membranes continues, the present models do recreate many
of the electrical phenomen‘a associated with ionic concentration changes,
drug effects, shape of the respective action potentials and the changes in
threshold following the action potentials (Sharp & Joyner, 1980). One
‘way of studying membrane excitability is to use the formulated models
and test for threshold to define the time span of the SNP and to
mvestigate its etiology. |

As a prelude to the quantitative description of the ionic currents an
insight for the basis of the model would be relevant. The cell membrane
is made up of a mosaic layer of a phospholipid bilayer and proteins. By
virtue of its 1mpermeab1hty, the bilayer acts like a capa01tor and can store
electrical charges. Some of the membrane protems act as ion-specific
channels through which ions pass in and out of the cell passwely
followmg thelr electrochemical gradients. There are also protem pumps,
some. of Wthh are electrogemc The action of these pumps. ‘causes an |
unequal dlstrlbutlon of ions (charges), which creates a potentxal across

the membrane - Upon stlmulatlon the permeabxhty of the membrane is
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perturbed channels open and ions (mostly sodmm and calcium) flow into
the cell.  Other channels open to cause the efflux of positive charges

(mostly potassium ions), ultimately bringing the inside of the membrane
. back to its negative resting‘potential.‘

In consequence of the capacitive nature of the membrane and the
ensuing ionic currents, the total membrane current can be represented as
the sum of the capacitive current and the total ionic current.

Thus:

I=CoV /ot +1;

The ionic current can be divided into componeris carried by
various ions. These currents can be classified as inward and outward
currents. The inward currents principally are carried by sodium and
calcium and the outward currents mostly by potassium. Some of the
currents are mixed, i.e. carried by two or more ions. The ionic
permeability of the membrane could be satisfactorily expressed in terms
of conductance (Hodgkin and Huxley, 1952). Taking sodium r:urrent

(In,) @s an example:
INa = gNa(vm ) ENa)‘

The form of this equation applies to the other components of the -

ionic current. The formal representation of gy, is:

8Na = m3h§l:1:a.
Rate constants for these variables are expressed as:
om/ot=o_(1-m)-pB m,

oh/at = o (1-h)-Bh,
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where the o’s and B’s are instantaneous functions of voltage. The rate
constants are such that m increases with depolarization and thus
‘represents sodium activation, while h decrcéses with depolarization and
thus represents inactivation. Refer to the appendix for the quantitative
description of the as and s of the state variables of the different ionic
currents in the models discussed. |

The models selected for the present studies have been listed
above. The FH model describes the membrane action potential of frog
myelinated nerves. This preparation is important since the idea of
supernormality first arose from studying of frog myelinated nerve (Adrian
& Lucas, 1912). Adrian (1921), proposed that the existence of a SNP
might account for the type of nervous summation in which a series of
impulses succeed in passing a region of imperféct conduction whereas a
single impulse fails to do sc - an observaﬁon made in the same
preparation (Adrian & Lucas, 1912). Such differential conduction in
myelinated nerves may contribute to memory encoding in the central
nervous system of vertebrates (Kocsis & VanderMaelen, 1979; Kocsis et
al., 1979, Stockbridge, 1988). Presently, there are two models which
~ describe action potentials in myelinated nerves: the Frankenhaeuser &
Huxley model for amphibian nerve and the Chiu, Ritchie, Rogart and
Stagg (CRRS, 1979) model for rabbit nerve. The CRRS model is based
on more recent voltage ‘clamp experiment on myelinated nerves. To
date, the frog nerve-muscle preparation is the only case in w‘hich‘ the

SNP has been described in myelinated nerves. The FH imodel was

" therefore studied.



'Su‘pemormal excitability of the synaptic terminals of the crayﬁéh :
motdr neuron might be invdlved in the profound synéptic facilitation
recorded at the neuromuscular junction (Zucker, 1974; Zucker et al.,
1986). For that reason thé causes of the SNP in the CWM model for
crustacean motor neuron and the correlation between repetitive firing
~ and the SNP was ascertained.

Supernormal excitability in various regions of :the heart is thought to
play a role in some aberrant conditions observed in cardiac diseases.
Afterdepolarization has been cited as a possible cause of supernormal
excitability in the heart (Hoffman & Rosen, 1981) but this has not been
shown directly. A detailed description of the mechanism of
supernormality could lead to improved antiarrhythmic therapy. For this
reason, the BR and the MNT models for ventricular and Purkinje fibers
were investigated.

New and improved models appear in the cardiac electrophysiolog
literature almost every three years (Noble, 1984; Drouhard & Roberge,
1986). Old cardiac models do however, reproduce many gross features
of action potential in these tissues and have been used to'study drug
effects (Sharp & Joyner, 1980) and conducted action potentials (Joyner
& Capelle, 1986). Newer models are much more complex and include
new currents, the effect of ion concentration changes and electrogenic
pumps. As well, some of the names and descriptions of the ionic
}currents havé been modified (Noble, 1984) to suit recent observations.
However, looking at simple models to study the excitability of cardiac

muscles is a reasonable first step. It will give an idea of what to look for
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when more domplex models are studied.

The nomenclature and description of the currents discussed in this
thesis will be taken solely from the papers describing the models. These
may appear different from more recent ideas. However, the older

nomenclature has been used for reasons of consistency.



OBJECTIVES

The aims of this project were:
1. To compute action potentials using the neuronal and
cardiac models of Connor, Walter and McKown (1977),
Frankenhaeuser and Huxley (1964), Beeler and Reuter
(1977), and McAllister, Noble and Tsicn (1975).
2. To test for threshold following a membrane action
potential and observe whether these models do predict
supernormal excitability.
3. To determine the ionic current changes which cause the
supernormal period in the models which demonstrate it.
4. To find the relationship between supernormal excitability

and repetitive firing in the CWM model.

‘,16'



II, METHODS

A. Numerical Methods.

The equations describing the membrane ionic currents discussed in
this paper are from the CWM (1977), FH (1964), BR (1977) and MNT
(1975) models for crustacean motor neurons, frog (Xenopus laevzs)
myelinated nerve, ventricular and Purkinje fiber membrane action
potentials respectively. The equations for each model are presented in
the appendix. Basically, all the models represent an extension of the
Hodgkin and Huxley (1952) formalism of the ionic conductances which
are functions of voltage and time.

Solution of the simultanecous differential equations of the rate
constants in each model was carried out with a Sun workstation using a
numerical approximation (the Runge-Kutta method). A brief outline of
the steps involved in the programs which generate membrane action
potentials (Map; Stockbridge 1988) is presented in the appendix.
Solutions for the rapid changes in the membrane potential occurring
during the action potential were obtained using a time step of integration,
At, of 0.05 ms. It was found that integration ét shorter time steps did not
produce an appreciably different result.

A table for the non-time-dependent variables was stored for each

Vv, in steps of 0.5 mV to speed up the integration (Stockbridge, 1988).

All calculations were performed using IEEE double precision ﬂoatm0 ~

point arithmetic, which has about 12 significant digits.

17
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To begin the c‘omputation in cach model, the initial values for the
state variables were set. This was done by scting the mcmbrand
potential to its resting value, setting state variabies to their steady states
| and adjusting the leakage current so that the net membrane current was
zero.  All the models were stable at rest except the MNT model for
Purkinje fiber action potential which was spontancously active. Since no

meaningful threshold test could be made with a spontaneously active

membrane, the conductance ENmb of the lecakage current Iy, b |
“y

(inward background current) was adjusted to maintain a stable resting
membrane potential of -80 mV.

The results of the computation were printed out every 0.1 ms. In
addition to the membrane potential (Vyy), the time (t), the state variables
and individual ionic currents were printed out when required. Where
appropriate, the ionic currents and the state variables were plotted on

different sheets and then superimposed on the action potential plot.

B. Threshold Test

The program used  for the threshold test was called th.c
(Stockbridge, 1988). The stimulus was a rectangular current pulse of
fixed duration. A threshold amplitude was found by a binary search
technique which established 2-3 significant digits (Stockbridgc; 11988).

The criteria for defining an action potential were: a membrane
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depolarization of at least 30 mV and positive first and second derivatlves
of the membrane potential,

The validity of the chosen criteria was tested by another simulation
program that presented a sccond stimulus with a given timing, magnitude
and width. The threshold obtained by the th.c program always gave an
action potential of suitable amplitude and shape for the sccond action
potential, while a 0.01% reduction in amplitude gave a much smaller
response.

The CWM model was used to investigate the effects of repetitive
firing on the SNP. This was effected by modifying the th.c program 10
gencrate a specified number of action potentials before the threshold test
was initiated.

In the models in which the SNP was predicted, the time course of
the ionic currents and state variables controlling those “conductances
were studied and the possible causes of supernormal excitability
identified. Each possible candidate was separately assessed, usually by
allowing the conditioning action potential to proceed normally. At some
point in time prior to the onset of supernormal excitability, the candidate
variable was reset to its steady state value and held there until the time
came to test for threshold. At that time the variable was allowed to
follow its normal course. Usually these changes had small effects on the
shape of the late phase of the conditioning action pctential. However,
some of these changes eliminated supernormal excitabiiity. In a few
cases, Changes in the variables were not to their steady state values, and

these modifications are described where they apply.



11, RESULTS
A, CWM Modcl

1. Causes of Supernormal excitability.

Figure 2 presents the membrane action potential of crustacean
motor neurons with different time scales (top and bottom traces). l‘m ;
resting membranc potential was .68 mV and the spike amplitude was
about 100 mV. Detailed examination of the action potential waveform in
the top panel showed a long phase of afterhyperpolarization following the
spike. Recovery of the membrane potential to its resting level took abau(
30-40 ms. A more detailed representation of the rapidly changing phase
of the spike waveform is shown in the bottom panel. |

Shown in the top panel of figure 3 is the time course of the sodium
current. ‘The initial abrupt increase in the sodium current gcncratcd lhc |
spike of the action potential, and the activation statc variable m rose
" much faster than the inactivation state variable h fell (see figure 3). 
Within about 0.5 ms however, the decrease in h was sufficient to reduce |

I, drastically, and in about 0.5 ms, the current scttled to the stcady state.
Next to the Iy, the second current to turn on was the transient
potassium current (I,) which is presented in the bottom trace of figure 3.

This current  undershot its steady state  value during the

20



Membrane action potential for the CWM model.

_FIGURE 2. The top trace shows the membrane action potential
obtained with the Connor,‘ Walter and McKown model for 50 ms
time course. The lower trace shows a 10 ms time course of the
same action potential showing the shape in more detail. The
resting membrane potential was -68 mV and the action potential
had ‘an amplitude of over 100 mV. The action potential was
generated with a current pulse of 0.1 ms duration. The shape
closely resembles that in the CWM, 1977 paper. Note the long

‘afterhyperpolarization which is obvious in the lower trace.
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Voltage and time dependent currents in the CWM model.

FIGURE 3. Top trace shows the sodium current. The sodium

current (I,) increased abruptly and peaked twice before settling
to its steady state. The effect of the Iy, on the membrane potentiai
lasted for less than 2 ms. Shown on the lower trace are the two
outward currents I (delayed rectifier potassium current)- ‘solid
| line, and I, (transient potassium current) in broken line. The I,
rose fairly early while I, was rather delayed. Both currgnts fell to

their steady states at the same time. However, there was a slight

undershoot of I 4 before it came back to its resting level.
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'afterhyperpolarization.

A similar undershoot of the potassium current has been shown
previously to be the cause for supernormal excitability in the squid axon
model (Stockbridge, 1988). However, in the squid axon model, the
decrease in the potassium current was a result of an undershoot of the
delayed rectifier conductance. The delayed rectifier in the CWM model
did not exhibit such undershoot, as shown in the bottom trace of figure 3.
Examination of the transient potassium conductance (Ena) provided the
reason for the undershoot. At about two milliseconds after the initiation
of an action potential, there was a progressive decrease in the activation
state variable A while the inactivation variable B undershot its s‘teady

state (figure 4, bottom trace). The result of this was that the

conductance factor A3B undershot the steady state (shown figure 9).

Presented on the upper trace of figure 5 is the leakage current

(). As expected, its shape resembled that of the action potential. The

bottom trace of figure 5 shows results of the excitability determination,
beginning 1 ms after the initiation of the conditioning action potential. The
threshold for each test time was normalized by dividing the computed
threshold by the steady state threshold (340.97 nA/cm?).  These
normalized values were plotted as relative threshold versus time.

A supérnormal period wés predicted by the CWM model. The
SNP began about 2 ms after the initial stimulus and followed a period of
relative refractoriness. ~ Paradoxically, the SNP occurred during the

" membrane after hyperpolarization, when one would expect to be further



State variables of the conductances in the CWM model.

FIGURE 4. The state variables of all the currents were computed.
Shown on the top trace is the sodium current state variables m
(solid line) and h (broken line). The two crossings of m and h
resulted in the double peak of Iy,. The solid line in the lower trace
represents the time course of the n (solid line), A (fine dashed line)
and B (coarse dashed line) variables for the outward currents, I
and I,. Note that the undershoot of the B variable lasted for about

40 ms before settling at its steady state.
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Time course of the leakage current and supernormal period in

CWM model.

FIGURE 5. A plot of the leakage current I; is shown in the upper

trace. It took the shape of the membrane action potential. Shown
in the bottom trace is a representation of the excitability
determination of fhe CWM model. The relative thresholds were
obtained by dividing the computed threshold by the steady state
threshold. A relative threshold of 1, therefore meant the steady
state threshold and anything below 1 was supernormal. The notch

in the curve showed the supernormal period.
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from threshold. The observéd SNP lasted for a very 1ong'period relative
to the time course of the spike.

The SNP in the crustacean motor neuron has been described
qualitatively as "a few milliseconds following an action potential or a train
of spikes" (Zucker, 1974). Furthermore, little is known about the
magnitude of the subthreshold stimulus normally used in live
preparations. The present results provide an indication of the duration
and the relative magnitude of stimulus required during the SNP.

Are the thresholds reported valid for the model? The validity of
the criteria‘ employed for threshold test was tested by using the
appropriate threshold and stimulus width at 4.5 ms following an action
potential. ‘This was done using the program 2ap. It can be seen from
figure 6 that the chosen criteria were valid for the generation of an action
potential. Under no circumstance did the computed threshold fail to
generate a spike. However, it was observed that slight changes in either
the stimulus width or the current failed to elicit a spike (figure 6 bottom
trace).

What factors might be involved in the SNP observed in this model? This
question was addressed by looking at the threshold while selectively
manipulating one of the ijonic currents and their state variables.

Presented in figure 7 is the extent of supernormality when I, was set to

its steady state 2 ms after the initiation of an action potential. Clearly,
the SNP persisted although there is a slight decrease in excitability. The

bottom trace shows the threshold curve obtained when IL was treated as

above. Supernormal excitability was enhanced under this condition. The



Assessment of the criteria for threshold.

FIGURE 6. The criteria for threshold were assessed by generating
a second action pbtential, using the computed threshold at 4.5 ms
following the conditioning action potential. A 0.01% reduction of
the stimulus amplitude (bottom trace) failed to generate an action

potential.
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- Effect of the sodium and leakage currents on the SNP.

FIGURE 7. Simulations were run in which, after 1 ms of normal
conditions, the sodium (top trace) and the leakage (bottom trace)
currents were clamped at their resting values and held there until
the time for the threshold test. Under these conditions, the SNP

was slightly reduced for the case of Iy, and enhanced for I .
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revcrsal pmuntlal of I was -17 mV Hence, at the steady state it was an
inward current, Thus although passwe, the leakage current enhanced the
SNP.

Setting the delayed rectifier current. (Ig) to its steady ~ state

produced immediate membrane depolarization.  This was avoided by

multiplying I, by factors less than 1 but greater than 0.1. Multiplying Iy
by a factor of 0.5 and 0.2 (figure 8) enhanced the SNP. When I, was

multiplied by 10, the reverse situation was observed. Figure 9 represents

the effect of raising I by a factor of 10. Therefore, increasing Iy, an

outward current, prevented increased excitability beyond the refractory
period.

The SNP was not dependent on the membrane potential because there‘
was no apparent difference between the SNP observed When the
membrane potential was set to the resting potential (figure 10 top trace),
and the one seen under normal covndi‘tionsv (figure 5 bottom trace).

Clamping of the transient potassium current (I,) to its steady state was

avoided since this resulted in spontaneous activity of the model. Instead,
the inactivation state variable B was clamped to its steady state. Shown
in the bottom trace of figure 10 is the result obtained when B was
‘clamped to the steady stafte value; the SNP was abolished. Figure 4
~ shows that it was only the B variable which undershot its resting level -
and that the time course of the undershoot corresponded to the phase of .

supernormality. The total conductance of I, remained below its steady

state' value for about 30 ms - a time span which also corresponded to thc '



Effects of IK on supernormal excitability (D).

FIGURE 8. Treating the potassium current I like Iy, was treated

in figure 7 immediately and‘strongly depolarized the membrane. To
keep the membrane potential at rest and yet test for threshold, a

series of simulations were run in which X, was multiplied by

factors less than one. This figure shows the results of multiplying

Ix by 0.5 (top trace) and by 0.2 (bottom trace). The SNP was
monotonically enhanced under such conditions.  Multiplication of Iy

by a factor less than 0.2 perturbed the resting membrane potential.
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Effects of 1, on supernormal excitability (IT).

FIGURE 9. A similar simulation to that described in figure 8 was

performed with I multiplied by 10. The SNP was abolished. Thus

I seemed to counter supernormality.
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Elimination of B undershoot removed supernormality.

FIGURE 10. The membrane potential was allowed to proceed
normally for 1 ms. After that, it was clamped to the festing
potential and held there until the threshold test was applied. The
SNP persisted under such conditions (top trace). The bottom trace
shows the result when the variable B was set to its steady state

after 1 ms. This procedure completely eliminated the SNP.
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supernormal period.  Presented in figure 11 (top trace) is the

conductance of IA under normal conditions. This undershoot was

abolished when B was clamped to its stecdy state during the threshold
test (bottom trace of figure 11). A reduction in the conductance of the
outward current at a period when the inward current was at its steady

state reduced the current needed to produced another action potential.



Effect of B undershoot on the conductance of I,.

FIGURE 11. The conductance of I, is proportional to the product

A3B. A3B undershot its steady state value (top trace) after an
action potential. However, this undershoot was completely
eliminated when B was held at its steady state value after 1 ms of
stimulation. This is shown in the lower trace. Note that removal

of B undershoot eliminated supernormality.
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2. Effect of repetitive firing on supernormal period

Does repetitive stimulation affect the extent of supernormality?
This question was addressed by using the program thn.c. Figures 12
and 13 illustrate cases where the threshold test was initiated subsequent
to the generation of four impulses with varying interstimulus intervals.
Clearly, repetitive firing enhanced the SNP. A decrease in interstimulus
interval also potentiated supernormal excitability.

It should be noted that when action potentials were generated at 1
ms intervals in these conditioning trains, a larger stimulus was required to
generate the action potentials following the first spikc. This was
necessary since the membrane was in the refractory phase 1 ms
following the action potential.

With a constant interstimulus interval but varying number of spikes,
the excitability of the membrane increased as the number of conditioning
action potentials was increased, as shown in figures 14 and 15. Little
further increase in excitability was seen with more than five conditioning

action potentials.



Effect of varying interstimulus intervals on the SNP (1.

FIGURE 12. A series of simulations were run in which four
conditioning action potentials were generated with various
interstimulus intervals; The SNP obscrved with four and three
milliseconds interstimulus intervals are shown in the top and bottom

traces respectively.
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Effect of varying interstimulus ivirervals on the SNP (11).

FIGURE 13. The same procedure as described in figure 12 was
used here. The top trace shows the result with 2 ms interstimulus
intervals. The bottom trace shows the SNP observed with 1 ms
interstimulus intervals. In the latter case, a higher stimulus had to

be applied during the conditioning train.



49

SNP [After 4 impulses at 2 ms intervals?.

1.05 '

95 7

Relative Threshold

6 10 20 30 40 50
‘ Time [ms] '

SNP [After 4 impuilses at 1 ms intervalsl.

1.05 7§

95

Relative Threshold

Time [ms]



Repetitive firing and the SNP ().

FIGURE 14. The results of repetitive stimulation with a constant
interstimulus intervals (3 ms) are shown for two action potentials
(top trace) and three action potentials (bottom trace). An increase
in the number of action potentials slightly increased supernormal

excitability.
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Repetitive firing and the SNP (IT).

FIGURE 15. Increasing the number of conditioning action
potentials from four (top trace) to five (bottom) did not produce a

significant increase in the SNP.
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B. FH Model

The FH model for myeliuated nerves of the frog was implemented
in the sarne fashion as the CWM model. In the FH model, however,
permeabilities of the ion channels are used instead of conductances. This

model does not have an I, current. Instead, a non specific current (1)
carried mainly by potassium is added to the sodium (Iy,), potassium (I,
delayed rectifier) and the leakage (I;) currents. Presented in figure 16

(50 ms time scale) and 17 (10 ms time scale) are the action potentials
(top traces) and currents (bottom traces) for the FH model. A test for

the threshold following the action potential showed that this model does

not produce supernormality (figure 18).



Action potential and the membrane currents of the FH model.

FIGURE 16. The top trace shows the time course of the
membrane action potential computed from the equations of the
Frankenhaeuser and Huxley model for frog myelinated nerves.
The resting membrane potential was -80 mV and the amplitude of
the action potential was about 120 mV. The bottom trace shows
the currents responsible for the genefation of the action potential:

sodium current Iy (solid line), potassium current | (fine dashed
line), a nonspecific current I (coarser dashed line) and the

leakage current I} (coarsest dashed line).
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Action potential of the FH model and the membrane currents-

detail representation.

FIGURE 17. Figure 16 is reproduced using an expanded time

scale.
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FH mode! does not exhibit supernormality.

FIGURE 18. A normal action potential was alluwed to proceed for
1 ms and a threshold test with a stimulus width of 0.1 ms was run
until 40 ms. The graph indicates that the FH model does not

demonstrate supernormal excitability.
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C. BR Maodel

The top trace of figure 19 presents the standard action potentiai of
a ventricle computed from the BR model. The shape and duration of the
simulated action potential was identical to that shown in Beeler and
Reuter’s figure 4. The resting potential was -84.57 mV. The action
potential had a slight afterdepolarization and this is illustrated in more
detail at the bottom trace of figure 19. The result of the excitability
determination is depicted on the top trace of figure 20. The threshold
values obtained for cach time were normalized and treated in the same
manner as for the CWM and FH models. A SNP was observed from
340-1568 ms. The steady state threshold was 49.63 nA/cm? with a
stimulus duration of 0.5 ms. The lowest threshold was (48.22 nAlcm?).
Presented in figure 20 (bottom trace) is the validation for the criteria for
defining an action potential in the threshold test. The amplitude of the
second spike was a bit lower than that of the first because of residual
inactivation of inward currents and, possibly, fastef activation of
potassium currents.

The currenis responsible for the generation of the action potential

were: two outward currents, Exl(time and voltage dependent potassium
cuirent) and IK1 (time independent potassium current) and two inward

currents, 1y, and I, which are sodium and calcium currents



Action potential of the BR model,

FIGURE 19. The shape and time course of a computed action
potential for guinea pig ventricular myocardial trabeculum  (top
trace) is similar to that in the Beeler and Reuter (1977) paper.

There is a period of afterdepolarization which is depicted in more

detail in the bottom trace. |



63

Ventricular action potential [BR]
50

Membrane Potential [mV]

500 1000 1500 2000 -

Time [ms]

Afterdepoiarization

Membrane Potential [mV]
)
(3}

500 1000 1500 2000
Time [ms] ‘



Supernormality in the BR model and assessment of computed

threshold.

FIGURE 20. This figure (top trace) represents the excitability of
the membrane beginning at 270 ms after a normal membrane
action potential has been initiated. The method for obtaining
relative threshold is described in the legend for figure 5. The SNP
in the BR model for the ventricular myocardium lasts for about
1228 ms (340-1568 ms). The validity of the criteria used for the
threshold iest was examined by using the computed threshold at
380 ms following a conditioning membrane action potential (bottom
trace). Reduction of the computed threshold by 0.0001% failed to
generate an action potential. The decrease in amplitude of the
second action potential resulted from inactivation of inward

currents.
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respectively. ~ Figure 21, top and bottom traces, illustrates the time

course of these currents.

To ascertain which of the currents was responsible for the SNP,
individual currents were clamped to their steady state values until the

time of the threshold test. Treating Iy, or I, as mentioned above did not

abolish the SNP as shown in figure 22. The potassium current le

undershot its steady state value at 292 ms before it gradually rose to its

resting value. One would expect that the undershoot of I X would
enhance membrane excitability. However, SNP was eliminated when le

was clamped ¢ - its resting value (figure 23, top trace). Not only was the
SNP abolished but the afterdepolarization following the action potential

was also removed.
It is possible, then, that the SNP in this mode! resuiis directly from

undershoot in le. On the other hand, a cause-cffect relationship mighi be

operating between the membrane potential and the potassium current.
Therefore, the threshold was tested while the membrane potential was
forced to its resting value. ‘Pr‘esented m figure 23, bottom trace, is the
result, which shows the elimination of the SNP. However, the

undershoot “in le persisted under resting-potential-clamped conditions

(figure 24, top trace). If setting the membrane potential to the resting
level independently eliminated the SNP without affecting the undershoot

of le, then, the afterdepolarization alone was responsible for SNP.

How is the membrane potential related to the threshold current?



Ionic currents in the BR model.

FIGURE 21. The figure shows the time courses of computed ic...»
currents. The top trace shows the voltag: 27 adent potassiuai

current, Iy (solid line) and the voltas: ~w time dependent
1

potassium current, le (dashed line). le uncatohot its steady state

value before it gradually recovered. The bottom trace shows the

sodium current, I, (solid line) and the calcium current, I (dashed

line).
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Effects of INa and IS on the SNP.

FIGURE 22. A series of simulations were run in which the
membrane action potential was allowed to proceed normally until
250 ms. Beyond this time, one current was clamped at its steady
state until time to test for the threshold. When I, (upper trace) or
I, (lower trace) was tested in this fashion, the SNP persisted. In

fact, in both cases the SNP was slightly enhanced.
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Effect of le and V  on supernormality.

FIGURE 23. The same procedure as described in figure 22 was

adopted here to examine le (top trace) and the membranc

potential (bottom trace). The threshold test indicated that under

both conditions the SNP was entirely eliminated. Setting le to its

steady state abolished the afterdepolarization as well (not shown).
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Afterdepolarization causes supernormality in the BR model.

FIGURE 24. The top trace of this figure shows a plot of Ig, (solid
line and le (dashed ‘line) when the membrane potential was set to

its resting value (-84 mV) at 270 ms. Even under these conditions

the undershoot of I %1 persistéd. This indicates that the undershoot
of le was not directly responsible for the SNP. Rather, the
undershoot  of le causes the afterdepolarization. It is the

afterdepolarization which subsequen:ly causes the SNP. The
bottom trace illustrates the linear relationship between the

threshold and the membrane potential.
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Simulations were performed in which the steady state threshold was
determined at different membrane potentials, The bottom trace of figure
24 shows that threshold current was linearly related to the membrane

potential. Therefore, an undershoot of I, ) resulted in afterdepolarization,

which in turn caused supernormal excitability in the BR model.

D. MNT Model

The MNT model for the Purkinje fiber action potential, as
presented in the top trace of figure 25, looks similar to the published
action potential (figure 4 of McAllister et al., 1975). However, the MNT
model is normally spontaneously active, and since no meaningful

threshold test could be made in a spontaneously  active

membrane, gy, Was adjusted to maintain a stable resting membrane
b4 .

potential of -80 mV. There was still a long lasting afterhyperpolarization

which is typical of in vivo recordings of Purkinje fiber action potentials

(Draper & Weidmann, 1951) and the normal MNT model. g—;a’b was
altered because a leakage current cannot possibly cause supernormal
excitability.

A threshold test on the model (figure 25, bottom trace) showed

that a period of increased excitability occurred between 272-340 ms.



Action potential of the MN'T model and the period of relative

excitability.

FIGURE 25. The top trace shows a computed membmhc action
potential for a Purkinje fiber using the MacAllister, Noble and
Tsien (1975) model. The shape looks very much like the one in
their 1975 paper. The spontancous activity of this model was
prevented by altering the conductance of the leakage current

Tna b There was a long period of afterhyperpolarization. The

bottom trace shows the results of a threshold test initiated 250 ms
after a normal action potential.  Within the relative refractory
period, there was a period of increased excitability even though it is
not supernormal. This notch of relative excitability was observed

from 272-340 ms.
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‘682.“1:‘-3“ nA/cm? While the steady state is 106.70 hA/cmig | Hoy\»‘/e\(er,‘ the
notch observed in the excitability curve means that there is a region of
lowered threshold within the refractory - period. An‘effort was made to
- account for this phase of increased excitability.

Depicted in figure 26, top and bottom traces, are the currents
which constitute the model. Iqr (chloride current) was back to its steady
state as early as 250 ms and was therefore removed from the list of
possible currents that might be causing this phase of increased
excitability. No other currént could be eliminated in this way. The
remaining currents were either set to their steady state values or
removed entirely if removal ‘(at the notch phase) did not have any effect
on the shape of the action potential.

Figure 27 shows the effect of clamping the outward currents 1 X1
(top trace) and Ix2 (bottom trace) to their steady state values. The phase

of increased excitability remained essentially unchanged. Even though
these two currents undershot their steady state values, they did not have
any causal effect on the changes in the excitability of the membrane.

A profound increase in excitability was observed following the

settihg of IK2 to its steady state (figurc 28, top trace). This was expected
since, IK2 - an outward current - peaks within the time span of study.
Hence reducing IK2 to 'i‘ts resting value | increases the mémbrane
cxcitability.

Since removal of the two inward currents, I, and Iy, at 250 ms



Time course of the ionic currents in the MNT model.

FIGURE 26. The figure shows the time courses of the ionic
currents responsiblé for the action potential of Purkinje fibers. The

upper trace depicts the sodium current, Iy, (solid line), calcium
current, I, (fine dashed line) and chloride current, Iqr (coarse
‘dashed line). Note that there was a slight increase in Iy, from

about 250-350 ms. The Iower trace shows IK2 (solid line), I L (fine

dashed line) and Ix2 (coarse dashed line). All three of these

currents are carried by potassium.
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Effect of I X and ‘152 on membrane excitability.

FIGURE 27. As tested in the other models le (upper txace) and
Ixz (bottom trace) were set to their steady state values beyond 250

ms following the initiation of a normal action potential. The
threshold test was also begun at 250 ms. The excitability phase

was not affected in any way.
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Effect of IK23“d 1 ;-on membrane excitability.

FIGURE 28. The notch in the excitability curve was enhanced
when IK2 was treated as previously described (top trace). Setting
I to zero at 250 ms had no effect on the shape of action potential

(not shown) but slightly reduced the notch in the excitability curve

(bottom trace).
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| i
| excitability.
Since removal of the two inward currents, i, and Iye at 250 ms

did not have any significant effect on the shape of the action potential,

their values were set to zero at 250 ms.  Elimination of ISi at 250 ms left

the excitable phase virtually undisturbed, as shown in the lower trace of

figure 28.
In contrast, removal of I, at this time abolished the excitability

notch. How did the sodium current affect the excitability notch? The

conductance of the I is given by 1113hg§;. When m3h was plotted
against time (figure 29, bottom trace), it was noted that the conductance
of Iy, peaked for a second time before returning to its steady state. The
second increase in the conductance began before and lasted beyond the

peak phase of IKz' Hence a ‘push-and-pull’ phenomenon between

inwardly directed sodium and outwardly directed potassium currents
prevailed ‘at this time and the phase of enhanced excitability was

observed when the depolarizing effect of Iy, overcame the

hyperpolarizing effect of IKz'



The relative excitability in the MN'T model resulted from an

increased sodium conductance.

FIGURE 29. Removal of INa at 250 ms removed the notch

observed in the refractory period of the MNT model for the
‘Purkinje fiber action potential. In general, the excitability of the
membrane was decreased under these conditions (upper trace).
The lower trace shows that m*h peaked for the second time after
the initial spike. The time span during which the sodium current

outweighed the opposing IKz corresponded to the notch in the

excitability curve.
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1V. DISCUSSION.

A. Supernormal period in the CWM model

Recently, Stockbridge (1988) has shown that the supernormal
period in the Hodgkin and Huxley (1952) model for squid the giant axon
results from slow potassium Kinetics during the repolarization phase of
the action potential. In this model it was observed that the conductance
of the delayed rectifier fell below its steady state value during the SNP at
a time when the inward current (INa) was back to its steady state. As a
result there was a larger net inward current during this phase and
application of a relatively smaller stimulus could bring the membrane to
threshold (Stockbridge, 1988). The present project was undertaken to
test the hypothesis that supernormal excitability in other neuron models
~occurs by a similar mechanism.

The present project demonstrated that the SNP in the crustacean
motor neuron resulted from another potassium current, the transient
potassium current.  Here, the undershoot of the inactivation state

variable, B, resulted in a decreased conductance of I, folloWing the

actiOn potential. Consequently, the cell remained more. excitable
compared to the steady state. The sequence used in this deduction
- follows:

(1) - The sodium current transwntly peaked agam durmg the
| fallmg phase of the action potentlal before gradually settling

88
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to its steady smtc.

Sodium curent was not responsible for the ;VSNP'b'ccausc
seiting it to its steady state had little effect on the
supernormal period. |
The revcrsal'potcntial of the leakage current was -17 mV,
which made it an inward current when the membrane was
close to the resting potential. o

The leakage current did not play an active role in the SNP.

However, it enhanced the SNP when sct to its resting value

since it behaved as an inward current during this phase of

the action potential,

The delayed rectifier (Ig) neither overshot nor undershot its
steady state value during the repolarization phase of the
action potential.

The delayed rectifier enhanced supernormality when

multiplied by a factor less than 1 and it abolished the SNP

- when multiplied by 10.  Under normal circumétances;

therefore, this current opposed supernormal excitability.

The transient potassium current ‘inactivation variable, B,
undershot its resting value during‘ the afterhyperpolarization,
Furthermore, the activatiori' variable, A, decreased from its
peak during this phase. As a result, : the conductance of the

current  undershot ~ its  resting  value  during the

afterhyperpolarization.

Preventing B from its undershoot entirely climinated the
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undershoot in I, and the supemormal excxtablhty

Thus, the sodium current did not have any sxomfxcant influence on
the SNP while the delayed rectifier opposed it. Supemormahty resulted’
from the reduced outward current as a consequence of the undershoot of
the conductance of the transient potassium current. With less outward
current to overcome compared to the steady state, a stimulus less than
the steady state threshold value was able to bring the membrane to the
firing level.

The present observation supports the oenerdl hypothesis that
supernormahty results from an outward current remaining smaller than its
steady state value for a period of time when the membrane potent1a1 and
inward currents have returned to their resting states (Stockbridge, 1988).
However, it differed from the Hodgkin-Huxley model in which potassium
current was responsible for supernormality. 'v

The reduction of the conductance of potassium currents following a
spike may have a mechanistic role for the process of memory
acquisition. Evidence obtained from studies on Hermissenda crassicornis
indicates that depolarization of type B photoreceptors with light leads to a ;
gradual reduction of the transient and calcium sensitive potassium
currents (Alkon et al., 1982; Alkon, 1986;'West‘et al., 1982). More
importantly, it has been shown that this reduction'of potasSi’um currents is
highly correlated W1th assoc1at1ve learnm0 (Alkon, 1984; Alkon &
Sakakibara, 1985). Calcnum and other second messenger systems e.g.
| protein kinase C (Sakaklbara et al., 1986b' Alkon & Rasmussen, 1988)

might be mvolved in medlatmg these changes. However, the evidence is



o
preliminary. A réduct_ioh in potassium current shoilld enhance calcium’-
influx. Calcium, either directly or thrOugh‘ the action of another second :
messenger system, can effect changes'in the conductive properties of the
potaésium channel. Furtherrnofe,calcium and second messengers may |
turn on genes responsible for the transcription of putatiVe memory

proteins (Alkon, 1987; Alkon & Rasmussen, 1988). Below is a diagram

which shows how calcium can effect reduction in potassium currents.

Membrane depolarization results in calcium influx. Transient increase in intracellular
calcium activates second messengers and enzymes e.g. protein kinase ¢.. Through
the action of calcium itself or the second messengers, the conductance of the
potassium channels are reduced which results in increase excitability. It is believed
that the above sequence of events may enhance the synthesis of putative memory

proteins. KEY: V¥ Decrease; # Increase.

DEPOLARIZATION > CALCIUM INFLUX

} PROTEIN KINASE C/yl A

PUTATIVE MEMORY PROTEIN
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in what way can we enhance the excitability or reduce potassium
currents? The next discussion may give some glimpse of how this could

be accomplished.

B. Repetitive Stimulétif}n and SNP

How are transient changes in the intracellular concentration of
calcium altered in response to different stimulus paradigms? Calcium
“influx is enhanced if the potassium current is'delayed or if potassium
currents are blocked by channel blockers (Llinas, 1982; Simon & Llinas,
1985).

In this project it has been shown that repetitive firing enhances
supernormality. It has also been shown that supernormality arises as a
consequence of potassium current reduction. Though not shown, it was
found that the enhanced supembrmality observed with repetitive
stimulation was directly correlated with potassium current reduction.
Thus the profound potassmm current reduction which follows repetmve'
stimulation may enhance transient calcium influx to cause synaptxc
fac;htatlon. Since many calc1um—med1ated activities depend on transient
calcium ’i‘nﬂux oné would expect that the bolus of ,‘calcium‘ which enters
the cell during the SNP following repetitive stimulation would be more

effective than the calcium influx during a single action pdtential.



3
C. FH Model

One of the main motives in carrying out threshold tests on
published mathematical models of excitable cells is to détei‘mine their
validity in terms of the observed in vivo phenomena. Given this goal, the
model should not only be consistent with the observed data but should be
predictive as well. Failure to predict some of the in vivo phenomena
would support suggestions that some of these models, especially the FH
model, need to be modified to account for recent data (Hille, 1973). The

results presented here showed that the inward current Iy, did not

overshoot its steady state fbllowing a spike. Neither the delayed rectifier
nor the nonspecific current showed any Significant change in
conductance which could be responsible for an enhancement of
excitability.  Although the nons’pecific current decreased during the
repolarization phase of a spike, this was not enough to remove the
refractoriness of the membrane. It follows that supernormality was not
‘predicted in the FH model.

What are the possible defects in this model? The FH model was
based on certain assumptions, among which is the independence pfinciplc :
which is used in calculating the reversal potentials of ionic curre’nts using
Goldman-Hodgkin-Katz equations (Goldman, 1943; Hodgkin & Katz,
- 1949).  Hille (1973) clearly showed that the potassium channels in the.

node of Ranvier of the frog are not entirely potassium selective and that
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the revérsal potential kfofr IK‘in this model may have to be reconsidered.

Although the nonspecific current is attributed to potassium, éalcium ‘Vand
sodium, the reversal potential used for this model is that of potassium
alone. Other recent data (Hille, 1973, 1984) relates to the interpretation
of the nonspecific current, which was extracted from the tail current of
the delayed rectifier (FH, 1964; Hille, 1973, Armstrong & Hille, 1972).
Hille“(1973) suggested that the equation describing the delayed rectifier
should be modified to account for its tail features rather than having a
separate equation to describe it. Thus, one can appreciate why this
model may be insufficient to account for all the observed properties of the
frog myelinated nerves. The present results complement the suggestions
by Hille (1973) and Armstrong & Hille (1972) that the FH model may
not be a complete representation of the electrical activities of the frog
myelinated nerve.

Axial current flow may alter the interpretation of the factors
responsible for the SNP. If that were true, then a cable model would be
the appropriate tool to study the SNP in myelinated nerves. For this
reason, this work has not yet been extended to deal with recent a more

recent myelinated nerve membrane model (Chiu et al., 1979).
D. BR Model

The BR model was used to demonstrate that the SNP in the
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ventricle resulted from the afterdepolarization which occurred following
‘ repolarizatidn phase of the action potential. The afterdepolarization was

caused by the undershoot of the outward potassium current le. The

reasoning used in our deduction was as follows:

(1) The sodium current returned to the steady state condition
before the initiation of the supernormal period. Thus,
clamping the sodium current to its steady state did not alter
supernormality.

(2) The calcium current cannot have cause the SNP since no
significant change in the supernormal notch was observed

when it was set to its steady state.

3) The potassium current (le) remained below its steady state

value during the afterdepolarization phase of the action
potential.

4) Removal of the undershoot of the potassium current
abolished the afterdepolarization as well as supemormality.
Which of thesc causes supernormality: potassium current
undershoot or aftcrdepolarization? If the SNP resulted from
the undershoot of potassium current alone, then clamping the
membrane to the resting potential should not affect
supernormality. On the cther hand, if, upon clamping the
membrane to the resting potential, supernormality were to"be
abolished  without perturbing the potassium  current

undershoot, then the SNP was caused by afterdepolarization.
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(5)  Forcing the membrane potential to the resting Qalue during
the threshold test eliminated the SNP while the undershoot of
the potassium current persisted.
(6) Over a broad range, the threshold current was linearly
related to the membrane potential.
The cause of the SNP in the BR model is this: The undershoot of
the potassium current results in the afterdepolarization. Consequently the
membrane potential is brought closer to the threshold potential and a

current less than the steady state value can elicit an action potential.

E. MNT Model

While the BR model exhibited supernormality, the MNT model did
not. Instead, the latter showed a phase of ‘increased excitability in the
refractory period. Although the membrane excitability was not enough to
be called supernormality, it was a time when an action potential could bé
more easily generated than it could earlier or later, and its etiology was
investigated.  This period of increased excitability resulted from an
increase in sodium conductance as shown by the following:

(1) Setting the outward currents (I, . and I xz) to their steady

state values did not have any appreciable effects on the
excitability notch. Therefore, the possible modulation of the

SNP by these two currents was excluded.
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(2) IKz’ another outward current, reached its peak duringk the

excitability phase. Being an outward current, it could not
increase the excitability of the membrane at its peak. Rather,

setting IK2 to its steady state resulted in a profound increase

in the excitability notch. Thus the factor responsible for this

notch is in a ‘push and pull’ state with IKz'

(3) Both the inward currents, INa and I have not fully
recovered from depolarization of the membrane at this phase
of refractoriness, and yet removing these currents at this
phase did not change the shape of the action potential.

Elimination of I; reduced the notch slightly.  However,

removal of I, abolished the excitability notch entirely.

(4) A plot of m3h revealed that there was a second increase

in the sodium conductance within the time span of the

increased excitability.

Thus the period of relative excitability in the refractory phase of the
MNT model action potential occurred as a result of the increase in the
sodium conductance during this phase. The peak of the second sodium
conductance increase did not coincide exactly with the time of minimum

th_reshold because of the effect of the outward current IKz' As IK2 fell

from its peak, there was a time window in which the effect of Iy,
~ outweighed the IKz effect. This was when the increase in the excitability

in the refractory period occurred.
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To what extent do these findings explain the mode of action of
clinically used antiarrhythmic drugs? The class 1C antiarthythmic drugs
are sodium channel blockers (Harrison, 1985). In the presence of clinical
doses of these drugs, the number of sodium channels blocked during an
action potential must be increased. Consequently, a premature stimulus
occurring at or near the end of membrane repolarization will encounter
fewer activatable sodium channels in the presence of these drugs -
making it less likely to elicit a premature action potential.  The
effectiveness of these drugs is correlated with their ability to prolong the
effective refractory period (Campbell, 1983) relative to the action
potential duration by delaying the recovery of the sodium channels from
inactivation.

Another antiarthythmic drug is quinidine - a potassium channel
blocker (Hermamn & Gorman, 1984; Iwatsuki & Petersen, 1985; Findley
et al., 1985; Kurachi et al., 1987; Arena et al., 1987). Presumably, the
antiarrhythmic action of quinidine is a direct consequence of the
elimination of supernormality - by removing the potassium current
undershoot.

Arrhythmogenic agents such as the cardiac glycosides inhibit the
electrogenic sodium-potassium pump.  This results in membrane

depolarization which make it more likely to initiate an abnormal beat.
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F. Future studies

It may be possible to test for the basis of supernormal excitability in
a space-clamped biological preparation. The sequence of steps would be
(1) Develop a kinetic description of the cell’s potassium conductance
based on voltage clamp experiments, (2) to block these potassium
currents using either ionic substitution or specific blockers such as 4-
aminopyridine or tetracthylammonium, and (3) to current clamp using a
waveform which is the sum of a depolarizing stimulus current and the
expected potassium current based on the kinetic description previously
obtained. Any undershoot in the supplied ‘potassium conductance’ then
could be eliminated by a method analogous to the one employed in these
models studies.

A similar approach, though not exactly the same, has been used to
study synaptic transmission (Llinas, 1984). A recording of the calcium
current in the squid ‘presynaptic terminal was stored in a comptiter.
Following that, calcium ions in the preparation medium were removed,
the stored current was played back into the cell and calcium was
injected into the éynaptic through a microelectrode to study calcium

evoked transmitter release.
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G. Conclusion

This study demonstrated that: (i) Supernormality was predicted by
the crustaccan motor neuron and mammalian ventricular models.
Supernormality in these models resulted from direct (crustacean neuron)
or indirect (ventricle) consequences of slow potassium kinetics. The
undershoot of the potassium conductance and the resulting increase in
membrane excitability observed in the present studies further supports
the hypothesis put forth by Stockbridge (1988) that supernormality results
from slow potassium kinetics. (ii) Supernormality was not present in the
frog myelinated axon and the Purkinje fiber models. The MNT Purkinje
fiber model, however, exhibited a period of enhanced excitability resulting
from an increased sodium conductance. This result is not consistent with

Stockbridge’s hypothesis.
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V. APPENDIX
A. Outline of Map Program
The Map program began with an initiation step which involved
computation of voltage dependent parameters. These values were stored

in a table.

Given the current membrane potential, values in the table were taken to

further the solution for the next time step.

An approximation was made for the integration of the differential

equations using Runge Kutta method.

The individual currents were computed and the sum of all the currents,

together with capacitance used to compute the voltage change.
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B. Equations for CWM model

Im = INa +- IK + IA 4 IL

INg = -g_l\-l-;msh(vm_ENa)

dm
e Ol (1-m) + B,
e :I(Vm+29.7)
m = (Ve 97)_ )
—(Vrt54.7)
48
dh
T o, (1-h) + By,
o (Vait48)
oy, = 0.07———
h 20

1
Bh= v -
ST

Ig = ggn*(Vi—Eg)

d ‘
T? = a(1-n) + By

—01(V+45.7)
Oq = (V57




e-»(V,,‘+55.'I)

1, = gAA B(V,—Ep)

o(Veit94.22)31.84 13
A, = |0.0761 {peVat117)28.93
1.158
Tp = 0.3632 + 1pe(Vrt55.96)20.12
B, = 1
” [1 4o (Vmt53.3)/14.54 ]4
2.678
g =124 + LoVt S0V16.027

Ip =g (ViEpD

115



116

C. Equations for FH model

(B =S NS sy A
IN:l = ‘g.;l-;mshFNa

_36(Vp-22)

am m—
1 __e(22~Vm)/3

4(13-V,)
m eV 13)20

i

_A(=10-V,p)

Oh 1—e(Vart10)/6
45

Br =

- 1+ o(@5-Vn)/10

Fy. = Py.(EF)/ Nay— D
Na = Pna(EF?)/(RT)(Na, — Na)) 1—c(EP/RT)
I = ggn?Fy

02(V,-35)

o = 2
BT _eB5-Va)10
.05(10-V,y)

Bo = (Va-10)/10

1-e



EOREIL

2 - P (BEYVIRTVK . D :
Py = PrBF/RTYK, ~ K) 1~c(EPIRT)

Ip = E;I)zp p

_006(V,,-40)

TR AT

Q

(-25-Vp)

Bp =09 (Vit25)20

1-¢

) o(EFY(RT)
Fp = Pp(EF*)/(RT)(P, — P) | o ERIRT)



Cus

D. Equatiolis for BR model
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