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Abbreviations

All abbreviations which are often used the text are listed below.

ap: the steepness of the voltage dependence of the steady-state inacti-

vation process of sodium currents.
DIC: days in culture
F: the Faraday’s constant. F = 9.648X10-*Cmol-1.

GHK equation: The Goldman—Hodgkin-Katz equation (current or volt-
age).

HH model: Hodgkin—Huxley model
I,: Peak sodium current
I7**: Maximum inward peak sodium current

I.: Normalized peak current (peak current measured in the presence of
Mg?* divided by that in the absence of Mg?t).

k: Boltzmann’s Constant. k£ = 1.381X10-2VCK !

K;: Dissociation constant of the intracellular Na* with Na channel.
K,: Dissociation constant of the extracellular Nat with Na channel.
Kmy: Dissociation constant of the intracellular Mg+ with Na channel.
Kqi: Michaelis constant of the intracellular Na* with Na channel.

Kpyao: Michaelis constant of the extracellular Na+t with Na channel.

v



Mg?*: intracellular magnesium ions.
[Mg?+];: The intracellular Mg** concentrations.
Nal and Na}: intracellular and extracellular sodium ions. respectively

[Nat]; and [Nat],: the intracellular and the extracellular Na* concen-

trations.

R: the ideal gas constant. R = 8.314VC K 'mol™1.

T: Absolute temperature

Vm: Applied membrane potential.

Vpp: Applied prepulse membrane potential (double-pulse experiment).

V{}z: Half-inactivation potential of the sodium channel, at which the
probability of the inactivation gate not inactivated is 0.5.

75+ Half-activation potential of sodium channels, at which the open
probability of each activation gate is 0.5.

Vieo: Equalibrium ionic potential (reversal potential).

zm: The apparent valence of a single steady—state activation process of

sodium currents (m-gate).

z,: The charge valence of the ion.
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Chapter 1
Introduction

A nervous system is a part of an animal which is concerned with the
rapid transfer of information through the body in forms of electrical and
chemical signals. The action potential is a rapid propagated, all-or-none
electrical message that travels along axons of the nervous system and
over the surface of some muscle and glandular cells. The action poten-
tial may further directly or indirectly trigger a series of physiological
or chemical changes of cells, such as the release of neurotransmitters,
secretion of glandular cell and muscle contraction etc. Like all electrical
messages of the nervous systems, the action potential is a membrane
potential change caused by the flow of ions trough ionic channels in the
membrane.

The interior of a neuron, as well as most of other cells, has a high
concentration of Kt and low concentration of Na*. This ionic gradient
is maintained by energy consuming mechanisms, such as the Na®t K*~
ATPase pumps (figure 1.1). In the resting state, the cell membrane is
much more permeable to K* than to Na*. Hence, the resting membrane
potential is largely determined by the Kt equilibrium potential, which
can be calculated by the Nernst equation (Nernst, 1888):
RT . [S]o

In

Z,F Sk

Eoy=FE;— E, =

(1.1)

where, E; — E, is the membrane potential difference. [S]; and [S], rep-

resent the concentrations of a permeable ion S on both sides of the
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Figure 1.1:
A. A Nat K*-ATPase pump consists of two kinds of subunits a and 3, most
likely associated in the membrane as an ayf3, tetramer. The activity of the
pump can be inhibited by cardiotonic steroids. B Schematic diagram of a
proposed mechanism for the Nat-K+-ATPase pump. The upper sequence of

reactions depicts the extrusion of three Na*t ions, whereas the lower reactions
show the entry of two K* ions. The E; and E, forms are shown here as having
very different conformations. The actual conformational differences may be
quite small (Stryer 1988).



membrane. R is the gas constant, T absolute temperature. F' is the
Faraday’s constant and z, is the charge valence of ion §. However, in
the presence of more than one type of membrane permeable ions on the
both sides of the membrane, the resting equilibrium potential should
be calculated according to the Goldman-Hodgkin—-Katz voltage equa-
tion (GHK equation, Goldman 1943, Hodgkin and Katz 1949). In the
presence of monovalent permeable ions such as Kt, Na* and ClI~, the

resting potential is calculated as:

B = RT n PK[K]O -+ PNG[NG,]O -+ Pcz[ol]o
“" F  Pg[K)i + Pns[Nali + Pa[Cl);

(1.2)

where P is the ionic permeability.

1.1 Action Potential and Ionic Channels

An action potential is generated when the membrane potential is depo-
larized beyond a critical threshold value. Depolarization of the mem-
brane over the threshold level leads to an increase of cation permeability:
large and fast influx of Na* through the voltage-gated sodium channel
gives out an increase of membrane potential, slower outward flux of K*
through voltage—gated K channel lead to the decline phase of the action
potential, as well as to the recovery of the resting potential (figure 1.2).
There are mainly two kinds of stimuli which may lead to suprathresh-
old membrane depolarization. One kind of stimuli is nonelectrical, such
as a specific chemical neurotransmitter, mechanical touch, light etc.
This is an “indirect generator” of action potentials. Generally, non-
electrical stimuli are first detected by their specific receptors. The in-
teraction between the receptor and the stimulus opens cation channels
(receptor—gated channel) and leads to the ionic permeability change of
the membrane (mainly Nat due to its large electrochemical gradient,
but also has K*, Ca?* fluxes etc), which may further trigger an action
potential in the neighboring region of the cell membrane. The other
type of stimulus is an electrical stimulus, which can be generated due to

several reasons. For example, it can be endogenously originated by the
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Figure 1.2:

Depolarization of an axon membrane results in an action potential. Time
course of (A) the change in membrane potential and (B) the change in Nat
and K* conductance (after Stryer, 1988).

local membrane depolarization caused by nonelectrical stimuli or an ac-
tion potential that occurs in the neighbor membrane. It may also results
from extracellular electrical stimuli, or intercellular electrical communi-
cation (through gap junction channel). This type of stimuli is. directly
detected by voltage—gated ionic channels and leads to the generation of

action potential.

1.1.1 Receptor—Gated Ionic Channels

One kind of most commonly studied nonelectrical stimuli is chemical
neurotransmission. Nerve cells interact with other neurons at junctions
called synapses (figure 1.3). Nerve impulses are mostly communicated
across synapses by chemical neurotransmitters, which are small and dif-
fusible molecules. The transmitter molecules are packaged into small
vesicles in the end of the presynaptic axon. The arrival of the elec-

trical impulse at the presynaptic membrane leads to the entry of the
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Figure 1.3:

Schematic diagram of a synapse (Kuffler et al. 1984).

extracellular Ca?* through voltage-gated calcium channels. The ele-
vated level of Ca?t in the cytosol promotes the fusion of the synaptic
vesicle membrane with the presynaptic membrane and releases the neu-
rotransmitters into the gap between the presynatic membrane and the
postsynatic membrane (synaptic cleft).

The transmitter molecules diffuse to the postsynaptic membrane,
where they combine with specific receptor molecules and lead to the
opening of the ionic channels, which in turn causes a potential change
of the postsynaptic membrane. Figure 1.4 illustrates the working mecha-
nism of the-receptor—gated ionic channel. If the membraneis depolarized
over the threshold value, an action potential may be further triggered.
With the hydrolysis of transmitter molecules by their specific enzymes,
the polarization of the postsynatic membrane is restored. There are
two different kinds of neurotransmitters: excitatory and inhibitory. The
excitatory transmitter, such as acetylcholine, increases the permeability

of postsynaptic membrane to Na* and K*, which leads to the depolar-
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Figure 1.4:

Intrinsic versus remote sensing mechanism of receptor—gated channels. A. In
some channels, the physiological stimulus acts directly on the channel macro-
molecule to affect the gating function, e.g. nicotinic acetylcholine receptor. B.
In other channels, the receptor is a spatiablly separated molecule which com-
municates with the channel macromolecule through a diffusible, intracellular

second-messenger molecule. The muscarinic acetylcholine receptor belongs to

this class (Hille 1984).
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Molecular structure of two different kinds of neurotransmitters. Acetylcholine
is an excitable transmitter. on the other hand, GABA serves as inhibitory

transmitter.

ization of postsynatic membrane. The inhibitory transmitter, such as
~—Aminobutyrate (GABA), increases the permeability of the postsy-
natic membrane to C1~, which leads to the membrane hyperpolarization
and therefore, increases the threshold value for triggering an action po-
tential. Figure 1.5 shows the molecular structures of an excitatory and

an inhibitory transmitters.

1.1.2 Voltage—Gated Ionic Channels

As mentioned above, although the initial stimuli could be electrical or
nonelectrical ones, the action potent‘ials, however, are always created
when the membrane is depolarized over a certain threshold value. In
other words, the action potential is created only after sensing the mem-
brane potential change. The membrane potential change can be sensed
by sensed by the voltage—gated ionic channels (figure 1.6A). Among the

voltage gated channels, the sodium channel is remarkable due to its prin-
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Figure 1.6:
A Voltage-gated ionic channels. In this type of ionic channel, there is an in-
trinsic voltage sensitive gate which controls the opening of the channel (From
Alberts et al. 1983). Sodium, potassium, and calcium channels are all belong-
ing to this type of channels. B Voltage-gated sodium channel, drawn schemat-
ically to scale according to biochemical, electron microscopic, and electrophys-
iological information. Ionic selectivity is provided by a constriction lined with
negative charges near the outer surface of the membrane. The activation gate
near the inner surface opens in association with the translocation of negative
charges across the membrane from the outside to inside. The inactivation gate
blocks the inner mouth of the channel and prevents the closing of the activation
gate. A water molecule, an hydrated sodium ion, and a tetrodotoxin molecule

are drawn to scale for comparison (From Kuffler et al. 1984).



cipal role in the generation of action potential. Sensing a suprathresh-
old depolarization, voltage-gated sodium channels (figure 1.6B) are first
opened. Na' begins to flow into the cell due to its electrochemical gra-
dient across the membrane. The entry of Nat further depolarize the
membrane, which leads to more sodium channels opened. This positive
feedback between depolarization and Na*t entry leads to a rapid and
large change of the membrane potential in a very short time (i.e. action
potential). Voltage-gated potassium channels open after the closing of
the sodium channel and serves to remove the depolarization and stabilize
the membrane (figure 1.2).

1.2 Voltage—Gated Sodium Channels

Since its essential role for the generation of action potentials in many
excitable cells, the voltage—gated sodium channel has attracted major
attention of biophysicists. As early as the end of 1940’s, the develop-
ment of the voltage—clamp technique made it possible to control the
membrane potential and study ionic currents through the membrane
(Marmont 1949, Cole 1949, Hodgkin et al. 1949, 1952). Hodgkin and
Huxley have performed a series of excellent voltage clamp experiments.
From their experimental results, they have proposed a model to quanti-
tatively describe the kinetic process of Nat, as well as K+ permeations
(Hodgkin and Huxley 1952a, b, c, d), which have been widely applied
to explain the voltage dependent behavior of the voltage gated sodium

and potassyium channel in the last decades.

1.2.1 Sodium Channels Kinetic Model

According to the Hodgkin and Huxley model (HH model), there are two
opposing gating processes during Nat permeation: activation and inac-
tivation processes, which are controlled by two kinds of gating particles.
Sodium channels are first controlled by a rapid activation process which
opens the channel during a depolarization. Then they are controlled

by a slower inactivation process, which closes the sodium channels dur-



ing a depolarization. Once sodium channels have been inactivated, the
membrane must be repolarized or hyperpolarized for some milliseconds
to “remove” the inactivation. In their model, they further indicated
that since the opening is favored by depolarization, the opening event
must consist of an inward movement of a negative gating charge, or an
outward movement of a positive charge, or both. These necessary move-
ments of charged gating particles within the membrane should also be
detectable in a voltage clamp experiment as a small electric current that
would precede the ionic currents, whis is now called the “gating current”.
In the beginning of 1970’s, gating currents (see figure 1.7) were success-
fully detected experimentally (Schneider and Chandler 1973, Armstrong
and Bezanilla 1973, 1974, Keynes and Rojas 1974), which strongly sup-
ported the hypothesis of Hodgkin and Huxley. The gating current
recording provides a method to obtain the direct information about the
molecular rearrangement of the channel protein as it opens and closes.
Beginning from 1970’s, two modern developments have made it possi-
ble to explore, in detail, the single ionic channels. A breakthrough in
this field was the development of the patch clamp technique (Neher and
Sakmann 1976. for details, see Section 2.2). This technique has been
further improved (Sigworth and Neher, 1980, Hamill et al. 1981), and is
widely used today to measure the single channel events (figure 1.8) and
the macroscopic ionic currents on the small cells. In addition, the analy-
sis of current fluctuation caused by the ionic flow through the membrane
has fundamentally broadened the range of current recording methods,
which allowed to indirectly detect the behavior of single events by mea-
suring the stationary fluctuation (Katz and Miledi 1970, 1971; Anderson
and Stevens 1973, Conti et al 1976a,b), and nonstationary fluctuations
of voltage dependent sodium channels (Sigworth 1980). Today, the gat-
ing current, together with microscopic and macroscopic currents, have
become important tools in the studying of channel.

Beyond the great sucess of the HH model, it has been observed
that there are some new kinetic phenomena which disagree significantly
with specific predictions of the HH model. For example, it was found

both in gating current behavior (Armstrong and Bezanilla, 1977) and

10
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Figure 1.7:
Gating current in squid axon. (A) Brief outward gating current precedes in-
ward sodium current. Gating current is a small component of the total capac-
itive current produced by depolarizing the axon. (B) In response to a depolar-
izing step, a charge is displaced from the surface of the membrane (i); within
the membrane, electrons are redistributed (ii); and charged (iii) or bipolar (iv)
molecules become reoriented. To separate the charge movements, which is as-
sociated with the gating from the rest of the capacitive currents, the procedure
shown in (C) is used. Symmetrically depolarizing (a) and hyperpolarizing (b)
pulses are applied. For a perfect capacitance, the sum of the resulting currents
should be zero (c). If, however, a gating current is produced by depolarization
(d) but not by hyperpolarization (e), then such a current should appear when
the currents produced by the two pulses are summed (f). (After Armstrong

and Bezanilla, 1974). 1
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Figure 1.8:

Single sodium channel currents recorded with a patch clamp. (A) Recording
arrangement. A patch clamp amplifier enables recording of small currents from
the cell-attached patch and provides a method of supplying depolarizing pulses.
(B) Successive voltage pulses applied to the patch with the waveform shown
in (a) result in current pulses from individual channels (downward deflections)
in the nine successive records shown in (c). The sum of 300 such records
(b) shows that most channels open in the initial 1-2 msec, after which the
probability of channel openings decays with the time constant of inactivation.
(From Sigworth and Neher 1980).
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in single current recording (Aldrich et al. 1983) that Na activation and
inactivation processes are coupled, which contradictes the Hodgkin and
Huxley idea of independence of activation and inactivation (Hodgkin
and Huxley 1952a). Nevertheless, even if its kinetic details cannot be
taken literally, the HH model has many important general properties
with the implications which are still valid. Such as the ionic current
reverses at their equilibrium potentials, Na channels activate in a S-
shaped time course with several components controlling open events
(i.e m in the HH model) and the voltage-dependent time constants 7,
and 7, etc. The HH model has been widely used as a standard tool to

characterize sodium channels found in new biological tissues (reviewed

by Meves 1984).

1.2.2 Pharmacological studies of sodium channels

Until the mid-1960s, there were few clues as to how ions actually move
across the membranes of excitable cells. A variety of mechanisms were
considered possible. They included permeation in a homogenous mem-
brane, binding and migration along charged sites, passage on carriers
and flow through pores. It is pharmacological studies that finally pro-
vided the evidence needed for understanding ionic permeations. Among
the drugs which can modify the ionic channels found now, tetrodotoxin
(TTX) (figure 1.9A) has played an extraordinary role in the finding
that different ions pass the membrane through their own ionic channels.
TTX is a paralytic poison of some puffer fishes and of other fishes of the
order Tetraodontiformes (Halstead, 1978). It blocks sodium channels se-
lectively, leaving potassium channels untouched (Narahashi et al. 1964).
TTX’s receptor faces the extracellular medium and is not accessible to
TTX molecules placed in the intracellular space, i.e it is membrane im-
permeable. TTX blocks sodium channels in nanomolar concentrations
by binding with a site inside the sodium channels with a high affinity.
From fluctuation measurements, it was found that TTX reduces the
number of functioning sodium channels without changing gating or sin-

gle channel permeability of those remaining channels (Sigworth 1980).

13



Another natural sodium channels blocker which bears similar properties
to TTX is saxitoxin (STX) (Narahashi et al. 1967). Its structure is also
shown in figure 1.9A. The finding of TTX and other sodium channel
specific blockers has played an importent role in the understanding the
working mechanism of sodium channels and the isolation of the sodium
channel protein. Figure 1.9B illustrates hypothetical binding sites on
the sodium channel molecular for TTX, STX, as well as some other

kinds of sodium channel modifiers (see Chapter 5).

1.2.3 The Structure and Function of Sodium Chan-
nels

Our understanding of the sodium channels is tightly related with the
development of new techniques for the measurement and manipulation
of the channels. Such as the voltage—clamp, the gating currents, the
single-channel recording and the specific pharmacology agents. More
recently, the clone of ¢cDNA of sodium channel genes provided a new
way to directly study the relationship between the channel structure and
function: site-directed mutagenesis combined with electrophysiological
studies.

In the 1970s, with the development of protein cherﬁistry and
pharmacology, it was clear that many channels and receptors are trans-
membrane proteins. Shosaku Numa and coworkers have cloned and
sequenced the cDNAs of several sodium channels — from electric organ
of eel (Noda et al. 1984) and from rat brain (Noda et al. 1986). Their
studies have shown that the amino acid sequence of the sodium channel
has been conserved over a long evolutionary period. Most interesting,
they revealed that a channel contains four internal repeats having simi-
lar amino acid sequences (Figure 1.10). Hydrophobicity profiles indicate
that each homology unit contains five hydrophobic segments (S1, S2,
S3, S5 and S6). Each unit also contains a highly positive charged S4
segment: arginine or lysine residues are present at nearly every third
residue. Numa further proposed that segments $1-S6 are membrane—

spaning « helices and that the pore is formed by the walls of four S2

14
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Figure 1.9:
A Poison of sodium channels. TTX has one guanido group, whereas Saxitoxin
has two. This positively charged group of the toxin interacts with a negatively
charged carboxylate at the mouth of the channel on the extracellular side of
the membrane. B Hypothetical view of a sodium channel macromolecule in
the membrane. Three receptors are numbered according to a scheme of Cat-
terall (1980): (1) TTX and STX (2) lipid-soluble gating modifiers and (3)
inactivation-modifying scorpion and anemone pipette toxins. Site 4 (Jover et
al. 1980; Darbon et al. 1983) binds activation-modifying “f-scorpion toxin”
(B-Sctx). In addition, there are intracellular points of attack of chemical modi-
fiers of inactivation, a binding site within the pore from local anesthetic analogs,
and external negative charges that attract divalent ions (and Na™ ions) to the

channel (Hille, 1984). 15



Figure 1.10:

a, proposed transmembrane topology of the sodium channels; b, proposed ar-

rangment of the transmembrane segments viewed in the direction perpendicular
to the membrane. In a, the four units of homology spanning the membrane
are displayed linearly. Segments S1-S6 in each repeat (I-IV) are indicated by
cylinders as follows: S1, cross—hatched; S2, stippled; S3, hatched; S4, indicated
by a plus sign; S5 and $6, solid. Putative sites of N-glycosylation (CHO) are
indicated. In b, the ionic channel is represented as a central pore surrounded
by the four units of homology. Segments S1-S6 in each repeat (I-IV) are rep-
resented homology. Segments S1-S6 in each repeat (I-IV) are represented by
circle indicated as in a. (From Noda et al. 1986)
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helices. The S4 segments probably participate in making the channel
responsive to the membrane voltage (Noda et al. 1986).

The relationship between the gating kinetics of the sodium channel
and its structure has been first tested by Stithmer and coworkers. They
analysed the mechanisms of voltage-dependent gating through a combi-
nation of in vitro mutagenesis and electrophysiological experiments on
altered channels in heterogenous expression: Xenopus oocyte (Stithmer
et al. 1989). Their work (shown and explained in figure 1.11) show that:
(1) An intact cytoplasmic domain which links the third and fourth re-
peats is necessary for the normal sodium channel inactivation. (2) The
positive charged amino acids in S4 of the first homologous repeat re-
sponse to the steepness of the relationship between the probability of
channel opening and voltage. The role of the S4 segments in sodium
channel activation process has also been found in other mutation: the
activation range of sodium channels can be shifted if a neutral leucine is
mutated to phenylalanine in S4 of repeat II (Auld et al. 1990). On the
other hand, the measurements of gating current fluctuations in sodium
channels expressed in Xenopus oocytes reveal that the gating charge
movements occur abruptly in “shot”, whereby an equivalent of 2.3 elec-
tronic charges cross the membrane (Conti and Stithmer 1989). Three
such shots are needed to open sodium channels. Combining all these
observations from mutation and gating experiments, Guy and Conti
(1990) proposed a model to describe the function of 54 segment in the
activation gating processes, which is illustrated in figure 1.12.

Although many questions are still remained to be answered, it can
be expected that our knowledge about ionic channels may be greatly
enriched with the latest, and probably most powerful, breakthrough of
site—directed mutagenesis combined with electrophysiological studies of

ionic channels.
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Sodium Channel Structure

a
Repeat 1 ] 1] v
Ny i r _— __H i _r——=¢

110 IV kraing comain

+ + + + + + + +
1 saLErrEvi@ALETIGIVIPGLK
1 SYLRSFRLLRVFELAKIsSwWwPTLN
1231 GAIXSLRTLRALRPLRALSRPE
W RVIRLARIGRILRLIKGAKGIR

Figure 1.11:
Structure of sodium channels. a, The sodium channel a—subunit consists of a
string of four internally homologous repeats, indicated by the boxes labelled I-
IV, linked together by cytoplasmic linkages. The black bars in each box indicate
the S4 regions. b, Each of the repeats has a proposed structure consisting of
six membrane-spanning regions, shown here for repeat III. The S4 regions,
thought to act as a voltage sensor, is shaded. ¢, The amino—acid sequences
of the four S4 regions. They have a conserved structure motif of basic amino
acids (arginine or lysine, R or K), indicated in bold. The amino acids which
have been mutated by Stithmer and collaborators are enclosed by the squares.

The mutations in the III-to-IV linking domain are indicated by a diamond
point (From Aldrich 1989).
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INSIDE
DEACTIVATED ACTIVATED

Figure 1.12:
Postulated conformation of the $4 segment (A) in the deactivated conformation
of closed channels and (B) in the activated conformation of open channels. The
secondary structure of at least two residues on each end of the helix changes (8
to a at the N terminus and « to 3 at the C terminus) during the transition from
the deactivated to the activated conformation. The large movement through
the transmembrane region of T2, 73 and T4 residues may produce a sufficiently

large gating movement (from Guy and Conti 1990).
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1.3 A special problem about sodium chan-
nels modification: intracellular Mg?*
interferes with the permeation through

the sodium channel

More than 40 years ago, Bernard Katz discovered in Skeletal muscle an
“anomalous inward rectification”. This name was originated from his
observation that K* conductance increases with the hyperpolarization
but reduced with the depolarization, which is a phenonmenon opposite
to the changes in K* conductance involved in the repolarization of ac-
tion potentials (Katz 1949). Inward rectification is also opposite to what
is expected from a greater concentration of K* inside cells than in the
outside. To study this phenomenon, three possibilities were considered:
(1) that channels themselves were rectifiers, as a result of the arrange-
ment of energy barriers and wells that Kt traverses as it permeats the
channels (Woodbury 1971). (2) that channels were gated by voltage
and were close under depolarization, and that this process was in some
way influenced by extracellular K*. (3) that there were some intracel-
lular blocking particles that prevented K* outward flux by moving into
the inner mouth of the K* channel. This blocking particle was driven
out again at negative voltage partly by the inrush of K* (Armstrong
1966). In heart muscle, the idea that a blocking ion is at least partly
responsible for inward rectification turns out to be correct (Vanderberg
1987, Matsuda et al. 1987, Matsuda 1988). In the late of 1980, it
begins to be clear that the blocking ion is Mg?*. Mg?* is known to act
as a cofactor and regulator in the function of many enzymes, special
kinases (Vidair 1981, Strata and Benedetti 1988, Stryer 1988), it is now
found to be also a modifier in the function of many types of channel
proteins such as ATP-sensitive potassium channel (Horie et al. 1987),
muscarinic potassium channel (Horie and Irisawa 1987) and calcium
channels (White 1988). Furthermore, Mg?t may interfere with the ionic
currents through the N-methyl-D-Aspartate (N M DA) activated ionic
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channels from both the extracellular (Mayer et al. 1984, Nowak et al.
1984) and the intracellular cell sides (Johnson and Ascher 1990). In the
case of K* inward rectification, the blockage by internal Mg?* is found
to increase both with depolarization of the membrane and with concen-
tration of Mg?t. The blocking effects occurs with great rapidity, Mg?*
entering and leaving the channel, i.e. to block and unblock it at rates
approaching that at which K* ions permeated the channel (Vanderberg
1987, Matsuda et al. 1987, Matsuda 1988).

The rectification of outward currents through the sodium chan-
nel has also been studied in the sodium channels, which are expressed
in Xenopus oocytes injected with cDNA-derived mRNA coding for the
rat brain type II sodium channel (Pusch et al. 1989 and Pusch 1990a).
Pusch and his collaborators first described the Mgt blockage of the
“macroscopic” sodium currents as voltage and [Mg?*]; dependent (1989).
In his very recent paper Pusch (1990a), using a new type of sodium
channel mutant (‘cZ-2’, which has long single-channel open time), ob-
served that the blockage caused by the low concentration Mg?t is due
to Mg?* flickering through the sodium channels. In order to explain
the Mg?* blocking effect, Pusch and his colaborators proposed that the
reduction of conductance above the sodium reversal potential, which de-
viates from the prediction of Goldman-Hodgkin-Katz current equation,
has mostly been attributed to the non-validity of the GHK equation at
high potentials (Pusch et al. 1989). Since the GHK equation is based on
the assumption of a constant electric field along the permeation pathway
and on the independence principle, which states that the ion permeation
is independent of the presence or concentration of other ions. There-

fore, the GHK current equation was modified with a “Boltzmann factor”

(Pusch 1990a):

1
- 1.3)
M g2+ §FV (
1+ Fi <P ( RT)

in which K4(0) is the apparent dissociation constant of Mgt from the
sodium channel. § is the location of the Mg?* binding site inside the
sodium channel. With this modification, it was proposed that deviations

from GHK current equation at high membrane depolarization but at
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physiological Na* concentrations can be accounted for by a voltage—
and dose-dependent blocking action of intracellular Mg?* ioms.

Although the modified GHK current equation can fit the instan-
taneous sodium current voltage relationships, many questions still re-
mained. The most serious one is the inability to explain the dependence
of Mg?* on the intracellular [N a't];, which also can not be explained well
by assuming multi-ionic of sodium channels (Pusch 1990a). Further-
more, the aim of Pusch’s work was emphasized on using Mg?t blocking
effect in the different sodium channel mutants as a probe to study the
structure of the sodium channel, instead of attempting to explain the
possible Mg** blocking mechanism. The aim of this thesis is therefore
to determine, from macroscopic current analysis, how intracellular Mg?+
ion, interferes with sodium channels of mammalian neurons. In order
to explain more accurately the possible mechanism of the reductance of
outward sodium currents by intracellular Mg?*, a series of experiments
have been performed and theoretical explanation has been attempted in
this thesis. A kinetic model was proposed for the explanation of Mg?*t
blocking effect and a simple quantitative analysis method has been de-
veloped to solve the model. All the characterizations of Mg?t effect ob-
served in our experiments can be well explained with this model, such
as voltage—, [Nat],~ and [Na*],~dependence of Mgt blockage. Fur-
thermore, this model has wide generalization and may be applied to
explain some other divalent ionic effect, such as Ca* effect on the in-
ward sodium currents (Nilius 1988) or “Mg?*”-like ionic effect (Co?*)
on the NM D A-activated ionic channel (Ascher and Nowak 1988).

Due to the large population of cerebellar granule cells in the brain,
the study of its function has received the attention in the middle of
1980s. Levi and his colleagues (1984) first described a method to cul-
ture rat cerebellar granule cells. With this culture method, granule cells
can be easily identified morphologically under the differential interfer-
ence contrast optics up to the 30th days in culture (DIC) (Levi et al.
1984, Galdzicki et al 1990). They are characterized by their small size
(diameter 5-10 pm), their spherical shape and their greatly outnumber

other larger cell types present. Cytological identification of granule cells
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as neurons has been confirmed with the neurofilament—selective mono-
clonal antibody RT97 (Wood and Anderton, 1981) by Cull-Candy et al
(1985, 1986, 1989). In their works, neurofilament has been detectable
in granule cell processes within 6-8 hrs of platiﬁg, and fine neurites con-
tained large amounts of neurofilaments by 20 hr. But outgrowth was
sparse even after several days in culture, and the extent of arboriza-
tion was clearly much less than that in a mature granule cell in situ
(Cull-Candy et al. 1989).

Until now, the rat cerebellar granule cell in culture has been recog-
nized as an excellent model for studying electrophysiological properities
(Cull-Candy et al. 1986, 1988, 1989; Hockberger et al. 1987; Lin 1988;
Zheng 1989; Sciancalepore et al. 1990), the cell development such as
studying the ionic channel conductance change with the days in culture
(Sciancalepore et al. 1989; Galdzicki et al. 1990) and biochemical prop-
erties (Levi et al. 1984; Levi and Gallo 1986; Nicoletti et al. 1987) of
neurons, due to its maintained morphological and functional properties
as native neurons (Levi et al. 1984). In order to obtain an overall pic-
ture of how the granule cells function, the activation and inactivation
kinetics and the steady-state gating processes of the sodium currents
of rat cerebellar granule cells were characterized, in the first part of
this thesis, in terms of the Hodgkin-Huxley model. It was found that
sodium channels in this type of neurons bear all the common features as
sodium channels characterized in the other preparations (Carbone and
Lux 1986; Moolenar and Spector 1977; Moran and Conti 1990). Based
on its common features as the other neurons, a series of experiments
therefore were further performed on granule cells to study the blocking
effect of Mg?* on sodium channels.

The organization of this thesis is as follows. After describing ex-
perimental methods in Chapter 2, the research results will be described
in the following four chapters. In Chapter 3, the characterization of the
voltage—dependent sodium channel gating process in cerebellar granule
cells is described in terms of the HH model. Sodium channel proper-
ties are compared with those in other preparations. In the Chapter 4,

Mg?* blocking effect of sodium currents is demonstrated. Furthermore,



Mg?* blockage was further characterized by its dependence on volt-
age, [Mg?*];, as well as on [Na*]; and [Na*],. The Mg?*+ blockage on
mammanlian neurons has been further compared with the Mg?*+ block-
age observed on sodium channels expressed in oocytes. In Chapter 5,
the possible influence of Mg;* on voltage dependent gating pi‘ocesses of
sodium channels is studied. This chapter illustrates that Mg?* modi-
fication on the voltage dependent gating process of sodium channels is
not the essential factor of Mg?* blockage. In Chapter 6, a kinetic model,
in which Mg?* and Na* compete for occupying the sodium channel, is
proposed. The sodium permeation in the presence of Mg?* is described
as ionic binding-unbinding process with the sodium channel. This de-
scription is similar to that of Michaelis—Menten kinetics for enzymatic
reaction. lonmic binding sites of Mg/* and Na* may be different inside
the channel, but in one binding site, only one ion can be bound at a time.
In this chapter, the voltage dependent rate constants of Mg?* and Na*
binding process are further expressed in terms of reaction free energy
with an additive Eyring rate factor for considering the applied electrical
field effect. With these expressions, Mg?* and Na* binding sites inside
the channel are located and ionic binding affinities are calculated. It
will demonstrated that high Mg?* affinity with sodium channels can ac-
count for the Mg?*. The different potential drops detected by Mg?* and
Na™ inside the sodium channel explain the voltage dependence of Mg?*
blockage. Finally, a general discussion on the experimental results were
given in Chapter 7. In this chapter, the kinetic model and data analy-
sis used in this thesis are evaluted. Right after Chapter 7, the general

conclusions of this thesis will be given.
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Chapter 2

Material and Methods

2.1 Cell Preparation

The Primary culture of rat cerebellar granule cells was prepared from 8-
day-old postnatal rat pups following the procedure described by Levi et
al. (1984). The main procedure is as follows: Cerebella were removed
from a group of rat pups under sterilizing condition. Meninges and
blood vessels on the surface of cerebellum were peeled off and minced in
the sterilized Krebs solution. Connective tissues between the cells were
digested with 0.5 mg/ml trypsin (Sigma, USA). Cells were further me-
chanically separated as much as possible with a series of Pasteur pipettes
with different tip sizes. Separated cells were washed and purified with
a series of centrifugations. Finally obtained cell pallet was diluted to
the density of 0.75 million/ml with the culture medium and plated on
freshly poly-L-lysine (Sigma) covered 35 mm Petri dishes (covered with
5 pg/ml poly-L-Lysine for at least 20 minutes before plating). The ideal
quantity of cells is 1.5 mzllion per dish. Culture chambers with plated
neurons were maintained at 37°C, 5% CO,, saturated humidity incuba-
tor (Heraeus FRG). 10 uM cytosine arabinoside furanoside (Sigma), as
a mitotic inhibitor, was added into each dish after about 19 hours in
vitro to inhibit the replication of non-neuronal cells. A detailed proce-

dure for the cell culture and the composition of solutions can be found

25



in the previous thesis (Lin 1988).

Rat cerebellar granule cells cultured with this method can be
easily identified morphologically under the differential interference con-
trast optics (Zeiss, FRG) until the 30th days in culture (DIC), char-
acterized by their small size (diameter 5-10 pum), their spherical shape
and their greatly outnumber other larger cell types present. Although
the granule cells in culture undergo less development than that in vivo
(Cull-Candy et al. 1989), the neuritic growth process still leads to
very complicated cell shape (figure 2.1) after several days in culture,
which makes it diffult to control the applied voltage over the patch
cell membrane (space-clamp problem). Furthermore, the ionic chan-
nels themselves also undergo the similar differentiation in vitro as in
vivo, which may reflect as the ionic conductance increase with days in
culture. This increase has been observed in the single—channel record-
ing of the NM D A-activated ionic currents (Sciancalepore et al. 1989),
the whole—cell calcium currents (Marchetti et al. 1990), the whole—cell
potassium currents (Galdzicki et al. 1990), as well as the whole—cell
sodium currents (Lin and Moran 1989), which may be caused by the
higher channel density (more ionic channels expressed) or the higher
probability of channels to be activated. Therefore, in the experiments
described in this thesis, the cells used for characterizing sodium cur-
rents, as well as for studying Mg?" blocking effect were limited in 3 ~ 5
DIC, since the current density is more homogenous and less dendrites

developed in this period (see Section 3.1).

2.2 Patch clamp

The emergence of the patch—clamp technique has revolutionized the
study of ionic channels. It was originally developed to directly mea-
sure the current through the single ionic channel. In 1976, Erwin Neher
and Bert Sakmann reported the first single-channel current recording
recorded from a biological membrane (Neher and Sakmann 1976). In

brief, this method consists of placing a microelectrode on the membrane
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Figure 2.1:
The primary cultured rat cerebellar granule cells. A The granule cell is charac-

terized by its spherical shape. B The neuronal dentrites and axons are clearly

shown.
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Four patch-recording methods. All methods start with a clean pipette pressed
against an intact cell to form a gigaohm seal between the pipette and the mem-
brane it touches. Channels can be recorded in this on—cell mode. Additional
manipulations permit the same pipette to be used to clamp a whole cell or
excise a patch of membrane in inside~out or outside-out configurations. (After
Hamill et al. 1981).
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to be investigated, with an especially tight contact between the spe-
cial fire polished clectrode tip and the membrane (the resistance of the
contact is in the order of 10*2Q. This tight contact prevents currents
leaking from the ectoplasm to the inside of electrode. Therefore, using 2
command circuit to control the membrane potential, the currents flow-
ing between the pipette clectrode and an external electrode will be the
ionic currents passing through the ionic channels of the patched mem-
brane. Different manipulations after achieving the tight seal between
the pipette and the membrane allow to get several patch—clamp config-
urations for specifically required current recordings, such as the single
channel or the whole—cell current recordings (figure 2.2; Hamill et al.
1981). Among a1l the configurations, the cell-attached configuration is
directly obtained by the formation of the seal between the pipette and
the membrane. With this method, the cell content is kept intact. The
intact cell contentis important for studying ionic channels which are sen-
sitive to the metabolic process of the cell such as the calcium channels.
The other two recording configurations, 1.e. 8O called “inside—out” and
“outside—out”, are obtained by pulling up the record'mg pipette before
or after disrupting the patched cell membrane (see figure 2.2). In these
two cases, the lonic current recorded 1s those flowing through this small
piece of membrane. If the tip of the pipette is small enough, it 1s possi-
ble to have only one channel under the patched membrane and gives the
single channel recording. These two configurations also open the possi-
bility to easily control the «iptracellular” or «extracelular” compositions
of the patched membrane. The whole—cell configuration, used in the ex-
periments of this thesis, was achieved by applying 2 negative pressure ot
yoltage pulses to break the membrane after the cell-attached configura-
tion is formed. Since the direct communication 1s established between
the pipette and the intracellular compartment in the whole—cell con-
figuration, the intracellular solution is rapidly dialyzied to the pipette
solution, giving 2 control of intracellular composition of the patched cell.

Borosilicate glass pipettes (Hilgenberg, FRG) were used to prepare
the recording electrode pipettes with a two-step puller (List Medical
Flectronics, FRG). Tips of recording pipettes were fire polished with a
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Figure 2.3:

The electrical pathway of ionic currents through the patch cell membrane.

hot platinum under a microscope with the magnification of 20x. Pipette
resistance was in the range of 2.5 to 4 M(2, measured in the working
solutions described in Section 2.5. Sodium currents were recorded with
the standard whole—cell configuration (Hamill et al. 1981). The Seals
of 30 to 70 G were routinely obtained between the pipettes and the
patched cells.

With the whole—cell configuration, the series resistance may seri-
ously influence in the correct voltage controlling over the patched cell
membrane. The series resistance problem was first described in the
squid axon preparation (Hodgkin and Katz 1949). The series resistance
(Ryeries) is introduced in the electrical pathway between the output of
the patch clamp amplifier and the patched cell (Figure 2.3). The pres-
ence of the series resistance will cause two problems on the voltage

controlling of the patched membrane: 1) the time delay of the onset

30



and the offset of the voltage pulse. The time delay 7 can be calcu-
lated as: T = Reries Crmembrane; 2) an unexpected drop of the applied
membrane potential: AV = I nic Reeries- 1he series resistance problems
mainly result from three reasons. The first one is the area of the cell
surface: Criembrane < membrane area. Hence, the smaller cell is used,
the smaller membrane capacity is. The second factor is the ionic current
itself. If the patched cell has the high amplitude currents (for example,
due to its high channel density, its high probability of channels in the
activated states, etc), the large current will increase the membrane po-
tential drop caused by the electrical pathway (A in the second point
mentioned above). If this is the case, the series resistance effect can
be diminished by adding a low concentrated TTX to the cell bath for
blocking some sodium channels, or by using lower external sodium con-
centration for decreasing the current amplitude. But this was not a
series problem in the current recording with the granule cells in my ex-
periments, since the maximum inward peak sodium current is generally
less than 100 pA. The other factor which may influence the magnitude
of the series resistance is the dimension of the pipette tip, since the
size of the tip limits the maximum size of the opening of the membrane
under the patch. The opening of the membrane patched, on the other
hand, directly relates with the magnitude of the resistance between the
cell interior and the recording electrode (Rseries, figure 2.3). Therefore,
the recording pipettes used should be as big as possible, taking into con-
sideration the small dimensions of granule cells (5 — 10um). The series
resistance measured from 63 patches is 16.84+4.8 M. With this range
of series resistance, the maximum possible potential error AV is always
less than 2 mV at the potential that the inward sodium current reaches
its maximum.

The ionic currents were recorded using a standard patch-clamp
amplifier (EPC-7, List Medical Electronics, FRQ), with a 50 MQ feed-
back resistor in headstage. The patch—clamp instruments used in our
experiments were organized as in figure 2.4 (the recording part) and 2.5
(the support part).

The cell dish was mounted on a movable support on a microscope
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Mechanical part of the patch—clamp equipments

AMP: Patch—clamp amplifier AT: Antivibratory table. CM: Coarse microma-
nipulators. EC: Experimental chamber. FC: Faraday cage. FM: Fine micro-
manipulators. IM: Inverted microscope. IV: Current to voltage converter. MC:
Three—dimensional micro movement controller. OP: Microscope optics. PT:
Pressure transducer for pipette pressure measurement. RE: Reference elec-
trode. TP: Tube for applying pressure (kindly provided by Dr. O. Moran).
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(IM35, Zeiss, FRG) with a Nomanski optics (Figure 2.5). The I -V
converter of EPC-7 was mounted on a three-dimensional micro move-
ment manipulator (Micro-Control, France). The finally fine movement
of recording pipette was controlled by a piezoelectric micromanipulator
(Physik Instrumentes, FRG).

The stimulation and data acquisition were controlled by a micro-
computer (Atari 1040ST, HongKong) with “Patch Program” written in
Modula-2 by H. Affolter (Instrutech, USA), using a 12 bits A/D - D/A
converter (M2-Lab, Instrutech, USA). The acquisition program contains
several functions such as real time operations, data displaying, designs
of several sets of voltage pulses and subtraction of linear components of
lonic currents with P/4 procedure (see below) and some simple measure-
ments as peak values. The experimental data was directly saved into
the hard-disk of the computer during the experiment. The membrane
current was sampled at frequence of 50 kHz. Before digital acquisition,
the output of patch-clamp amplifier was filtered by a low—pass 4—pole
Bessel filter (Ithaco 4302, USA), set at a cut—off frequency of 5 kHz or
10 kHz.

2.3 Experimental Protocols

The standard pulse protocols were used to study the macroscopic prop-
erties of the sodium currents. Sodium currents are quickly inactivated
when the cell membrane is depolarized, with a half inactivation poten-
tial lower than —40 mV measured in many cell preparations, such as
in the rat myelinated nerve fibres (Neumcke and Stimpfi 1982), the
rat and human skeletal muscle (Almers et al. 1984) and the sodium
channels expressed from rat brain cDNA (Stithmer et al. 1986). A low
holding potential, therefore, was chosen in order to remove the inactiva-
tion resulting from the holding state as much as possible. The holding
potential was maintained at -90 mV in all of the experiments. In all
cases, most of the capacitive components of the membrane currents in

response to a voltage-step stimulation was compensated analogically,
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i.e. by zeroing the capacity transient induced by a voltage pulse with
the patch—clamp capacitive compensation circuit. All the stimulations
for the sodium current measurements were followed by a similar pulse
protocol in which pulse amplitudes were reduced to 1/4 and the holding
potential was brought to -110 mV (P /4 procedure, Bezanilla and Arm-
strong 1977). The P/4 responses were used to make a further digital
correction of the linear capacitive and the leakage membrane responses

from the measured currents.

2.3.1 One—pulse experiment

To yield the voltage dependence of the steady—state activation process
and those of the activation and the inactivation kinetics, a series of
voltage pulses to various depolarization levels between —40 and 130 mV
in every 10 mV step were applied. All the voltage pulses were preceded
by a =100 mV amplitude prepulse with a 5 msec duration (to futher
remove the inactivation). In order to observe better the sodium current
behavior at high potentials, the applied potential pulses are increased
in every 5 mV steps at V,, > 50 mV.

2.3.2 Double—pulse experiment

The steady-state inactivation parameters were elicited from the tradi-
tional double—pulse protocol (Hodgkin and Huxley, 1952¢c). The first
long duration voltage step, with variable amplitudes called conditional
prepulse, is intended to be long enough to permit the inactivation pro-
cess to reach its steady—state level at the prepulse potential. The second
voltage step to a fixed level, which is called the test pulse, elicits the
usual transient Iy,. The relative peak current amplitude I,/I7**® is
used to determined the fraction of sodium channels which were not in-
activated by the conditional prepulse. In our experiments, the test pulse
is fixed at -10 mV, preceded by conditional prepulses with 40 msec du-

ration to various potentials between —80 to =5 mV in the step of every

5mV.
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2.4 Data Analysis

Raw experimental data were directly saved into the computer hardisk
during the experiment. The experimental data were later transferred to
the Microvax station. All the data analysis were performed on Microvax
station. The analysis programs were written in Fortran-77. All the

fitting procedures were based on the Standard least—chi—square method
(Press 1989).

2.4.1 Peak current I, vs. membrane potential V,,

relationship

The most obvious way to demonstrate the voltage dependence of the
lonic currents is to construct the relationship between the peak current
I, and the membrane potential V,,. I, was estimated by fitting the ex-
perimental current record in a short interval around the peak with a
third order polynomial. From the I, vs Vi, relationship, some parame-
ters can be further obtained: One is the experimental reversal potential
of sodium current V,.,, i.e. at which the sodium current changes the sign.
View Was obtained by fitting the linear part of I, vs. V,, relationship with
alinear equation. The measured reversal potential usually deviates from
the reversal potential predicted from Nernst equation (eq. 1.1). The dif-
ference may originated from several aspects. First of all, the quality of
the experiments can directly influence the reversal potential, even the
accuracy of the applied potentials. For example, the quality of the com-
pensation of the zero—current potential before the seal formation may
seriously influence the applied membrane potentials. The zero—current
potential is mainly created by the liquid junction potential due to the
unequilibrium ionic exchange between the pipette and the bath solutions
(Marty and Neher 1983). The junction potential may be significant with
the presence of large ions, such as Cs*, due to its slow speed of diffu-
sion. In my intracellular solutions, the intracellular Cs* concentration
can be as high as 110 mM and the junction potential can reach 430

mV. Therefore, the careful compensation of the zero—current potential
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is critically important to ensure the reality of the applied membrane
potential. The quality of this compensation, on the other hand, can be
directly reflected on the reversal potential measured.

The difference between the experimental and the theoretical re-
versal potential may be also due to the presence of ions which has low
permeability through sodium channels, such as Cs*, Mg?*, Ca’* etc.
Therefore, the accurate reversal potential should be calculated accord-
ing to GHK voltage equation (eq 1.2), taking into account of the presence
of other permeable ions.

Another useful parameter which can be directly obtained from
the I, — V,, relationships is the maximum inward peak current I;,“‘"'.
I7** is obtained by further fitting the inward peak current part of the
I,—V,, relationship with a third order polynomial, similar to that used to
estimate the peak current I, from the total current trace. The amplitude
of the inward peak macroscopic sodium current is the combined result
of two opposite effects: the decreasing driving force and the increasing
open probability of sodium channels with the increase of membrane
potentials. The formation of maximum inward peak currents could be
considered as the equilibrium of these two opposite effects and used
as a characterizing value of sodium channels. In fact, this maximum
inward sodium peak current scaled by the corresponding cell membrane
area can be approximately used as the current density of patched cells

and compared with those measured in the other cell preparations (see
Section 3.3).

2.4.2 The voltage dependent gating parameters

The voltage dependent sodium current is characterized in terms of the
HH model (1952a). The study of the voltage dependent gating process
composed of characterizing the voltage dependence of the steady-state
activation and inactivation parameters, as well as the time constants of
the activation and the inactivation kinetics processes. The data neces-
sary for characterizing the voltage dependence of the kinetics processes

and steady-state activation process were directly obtained from the one—
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pulse experiment (Section 2.3.1). The voltage dependence of the steady—
state inactivation parameters was obtained according to the classical
analysis of the double-pulse experimental results (Section 2.3.2).

To study the voltage dependence of the steady-state activation
(M) and the kinetics time constants (7, and Th), each trace of sodium
currents, elicited from different potential pulses, was fitted with equa-
tion 2.1:

t— &t t— 6t
I(t) = I'(1 — exp(— ))%exp(— ) (2.1)
Tm Th
where,
I, = gmaz(Vm - ‘V;'ev)mzoh() (2.2)

Since the inactivation process can be removed under the hyperpolar-
ization condition, it is assumed that the inactivation process at the
initial pulse is almost absent, i.e. ho =~ 1, in the presence of strongly
negative holding potential and hyperpolarized prepulse as described in
Section 2.3.1. §t is an empirical delay at the onset of the classical m3h
kinetics observed in the HH model (Keynes and Rojas 1976). The initial
delay 6t is found to be a function of the holding potential (figure 2.6).
It is found that 6t is noticeable when the holding potential is more neg-
ative than —60 mV (Keynes and Rojas 1976, Keynes and Kimura 1983,
Taylor and Bezanilla 1983).

In order to make it easy, the four-parameter problem as describing
by equation 2.1 was solved by several steps. Considering the declin-
ing phase of sodium currents mainly contributed from the inactivation
kinetics of sodium currents and the rising phase from the activation
kinetics, the declining phase of the current was fitted with a single ex-
ponential function: I;(t) = Ijexp (t/7ho), which decays to a station-
ary level which is significant only for the responses to the moderate
depolarization(V' < —40 mV). This fitting step allowed us to get the
approximate values of I’ and 7: I} and 7. Since the activation pro-
cess 1s much more faster than the inactivation process as indicated in
equation 2.1, the activation process may be assumed to approximately
reach its steady state when the sodium current reaches to its maximum,

i.e. I,. The inactivation process begins to be dominant after reaching
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Figure 2.6:

Sodium currents associated with depolarization pulses of different duration
at two different holding potentials. Conditions: perfused axon in seawater
with 107.5 mM Na* and 10 mM Ca?*; perfusion fluid 300 mM Cs*; holding
potential V} is indicated above records; pulse potential 20 mV; temperature,
7°C. The turning-on of Iy, could be fitted by equation 2.1 with §¢ = 0,
Trm = 202usec for Vi = —60 mV, and 6t = 30usec, 1, = 210usec for V, = —100
mYV. The time constants for the tail constants are 101 usec at Vi = —100 mV
(From Keynes and Rojas, 1976).
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Figure 2.7:

The course of HH model parameters. A purely hypothetical example represent-
ing a depolarizing step followed by a repolarization. The time constants 7,, and
Tn are assumed to be in the ratio of 1:5 and the duration of the depolarization
(to the middle vertical line) is assumed to be 4 7,. Unlike a real case, the time
constants are taken to be the same at both potential. Curves for m on the left
and h on the right are 1 — exp (—t/7). That is, an exponential rise toward a
value of 1.0. Curves for m on the right and h on the left are exp (—¢/7), that
is an exponential fall toward a value of zero. Other curves are the indicated
powers and products of m and h showing how m®h imitate the time course of
gNq in the HH model (Hille 1977).
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the peak (see figure 2.7). Therefore, a quite close value of 7, can be ob-
tained by fitting declining phase beginning at a time which is the twice
of time to peak (¢,). Estimated values of §¢ and 7,: 6t and Tmo, Were
obtained by fitting the rising phase of the current which has been scaled
with the relation of I(t)/I;(t) = (1 — exp(—(t — 6t0)/Tmo))*. Reintroduc-
ing these four estimated values of I{, Tho, Tmo and 6%, into equation 2.1,
we can more easily readjust them to yield the best fit with the total cur-
rent. A complete fitting process generally used in this thesis is shown
in figure 2.8.

The steady-state activation gating parameter m, has been further
obtained from the equation 2.2, i.e. m3 = g/gmsz- The steady—state
activation parameter m., can be expressed as a function of the mem-
brane potential, which is characterized by the half-activation potential,
Vi7,» at which the open-state probability for each activation gate is 0.5,
and by the apparent valence z,, of a single activation process (m-gate).

These parameters were obtained by fitting data obtained from equation
2.2 to:

1
mOO(V) = V-ym (2'3)
1+ exp (zmeOTTLQ)

where, eg is the proton charge (1.6 x 107!? Coulomb), k is Boltzmann’s
constant and 7" is the absolute temperature.

The double—pulse protocol was designed to obtain the steady-
state inactivation parameter of the sodium currents, since the ratio of
I, to the maximum 1%, I,/ 1%, elicited by the test pulse reflects the
fraction of sodium channels which are not inactivated by the conditional
potential. Hence the voltage dependence of the steady state inactivation
parameter ho, can be calculated from the relation of he =~ I,/I7*%.
Its voltage dependence can be expressed as a function of the prepulse

potential V,, as:
1
1+ exp ("’“—M—VI%)

ap

heo =

(2.4)

Where, V", and a, characterize the half-inactivation potential and the
1/2

steepness of the voltage-dependence respectively. I;**® is the mean of
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1 msec

Figure 2.8:
The fitting procedure of the sodium current. A. The decline part of sodium
current is fitted with an one-exponential function, to obtain the approximate
value of I’ and 7. Fitting from 2.0 to 4.0 msec, approximate values obtained
of I' and 7, are 169.25 pA and 1.43 msec respectively. B. The rising part of
the normalized sodium current is fitted with (1 — exp((t — §t)/7m)>. Tm and
6t were estimated to be 0.27 and 0.43 msec by fitting from 0.7 to 1.1 msec.
Reintroducing the approximate values of I’, 7,,,, 7» and ét obtained from last
two steps into equation (2.1), the four parameters are readjusted and yield the
best fitting of total current (C). The final fitting results are: I’ is 123 pA,

Tm = 0.27 msec, §t = 0.44 msec and 7, = 1.43 msec. For this current trace,

Vin = 20 mV. 42



the maximum peak currents measured at the strongly negative condi-

tional potentials, at which the inactivation is still insignificant.

2.5 Solutions for electrophysiological stud-
ies

With the aim of studying Mg?™ blocking effect, we have designed a series
of experimental solutions by varying [Nat];, [Nat], and [Mg®*];, based
on the standard (control) extracellular and intracellular solutions. The
control solutions are those used for characterizing the sodium channel
on the rat cerebellar granule cells (Chapter 3).

The control extracellular solution used in the cell bath was (in
millimolar): CaCl, 2, CoCl, 5, HEPES 10, and NaCl 100. The control
pipette solution, dialyzing the intracellular compartment, was NaCl 5,
CsF 110, HEPES 10 and EGTA 11. The pH values of both solutions
were adjusted to 7.35 with NaOH. The osmolarity of intracellular solu-
tion was corrected to 295 mOsm and that of external solution to 310
mOsm with d-glucose. 5% osmolarity difference makes patched mem-
brane broken easily. In all experiments, potassium currents were absent
because of intracellular substitution of K* with Cs*. Calcium currents
were also insignificant with these recording solutions, as demonstrated
by the absence of any appreciable effect of 2.5 mM Cd** or 5 mM Co?*,
known to be very potent blockers of calcium channels (Brown et al.
1981; Carbone and Lux 1984).

As mentioned above, the aim of this thesis is to study the in-
teraction between the Na* and Mg?". To approach this goal, the ex-
perirhental design has been separated to two different parts. The first
part of experiments is to test the interaction between the intracellular
Na® and Mg/™. In this part of the test, the extracellular solution is
fixed as the control one shown above. The intracellular Nat concen-
trations have been changed from 15, 20 to 30 mM. With each [Nat];,
[Mg?*); was varied from 0 to 7 mM (table 2.1). [Mg?*t]; has also been
increased up to 30 mM in order to study the possible Mg?t influence
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Composition | 15Na(0 —7) | 20Na(0—7) | 30Na(0 —7) | 30Na(30)

mM mM mM mM mM
NaCl ) 10 20 20
MgCl, 0,0.51,3,7 |0,0.5,1,2,3,57| 0,0.5,1,3,7 30
CsF 110 105 95 70
EGTA~ 11 11 11 11
HEPES*-NaOH 10 10 10 10

Table 2.1:

Intracellular solutions

* EGTA: Ethylenglycol- bis-3-amino-ethylether

+ HEPES: N-2-Hydroxyethylpiperazine

Intracellular pipette solutions. The osmolarities of solutions are adjusted with
d-glucose to 291 mOsm.

on the voltage dependent sodium channel gating process. The different
sets of intracellular solutions used in this part of study are shown in
table 2.1. When the intracellular CsF concentration is decreased to 65
mM, there is no potassium current observed by adding 10 pM TTX
to cell bath. Osmolarities of intracellular solutions are hence kept to
295 mOsm by reducing intracellular CsF concentration in those solu-
tions with high [Na*]; and [Mg’*]; (see specially columns 4 and 5 in
table 2.1), in addition of varying glucose concentrations.

The second part of experiments is to test the interplay between
Mg?* and Nat. To do this, two sets of extracellular solutions with lower
[Nat], are added, see table 2.2.

In this part of experiments, the intracellular solutions are those with
30 mM Naf and various [Mg?*], (column 4 in table 2.1).

To express explicitly, the different sets of solutions will be named

according to their Na* concentrations. The concentration of Mg?* will

be indicated in the parenthesis following the names of intracellular so-
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Composition | 50Na(0) | 7T0Na(0) | 110N a(0)
mM mM mM mM
NaCl 40 60 100
CoCl, 5 5 5
CaCl, 2 2 2
HEPES-NaOH 10 10 10
Table 2.2:

Extracellular solutions.

The osmolarities of solutions are adjusted with d-glucose to 310 mOsm.

lutions. For example, 110Na/30Na(30) indicates that the extracellular
solution contains 110 mM Na™, corresponding to the fourth column of
table 2.2, the intracellular solution, on the other hand, contains 30 mM
Nat and 30 mM ‘Mgt“, corresponding to the fifth column of table 2.1.
As a summary, the extracellular/intracellular solutions which have been

used in all experiments of this thesis are following:
¢ 110Na/15Na(0) in Chapter 3.

o 110Na/15Na(0-7), 110Na/20Na(0-5), 50Na/30Na(0-7), 70Na/30Na(0-
7) and 110Na/30Na(0-7) in Chapters 4, 6.

e 110Na/15(0-7) and 110Na/30(0-7,30) in Chapter 5.

All experiments were performed at the room temperature (17 to 21°C).
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Chapter 3

Characterization of the
sodium channel in cultured

rat cerebellar granule cells

A rough characterization of the sodium channel in the rat cerebellar
granule cell has been attempted in the previous thesis (Lin 1988). The
patch clamp equipment and the acquisition system in our laboratory
has been greatly improved now, which allowed to make more precise
current recording. Also, it is necessary to have more precise description
of the sodium channel on the granule cells in order to further study the
intracellular Mg?* blocking effect of sodium currents. To approach this
object, the sodium current was carefully analysed in terms of the origi-
nal Hodgkin and Huxley equation, in order to characterize the sodium
current in such a way that it can be compared with those described in

other preparations.

3.1 The Sodium Channel Development With
Days In Culture

The dissociated cerebellar granule cells could undergo the similar differ-

entiation and growth processes in culture as in vivo (Levi et al. 1984,
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Cull-Candy et al 1985, 1986, 1989, Sciancalepore et al 1989 and Galdz-
icki et al 1990). Since the application of the intracellular perfusion
technique is very difficult in the whole—cell configuration in such small
granule cells, all of the whole—cell recordings with different experimen-
tal solutions were performed on the different cells. All the experimental
results are therefore the statistical results. In order to minimize the
individual differences between the different cells, the development of
sodium channels in vitro was first studied by estimating the change of
the maximum sodium membrane conductance per unit membrane area
with different days in culture. Having the idea of the sodium channel de-
velopment, the cells bearing more homogenous distributions of sodium
channels therefore were chosen for the further using. ‘

Action potentials, the TTX-sensitive sodium current and at least
two types of potassium currents were recorded from the 1 day in culture
(DIC) cells up to the 30 DIC (Figure 3.1). However, the space—clamp
problem (Section 2.1) becomes serious for the current recording on the
cells older than 10 DIC due to the neruitic process (see figure 2.1B).

The sodium channel membrane conductances have been estimated
on the cells from different DIC. The sodium channel membrane conduc-

tance (g,) was calculated according to the GHK current equation:

(1 — exp(¥2))

9 = 1, )
P me(l . exp( VmR;/reu ))

(3.1)

all parameters in the equation have their usual meanings. In order to
compare results obtained from different cells, sodium currents have been
scaled by the membrane areas, calculated from the compensation of the

capacitance transient of their corresponding cells using the empirical
relation: 1 pF / 100 pm? (Moran and Conti, 1990).

Unexpected high membrane conductance per unit membrane was
found in 1 DIC old cells, which may be due to the contaminant measure-
ment of other kinds of cell (probably due to the similar appearances of 1
DIC cells), or due to the unstability of cells in 1 DIC. It was found that
* the membrane conductance tends to increase with days in cultures after

2 DIC (Figure 3.2), although the membrane capacities do no change
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Figure 3.1:
Action potential and total ionic currents recorded from rat cerebellar granule
cells. A Repetitive action potentials evoked by a current step of 30 pA for 200
msec, resting membrane potential was —65 mV. B Total membrane currents
recorded in the presence of KCl in the intracellular solution. The holding

potential was -60 mV, and the test pulse were from -40 to +40 mV.
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Figure 3.2:
Membrane sodium conductances estimated with different days in culture (DIC).

Unexpected high membrane conductance is found in 1 DIC cells. Membrane

conductance trends to increase from 2 DIC.
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Figure 3.3:

Membrane capacities measured at different days in culture.
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significantly (Figure 3.3). The relative homogenous sodium membrane
conductances were found between 3 and 7 DIC cells.

As demonstrated above, the most homogenous sodium channel
density may be found on the 3 and 7 DIC granule cells. However, in order
to diminish the possible space clamp problem caused by the neuritic
process, the characterization of sodium channels, as well as the study of
intracellular Mg®* effect, will be based on the sodium currents recorded
from the cells in the period of 3 to 5 DIC. The membrane capacitance,
measured from 63 different 3 to 5 DIC cells, gives a value of 2.240.3 pF
(mean+SD). This value is consistent with the surface area of the cell
body estimated as a sphere of diameter 10 pm. To compare the results
obtained from different cells, currents will always be expressed in terms

of the current density, i.e. with the correction of membrane area.

3.2 The Characterization of Sodium Chan-

nels

Sodium currents have been recorded from different cells by whole—cell
configuration of the standard patch-clamp technique (Section 2.2). Figure
3.4A shows a series of sodium current responses, I(t), evoked by the step
depolarization to a series of membrane potentials, V', in the range of —
20 to 80 mV. Each trace is the average of 8 original records and has
been corrected for the linear leakage and capacitance transients, using
the P/4 procedure as described in Section 2.3. The plot of the peak
current I, estimated from the current families shown in figure 3.4A, as
a function of the applied voltage Vin, are illustrated in figure 3.4B. I,
was estimated by the method described in Section 2.4.1. The fitting
of the linear part of I, — V,,, at the higher membrane potentials illus-
trates that the sodium reversal potential is 45.7+2.9 mV (n=19), which
is close to the Nernst equilibrium potential for sodium ions ([Nat], =
110 mM, [Na*]; = 15 mM). The maximum inward peak current (I**%)
was obtained from a third order polynomial fitting to the inward part
of I, — V,, relationship. The statistical results, obtained from 14 differ-

50



&
=
~
<
o,
< —_
< 1.5 msec
B
1 b a
N o
[ay]
= a
SL &
\ A
<
B s
" 05 .

Y
A
_ S !
210 s 50 100
ta K Vo (mV7)
A, ,a
Figure 3.4:

A Sodium currents recorded from the cerebellar granule cell in the whole—cell
configuration. The holding potential was ~90 mV, and the test pulses were
from —10 to +70 mV, in every 20 mV steps. Each trace is an average of 8
records. B Peak currents I, vs. membrane potential, Vi, relationship. Inward
I, reaches its maximal (0.24 pA/pm?) around 19 mV and the reversal potential

is about 45 mV.
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ent patches, gives out that the inward peak current reaches its maximal
value 0.21£0.06 pA/pm? at membrane potential 16.5+2.8 mV (V2).

I,— V., curves were constructed from sodium currents recorded with
solutions 110N a/15Na(0). There is no significant rectification observed
on the outward sodium currents at applied membrane potentials as high
as +100 mV. This outward rectification, which has been demonstrated
in I, — V,, relationships obtained in other cell preparations, for example,
rat muscle (Pappone 1980), human and rat skeletal muscle (Almers et al.
1984), Xenopus oocytes injected with sodium channel mRNA (Stihmer
et al. 1987), should be attributed to the presence of magnesium ion in
the intracellular solution (Pusch et al. 1989, Pusch 1990a). An outward
rectification was indeed observed also in sodium currents on granule cells
when currents were recorded in presence of intracellular magnesium ions,
which will be detailed in following chapters.

The detail analysis of the voltage-clamp response, recorded from
cerebellar granule cells, was made according to the Hodgkin-Huxley
model (Hodgkin and Huxley 1952a), with an addition of empirical de-
lay at the onset of the time course of the sodium currents (eq. 2.1),
which is significant at low holding potentials (figure 2.6). By fitting the
kinetic and steady-state properties of the macroscopic sodium currents
with the HH model, it is possible to quantitatively compare the charac-
terization of the sodium channel on the rat cerebellar granule cells with
those described in the other preparations. With the analytical method
described in Section 2.4.2, the voltage dependence of time constant 7,
and 7, relations, characterizing the activation and inactivation kinetics
respectively, was obtained. Measurements obtained from 9 different cells
illustrate the inactivation time constant 7, in figure 3.5A, and activation
time constant 7,, in figure 3.5B. With the holding potential of —90 mV
used in our measurements, fitted values of 6t ranged typically between
0.2 and 0.5 msec, which began to decrease at pulse potentials higher
than -10 mV.

The steady-state activation parameter m,, calculated with the

3

relation m® = g/g,... was plotted as a function of the membrane po-

tential, shown as points in Figure 3.8. The voltage dependent relation,
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Figure 3.5:

A The voltage dependence of the inactivation time constant 7,. Data points
represent the mean of measurements made from at least 8 different cells and
bars represent their standard deviations. 7, decreases with depolarization to
a constant around 0.4 msec. B The voltage dependence of activation time

constant 7,,. T, decreases with depolarization to a constant around 0.2 msec.
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Figure 3.6:

A Steady-state activation parameter m, of sodium currents as a function of
test potentials. The smooth line represents the best fit to the data with equa-
tion 2.3, with 1’72 = 3.0 mV and 2z, = 1.76. B The voltage dependence of
steady—state inactivation parameters h, of sodium currents. Currents were
elicited by the double-pulse experiment described in Section 2.3. The normal-
ized peak inward current responses to the test pulse are plotted as a function
of prepulse potential. The smooth line is the least-squares fit to data points
using equation 2.4, with Vlh/2 = —-26.89mV and ap = 6.73 mV.
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characterized by V7}, and the steepness of the potential dependence,
was least—square fitted with equation 2.3. The fitting result is shown as
the smooth line in figure 3.6A. The values of V7, yielding the best fit
in 7 different experiments were 2.8 + 1.9 mV. The apparent valuence of
a single activation process is z, = 1.78 & 0.16.

The voltage dependence of the steady-state sodium channel in-
activation parameter, ho, was determined by applying conditional pre-
pulses of various potentials with 40 msec duration, preceded to a test
voltage pulse to —10 mV. Normalized peak currents, plotted against pre-
pulse potentials (V,,) as data points are shown in figure 3.6B. The data
were further fitted with equation 2.4 (smooth line). Results obtained
from measurements on 6 different cells gave least—square fitting values
as Vj, = —25.24+ 3.6 mV, and ap = 6.4 £ 0.8 mV.

3.3 Comparison of sodium channels from

different tissues

Sodium currents on the rat cerebellar granule cells have been recorded
from the first days in culture. Although the unexpected large conduc-
tance on the first day cultured cells, the maximum membrane sodium
conductances tend to increase with days in culture. This increase may
correspond to the increase of probability of sodium channels to be ac-
tivated, or the increase of channel density with days in culture due to
the continuouse expression of sodium channels, or both. However, it is
difficult to distinguish these two possibilities in the macroscopic current
recording. Some noise analysis or single channel recordings, as well as
molecular biology studies might be helpful to solve the problem.
Although less directly translatable into molecular mechanisms,
the macroscopic analysis provides enough experimental data to fit any
reasonable model of the channel gating containing a limited number of
parameters. The main purpose of this part of thesis was to characterize
the sodium current recorded on the rat cerebellar granule cell, in a more
detail way than that was attempted before (Hockberger et al. 1987; Lin
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Cells Ljen (mA/em?) | Vin (mV) | temp.°C
Squid axon (1) 1.30 -10 5
Bovine chromaffin (2) 0.06 -20 20
Snail neuron (3) 0.5 -6 13.5
mouse neuroblastoma (4) 0.4 -10 20
Guinea pig DRG (5) . 2.5 0 20
Rat dorsal root
ganglion neuron (DRG) (6) 0.07 -25 20
Chick DRG (7) 0.2 -10 12
Rat granule cell (8) 0.021+0.006 | 16.5+2.8 | 18-21
Table 3.1:

The sodium peak current density I, in the excitable cells

(1) Hodgkin and Huxley (1952), (2) Fenwick et al. (1982), (3) Adams et al.
(1979), (4) Moolenar and Spector (1978), (5) Kameyama 1983, (6) Kostyuk et
al. (1981), (7) Carbone and Lux (1986), (8) this work (mean+S.D,n = 14).

1988).

Considering the maximum inward peak current per unit membrane
area as the sodium current density (Ig.,), it is found that the sodium
current density on the rat cerebellar granule cell is relative lower than
those obtained from the other preparations (table 3.1). This difference
may reflect the intrinsical property of different cells: the excitability of
the membrane may be different in the different excitable cells, accord-
ing to their specific functions. However, it can also be explained by the
facts that different [Nat], and [Ca?*], are used in the different prepa-
rations, since both [Na*], and [Ca?*], can influence the inward current
amplitude via different mechanisms. The former one has been found in
part of my experiments, in which sodium currents were recorded with
different [Na*],. With the presence of only 50 mM Nat, the inward

currents are almost unmeasured. Figure 3.7 gives out the I, — V,, rela-
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I, — V,, relationships obtained with the presence of different [Na*],. Triangles
represent the data obtained with 110 mM Na}, squares obtained with 70 mM
Na} and pentagons obtained with 50 mM Naf.

tionships obtained with the different extracellular Na' concentrations.
The [Nat], dependence of inward current is clearly shown in this figure.
The extracellular Ca?* effect on the inward sodium current has already
been studied in the other two preparations (Nilius 1988, Pusch 1990b).
The Ca; blocking effect of the sodium channel is proposed. For exam-
ple, the increase of [Ca?*], from 0.1 to 20 mM leads to the decrease
of single-channel conductance of the guinea-pig heart sodium channel
from 27 to 14 pS (Nilius 1988). It is also found that 1.8 mM [Ca’t],
reduces significantly the single—channel amplitudes both wild—type and

mutant sodium channel expressed from rat brain sodium channel cDNA

(Pusch 1990b).

Time constants of activation and inactivation kinetic processes,
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Cells Tm (msec) | Vi, (mV) | temp.°C

Squid axon (1) 0.51 ~40 6

Rat brain Na channel (2) 0.40 -40 20

Rat cerebellar granule cell (3) | 0.38+0.05 20 18-21
Table 3.2:

The activate time constant 7,, of the sodium currents in various

excitable cells.

(1) Hodgkin and Huxley (1952), (2) Stiihmer et al. (1987), (3) the present
work (mean+SD, n = 8)

Cells 7 (msec) | Vi, (mV) | temp.°C
Squid axon (1) 1.50 0 6
Bovine chromaffin (2) 1.2 0 20
mouse neuroblastoma (3) 0.5 -8 20
Rat dorsal root

ganglion neuron (DRG) (4) 1.5 0 12
Rat pituitary GH3 (5) 1.1 20 20
Rat cerebellar granule cell (6) 1.18+0.14 20 18-21

Table 3.3:

The inactivation time constants of the sodium currents in different

excitable cells.

(1) Hodgkin and Huxley (1952), (2) Fenwick et al. (1982), (3) Moolenar and
Spector (1978), (4) Carbone and Lux (1987), (5 )Matteson and Armstrong
(1984), (6) the present work (mean+SD, n = 8).
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Cells 7, (mV) Zm

mouse neuroblastoma (1) -36.9+0.8 | 1.72+0.22

sodium channels expressed

from rat brain ¢cDNA (2) -40.5 2.9

canine ventricular myocytes (3) | -48.6+1.3

cerebellar granule cell (4) 2.8+1.9 | 1.78+0.16
Table 3.4:

Parameters of the steady-state activation Na channel gating

processes.

(1) Moran and Conti (1990), (2) Stithmer et al. (1987), (3) Berman et al.
(1988) (4) this work (mean+SD, n = 7).

however, are comparable with those described in the others cell prepa-
rations (table 3.2 and table 3.3). The steady-state activation and inac-
tivation parameters are also compared with those in other preparations
(table 3.4 and table 3.5). The half activation and half inactivation po-
tentials of sodium currents in the rat cerebellar granule cells appear to
shift to more depolarized membrane potentials, when compared with
the other neural preparations. These shifts may correspond to the more
negative inner surface potential in the granule cell than in others, since
the steepness of the voltage dependence of steady-state activation and
inactivation processes behaves the same as those observed in other neu-
rons.

In general, our results confirm the notion that sodium channels on
rat cerebellar granule cells behave in a typical manner as those in other

neuronal preparations (see the comparison in tables).
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Cells Vll}z ap
mouse neuroblastoma (1) ~74.5£3.6 | 11.1+0.2
neurobalstoma NIE115 (2) -20.3 8.0
human skeletal muscle (3) -76.0 5.7
sodium channels expressed

from rat brain ¢cDNA (4) -63.94+5.9 | 10.2+1.2
canine ventricular myocytes(5) | =77.5+3.4 | 9.37+0.9
human mytoball (6) -65.9+4.6 | 5.6£1.0
cerebellar granular cell (7) -25.24£3.6 | 6.4+0.8

Table 3.5:

Parameters of the steady—state inactivation Na channel gating

processes.

(1) Moran and Conti (1990), (2) Aldrich and Stevens (1983), (3) Almers et al.
(1982), (4) Stithmer et al. (1987), (5) Berman et al. 1988, (6) Probstle et al.
1988 and (7) this work (mean+SD, n = 6).
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Chapter 4

Mg2t blockage of sodium

currents

As an important cofactor of many protein kinases, the intracellular Mg?*
has been widely studied by the biochemists. Since the middle of 1980’s,
it has also been found that Mg’* may modulate the function of ionic
channels, such as the NM D A-activated channel, the AT P—sensitive
potassium channels etc (see Section 1.3). From the former researchers’
studies, it has been found that the half blocking concentrations of Mg?*
at the high membrane potentials are all in the range of the physiological
intracellular Mg?* concentration (0.4-3.7 mM, Blater and McGuigan
1988, Alvarez—Leefmans et al. 1986). Some ionic channels are very
sensitive to the presence of Mg/t. For example, the Mg?t blocking
effect on the inwardly rectifying potassium channels can be detected
at [Mg?*]; as low as 1.7 uM (Matsuda 1988). Therefore, it is possible
that the Mg?* blockage should also correspond to certain physiological
regulation functions of the ionic channels.

The reduction of outward sodium currents in spite of increasing
of the driving force has already been observed in several preparations
(Pappone 1980, Almers et al. 1984; Stithmer et al. 1987 and Fahlke
and Ruppersberg 1988). The reduction on the outward sodium current
has been studied in some detail by Pusch and coworkers on rat brain

sodium channels expressed in the Xenopus oocytes (Pusch et al. 1989,
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Pusch 1990a). In these works, it was found that the reduction of the
outward sodium currents at the higher membrane potentials is due to
the presence of Mg*. No attempt up to now, however, has been done
on the sodium channel of neuron cells. Since the sodium channel plays
an important role in the generation of the action potential (Section 1.1),
it will be interesting to investigate if Mg?* can also lead to the blockage
effect in the neuronal sodium channels. On the other hand, the physio-
logical environment of oocytes might be quite different from the native
neurons (for example, the degree of phosphorylation of the membrane
proteins may be quite different), which may also lead to additional ef-
fects on the Mg?* blockage. Hence, it is necessary to have the knowledge
if such a Mg?* effect could also happen in neurons abd how it happens.
These knowledges will be helpful to understand its physiological func-
tion and its reaction mechanism. Furthermore, in their work about the
Mg?* effect on the cloned sodium channels, the mechanism of the Mg?*
effect has not studied in detail (Section 1.3). Therefore, it is another
object of this thesis to undertake a series of theoretical attempts to ex-
plain the possible Mg?* blocking effect in a more molecular terms. The
understanding of the Mg®* blockage of sodium currents may also pro-
vide a clue to understand the blocking mechanism of other “Mg?*-like”
divalent ions, such as Co}* effect on ionic channels (Ascher and Nowak
1988).

In this chapter, it will be demonstrated that Mg?* does introduce
significant blocking effect on the sodium channel in central mammalian
neurons. Then, there will be more experiments results shown in order

to characterize the Mg?* blocking effect of sodium currents.

4.1 Experimental protocol

All the current records shown here, were recorded with the whole—cell
configuration of the standard patch clamp technique, with one—pulse
protocols described in Section 2.3.1. The whole—cell currents have been

recorded with different experimental solutions by varying the intracel-
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lular Mg®* and Na‘* concentrations, as well as the extracellular Na*t
concentrations. The recording solutions used here are described in Sec-
tion 2.5. In order to compare the results obtained from different cells,
all the results shown below have been scaled by the corresponding mem-

brane areas, i.e. the current densities is used (see Section 3.1).

4.2 Mg?"T blocking effect is an increasing
function of [Mg®*]; and membrane po-

tential

The macroscopic Na™ current families, evoked by a series of voltage
pulses from -40 to 130 mV, were recorded with [Mg?*]; varying from
0 to 7 mM (figure 4.1). The sodium current behaviour illustrates that
the Mg?* blocking effect of the sodium currents increases upon increas-
ing the Mg®*; concentration. Relationships of the peak current, I, and
the membrane potential, V,,, obtained with different experimental so-
lutions are constructed according to the method described in the Sec-
tion 2.4.1. Representative I,—V;, relationships in the presence of 0, 0.5
and 7 mM Mg?" are shown in figure 4.2. From I, — V,,, relationships,
it is observed that 7 mM Mg?* can also reduce somehow the inward
sodium currents, which begins at applied membrane potentials higher
than 10 mV. However, Mg?* blocking effect becomes more striking at
membrane potentials higher than the sodium equilibrium potential. The
blockage of outward sodium currents presents also in low [Mg?*]; (0.5
mM) and clearly increases as [Mg?*]; increases to 7 mM. From obser-
‘vations described above, it can be concluded that the Mg?* blocking
effect is voltage—, as well as [Mg®*],—~dependent. The obvious reduction
of outward sodium currents at the membrane potentials higher than the
sodium equilibrium potential represents the rectification observed by
the others (Pappone 1980, Almers et al. 1984, Stithmer et al. 1987 and
Fahlke and Ruppersberg 1988). These experimental results are consis-

tent with those observed in the sodium channel expressed in Xenopus
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2 msec

Figure 4.1:
Families of sodium currents elicited from three whole—cell patches. The voltage
steps applied compose of a holding potential of -90 mV, -100 mV prepulse with
5 msec duration and the test potentials varying from -20 mV to 80 mV in 20
mV steps. Each trace represents the average of 8 records after the subtraction
of linear leakage and capacitive currents. [Na‘t); = 15 mM, [Nat], = 110 mM.
A was obtained with 0 mM [Mg?*];, B with 0.5 mM [Mg?*]; and C with 7

mM [Mg?+];. All the current traces have been corrected by membrane areas.
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Figure 4.2:

Peak current (I,)-voltage (Vi) relationships, obtained with [Nat]; = 16 mM
and [Nat], = 110 mM. Triangles represent data obtained in the absence of
Mg?"’, Squares represent data obtained with 0.5 mM Mg?* and pentagons rep-
resent those in the presence of 7 mM Mg?+. The decrease of inward peak
current at V., > 10 mV is also observed in the presence of 7 mM Mg?t. How-
ever, the blockage of outward current becomes more significant and presents
in both [Mg2*];. Results are obtained from 3 different patches. Peak currents

have been scaled by membrane ares.
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[Mg®t]; | I, ([Na*]; = 15 mM) | I, ([Nat]; = 30 mM)
0.0 | 1.00£0.08 (n = 20) | 1.00+0.07 (n — 26)
0.5 | 0.67+£0.07 (n=9) | 0.84:0.08 (n = 4)
3.0 0.514+0.09 (n = 9) 0.64+0.04 (n = 3)
7.0 | 0354007 (n=6) | 0.47+0.04 (n = 6)

Table 4.1:
Normalized mean peak currents (I,,) obtained at the applied potential of 100
mV, and different [Nat]; and [Mg?*];. Values represent mean + SD. [Na*], is
fixed at 110 mM.

oocytes (Pusch et al. 1989, Pusch 1990a).

4.3 Mg?' blocking effect is dependent on
[Na*]; and [Na*],

In order to estimate the interference between Nat and Mg?*, further
sodium current records have been obtained by varying [Nat];, [Nat],,
in addition of varying the intracellular Mg?* concentrations (see Sec-
tion 2.5). ' ,

The voltage-dependent Mg blocking effect of sodium currents
is still clearly observed when [Nat]; is raised to 30 mM (shown in fig-
ure 4.3). The Mg?* blocking effect of sodium currents, especially on
the inward current parts, diminishes upon this increasing of [Na't];.
Since the outward sodium current is an increasing function of intra-
cellular Na™ concentration (Hille 1984, Nilius 1988), the Mg?* block-
ing effect of sodium currents recorded from different [Na*]; solutions
are evaluated by comparing the normalized peak currents I, (i.e. I, =
L([Mg**])/I,(0)). In table 4.1, normalized peak currents I, at 100 mV,
obtained in the presence of 15 mM and 30 mM Naj, are compared. It
is clear that the Mg?* blocking effect increases as the intracellular Mg?*

concentrations increases, but decreases as the intracellular Na* concen-
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121

I, (pA/uM)

Figure 4.3:
Peak current (I,)-voltage (V) relationships, obtained with 30 mM intracellu-
lar Naj and 110 mM Na}. Triangles present I, obtained at [Mg**]; = 0 mM
and pentagons at [Mg?*t]; = 7 mM. All peak currents have been corrected by

membrane areas.
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[Mg?+); | I, ([Nat], = 50 mM) | I, ([Na*], = 70 mM) | I, ([Na+*], = 110 mM)
0.0 | 1.0040.13 (n = 10) | 1.00£0.07 (n = 16) | 1.00£0.07 (n = 26)
1.0 | 0.70+0.10 (n = 8) | 0.73:£0.05 (n = 10) | 0.78-0.09 (n = 4)
3.0 | 0.56+0.07 (n = 8) | 0.6040.06 (n = 10) | 0.64+0.04 (n = 3)
70 | 0.43+0.10(n= T7) | 0.45+0.10(n = 9) | 0.4740.04 (n = 6)

Table 4.2:
Normalized mean peak currents (I,) obtained at the applied potential of 100
mV, and different [Nat], and [Mg?*];. Values represent mean+SD. [Na't}); is
fixed at 30 mM. )

tration increases. The overall comparison of Na’t influence on the Mgt
effect is shown in figure 4.4. In this figure, the normalized peak currents
are compared at all the membrane potentials. The decreasing Mg+
blocking effect with the increasing of [Nat]; is clear.

The interaction between Na} and Mg?* has also been tested by
recording sodium currents with different extracellular Na* concentra-
tions, varying from 50, 70 to 110 mM. In these experiments, the in-
tracellular solutions were fixed as 30Na(0-7). Although the relevance

between Mg?

* and Na} does not appear as significant as that between
Mgt and Na}, the Mg blocking effect of outward sodium currents

increases slightly as [Na*], decreases (table 4.2).

4.4 Discussion

Mg?*, recognized as a cofactor and regulator in the function of certain
enzymes, has also been found to be a factor which can modulate many
types of channel proteins (see Section 1.3). As early as in the begin-
ning of 1980’s, it has been observed that there is a reduction of sodium
membrane conductance at the higher membrane potentials (“rectifica-
tion effect”) (Pappone 1980; Almers et al. 1984; Stiihmer et al. 1987).
Fahlke and Ruppersberg (1988) have studied in detail the decrease of

68



|
Tl g
1t
R
e
<L {
:’:%D‘ 1%
& l%
5k E
ﬁﬁ}iﬁg
oo w0 s 12
V., (mV)
B
< f
i
ﬁ?ﬁ
1)
1 | | I |
—40 0 40 80 120
 V, (mV)
Figure 4.4:

Normalized sodium peak currents I, evaluated at different membrane poten-
tials V... I, was obtained by dividing the mean of peak currents obtained with
7 mM Mg?*t with those obtained in the absence of Mg?*. A is obtained with
15 mM Na}, 110 mM Na}. B is obtained with 30 mM Na}, 110 mM Naf.
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sodium outward currents in the human skeletal muscle. They observed
that the outward sodium currents decrease despite the larger driving
force for Nat. They attributed their results to a conformational change
of the sodium channel at the high voltages. Their intracellular solution,
however, contained 1.5 mM Mg?*. This makes it likely that the decrease
of the currents, they observed, is due to the voltage-dependent Mg?t.
blockage.

the intracellular Mg?* blocking on the outward Na* currents have
been found in cloned sodium channels and endogenous sodium channels
in chromaffin cells (Pusch et al. 1989 and Pusch 1990a). It is also found
in our studies that Mg?* can lead to the reduction of sodium channel
membrane conductance on the rat cerebellar granule cell. Macroscopic
sodium currents have been recorded with the different experimental so-
lutions by the whole—cell patch clamp configuration. The Mg?* block-
age of the sodium current was found to be voltage dependent, that is,
the stronger blockage was found at the higher membrane potential. The
reduction of the outward sodium currents has been observed in the pres-
ence of low intracellular Mg?** concentration as 0.5 mM. The blockage
increases as Mg?T concentration increases. This finding is consistent
with those described by Pusch et al. (1989) and Pusch (1990a).

The interactions between Mg?* and Na}, N al have also been
studied in this thesis. It is found that Mg?+ blocking effect is slightly
influenced by the extracellular Na*t concentration, but is strongly in-
fluenced by the concentration of Naf. The blocking effect increases as
[Na®]; decreases. However, this [Nat],~dependence contrasts with that
observed by Pusch (1990a). To understand this contrary, two significant
differences existing in both experimental solutions should be considered.
First one is that Naj was replaced by K} in order to decrease [Nat]; in
Pusch’s intracellular solutions, while Cs* was used to replace [Nat]; in
my case. It cannot easily be gotten rid that there is certain interactions
between K* and Nat, or K* and Mg?*. Also we have to consider that
the permeability of alkali cations through the sodium channel follows
the sequence of Li* ~ Nat > K+ > Rb* > Cs*t (Chandler and Meves

1965). The second difference, which may be more serious one, is that
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the varying range of sodium concentrations used is quite different. This
difference is important, specially considering that Danko et al. (1986)
reported that the blocking effect of divalent guanidinium analogues of
the sodium channels in squid axon bears the similar [Na™]; dependence
to that observed by Pusch (1990a). In the experiments described in theis
thesis, the concentrations of Na} were varied from 15, 20 to 30 mM. In
Pusch’s experiments, however, [Na*]; was changed from 30 to 125 mM.
In Danko and coworker’s work, [Nat]; was changed from 50 to 200 mM.
The big difference of [Nat]; may trigger certain different intrinsic mecha-
nism of sodium channels. For example, the sodium channels may behave
as an one—ion pore, i.e. one ion hold by sodium channels at a time at
the physiological [Na*];, but behave as a multi<ion pore at the unusual
high [Nat];. The presence of multi ions inside the sodium channel may
bring about some specific effects. This change is possible, since there
is already some arguments that there are more than one binding sites
inside the sodium channel (Hille 1975, Begenisich and Cahalan 1980a,
b). To confirm this possibility, it is useful to make some experiments
in which [Na*]; should be changed gradually. If the second hypothesis
proposed above is correct, a turning point of [Na*];~dependence of Mg+
blockage is expected. 4

As a simply summary, the intracellular Mg?* blocking effect of the
sodium current observed in granule cells is dependent on the membrane

potential, [Mg?*t];, as well as Nat concentrations from both sides.
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Chapter 5

The influence of l\/Ig,&2+ on the

sodium channel gating

From the previous pharmacological studies, the drug effects of ionic
channels on excitable cells can be classified as the channel blocking and
the gating modification (Hille 1984). One of the most well known sodium
channel blockers is tetrodotoxin (TTX), which blocks sodium channels
in nanomolar concentrations. TTX blocks the sodium channels by com-
peting with Na* for a common site on channels and binding the site with
a high affinity (see Section 1.2.2). The gating process modification of the
sodium channels by drugs mainly includes (1) The prevention of inacti-
vation. Some of this kind of modifications involve irreversible cleavage
of covalent bonds. Many of the cleavages slow the rate of inactivation.
For example, the internal perfusion with pronase, which is a mixture of
proteolytic enzymes-endopeptidases, can destroy the inactivation, but
leave the activation process and the peak current amplitude untouch
(Bezanilla and Armstrong 1977). The single-channel conductance mea-
sured by fluctuations is also not changed (Conti et al. 1976b). (2) The
promotion of activation at rest, e.g the external applied aconitine leads
to —50 mV shift of activation process (Mozhayeva et al. 1977). Several
kinds of drug receptors of the sodium channels have been illustrated in
figure 1.9B. and (3) Shifts of the voltage dependence of all gating pro-

cesses. This modification is mainly due to specific ionic conditions of
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the recording solutions, such as the existance of the external divalent
ions (Hille 1968) or the unusual pH values (Woodhull 1973).

Coming back to our case, it has been illustrated in the last chapter
that Mg?™ can influence sodium currents in a voltage dependent way.
That is, the outward sodium currents reduce even with the increase of

the driving force in the presence of Mg?

*. The inward sodium current,
on the other hand, is less effected by the presence of Mg?*. In order
to investigate whether the reduction of maximum sodium membrane
conductance is due to the Mg?* modification of the voltage dependent
sodium channel gating mechanism, the gating parameters of sodium
currents in the presence of different [Mg?*]; were analysed. The experi-
mental solutions used in the experiments, described in this chapter, are

shown in Section 2.5.

5.1 Sodium channel activation is shift by
30 mM [Mg?");

The macroscopic sodium currents were recorded in the presence of differ-
ent [Mg?*]; . Figure 5.1 shows the families of sodium currents obtained
with 0, 7 and 30 mM [Mg?t]; ([Nat]; = 30 mM, [Na‘t], = 110 mM).
It is observed that Mg?" blocking effect increases as [Mg?*t]; increases,
which is the same as that described in the last chapter. In the presence
of 30 mM Mg?", the outward sodium currents are strongly blocked. It
is noteworthy however that the inward sodium currents appear at the
lower potentials than those obtained with the control patch or with 7
mM Mg?* in the patch.

The I, — V,,, relationships of sodium currents shown in figure 5.1
are established in figure 5.2. I, — V,, relationships of sodium currents
constructed in the presence of 0 and 7 mM [Mg?*]; are compared in fig-
ure 5.2A. The reduction on the outward peak currents is clearly shown,
while the Mg?* effect on inward peak currents is not observable. Fig-
ure 5.2B illustrates the difference of I, —V,, relationships obtained in the

presence of 0 and 30 mM [Mg?*];. Three features can be observed from
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Figure 5.1:
Families of sodium currents elicited from three patches by voltage steps from
a holding potential of ~90 mV and 5 msec —100 mV prepulse to test potentials
from —20 mV to 80 mV in 20 mV steps, at different Mg?* concentrations, indi-
cated above the current traces. All currents have been corrected by membrane
areas. [Nat]; = 30 mM and [Nat], = 110 mM.
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I, — V,, relationships obtained at [Mg?*]; = 0,7 mM (A) and [MgZ+); = 0, 30
mM (B). Triangles present control I, obtained in absence of [Mg**];, squares
and pentagons are those obtained in the presence of [Mg?*];. [Na*]; = 30 mM
and [Nat], = 110 mM.
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these two figures: (1) The reduction of the outward sodium currents
measured in the presence of 30 mM Mgt appears at lower potentials
comparing with the potential at 0 and 7 mM Mg?*, i.e. the voltage
dependence of Mg?™ blockage shifts to lower potential. (2) The in-
ward sodium currents appear at lower membrane potentials than those
recorded in 0 or 7 mM Mg?*. These two observations suggest a negative
shift of the activation process of the sodium channels. The maximum
inward peak current, I*=, is similar to that in the absence of Mg?*.
The value of I;"** from 13 different 30 mM Mg?* patches was estimated
to be 0.2240.07 pA/pm?, which is not statistically different from the
value of 0.234:0.07 pA/um? measured from 10 control patches. However,
the potential at which the inward peak currents reach their maximum,
V%, is estimated to be —15.542.5 mV. This is lower than the vyres
estimated in the absence of Mg?™, which is 8.041.9 mV. (3) The sodium
reversal potential V.., decreases in the presence of 30 mM Mg?*. In the
absence of Mg?", V,., is estimated to be 30.3+2.7 mV (n=10) and V,.,
is shifted to 18.4+3.0 mV (n = 14) with [Mg?*]; = 30 mM. This reversal
potential shift is most probably due to the Mg?t permeability change of
the sodium channel.

The negative potential shift of the activation of sodium currents
observed in the presence of 30 mM Mg?t suggests that Mgt may in-
fluence the voltage dependent gating process of the sodium channel.
Therefore, it is necessary to further investigate if Mg?* blockage which
is clearly visible at [Mg?t]; < 7 mM is also due to its influence on the

gating process.

5.2 Approximate methods to estimate Mg?*
effect on the sodium channel gating

processes

An approximate approach to study the sodium channel gating process

consists of the comparison of the voltage dependent properties of the
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Mg**]; (mM)| 10 mV 80 mV 100 mV | N

0.0 1.57+£0.17 | 0.47+£0.04 | 0.47+0.04 | 15

0.5 1.2940.19 | 0.48+0.03 | 0.45+0.03 | 4

1.0 1.44+0.41 | 0.4440.02 | 0.42+0.03 | 5.

3.0 1.22+0.19 | 0.454-0.04 | 0.40£0.04 | 9

7.0 1.33+0.20 | 0.4740.02 | 0.444+0.02 | 5
Table 5.1:

The time to peak (7}, msec), evaluated at different applied membrane poten-
tials. Values are mean + SD. Experimental [Na*] conditions are: [Nat]; = 15
mM, [Nat], = 110 mM.

peak currents in the presence of different [Mg?*];. Since I, depends on
the kinetics of the activation of the sodium channel, the time to peak,
t,, can be estimated as an approximate value of the activation time
constant, 7,. The invariance of ¢, measured at the different applied
potentials in the presence of [Mg?*t]; < 7 mM is presented in table 5.1.

The activation curves were constructed from I, obtained at dif-
ferent concentrations of Mgt according to the method described by
Probstle et al. (1988). With this method, the peak currents were fur-

ther expressed as:

max Vm“V;ev
7 _ Ymas( )

P 1—exp(z’£§—‘ﬁl>

(5.)

where V}, is the half activation potential, a is the e~fold voltage de-
pendence of I, activation. This “I,~activation” curve can be used as
another approximate method to investigate the steady-state activation
of sodium channels. However, there is no significant changes of V; and

a found in sodium currents obtained with the experimental soltuions

110Na/15Na(0 — 7) (see table 5.2).
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[Mg“’]{ Vh a N
(M) | (mv) | @v)
0.0 10.8+2.1 | 9.94+0.9 | 13
0.5 10.5+£2.1 | 10.1+£1.3 | 6
1.0 9.2+1.0 | 9.44+1.2 | 6
3.0 11.8+1.9 | 10.1+£1.0| 5
7.0 10.4+3.0 | 9.6+1.2 | 11
Table 5.2:

Half activation potential (V) and e—fold voltage dependence of activation (a).
Data were obtained from fitting the peak current, estimated at each potential,
with equation 5.1. Values are mean+SD. ([Nat]; = 15 mM, [Nat], = 110 mM)

5.3 The voltage—dependent gating param-

eters of sodium channels

A further and more precise analysis of the gating mechanism of the
sodium channels in the presence of different Mgt concentrations was
performed, using the HH model, as described by Moran and Conti
(1990) and in Chapter 3. In this case, the sodium currents measured
in the presence of [Mg?t]; varying from 0 to 30 mM were analysed
(110Na/30Na(0—17,30)). Experimental protocols compose of one-pulse
and double—pulse experiments as described in Section 2.3. The proce-
dure of data analysis has been explained in Section 2.4.

Total sodium current traces elicited by the different membrane
potentials were fitted with equation 2.1, which describes the sodium
current in terms of a rapid activation process that opens channels dur-
ing a depolarization and a slower independent inactivation process that
closes them during a maintained depolarization. This fitting gives out

directly the voltage dependence of the activation and inactivation kinet-

ics constants: 7., and 7. Ty, and 7, in the presence of different [Mg?*];,
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[Mg?t]; (mM) | -10 mV 10 mV 60 mV | n

0.0 5.6740.14 | 1.93+0.60 | 0.464+0.06 | 5

7.0 4.824+0.92 | 2.124+0.58 | 0.43+0.06 | 7

30.0 2.54+0.71 | 0.98+0.20 | 0.40£0.04 | 11
Table 5.3:

The inactivation time constant (75, msec)

Data was estimated at different membrane potentials and with 0, 7 and 30 mM
Mg?*. Values presented are mean+SD ([Nat]; = 15 mM, [Nat], = 30 mM).

[Mg?*]; (mV) | -10 mV 10 mV 50mV | n
0.0 0.62+0.14 | 0.4440.11 | 0.20+£0.02 | 5
7.0 0.62+0.08 | 0.444+0.09 | 0.27+0.04 | 7
30.0 0.44+0.03 | 0.304+0.07 | 0.194+0.02 | 11
- Table 5.4:

The activation time constant (7,,, msec)

Data was estimated at different membrane potentials and with 0, 7 and 30 mM

Mg?*. Values presented are mean+SD ([Nat]; = 15 mM, [Nat], = 30 mM).

varying from 0, 1, 3, 7 to 30 mM, have been estimated. The mean values
of 7, and 7,,, obtained in different solutions have been compared in ta-
ble 5.3 and table 5.4. It was found that there is no significant difference
in both 7, and 7, at [Mg?*]; <7 mM. However, the voltage dependent
relations of 7, and 7, do significantly shift to the negative potential
about 25 mV when [Mg?*]; is changed from 0 to 30 mM (see table 5.3,
and table 5.4, figure 5.3). é¢, an empircal time delay at the onset of the

sodium current (eq. 2.1), has also be estimated in the different experi-
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Figure 5.3:

The voltage dependent inactivation (A) and activation (B) time constants.
Triangles are values measured in the absence of MgZt, squares are those with
[Mg?*]; = 30 mM ([Nat]; = 30 mM, [Na*t], = 110 mM). Each data point
represents the mean of measurements with the number indicated in tables 5.3
and 5.4. Bars represent their standard deviations. Voltage shifts in both cases
are about —25 mV, when [Mg?*]; is increased from 0 to 30 mM. Time constants

measured in the presence of 7 mM Mg?* (not shown) overlay quite well with

those obtained at 0 mM Mg?*. 80
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§t measured in the presence of 0, 7 and 30 mM Mg?*. There is no significant
difference on 6t at lower potential or in the presence of 0 and 7 mM Mg?t

Squares represent §t measured in the presence of 30 Mgf“‘”, pentagons are those
with [Mg?* = 7 mM and triangles are those with [Mgz"”], = 0 mM. In all cases,
[Nat]; = 30 mM, [Nat], = 110 mM.

mental solutions. There is no significant difference found in the values
of &t measured at [Mg?t]; < 7 mM, but it appears to decrease at higher
membrane potentials in the presence of 30 mM Mg?* (figure 5.4).

The voltage dependence of the steady-state activation parameter
Teo, has been further calculated with the relation: m2, = g/gmaz- The
half-activation potential, V]7,, at which the open—state probability for
each activation gate is 0.5, and the apparent valence, zn, of a single
activation process (m-gate) obtained from different [Mg?*]; conditions
are compared in table 5.5. These parameters were obtained by fitting
equation 2.3 to the experimental data.

The voltage dependence of the steady—state inactivation parameter,

ke, was obtained by fitting the normalized peak currents obtained from
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Figure 5.5:

The voltage dependence of steady-state activation (A) and inactivation (B)
~ gating parameters in the presence of 0 (triangles) and 30 mM (squares) Mg
([Nat]; = 30 mM, [Nat], = 110 mM). All the data represent mean values,
with the number of experiments indicated in table 5.5. Bars are their standard
deviation. A Smooth lines were obtained by fitting data with equation 2.3.
V172 shift is -29.140.4 mV. B The steady-state inactivation parameter ko, as
function of prepulse potential. Smooth lines represent the fitting results to
equation 2.4. V%, shift is ~25.7+7.8 mV. ‘
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[Mg**]; Vil Zm N VY}2 @h N
(mM) (mV) (mV) (mV)

0.0 -1.8+0.1 2.14+0.2 7 | -21.8+£3.9 | —-6.9+0.6

0.5 -19.2 -6.1

1.0 -6.544.3 2.0+0.4 31| -26.9 -6.7

3.0 -14 1.9 1

7.0 -4.34+3.1 2.0+0.2 5| —-26.6+4.5 | -6.84+2.2 2

30.0 -30.9+0.1 | 2.240.2 6| —47.5+3.9 | -6.9+0.3 4

Table 5.5:
Activation (Vl"/‘z, zm) and inactivation (V1’72, ap) parameters, which character-
ize the voltage dependence of steady state activation and inactivation param-

eters of the Hodgkin—Huxley model. ([Nat]; = 30 mM [Nat], = 110 mM)

the traditional double-pulse experiments against the prepulse potential
with equation 2.4. Analogously to me, Vf}z and aj characterize the
half-inactivation potential and the steepness of the voltage-dependence.
Vlh/z, ap, obtained with the presence of different [Mg?*];, have also been
compared in table 5.5. All the data do not indicate significant differences
at [Mg**]; <7 mM. However, both V7}, and Vi’/2 show the negative
shifts, which are in range of —25 to —29 mV, but leave the steepness
of the activation and inactivation curves unchanged, when [Mg?*]; was
increased from 0 to 30 mM. The voltage dependence of m., and hu,
obtained in the presence of 0 and 30 mM Mg?™", is compared in figure 5.5.

These results suggest that the Mg?" effect on the sodium gating
processes is nonlinearly dependent on its concentration. A similar shift
in range of =25 to =29 mV of the activation and inactivation processes
and the unchange of the steepness of the voltage dependent gating pro-
cesses, with [Mg?t changed from 0 to 30 mM, can be explained by the
local surface potential change produced by Mg?* on the intracellular

membrane surface. Similar interpretations have been proposed by Hille
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(1968) and Hahin and Campbell (1983) to explain the effect of extracel-

lular Ca?* on sodium currents.

5.4 Surface potential change caused by Mg?*

In this part of the thesis, a series of experiments and analysis have
been performed to investigate if Mg?* may have effects on the sodium
channel gating processes. It is found that the voltage dependence of all
the gating parameters of the sodium channel are shifted in a equal range
of =25 to ~29 mV by 30 mM Mg?*. The shift of voltage dependence of
gating parameters is insignificant at [Mg?t]); <7 mM.

There are two reasons which may cause the shift of the voltage
dependent relation. The first one is due to the ionic strength of the
ionic solution used in the experiments. In fact, in the experiments of
this thesis, the ionic strength % of 30 mM Mg?* intracellular solution is
different from those of 0 and 7 mM Mg?* solutions. The other possibility
may be Mg®* screening the negative charges on the inner membrane
surface. 30 mM Mg?* screening effect may be more significant than
that of 7 mM Mg,

As mentioned in Section 1.2.3, the sodium channel is a trans-
membrane protein with the polarized pore and linkages exposed to the
intracellular or extracellular polarized media. There are some net nega-
tive charges on the sodium channel surface or the entrance of the channel
which decides the cation selectivity of the sodium channel. Furthermore,
the essential components of the biological membrane are phospholipids,
which bear a negative charged phosphate-head and two nonpolar fatty
acid tails. The phosphate-heads of phospholipids are generally polar-
ized, which leads to the presence of net negative charges existing on the
natural membrane surface. The membrane charges can be neutralized
by cations in the bulk solutions on both sides of the membrane. Fig-
ure 5.6 describes a simplified membrane with a single negative charged
surface. A positive potential applied across this membrane is shown. If

there were no negative surface charge, a test particle would approach the
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Figure 5.6:
Potential drop for a test charge moving through a membrane. The dotted line
is linear potential drop for a homogenous membrane with no embedded charge,
and the solid line is potential change for a positive test charge approaching a

membrane with imbedded negative surface charge.

surface and its potential would dissipate steadily as it crossed the homo-
geneous membrane, as shown by the dotted line in the figure. With the
negative charges present, the surface will have a lower potential than
the solution and the test charge would move to this lower potential.
In order to escape from the surface, it would now have to acquire the
energy to separate from the negative charge and enter the membrane.
If a collision provides sufficient energy to separate it from the negative
charge, it will then have a reasonable probability of crossing the mem-
brane. The time required for the test charge to cross the membrane is
a very sensitive function of the microscopic structure of the membrane.
The potential drop from the solution to the negative charged surface
Va(z) approximately follows the relation given by the Gouy-Chapman
theory.

Va(z) = 7 exp (—r(z — a)) - (5.2)

ER
€ = €€, in which ¢, and ¢, are dielectric constants of electical medium

and vacuum. o is the total surface charge per unit area. a is the
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minimum distance that the bulk cation can approach to the membrane
surface. x determines how rapidly the potential decay occurs. k! has
the unit of length and is called the Debye length. « is a function of the

ionic strength and defined as:

_ [2F%)
~=\TgT (5.3)

and the ionic strength + is defined as

p=:3 22 (5.4)

c? is the bulk concentration of the ith jon. z; is its charge valence. These
relations are hold for the calculation of the potential drops V,(z) and
Vi(z) caused by the extracellular and intracellular membrane surface
charges. With the consideration of the surface charge effect, the mem-
brane potential which are actually felt by the voltage-sensor of the ionic
channel should be

V =V - (Vi(2) ~ Vu(s)) (5.5)

With equation 5.2 the ratio of the potential drop caused by 7T mM
Mg?* Vz(z), to that caused by the 30 mM Mg?*t Vao(z), can be calcu-
lated and considered as the membrane potential drop by the different
intracellular solutions, since the cell bath solutions are the same in both
cases and all the other conditions i.e. €, ¢ ad © — a are assumed to be
the same from cells to cells. Therefore, Vz(z)/Vao(z) is

V7($) K3o
= —exp (k3o — K7) = 1.27 5.6
‘/30(1') K7 p( 30 7) ( )
Analogously, Vo(z)/Vz(z) = 1.23 and Vi(z)/Vao(z) = 1.43. These ra-

tio however, can not account for the voltage dependence shift described

above completely, since the shift caused by 30 mM Mg?* is in the range
of —25 to —29 mV, which is much larger than that caused by 7 mM Mg?t.
There is no significant difference in fact in the latter case, compared to
that measured in the presence of 0 Mg?*. Therefore, the significant shift
caused by 30 mM Mg?* should be mainly due to the Mg?+ screening the
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negative surface charge,i.e. Mg?™ binding to the negative charged mem-
brane sites and leads to the local potential change. The concentration
of unbound surface binding sites on the membrane can be calculated in

terms of the electrochemical potential of Mg?t as:

Ototal

o =
1+ K[Mg*]; exp (=55)

(5.7)

where K is the equilibrium constant of Mg?* binding with the negative
surface charges. From this equation, it is clear that the potential drop
caused by the membrane charge decreases as [Mg?*]; increases, which
may account for the significant shift caused by the 30 mM Mg?*.

The ionic screening effects have already been studied in the dif-
ferent ionic systems. One of the best studied examples is the shifts the
voltage-dependent sodium channel gating process by the external Ca2*.
This phenomena was first found by Frankenhaeuser and Hodgkin (1957).
They found that the calcium concentration changes shift the voltage de-
pendence of sodium and potassium gating processes as if a bias is added
to the membrane pbotential. The shift of the voltage dependence of the
gating process was found also by the other divalent cations, see figure 5.7.
One popular used explanation for this phenomena is the surface poten-
tial theory, which has been discussed above. That is, the local electric
fields set up by charges near the membrane-solution interface can bias
voltage-sensors within the membrane. Cations in solutions may screen
the negative charges on the membrane, which leads to the change of the
local electrical fields. In some cases, however, there are more effects on
the gating modification than the equal potential shift. For example, in
frog nerve, Ni** slow activation and inactivation processes of sodium
channels, as if the temperature had been lowered, in addition of shift
the voltage dependence (Dodge 1961, Hille 1968, Conti et al. 1976b).
In squid axon, Zn’* slows inactivation but not deactivation (Gilly and
Armstrong 1982). In frog muscle, Ca?t shift all the sodium channel
gating parameters equally, but low pH does not (Hahin and Campbell
1983, Campbell and Hahin 1984). Therefore, ionic effects fall into a
pattern. When cations are added, such as Zn?**, Ni** and HY, primarily
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Figure 5.7:
Voltage shifts with different divalent ions. Shift of Na inactivation (right scale)
in frog nodes of Ranvier are plotted against concentrations of added divalent
ion, with the horizontal line marking the control value for 2 mM Ca?*. So-
lutions contain only one kind of divalent ion at a time. Curves and the left
scales are surface potentials calculated from a Gouy—Chapman—-Stern model of

surface potentials. (Hille et al 1975).
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by binding to the specific site of the sodium channel (see figure 1.9B),
rather than just screening, it causes more effects on the gating process
than a simple shift of the voltage dependence of the gating process.
The aim of this chapter is to investigate if Mgt blocking effect
is due to its modification on the sodium channel gating process. From
present studies, it is found that the voltage dependence of all gating pa-
rameters of the sodium channel can be shifted to negative potential by
30 mM Mg?? in a equal range of 25 to —29 mV. However, the steepness
of the voltage dependence of steady—state activation and inactivation
does not change with the increasing of [Mg?*]; to 30 mM. Furthermore,
the shift of the voltage dependence of gating parameters is insignificant
at [Mg®*]; < 7 mM. From these observations, it can be concluded that
the high concentrated intracellular Mg?* (30 mM) may screen the neg-
ative charge on the inner surface of the sodium channel protein and
lead to an equal shift of the voltage dependence of sodium channel gat-
ing parameters. The screening of the negative surface charges by Mg?*
may enhance the Mg?* blocking effect by reducing the actual Na* con-
centration near the internal mouth of sodium channel. However, it is
unable to explain the strong blockage happening at the low Mg?*t con-
centrations such as 0.5 mM to 7 mM, at which the Mg?t screening
effect is insignificant. Furthermore, it is also insufficient to explain the
other characterizations of Mg?* blockage as its strong dependence on
[Nat];, since the screening ability of the monovalent cation is much less
than that of the divalent one. In fact, to screen the same amount of
negative surface charges, the monovalent ionic concentration needed is
much higher than the divalent ionic concentration needed. The ratio of
the divalent cation concentration needed to the monovalent cation con-
centration needed can be approximately calculated with the Grahame
equation as (Starzak 1984):
Cdivalent = (;;;T; ). (5.8)

To explain well the blockage, Mg?t must have more effect on the sodium

channel other than the simple screening negative surface charges on the

inner membrane surface. As we have demonstrated, Mg?" can interfere
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with Nat not only from the intracellular side, but from the extracellu-
lar side as well. The only place where the intracellular and extracellular
ions may meet is inside the channel. Therefore, it is most probable
that Mg?" enters the sodium channel during the sodium permeation
(i.e open—channel state). The entrance of Mg?™ may interrupt the nor-
mal accommodation of sodium channels to Nat and lead to the Mg?*t

blocking effect of sodium currents observed.
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Chapter 6

Kinetic model for 1‘\/Ig2Jr
‘blockage

In the last chapter, it has been demonstrated that the high concen-
trated Mg;* (30 mM) can screen the negative charge on the inner cell
surface and lead to the local electric field change. This surface poten-
tial change results in the equal shift of the voltage dependent gating
parameters. The negative shifts of the steady state inactivation param-
eter ho and the inactivation time constants may decrease somehow the
peak currents. Furthermore, the decrease of the negative charges on
the inner surface of the sodium channels may decrease the local [Nat];
near the inner entrance of sodium channels, which may also lead to the
decrease of sodium currents. But this shift is insufficient to explain the
obvious Mg®* blockage caused by the low intracellular Mg?t concentra-
tions, such as 0.5 mM. In the low [Mg?*]; condition ([Mg?*]; < 7 mM),
no gating parameters are significantly affected by Mg?* (Chapter 5).
Therefore, it can be concluded that the Mg?* blockage mainly results
from the interference of Mg?* with the sodium permeation through an
open channel. '

In Chapter 4, it was demonstrated that Mg?* blockage is not only
significantly enhanced with the decreasing of [Na*];, but also slightly
increases as [Na®], decreases. This phenomenon actually is a common

characterization of the enzymatic competitive reaction. The only place
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where Na™ from the outside and Mg?* from the inside might meet should
be the sodium channel pore itself. Hence the competitive blocking effect
of Mg?* can be explained as Mg?* competing with Na* for occupying
the sodium channel. The occupancy of sodium channels by Mgt would
interfere the normal accommodation of the sodium channel to Na*™ and
leads to the blockage of the sodium permeation.
In order to account for the dependence of Mg?t blockage on Na}

and Na}, a sodium permeation model was investigated based on the
Michaelis—Menten kinetics in enzymatic reactions. With this model,

the blockage of Mg?* can be explained quite well.

6.1 Data preparation

The peak currents obtained at the different membrane potentials, as
well as with different ionic concentrations described in Section 2.5 have
been used to quantitatively analyse the kinetic model proposed below.
In most of the data analysis, the mean of the normalized peak currents
from two experimental ionic conditions (e.g. L,([Mg*];)/I,(0)) was used.
Means of peak currents were obtained from 4 patches up to 26 patches
at each ionic concentrations. The mean of normalized peak currents was
obtained as following.

Assuming a normalized function R defined as R = P(3)/Q(j), with
1=1,N and 7 =1, M, the mean of R, < R >, is given as:

<R>— NMZZ P(z Nlju'ZZRlJ (61)

Q)

and its standard deviation is given as:

B \] ¥ oM (Rij— < R >)?

NM(NM —1) (82)

6.2 Sodium ion permeation

The ionic flux through the ionic channels has been explained by satu-

rating pore models, which were first introduced to biology by Hodgkin
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and Keynes (1955) and developed by Heckmann (1965a, b, 1968, 1972)
and Lauger (1973). In these models, it was assumed that (1) ions must
bind to certain sites in the pore as part of the permeation process, and
(2) a site can bind only one ion at a time. These assumptions are fully
analogous to those in the derivation of the enzyme kinetics. Ionic chan-
nels can generally be distinguished as two classes of saturating models:
one—ion pores and multi-ion pores. The former may have several inter-
nal sites, be permeable to several types of ions, but can contain only
one ion at a time in the pore. The jonic permeation through this kinds

of channels can be described by a very simple saturable system, as:
51,2’3 + X, = S]_X = SzX = S3X = 51,213 -+ Xo

In which, 513 represents that there are three binding sites inside an
one—ion pore. The permeation of intracellular ion X; through such a
pore consists of three steps of binding—unbinding processes.

Multi~ion pores may contain more than one ion in the pore simul-
taneously, which may induce conductance g and reversal potential V.,
as a function of the ratio of ionic concentrations (i.e. concentration—
dependent permeability ratios). Many ionic channels, in fact, belong to
the this class. The conductance-concentration relation of the multi-ion
channels is very complex and the simple saturation pore model proposed
above, which is suitable for one-ion pore, might not be directly applied.
But to see all these details, the concentration has to be varied over many
orders of magnitude. In practical experiments, limited to concentration
changes of only one or two order of magnitude, the conductance might
appear to obey the simple one—ion saturation (Hille 1984). This theory
is also applicable in our situation that the sodium channel can be consid-
ered as a simple one-ion channel with the presence of the low permeable
lonic concentraions.

There are already some arguments that there are more than one
binding sites inside sodium channels (Hille 1975, Begenisich and Caha-
lan 1980a, b). However, a further simplified one binding site kinetic
model can be applied to describe the sodium permeation, based on the

assumption that the ionic flux is mainly determined by the rate limiting
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binding—unbinding step of ions with the channel. Therefore, the sodium
permeation can be described with the simplified one—ion pore saturable

model described as the following scheme:

kl [Na‘+]i kz
S+ Naf = SNa* = S+ Na}
k-1 k_g[Na+]o

where S represents the sodium channel. SNat is the binding state of
Nat with the channel. Different k represents the rate constant of the
reaction to different direction. Rate constants have dimensions either
s~ IM~! for k; and k_, or s™! for k_; and k;. All the rate constants
are the functions of the membrane potential. They also depend on the
chemical potential associated to their relative reactions. The binding
of Na+t with its rate-limiting sites can be characterized by the voltage
dependent Michaelis constants Kpn,; for Nal and Kpgao for Na}. The

Michaelis constants are defined as:

k_i+k
KNai(Vm) = 1]:1_ 2 (63)

and L L
KNao(Vm) = —:}i"j—;—i (64)

These two constant reflect the interdependence of Naf and Na} during

the sodium permeation.
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6.3 Kinetic model of Mg?* blockage

In the presence of a competitive blocker, Mg?*, the permeation through
the sodium channel described above may be modified as:

kl [Na+]i k2
,5’—{—]\/'&;-'~ = SNat = S—!—Naj
k_1 k_;[Nat],
+
Mg-2+
ks | ka[Mg?+];
SMg?t ** Blocked State

where SMg?* is the combination form of Mg?* with the sodium channel.
Because no Mg!* exists in the extracellular membrane side, the binding
ability Mg?* with the sodium channel can be directly characterized by
the dissociation constant K Mg(Vim), which is a function of membrane
potential. It is defined as

k_s

Kpng(Vim) = (6.5)

3

6.3.1 The steady state sodium flux in presence of
Mg?+

The sodium ionic flux, which is directly measured at the steady state,

can be described as:
J = [S][Na*};ky + [SNat]k, — [S]INa*],k_y — [SNat]k_, (6.6)
The sodium channel S has three existing forms:

[STtot = [S] + [SNat] + [SMg*F]. (6.7)
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Since at the steady-state, d[SNa*]/dt = 0 and d[SMg¢**]/dt = 0, an-
other two equations can be obtained. From the former condition, we

have:

(SNa*)(ks + k1) — [S)(k1[Na*]; + k_z[Na*]s) =0.  (6.8)

From the latter one, we get:

SM 2+
[SMg2+] _ [ ]‘[KMg ] (6.9)
g
Introducing eq. (6.9) into eq. (6.7), we further get:
M 2+
5Me*] = )~ 18] (1+ L) (6.10)
Mg

Combine eq. (6.10) and eq. (6.8), the expression of [S] in terms of [S]iot
can be obtained:
[S]tot

11 DT

Ky

[5] =

(6.11)

in which,

ki[Na*t); + k—2[Nat], [Na*l; n [Na*],

A= = .
kg + k-—-l KNa‘i KNao

Introducing equation (6.11) into equation (6.8):

[S]tot
+1 —
SV = T by (6.12)

Introducing egs. (6.11), (6.12) into eq. (6.6)/[S]i, together with the
relation between the flux and current as I = zF'J, the sodium current
in the presence of Mg’* is given as:
I= r
= T
1+ + 5D

(6.13)

~ where, I” corresponds to the theoretical maximum sodium current,
which could be reached when all the channels are conductive and Mg?*
is absent. It is defined as:

kyko[Nat]; — k_1k—2[Na*],

I"=2
ki [Nat]; + k—2[Nat],

[S]eot
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It is also equivalent to
= 1
I"=1I(1+ ).
(1+5)

where I is the sodium current directly measured in the absence of Mg?™.

The sodium current in the presence of Mg?", expressed by equa-
tion (6.13), is a function time ¢, membrane potential V, ionic concen-
trations of intracellular and extracellular Na*, as well as that of intra-

cellular Mg?*. Full expression is shown as equation (6.14):

I*(t Viny [Na™];, [Nat],)
Mg
14+ (1+ KM"(Vm))A

This equation, however, makes the quantitative analysis almost
impossible due to the presence of the time variable ¢. In order to super-
sede t in the actual data analysis, the peak sodium current was applied

in the data analysis. Peak current, I, is defined as :
Lp(Vem, [Na™ )i, [Nat],, [Mg*]:) =

I;(Vma [Na'+]i’ [.NCL ] [M92+] )P ( my [Na‘ ]17 [Na+]o, [M92+]i) (6'15)

where I, is the peak current which can be measured directly at an ap-
plied membrane potential V,,. I, is the theoretical peak current when
all the sodium channels are conductive and P, is the probability of the
channel to be in the conductive state.

The peak currents are normalized as (I,,):

Ip(Vn, [Na™];, [Na*],, [Mg**],)
IP(Vm7 [Na+]i7 [Na+]o') 0)
(6.16)

In(Vrm [Na'+]i, [Na'ﬂo’ [M92+]i) =

equation (6.14) can be simplified to:
1

[Mg2t]; ’

In(Vm, [Na ]u [Na ]07 [M92+] )
1+ KV [NaH: [Na o)

(6.17)

where the apparent binding constant Kj;” is defined as:
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Kty (Vs [Na™)i, [Na¥]o) = Karg(Vin) (1 + 4)

atl; atl,
- KoV e e
©(6.18)

6.3.2 Fitting theoretical model with experimental
data

The steady state sodium current expression derived in the last section
provides us a directly method to quantitatively analyse the Mg?t block-
age in terms of the Mg?* dissociation constant of Kpr,(V,,) and the
Michaelis constants of Nat, Kn.i(Vix) and Kn.o(Vin) with the sodium
channel. It is noteworthy however, that the peak current analysis method,
proposed above, can be applied only if the gating mechanism of sodium
channel is not significatively influenced by Mg?*. That is, P, in the
equation (6.15) is not significantly influenced by the presence of Mg?*.
This condition is satisfied when [Mg?*]; < 7 mM, which has been demon-
strated in the Chapter 5 (see tables 5.1 to table 5.5). If this is the case,
I, should be expected to approach to a constant, at least in a range
where I is not significantly influenced by Mg?t. Figure 6.1 illustrates
this behavior of I,. In this figure, the values of I, were obtained by
normalizing the mean peak currents, < I, >, obtained with 7 mM Mg?*
in patches by those obtained in the absence of Mg?t. It is shown that
I, is quite constant at membrane potentials lower than the equilibrium
~potential of sodium channels, and then decreases in a voltage dependent
way as potential increases.

Values of K77 have been calculated from equation 6.17 by least—
square fitting I,, as a function of [Mg?*];., I, were measured at a
given membrane potential V;,, ionic concentrations [Nat]; and [Nat],
respectively. Fitting results illustrate the voltage—, [Na*];— and [Na*],~
dependence of K3f? behaviors. Kf7 estimated from the different exper-
imental conditions (i.e. Vj,, [Nat]; and [Nat],) are shown as the data

points in figure 6.2. It is observable that the dependence of K3fy on
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Figure 6.1:

Normalized sodium peak currents I,, evaluated at different membrane poten-
tials V,,. Data points I, were obtained by normalizing I,([Mg?*]) obtained
with 7 mM Mgt by I, obtained in absence of Mg?t. Bars represent their
standard deviations after such normalization. Normalized data points were
from 23 control patches and 8 Mg?+ patches. Sodium equilibrium potentials
are 30.8+2.7 mV (0 mM Mg?*) and 31.3+£3.7 mV (7 mM Mg?*). [Nat]; = 30
mM and [Nat], = 110 mM. I, fluctuates around 1 when membrane potential is
lower than the sodium equilibrium potential, which suggests there is no signif-
icant influence of Mg?* on the gating mechanism of the sodium channel. The
decrease of I,, at membrane potentials higher than the sodium equilibrium po-
tential indicates the voltage dependent blockage of sodium currents by Mg?*.
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Figure 6.2:

Apparent binding constant Kyf? as function of [Nat); (A) and [Nat], (B).
K;{PZ were obtained from equation 6.17, at different membrane potentials Vi,
and different ionic concentrations [Nat]; and [Nat],. Kjf? were plotted as data
points in figures, bars represent their standard deviations. K ay were further
fitted with equation 6.18 against [Nat]; with [Na*], fixed at 110 mM (A), or

against [Nat], with [Nat]; fixed at 30 mM (B). Fitting results were represents
as smooth lines in figures.
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[Nat], is less than its dependence on [Nat];.

Values of K)f¢ were further fitted as functions of [Na*]; and [Na*t],
respectively, as described by equation (6.18). Fixed [Na%], at 110 mM,
two voltage dependent constants Al and B1 were obtained, by fitting
Ki7o(Vim) as function of [Na*]; with equation (6.18)

110

AL = Kuo (V)1 + —775)
_ Baty(Vim)
Bl = Knai(Vim) o

Fixed [Na%); at 30 mM, A2 and B2 at the different membrane potential
Vin. were obtained by fitting K37 (V:n) as a function of [Nat],:

A2 = Kpo(Vi)(1 + #(()‘/m.))
_ KMQ(Vm) ‘
B2 = m (6.20)

Combining these four expressions, one can get expressions (equa-
tion 6.21) of dissociation constant K Mg and Michaelis constants Kyg;
and Kp,, at the different membrane potentials (V,,,) as following:

110 — 304182

Knai(Vm) = —m—351 131123_52
Az B2

KMg(Vm) = KNat(Vm)B]-
KMQ(Vm)
B2
Up to now, the interaction between Mg?* and Na™ has been sep-

arated. The Mg®* binding affinity with the sodium channel can be cal-

culated as an only function of the membrane potential. Values of Kyy,,

KNao(Vm) - (621)

KNao and Ky, calculated from 9 different membrane potentials, have
been shown as data points in figure 6.3. The behavior of Ky, at the
different potentials shows that the dissociation constant of Mg?t with
the sodium channel is a decreasing function of the membrane potential,

that is, the affinity increases with the depolarization of the membrane.
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Figure 6.3:

The voltage dependence of dissociation constants Karg(Vim) (squares) and
Michaelis constants Kn,i(Vin) (triangles) are illustrated in A. The voltage
dependence of Michaelis constant Kngso(Vin) is shown in B. Each data point
was obtained by fitting K37t (Vim,[Na™];,[Nat],) as function of [Na*]; and
[Nat], respectively, using the equation 6.18. Bars are the standard deviations
‘obtained from calculations. Smooth lines were obtained by fitting Kary(Vim)
to the equation 6.27 and Knai(Vin), KNao(Vm) to equations 6.28 and 6.29.
Fitting results are detailed in the text.
102



The kinetic constants Kn,; and Ky, reflect the steady state concentra-
tion relation between the different substrates of the binding site of the
channel. From the definitions of these two constants (egs (6.3), (6.4)),
it can been seen that the increase of Ky, values with the depolariza-
tion reflects the smaller backward (i.e. inward) Na*t flux compared with
the forward one. On the other hand, the decrease of Ky,; with the de-
polarization reflects the forward Nat flux due to Na} rushing into the
channel to be dominant at the higher membrane potentials.

In order to further explain the voltage dependence of Kpry, Kyai
and Kn,,, the binding-unbinding processes of the Mg?* and Na*+ with

the sodium channel are further studied.

6.4 The free energy of the reaction

For a reaction indicated in the kinetic scheme for the sodium permeation
shown in section 6.2, the general process of the ionic binding—unbinding
reaction can be described conveniently in terms of tunneling through
barriers induced by thermal fluctuations (see figure 6.4). The corre-
sponding partition function is the sum over all the possible configura-
tions of the reaction with the appropriate Boltzmann factors. In terms

of the path-integral formalism, the partition function is given by

1 G4l
o - 6.22
where, ¢ is a general configuration of the reaction, G [¢] is the free energy
functional, kp is the Boltzmann constant, T is the absolute temperature
and N is a normalization factor.
Specifically to the Mg?* unbinding reaction, the unbinding rate

constant, k_s, can be correspondingly expressed as

ks = /Dgﬁ 2rw[d] exp (-—%g—), (6.23)

in which, 27w[¢] is the reaction rate at a given configuration ¢. In the
case of heavy ions, e.g. Mg®* and Na*, the fluctuation effects can be ig-

nored and a saddle point approximation is valid. In this approximation,
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For a simple ionic binding and unbinding reaction, its general process can be
described in terms of tunneling through barriers and wells. A Gibbs free energy
density at the absence of external electrical field. B Two possible configurations
of [Nat] in the absence of external electrical field.
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we have

a-
k_3 = 2rw_sexp (— p Mjf) , (6.24)
B

where, G, is the free energy associated to the most probable configu-
ration of the Mg?* unbinding reaction, and 27w_s is the corresponding
reaction rate. It can be further expressed in terms of the thermal energy
kT, ie. 2rw_z = kgT/h, where h is the Planck constant.
Analogously, the rate constant of Mg?t binding process can be

expressed as

Gt
ks = pkl;lT exp (——Mg-) (6.25)

where G, is the free energy of the Mg?" binding reaction. p is a
constant with the dimension of M~ to be fixed by the zero-free energy
level of the reaction.

Similarly, the binding and unbinding rate constants for Na} and

Na] are expressed as

kpT ( G?)
ki =pi——exp | —

3 k5T
L ksT ea
T TR P\ T kT
b, kT [ GJ
T2T P T SRR\ T
kT G-
- _ e 2
k, - exp( . ) (6.26)

in which, the subscripts of G, 4’ and ‘o’, refer to the reactions of
Naf and Na} respectively. ‘+’ and ‘-’ refer the binding and unbinding
processes. p; and p, are the constants to be fixed by the zero—free energy
levels for the reactions of Na;j and Naf.
In the presence of the applied membrane potential V,,, the addi-
tional Eyring rate factors (Eyring 1935, Glasstone et al. 1941, Moore
and Pearson 1981) have to be included in the equations (6.24), (6.25)
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and (6.26), in order to take into account the electrical field effect intro-

duced. Therefore, the dissociation constant of Mg?* is given as:

Kung(Vim) = lc—i = Ku,(0) exp(—2BV,,8'). (6.27)

Analogously, the voltage-dependent Michaelis constants, K N,,,(V ) and
KNao(Vin), are expressed as:

ki+k
KNai(Vm) = ______}_k_:;_____}_
. (BV.
- K,-(O)exp(~BVm5)+K,.exp( : )exp(-BVma)
(6.28)
ki1+k
KNao(Vm) = _2';_—2'_2

= K,(0)exp (BV,(1 — §)) + K_exp (— Vm)exp (BVm(1 = 6))

(6.29)

in which, B is defined as F'/RT. §' and § represent the fraction of total
electrical potential drop, between the inner surface of the membrane and
Mg?* and Nat binding sites respectively (the total electrical potential
drop across the membrane is assumed to be 1). For simplification, the
potential drops § detected by Na®™ or Mg?* will be called as the elec-
trical distance from the inner membrane surface to the binding sites.
K[ and K| represent the outward and inward sodium flux probabilities
respectively. They are defined as:

1 G- - Gf
[ - _ o 1
K= pieXP( T )
and G o+
1 PR
K =— —t 2,
L= e )

Kag(0), K;(0) and K,(0) are the dissociation constants of Mg?*,
Na} and Na} with the sodium channel at the zero membrane potential

respectively. They are defined as
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Kiny(0) = > exp (- 5220 (6.30)
1 AG;
K;(0) = p exp (=37) (6.31)
and
1 AG,
K,(0) = o exp (— kBT)' (6.32)

where AG represents the different ionic binding-unbinding reaction free
energies at the zero membrane potential, with the subscripts related to
Mg?*, Na} and NaJ respectively.

Fixing the zero-free energy level at p = 1, which corresponds to
dissociation constants to be 1 M, i.e. fixing the zero—free energy levels
at equilibrium states at V = 0 mV, the reaction free energies of Mg?*,

Naf and Na} systems can be calculated as:

AGy, = —kpTln K, (0) (6.33)
AG; = —kpTIn K;(0) (6.34)
AG, = —kpTn K,(0) (6.35)

The values of Kp1o(V), Knai(V) and Knao(V), obtained at the dif-
ferent membrane potentials, have been calculated from equations 6.21
with two sets constants A1, A2, Bl and B2. The values of these three pa-
rameters are shown as the data points in figure 6.3. The equation (6.27),
which can be easily transformed as a linear equation, has been used to
fit Karg(V), in order to locate the binding site of Mg and to calculate
the free energy of the binding-unbinding process of Mg?* system. Equa-
tions (6.28) and (6.29), on the other hand, are comparably difficult to
handle. The method used to solve such a complicated nonlinear equa-
tion is illustrated in the Appendix. The results of fitting the voltage—
dependent Knai(Vin), Knao(Vin) and Ku1g(Vim) with equations (6.27),
(6.28) and (6.29) are shown as smooth lines in the figure 6.3. From
these fittings, the dissociation constants of Mg?t, Naj and Na} with
their binding sites inside the sodium channel at V,, = 0 mV have been
estimated. For Mg?*t, Kj74(0) was estimated to be 8.65+1.51 mM, which
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corresponds to the reaction free energy of 4.75+0.17 kgT. The location
of the Mg?* binding site inside the sodium channel is 0.26+0.03 electrical
distance from the inner membrane surface. The zero membrane poten-
tial dissociation constant for Na}, K;(0), is estimated to be 83.76£7.60
mM, corresponding to AG = 2.48+0.09 kpT, which is smaller than
that of Mg?t and reflects the energy—favorite binding—unbinding of Na*
with the sodium channel. The location of the Naf binding site is at
0.75+0.23 electrical distance from the inner membrane surface. Finally,
for the extracellular Na™, the dissociation constant K,(0) is 20.86+1.49
mM with § = 0.584+0.05 electrical distance from the inner membrane
surface. Hence, the different voltage dependence of Mg?** dissociation
constant, as well as the Michaelis constants can be explained by the dif-
ferent fractions of the total electrical potential drop by Mg?t and Nat,
i.e. so—called the different ionic locations inside the sodium channel
discussed above. The free energy of Nal binding—unbinding process is
calculated to be 3.8740.07 kT unit, which is smaller than that for Na}.
This difference between Nal and Na] reaction free energies reflect that
the chemical potential differences between Nat on the both sides of the
membrane. This difference should lead to the unlike favorite reaction

directions for Na} and Na}.

6.5 Discussion

A kinetic model to describe the sodium flux in the presence of Mg*t was
proposed in this chapter, which is analogous to those used to describe
the enzyme kinetics. The possible influence of ionic the concentrations,
as well as the interaction between the different kinds of ions (Mg?*
and Na') on the ionic affinities with the sodium channel have been
considered in the model. This consideration benefits as the possible
calculation of the dissociation constant K, and the Michaelis constants
Kpnoi and Kpyg, only as functions of the membrane potentials. The
dissociation constant of Mg?* is found to be a decrease function of the

membrane potential. Michaelis constants Kyo; and Ky, have been
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found to have the opposite voltage dependence (figure 6.3). These two
parameters reflect that the influence of Na] and Na} on the steady state
_sodium flux are different at the different applied membrane potentials.

The rate constants of the different ionic binding—unbinding reac-
tions have been expressed in terms of the free energy of their individual
reactions, with an additive Eyring rate factor to account for the effect of
the external applied membrane potential. These expressions provide an
easy way to locate the binding site of Nat and Mg?* inside the sodium
channel. It was found that the rate-limiting binding site of Na} and
Na; appears to be the same, which locates in the range of 0.58+0.05
to 0.75:£0.23 electrical distance from the inner membrane surface. This
location of the Nat binding site, §, is in the agreement with those calcu-
lated by the others: 1 —§ =0.36 in the guinea~pig heart sodium channel
(Nilius 1988), 1 — § = 0.3740.2 in the neuroblastoma (Yamamoto et
al. 1984). On the other hand, the rate-limiting binding site of Mgt
inside the sodium channel appears to be different from that of Na™,
since §' = 0.26 =0.03. The Mg’* binding site calculated however is con-
sistent with that calculated by Pusch (1990a), which is 0.2540.02 (30
mM Naf). The difference of the Na* and Mg?* binding sites is consis-
tent with the argument that there may be more than one binding side
inside the sodium channel (Hille 1975, Begenisich and Cahalan 1980a,
b). However, independently on how many binding sites are necessary to
accurately describe the sodium current, which would lead to different
transient states of Na®, i.e. NaS;, NaS; etc., in the sodium perme-
ation scheme, the kinetic model for Mg?* blockage proposed above is
still efficient, unless one binding site can bind more than one ion at a
time. Mg®* is probably not permeating but prevents the Nat perme-
ation by competitive binding to a site located at an electrical distance
of 0.26£0.03 from the internal surface of the membrane.

With the voltage dependent relations of the dissociation constants
Kpg(Vim) and Michaelis constants Ky,i( Vi) and Kyeo(Vin), it is possible
to calculate the dissociation constants of Mg?t and Nat with the sodium
channel at the zero membrane potential, Kr,(0), K;(0) and K,(0). The
value of Kj7(0) is much smaller than that of K;(0), which reflects the
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Figure 6.5:
The voltage dependent dissociation constants Karg, K;(V) and K,(V') are con-
structed from equation 6.27 and equations 6.36 and 6.37 with the fitting results
of equations 6.27, 6.28 and 6.29. For Kary(Vin), § = 0.26 and Kpy(0) = 8.66
mM. For Ki(V,n), § = 0.75 and K;(0) = 83.65 mM. For K,(V;,), § = 0.58 and
K,(0) = 20.89 mM.

high affinity of Mgt with the sodium channel. In fact, the reaction free
energies of both reactions calculated reflects that the binding—unbinding
of Mg?* with the sodium channel is less energy—favorable than that of
Nafl. Since AGy, = 4.75 £ 0.17 and AG; = 2.48 £+ 0.09 kgT. The
dissociation constants of Na} and Na} also appear to be different, which
reflect the reaction free energy differences of Na} and Na}, which leads

to the different effect on the sodium permeation by Na} and Na}.

The voltage dependence of the dissociation constants of Mg?™,
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Na} and Na} are constructed with the dissociation constants of Mgt
and Nat with the sodium channel at the zero membrane potential, as

well as the binding site distance §, of different ions, using equations 6.27
and

K,'(Vm) = Ki(O)eXp(—-BVm(S) (6.36)
Ko(Vin) = K,(0)exp(BVin(1 — 6)). (6.37)

The results are shown in figure 6.5. From this figure, two distinguished
features can be observed. The first one is what has been discussed above.
That is, the dissociation constant of Ky, at the any membrane poten-
tial is lower than those of both Na;j and Na}. This feature is consistent
with the argument above that Mg} has higher affinity with the sodium
channel. This high affinity should be one of the main reasons for the
Mg?** blockage. The second feature is that the voltage dependent behav-
ior of K; is just opposite to that of K,, which reflects the fact that the
outward sodium current is dominant at higher membrane potentials and
inward sodium current is dominant one at lower potentials. The cross
point of K;(V,,) and K,(V;,) should correspond to the state that sodium
currents from both directions reach the equilibrium. The potential of
this point corresponds to the reversal potential of the system.

Except the high affinity of Mg®* with the sodium channel, Mg?*
blocking effect of the sodium channel may be enhance by some other
reasons. The selectivity of sodium channels may be one of important
factors may enhance Mg?*t blockage effect. Mg?* enters the sodium
channel and binds to a site during membrane depolarization. Because
of the selectivity of the pore (the permeability ratio of Mg?t to Nat
through sodium channel is less than 0.1 (Hille‘, 1972)), Mg?t is not
further permeable and may come back to the intracellular side due to
the unbinding reaction of Mg?*. The permeability ratio of Na* to Mg+
of the sodium channels may be approximated calculated from the sodium

reversal potential according to the Goldman-Hodgkin-Katz equation.

Pya _ _ 4[Mg*) 1 - exp (— %)
Pyy, 14 exp (——Z}ﬁ.ﬁ) [Nat], exp (—%—) — [Nat];
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In the presence of 110 mM Na}, 30 mM Na} and 7 mM Mg?t,
Pno/Puy is estimated to be to be 14.4540.38. This values is in the
same magnitude as that calculate by Hille (1972). Most probably, the
sodium channel selectivity and the high affinity of Mg®" may coexist
and influence each other, which may lead to the entrance of Mg?* into
the channel several times during the depolarization, giving out a high
frequence of flickering at single channel level. The flicker caused by
Mg?* may produce an apparent single channel conductance decrease.
In fact, the flickering effect of Mg?* has been observed in single channel
measurements of mutant sodium channel expressed in Xenopus oocytes
(Pusch 1990a). However, the complete explanation of Mg?t may need

our further understanding of the sodium channel structure.
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Chapter 7

Discussion

7.1 Sodium current on rat cerebellar gran-

ule cells

Despite constituting by far the largest population of neurons in the
mammalian brain, little was known about the membrane properties of
cerebellar granule cells until recently (Cull-Candy and Ogden 1985, Hi-
rano et al 1986, Hockberger et al. 1987), since they are too small to
readily accommodate microelectrodes. Large members of the granule
cells can be obtained in relatively pure cultures by the mechanical or
enzymatic dispersal of the rat cerebellum (Levi et al. 1984). This has led
to a number of biochemical, electrophysiological and cell development
studies on the granule cells. The first one includes the measurement of
»?Na* flux (Beale et al. 1980), the uptake and release of glutamate (Levi
and Gallo 1986), the turnover of inositol phospholipids (Nicoletti et al
1986) and the intracellular calcium measurement using Fura—2 (Connor
et al 1987). The latter two include the characterization or the develop-
ment studies of ionic channels linked to the amino acid receptors in the
granule cells (Cull-Candy et al. 1988, Sciancalepore et al. 1989, 1990)
and the potassium channels (Cull-Candy et al. 1989, Robello et al. 1989
and Galdzicki et al. 1990). However, the characterization of the sodium

channels has not been carefully studied up to now. The detail study of
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sodium channels should be very helpful to understand the overall phys-
iological function of the granule cells. Based on this points, I completed
my previous work (Lin 1988) and further performed a series of exper-
iments to record the whole—cell sodium currents and analysed them in
terms of the original Hodgkin and Huxley Model (Chapter 3). From
these studies, the voltage~dependent gating process of sodium channels
in the granule cells, such as the kinetic time constants 7., 7, and the
steepness of the activation and inactivation processes, has been found
bearing the similar behavior as those characterized in the other prepa-
rations (Section 3.3). However, the voltage dependence of the activation
and inactivation processes shifts to more positive potential, comparing
with the other cells. This difference may reflect that the more negative
surface potential on the granule cells membrane. Since the cerebellar
granule cells are normally subjected to a continued depolarization in
the physiological conditions due to their intrinsic synapses inputs (Levi
et al. 1984), this relative negative membrane potential may correspond
to certain physiological meaning as permitting granule cells to maintain
their excitability. In fact, it is observed that the good culture condition
is found in the presence of the high KCl concentration (25 mM) in the
culture medium (Levi et al. 1984, Galdzicki 1990).

7.2 Mg?" blocking effect on the sodium
channel: characterization and expla-

nation

As discussion above and in Chapter 3, the cerebellar granule cell in
culture has been recognized as an excellent model for studying the elec-
trophysiological properties of neurons, due to its maintained morpho-
logical and functional properties as native neurons. Recording with
the experimental solution as 110Na/15Na(0), no significant rectifica-
tion phenomenon was observed on the outward sodium current. This

observation is consistent with Pusch’s conclusion (1990a) that the rec-
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tification effect described by Pappone (1980) and others (Chapter 4) is
due to the presence of Mg?* inside their intracellular solutions.

In order to study Mg?* interference of the sodium permeation,
a series of experiments were designed to characterize the Mg?* block-
ing effect (Section 4.1). It is found that Mg?* blocking effect of the
sodium channel is voltage and [Mg?*]; dependent (Section 4.2), which
agrees with the observation of Pusch (1990a). The interactions between
Mg?* and Na}, Na} has also been studied. It is found that the Mg?*
effect can be slightly influenced by the extracellular Nat concentra-
tions, but is strongly influenced by the concentration of Naf. The
blocking effect increases as [Nat]; decreases (Section 4.3). However,
the [Na*];—dependence of Mg?* blockage contrasts with that observed
by Pusch (1990a). The possible explanation for this opposite effect is
that there might be other ionic interactions or sodium channels may
hold more than one ions at a time in the presence of high [Nat];, such
as 125 mM (see Section 4.4).

The finding that the high concentrated Mg?* (30 mM) shifts the
peak current vs. membrane potential relationships to more negative po-
tential leads to the study of the possible Mgt influence on the voltage
dependent sodium channel gating processe (Section 5.1). The sodium
channel gating mechanism was carefully studied in terms of the Hodgkin
and Huxley model (Section 5.3). All the voltage dependent gating pa-
rameters, obtained from the different experimental solutions, were com-
pared. Two results were found. First of all, the voltage dependence of
the sodium channel gating process may be strongly shifted to the more
negative potentials in a range of —25 to 29 mV by 30 mM Mg?*, but
leaves the steepness of the voltage dependent activation and inactiva-
tion untouched. These gating behavior provides the evidence that the
sodium channel gating process itself does not modified by Mg?*. Mgt
change the local membrane potential drop by screening the negative
charges on the inner membrane surface (Section 5.4). The other finding
of the gating mechanism studies is that the influence on the gating pro-
cess is nonlinearly dependent on [Mg?*};, since the voltage shift is still -

insignificant with [Mg®*]; up to 7 mM. This nonlinear relation between
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the potential shift and Mg?* concentration may also be explained from
the Mg?* screening theory, since the Mg} concentration nonlinearly
affects the surface charge density via the equation (5.7) (Section 5.4).
The screening of the fixed negative surface charges by Mg?" may
enhance the Mg?* blocking effect by reducing the actual Na™ concentra-
tion near the internal mouth of sodium channel. However, it is unable
to explain the strong blockage which has happened at the low Mg?*
concentration ([Mg?*]; < 7 mM), at which the screening is insignificant.
Furthermore, it is also insufficient to explain the other characterizations
of the Mg?* blockage described above and in Chapter 4 (Section 5.4).
Mg?* must have more effect on the sodium channel other than the sim-
ple screening negative surface charges. Since Mg®* can interfere with the
Nat from both intracellular and extracellular sides, it is proposed that
the explanation for the Mg?t blockage should be that Mg?* competes

with Nat for occupying the sodium channels.

7.3 Mg?* blockage can be described with

a kinetic model

The sodium permeation can be described as a binding process, i.e. Na*
has to bind to sites inside the sodium channel during its passing through
the membrane (Section 6.2). The rate constants of the ionic binding and
unbinding with the sodium channel are voltage dependent and also de-
pendent on the chemical potential of the system. For simplifying the
quantitative analysis of this model, an one-binding site approximation
is applied, i.e the sodium channel is considered as an integrity. The
introduction of this approximation is based on the assumptions that the
ionic currents is mainly determined by the ionic binding to its rate—
limiting site, and one site can bind only one ion at a time (Section 6.2).
In the presence of a competitive blocker Mg?*, Mg?* blocks the channel
by occupying one of binding sites of Na*, and preventing the further
binding (or entering) of Nat to Mg?* occupying sites (channels). The

sodium permeation with the presence of Mg?™, therefore, has been de-
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scribed as the voltage dependent binding—unbinding process, based on
the Michaelis—Menten reaction kinetics (Section 6.3).

The normalized peak sodium current, I,,, has been introduced to
describe quantitatively the Mg?* blockage model (Section 6.3), with the
condition that there is no significative influence of Mg?* on the gat-
ing mechanism of sodium currents (Sections 5.2, 5.3, 6.3.2). The model
provides a straight way to calculate the voltage dependence of the disso-
ciation constant of Mgt with sodium channels, as well as the Michaelis
constants for the intracellular and extracellular Na™ with the channel
(Section 6.3). The former directly illustrates the blocking capability of
Mg?*. The latter two constants illustrate the influence of Na't from dif-
ferent sides on the steady—state sodium flux as functions of membrane
potential, as well as the interdependence between Na} and Nat in the
sodium permeation.

Relations between the dissociation constant K mg(Vim), Michaelis
constants Knai(Vin), KNao(Vin) and membrane potential V,, have been
further described in terms of the reaction free energy (Section 6.4).
These expressions provide an easy method to locate the binding site
of Nat and Mg?" within the sodium channel. It was found that the
rate-limiting binding site of Na} and Nal appears to be the same. But
the Na* binding site is different from that of Mg?* binding site (Sec-
tions 6.4 and 6.5). This difference is consistent with the argument that
there may be more than one binding side inside the membrane (Hille
1975, Begenisich and Cahalan 1980a,b). However, independently on
how many binding sites are necessary to accurately describe the sodium
current, the kinetic model of Mgt blockage proposed is still efficient to
describe the ionic flux through one-ion pore (Section 6.5).

With the voltage dependent relations of the dissociation constant
and the Michaelis constants, the dissociation constants of Mg?* and Na*
with the sodium channel at the zero membrane potential, Kpry(0), K;(0)
and K,(0) have been calculated (Section 6.4). The value of Krg(0) is
smaller than those of K;(0) and K,(0), which reflects the high affinity of
Mg?*t with the sodium channel. At zero membrane potential, the ionic

affinities with the sodium channels follow the relation as: Na} < Na} <

117



Mg?*. The calculation of the free energy of the ionic binding-unbinding
processes also give out an energy—unfavorable binding of Mg?" with the
sodium channel (Sections 6.4, 6.5).

7.4 Evaluation of data analysis

7.4.1 Data analysis

The whole—cell sodium current recordings have provided a very explicit
way to characterize Mg?* blockage on the sodium channels comparing
with the single channel recording of sodium currents. This method, how-
ever, has its own inconvenience due to the difficulty of the intracellular
perfusion on such a small cell as the cerebellar granule cell. Avoiding
this problem, all the experiments were performed with different patches
and the statistical analysis was applied with the assumption of the even
distribution and properties of sodium channels per unit area of the cell
membrane. Since the experimental conditions for the different patches
may suffer the unexpected changes (individual cell conditions, culture
conditions, temperature, real applied potential etc), the good qualified
experiments chosen for the data analysis and as more as possible ex-
periments are expected in order to minimize the individual difference.
Furthermore, a reliable data analysis should include all the standard de-
viations in every step of the data analysis, which increases the amount
of work. These factors have been considered in my data analysis. The
standard deviations of the indirect experimental data e.g. Kjfr, Kurg
etc are obtained by introducing the direct experimental errors (e.g. the
error generated during the data normalization) as the weights in the
fitting (Standard—Chi-Squares fit, Press 1989).

Another inconvenience which may be introduced from the whole—
cell sodium current recording is on the quantitative analysis of the Mg?*
blockage kinetic model proposed in Section 6.3.1. As discussed before
(Section 6.3), the simplified quantitative analysis of the kinetic model
is to supersede the time variable, which was done by introducing the

peak current in the data analysis. The application of the peak current,
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however, needs the prerequisite condition that there is no significant
Mg?* influence on the gating process of the sodium current (eq. (6.15)).
The studies of the possible Mg?* influence on the gating process, either
approximatedly or accurately (methods see Sections 5.2 5.3), therefore
Is necessary before this simplified analysis method is used. On the other
hand, this step of analysis is helpful to get an overall understanding of
Mg?* blockage. Anyhow, this inconvenience can be easily avoided in the
single-channel current analysis, or the analysis of these types of jonic

currents whose peak currents are not sensitive to the gating process.

7.4.2 Kinetic model for sodium permeation

Coming to the Mg?* blockage kinetic model itself (Section 6.3.1), there
may be two possible factors which will be interesting to further consider.
One factor is the application limitation of the model. The model itself
has a wide application specially in describing the ionic flux in one—
lon pore, since there is no critical limitation for the establishing of the
model (see Section 6.3.1). It does explain the Mg** blockage effect quite
well (Chapter 6). However, the contrary [Nat],~dependence of Mg+
blocking effect observed in the experiments described in this thesis with
that observed by Pusch (1990a) calls my attention, since it suggests
that there might be more than one possible Mg?*t blockage mechanism.
Despite the possible interactions between the Nat and K+, K* and
Mg?* discussed in the Section 4.4, it might also be possible that the
sodium channels behaves as a multi-ion pore at the presence of such
high [Na*]; as 125 mM (Pusch 1990a) or 200 mM (Danko et al. 1986).
There is another possibility to explain this contrary, although it appears
to be quite impossible. That is, one binding site in the sodium channel
may hold more than one ion at a time. This possibility is plausible
because most of the binding sites might be occupied by Nat due to its
high concentration. Specially, the Mg?* binding site is found to move
to 0.50 £ 0.02 when [Na*]; increases to 125 mM (Pusch 1990a). In this
case, the kinetic model for Mg?* blockage is modified as:
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S+ Naf == SNa* = S+ Na?

1l

NaSMg** ** Blocked State

However, this possibility is also hard to believe, considering the pos-
sible geometrical space limitation of the sodium channel. No matter
which possibility should account for the contrary observations of mine
and Pusch’s, one caution should be taken is that the blockage effect
should be characterized before the model is applied. The Mg?** block-
age kinetic model proposed in this thesis is only suitable to explain the
competitive blockage.

The other interesting factor is how accuracy the sodium current
can be described by this simple kinetic model. In order to simplify the
quantitative calculation, an approximation was used, i.e. only the rate-
limiting step is considered in the description of the sodium pej:meation
(Section 6.2). With this approximation, the sodium channel is consid-
ered as an integrity. This assumption may introduce some deviations in
the exact quantitative description of the sodium permeation. The most
obvious one is the finding that the location of Mg?* is different from
that of Na*, which means that the sodium channel is not an integrity
as I assumed. This deviation on the other hand may be one of the ad-
vantages of this simple model. Since the approximation of the channel
as an integrity greatly simplifies the quantitative analysis, but the ap-
proximation does not cover the intrinsic properties of the channel that
there may be more than one binding site inside the sodium channel.

Nevertheless, with all the possible deficiency the model may have,

there are two general informations which can be directly obtained from
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the simple kinetic model of the sodium permeation proposed in this
thesis: (1) The permeation of sodium ions through the channel can be
described as a series of voltage dependent binding—unbinding processes.
These binding—unbinding processes contribute a series of sodium chan-
nels’ own characterizations, such as channel selectivity, voltage depen-
dence and channel modulation and so on. (2) The competitive blockage
of Mg?* can be described as its occupancy of one of necessary sites
of Nat passing. The occupancy of this site interferes the steady state
sodium flux in both directions. The affinity of Mg?t with this site is
voltage dependent, due to the presence of external electrical field. The
affinity of Mg®* with sodium channels at all membrane potential is much
higher than that for Na}, which leads to the widely observed reduction
of the sodium channel membrane conductance. Despite these results,
the significance of this model proposed in Chapter 6 might be the con-
sideration of Na' effects from the both sides of the membrane. This
kinetic analysis method first time provides an approach to directly and
quantitatively separate the different ionic effects. With this method,
it is possible to calculate the real dissociation constant of Mgt with
the sodium channel, which is not a function of [Nat]; anymore and can
be used as an instinctive parameter to characterize the Mg?* blockage.
This result makes this simple model distinguish from all the analysis
methods used by the former researchers. In fact, the finding that K4(0)
as a function of [Na*]; by Pusch (1990a) may suggest that K;(0) actually
corresponds to K377(0) in my work.

As a generalization, It is believed that this simple kinetic model
and the experiment protocol designed in this thesis can be also used to
investigate the blocking effect of the other divalent of the ionic channels.
For example, the blocking effect of Co?* on the NM D A-activated ionic
channel has a similar effect as Mgh!* (Ascher and Nowak 1988). It
could also be extended to check the extracellular ionic effects, such as
Cal* effect on the sodium currents observed by Nilius (1989) and Pusch
(1990b).
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7.5 Physiology function of Mg?* blockage

The inhibitory effects of the internal Mg?* have been demonstrated for a
variety of ion channels. The Mg?t block described by Horie et al. (1987)
for ATP-sensitive KT channels in guinea—pig ventricular cells and that
for inwardly rectifying KT channels (Matsuda et al. 1987; Ishihara et al.
1989) and the muscarinic potassium channels (Horie and Irisawa 1987)
are similar to the sodium channel blockage described in this thesis. The
free [Mg?*]; varies between 0.4 and 3.7 mM for muscle tissue (Blatter and
McGuigan 1988), or 1.7 mM (Alvarez-Leefmans et al. 1986). Changes
in the free [Mg?*]; due to ATP hydrolysis may reach the millimolar
range during the excess energy consumption. Hence, it is possible that
the Mg?* effect of ionic currents may correspond to certain self-control
function of cells. Pusch (1990a) has examined the effect - on action-
potential firing when sodium channels are blocked by Mg?", based on
the Hodgkin—Huxley model. From this simulation, he found that the
amplitude of the action potential can be reduced 15 mV with a delay of
0.6 ms in the presence of 5 mM Mg?*. He concluded that an increase of
the intracellular free Mg?* by the large rates of ATP hydrolysis, apart
from the known effects on the other channel types, might significantly
alter the excitability properties of a cell simply because of the voltage—
dependent block of sodium channels. However, the definite physiological
function of Mg?t has to be confirmed by the measurement of the action
potentials in nerves in the presence of Mg?t (Pusch 1990a).

From results presented in this thesis, the half blocking concentra-
tion of Mg?" is shown to be a decreasing function of the applied mem-
brane potential: Kpry is 8.65+1.51 mM at 0 mV; 1.37£0.33 mM at 85
mV and 0.9940.10 mM at 105 mV. The dissociation constants obtained
at the high membrane potentials are comparable with the physiological
intracellular Mg?*t concentration. This data suggest that the physiologi-
cal Mg?* concentration is effective enough to block the sodium channels
significantly when cells are exposed to the considerable depolarization.
This effect may correspond to a physiological regulation mechanism of

sodium channels.
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Conclusions

1. Sodium channels on the rat cerebellar granule cells can be
described in terms of the HH model. The behavior of the
voltage dependent sodium channel gating process bears the
common features as those described in the other cell prepa-

rations.

2. Sodium currents on the rat cerebellar granule cells can be
blocked by the intracellular Mg?*. The blocking effect of the
intracellular Mg®* is Voltage—, [Na*];-, [Na*],~ and [Mg?*];-
dependent.

3. The voltage-dependent sodium channel gating mechanism is
nonlinearly influenced by [Mg?*];. There is not significant
gating mechanism influence observed at [Mg?t]; < 7 mM.
However, the voltage dependence of sodium currents is shift

to more negative potential by 30 mM Mg?*.

4. The unvarying of the steepness of the voltage dependence of
the sodium channel gating process by 30 mM Mg?*t suggests
that the shift is due to Mgt screening the negative surface

charges.

5. The nonlinear influence of Mg?* on the gating mechanism of
sodium currents can not explain the Mg/t blockage at low
[Mg®*];, such as 0.5 and 1 mM. Mg?* must have more effect

than just screening.

6. The sodium permeation can be described with a simple sat-

urable model, in which Na* has to bind to certain sites in
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10.

11.

12.

13.

14.

the pore as part of the permeation process.

Mg?* blocking effect may be explained by a competitive ki-
netic binding model, in which Mg?* competes with Na* for
occupying sodium channels. The occupying of Mg?* inter-

feres the normal accommodation of sodium channels to Na*.

The rate constants of ionic binding—unbinding processes are
voltage dependent, which should correspond to the voltage
dependence of Mg?t blockage, as well as part of the voltage

dependent behavior of the sodium currents.

The dissociation constant of Mg?™ and the Michaelis con-
stants for Na* can be further expressed in terms of the free

energy of the ionic binding—unbinding reaction.

Binding sites for Na} and Na} are calculated to be 0.58+0.05
and 0.7540.23 electrical distance from the inner membrane
surface respectively. The insignificant difference may corre-
spond to the same binding site of Na} and Na}. This location
is in agreement with those calculated from the other prepa-

rations.

The fraction of the total applied electrical potential drop be-
tween the inner membrane surface and the Mg?* binding site
is 0.2640.05, which directly relates to the voltage dependence
of Mg?*.

The dissociation constant of ions with the sodium channel
at the zero membrane potential is 8.65+1.51 mM for Mg?™;
83.76+7.6 mM for Nal and 20.8641.49 mM for Na}. The
high affinity of Mg?* should be one of the major reasons of
Mg?* blockage.

The voltage dependence of the dissociation constants of Naj
and Na} displays the opposite behavior of dissociation con-
stants of Naj and Na}. This explains the free energy differ-

ence of Naj and Na} at the zero membrane potential.

The low half dissociation concentrations of Mg®* at the higher
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membrane potentials are in the same magnitude as the free
[Mg®*] measured in cells, which may correspond to certain

self-control functions of cells.
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Appendix Nonlinear Fitting

Consider a non-linear model as following equation:
y = ae” + be” et (:1)

To fit this non-linear equation, we separate the fitting problem into
a linear sub-problem and a non-linear sub-problem. More specifically,
we first fix the non-linear parameter c, and optimize locally the linear
parameters a and b. Then, by varying the parameter ¢, and looking for
the global minimum of Chi-square (x?)

n=1

= , (2)
we obtain the global optimization of the parameters a,b and c.

The detail procedure is following. Given ¢, the local minimum of x?
is determined by two conditions of stationarity of x* respect to a and b:

from 8x%/0a = 0, we get

N 2 (yn — ae=® — be™"") g7

; = =0; (-3)
and from 9x%/db = 0, we get
N 2 (y, — ae™™ — be ") e
3 )™ _ (4)

2
n=1 an

where, n = ¢ — p.

From these two conditions, we can get a system with two linear

equations:
N _—2czq N _—(c+n)za N —czn
[ € Ynt€
ay, +b) ——— = (-5)
a1 A f; i 2;:1 i
N _—(ct+n)zn N _—2nz, N —NTn
e € Yne
o) ——— by =) T (.6)
n=1 o-n n=1 O-‘n. n=1 O'n
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More conveniently, we defined three parameters A, B, C:

Z Yne Zyn

e—CTn e—2n%a e~mn N o—(ctn)za

; (.7)

n=1 n=1 0-721 n=1 07%-
yne —NTy —21::::,. Yn€ —cTn e—(c-{-—n)zn
B = Z Z 2 Z Z 2 ) (8)
n=1 n=1 “n i — n
e—2c%n N e~ 2NTn N e—(c-i—n):nn 2
P=R IS (S
n=1 n n=1 n
in terms of which we get parameters a and b from equations:
A
B

By varying different c, we therefore can get a series of constant a and b.
The global minimization of x? allows us to get the best fit @, b and c.

Standard deviations of a, b, and ¢ are calculated as:
N Oa da\?
BT e
l 8b ob\*
=y (o) + () (9

522\ !
oo = (a; ) (.14)
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