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Introduction

Granule cells are the main component of the granular layer of the
mammalian cerebellar cortex, coordination center of the body move-
ments. They are extremely small neurons with a high packing density
matched almost nowhere else in the brain. The granule cells can accept
the electrical messages from the axons of peripheral nervous system and
transfer the messages through their own axons to the neurons in more
superficial parts of the cortex. Therefore, the granule cells are highly
excitable and can be used to study the permeability changes of the
channels during the action potential.

In the quantitative studies of ionic permeability changes of excitable
cell membranes during excitation, the Hodgkin-Huxley (HH) model has
been proved to be the most efficient and practical one [1]. Based on ex-
perimentally measurable parameters, the HH model provides a physical
interpretation of the excitability in cells.

In this thesis, we analyze the properties of the whole cell Na currents
in primary cultured rat cerebellum granule cells, using the patch-clamp
technique [2]. Our study shows that cells after 24 hours in culture can be
used to study the properties of sodium channels [3]. We have used two
approaches to obtain the pure Na currents: blocking the K currents with
CsF; or subtracting the K currents obtained by blocking Na channels
with TTX (Tetrodotoxin, from puffer fish) from the total currents. Qur
experiments show that the subtracting method is not reliable, it drops
much time and hence introducing instability of the patch condition.

The sodium current was analyzed according to the HH model. The

classic two-pulse experiment has been done to obtain the inactivation



parameter (ho). Other parameters of the model, namely Mmoo, 7., and
7. were obtained by fitting Na currents obtained in our one-pulse exper-
iments.

The results were in good agreement with the predictions of the HH
model and comparable with results obtained in the other excitable cells
[4,5,6,7]. We have also studied the temperature dependence of the time
constants. The temperature-dependent activation process has been ob-
served. Sodium channel parameters in the granule cells have been found
to be comparable to those in other neurons.

The thesis is organized in the following way: For completeness, we
give a description of the HH model in chapter 1; in chapter 2 the material
preparations and experimental designs are presented; in chapter 3, the
data analysis and results-are detailed; finally, we compare our results

with those obtained by others together with discussions in chapter 4.



Chapter 1

Review of Hodgkin-Huxley

model

Many species of cells such as neurons and muscle cells are able to
produce and transduce electrical signals as a response to outside stim-
ulations. The cells with this ability are called excitable cells, and this
abilify is called excitability. The response (electrical signal) is called

action potential.

1.1 Membrane potential

Each living cell is limited by a low-conductance membrane which sep-
arates the ion-rich high conductance intracellular from the extracellular
compartments [8]. The hydrophobic nature of the lipid bilayer of the
cell membrane gives rise to different mechanisms for the ionic perme-
ability through the membrane. The ionic channels, ionic carriers and
the energy-driven pumps are among the most important mechanisms for
the electric transport through the membrane, each of which has differ-
ent permeability for different ionic species. Figure 1.1 shows a working
hypothesis of the ionic channel [1].

The ionic channel is a transmembrane protein sitting in the lipid
bilayer of the membrane. When open, the channel forms a water-filled

pore extending fully across the membrane, so that the ions can pass.
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Figure 1.1:
Working hypothesis for a channel.

The channel is drawn as a transmembrane macromolecule with a pore through
the center. The functional regions, selectivity filter, gate, and sensor are de-
duced from voltage-clamp experiments but have not yet been charted by a
structure study [1].



Different kinds of ionic channels have different pore sizes, which lead
to the ionic selectivity of the channel, and different gate charges, which
result in different voltage dependence. The different ionic channels,
the carriers and the pumps make the ionic concentrations and ionic
types on both sides of the membrane different. It is these differences
in ionic concentrations and types on the two sides which generate the
electrical potential difference across the membrane. This potential is
called membrane potential, and is defined as inside membrane potential
minus the outside one (the outside membrane potential is grounded) [1].

Assuming that the membrane is only permeable to one kind of ions,
the ions will transfer from one side of the membrane to the other, until an
equilibrium potential across the membrane is established. This potential
can be calculated by the Nernst equation [9]:

Vn:RT

]
1 2 1.1
2, F g [n]; (1)
where R is the ideal gas constant, 7' the absolute temperature , z, the
electrical valence of the ion and F the Farady’s constant. The two quan-
tities [n]  and [n], are the extracellular and intracellular concentrations
of the ion respectively. The Ohm’s law, when applied to describe the

currents through the ionic channels, should be:
In = gn(V - v;z.), (1.2)

where g, is the conductance of the channel, and V,, is the equilibrium
potential which is also called “electromotive force” (EMF) of the chan-

nel.

1.2 Action potential

The action potential is generated by the depolarization of the membrane
caused by the flow of ions through the ionic channels, in response to
the external stimulation. It sharply rises and propagates along the cell

membrane.
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Figure 1.2:
The conductance increase in excitation.

This classical picture is the first direct demonstration of an ionic permeability
increase during the propagated action potential. The time course of membrane
conductance increase in a squid giant axon is measured by the width of the

white band photographed from the face of an oscilloscope during the action
potential (Dotted line) [10]. ‘



Figure 1.2 shows the first demonstration of ionic permeability in-
crease during activity, obtained by Cole and Curtis [10]. They used a
Wheststone bridge to study the membrane impedance changes of the
squid giant axon during the propagated action potential. They found
that:

e Fach action potential is accompanied by a dramatic impedance

decrease (i.e. 40-fold conductance increase);

e Membrane conductance is a function of voltage and time. It in-
creases only after the membrane potential has risen several milli-

volts from the resting potential;

e EMF of membrane changes during the action potential, which im-
plies that there are more than one kind of ions takeing part in the

activity.

A more detailed study on the squid giant axon excitability was car-
ried out by Hodgkin and Katz [11]. They designed some experiments to
study the amplitude change of the action potential by replacing a frac-
tion of NaCl in the extracellular solutions with choline chloride, glucose
or sucrose. Based on the experimental results, they proposed a “sodium
theory” in which they concluded that the resting membrane is mainly
permeable to the potassium ions and the action potential is mainly due
to the inward-rushing of sodium ions.

Although the studies of action potential had qualitatively established
important concepts of the ionic hypothesis of the action potential, it
was found that they could not provide any quantitative bases because
the time variations of the current, conductance and voltage make the
Ohm’s law (equation 1.2) insoluble. In order to solve this problem, a
new experimental procedure called “voltage clamp” was developed by
Marmont and Cole [12,13], and was used by Hodgkin, Huxley and Katz

in a series of formidable experiments [14,15].



1.3 Voltage clamp technique

“Voltage clamp” is a technique, by which the experimenter controlls
voltages across the membrane and measures the current. Most volt-
age clamp devices are composed of two intracellular electrodes. One
electrode is used to measure the membrane potential, and a negative
feedback amplifier is connected with it to amplify any difference be-
tween the recorded voltage, and the value of the membrane potential
desired. The other intracellular electrode is used for injecting current
from the output of the amplifier, to eliminate the difference between the
measured and the desired membrane potentials. With this arrangement,
the membrane potential is kepf constant and the current is measured.
Figure 1.3 shows simplified arrangements for the voltage clamping of
the cell membrane.

The total current measured can be expressed as:

av
I:Cm—&—t—qLL- (1.3)
where I is the total currents across the membrane, and I; is the ionic
currents through the channels. C’m% is the “capacity-component” of
the current (hereinunder, we call it capacity current) due to the depo-
larization of the cell membrane. Since the derivative d—}t: is the variation

of membrane potential with time, the capacity current is not zero only
at the onset and offset of the voltage (the voltage is constant during the
clamping). The capacity current varies almost linearly with the voltage,
and therefore can be subtracted easily. So the voltage clamp provides a

direct way to measure the total ionic low through the channels.

1.4 Hodgkin-Huxley model

With the voltage clamp technique, Hodgkin and Huxley [7,16,17,18]
designed a series of experiments with squid giant axons. They confirmed
quantitatively their “sodium theory” and modelled the axon membrane
by an electrical circuit with four parallel branches. each representing the

membrane capacitance and sodium, potassium and “leakage” channel



Figure 1.3:

Design of voltage-clamp method.

E' is a voltage recording electrode, I’ is a current-delivering electrode. The -
voltage electrode connects to a high impedance follower circuit. The output of
the follower is recorded at E and compared with the voltage-clamp command
pulses by a feedback amplifier (FBA ). The highly amplified difference of these
signals is applied as a current (dash arrows) through I’, across the membrane,
and to the bath-grounding electrode. where it can be recorded (I) [1].



conductances, as well as the electromotive forces of the channels (see
figure 1.4).

They found that the channel conductance increases follow a S-shaped
time course, when the membrane starts to be depolarized, and decreases
exponentially as the membrane is repolarized. They also revealed that
during the membrane depolarization, the sodium channel conductance
changes due to two processes, namely activation and inactivation. The
activation is a rapid process that opens Na channels during the depolar-
ization, while the inactivation is a slow process that closes Na channels
during a depolarization. The potassium conductance is always slowly
activated during the depolarization, but not inactivated. Figure 1.5
shows clearly the difference between the two conductances.

Based on these features, Hodgkin and Huxley conjectured that there
were four charged particles, called gate particles, for controlling the
potassium and sodium channels. According to the HH model, there
are only two configurations of the gating particles: permissive and non-
permissive. If the gate particles are in the permissive positions, the
channel is opened, otherwise the channel is closed.

Let us define a probability variable n, which assumes value n = 1 if
a gating particle is in its permissive configuration, and n = 0 when it is
in its non-permissive configuration. Using this description, the current

through the potassium channel can be expressed as:
I, = n4g_k(V — Vi) (1.4)

where g}, is the maximum value of K conductance. Assuming a first order
kinetics of the change between open and closed states, the variation of
n can be expressed with the equation:

= = on(l=n) = fun (1.5)
with «, and 3, being two voltage-dependent rate constants of gating
particle transition between its permissive and non permissive positions.
The solution of equation 1.5 is easily obtained:

.

Ht) = Nee — (Mo — n,o)exp(—j—)

'n

10
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Figure 1.4:
Equivalent circuit of axon membrane.

Hodgkin and Huxley described the axon membrane as an electrical circuit with
four parallel branches. The capacity branch represents the dielectric properties
of the membrane. The three conductive branches represent sodium, potassium
and leak conductance with their different electromotive forces. The vertical
arrows define the direction of positive current, according to new convention.
The variable resistors denote time- and voltage-varying conductance arising

from the opening and closing of ionic channels [7].
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Figure 1.5:
Ionic conductance changes in squid axon.

(a) show the two processes of sodium conductance change,and the one
of potassium conductance change (8) during the depolarization. The dash line

shows the exponential decreases of Na and K conductances [19].



1

Ty = —
an + Gr
anp
Mo — ——— 1.6
o + fn (1.6)

where 7, is the time constant of activation process, and n, is the steady
state activation probabiﬁty, ng is the activation probability at ¢ = 0.

Figure 1.6 shows the potential dependence of 7, and n. obtained
by fitting the potassium current with equation 1.6. It can be seen that
at very low potential (e.g. —75mV), ne is small, which implies that
potassium channels tend to close. At positive potential (e.g. +50mV),
N 18 close to one, which implies the channels tend to open. 7, is large
at low potential, and small at high potential, i.e the activation process
is slow at low potential, and faster with the increase of potential.

The description for sodium current is quite similar to that for potas-
sium current. As the sodium current depends on two different processes
during the depolarization, it has been assumed that the four gating
particles can be divided into two types for controlling the opposite pro-
cesses. The activation process is controlled by three gating particles at
permissive configuration, while inactivation process is controlled by the
configuration of the last particle. The sodium current can be described

by the following equation:
Ing = mstha(V — VNa) (17)

where the activation probability m follows the the first order kinetics

equation: -
dm

—7 = am(l=m) = fm - (18

and the first order kinetics of the not inactivation probability A is de-

scribed by:

dh
g :ah(l —h—)—/‘jhh (19)

where the parameters o and [ (we ommitted the subscripts) are the

voltage dependent rate constants of transient processes between per-

missive positions and non-permissive positions. The solutions of the

13
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Figure 1.6:
Voltage-dependent parameters of HH model.

Time constants 7,,,, 74, 7, and steady state values m_,, ho, and n., ,as obtained
from the empirical equations of the HH model for squid giant axon membrane

at 6.3°C'. Depolarizations increase m., and No and decrease ho, [20].
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equations 1.8, 1.9 are given by:

m(t) = Me — (Mo — Mo) exp(——)
1
Ty = —
e
Moy = —m (1.10)
= ‘ [82°%) +ﬂm
and
t
h(t) = he — (heo — ho) exp(——)
Th
o
T an + On
h = —b (1.11)
® ap +,Bh

Here the parameters for the activation process have the similar im-
plications to those for potassium channel. And h is the probability
of not-inactivation in steady state of sodium channel, 7, is the time
constant of the inactivation process. Figure 1.6 (a) and (b) show the
potential dependence of Moy, Tm, Roo and 7,. We see that the activation
process is much faster than the inactivation process and the steady state
parameters my, and hy behavein opposite ways.

The purpose of the HH model was to explain the classical phenomena
of electrical excitability through quantitative analysis of voltage-clamp
current. The model has demonstrated the importance of Na and K
permeability changes for excitability, as well as described the kinetics
of the permeability changes quantitatively. However, the most impor-
tant feature of the model is that it provides the physical interpretation
to the excitability and provides a series of measurable parameters to
characterize the ionic channels. For these reasons, this model has been
demonstrated to be a useful tool in the studies of voltage-dependent

ionic currents in most of the excitable cells for more than 35 years.
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Chapter 2

Material and Method

We have carried out a series of experiments to study the permeability
changes of sodium channels during the excitation of the primary cultured
rat cerebellar granule ells. Since this cell has a diameter of about 5
to 10 pm, the classic intracellular electrodes voltage-clamp technique
cannot be used. In our experiments, we used the whole cell patch-clamp

technique, which is still one of the voltage-clamp configurations [2].

2.1 Cell culture

The primary cultures of rat cerebellar granule cells were prepared from
8-day-old postnatal pups with the following procedure [21]. Groups of
8 rat cerebella were washed with Krebs solution (see tab. 2.1) and were
sliced with a sterile razor in two orthogonal directions. The sliced cere-
bella were suspended and centrifuged at low speed for 1 minute in so-
lution 1 described in table 2.2. The pellet was resuspended by solution
2 (see table 2.3) for 12 ~ 15 minutes in which the Trypsin digested
the connective tissues between the cells. The trypsinization process was
stopped by Soybean Trypsin Inhibitor in solution 3 (see table 2.4). The
cells were washed 2 ~ 3 times in solution 4 (see table 2.5), obtaining
a quite purified granule cell pellet. The pellet was suspended in neu-
ron growth medium (see table 2.6) and plated at a density of 1 x 10¢

cell/dish in poly-L-Lysine coated 35mmn Falcon dishes. 10pM Cytosine

16



Compositions Concentrations (mid )
NaCl 124.00
KCl1 5.37
NaH,PO, - H,O 1.01
D — glucose 14.50
phenol red 0.027
HEPES 25.00

Table 2.1:

Krebs solution

pH of the solution is adjusted to 7.4 using NaOH.

arabinoside was added to all dishes after 19 hrs. in vitro culture to
inhibit the replication of non-neuronal cells. The cultures were main-
tained at 37°C at a 100% humid atmosphere with 5%C 0O, — 95% air up
to even one month. Under this condition, 90% granule cells per dish
were obtained [21]. All cells used were after 24 hours in vitro culture so

that the cells were strongly attached to the bottom of the dishes.

2.2 Solutions

Two sets of intra/extra-cellular solutions were used during the record-
ing. Table 2.7 describs the first set of solutions, in which there was no
blocker for the potassium channels. In this case, TTX (1pxM) was added
to the extracellular solution bath to block th+ Na channels after the con-
trol recordings were made. Table 2.8 gives the second set of solutions
which were used in later recordings. CsF in the intracellular solution
directly blocks the potassium currents. There was no difference in the
current record with or without Ca channel blockers (see [3]). It suggests

that Ca channels do not exist in rat granule cells.

17



Compositions quantities
Krebs solution 15 ml
distilled H,O 135 ml
Bovine serum Albumin 0.45 g
MgS0,-TH,0 22.4 mM

Table 2.2:

Solution 1

pH of the solution is adjusted to 7.4 using NaOH.

Compositions | Quantities

Solution 1 50 ml
trypsin 12.5 mg
Table 2.3:

Solution 2

Compositions quantities
solution 1 15 ml
DNase 1.2 mg
Soybean trypsin inhibitor 7.8 mg
MgS0, - H,O 2.8 mM

Table 2.4:

Solution 3

18




Compositions | quantities
solution 1 | 12.5 ml
CaOlg.Hzo 1.2 mM
Table 2.5:
Solution 4
Compositions quantities
Basal Medium Eagle | 500.0 ml
L-glutamine 147.0 mg
KCl1 825.0 mg
gentamicin 50.0 mg
fetal calf serum
(heat inactivated) 50.0 ml

Table 2.6:

Neuron growth medium

19




Intracellular Eztracellular
KCl 125.00 mM | NaCl 150.0 mM
MgCl, 2.00 mM | KCI 3.0 mM
CaCl, 0.1 mM | CaCl, 1.5 mM
EGTA 1.1 mM | MgCl, 1.0 mM
HEPES / KOH 5.0 mM | HEPES/NaOH | 10.0 mM
sucrose ’ 10.0 mM | D-glucose 6.0 mM
pH . 7.2 | pH 7.4
Table 2.7:

The first set of intracellular / extracellular solutions

This set of solutions is for the TTX experiment (see text).

Intracellular Eztracellular
NaCl 10.0 mM | NaCl 160.0 mM
CsF 110.00 mM | CaCly-2H,0 2.0 mM
EGTA 11.00 mM | MgCl, - 6H,0 1.0 mM
HEPES | 10.00 mM | HEPES 10.0 mM
pH 7.4 | pH 7.4
Table 2.8:

The second set of intracellular / extracellular solutions

This set of solutions is for the direct Na measurement.

20




2.3 Preparation of patch pipette

Borosilicate-glass capillaries (Bo-Kapillaries, Hilgenberg, FRG) with
leng th of 100mm, inner diameter 1.05mm and outer diameter 1.5mm
were used to make the patch pipettes.

Patch pipettes were pulled by a horizontal microelectrode puller
(BB-CH, MECANEX SA, Geneva, Switzerland) at mode 4. The patch
pipette obtained had an inside tip diameter about 0.7um and had the
resistances range from 3 to 10 M when filled with the experimental

intracellular solutions, and with extracellular solutions in the bath.

2.4 Whole cell patch clamp equipment

The whole cell current recording manipulation and equipment ar-
rangements were made according to the procedure described by Hamill
and his collaborators in 1981 [2].

The patch-clamp equipment is essential made of two separate parts.
The first is an I-V converter, which is mounted on the micromanipulators
and directly connected with the pipette holder (shown in figure 2.1). The
pipette current is obtained from the voltage drop across the high-value
resistor R; inside the converter. The second part is the patch amplifier

(shown in figure 2.2). It contains several functional elements:

e the potential differential amplifier (A, in figure 2.2), for monitoring
the difference between the command voltage and the measured

voltage;

e the transient-cancellation amplifier (4s), for cancelling pipette ca-
pacitance (Cf,s), and compensating the membrane capacitance
(Ciow). After such compensation, the membrane capacitance value

can be read directly from the dial setting of the amplifier;

o the series resistance compensation amplifier (As), for compensat-
ing the large series resistance created between the output of the

amplifier and the cell membrane.

21



Figure 2.1:
Cross section through suction pipette holder.

The holder serves two basic functions, first to provide electrical connection
between the patch pipette solution and the pin of a BNC connecter (through
electrode Ag/AgCl), second to allow suction or pressure to be applied to the
. pipette interior (S) [2].

22
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Figure 2.2:
Simplified diagram of recording system.

The current-voltage converter is mounted on a micromanipulator. The pipette
holder plugs directly into the converter [2]. In our amplifer, Ry = 5000 for
thw whole cell recording and R; = 50GQ for the single channel recording.
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Figure 2.3:

The schematic representation of procedure of the whole cell patch-
clamp recording.
The left sketch is the configuration of a pipette in a simple mechanical contact
with the cell. Voltage clamp currents from whole cells can be recorded after
disruption of the patch membrane (center sketch) if cells of sufficiently small
diameter (right sketch) are used [2].

Figure 2.3 illustrates schematically the procedure of the whole cell
recording. All the procedures were done under the microscope (IM35
Carl Zeiss, Oberkochen, FRG). A micromanipulator (step motor, Zeiss,
Oberkochen. FRG) was used to approach the pipette to the cell sur-
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tface. The control potential application and current measurement were
obtained by using a patch amplifier (EPC-7 list, Darmstadt FR@). Cur-
rent signals were observed on oscilloscope (TEKTRONIX 511A Beaver-
ton USA). In some experiments (the earlier experiments, see chapter 4.1,
section 4.1.2), the stimulation voltage steps were generated with a pulse
generator (pu 8085 model, Geneva, Switzerland). The currents were
filtered through a Butterworth filter (3202 model KROHN-HITE) at a
cut-off frequence of 3kH z. The data of this part of the experiments were
digitized and stored by the DATAC (Geneva, Switzerland) acquisition
system in combination with an IBM PC-AT microcomputer. In order
to simplify the data analysis and make the operation more automatic,
the whole stimulation system was improved in the later experiments
(see chapter 3) using a new system. The new acquisition system used
a 12-bit digital-to-analog conversion board (RT1-815, Analog Devices,
USA), combining with an Olivetti M24 microcomputer, driven by a pro-
gram written in Quick Basic(Microsoft,USA). This program generates
the stimulation voltage pulse patterns completely in a automatic way

according to the pre-defined protocols.

2.5 Experimental design

In order to study the permeability of the sodium channel in the granule
cell during the electric excitation, we have measured the four parameters
of the HH model (see chapter 1). As external electrical stimulation, we
have used two kinds of potential pulse protocols.

The first set was one-pulse experiments, by which we obtained the
steady state activation parameter m.,, as well as the time constants of
activation and inactivation processes. In this one-pulse experiment, the
depolarization steps, as shown in figure 2.4, were chosen to vary from
—100mV to 40mV with a duration 10msec in the earlier experiments
(see chapter 4.1,section 4.1.2), and from —50mV to 60mV in later im-
proved experiments, with duration of Tmsec. In the earlier experiments,

the linear leakage and capacity currents were eliminated through the

25
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Figure 2.4:

Voltage pulse protocols.

Two kinds of voltage pulse protocols used in our experiments. Figure (a) shows
the one-pulse protocol used in earlier experiments; figure (b) shows the pulse
sequence for a full cycle of P/4 procedure. Vj is the holding potential for
the test pulse P(—60mV in our experiments). V;, is the holding potential of
subtracting pulse (~95mV in our experiment). The subtracting pulse is in the

same pattern but of one-fourth the amplitude as that of test pulse [22].
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subtraction of the current at pulse potential V' = —100mV (potential
at which there is no ionic current) from the total currents. In the later
improved experiments, the linear components were directly subtracted
on line by the P/4 procedure [22].

The second set was a two-pulse experiment. It was used to measure
the inactivation parameter ho. There were two pulses applied to the
cell during the experiment, called “conditional pulse” and “test pulse”.
The conditional pulse varied from —100mV to —30mV with a duration
of 39msec. to ensure the complete inactivation of the sodium channel.
The test pulse was fixed at —10mV with 4msec. duration. The ratio of
the current with conditional pulse applied (In,) to that without condi-
tional pulse (I n.z) reflects the fraction of channels not inactivated, o,
precisely

Ing
hoo = (2.1)

Imam

All the experiments were performed with a fixed holding potential
of —60mV.

27



Chapter 3

Results

3.1 The action potential and whole cell

sodium current

Action potential has been recorded when using the current stimulus
(see figure 3.1). The sharp rise of the action potential after the in-
flection point indicates the sudden onset of the sodium channel, which
corresponds to the flux of the inward sodium ions. The peak of the po-
tential is approximately equal to the equilibrium potential of the sodium
channel, while the droping of the potential is caused by the outward flux
of the potassium ions and by the inactivation of sodium currents. The
observed action potentials in granule cells have the same character as
those observed in the other kinds of excitable cells [10,23].

During our experiments, we have used two methods to obtain the
pure sodium currents. In the earlier experiments, TTX was added to
the external solution to eliminate the sodium components in the total
response currents, which separated the two components (Na and K) of
the total currents. In the later experiments, CsF is added to the intracel-
lular solution to block the potassium channel directly. The experimental
results show the clear superiority of the later method in studying the
sodium channel. In this chapter, we show only the results obtained in

the later experiments. In chapter 4.1 we give a comparison between the
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Figure 3.1:
The action potential recorded in granule cell under the current stim-

ulus.
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earlier and later experimental results.

In figure 3.2, we show a family of the whole cell sodium currents
obtained in response to one-pulse depolarizations. The linear capacity
and leakage components have been subtracted. The sodium current first
appears at —30mV, and reaches its maximum value at about —20mV.

The I — V relation (relation between the sodium current peaks I,
and the stimulating potentials V,,,) of the sodium component can be
obtained, by fitting the peak of each sodium current at a different po-
tential to a third degree polynomial. Since most of sodium channels
are activated at higher potentials, i.e around the reversal potential, the
slope of the linear part of the I — V curve at this potential may be
used as maximum conductance (gn,). Our fitting results are plotted in

figure 3.3.

3.2 Activation process of sodium channel

3.2.1 Steady state activation probability

The value of m, varies with potential, it can be approximately cal-

culated by the equation:
mo? = INa (3.1)
9dNa
JNa 1s the maximum conductance of sodium channels obtained in the

I —V fit. The gy, is the conductance at different membrane potential
Vs calculatgd by Ohm’s law:
Ipeak
g = T———— 3.2
gN Vm - uev ( )
with V., the equilibrium potential. Values obtained in this way are

plotted in figure 3.4 and can be accurately fit into the equation

1
Moo = - (3.3)
1+ exp(H2=0)
in which z,, = % represents how many millivolts are needed to increase

Mo exponentially. V;/, is the potential at which m. = 0.5 and = is the

valence of the gating particle of the channel.
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Figure 3.2:

Whole cell sodium currents recorded in cerebellar granule cell by

patch-clamp technique.
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Figure 3.3:
I — V relation of sodium currents.

The squares are the experimental results, the dotted line was obtained by fitting
the experimental data to a third degree polynomial, which gives the maximum
sodium current of 396pA at potential 0mV. The maximum of conductance and
the reversal potential. were evaluated by a linear fitting (solid line), and are

8158pS and 59mV respectively.
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Figure 3.4:
Steady state activation probability m., as a function of membrane
potential. ‘
The dotted line is obtained by fitting the experimental results (squares) with
the expression 3.3. The fitting result shows that a charge 6.3¢ is involved in

the activation of the Na channel.
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From figure 3.4, we can see that the aciivation probability of the
channels increases rapidly when the potential is larger than —25mV, and
approaches asymptotically to the naximum value 1 when the potential
is larger than +25mV. From our fitting of m, it is shown that V;,, =
—22mV. Furthermore, we obtained that the charge of gating particle of
the channel is 2.1e (where e is the electron charge unit), which means
that there is 6.3e of charge transferred to activate the sodium channel.
This value approximates to the value 6e predicted by the HH model
(7], and is also comparable to the result obtained from gating current

analysis (6.3 £ 0.3¢) [24].

3.2.2 Time constant of activation process

In HH model, the kinetic parameters are described by the equation:

I=I(1- exp(—i))gew(——i

Tm Th

(3.4)

where I' = Gngmo®h,. Fitting the Na currents with this equation will
provide the values of 7,, or 7, as used by Hodgkin and Huxley [7,16].
However, this method is too complicated and time consuming, we in-
stead analyzed the currents by parts. Since the inactivation is a slower
process, it usually appears to be effective only after the sodium current
peak. Thus we evaluate the 7, by fitting the onset parts of sodium cur-
rents, which are composed almost entirly from activation components,
to equation 3.5: ,
I=I1- exp(——é—)) (3.5)

m

The activation time constants 7, in our experiments were measured
only at voltages larger than —50mV, due to the limited sensitivity of
the measurement of the current. The potential dependence of the time
constant of the activation process obtained in our experiment is shown
in figure 3.5. It shows that the process of activation becomes faster
(smaller 7,,,) with the increase of membrane potential.

We have recorded the sodium currents at different temperatures.

From our experimental results, it seems that there are obvious changes
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Figure 3.5:
The dependence of the time constants on membrane potential V,,

The time course of the inactivation (triangles) process of sodium current is

slower with respect to the activation process (squares).
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in the values of the activation time constants at different temperatures.
Figure 3.6 shows the 7, measured at two temperatures, 28°C' and 20°C.

It is found that the activation process is faster at higher temperature.

3.3 Inactivation process of sodium chan-

nel

3.3.1 Steady state inactivation probability

Experimentally, we varied the conditional potentials to obtain the volt-
age dependence of the inactivation probability he. We have obtained
he values by directly using the equation 2.1. The results obtained are

then fit to the equation:

1
1 + exp(—————“"—v1 2)

ZaP

heo

(3.6)

where V,;, is the conditional pulse potential, V;,, is the potential at which
hew = 0.5, and z,, = K;Z represents the potential in millivolts needed to
increase ho, exponentially.

It indicates that as the conditional potential is larger than —80mV,
the peak values of sodium currents begin to decrease, and the channels
appear to be completely inactivated for conditional potentials larger
than —25mV. We give the experimental results for h., in figure 3.7.
The fitting results show that the probability of the channel inactivation
reaches 0.5 when the applied conditional potential equals to —34.4mV.
We obtained the value 4.3e of the charge transferred to inactivate the
channel. The quantity of charge transferred for inactivation is therefore

smaller than that needed for activation.

3.3.2 Time constant of inactivation process

In our experiments, the inactivation time constants 7, were measured

only at voltages larger than —50mV (due to the same reasoning as for
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It is found that the temperature may influence the activation process.
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Figure 3.6:

Temperature dependence of r,.

higher the temperature, the faster the activation process is.
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Figure 3.7:
Potential dependence of the inactivation probability .

The data points in the figure are the experimental values according to equa-
tion 2.1. The dotted line is obtained by fitting the experimental results to

equation 3.6.
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Tm ), but were obtained by fitting the offset parts of the sodium currents

(see figure 3.2) by equation
t
I'=1 exp (——) (3.7)
Th

Plotting the experimental data in figure 3.5, we clearly see that the
inactivation process is also faster at higher potentials, however, it is
still slower than the activation process, which is what the HH model

predicted (see chapter 1, compare also the figure to the figure 1.6).
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Chapter 4

Discussion

4.1 Discussion

Using the usual cell separation procedure, we have carried out two
kinds of experiments on the dissociated rat cerebellar granule cells in

primary culture:
e Recording of the action potentials with external current stimuli;
o The whole cell patch clamp sodium current recording.

Our experimental results show that granule cells from rat cerebellum
have TTX-sensitive sodium channels. The sodium channels can be com-
pletely blocked by TTX. Potassium and sodium currents are the main
components of the response currents, but C'a seems not to contribute.
We have found that the permeability changes of the sodium channels in
rat granule cells can be described by the HH model. Two processes exist:
The activation process and inactivation process, the former faster. We
have also verified that the activation time constant 7,, is temperature

dependent.
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4.1.1 Properties of sodium channel in rat granule

cell

It is possible to estimate the membrane area of the patched cell from
the membrane capacity obtained after membrane capacity compensa-
tion, using the empirical relation: 1pF of membrane capacity corre-
sponds to 0.01um? of membrane area. The current density of the cell
can be obtained as the ratio of peak value of the sodium current to the
area of the cell membrane. As shown in table 4.1, the peak Na current
density in the rat granule cell is comparable to those in other neurons
such as chick dorsal root ganglion (DRG) [4] and rat pituitary GH3 [5].
Assuming elementary current amplitude : = 0.7pA with open probabil-
ity of the channel at maximum activation P = 0.5 [25], we found that
Na channel density in our granule cell is 4.83/um?. Under the same as-
sumptions, we find that this density is also comparable to those in chick
DRG [4] and rat pituitary GH3 [5](5.68/um?). Table 4.2 lists the values
of activation time constants 7,,, obtained in different excitable cells. The
activation processes are found to be comparable to each other.

As described in chapter 3, we showed the temperature dependent
property of 7,,. We have also compared the values of 7, at T' = 20°C
and those at T' = 28°C'. It seems that 7 is less temperature dependent.
However, this should be retained with caution because most of the re-
sults at 7' = 20°C were obtained by the earlier method. These currents
usually contain substantial K current residues and this may alter the
measurement of 7,. Further experiments at 20°C’ with the later : :ethod
are necessary to prove this point. Table 4.3 shows the 7, values mea-
sured in different cultured cells. The 7, in the granule cell is comparable
to those in most of the other excitable cells [7,6,4,30].

4.1.2 Comparision of the earlier and later experi-

ments

As we have described in section 2.5, the sodium currents were ob-

tained in the earlier experiments, by using TTX as blocker, which was
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Cells omA/em?] | Viu[mV] | Temp.[ °C]
Squid axon [7] 1.30 -10 5
Frog node [26] 13 -20 20
Snail neuron [27] 0.5 -6 13.5
Mouse neuroblastoma [28] 0.4 -10 20
Bovine chromaffine [29] 0.06 10 20
Rat pituitary GH3 [30] 0.1 12 22
Rat pituitary GH3 [5] 0.2 0 22
Rat dorsal root

ganglion neuron (DRG) [31] 0.07 -25 20
Guinea pig DRG [32] 2.5 0. 20
Chick DRG [33] 0.5 10 25
Chick DRG [4] 0.2 10 12
rat granule cell (*) 0.17 0 28

Table 4.1:

The peak sodium current density (I,) in excitable cells.

Here, V,, is the membrane potential at which the [, is measured. Temp.

experimental temperature. The data with (*) is the present result.

Cells Tmlms] | Vi [mV] | Temp.| °C]

Squid axon [7] 0.51 -40 6

Rat brain Na channel [37] 0.40 -40 20

Rat granule cell (*) 0.44 -10 28
Table 4.2:

The parameter 7,, in various excitable cells.
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Here, V,, is the membrane potential at which 7, is measured. Temp. is the

experimental temperature. The data with (*) is the present results.
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Cells Th[ms] | Vi[mV] | Temp.[ °C]
Squid axon [7] 1.50 0 6
Myxicola axon [6] 1.50 -3 5
Crayfish axon [34] 045 0 8
Aplysia neuron [27] 18 -6 13.5
Frog node [35] 0.5 0 20
Rabbit node [36] 0.9 -35 14
Mouse neuroblastoma [28] 0.5 -8 20
Chick dorsal root

ganglion neuron [4] 1.5 0 12
Bovine chromaffine [29] 1.2 0 20
Rat pituitary GH3 [30] 2.2 0 20
Rat pituitary GH3 [5] 1.1 20 20
Rat granule cell (*) 1.75 -10 28

Table 4.3:

‘'The parameter 7, in various excitable cells.

Here, V,, is the membrane potential at which 7, is measured. The Temp. is

the experimental temperature. The data with (*) is the present resul s.
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an indirect method. This approach consisted of two sieps: i) obtain-
ing the controlled total currents, as well as the potassium currents by
adding TTX in the external solution; i) subtracting the potassium cur-
rents from the total currents. Two sets of current recordings were thus
needed under the same set of potentials, thus the earlier experiments
were time consuming. Furthermore, the patch condition always changed
during such a long recording due to the mobility of the broken mem-
brane lamellas under the pipette. Therefore, the broken hole of the
patched membrane was often reduced and caused substantial increase
of the series resistance (see section 4.1.3). The increase of resistance not
only determines a drop of the potential across the membrane, but also
causes a longer delay of the ionic current onset (remember that the onset
time T = RCrembrane ). Because of the previously discussed reasons, the
stimulating pulses are not always identical in the two sets of recordings.
This produces artifacts, due to the substantial residues of the potassium
and capacity components, as suggested by figure 4.1..

We have improved the experiments by using CsF blocker (later ex-
periments). The Cs ions can enter the K channels from the intracellular
solution and block the outward flow of the potassium ions. As this new
- method directly measures the sodium current, it is much less time con-
suming, so the patch condition is more stable, avoiding the difficulties
encountered in the earlier experiments. In most of our later experiments,
the K component eliminations are complete (see figure 3.2).

Notwithstanding there are defects of the earlier experiments men-
tioned above, there is no difference between the properties of sodium

currents (Moo, Tm, Reo, Th) obtained by the two approaches.

4.1.3 Series resistance compensation

Series resistances are introduced in the electrical pathway between
the output of patch amplifier and the patched cell. The presence of the
series resistance will cause the drop of a voltage across the membrane,
which gives rise to an underestimated membrane potential. The series

resistance is usually very large, ranging from 51/ to 203/, so that the
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Figure 4.1:
A sodium current family obtained in the earlier experiments.

Due to changes of the patch condition, the potassium components still remain.

45



Gseries[m 5] | Potential drop o [mV]
0.02 42
0.045 22
0.049 8.49
0.136 4.7
Table 4.4:

Estimation of the error ¢ for the potential under different compensation of
1

Goeries

The conductances G,eries are in unit millisiemens

series resistance

(mS).

voltage errors can be considerably larger when the cell currents are large,
which occurs quite often for whole cell current recordings. Empirically,
we find that the series resistance effect is quite important when the
cell current is larger than 1nA. Furthermore, the large value of series
resistance also causes large time delay of ionic current, since more time
is needed to charge the membrane capacitance (see section 4.1.2).

In compensating the series resistance, the membrane voltage estima-
tion error caused by the series resistance can be estimated electronically.
In table 4.4, we present the membrane voltage estimation errors after
different series resistance compensations.

Ideal compensation should keep the voltage drop smaller than 2mV;
however, from our experience this is very difficult, because the com-
pensating circuit tends to excite oscillation of the current, which could

damage the very fragile granule cells.

4.2 Conclusions

We have undertaken a series of experimental studies of the perme-
ability changes of sodium channels with external electric stimuli. The
results demonstrated that the model proposed by Hodgkin and Huxley
is also applicable to the excitable granule cell of rat cerebellum. From

our experiments, it is shown that the channel density in the granule cell
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is comparable to those measured in other neurons (see table 4.1), as the
time constants of activation and inactivation processes (see table 4.3
and table 4.2). The temperature dependence of the parameter 7, is
obtained. However, more specific experiments are needed to study the
temperature dependence of 7.

Due to the fragile character of the granule cell, the series resistance
compensation is still to be optimized. The optimization requires a sys-

tematic improvement over the traditional compensation method.
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