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Chapter 1

Introduction

Nerve cell consists of three functional parts, as shown in Fig. 1.1:
dendrites, cell body and axon. The dendrites are a set of branching, tubular
cell processes, that extend like antennae from the cell body, and provide an

enlarged surface area for the reception of signals from other cells. The

terminal branches of axon

axon (less than 1 mm to
more than 1 m in length)

cell body dendrites

Fig. 1.1 Schematic diagram of a typical neuron of a vertebrate.

(From Alberts, et al. 1983)



axon is a cell process, generally single and longer than the dendrites, that
conducts signals from the cell body to distant targets. It sometimes divides
at its far end into many branches, distributing its signals to many destina-
tions (Alberts et al. 1983). These nerve fibers can be considered as tubes
filled with a watery solution of salts and proteins separated from a different
extracellular solution by a relatively impermeable membrane, which is a
lipid bilayer. The cell body is also delimited by lipid bilayer and contains

the metabolic machinefy and the cell nucleous.

There is a voltage difference across the cell plasma membrane, that

is called the membrane pofential. It is defined as :

Ey = E; - E, (1.1)

where Ejs is the membrane potential, E; and E, are potentials inside and
outside of the membrane respectively. This membrane potential depends on
the distribution of electrical charges in both sides of the membrane. Charges
are carried back and forth across the nerve cell membrane by small inorganic

ions, chiefly Nat, K*, Cl~, and Ca’*, through some selective mechanisms.

The ionic distribution, caused by the selective permeability, should
satisfy two basic physical chemistry requirements: the electrical neutral-
ity of both intracellular (except in the proximity of the membrane) and
extracellular solutions, and the osmotic balance between the two sides of
the membrane. Each individual permeant species of ions is subject to two
gradients tending to drive it into or out of the cell—a concentration gra-

dient and an electrical gradient. At equilibrium, there is no net flux for



this species of ions. From Nernst equation (Nernst 1888) the equilibrium

potential for this species of ion is :

_ BT, ]

zF [Ny

(1.2)

where R is the gas constant, T" is the absolute temperature on the Kelvin
scale, z is the valence of ion, F' is the Faraday constant, and [IV,] and [V;]
are the concentrations of this kind of ion outside and inside the membrane

respectively.

At rest, a special steady-state, the membrane potential take a value,
for which the net flow of current across the membrane is zero. The current
flowing across the membrane is mainly composed of K* current, Na* cur-
rent, and other ionic components, principally Cl1~. These fluxes cross the
membranes through channels, carriers and energy driven pumps. From the

definition of resting potential, it follows:

IK+ =+ INa+ + Iothera =0 (13)

Therefore, calling Ex the Nernst equilibrium potential of K+, Ex, the
Nernst equilibrium potential of Nat and E,.. the equilibrium potential of

other mechanism, Eq(1.3) can be expressed by:

gK(Erest - EK) + gNa(Ercst - ENa) + gather(Ercst - Eother) =0 (1-4)

From the beginning of this century, it is known that excitable cell



membranes are far more permeable to K* jons than to other ions at rest
(Hille 1984, Bernstein 1902,1912). In other words, gx is relatively large.
Therefore resting potential, E,.,;, must be close to potassium equilibrium
potential Ex. Otherwise K* current should be too large and could not be
balanced by other currents. In reality, the concentration of Na* is about
ten .times lower inside the cell than it is outside, while the distribution of
K* is roughly the reverse. So, from the Nernst equation at room temper-
ature the resting potential, which is, in fact, very near to the potassium
equilibrium potential, is between —70 to —100 mV (Alberts, et al. 1983).
If the membrane potential differs from this resting potential, a net current
will flow, tending to return the membrane potential to the resting potential.
When the membrane potential is raised from resting potential toward zero,
i.e., the inside becomes less negative with respect to outside, the membrane

is said to be depolarized. When the procedure is opposite, the membrane

is said to be hyperpolarized.

Transport of small charged molecules (ions) across the lipid bilayer of
the membrane is achieved by specialized transmembrane proteins, each of
which is responsible for the transfer of a specific molecule or group of closely
related molecules. Some membrane transport proteins, called channels,
form aqueous pores which permit ions to move across the lipid bilayer
by a process called passive transport, that can occur spontaneously under
the driving of electrochemical gradient. Others, called carriers, bind the
specific molecule to be transported and translocate it across the membrane.
Some carriers function as pumps that actively drive the movement of ions
against their electrochemical gradient by so called active transport, which

must be tightly coupled to a source of metabolic energy. This mechanism



guarantees the existence of electrochemical gradients. A schematic diagram

of membrane transport proteins is shown in Fig. 1.2.
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Fig. 1.2 Schematic diagram of membrane transport proteins.

(From Alberts et al.,1983)

Channels are formed by proteins, some of them are open for most of
the time, others open only transiently. The former channels are said to be
leak channels while the latter are said to be “gated” channels. Gated chan-
nels can be divided into two major groups. Some of them open in response
to an extracellular ligand binding to a specific cell-surface receptor and are
called ligand-gated channels, which play a central role in the operation of
chemical synapses (see later: Synapsis and Synaptic Transmission) others

open in response to a change in the membrane potential and are called



voltage-gated channels; there are also a small part of channels which open
in response to changes in the intracellular concentration of specific ions or
mechanical stimuli. Fig. 1.3 shows the schematic diagrams of ligand-gated
and voltage-gated channels. Each voltage-gated channel has a selectivity
filter, which permits specific ions, such as Na*, K+, Ca?*, Cl~ pass through
it and the channel is named correspondingly as Voltagé-gated Na™ channel,
voltage-gated K'* channel, and so on. Voltage-gated cham_lels——-especiaﬂy
voltage-gated sodium channels—play the key role in the electrical activity

by which action potentials are propagated along a nerve cell process.
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rores ——@ %"3-
Ilgand @ ‘
Al aﬁ Tt m”lf
;:ac::' d?:::cl ®

(B) VOLTAGE-GATED CHANNEL
transported
motecule

@
L T . / .0'8
+. + o+ ; + + + I I
906 960 QQ (X111} .
A My, i " gncimtlw
!.0.. ‘.0 .‘9 .‘!_.

. depolarized ‘L

polarized memorane
m
(normai staw emorane @

Fig. 1.3 Schematic diagram of ligand-gated and voltage;gated
channels. (From Alberts et al. 1983)



Action Potential

It is possible to depolarize an axon by injecting current through a
microelectrode inserted into it. If the current is small, the polarization
will be subthreshold. In this case no channels will open as a response to
the membrane potential change. In the resulting steady state, the inflow
of current through the microelectrode will be balanced by an outflow of
current across the membrane in the neighborhood of the microelectrode. If
the cell processes are considered as a core-conductor models— a thin tube
of membrane that is filled with electrically conducting fluid (axoplasm) and
immersed in another electrically conducting medium (extracellular fluid),
cable-theory can be used to treat their distribution of current and potential

(Lakshminarayan 1984). Cable equation can be expressed as:

oV 7, 0%V
VA O gy = 5 a3 (1.5)

where V = Ejr — E..st is the electrotonic potential, r,, = Rmn/2ma is the
resistance across a unit length of the surface of passive membrane({ cm),
R,. is the resistance of unit area of membrane(f2 cm?), a is the radius of
cable cylinder(cm), C, is the capacitance per unit area of membrane (F
cm™?), r; = R;/ma® is the core resistance per unit length(Q cm™), R; is the
specific resistivity of the intracellular medium(  cm), ¢ is the time and

is the spatial coordinate taken along the cable.

Substituting for 7, Cm(= Tm) and 7,,/7i(= A?), cable equation can

be written as:



o*v ov
M—_V - m—— = 0 1.6
b ™5t (1.6)
r.. and ) are called time constant and space constant respectively. In steady

state, V depends on z but not on ¢, and so 9V/0t = 0, the cable equation

reduces to:

*v

AZ
Oz?

—V =0 | (1.7)

For the boundary conditions that V = V, at z = 0, the solution of this
equation is V = Vyezp(—z/A). The consequence of this ];;attern of current
flow is that the magnitude of a disturbance of the membrane potential falls
off exponentially with the distance from the source of the disturbance. This

is a passive spread of electrical signal along a nerve cell process.

When the inflow of current is large enough so that the membrane is
depolarized above a critical potential level, the threshold, the nerve impulse
or action potential, will be initiated. At the threshold, the voltage-gated
Na* channels open, allowing Na* ions to flow into the ce]l; thus this patch
of membrane is depolarized further and causes the other Na* channels
located on neighboring patches to open as well. This process continues
rapidly in a self-amplifying fashion until the membrane potential has shifted
from its resting value (& —70 mV) to the Na® equilibrium potential (~
+50 mV). At this point, the net electrochemical driving force for the flow
of Nat channels is zero and a new resting state, with all Nat channel
pe.rmanently open, is established. However, this new resting state is not

stable. The automatic inactivation process leads the Nat channels to close



gradually and remain closed until the membrane potential has returned to
its initial negative resting value. In many types of neurons, this recovery
is hastened by the presence of voltage-gated K channels in the plasma
membrane. Like the Nat channels, these KT channels open in response to
membrane depolarization, but they do so relatively slowly. By increasing
the permeability of the membrane to K* just as the Na't channels are
closing through inactivation, the K channels help to bring the membrane
rapidly back toward the K* equilibrium potential, so returning it to the

resting state.

The signals used by neurons to transmit information are membrane
potential changes caused by electrical current flowing across their mem-
branes. Only two types of signals, localized potentials and action potentials,
as mentioned above, can be carried by neurons. Localized potentials take
place at special regions, such as sensory nerve endings and synapses. They
grade continuously in size and can only spread a short distance (1 ~ 2 mm)
through a passive process. During this short distance transmission their
magnitudes are severely reduced and time courses are distorted. The local-
ized potential enables individual cells to perform their integrative function
and to initiate nerve impulse. Action potential is an all-or-none signal,
which travels rapidly without distortion from one end of the nerve to an-

other. It transmits nerve impulses caused by localized potential.

A very important characteristics is that when the membrane is de-
polarized beyond the threshold, action potential will be initiated automat-
ically and bears no relation to the amplitude and time duration of the
original stimulus. The differences between localized potential and action

potential are illustrated clearly by Fig. 1.4.
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Fig. 1.4 Intracellular recording from a large axon with microelectrodes.

I is used to pass pulse of current that produces localized potentials.

V1 and V, are used to measure membrane potential at different points.
(A) Localized potential. Through I input two hyperpolarizing pulses

and one depolarizing pulse. Depolarizing current under the threshold.

Vi next to I, V; is placed about 1mm away from V.

(B) Action potential. Input a depolarizing current over membrane th-

reshold. V) next to I, V3 is 2cm away V). (From Kufller, et al., 1984)
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Synapsis and Synaptic Transmission

Synapses are the junctions between nerve cells where they transfer

signals. The typical structure of synapsis is shown in Fig. 1.5.

PRESYNAPTIC POSTSYNAPTIC
NERVE CELL NERVE CELL

\'» )

[SYNAPSE

| PRESYNAPTIC /]
NERVE TERMINAL

>

DIRECTION OF PROPAGATION

Fig. 1.5 The junction between cells-is called Synapsis.
(From Kuffler et al., 1984)

Neurons influence each other by two ways: excitation, by which one
cell tends to produce impulses in other ones, and inhibition by which one
cell tends to prevent impulses from arising in other cells. The mechanism
of excitation is depolarization of the postsynaptic membrane and that of

inhibition is the hyperpolarization of the postsynaptic cell’s membrane. A
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cell receives many excitatory and inhibitory inputs from other cells and in
turn supplies many others. For example, a nerve cell can accommodate
as many as 200,000 synapses (Kuffler, et al. 1984). The final behaviour,
excited or inhibited, is determined by an integrative process whereby a
cell adds together all the incoming signals. The transfers of signals taking
place at synapses are called synaptic transmission. Two distinct modes,
one electrical and the other one chemical, are used to produce synaptic
transmission. The electrical synapses are the sites Wheré two nerve cells
make a low-resistance electrical contact. The electrical currents generated
by an impulse in the presynaptic nerve terminal can spread directly into
the next neuron through these low-resistance pathways, which are called
gap junctions (Kuffler, et al. 1984). Chemical synapses, the most com-
mon transmission mechanism, being graphically shown in Fig. 1.6, appear
as well-defined structures (Langley and Anderson 1892, Loewi 1921, Dale
1953). The presynaptic terminals contain numerous vesicles close to the
membrane. Clefts that are filled with extracellular fluid separate the mem-
branes of the two cells. Electrondense material is often seen in the cleft

and on the two membranes.

When the action potential arrives at the presynaptic terminal, it
opens the voltage-gated Ca®' channels, allowing Ca?* to enter the axon
terminal. The influx of calcium, although small, has important effects.
It raises the free-Ca?t concentration in the presynaptic terminal and then
causes the vesicles to fuse with the presynaptic membrane, discharging their
contents——neurotransmitter —into the synaptic cleft. The gated influx of
Ca?* into the axon terminal is essential to synaptic transmission. In low-

calcium medium the release of neurotransmitter can be reduced or com-

12



pletely eliminated, but injection of Ca’* into cytoplasm at axon terminal
can lead to the release of transmitter even without electrical stimulation of

the axon (del Castillo and Stark 1952, Douglas 1978, Alberts, et al. 1983).

Presynaptic \I
axon

Svnaptic
Mitochondria vesicles

cieft - - Postsynaptic
- dendrite .

Fig. 1.6 The structure of chemical synapsis
(From Kuffler,et al. 1984)

When the neurotransmitter diffuses across the synaptic cleft and
arrives at postsynaptic membrane, it will act on the postsynaptic cell by
binding to receptor proteins in the postsynaptic membrane whereby this
chemical signal will be converted to electrical signal again. The conversion is
achieved by ligand-gated ion channels in postsynaptic membrane. When the

neurotransmitter binds to these channels externally, some times it directly

13



changes their conformation—-opening to let ions cross the membrane—
-and thereby alter the membrane potential. Some times it leads to the
generation of a intracellular signal involving second messengers, which in
turn activates protein kinases that can phosphorylate ion channels and
thus alter the cell’s electrical behaviour. Unlike the voltage-gated channels
responsible for action potentials and for transmittér release, the ligand-
gated channels are relatively insensitive to the membrane potential. They
can not by themselves produce an all-or-none self-amplifying excitation.
Instead, they produce an electrical change that is graded according to the
intensity and duration of the external chemical signal—that is, according
to how much transmitter is released into synaptic cleft and how long it
remain there. Greatly prolonged exposure to neurotransmitter can cause

the channel to enter a desensitized state.

Postsynaptic ligand-gated channels have two other important prop-
erties. First, the receptors associated with them have an enzyme-like speci-
ficity for particular ligands so that they respond only to one neurotrans-
mitter, the one released from the presynaptic terminal or its chemically
related substances; other substances are virtually without effects. Second,
different types of channels are characterized by different ion selectivities:
some may be selectively permeable to Na*, others to K*, others to CI7,
and so on, while others may, for example, be relatively unselective among
the cations but exclude anions. When the postsynaptic ligand-gated chan-
nel is selectively permeable to the cations which will flow into the cell, the
neurotransmitter causes a depolarization of the postsynaptic membrane,
therefore the synapsis mediates a excitatory effect. If the postsynaptic ion

channel is selectively permeable to anions or some cations, such as KT,

14



which will flow out of the cell, and the membrane will be hyperpolarized,

the syﬁapsis is an inhibitory synapsis.

There are two major groups of neurotransmitters: one group is
formed by the neuropeptides and another group by the small molecules,
such as acetylcholine and certain monoamines and amino acids (Alberts, et

al. 1983).

Excitatory Amino Acids

The dicarboxylic amino acids L—glutamate and L-aspartate were the
first compounds examined for an action on mammalian central nervous sys-
tem (CNS) neurons, using the technique of microiontophoresis, in conjunc-
tion with extracellular recording from interneurons and Renshaw cells, and
intracellular recording from motoneurons in the spinal cord of anesthetized
cat (Curtis, et al. 1959, 1960, Mayer and Westbrook 1987). The excita-
tory actions of L-aspartate and L-glutamate were found to be of similar
potency and due to membrane potential depolarization, with a consequent
reduction in threshold for the initiation of action potentials evoked by exci-
tatory synaptic potential or depolarizing electrotonic potentials. A similar
‘excitatory action of L-glutamate and L-aspaftate and their analogues was
also observed by using extracellular recording in experiments on neurons
in the cerebral cortex and cerebellar cortex (Mayer and Westbrook 1987,
Krnjevi¢ and Phillis 1963).

The first studies by Curtis and his colleagues (1960) explored only the
actions of glutamate, aspartate, and cysteate; but the fact that many other

acidic amino acids have similar effects soon became apparent (Curtis and
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Watkins 1960, McLennan 1987), and some were considerably more potent
than the naturally occurring compounds (Curtis and Watkins 1963). All of
these acidic amino acids are called excitatory amino acids (EAA). Some ex-
amples of these potentially valuable unphysiological excitatory amino acids
are N-methyl-D-aspartic acid (NMDA), Kainic acid (Shinozaki and Kon-
ishi 1970, Shinozaki 1978), Quisqualic acid (Shinozaki and Shibuya 1974,
Shinozaki 1978), and Domoic acid (Shinozaki and Shibuya 1976). These
compounds, most of them, are natural products, are related structurally
to glutamate, and share with them both neuroexcitatory and neurotoxic
properties (McGeer, et al. 1978). The structure of the above excitatory
amino acids is shown in Fig. 1.7. The essential substituents on the molecule
which conferred activity were stated to be the presence of an amino group
optimally situated a to a carboxyl group and spaced two or three carbon

atoms distant from a second acidic site (Curtis and Watkins 1960).

There is considerable evidence that glutamate is a principal neu-
rotransmitter that mediates fast excitatory synaptic transmission in the
vertebrate CNS (Curtis and Johnston 1974, Krnjevi¢ 1974, Watkins and
Evans 1981, McLennan 1981, di Chiara and Gessa 1981, Foster and Fagg
1984, Iversen 1984, Cull-Candy and Ogden 1986). The development of
selective pharmacological agents has allowed the electrophysiological char-
acterization of neuronal receptors for this excitatory amino acid. These
studies have identified three major classes of excitatory amino acid recep-
tors based on, and after named by, the agonists preferred by the receptor
(Watkins and Evans 1981, Hampson and Wenthold 1988): N-methyl-D-
aspartate (NMDA), Quisqualate, and Kainate (KA) receptors (Jahr and
Stevens 1987, Shinozaki 1988, Usowicz, et al. 1989). The concept of

16
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separate receptor subtypes activated preferentially by L-glutamate
and L-aspartate developed from observations suggesting a differential sen-
sitivity of some mammalian spinal neurons to these amino acids (Duggan,
1974), and the finding that this differential sensitivity was even greater
when NMDA and KA were used to excite spinal neurons (Johnston et al.,
1974, McCulloch et al.,, 1974). With the observation that Mg?t acts to
selectively block responses to NMDA but not KA or quisqualate (Davies
and Watkins 1977, Evans et al., 1977 ), the concept of separate Mg?* sen-
sitive (NMDA) and Mg?* insensitive (non-NMDA) excitatory amino acid

receptor subtypes evolved.

Recently some researchers focus their attention on domoic elicited
current in mammalian CNS neurones for two reasons. Domoic acid can be
used as a tool to study glutamate receptor subtypes. As Fig. 1.7 shows,
domoic acid is structurally related to kainic acid. It is one of the com-
pounds which has a high affinity for the KA receptors (Slevin et al., 1983,
Hampson and Wenthold 1988). The compounds were tested on rat spinal
interneurons by microelectrophoresis (Biscoe, et al. 1972) and on frog spinal
motoneurons by superfusion of the procaine-blocked (Biscoe et al., 1975)
hemisected spinal cord in vitro. On both of these preparations the anions
of domoic acid were found to be at least two orders of magnitude more
potent than L-glutamate, and equal to or stronger than kainate (Biscoe
et al., 1975). For these reasons, domoic acid is an effective agonist in the

study of kainate receptors.

Another interesting characteristics of domoic acid is its toxicity. Do-
moic acid is produced by several species of phytoplankton and is taken by

marine bivalves, as mussels, either directly from water or indirectly from

18



their food. Normally it will not exist in human’s CNS, but erroneous in-
gestion of domoic acid will poison human central nervous system. In late
November /early December 1987, more than one hundred people were hos-
pitalized after eating mussels from a certain location on Prince Edward
Island, Canada. In older people, the symptoms tended to be neurologi-
cal and loss of memory was encountered in a number of cases. The toxin
was later identified by the National Research Council of Canada, Halifax
Research Laboratory, as domoic acid. The excitatory amino acid toxicity

depends on the opening of some kinds of ionic channels.

Granule Cells of the cérebellum

hemispnere

R

ZC(—:‘rebeilum
Fig. 1.8 cerebellum (From Kolb and Whishaw 1980)
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Cerebellum was probably the first part specialized for sensory-motor
coordination. The precise function of cerebellum varies from one part of
the structure to another, depending on the connections with the rest of
the nervous system. Parts that receive most of their impulses from the
vestibular system help to maintain the body’s equilibrium, whereas parts
receiving impulses mainly from the body senses are in_volved with postural
reflexes and coordinating functionally related muscles. The major part of
the cerebellum receives impulses from the neocortex and functions primarily

to promote the efficiency of skilled movements (Kolb and Whishaw 1980).

Cerebellum has over 10'° cells, but only five different kinds of neu-
ronal types. These five different kinds of neurons are Purkinje cell, Golgi
cell, basket cell, granule cell and stellate cell (Kuffler et al., 1984). Among
them the number of granule cells approximates to 10'° to 10'! (Braitenberg
and Atwood 1958). The cell bodies of different kinds of cells are confined
to distinct layers as it is shown in Fig. 1.9. The input to the cerebellum
comes from different sources, as various sensory structures in muscle, skin,
and joints, from visual and auditory cortex. All the information is handled
by repeated groupings—granule cells, basket cells, stellate cells and Golgi
cells. All of these cells directly or indirectly act upon the Purkinje cells
which provide the only output from the cerebellar cortex (Kuffler et al.
1984)

Granule cells are the main component of the granular layer of the
mammalian cerebellar cortex. They can accept the messages from the axons
of peripheral nervous system and transfer the messages through "cheir axons,
which traverse and make connections with the Purkinje cell processes in the

molecular layer.
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Fig. 1.9 Positions of different neurons in cerebellum(From

KufHler et al.,1984)
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Cerebellar granule cells consist of one ideal system to study the EAA
receptor-channel complex in central neuron primary cultures. Some of
the reasons that prompted us to use the granule cells to study domoic
acid activated channels are: Rat cerebellar granule cells grown in “high”
potassium medium (25 mM) consist in a homogeneous and long-term cell
cultures (Gallo et al., 1982). Granule cells receive synapses from mossy
fibers. These synapses are glutamatergic, that implies that granule cells_
have glutamic acid (and related agonist) receptors (for example see Gallo
et al., 1982, Kohler and Schwarcz 1983, Cull-Candy et al., 1988). On the
other hand, the neurocytochemical and morphological characteristics of the
granule cells (Gallo et al., 1982 Hockberger et al., 1987), as well as some
biochemical characteristics related with the possibility of the relations be-
tween the glutamate receptor and second messengers activated metabolic
pathways (for example see Novelli et al., 1988) have been studied. Finally,
some experiences on the electrophysiology of the granule cells have been
acquired in our laboratory. These experiences are related to the study of
NMDA-receptors (Sciancalepore and Moran 1989) and voltage dependent
ionic channels (Borsellino et al., 1988, Lin 1988, Lin and Moran 1989).
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Chapter 2

Material and Method

Domoic acid activated channels on cultured cerebellar granule cells
have been studied. Voltage-clamp technique, both cell-attach and outside-

out configurations, was used in experiments.

Cell culture

Primary cultured cerebellar granule cells were prepared from 8-day-
old neonatal rats by the following updated procedure based on the previ-
ously described method (Novelli, et al. 1988, Sayan 1987). Cerebella were
removed under sterile conditions from rats pups and were placed in solution
1 (see table 2.1). The meninges and the blood vessels were peeled off care-
fully of the removed cerebella and then preliminary minced the cerebella

on a chopping surface with sterile razor.

The minced tissue were suspended in solution 1 and centrifuged at
speed 1000 RPM for 1 minute. The cell pellet was resuspended in trypsin
containing solution 2 (see table 2.2). The suspension was shaken for 10
minutes at 37°C. During this procedure, the trypsin in solution 2 digested
the connective tissue. After digestion, solution 3 (see table 2.3), containing

trypsin inhibitor and DNase was added into the suspension. The suspension
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was recentrifuged at 1000 RPM for 1 minute and then the cell pellet should
underwent a mechanical separation— sucking up and releasing down in
a fire polished Pasteur pipette in solution 4 (see table 2.4). After this
separation solution 5 (see table 2.5) was added to the suspension and re-
centrifuged at 1000 RPM for 5 minutes. The cell pellet was resuspended in
culture medium (see table 2.6) and diluted to 0.75 million cells per milliliter.

An appropriate volume (~ 2 ml) of cell suspension was added to each
35 mm Petri dish, which has been pre-covered by poly-L-lysine (5ug/ml),
in order to obtain a cell density of 1.5 million per dish. The plated neurons
were placed into a 37° C, 5% CO,, maximum humidity incubator (Her-
aeus). 10 uM Cytosine Arabinoside Furanoside (Sigma, ST. Louis,U.S.A.)
as mitotic inhibitor was added in each dish after about 19 hours in vitro to
inhibit the growth of non-neuronal cells. In this way, the culture is ~ 90%
glutamatergic granule cells and the window for use of the neurons is about

two weeks after start of incubation.

Solutions for Electrophysiology

The extracellular and intracellular solutions used in electrophysiol-
ogy experiments were listed in table 2.7 and 2.8. 128 mM Cs* and 10
mM tetraethylammonium (TEA) were used in intracellular and extracellu-
lar solution respectively for blocking the voltage-gated potassium channels.
1 uM tetrodotoxin (TTX, Sigma) was added in extracellular solution for

blocking voltage-gated sodium channels.
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Table 2.1 Solution 1

Composition | Concentration | Comments

NaCl 124.00mM (1) pH=7.4, adjusted with NaOH.
KCl 5.37TmM (2) similar with physiological
NaH,PO, 1.01lmM solution.

D-glucose 14.50mM (3) to be used for washing
HEPES 25mM cerebellar tissue.

Phenol red | 27uM

BSA* 3mg/ml

*bovine serum albumin (Sigma, St Louis)

Table 2.2 Solution 2

Composition | Concentration | Comments
Na(Cl 124.00mM (1) made of 50ml solution 1
KCl1 5.37TmM + 12.5mg trypsin.
NaH,PO, 1.01lmM (2) for digesting the connective
D-glucose 14.50mM tissue.
HEPES 25mM
Phenol red | 27uM
BSA 3mg/ml
trypsin* 0.25mg/ml
* Sigma
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Table 2.3 Solution 3

Composition | Concentration | Comments
NaCl 124.00mM (1) made of 17ml solution 1 +
KCl 5.37TmM 8ml solution 4. :
NaH,PO, 1.01lmM (2) for stopping trypsinization
D-glucose 14.50mM and degradation DNA.
HEPES 25mM
Phenol red | 27uM
BSA 3mg/ml
DNase* 25.6ug/ml
SBTI** 166.4pg/ml

* Sigma

“* soybean trypsin inhibitor (Sigma)

Table 2.4 Solution 4

Composition | Concentration | Comments

Na(Cl 124.00mM (1) made of 15ml solution 1
KCl 5.37TmM + 1.2mg DNase + 7.8mg
NaH,PO, 1.01lmM SBTI + 1501 MgSO4
D-glucose 14.50mM stock solution (155mM).
HEPES 25mM

Phenol red | 27uM (2) for proceeding mechanical
MgSO,4 2.75mM separation.

BSA 3mg/ml

DNase 80ug/ml

SBTI 0.52mg/ml
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Table 2.5 Solution 5

Composition | Concentration | Comments
NaCl 124.00mM (1) made of 12.5ml solution 1 +
KCl 5.3TmM 15ul CaCl; stock solution
NaH,PO, 1.0lmM (81.6 mM) + 100pl MgSO,4
D-glucose 14.50mM stock solution(155mM).
HEPES 25mM ‘
Phenol red | 27uM (2) Add Ca**,which can not
MgSO, 2.44mM be added before the operation
CaCl, 0.1lmM of trypsin.

Table 2.6 Neuron Growth Solution
Composition | Quantity Comments
BEM~ 500ml for neuron growth.
L-glutamine | 147mg
KCl 825mg
gentamicin™ | 1mIx50mg/ml
FCS* 50ml .

* basal Eagle’s medium (Flow Laboratories,Scotland, Irvine)

** Sigma

= fetal calf serum heat inactivated (Flow Laboratories)
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Domoic acid used in experiments was obtained from Diagnostic Chem-

icals Limited, Canada. All other chemical substances used were obtained

from Prolabo (Paris, France) or Sigma.

Table 2.7 Extracellular Solution

Composition | Concentration | Comments
KCl 3mM pH=7.4 adjusted with NaOH
Ca012-2H20 15mM
NaCl 125mM
TEA 10mM
HEPES 10mM
glucose 9.5mM
Table 2.8 Intracellular Solution
Composition | Concentration | Comments
CsCl 128mM pH=7.4 adjusted with KOH
EGTA 10mM |
HEPES 10mM
glucose 9mM
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Electrophysiology

Voltage clamp experiments offer several advantages over membrane
potential recording for studying the action of neurotransmitter substances,
principally because many conductance mechanisms show a nonlinear volt-
age dependence, and it is easier to record and analyse such events if the
membrane potential is under experimental control. Under optimal condi-
tions, the technique also allows measurement of the rate cénstants control-

ling the opening and closing of ion channels.
Voltage Clamp

A steady membrane potential is maintained when there is no net loss
or accumulation of charge in the cell—that is, if current is injected into
a cell through a microelectrode the current flowing through the membrane
channels is exactly equal and opposite to the current injected. Therefore,
if the membrane potential is kept constant, the current flowing through
the membfane channels can be deduced from the current through the cur-
rent electrode. Based on this simple idea, the voltage clamp technique was
developed (Cole 1949, Marmont 1949). Traditional voltage clamp tech-
nique requires the use of two microelectrod_es to insert into a cell; one
for recording membrane potential, and one serves for injecting current to
control the membrane potential. A suitable electronic circuit is used to
adjust the injected current automatically according to the signal from the
voltage-measure electrode. This holds the membrane potential steady at
any designated voltage, which is called command voltage. By setting differ-
ent command voltages and measuring the injected current that is required

to maintain them, one can systematically investigate the membrane con-
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ductance as a function of the membrane potential.

Patch clamp

Now patch clamp technique is widely used. In 1976, Neher and Sak-
mann (1976) introduced a method, extracellular patch clamp, for recording
the current in a small patch of membrane under voltage-clamp conditions.
This patch clamp technique has allowed, for the first time, the currents
in single channel to be observed. In 1981, the patch clamp technique was
improved by Hamill et al. (1981) to allow a higher resolution current record-
ing. In this technique a small heat-polished glass pipette is pressed against
the membrane, forming a electrical seal with a resistance of the order of
50 M2. When precautions are taken to keep the pipette surface clean and
when the suction is applied to the pipette interior, tight pipette-seals with
resistances of 10 ~ 100 G{) can be obtained. The high resistance of this seal
ensures that most of the currents origination in a small patch of membrane
flows into the pipette, and from there into current-measurement circuitry.
The high resistance is also important because it reduces the level of back-
ground noise in the recording and increases the resolution. Gigaohm seal
is not only electrically tight, but also mechanically very stable. Following
withdrawal from the cell membrane a membrane vesicle forms occluding the
pipette tip (Hamill and Sakmann 1981, Neher 1981, Hamill, et al. 1981).
The vesicle can be partly disrupted without destroying the giga-seal, leav-
ing a cell-free membrane patch that spans the opening of the pipette tip
in either outside-out or inside-out configurations. This allows single chan-
nel current recordings from isolated membrane patches in defined media,
as well as solution changes during the measurements (Horn and Patlak

1980, Hamill and Sakmann 1981, Hamill et al. 1981). The pipette can also
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be kept in cell-attached state before or after the disrupting of the mem-
brane vesicle to form cell-attached configuration or whole cell recording
configuration respectively. The procedures which lead to various recording
configurations are shown in Fig. 2.1. In this thesis, both cell-attached and

outside-out configurations were used.

LON RESISTANCE -SEAL
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PULSE OF SUCTION PULL
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VALY,
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whole celll |outside-out| linside-out
recording patch patch
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Fig. 2.1 Schematic representation of the procedures which

lead to different recording configurations (From Hamill et al., 1981)
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Pipette Fabrication

Patch pipette were pulled from Borosilicate-glass capillaries (Hilgen-
berg, West Germany) with filament inside. The parameters of capillaries
are: length=80 mm, interdiameter =1.05 mm, outerdiameter=1.50 mm.
The capillaries were pulled in two steps in a L/M-3P-A patch pipette puller
(List-Electronic, Eberstadt, West Germany).

The pipettes were coated With Sylgard (Dow Corning, Seneffe, Bel-
gium) under a Steni SV8 low magnification microscope (Zeiss, West Ger-
many) no more than one hour before using. Heat polishing was performed
under a 320x magnification Standard 16 microscope (Zeiss) after coating
Sylgard. A pipette with resistance ~ 10 M (after polishing) can be ob-

tained by this process (measured with experimental solutions).

Background Noise and Circuit

Usually the signals from ionic channels are small both in magnitude
and in time duration. To detect these signals, it is necessary to reduce the

background noise to as low as possible.

The background noise which limits the resolution of recording con-
sists of four contributions: membrane, membrane pipette combination,

pipette and recording electronics, see Fig. 2.2.
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Fig.2.2, The major noise source in patch clamp experiment. (from

Hamill et al. 1981).
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Two halves of the vesicle are represented by RC combinations in
series. R;, Ry and C;, Cy are the membrane resistance and capacitance.
Vi, V, are the electromotive forces of the two halves of the vesicle. R, is
the access resistance of the unsealed pipette. V}, is the electrode potential.
R, is the shunt resistance which includes the seal resistance and the glass
wall resistance (reciprocal of bulk conductance). C is the capacitance of
the thin film of solution that creeps up the outer wall of the pipette. e is

the noise source from the recording circuit.

Apart from the noise sources in the instrumentation, there are in-
herent limits due to the conductances of the patch membrane and the seal.
One noise source is the Johnson noise of the membrane seal combination,

which has a one-side current spectral density:

Si(f) = 4KTRe[Y (f)] | (2.1)

where K is Boltzman constant, T is absolute temperature and Re[Y (f)]
is the real part of the admittance. The membrane-pipette seal can be

modelled as a simple parallel RC circuit. So

Y(f) = % +i2nfC (2.2)
and
1
RelY(f)l = (2.3)
therefore
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Si(f) = —— (2.4)

which decreases with the increasing of the seal resistance. Another noise
source is the “shot noise” expected from ions crossing the membrane, for |
example, through leakage channel or pumps. The spectral density can be

roughly estimated as (Steven 1972, Lauger 1975):

where g is the effective charge of the current carrier and I is the unidirec-

tional current.

The pipettes used for our experiments also have some intrinsic noise.
Three main sources of Johnson noise in pipettes were aware: first, most
serious noise arises from a thin film of solution that creeps up the outer
wall of the pipettes; second, the bulk conductivity of the pipettes glass
introduces a significant noise; and final, the pipettes access resistance Raee
and the capacitance of the tip of the pipettes Cy;, constitute a noise source.

Fach of them can be modelled by a series RC circuit with the admittance:

(27 fC)*R + i2n fC

1+ (2nfCR)? (26)

Y(f) =

So from (2.1) it follows:
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(2rfRC)?
1+ (2nfROY

Si(f) = 4KTR (2.7)

The noise from the thin film of solution can be reduced consider-
ably by Sylgard coating applied to the pipettes: the hydrophobic surface
of Sylgard prevents the formation of a solution film and the thickness of
the coating reduces the capacitance C. Choosing hard electrode glass, as
borosilicate glass, can reduce the noise arising from bulk conducting of elec-
trode glass. The R,.. and Cy, introduced noise can be reduced in pipettes
having steeper tapers near the tip, reducing R,.., or having the coating

extended closer to the tip, reducing .Otip.

The last noise source is the recording electronics. The instrument
used for experiments is EP C-7 external patch clamp amplifier (List-Electronic,
West Germany ). It is essentially made of two functional parts: the I-V con-
verter, which will directly connect with the pipette holder; and the EPC-7
controller which contains the signal amplifier together with other specific
functional elements, as filters and capacity transient and series resistance

compensation. Its recording electronics is diagramed simply in Fig.2.3.

The high-value resistor R;(< 10G2 ) in the I-V converter introduces
the predominant Johnson noise. When R; < 10Gf2, C; has no contribu-
tion to noise, i.e. Re[Y(f)] has no frequency dependence. However when
R; above 10G() , there is a more complicate RC combination and it is
difficult to correct this frequency response. The operational amplifier in
I-V converter is another main noise source at high frequency region. This
noise is imposed by the feed-back loop on the pipette and the input of the

amplifier, causing a current to charge Cp and C;,. The resulting current
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Fig. 2.3 A simplified diagram of EPC-7 recording system.
(from Hamill et al. 1981)
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fluctuation has the spectrum:

Si(f) = 27 F(Cp + Cin)]* Sv(a)(f) (2.8)

where Sy (4)(f) is the amplifier voltage noise spectral density. Using short
pipette and low level solution in combination with avoiding unnecessary
shielding of the pipette and holder will be helpful for minimizing Cp, there-
fore reduce Si(f). At lower frequency, amplifier introduced noise can be

neglected.

The transient cancellation circuit (see Fig.2.3) was designed to reduce
the capacitors charging current which is 4-5 orders of magnitude larger than

typical signal current, caused by a step change in the pipette potential.
Recording

The recording instruments used in experiments were organized as
in Fig. 2.4. The I — V converter of EPC-7 was mounted on a three-
dimensional CP-198 micromanipulator (Physik Instrumentes). The pipette

was manipulated under a 320 x magnification IM35 microscope (Zeiss).

The signals through the pipette were first amplified by the I — V
converter of EPC-7 and then sent to EPC-7 controller. One output of EPC-
7 controller was filtered by a built in 10kHz 3-pole Bessel filter and fed to
the data recorder, which is a combination of a modified PCM device (Digital
Audio Processor, PCM-501ES, Sony, Japan) and video tape recorder (Super
B Stereo Video Cassette Recorder, Sony). The other output of EPC-7 was
filtered at 315 Hz bandwidth by a 4 poles Bessel filter (Ithaco 4302, USA)
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and sent to both a storage oscilloscope (Tektronix 5111A) for monitor,
and a A/D and D/A converter (Max-Planck Institut fiir biophysikalische
Chemie designed, Instrutek version) which connected to a microcomputer
(Atari 1040ST). The microcomputer was used to control the experiments

and all the data analyses.
Analysis

The recorded signals in the video cassette were amplified by a linear
amplifier constructed in the laboratory and filtered at a cut-off frequency
1kHz by a 4 poles Bessel filter (Ithaco 4302). The signal was digitalized
by the A/D converter and transferred to the microcomputer. The acqui-
sition was performed by the Recorder program, written in Modula-2 by
H.Affolter of Yale University. According to the sampling theorem (Shan-
non and Weaver 1964), the Nyquist frequency f., which determined by

sampling interval A as:

1

should be larger than the upper frequency limitation of signal, usually five
times of the limitation. Since our upper ﬁequéncy limitation was 1kHz, the
sampling frequency was chosen as: f. > 5kHz, and the sampling interval
should be:

L < _ = 0.5(ms) (2.10)

A=2F S5% 1(kHz)

In our analysis the sampling interval was 0.2 ms.The acquired data files
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from the Recorder program were analysed by TAC threshold analysis pro-
gram, which descended from the progra,m THAC described by Colquhoun
and Sigworth (1983) and written by Affolter and Sigworth, to get current
amplitude and the distributions of dwell times.

The histogram which displays the distributions of dwell times was
plotted in square-root ordinate with a logarithmic time axis (Sigworth and
Sine,1987). If the distribution consists of a sum of m exponential compo-
nents, the probability density function (pdf) takes the form:

m

flz) = 3 a;fy(z = s5) (2.11)

=1
where s; = In(7;) is the logarithm of the jth time constant, a; is the fraction
of the total events represented by that component, z is the logarithm axis
arising from the transformation z = In(t), and fo(z — s;) is the “generic”

pdf defined as:

fo(z) = explz — ezp(z)] (2.12)

Maximum likelihood method was used to fit the above distributions.
The likelihood is equal to the probability of obtaining a particular set of
observed dwell-times #;, given the form of distribution and the parameters

©®, and is proportional to the product over the N observations.

Lik = ﬂ £(t;10) (2.13)

=1
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where f(t;|©) is the probability density function evaluated at ¢; with the

particular set of parameters ©. For a sum of m exponential components:

fti10)=>" —ezp(t;/Ti) (2.14)

i=1 1

where © consists of the entire set of the coeflicients a; and time constants

T;. Since

the set of parameters ©® has 2m — 1 independent elements.

In practice the log likelihood is used with the correction of the ab-
sence of very short and very long intervals that are due to the experimental
limitations. The log likelihood with correction is given by (Colquhoun and
Sigworth, 1983):

N
L(0) = 2 In[f(2;10)/P(tmin; tma=|O)] (2.15)

where p(tmin,tmaz | ©) is the probability that dwe]l-timeé fall within the
range of experimentally measurable times characterized by tmin and tmas.
The fitting of experimental sets of dwell-time measurements with maximum
likelihood method is typically done by maximizing the logarithm of the
likelihood with respect to the set of fitting parameters ©, i.e. finding the

set of parameters © that maximizes L(O).

The channel conductance can be obtained by using the TAC program

to get the current amplitude and dividing this current by its corresponding
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membrane potential. To reduce the errors produced by calculating the
conductance only under one membrane potential, we measured the channel
current at a set of different potentials and calculated the conductance by

evaluating the slope of the I-V relation.
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Chapter 3

Results

Electric responses from domoic acid activated channels were observed
in rats cerebellar granule cells using the patch clamp technique. The cur-
rents were measured under different potentials using two different patch

clamp configurations: outside-out and cell-attached.

In outside-out configuration recordings, 62% (15 in 24 patches) of
patches were discarded because of their presence of spontaneous fluctua-
tions. One example of the recordings being of spontaneous fluctuations is
shown in Fig. 3.1. Among the remained 38% (9 in 24 patches) patches, the
probability of finding domoic activated channels was 44% (4 in 9 patches).

-88 ny

38 ns

Fig. 3.1 Spontaneous fluctuations in outside-out patches. Obtained
from granule cells of 5 days in vitro. Temperature was 24°C.

Membrane potential was —80 mV. Bandwidth was 1 kHz.
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Some experiments were done in cell-attached configuration. Five of
them were recorded without domoic acid in the pipettes solution as control,
while fourteen patches with 10 uM domoic acid in the pipettes solution.
Among the latter 43% (6 in 14 patches) of the patches were observed to

have domoic activated channels.

The statistics of finding domoic activated channels in this two groups
of experiments were coincident with each other quite well. It seems we can
induce that the probability to find domoic activated channels in granule
cells is around 50% if the pipettes have the unsealed resistance around 10
MQ. In this time the tip opening area of the pipettes is about 5 pm?

according to empirical experiences (Sakmann and Neher 1983).

The density of domoic acid activated channels can be roughly es-
timated on the bases of above results. We know, if the tip opening area
of the pipettes is about 5 pm?, we can “catch” the channel in every two
patches on the average. In practice, the area of the membrane patches is
larger than the pipettes opening area. If we suppose the membrane vesicle
is a half sphere, the area of the patch should be two times of that of its
cross section. Therefore, we can roughly say every patch has a area about
10 pm?. Thus empirically we can estimate that the density of domoic acid

activated channels is about 0.05 pm™2.

I — V relation and reversal potential

In outside-out configurations, the domoic induced currents were mea-
sured under standard condition: monovalent cations concentration of bath

solution (125 mM Na*, 3 mM K*) and that of the solution in pipettes

45



I (pa)

T 1 1 I ] P T 1T 1 1T I | T T 1 oo
B |
4
B //c
.2'—‘ "/
— /
= l//
0 H—
L /
e
I e
-2 = A//
_ ! ¢
A/x
N . A |
-4 ; - X E
- I
"“'"i[ll]!lll!ll'(ll!ll!’lll]
—-100 -80 -60 —40 -20 0 20 40 60

Membrane Potential (mV)

Fig. 3.2 I — V relations obtained from granule cells in
outside-out patches. Triangles, squares, crosses and stars
in the figure are used to label the values from different
experiments. Each of them was obtained by the average of
at least 30 current amplitudes. The experimental values

show the presence of the outward rectifications.
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(128 mM Cs™) are equal. The I — V relation was obtained by measuring
the current amplitudes at various membrane potentials. I — V relations
under standard condition were given in Fig. 3.2. I — V relation shows a
slight outward rectification and indicates that the domoic elicited currents

reversal potential under standard condition is 0 mV.

Conductances

A series of domoic elicited current, recorded in outside-out configu-
ration in the membrane potential range from —80 mV to 40 mV are shown
in Fig. 3.3 and 3.4. After the patches had been made, the control trace was
first recorded for at least 3 minutes before beginning the neurotransmitter
perfusion in order to control the stability of the patches and to assess the
absence of other ionic channels. Then, 10 uM domoic acid was applied

- directly in the extracellular solution.

Since the I —V relations are not linear, the conductance are different
at different membrane potentials. Fig. 3.2 shows the tendency of increasing
of conductance with the increasing of the membrane potential. However,
as we already seen in Fig. 3.2, this conductance changing is not significant.
The ratio of the domoic-induced current at 40 mV to that at —40 mV was
about 1.1.

In outside-out configuration, 4 experiments gave the similar results.
Fig. 3.5 shows the amplitude histogram obtained at —80mV membrane
potential. The amplitude histogram shows very clear that there are two
event peaks, one locates at 0.19 pA and the other locates at 0.39 pA. They

result from the subconductance and the main conductance respectively.
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Fig. 3.3 Domoic elicited currents with the main conductance
about 4 pS in outside-out patches. Obtained from granule cells
of 5 days in vitro. Temperature was 24°C. Membrane potential
varied from —80 mV to 0 mV. Bandwidth was 1 kHz. 10 uM
domoic acid was applied in bath solution. The upper trace is
the control recorded before domoic acid perfusion. Some

subconductance can be observed in graph.
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Fig. 3.4 Domoic elicited currents with the main conductance

| 8.5 pA

about 4 pS in outside-out patches. Obtained from granule cells
of 8 days in vitro. Temperature was 24°C. Membrane potential
varied from —80 mV to 40 mV. Bandwidth was 500 kHz. 10 M
domoic acid was applied in bath solution. The upper trace is

the control recorded before domoic acid perfusion.

49



The result shows that the main conductance is 4.91+0.23 pS (mean £ S.D.).
This main conductance was also obtained from cell-attached experiments
when the electrode potential changed from 60 mV to —40 mV. Since the
resting potential of granule cells in primary culture is around —70 mV
(Borsellino et al., 1988), above potential range corresponds to a membrane
potential range from —130 mV to —30 mV. Four experiments gave a similar

value as: 4.4 £ 0.3 pS (mean + S.D.).

The amplitude histogram also shows the existence of a subconduc-
tance state which is characterized by the value: 2.37 + 0.57 pS (mean +
S.D., n = 293). The presence of the subconductances events is observed,

specially at high potential, in Fig. 3.3.

Other conductances were found in few experiments. The presence of
conductances around 7 pS and 50 pS was observed. Fig. 3.6 and 3.7 show

these recordings.

When the concentration less than 3 xM, no channel activation can
be observed in our experiments. In the experiments, domoic acid concen-
tration was 10 uM. No obvious desensitization was observed with this con-
centration. We have not done systematical experiments to test the effects

of higher concentration of domoic acid.

Time Distribution

A typical dwell-time histogram is shown in Fig. 3.8. The opening
state histogram has one peak at 7, = 2.91 4+ 1.25 ms (mean+S.D. n = 3).

However, the closing state histogram has two peaks, one locates
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Fig. 3.5 Current amplitude histogram of outside-out patches
obtained from granule cells of 8 days in vitro. Membrane potential
was —80 mV. Temperature was 24°C. Filter was 500 Hz. The bin
was 0.01 pA wide and the event number was 344. The histogram
was fitted with Gaussian function and shows two peaks locating
at 0.19 &+ 0.57 and 0.39 & 0.23 pA respectively. Conductance values

are indicated in the figure.
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Fig 3.6 A conductance about 7 pS was observed in cell-attached

patches. Obtained from granule cells of 8 days in vitro.Temperature

was 21°C. Electrode potential varied from —40 mV to 40 mV,
corresponding a membrane potential range from —110 mV to

—30 mV. 10uM domoic acid was applied in pipette solution.
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Fig 3.7 A conductance about 50 pS was observed in outside-out
patch. Obtained from granule cells of 5 days in vitro. Temperature

was 19°C. Membrane potential was —80 mV. 10uM domoic acid

was applied in bath solution.
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Fig 3.8 Dwell-time distribution histogram of domoic activated
channels. Obtained from outside-out experiments. The granule
cells are 8 days in vitro. Temperature was 24°C. Membrane
potential was —80 mV. Bandwidth Wa;s 500 Hz. The bin was 0.1
wide in logarithmic scale. The histograms were fitted with
the sum of the exponential function: a;e~t/7, The number’
of events was 272. (A) histogram of open state dwell-time.

(B) histogram of closed state dwell-time.
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Fig. 3.9 Time constants distribution at different membrane
potentials. The values in this graph are the average of three

experiments.

595



Opening Probability

1 —
5 —
0 _ u L |
| { 1 ! ! | ! r ! I ! ! ! |
—-100 -80 —-60 —40 —-20

Membrane Potential (mV)

Fig. 3.10 The opening probabilities at different membrane

potentials.

56



at 7} = 1.27 £ 0.27 ms (mean=+S.D. n = 3) and the other locates at 72 =
110£47 ms (mean+S.D.n = 3). This histogram indicates that the channels,

activated by domoic acid, have one opening state and two closing states.

Theoretically, mean opening time < f, > should be equal to the
dwell-time 7, of opening state if the histogram can be fitted with a single
exponential function. Comparing the value of 3.03 £ 1.25 ms (mean+S.D.
n = 3)obtained for < i, > with the above mentioned 7, that demonstrates

there exists exactly only one peak in opening state dwell-time histogram.

In Fig. 3.9, the relationship of time constant, 7,, 7! and 72, and
membrane potential is shown. Membrane potential has no obvious influence

on the time constant fluctuations.

The influence of membrane potential on the opening probability is
shown in Fig. 3.10. It seems that the fluctuation of the opening probability
does not depend on the membrane potential because there is no obvious
relation can be found between this two quantities. But in any case these

data are too few to allow a firm conclusion.

57



Chapter 4

Discussion

Conductances

Jahr and Stevens (1987) reported that at least five distinct current
levels could be induced by glutamate through the three subtypes of ex-
citatory amino acid receptors. Fig. 4.1 displays sample records obtained
with prolonged application of 10 uM glutamate. The conductance events
can be divided into three categories: small (5 ~ 15 pS), medium (20 ~ 35
pS) and large (40 ~ 50 pS). Small and large events are common but the

medium-size are relatively infrequent.

The selective glutamate agonists, NMDA, kainate and quisqualate,
preferentially activate subpopulations of the conductances. Although all
three agonists do produce some openings of all three sizes, NMDA tends to
cause large openings. Kainate usually produces events of conductance <5
pS whereas quisqualate activates 10 pS and 15 pS events more than kainate

(Jahr and Stevens 1987). .

In our experiments, both outside-out and cell-attached recordings
show a main event with conductance about 4 pS and mean open time less

than 4 ms. This characteristic coincides with the kainate-induced currents
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Fig. 4.1 Outside-out recordings shows at least 5 distinct
conductance events caused by 10 M glutamate at —80 mV.
(from Jahr and Stevens 1987)
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described by Ascher and Nowak (1988), using outside-out record in combi-
nation with spectral analysis and variance analysis. Comparing our results
with those of Jahr and Stevens (1987), Cull-Candy and Usowicz (1987) and
Ascher and Nowak (1988), we can deduce reasonably that domoic acid acts
preferentially on the kainate receptors of the cell membrane. This conse-
quence coincides with the conclusion that domoic acid has a high affinity for

the kainate receptors (Slevin, et al. 1983, Hampson and Wenthold 1988).

Some of our cell-attached recordings show the presence of an event
with conductance around 7 pS and the similar opening time as the main
component (see Fig.3.6). Although this 7 pS event seems like the double
events of 4 pS or the summation of the main conductance and the sub-
conductance, in fact it is not. The pipettes used in our experiments had a
unsealed resistance about 10 M(2, the areas of the tip opening according to
the empirical experiences (Sakmann and Neher 1983) were less than 5um?.
Patlak and his colleagues (1979) illustrated that the frequency of the simul-
taneous opening of two or more channels in these small patches is very low
or zero. So it is impossible to assume two independent channels will open
always together to form a current trace as Fig.3.6 shows. Maybe this 7 pS
component the one usually is caused by quisqualate, but the evidences are

too few to allow a firm conclusion.

The 50 pS event appeared in outside-out recording has the same
properties as the main component of NMDA-induced current. This phe-
nomena is the same as Cull-Candy and Usowicz described (1987) when
they studied ka,inaté activated channels. They found the high concentrated
kainate (50uM) can also activate the largest current produced by glutamate,

although at normal concentration it usually open only the small conduc-
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tance channels. In our experiments, the domoic acid was directly applied in
bath solution using pipette. The concentration of domoic acid was calcu-
lated on the basis that the volume of the bath solution was 2 ml. Therefore,
in practice the domoic concentration will fluctuate slightly depending on
the error of the bath solution volume. May be in that experiment, from
which we found the 50 pS conductance, the domoic concentration was more
than 10 uM because of the less volume of the bath solution. Of course, the
domoic acid concentration will not reach as high as 50uM causing by fluc-
tuation but only around 10uM. But if we remind that the domoic acid is
equal or more potent than kainate (Biscoe et al., 1975), may be this higher

concentration can also activate the large conductance channels.

Ionic Selectivity

It is already known that glutamate analogues activated channels are
permeable mainly to monovalent cations (MacDonald and Wojtowicz 1980,
Crunelli et al., 1984, Hablitz and Langmoen 1983), and some of them can
also activate a conductance that permits significant calcium influx (Ascher
and Nowak 1986, MacDermott et al., 1986). Therefore, in below discussion
we only talk about monovalent cations. The fact that domoic acid elicited
current invert at 0 mV indicates that the cha,imels activated by domoic acid
are equally permeable to cations. From Goldman-Hodgkin-Katz constant-
field theory (Goldman 1943, Hodgkin and Katz 1949), the reversal potential

in our experimental condition is determined by the equation:

B = RTlnPK[K+]o+PNa[Na+}o+PC.3{C’3+]0
T Pg[K*)i 4 Pna[Nat]i + Po,[Cs™i

(4.1)
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where P expresses the permeability of each ion and [ ];, [ ]o express the
concentrations of each ion inside and outside the membrane respectively.

In standard condition (see table 2.7 and 2.8):

[Na*], + [K*], + [Cs*], = [Na*]s + [K*): + [Cs]: (4.2)

In order to let Eq(4.1) equal to zero under the condition‘(4.2), we should

assume:

Pye = Px = Po, (4.3)

That says: domoic acid activated channels permeate equally to Nat, K*

and Cs™.

Voltage Dependence

In our results, the dwell-times and opening probability are roughly
the same at different membrane potentials (see Fig. 3.9 and 3.10). In
other words, the kinetic process of domoic acid activated channels are not
voltage dependent. This property suggests that the sensor of the chan-
nels responds only to the ligand-binding of neurotransmitter, but not to
the voltage field. That demonstrates the domoic activated channels are

neurotransmitter gated channels without voltage dependence.

Slightly differences in the single channel conductances have been ob-

served at different applied potentials. This rectification in I — V relations
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indicates that the membrane potential has some influences on the con-
ductance of domoic-activated channels. Ascher and Nowak (1988) have
reported Similar effects about KA activated channels, that should be the
same receptor-channel complex as that is activated by domoic acid. This
phenomena can be due to the different mobilities of the ions in each side of
the membrane. According to this idea, the rectification will be influenced
by the ionic concentration combinations in the internal and external side
of the membrane. Therefore, further studies have to be done to investigate

this point.

Neurotoxicity

Neurotoxicity measurement has been a method to evaluate the neu-
rotransmitter. The neurotoxicity is widely studied using the cells in culture
(for example see Novelli et al., 1988, McCaslin and Smith 1988). The ef-
fects of EAA neurotoxicity on the cells has been proposed in terms of the

depolarizé,tion of cells and the Ca’t entering the cells.

However, it is necessary to observed that the EAA neurotoxicity at
systemic level can be due to the cell connection interferences. If certain
quantity of EAA, that is not enough to produce cellular neurotoxicity, is
applied to the neuron tissue, it can “short circuit” the normal cell to cell
communication flux, and introduce important disorders that will be re-

flected as neurological symptoms.

On the bases of our results, we can estimate the toxicity of domoic

acid. The diameter of granule cells’ body is 5 ~ 10pm. Its surface area

2

can be rdughly estimated as 314um?. We also have an estimation about
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the channel density, opening probability and single channel conductance.
Thus, we can see what should happen with the current that domoic acid
activated channels introduce. We simulated the effects of the domoic acid
evoked current in an excitable cell using the Hodgkin and Huxley (1952)
model in a program (Moran et al., 1986), in which this EAA current was

introduced.

Three experimental conditions were simulated: ﬁrét, 10uM domoic
acid application; second, 10 times effective domoic acid application; third,
50 times effective domoic acid application. We must emphasize here that

it is just the effect but not the concentration which has been amplified.

From Fig 4.2 we can see that 10pM domoic acid did not maintain
depolarization of the cell but it produced a repetitive firing. Since the cells
continue to fire, the sodium will accumulate in the cells and the potassium
will be lost. If the firing is continuous, the amount of energy required to
activate the Na-K pump will not be sufficient to recover the cells back to
the normal state, thus the cells will die. If the effect of domoic acid is
increased to 50 times of that of 10 uM domoic acid, the cells will keep in
depolarization state and the cells have no response to other stimulus. In
this case, a lack of strong energy sources will also produce the cell death.
Supposing this mechanism is correct, the main problem will be the lack of

energy compensation.

Novelli and his colleagues (1988) reported some interesting results
that are in line with this hypothesis. They found that the absence of glucose
in the medium increase the neurotoxicity of EAA. They also reported that

the neurotoxicity could be increased by the adding of KON or Quabain to
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the medium. From their results it is possible to conclude that the energy
requirements of the cell, and specially the activating of the Na-K ATPase,

is involved in the neurotoxic mechanism of the EAA.
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Conclusions

1. The result presented here shows that domoic acid activates mainly
the channels with conductance around 4 pS and mean open time about 3 ms.
It can also activated channels with other conductances. In our experiments,
we found another two conductances: one is about 7 pS and another one is
about 50 pS. They are possible related to a non-specific activation of other

glutamate receptors.

2. This channel characteristics are consistent with the hypothesis
that domoic acid is an agonist of the KA receptor, one of the glutamate

receptor subtypes.

3. When domoic acid molecules bind on the KA receptors, they
open the channels to allow monovalent cations to permeate equally. This
function lead the reversal potential of domoic acid activated channels is 0
mV when the monovalent cations concentrations of solution in the pipette

and in the bath are equal.

4. The kinetic of the domoic acid activated channels can be described
as one open state and two closed states. The dwell-times and opening

probability are independent to the membrane potentials.
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