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ABSTRACT

Application of -y-aminobutyric acid (GABA) or baclofen to cultured rat
hippocampal neurons activated single channel potassium currents after a delay
of 10-20 sec in patches of membrane on the cell surface isolated from the agonists
by the recording pipette. The appearance of currents in patches not exposed to
agonists, the delay in their appearance and the suppression of currents in cells
pre-incubated with pertussis toxin indicate the involvement of a second
messenger system. The channels were associated with GABAB receptors rather
than GABAA receptors as they were blocked by saclofen, a GABA8 antagonist,
but were not affected by bicuculline, a GABAA antagonist. The channel had a
maximum conductance of about 70 pS and displayed many lower conductance
states that were integral multiples of 5-6 pS. In several cells exposed to GABA
or baclofen, first small currents and then progressively larger currents appeared.
The channel open probability increased with depolarization. It is suggested that
binding of GABA or baclofen to GABAB receptors activates a second
messenger system causing opening of oligomeric potassium channels.

Experiments were done to determine whether arachidonic acid might be
the second messenger mediating the increase in potassium conductance caused
by GABAB agonists. Exposure of the cytoplasmic surface of patches of
membrane excised from cultured rat hippocampal neurons to arachidonic acid
(10-100 µM) activated potassium-selective channels which had a maximum
single channel conductance of about 80 pS. The currents had a variable
amplitude similar to those activated by GABA or baclofen in cell-attached
patches. The amplitude of single-channel currents increased with time after
exposure to arachidonic acid and also increased when arachidonic acid

V

concentration was increased from 20 to 50 or 100 µM. Current amplitude
probability histograms had peaks at integral multiples of an 'elementary'
current. It is proposed that arachidonic acid or its metabolites cause
synchronous opening and closing of coupled conducting units ( co-channels) in
cell membranes. Some of the characteristics of these channels are similar to
those channels activated by GABAB agonists in cell-attached patches. The
channels activated by GABAB agonists can be blocked by mepacrine, an
inhibitor of phospholipase A 2, supporting the notion that arachidonic acid may
be the second messenger.

Exposure of cultured hippocampal neurons to serotonin
(5-hydroxytryptamine) activated in cell-attached patches two kinds of potassium
channel, non-rectifying and rectifying. The appearance of these channels after a
delay of 10-20 sec in patches not exposed to serotonin indicate that the channel
activity is mediated by a diffusible second messenger. The channels induced by
serotonin appeared to be different in many respects from those activated by
GABA or baclofen. Channels induced by serotonin had a conductance of about
40 pS, half that of channels activated by GABAB agonists. The mean open time
and burst length of channels activated by serotonin were significantly
(p < 0.001) shorter than with GABAB agonists. Channels induced by serotonin
showed little increase in open probability at depolarized potentials compared to
channels activated by GABAB agonists. In a few cell-attached patches,
exposure of cells to serotonin and a GABAB agonist together activated two
different kinds of channel.

Single channel potassium currents were activated in cell-attached
patches when serotonin (2-10 µM) was added to the pipette solution wh ere as
addition of baclofen (2-20 µM) rarely activated channels. The channels

Vl

activated by serotonin were compared with those activated by GTP-yS in insideout patches. One of the many kinds of channel activated by GTP-yS appeared
similar to the channel activated by serotonin. Both channels had a predominant
single channel conductance of about 40 pS and showed similarities in channelkinetics. It appears from these results that the channels activated by serotonin
in this way were directly coupled to G-proteins. There are differences in
kinetics of channels a~tivated in cell-attached patches by serotonin in the
pipette solution and in the bath solution.

I
I\

The experimental observations described here indicate that GABAB
agonists and serotonin activate different kinds of potassium channels in cellattached patches of membrane on the soma of cultured hippocampal pyramidal
neurons and presumably use different second messenger systems. Two kinds of
potassium channel were activated by serotonin in cell-attached patches not
exposed to agonist indicating that both these channels are regulated by a
diffusible second messenger, whereas the channels activated by serotonin in the
pipette solution were probably directly coupled to G-proteins. The different
kinds of potassium channels activated by serotonin may be associated with
different receptor subtypes.

I

I
'\
I

I
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CHAPTER 1

GENERAL INTRODUCTION

I,

I,

1

In nervous systems, nerve cells communicate at specialised areas called
synapses. The communication is carried out by neurotransmitters which are
released from vesicles in presynaptic nerve terminals and bind to receptors on
the postsynaptic membrane causing a change in ionic conductance. The change
in membrane potential due to this ionic conductance change was studied
extensively in spinal motor neurons by Eccles (Eccles et al.1956; Eccles, 1957;
Eccles, 1964a; Eccles et al. l964b ). Two types of potential change were
I

observed, excitatory and inhibitory. When a neurotransmitter increased the

I

permeability of the postsynaptic membrane to cations, an excitatory
postsynaptic potential (EPSP) was generated which, if large enough generated
an action potential. An inhibitory postsynaptic potential (IPSP) occurred when
the permeability of the postsynaptic membrane to chloride ions was increased,
normally leading to hyperpolarization of the cell membrane. These
conductance changes are now known to occur as a result of opening of ion
channels.

It has become increasingly evident in recent years that neurotransmitters
can activate many different kinds of receptor which can mediate a variety of
changes in ionic conductance. For example, there have been extensive studies
of conductance changes caused by glutamate, acetylcholine (ACh),
noradrenaline (NA), dopamine, serotonin (5-hydroxytryptamine, 5-HT),
-y-aminobutyric acid (GABA), opiates, adenosine, bradykinin, histamine and
somatostatin. Some of these conductance changes are mediated by G-proteins.
It is yet to be confirmed whether the G-protein link is direct (G-protein-coupled
channels) or indirect (G-proteins stimulate an enzyme resulting in the
generation of intracellular messengers which in turn regulate the ion channels)
(for reviews, see Nicoll, 1988; Strange, 1988; Nicoll et al. 1990).
I1

2

ION CHANNELS MEDIATED BY SECOND MESSENGERS

Second messengers are becoming increasingly recognized as important
in regulating some ion channels in neurons. Agonists binding to receptors on
the plasma membrane can initiate a cascade of events liberating various
I

I

·1

I

I
I

I

products which can regulate ion channels (Kennedy, 1983; Nestler &
Greengard, 1983). Cyclic adenosine 3'5' monophosphate ( cAMP) is involved in
the closure of potassium channels inAplysia neurons and regulation of anion

I

channels in cardiac myocytes (Siegelbaum et al.1982; Siegelbaum & Tsien,
1983; Ehara & Ishihara, 1990). Elevation of intracellular concentration of
cyclic AMP is known to block calcium-activated potassium currents responsible
for the after-hyperpolarization following action potentials and inhibition of
adenylate cyclase causes an increase in this after-hyperpolarization (Andrade et
al.1986). Cyclic guanosine monophosphate ( cGMP) regulates cation channels
in the membrane of the rod outer segments (Fesenko et al.1985; Haynes et
al.1986; Paupardin-Tritsch et al. 1986; Zimmerman & Baylor, 1986). Calcium
(Rasmussen & Barrett, 1984; Miller, 1988; Schroeder & Hagiwara, 1989),
phospholipid metabolites, diacyl-glycerol (DeRiemer et al.1985; Baraban et
al.1985; Rane & Dunlap, 1986; Hammond et al.1987) and inositol phosphates
(Higashida & Brown, 1986a; Higashida & Brown, 1986b; Fisher & Agranoff,
1987; Morris et al.1987; Rane et al.1989) are also involved in the regulation of
various ion channels. In cardiac cells, inwardly rectifying potassium channels
are controlled by intracellular sodium (Kameyama et al.1984) and ATP (Noma,
1983; Weiss & Lamp, 1987). Acetylcholine-and adenosine-induced potassium
channels are GTP dependent suggesting the involvement of GTP-binding
proteins (Kurachi et al.1986; Codina et al.1987; Logothetis et al.1987; Yatani et
al.1987b) (see for reviews, Brown & Birnbaumer, 1988; Birnbaumer et al.1990;
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Birnbaumer & Brown, 1990). Arachidonic acid and its metabolites activate
potassium channels producing hyperpolarization in invertebrate neurons and
the effect can be mimicked by the molluscan tetrapeptide FMRFamide
(Piomelli et al.1987a; Piomelli et al.1987b; Piomelli et al.1989). Furthermore,
arachidonic acid and some other fatty acids can activate high conductance
I

potassium channels in smooth muscle (Ordway et al.1989) and cardiac

I

'I

I
II

myocytes (Kim & Clapham, 1989; Kim et al.1989; Kurachi et al.1989) (see for

I

review, Piomelli & Greengard, 1990).

GTP BINDING PROTEINS (G-PROTEINS)

GTP binding proteins or G-proteins can cause opening of ion channels
either directly or by stimulating second messenger systems. A G-protein is a
heterotrimer made up of a, f3 and -y subunits. The receptor is made up of seven
membrane spanning segments. When the a subunit is bound to GDP and
functionally associated with the {3-y subunit, the G-protein is inactive. When the
agonist binds to a receptor, GTP replaces GDP on the a subunit which then
splits from the trimer forming aGTP and {3-y subunits. The a subunit, by its own
hydrolytic activity, cleaves GTP, returns to GDP and reassociates with the {3-y
subunit terminating the cycle. The cycle can be active until the signal
transduction is required. There are at least fourteen different a subunits,
including four different as ( adenylate cyclase) subunits, three different ai
(inhibitory) subunits, two at (transducin) subunits and an a 0 1f (olfactory)
subunit. In addition, a 0 is another subunit abundant in brain tissue and a 2 is
found in neurons and platelets. G-proteins modulate the actions of more than
seventy different agonists but the function of several a subunits that have been
identified is unknown.

4

Two toxins, pertussis and cholera toxin, have played a significant role in
enhancing our understanding of effects mediated by G-proteins. Cholera toxin
(CTX) catalyses the transfer of an ADP ribose unit from NAD+ to an arginine
side chain of a Gs-protein and blocks the GTPase action which is a regulatory
built-in device for the deactivation of o:sGTP. The Gs-protein is locked in the
I

GTP form and the adenylate cyclase stays permanently active. Pertussis toxin

I

I
I

I

(PTX) causes ADP ribosylation of Gi or G 0 • As a result, receptor activation of

I

I

these G-proteins is impaired. An alternative approach to investigating
G-proteins is to make use of specific antibodies to the individual G-proteins to
disrupt the link to the receptor. Antibodies produced against Gi and G 0 have
provided a means of differentiating between the two classes of G-proteins
(McKenzie et al.1988; Yatani et al. l988a).

G-PROTEIN SUBUNITS AND ION CHANNELS

Purified subunits of the G-proteins can activate potassium channels
when applied to the cytoplasmic surface of a membrane (Codina et al.1987;
Logothetis et al. 1987; Yatani et al. l987a; Cerbai et al.1988; Kirsch et al.1988 ;
Yatani et al. l988a; Mattera et al.1989). For example, application of G 0
activates four different types of potassium channel with conductances of 13 pS,
38 pS, 38 pS (inwardly rectifying), and 55 pS in hippocampal neurons
(VanDongen et al.1988). It has been suggested that inwardly rectifying channels
correspond to GABAB-, serotonin- and adenosine-mediated ion channels
linked to the receptor through a G-protein (VanDongen et al.1988).
Application of o: subunits (Codina et al.1987; Logothetis et al.1987; Kirsch et
al.1988) or [3-y subunits of GK (0.2-1 nM) (Logothetis et al.1987; Kim et al. 1989;

Neer & Clapham, 1988) activates potassium channels similar to those activated
/,

by muscarinic agonists in cardiac cells. It is now agreed that the physiological

5

effects of muscarinic acetylcholine receptor activation in cardiac myocytes are
mediated by the a-subunit, whereas the ,8-y-subunits activate membrane bound
phospholipase A2 and the lipoxygenase-derived metabolites can activate
channels (Bourne, 1987; Logothetis et al.1988; Bourne, 1989).

ION CHANNELS DIRECTLY MEDIATED BY G-PROTEINS

There is evidence that calcium and potassium channels can be directly
regulated by the G-proteins. The channel activity can be mimicked by the nonI
Ii

hydrolysable analogue of GTP, GTP-yS and can be blocked by GDP,BS. For
example, inhibition of calcium channels in dorsal root ganglion cells by GABA 8
or aradrenergic agonists is thought to be mediated directly by G-proteins (Holz

et al.1986; Dolphin & Scott, 1987; Dunlap et al.1987; Brown & Birnbaumer,
1988; Dolphin et al. 1989; Dolphin, 1990). Potassium channels activated by
muscarinic agonists and adenosine in cardiac myocytes have been extensively
studied. The channels can be activated in excised patches by the application of
GTP in the presence of the agonist. This effect is mimicked by GTP-yS and
blocked by GDP.BS (Kurachi et al.1989). Potassium channels activated by
serotonin are also thought to be influenced directly by G-proteins (VanDongen

et al.1988; Yakel et al.1988).

ION CHANNELS INDIRECTLY MEDIATED BY G-PROTEINS

Most neurotransmitters in the brain seem to be coupled to more than
one type of channel, possibly through different kinds of receptor. They include
glutamate, acetylcholine, noradrenaline, dopamine, serotonin, GABA, opiates,
adenosine and somatostatin (see Table 1. 1) (Brown, 1990). Some of these
actions are mediated by G-proteins.

6

TABLE 1. 1 POTASSIUM CHANNELS MEDIATED BY SECOND
MESSENGERS
Cell

,,
I

Transmitter

Aplysia
neuron

FMRF
amide

Second Messenger Conductance Reference
AA
metabolites

rK+

Nature 1987
328: 38-43
Nature 1987
325: 153-156

i:
I

Aplysia
neuron

12-li poxygenase
metabolites

rK+

Nature 1989
342: 553-555

Cardiac
myocytes

AA

rK+

Science 1989
244: 1174-1176

Cardiac
myocytes

AA
metabolites

rK+

Nature 1989
337:555-557

!!
I

Nature 1989
337: 557-560

I
I
'

Smooth
muscle cells

AA

rK+

Science 1989
244: 1176-1179

Hippocampal
neurons

carbachol

AA

rK+ (M)

Science 1987
239: 278-280

Hippocampal
neurons

somatostatin

AA

rK+ (M)

Nature 1990
346: 464-467

a-subunit of
G-protein

rK+

Science 1988
236: 442-445

Atrial cells

Atrial cells

MACh

a-subunit of
G-protein

rK+

Science 1988
240: 1782-1783

Atrial cells

MACh

GK

rK+

Science 1987
235: 207-211

Atrial cells

MACh

Gia

rK+

Nature 1988
336: 680-682

Chick,rat,G .pig
atrial cells

a-subunit of
G-protein

rK+

Am.J .Physiol 1988
245: hl200-hl205

Cardiac
myocytes

/3,-subunit of
G-protein

TK +

Nature 1987
325: 321-326

Cardiac
myocytes

/3,-subunit of
G-protein

rK+

Nature 1987
337: 557-560

I,

I,

7

I
1111'

I
11

I
I
I

Anterior
pituitary cells

GK

rK+

Mol.Endocr 1987
1: 283-289

Hippocampal
neurons

Go

rK+

Science 1988
242: 1433-1437

Locus coeruleus
neurons

opiate
a: 2-ad

G-protein

rK+

Brain.Res 1985
371: 390-394

Cardiac
myocytes

ACh
adenosine

G-protein

rK+

PfluArch 1986
407: 264-274

Hippocampal
neurons

GABA 8
5-HTlA

G-protein

rK+

Science 1986
234: 1261-1265

Pituitary
cells

somatostatin

G-protein

rK+

Am.J.Physiol. 1987
253: E28-32

Hippocampal
neurons

adenosine

G-protein

rK+

J.Neurosci 1987
7: 3306-3316

Atrial cells

Histamine
dopamine
ACh

G-protein

rK+

Nature 1987
325: 259-262

G-protein

!K+ (M)

Neurosci.1987
13: 583-

I

I

'I
I

I

I

1,

Frog symp.
neurons

I

I

Im 11

Rat symp.
neurons

MACh

G-protein

!K+ (M)

J.Physiol. 1987
396: 87P

Frog symp.
ganglion

t-LHRH
MACh

G-protein

!K+ (M)

J.Neurosci 1988
8:3343-3353

Neurons

substance
p

G-protein

!K+

PNAS 1988
85: 3643-3647

Dorsal raphe
neurons

GABA 8
5-HT 1A

G-protein

rK+

Brain Res 1988
459: 27-36

Substantia
rugra

Dopamine
GABA 8

G-protein

rK+

J.Physiol 1988
401: 437-453

Locus
coeruleus

somatostatin

G-protein

rK+

J .Physiol 1988
407: 177-198

NG 108-15

IP 3

rK+ (Ca)

PNAS 1986
83: 942-946

Cardiac
myocytes

IP 3,IP4

tK+ (Ca)

Nature 1987
330: 653-655

Aplysia
neuron

IP 3

+
tK (Ca)

J.Neurosci 1987
7:1470-1483

j,

fl

J

I

;11
I

n

ID

1/';

0

8

L

I

Dorsal raphe
neurons

a-ad

IP 3

rK+

J.Neurosci 1987
7:3897-3906

NG 108-15

bradykinin

IP 3
DAG

rK+(Ca)

Nature 1986
323: 333-335

Hippocampal
neurons

IP 3

!K+ (M)

Neurosci.Lett 1988
85: 89-94

Aplysia
neurons

IP 3

tK+ (Ca)

J.Neurophysiol
1989
61: 302-310

DAG

I

I
'l

1:

II

I

1:

NG 108-15

ACh

IP3

tK + (Ca)

FEBS. Lett 1988
240: 88-94

Hippocampal
neurons

ACh

DAG

TK + (Ca)

J.Physiol.1988
342: 253-266

Sympathetic
ganglion

ACh

DAG

tK\M)

Neuron 1988
1: 477-484

Aplysia
neuron

5HT

cAMP

rK+

PNAS 1980
77: 5013-5017

Snail
neuron

5HT

cAMP

!K+

Nature 1981
290: 783-785

Snail
neuron

5HT
dopamine

cAMP

!K+

PNAS 1982
79: 7934-7938

Aplysia
neuron

5HT

cAMP

!K+

PNAS 1984
81:7956-7960

Locus coerule us
neurons

opiate
a2-ad.

cAMP

!K+ (AHP)

Aplysia
neuron

5HT

cAMP

!K+

J .N eurosci. 1985
5: 1862-1871

Aplysia
neuron

FMRF
amide

cAMP

!K+

J.Neurosci 1985
5:2533-2538

Aplysia
neurons

5HT

cAMP

rK+

J .N europhysiol
1987
58: 909-921

Hippocampal
neuron

NA
(/3)

cAMP

!K+ (AHP)

Aplysia
neuron

5HT

cAMP

tK+ (IR)

J.Neurosci 1985
5:2359-2364

J.Physiol 1986
372: 245-259
J.Neurophysiol
1987
58: 909-921

9

'/:

Smooth muscle

ACh

Neurons

NA

cAMP

tK+ (M)

Science 1988
239:190-193

5-HT
histamine
PGs

cAMP
cAMP
cAMP

slow
rK+ (Ca)
rK+ (Ca)
rK+ (Ca)

J.Physiol.1986
372: 221-224
Brain.Res 1985
354-349

5-HT

cAMP dep
protein kinase

rK+

Nature 1985
313: 392-39

Pancreatic cells

ATP

1K+

Nature 1984
311: 271-273

Cardiac
myocytes

ATP

1K+

Nature 1983
305: 147-148
Nature 1985
316: 736-738

lcation
current
lcation
current

Nature 1986
321: 66-70
Nature 1986
321: 70-72

Aplysia
neuron
I!

l/
I

;

Rod outer segment

cGMP

'I

cGMP

·,

i
Ii
I

' !
I

i

Hippocampal
neuron

II

1;

PKC

1K+ (Ca)
lK+ (AHP)

PNAS 1985
82:2538-2542
J.Neurosci 1986
6: 475-480

I

11

i increase ; t decrease
I,

,,

!

l

I

I

t,

,.,
~;

jl

'

K + (Mr M-current; K + (C rcalcium activated potassium current; K +fAHPr
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Various enzyme systems can be activated by G-proteins: enzyme
induction leads to the production of intracellular messengers which can regulate
ion channels directly or through their metabolites. Some of these enzymes
include phospholipase A 2, phospholipase C, adenylate cyclase and guanylate
cyclase.

PHOSPHOLIPASE A2

Activation of the membrane-bound enzyme phospholipase A 2 (PLA 2),
through a G-protein hydrolyses membrane bound phospholipids
(phosphatidylcholine and phosphatidylserine) resulting in the formation of
lysophospholipids and arachidonic acid (AA). Arachidonic acid can also be
generated from phosphoinositides or phosphatidylcholine (Irvine, 1982; Loeb &
Gross, 1986) by the action of phospholipase C which generates
arachidonyldiglyceride from which arachidonic acid can be liberated by the
action of diglyceride lipase. Diglycerides can be phosphorylated by the action
of diglyceride kinase leading to the formation of phosphatidic acid .
Phospholipase A 2 releases arachidonic acid from phosphatidic acid ( Irvine,
1982). Receptor-mediated production of arachidonic acid has been
demonstrated in fibroblasts, platelets (Samuelsson et al.1978), neutrophils
(Hirata et al.1979; Ohta et al.1985), pineal gland (Ho & Klein, 1987), MDCK
cells (Slivka & Insel, 1987), thyroid cell lines (FRTL5) (Burch et al. l9B6;
Axelrod et al.1988) and rod outer segments (Jelsema & Axelrod, 1987).
Agonists that can do this include noradrenaline acting on a 1 adrenergic
receptors, GABA acting on GABAB receptors, histamine acting on histamine 1
receptors, bradykinin, vasoactive intestinal peptide and leukotrienes (Axelrod et
al.1988). The activation of phospholipase A 2 can be blocked by pretreatment
with pertussis toxin and can be mimicked by GTP-yS (Axelrod et al. 1988;
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Burch et al.1986; Burch & Axelrod, 1987). Arachidonic acid undergoes further
metabolism (Piomelli et al.1987a; Piomelli et al.1987b; Piomelli et
al.1989; Piomelli & Greengard, 1990) by either cyclooxygenases or
lipoxygenases. Cyclooxygenases produce prostaglandins (PGE2 and PGF2a) and
this can be blocked by indomethacin. There are two lipoxygenase pathways (5

!:

and 12 lipoxygenase) which generate unstable intermediate compounds; 5 and
12 hydroperoxyeicosatetraenoic acid (HPETEs ). The HPETEs are reduced to
yield hydroxyeicosatetraenoic acid (HETEs) which are stable. Further
metabolism of 5-HETE and 12-HETE leads to the production of leukotrienes
(LTA4, LTB 4, LTC 4 , LTD 4 and LTE 4) and hydroxy-epoxy compounds: both of
these pathways can be blocked by nordihydroguaiaretic acid (NOGA).
Baicalein selectively inhibits the 12-lipoxygenase pathway and AA-861 inhibits
the 5-lipoxygenase pathway (Kurachi et al.1989) (Fig 1.1).

EFFECTS OF ARACHIDONIC ACID ON ION CHANNELS

An effect of arachidonic acid on potassium channels was first reported by
Piomelli et al. (1987). Arachidonic acid produced hyperpolarization of an
Aplysia sensory neuron and single channel recordings showed that arachidonic

acid activated a kind of potassium channel called an S channel. Biochemical
experiments showed that arachidonic acid and its metabolites were synthesized
both in synaptasomes and in cell bodies (Piomelli et al. 1987a; Piomelli et
al.1987b; Piomelli et al.1989). Two independent studies (Kim & Clapham,
1989; Ordway et al. 1989) showed that direct application of arachidonic acid and
other fatty acids to excised patches from cardiac myocytes and smooth muscle
activated previously undescribed potassium channels. These channels in
cardiac myocytes had a single channel conductance of 160 pS and were
outwardly rectifying. The probability of channel opening increased as pH was
l'(
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FIG. 1. 1. Arachidonic acid is released from the membrane bound

phospholipids by receptor activation. This is mediated through a pertussis toxin
11

sensitive G-protein. The release of arachidonic acid can be blocked by
4-bromophenacylbrornide or mepacrine which are inhibitors of phospholipase
A2 (PLA.2). Arachidonic acid is metabolized by lipoxygenase or cyclooxygenase
pathways. There are two lipoxygenase pathways, 5-lipoxygenase and
12-lipoxygenase. Both lipoxygenases are blocked by nordihydroguaiaretic acid
(NDGA). The 12-lipoxygenase pathway is blocked by baicalein and the 5lipoxygenase pathway by AA-861. The cyclooxygense pathway is blocked by
indomethacin. Lipoxygenases produce hydroperoxyeicosatetraenoic acids

11

[HPETE] which are unstable and then to hydroxyeicosatetraenoic acids
(HETE) which are more stable. The 5-lipoxygenase pathway gives rise to
biologically active leukotrienes.
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lowered. The channels were insensitive to the application of ATP, calcium and
magnesium. Phosphatidylcholine (PC) and phosphatidylserine (PS) also
activated a second class of channels (Kim & Clapham, 1989) which had a single

I

channel conductance of 68 pS in the outward direction and 44 pS in the inward
I
'I

direction. In smooth muscle cells, arachidonic acid reversibly activated
potassium channels. The same potassium channel was also activated by fatty
acids such as oleic acid and myristic acid which are not substrates for
cyclooxygenase and lipoxygenase pathways. Application of other fatty acids
(linoelaidic, linolenic, palmitoleic) activated the same potassium channels in
cell-attached, inside-out and outside-out patches but the onset and recovery was
slow in outside-out patches compared to inside-out patches. These channels
had a single channel conductance of 20-30 pS. Recent studies have shown a
modulatory effect of arachidonic acid and fatty acids on secretory chloride
channels: arachidonic acid and other fatty acids block chloride channels in a
concentration-dependent manner (Hwang et al.1990). This action of
arachidonic acid appeared to be direct rather than through its metabolites
because the lipoxygenase inhibitor nordihydroguaiaretic acid and the
cyclooxygenase inhibitor indomethacin had no effect (Hwang et al.1990).

ACTIVATION OF POTASSIUM CHANNELS BY METABOLITES OF
ARACHIDONIC ACID

Arachidonic acid metabolites can also activate potassium channels in
Aplysia neurons and cardiac myocytes (Piomelli et al. 1987 a; Piomelli et

al.1987b; Buttner et al.1989; Kurachi et al.1989; Kim et al.1989; Piomelli &
,I

Greengard, 1990). The effect of various inhibitors of metabolic pathways that
normally produce these metabolites (Fig. 1. 1) have been studied.
Indomethacin, a cyclooxygenase inhibitor, does not alter channel activity in

I
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cardiac myocytes: in fact, channel activity increases. This may be due to a build-

I

I
11

up of arachidonic acid and perhaps to an increase in lipoxygenase metabolites
11

(Kim et al.1989; Kurachi et al.1989). Indeed, the lipoxygenase inhibitor
nordihydroguaiaretic acid blocked channel activity. There are two different

I.

lipoxygenase pathways in these cells, 5-lipoxygenase and 12-lipoxygenase. The
11

,,

5-lipoxygenase pathway produces leukotrienes. Application of specific blockers
for each of these pathways indicated that metabolites produced by 5lipoxygenase pathway could be mediating the channel activity as the channel
activity was blocked when AA-861, a 5-lipoxygenase inhibitor was used, whereas
baicalein a 12-lipoxygenase inhibitor enhanced the channel activity (Kurachi et

al.1989). The arachidonic acid metabolites, 12-hydroperoxyeicosatetraenoic
.I

acid (12-HPETE) and 12-hydroxyeicosatetraenoic acid (12-HETE) did not
activate channels but 5-hydroperoxyeicosatetraenoic acid (5-HPETE) did
activate channels, in accord with the results obtained using inhibitors. The
I,

final metabolites of 5-lipoxygenase pathway, the leukotrienes LTA4 and LTC 4 ,
activated channels (Kim et al.1989; Kurachi et al.1989). Arachidonic acid
metabolites also mediate a somatostatin-induced increase of neuronal Mcurrent and lipoxygenase inhibitors abolish this action (Schweitzer et al.1990).

An interesting observation (Kurachi et al.1989) is that arachidonic acid
and leukotrienes (LTC 4) induce channel activity in cell-attached patches of
cardiac myocytes. The channel activity disappeared when inside-out patches
were formed, but reappeared when GTP was added to the bath solution.
Arachidonic acid and LTC 4 activated channels in cells treated with pertussis
toxin where GK had been uncoupled from the receptor. It was concluded that
these substances may stimulate GDP /GTP exchange of GK in a receptor

I

r

15
I

independent way through a pertussis toxin-insensitive G-protein (Kurachi et
i!

al.1989).

The mechanism by which these agents modulate or regulate channel
opening is not well understood. Some observations do not seem to support the
!

current conventional concepts. Leukotrienes activated channels in pertussis
toxin-treated cells in which GK had been uncoupled from the receptor. When
inside-out patches were formed the channel activity was dependent on GTP
(Kurachi et al. 1989). It is possible that leukotrienes may act through
leukotriene receptors. In some studies, arachidonic acid activated channels in
cell-attached patches but not in excised inside-out patches (Kim et al.1989;
Kurachi et al.1989) indicating the importance of intracellular components.
There is often a delay in the onset of activity after the application of
arachidonic acid to inside-out patches (Kim & Clapham, 1989 see also
Chapter 4). The /J,y subunit of a G-protein activated membrane boundphospholipase A 2 (PLA2) in retinal rods and in cardiac myocytes. The channel
activity could be blocked by an antibody to phospholipase A 2 and also by
nordihydroguaiaretic acid (Kim et al. 1989). If the channel activity is due to
lipoxygenase metabolites, application of the specific metabolites should be most
effective in opening channels. Experimental observations do not seem to agree
with this; the /3-y subunits of G-protein increased channel open probability, NP 0
(N-number of channels in the patch and P 0 -probability of opening) 180-fold,
GTP-yS 175-fold, 5HPETE 11-fold and LTB 4 30-fold (Kim et al.1989). Similar
kinds of discrepancies have been observed by Buttner et al. (1989) inAplysia
sensory neurons. Application of 12-HPETE increased channel activity but to a
lesser extent than the application of the agonist FMRFamide to intact cells. To
obtain the same channel activity, a ten-fold higher concentration of 12-HPETE

I,
'J

II
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was required in inside-out patches than in outside-out patches. Furthermore, in
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outside-out patches, 12-HPETE produced a faster and more prolonged Schannel activity at submicromolar concentrations. These observations suggest
that there is a receptor on the outer surface of the cell membrane and supports
the notion of intercellular communication through arachidonic acid and its
metabolites (Buttner et al.1989).

PHOSPHOLIPASE C

Phospholipase C (PLC) cleaves the inositol moiety from the glycerol
backbone of the inositol phospholipids producing inositol trisphosphate (IP 3 )
and diacylglycerol (DAG). Inositol trisphosphate can increase cytosolic free
calcium by enhancing the release of calcium from the endoplasmic reticulum
I

I

and opening calcium channels in the plasma membrane (see for review, Rana &
Hokin, 1990). This enzyme is also thought to be activated by G-proteins and in
some systems this G-protein is pertussis toxin-insensitive. Many
neurotransmitters have been shown to increase IP 3 production and intracellular
microinjection of IP 3 can produce a transient hyperpolarization (Kendall &
Nahorski, 1984; Higashida et al.1986; Higashida & Brown, 1986a; Higashida &
Brown, 1986b; Fisher & Agranoff, 1987; Kuno & Gardner, 1987; Worley et
al.1987; Downes, 1988; Pfaffinger et al.1988) which has been attributed to an
increase in calcium-activated potassium conductance. In lacrimal acinar cells,
acetylcholine activates calcium-dependent potassium channels. The response
requires both intracellular and extracellular calcium and can be blocked by
EGTA in the pipette or by removal of extracellular calcium ions (Morris et

al. 1987). This effect of acetylcholine can be mimicked by IP 3 and IP 4 together
but not by either IP 3 or IP 4 alone (Morris et al. 1987). Even though all the
effects of IP 3 were thought to be due to changes in intracellular calcium
concentration, some recent studies have shown that IP 3 produces a transient
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inward current inAplysia and modulation of the M-current in hippocampal cells
(Sawada et al.1987; Dutar & Nicoll, 1988a) in the presence of EGTA suggesting
that these effects are calcium independent. In Xenopus oocytes, a chloride
current was activated by acetylcholine and a similar effect could be obtained by
intracellular application of IP3 (Oron et al.1985). Diacylglycerol regulates
calcium-activated potassium channels by modulating the cytosolic calcium
concentration (Freedman & Aghajanian, 1987; North & Tokimasa, 1983) and
modulates M-current probably by a calcium-independent mechanism (Dutar &
Nicoll, 1988a; Pfaffinger et al.1988). Diacylglycerol and phorbol esters,
synthetic analogues of diacylglycerol, activate protein kinase C which in turn
can regulate ion channels (Castagna et al.1982; Berridge, 1984; Baraban et
al.1985; DeRiemer et al.1985; Lacerda et al.1988; Hammond et al.1987; Sigel &
Baur, 1988; Rane et al.1989). However, phorbol esters depress neuronal
calcium currents by a mechanism independent of protein kinase C activation.
The lack of effect of intracellular application of these compounds in these
experiments suggests that there is an external binding site on the plasma
membrane (Hockberger et al.1990).

ADENYLATE CYCLASE

The binding of a transmitter to its receptor can activate adenylate
cyclase (AC) through Gs, a G-protein sensitive to cholera toxin, and cyclic AMP
( cAMP) is generated from ATP. Cyclic AMP activates protein kinase which in
turn phosphorylates the channel proteins. When the cAMP is metabolized by
phosphodiesterase the channel protein is dephosphorylated. Opening of
calcium channels by ,B-adrenergic agonists and closing of potassium channels by
serotonin are mediated by cyclic AMP (Siegelbaum et al.1982; Reuter, 1983;
Lechleiter et al.1988; Mery et al. 1990). Recently it has been reported that ,B-
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adrenergic agonists can produce an anionic current in cardiac myocytes by
increasing the intracellular concentration of cyclic AMP (Ehara & Ishihara,
1990).

GUANYLATE CYCLASE

Activation of guanylate cyclase results in the formation of cyclic
guanosine monophosphate ( cGMP). An increase in intracellular calcium
concentration was thought to be the stimulus for production of cG MP from
GTP (Richelson & El-Fakahany, 1981). Recent studies have indicated that
cGMP production can occur without an increase in the intracellular calcium
concentration by direct activation of phospholipase A 2 producing arachidonic
acid in a quinacrine-sensitive mechanism (Snider et al.1984 ). The stimulation of
guanylate cyclase by arachidonic acid and other fatty acids is well established
(Gerzer et al.1983; Goldberg & Haddox, 1977; Hidaka & Asano, 1977).
Phospholipase A 2 and diglyceride lipase, two calcium-dependent enzymes,
produce arachidonic acid and this may explain the calcium-dependence of
cGMP production in intact cells. Single channel currents activated by cG MP

have been recorded from membrane patches excised from retinal rod outer
segments (Haynes et al.1986; Zimmerman & Baylor, 1986). Light-activation of
rhodopsin stimulates cGMP phosphodiesterase ( cGMP PDE) activity leading to
'

a decreased level of cG MP and closing of Na+ channels (Stryer & Bourne 1986).

GABA AS A NEUROTRANSMITTER

The neuronal effects of the inhibitory neurotransmitter GABA have
been well characterized (Bormann, 1988; Bowery, 1989). Two kinds of
receptor, GABAA and GABAB, have been described according to
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pharmacological specificity (Bowery et al. 1980; Bowery et al. 1981; Hill &
Bowery, 1981; Dunlap, 1981; Wilkins et al.1981; Alger & Nicoll, 1982; Bowery et

al.1983; Drew et al.1984; Bowery et al.1987). GABAA receptors can be
activated by GABA, muscimol and isoguvacine in central (Curtis et al.1970;
Krogsgaard-Larsen et al.1977; Simmonds, 1982) and peripheral (De Groat,
1970; Bowery & Brown, 1974; Sangiah et al.1974; Adams & Brown, 1975;
Kimura et al.1977; Bowery et al.1978) neurons to produce an increase in
chloride conductance that can be blocked by bicuculline and picrotoxi n ( Curtis

et al.1970; Hill et al. 1972; Simmonds, 1982; Sangiah et al.1974 ). Ionophoretic
application of GABA to the pyramidal cell dendrites produces a depolarizing
and two types (fast and slow) of hyperpolarizing responses. There is ample
evidence that the depolarization and the fast inhibitory post synaptic potential
are mediated by an increase in bicuculline- and picrotoxin-sensitive chloride
conductance (Bowery & Brown, 1974; Nishi et al.1974; Gallagher et al.1978;
Alger & Nicoll, 1979; Andersen et al.1980; Jahnsen & Mosfeldt-Laursen, 1981;
Thalmann et al.1981; Newberry & Nicoll, 1985; Misgeld et al.1986; Avoli &
Perreault, 1987; Perreault & Avoli, 1988; Thalmann, 1988a). The slow
inhibitory postsynaptic potential is due to an increase in potassium conductance
(Andersen et al.1980; Inoue et al.1985a; Newberry & Nicoll, 1985; Ogata et

al. 1987; Ha blitz & Thalmann, 1987; Crunelli et al. 1988).

GABA 8 RECEPTORSUBTYPE

In 1981, Bowery, et al. demonstrated that GABA inhibited release of
other neurotransmitters. This action was not blocked by bicuculline and could
be mimicked by baclofen, a beta-chlorophenyl derivative of GABA. This effect
was attributed to GABAB receptors. Earlier studies have shown baclofen
produced depression of neuronal activity (Ault & Evans, 1978; Curtis et al.1974 ;
/1
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Davies & Watkins, 1974; Olpe et al.1977; Fox et al.1978; Olpe et al.1978;
Davies, 1981). However, in later studies, GABA and baclofen have been shown
to inhibit presynaptic transmitter release in peripheral and central neurons.
The presynaptic effects mediated by GABAB receptors can be elicited in the
presence of GABAA receptor antagonists in autonomic (Bowery & Hudson,
1979; Starke & Weitzell, 1980; Bowery et al.1981; Anwar & Mason, 1982;
Hughes et al.1982; Kaplita et al.1982; Muhyaddin et al.1982; Ong & Kerr, 1983;
Bormann & Clapham, 1985; Erdo, 1985) and central (Pierau & Zimmermann,
1973; Davidoff & Sears, 1974; Ault & Evans, 1978; Potashner, 1979; Bowery et

al.1980; Lanthorn & Cotman, 1981; Ault & Nadler, 1982; Collins et al.1982;

I

Olpe et al.1982; Kilpatrick et al.1983; Chesselet, 1984; Blaxter & Carlen, 1985;
Peet & McLennan, 1986; Bowery et al.1987; Dutar & Nicoll, 1988b; Lev.tov et

al.1988; Schmid et al.1989; Harrison, 1990) neurons. It has been suggested that
the inhibition of neurotransmitter release caused by GABA may be due to an
effect on calcium channels (Dunlap & Fischbach, 1981; Shapovalov & Shiriaev,
1982).

In dorsal root ganglion cells, application of GABA or baclofen inhibits a
G-protein-mediated calcium current (Deisz & Lux, 1985; Holz et al.1986;
Robertson & Taylor, 1986; Scott & Dolphin, 1986; Dolphin & Scott, 1987;
Dolphin et al.1989; Ohmori et al.1990). The effect can be abolished by the
application of GDP,BS and is enhanced by GTP-yS. This effect is also mediated
by protein kinase C (Hammond et al.1987; Lacerda et al.1988; Sigel & Baur,
1988; Rane et al.1989).

Orthodromic stimulation of hippocampal pyramidal neurons causes an
early inhibitory postsynaptic potential (EIPSP) associated with an increase in
chloride conductance and a late inhibitory postsynaptic potential (LIPSP)
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associated with an increase in potassium conductance (Alger & Nicoll, 1979;
Ben-Ari et al.1981; Alger & Nicoll, 1982; Thalmann & Ayala, 1982; Lancaster &
Wheal, 1983, Alger, 1984; Newberry & Nicoll, 1984a; Thalmann, 1984; Kehl &
McLennan, 1985; Newberry & Nicoll, 1985; Hablitz & Thalmann, 1987;
Thalmann, 1988a). The late inhibitory postsynaptic potential can be elicited by
iontophoretic application of GABA and baclofen, even in the presence of
bicuculline and picrotoxin and therefore is thought to be mediated by GABAB
receptors (Newberry & Nicoll, 1984a; Newberry & Nicoll, 1984b; Newberry &
Nicoll, 1984c; Gahwiler & Brown, 1985; Inoue et al. l985a; Inoue et al.1985b;
Inoue et al. l985c; Newberry & Nicoll, 1985. Andrade et al. 1986; Blaxter et

al.1986; Ogata et al.1987; Dutar & Nicoll, 1988c; Hasuo & Gallangher, 1988;
Osmanovic & Shefner, 1988; Misgeld et al.1989; Roeper et al. 1990). Even when
synaptic transmission was blocked, GABA and baclofen produced
hyperpolarization suggesting a direct postsynaptic effect (Newberry & Nicoll,
1985). When the extracellular potassium concentration was altered, the change
in the reversal potential of the late inhibitory postsynaptic potential suggested it
was due to an increase in potassium conductance (Newberry & Nicoll, 1985;
Inoue et al.1985a; Blaxter et al.1986). Application of barium ions to the
extracellular medium or caesium ions to the intracellular medium abolished the
effect, further confirming the involvement of a potassium conductance
(Newberry & Nicoll, 1985; Misgeld et al.1989). This effect has been recorded
from various areas of the central nervous system (Curtis et al.1974; Davies &
Watkins, 1974; Olpe et al.1977; Scholfield, 1983; Gallagher et al. 1984; Pinnock,
1984; Howe et al.1987; Connors et al.1988; Crunelli et al. 1988; Christie & North,
1988; Osmanovic & Shefner, 1988; Allerton et al.1989; Misgeld et al. 1989). The
increase in potassium conductance mediated by GABA 8 receptors is controlled
by a G-protein: it is blocked by pertussis toxin and can be activated by GTP,S
(Hill et al.1984; Asano et al.1985; Andrade et al.1986; Innis & Aghajanian, 1987;
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Thalmann, 1987; Innis et al. 1988; Thalmann, 1988b; Colmers & Williams, 1988;
Ticku & Delgado, 1989; Miwa et al.1990). The postsynaptic effects mediated by
GABAB receptors can be blocked by a specific antagonists such as phaclofen
and saclofen (Kerr et al. 1987; Curtis et al. 1988; Dutar & Nicoll, 1988b; Dutar
& Nicoll, 1988c; Kerr et al.1988). In contrast to the postsynaptic action, the
presynaptic action of GABA and baclofen appears not to be blocked by
pertussis toxin or phaclofen (Dutar & Nicoll 1988b) but this may only reflect a
diffusion barrier, since direct injection of the toxin has been shown to inhibit the
presynaptic response in later studies (Colmers & Williams, 1988; Stratton ct

al. 1989).
'I

GABA 8 -MED1ATED SECOND MESSENGERS

GABA and baclofen do not modulate the basal cyclic AMP levels, but
they augment the cyclic AMP production that occurs during exposure to
agonists which are positively coupled to adenylate cyclase, including
norepinephrine, isoproterenol, adenosine, vasoactive intestinal peptide and
histamine (Wojcik & Nefr, 1983; Karbon & Enna, 1984; Karbon et al.1984; Hill,
1985; Magistretti & Schorderet, 1985; Duman et al.1986; Watling & Bristow,
1986; Enna & Karbon, 1987; Bowery, 1989). Involvement of the calciumdependent enzyme phospholipase A 2 (PLA2) has been suggested in this
augmenting effect (Partington et al. 1980; Duman et al. 1986; Enna & Karban,
1987). It has been shown that phospholipids and their metabolites can
influence cyclic nucleotide formation (Partington et al. 1980). The action of

PLA2 on membrane-bound phospholipids generates arachidonic acid which in
turn can stimulate protein kinase C (McPhail et al.1985; Murakami &
Routtenberg, 1985) and regulates adenylate cyclase production (Enna &
/,

Karbon, 1987). Mepacrine, a nonselective inhibitor of PLA2, abolishes the
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augmenting response. Cyclooxygenase and lipoxygenase inhibitors have no
effect revealing that either arachidonic acid or lysophospholipid may mediate
this action of GABA and a-adrenergic agonists. Another enzyme associated
with phospholipid metabolism is phospholipase C (PLC). Some
neurotransmitters stimulate phospholipase C producing inositol trisphosphate
(IP 3) and diacylglycerol (DAG) from phosphatidylinositol 4-5 bisphosphate.
IP 3 releases calcium from intracellular stores and diacylglycerol stimulates
protein kinase C. Phorbol ester, which stimulates protein kinase C, has no
effect by itself but enhances the response to GABAB and a-adrenergic agonists.
a-adrenergic agonists stimulate turnover of phosphatidylinositol in various
tissues. GABAB stimulation does not alter PI turnover but potentiates the
accumulation of inositol phosphates induced by a 1-adrenergic agonists (Brown
et al.1984; Corradetti et al.1987; Ruggiero et al.1987). The common pathway in

the enhanced response to cyclic AMP is the stimulation of protein kinase C.
Stimulation of phospholipase C generates diacylglycerol, stimulation of
phospholipase A 2 generates arachidonic acid and both can stimulate protein
kinase C (McPhail et al.1985; Murakami & Routtenberg, 1985). Activation of
protein kinase C could lead to the phosphorylation of Gs, increasing its activity
or protein kinase C may catalyse the phosphorylation of Gi diminishing its
capacity to inhibit the adenylate cyclase system which is activated through Gs
(Katada et al.1985). It is likely that the cyclic AMP augmenting response of
GABAB agonists could be due to the generation of arachidonic acid which
stimulates protein kinase C. A pertussis toxin-sensitive G-protein is involved in
the synthesis of arachidonic acid by phospholipase A 2 (Bokoch et al.1984; Ohta
et al. 1985; Burch et al. 1986; Axelrod et al. 1988). Because of the non-specific

nature of quinacrine, an alternate approach has been considered to confirm the
'I

involvement of phospholipase A 2 . Chronic administration of ACTH for two
weeks reduces the potentiating effect of agonists on cyclic AMP. A mechanism
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was proposed that ACTH stimulates the release of adrenal corticosteroids and
promotes the production of macrocortin which inhibits phospholipase A 2 and
the potentiating effect of GABA or baclofen on cyclic AMP is abolished
(Blackwell et al. 1980). A survey of the role of arachidonic acid and its
metabolites in regulating potassium channels in various tissues has been
outlined above. It is possible that arachidonic acid may mediate the increase in
potassium conductance caused by GABA 8 agonists in central neurons.

IONIC CONDUCTANCES INDUCED BY SEROTONIN

Serotonin (5-hydroxytryptamine, 5-HT) has a range of actions as a
neurotransmitter in the central and peripheral nervous system through a wide
variety of receptors. The receptors form three major groups; namely, 5-HT1,
5-HT2 and 5-HT3 identified by ligand-specificity. 5-HT1 receptors have been
classified further into 5-HT 1A, 5-HT 18 , 5-HT 1c and 5-HT10 receptor subtypes
(Gozlan et al.1983; Hoyer et al. l985a; Hoyer et al. l985b; Peroutka, 1986;
Richardson & Engel, 1986; Heuring & Peroutka, 1987; Peroutka, 1988 ;
Kilpatrick et al. 1987; Bobker & Williams, 1990a). Changes in ionic
conductance mediated by these different receptor subtypes are complex
(Cottrell & Green, 1982; Park et al.1982; VanderMaelen & Aghajanian, 1982;
Aghajanian & Lakoski, 1984; Yoshimura & Higashi, 1985; Joels et al.1987; Joel s
& Gallagher, 1988; Ropert, 1988; Bobker & Williams, 1989; Bobker &
Williams, 1990b ). Activation of 5-HT1A receptors typically produces a biphasic
response, hyperpolarization followed by depolarization (Segal, 1980; Jahnsen,
1980; Andrade & Nicoll, 1987; Colina & Halliwell, 1987). Recently, stimulation
of 5-HT3 receptors has been shown to activate a nonspecific cation-selective
channel (Derkach et al.1989; Yakel & Jackson, 1990). The ion channel activity
could be seen in excised patches, indicating that the receptor and the chann e l
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complex are closely coupled, perhaps in a single macromolecule (Derkach et
al.1989). I will focus here on the mechanism of the increase in potassium
conductance underlying the hyperpolarization caused by 5-HT. In hippocampal
neurons, the most commonly observed response to 5-HT is hyperpolarization
followed by depolarization (Jahnsen, 1980; Andrade et al.1986; Andrade &
Nicoll, 1987; Colina & Halliwell, 1987; Yakel et al.1988). The
hyperpolarization is mediated by 5-HT1A receptors as spiperone blocked these
responses in hippocampal (Andrade et al.1986; Andrade & Nicoll, 1987) and
dorsal raphe neurons (Innis et al. 1988). This hyperpolarizing response was
mimicked by the application of the partial agonist ( + )-8-0Hdipropylaminotetralin (8-0HDPAT) and was associated with an increase in
potassium conductance as the reversal potential of the current elicited was close
to the potassium equilibrium potential. Changing the chloride concentration
gradient did not make any difference to the reversal potential but changing the
potassium concentration shifted the reversal potential as predicted by the
N ernst equation, suggesting that the current is carried predominantly by
potassium ions (Andrade et al.1986; Andrade & Nicoll, 1987; Colina &
Halliwell, 1987; Ropert, 1988; Segal, 1980). The depolarization, on the other
hand, is most likely due to closure of a resting potassium channel (Andrade &
Nicoll, 1987; Colina & Halliwell, 1987).

The hyperpolarizing response is blocked by pretreatment with pertussis
toxin and can be elicited by intracellular application of GTP-yS indicating the
involvement of a G-protein (Andrade et al.1986; Innis & Aghajanian, 1987;
Innis et al.1988). Whole-cell currents produced by 5-HT in cultured
hippocampal and striatal neurons consist of an outward current and two kinds
of inward current (fast and slow). However the most commonly observed
response is an outward potassium current. The outward current is "washed out"
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over a period of time and is also dependent on the tip size of the electrode.
This suggests that dialysis of the interior of the cell may have washed out a
second messenger (Yakel et al.1988). The nature of the second messenger is yet
to be identified but it is generally believed that a G-protein is involved because
of the requirement of GTP. For example, when adenosine is used as an agonist
to elicit a hyperpolarizing response in hippocampal cultures, wash-out is
prevented by GTP (Trussell & Jackson, 1987).

SECOND MESSENGERS MEDIATED BY SEROTONIN

Serotonergic agonists activate various biochemical pathways. Activation
of 5-HT1A receptors stimulates adenylate cyclase in rat hippocampus
(Markstein et al.1986) and adenylate cyclase activity stimulated by forskolin can
be inhibited by serotonin (De-vivo & Maayani, 1986). 5-HT 1A agonists 8hydroxy-2-( di-n-propylamino )tetralin (8-0H DP AT), d-lysergic acid
diethylamide and buspirone are potent inhibitors of forskolin-stimulated
adenylate cyclase. Spiperone and methiothepin strongly antagonise this
response indicating involvement of 5-HT1A receptors (De-vivo & Maayani,
1986). In some systems, the 5-HT lB receptor has been shown to be negatively
coupled to adenylate cyclase (Bouhelal et al. 1988). In a clonal cell line,
serotonin stimulates the hydrolysis of phosphoinositides and this effect is
antagonised by ketanserin, a 5-HT2 blocker (Ivins & Molinoff, 1990). In rat
hippocampal neurons grown in culture, serotonin stimulates the release of
inositol phosphate and arachidonic acid (Felder et al.1990). These effects are
mediated through 5-HT2 receptors and have been observed in other parts of th e
brain where there is high density of 5-HT2 receptors. These responses could
not be elicited when specific 5-HT 1 agonists such as 8-0H DPAT were applied
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and were blocked by 5-HT2 antagonists. Arachidonic acid synthesis mediated
by phospholipase A 2, but not phospholipase C, is dependent on extracellular
calcium. 5-HT failed to stimulate arachidonic acid release in the absence of
extracellular calcium. It was concluded that arachidonic acid synthesis in
response to 5-HT2 receptor stimulation is due to phospholipase A 2 (Felder et

al.1990). Other effects of 5-HT involving protein phosphorylation have been
reported (Shuster et al.1985; Paupardin-Tritsch et al.1986; Sweatt et al.1989).

DIFFERENT RECEPTORS MAY SHARE COMMON CHANNELS

Andrade et al., (1986) suggested that GABA acting on GABAB receptors
and serotonin acting on 5-HT1A receptors may activate the same population of
potassium channels. This conclusion was based upon the observation that the
current elicited by either of the agonists did not summate when the agonists
were applied together and the effects of both agonists were pertussis toxinsensitive. This has been extended further to various other transmitter-mediated
potassium currents. In locus coeruleus neurons, both µ-opioid and
ai-adrenergic receptors are thought to be coupled to the same population of
potassium channels (North & Williams, 1985; Christie & North, 1988).
Somatostatin-(Y atani et al. 1987b) µ and

o opioid-(N orth et al. 1987), muscarine

(M 2)-(Sasaki & Sato, 1987; Christie & North, 1988), dopamine (Freedman &
Weight, 1988; Lacey et al.1988), GABAB (Andrade et al.1986; Christie & North,
1988; Lacey et al.1988; Williams et al.1988) and serotonin- (Andrade et al.1986;
Innis et al. 1988) induced changes in potassium conductance are also included in
this group. The results available so far come mainly from intracellular
recordings and is not conclusive. Further identification at a single channel level
is needed to confirm whether all the above agonists really do activate the same
channels through a common pathway. The opioid peptide Enk-ol, somatostatin,
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and the o: 2 agonist, UK 14304 and 5-HT activate potassium channels with a
conductance of 38 to 40 pS (VanDongen et al.1988; Miyake et al.1989) whereas
the µ-opioid agonist, Try-D-Ala-Gly-MePhe-Gly-ol (DAGO), dopamine and
GABA activate potassium channels with a conductance of 80 pS (Freedman &
weight 1988; Brown, 1990; see also Chapter 3). In GH 3 anterior pituitary
tumour cells, somatostatin and carbachol activate a 55 pS channel ( Yatani et
al.1987a).

In summary, many central neurotransmitters produce hyperpolarization
by increasing potassium conductance. This effect generally appears to be
regulated by a GTP-binding protein and hence is sensitive to pertussis toxin.
The mechanisms by which G-proteins regulate these changes in conductance
remain uncertain. The link with G-proteins may be direct, as in G-proteincoupled potassium channels, or through the production of second messengers
which in turn regulate the channel. Biochemical experiments show that many
neurotransmitters cause the production of various second messengers some of
which are controlled by G-proteins. It has been proposed that agonists
responsible for these ionic conductances, although binding to different
receptors, activate the same potassium channels through the same biochemical
pathway. The present work has been undertaken to address some of these
questions. The approach I have adopted is to record single channel currents in
cell-attached patches so that intracellular messenger systems remain intact.

CHAPTER2

METHODS AND MATERIALS
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Experiments were performed using cultured cells from neonatal rat
hippocampus. Hippocampal pyramidal neurons were used for the
electrophysiological experiments. Currents were recorded from cell-attached,
inside-out and outside-out patches of membrane and from whole cells using the
giga-seal patch clamp technique (Hamill et al., 1981 ).

CELL CULTURE

Primary cultures were prepared following procedures that have been
described elsewhere (Ransom et al.1977; Segal, 1983a; Huettner & Baughman,
1986). Cultures were prepared from new born rat (Wistar) hippocampus. After
decapitation, the brain was removed, cut in to two halves from which the
hippo campus was removed and transferred to a sterile petri dish containing D 1
solution (50 ml of 20 x concentrated Puck's Dl salt solution (Colorado Serun1),
6g glucose, and 15g sucrose per litre and 10 mM HEPES buffer, pH 7.3). The
complete solution was adjusted to an osmolarity of 330 m.osmoles/litre with
water, if necessary. Ten or fifteen hippocampi were collected in the petri dish
and minced with two scalpel blades until the mass of tissue became gelatinous.
This mass of tissue was then transferred to a sterile 15-ml centrifuge tube
containing the culture medium. The culture medium (MEM 10/10) consisted
of 80 percent Eagle's essential medium (MEM, Gibco) together with glucose
(600 mg/100 ml), 10 percent heat inactivated (56 °C for 30 min) horse serum
and 10 percent fetal calf serum (Gibco). NaHC0 3 (1.Sg/litre) was added to the
medium to increase the buffering capacity so that it could be incubated in a 95
percent air - 5 percent CO 2 atmosphere. The tissue fragments were then
dissociated mechanically by trituration, using a pipette to take up gently and
expel the suspension 10-15 times. Then it was allowed to settle for 1 or 2 min
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and the supernatant was transferred to another container. Two millilitres of
MEM 10/10 was added to the remaining pellet and the trituration procedure
was repeated using the same technique as before after which the supernatant
was removed again. This final suspension was plated on cover slips coated with
collagen or poly-I-lysine in 35 mm-diameter tissue culture plates by adding 0.5
ml of the cell suspension to plates containing 2 ml of MEM 10/10 which had
been preincubated for about an hour, so that the pH and the temperature of the
medium were equilibrated to the incubation conditions (95 percent air and 5
percent CO 2, 36 °C). The final nutrient medium contained antibiotics
(streptomycin and penicillin) and fungicide (fungizone ).

The glass cover slips were coated with 0.01 % poly-l-lysine (Sigma)
solution prepared using sterile distilled water, allowed to settle for 5 min, and
were then thoroughly washed with sterile distilled water and dried.

The freshly plated cultures were incubated for 3 days before the nutrient
medium was removed from the dishes and replaced with 2-3 ml of MEM 10/10.
After 5-6 days, neurons with long processes indicating a healthy culture were
normally plentiful. The nutrient medium was changed every 2-3 days. One to
two week-old cultures were routinely used for experiments. A cover slip was
transferred to a bath containing normal extracellular solution for an
experiment.

The characteristics of cultured hippocampal cells were assessed from
time to time. These cells had a resting membrane potential of around -60 m V
(-59.7 + 7.6 mV mean+ 1 s.d. n= 16). Patches excised from the soma of
hippocampal pyramidal cells were responsive to various agonists. Voltage-

I,

31

activated potassium currents such as A-currents and delayed rectifier currents
with normal characteristics could also be recorded from these cells.

GIGA-SEAL PATCH CLAMP TECHNIQUE

The giga-seal patch-clamp technique (Hamill et. al., 1981) made it
possible to record unitary currents with high resolution. A high resistance seal
of 20-100 GD and good mechanical stability allowed high quality
electrophysiological recordings of small currents with a favourable signal-tonoise ratio.

FABRICATION OF PATCH-PIPETTES

Electrodes were made from borosilicate glass capillaries ( Clarke
Electromedical) in two stages in order to make short shanked pipettes using a
vertical microelectrode puller with a nichrome heating coil (David Kopf
Instruments, Tununga, CA, USA, Model 700C). During the first pull, the
capillary was reduced to a diameter of 200 µm by pulling the capillary over a
distance of 5-10 mm. Then the thinned region was re-centred in the coil, the
heater turned on and a second pull applied producing two patch pipettes with
identical tips. The heat setting of the second pull is critical because it
determines the tip size. The heat setting necessary and the type of the patch
pipettes fabricated are also dependent on the type of glass used. The electrodes
used in this study were made using hard glass and the heat setting of the first
and the second pull were normally 15 A and 11.5 A respectively. The p~tch
electrodes had resistances of 10 to 15 MO after fire polishing.
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The electrodes were coated with Sylgard (Dow Corning) to within about
50 µm of the tip. This process reduces the pipette-bath capacitance by forming
a low dielectric hydrophobic layer. The Sylgard was made by mixing silicone
elastomer and curing agent in a 10: 1 ratio. Once prepared, it could be stored
for one or two weeks in a freezer (-20 °C). It was applied to the pipette tip
using a bent hypodermic needle under a microscope and exposed to a heating
coil a few seconds for drying. The Sylgard coating reduced the noise
considerably and was essential to get high resolution recordings especially when
recording brief single channel currents.

The tip of the pipette was exposed to gentle heat produced by a glass
bead attached to the tip of a V- shaped platinum-iridium filament. The tip of
the pipette was brought 20 to 50 µm from the coil and the coil heated to a dull
red glow; darkening of the tip indicated that it was fire-polished. It was hard to
see the darkening of the tip, so I developed a technique which allowed the tip to
be exposed to constant heat for about 10 to 20 s. This procedure produced
pipettes that gave giga-seals with a high success rate. Once the patch pipettes
were polished, they were used within an hour. Storing for longer periods of
time seemed to diminish the success rate of obtaining giga-seals.

The pipettes were filled by injecting solution through a thin diameter
catheter tube inserted up to the tip and the tips then filled by capillarity. All the
solutions were passed through a filter with a pore size of less than 0.5 µm.

GIGA-SEAL FORMATION

Cultured cells are ideal for forming giga-seals as the surface of the
plasma membrane is "clean". When using dissociated cells, various enzymes
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have to be used in order to make the surface of the plasma membrane clean
(Neher, 1981). The pipette tip was brought up to and pressed against a cell,
forming a low resistance seal, usually about 100-200 MO. A gentle negative
pressure produced with a 20 ml glass syringe attached to the pipette holder then
gave a giga-seal of 50-100 GO. The transition from a mega-seal to giga-seal was
normally a sudden, all or none phenomenon. The formation of the giga-seal
was monitored on an oscilloscope by recording the current produced by a 0.2
m V pulse. A 20 m V pulse was used to measure the seal resistance. Various
procedures have been suggested for increasing the success rate of giga-seal
formation (Hamill et al. 1981). 50 to 100 GO seals could normally be obtained
in the cultured hippocampal neurons without any special precautions.

CELL-ATTACHED PATCHES

After the formation of a giga-seal, high resolution single channel
currents activated by agonists could be recorded from the "cell-attached" patch.
This configuration was used to record single channel currents activated by the
production of intracellular second messengers as the cell interior was
undisturbed. The potential across a cell-attached patch is equal to the
difference between the resting membrane potential of the cell (V m) and the
potential in the pipette (V p) i.e. V m-V P measured with respect to the bath
potential. For example, if the membrane potential is -60 m V, and the pipette
potential -60 m V the potential across the patch of membrane would be O m V.
As the pipette potential is made more positive, the potential across the patch

becomes more negative ( or hyperpolarized). For this reason, currents were
often plotted against -VP rather than V p· For example the driving force on
potassium ions when a potassium selective channel opens would be V m-V P-EK
(EK= potassium equilibrium potential). If a channel in a patch opens and the
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current reverses at a potential V p(O), then E 0 = V m-V p(O), where E 0 is the
11

potential across the channel at which net ion flux is zero.

I:

WHOLE-CELL CONFIGURATION

After the formation of the giga-seal, application of sudden negative
pressure often disrupted the membrane area without damaging the seal
between the pipette rim and the cell membrane. An increase in capacitive
I

current reflected the increase in membrane area being changed when access
was gained to the whole cell. The interior of the cell was then perfused with the
pipette solution.

I :,,

INSIDE-OUT PATCHES
I

When a patch pipette was drawn away from a cell after formation of cellattached patch, the patch was often excised from the cell without losing the
1,1
I,:
11

Ii

giga-seal. This is the "inside-out" patch configuration (Hamill et al. 1981) with
the cytoplasmic surface of the membrane facing the exterior (bath solution) .

Ii

Sometimes when the patch was drawn away from the cell, the extra membrane
at the tip could seal and form a vesicle. The distorted shape and decreased
amplitude of single channel currents indicated the presence of such a vesicle.
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Various procedures were used to disrupt the outer vesicle membrane. The
pipette tip was briefly passed through the air-water interface, or touched on an

Ii
Ii

air bubble held by another pipette, or brought into brief contact with

11

I

hexadecane. Success in disrupting the vesicle was signalled by loss of distortion
of channel currents and an increase in their amplitude. I adopted a technique
of abruptly withdrawing the patch pipette from the cells and this generally

I
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yielded good inside-out patches. This patch configuration was used to study the

I
'

effects of various second messengers on ion channels.
11

OUTSIDE-OUT PATCHES

When a pipette in a whole cell configuration was rapidly withdrawn from
1,

a cell, a decrease in current generated by a test voltage pulse confirmed the
formation of an outside-out patch. This patch configuration was useful for

11

studying the effect of agonists on ion channels as ligand-binding sites on
receptors are normally at the outer surface of the plasma membrane.

CURRENT RECORDING
, r.,,

I
I

I

Currents were recorded with a current-to-voltage converter (Axopatch
amplifier, Axon Instruments), filtered at 5 kHz, digitized at 44 kHz (Sony-PCM)
and stored on video tape using a video cassette recorder (Sony, VCR).
,,

ANALYSIS OF SINGLE CHANNEL CURRENTS
I,
I

I,

AMPLITUDE

Currents were read back from the VCR and normally digitized at 11 kHz
for storing on magnetic media in an IBM-PC-compatible computer. Single

!:

channel current amplitude was estimated using a computer program
'CHANNEL' available in our laboratory. Although suitable for measuring
currents with an amplitude of 1 pA or more, this method did not give accurate
estimates of smaller currents. The current amplitude was the mean of data
!t,
.t

i~
It

points while the channel was open .

I
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DIGITAL SIGNAL PROCESSING

I:
11

Some of the observations in this study required precise estimation of the
amplitude of very small currents. The technique described above and other

'

r,

techniques commercially available cannot be used to give the size of small
elementary currents which are buried in the baseline noise, or to identify

I:

"subconductance" currents. If filtering is used to reduce the amplitude of the
base line noise, signals are often unacceptably distorted.
Ii
Ii

Ii

A technique of identifying and characterizing small channel currents
which are obscured by the noise was devised in our laboratory (Chung et al

I

:,

1990). The method is based on the assumption that the kinetic behaviour of
transmembrane currents can be represented as a Markovian process whereas
the noise that corrupts and obscures the signal is stochastic, memoryless (white)
and Gaussian. With these assumptions, it is possible to derive the maximumlikelihood estimates of the Markovian signal sequence contained in the
observed set of data, and all the relevant statistics of the signal, such as the
amplitude histogram, open-closed-time distributions and transition probability ·
matrix (Fig 2. 1).

The core of the method is based on the fact that the characteristics of the
signal and the background noise that obscures the signal are different. It is
assumed that the underlying signal sequence can be represented as a discrete1,

time, finite-state, first-order Markovian process, whereas the noise that obscures
the signal is stochastic, white and Gaussian. It is also assumed that the
[I

magnitude of the channel current measured at a discrete time k is one of the
finite number of states given in the transition matrix and that the probability of

l
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FIGURE 2. 1. Block diagram illustrating various steps involved in the digital

signal processing technique.
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being in a state depends only on the previous state. For example, for a three
I

state channel at five discrete times there are 243 (35) possible sequences. The
1,

11

Ii
I,

difficulty is to determine which one of these 243 sequences is most probable. As
estimates for longer duration data segments are computationally demanding, a

II

special algorithm known as Viterbi algorithm has been used which reduces the
I

I•

I

II
ii
1,

number of computations from about NTT to N2T. (where Tis the number of points).

Since the parameters used for the initial model are simply reasonable
guesses, the estimates of the signal statistics based on this model will not
coincide with the model parameters. For the second and following iterations,
we substitute the model parameters .with the parameters estimated from the
previous iteration. This is accomplished by the use of Baum-Welch reestimation formulae (for details, see Chung et al. 1990).

I
I

The signal extracted this way from a simulated signal of a repeated
rectangular pulse of 0.1 pA and 5 ms duration plus noise produced by 10 GO
resistor is shown in the Fig. 2. 2a,b. It can be seen in Fig. 2. 2b that the
histogram accurately detects two states at Oand 0.1 pA. Figure 2. 3b shows an
amplitude histogram of the current (Fig. 2. 3a) generated by application of

111

100 µM GABA containing 100 µM bicuculline methiodide solution to a cell-

11

attached patch. The transverse lines indicate the number of iterations; during
the first iteration (front histogram) only a broad peak skewed to the left is seen,
but as the number of iterations increased three distinct peaks appeared,
representing the baseline and two current levels at -0.36 and -0. 72 pA. Here
outward currents are represented as downward deflections.
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FIGURE 2. 2. Extraction of a simulated signal from noise. A repeated

rectangular pulse of 0.1 pA and 5 ms duration was added to wide-band (cut-off
frequency 16 KHz) noise generated from a patch-clamp amplifier with a 10 GO
resistor (model patch) across the input. The standard deviation of the noise was
0.246 pA. The record was then filtered with a 4-pole Bessel filter with a cutoff
frequency at 2.6 kHz and the filtered output was digitized at 8.8 kHz (113.6 µs
interval). a. 1000 point segment containing the added signal and noise. b. The
amplitude probability distribution was obtained by allowing 61 states separated
by 0.010 pA and the separation between the peaks is 0.1 pA.
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FIGURE 2. 3. a. Single potassium currents activated in a cell-attached patch

after exposure of the cell to a solution containing 100 µM GABA and 100 µM
bicuculline methiodide at a pipette potential of -40 m V. Downward deflections
represent outward current ( towards the pipette). The bath and the pipette
contained (in millimoles per litre): NaCl, 160; KCl, 5; CaCl2, 2; MgCl2, 1;
HEPES, 5 and the pH was adjusted to 7.3 with NaOH. b. The amplitude
probability density distributions were obtained from a 8000-digit segment of
current record. The number of allowed states was 81, and the standard
deviation of the noise obtained from the segment before application of GABA
was 0.318 pA. The distributions estimated after each of the 15 passes are shown
from front to back. The last distribution (back histogram) shows the peaks at
-0.36 and -0.80 pA from the baseline ( the highest peak).
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AMPLITUDE HISTOGRAMS

I

Precise estimation of current amplitude was obtained by constructing
II

amplitude histograms of signals extracted using the digital signal processing
• 11

technique. At other times, the amplitude histogram was constructed by a semiautomatic procedure from 300-400 single channel current events. Bin sizes of
11

0.02 to 0.1 pA, depending upon the single channel current amplitude, were used
to estimate the predominant current amplitude. Some of the point amplitude
histograms illustrated were constructed using all the data points in a given
11

Ii
I

segment of data.

OPEN AND CLOSED TIME HISTOGRAMS

Open and closed time histograms were constructed by measuring the
open and closed times of the channel using the semi-automatic procedure. The
single channel currents recorded in this study often showed prominent flickering
between open and many partially open states and the transitions were often
rapid (less than 100 µs ). Open time of the channel was taken as the time for
which the trace deviated from the base line and returned to a level 50 percent of
lu '

its maximal amplitude. Burst length is defined as the duration of the channel

I

opening between closures of more than 1 ms. Most currents recorded in this
study were low-pass filtered at 5kHz.
I'

JUNCTION POTENTIALS

Ii

Two kinds of junction potential could introduce errors in estimations of
null potentials. 1. The potentials at Ag-AgC1 2-solution interfaces. 2. The liquid
I

"

i,
1;

I

11
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junction potential between different solutions in the pipette and bath. This is
due to the difference in the mobility of anions and cations and does not exist
11

when the pipette and the bath solutions contain the same solution (Barry &
Diamond, 1970; Barry & Lynch, 1991).

At the beginning of every experiment the current output signal of the
amplifier was adjusted to zero when the pipette was immersed in the bath
solution. To detect possible changes during an experiment, the zero-current
potential was checked again at the end of the experiment after blowing off the
membrane patch. Usually the change was 1 to 3 mV. If the change was beyond
5 m V, it was corrected for or the recordings from that patch were not used for
11

analysis. The initial adjustment of the junction potential correction on the

1:.1

11
11
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Ii

amplifier compensates for both kinds of junction potential. However, when the
pipette makes contact with membrane, the liquid junction potential disappears,

I,

but the initial correction remains and must be taken into account. In

I

Ii

Ii

experiments on cell-attached patches, the bath and the pipette solution were

1,

II

generally the same so there was no liquid junction potential. In experiments on
inside-out patches, the pipette contained largely NaCl and the bath largely KCl

11

so there would have been a liquid junction potential of about plus 5 m V in the
pipette (Fenwick et al. 1982). The liquid junction potential calculated when the
pipette solution contained 160 mM NaCl and the bath contained 160 mM KCl

11

I

II
11

11
I

was + 4.13 + 0.81 m V (n =22). A correction of 4 m V was applied to the holding
potential when inside-out patches were used with these solutions.

I
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DETERMINATION OF REVERSAL POTENTIAL

I
'

I,

CELL-ATIACHED PATCHES

I
1

11
I,

II

As noted ubove, the pipette potential for zero current across a channel
(V p(O)) in a cell-attached patch equals V m-E 0 where E 0 is the null potential
calculated from Goldman-Hodgkin-Katz (GHK) equation. To determine the
ions contributing to the currents concentrations were altered and the resulting
Ii

changes in null potential compared with the values predicted by the Goldmanu

Hodgkin-Katz equation. If the V mis not changed then the change in V p(O)
equals the change in E 0 •
I

'I
I

Single channel currents were recorded at pipette potentials from -80 to

+ 60 m V. At each potential, 20 to 50 of the largest currents were averaged. The
mean single channel current amplitude was plotted against the negative of the

I

pipette potential (-V p) and zero-current potential was obtained by
interpolation.
I

The potassium equilibrium potential in these cells would probably have
been more negative than the resting membrane potential because the resting
membrane potential is normally determined by both potassium and sodium
permeabilities with a PNalPK ratio of 0.01-0.05 (Hille, 1985). Assuming internal

I

'I·
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potassium and sodium concentrations of 150 and 20 mM respectively and with
an external sodium concentration of 160 mM, it can be calculated that the

I

potassium equilibrium potential for a purely potassium selective channel when
the extracellular solution contains 5 or 15 mM potassium would be about 21 and
9 m V respectively more negative than the resting membrane potential.

J
j

I
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Changing only the potassium concentration in the pipette from 5 to 15 mM

I
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would result in a null potential of + 9 m V positive to the resting membrane
potential. The observed values then can be compared with the calculated
values.

11

11

ISOLATED PATCHES

Ii

In isolated patches, the patch potential was known and could be
controlled directly. At every potential,the amplitudes of 20 to 50 single channel
Ii

currents were recorded and average amplitude was plotted against the pipette
potential. The zero-current potential was estimated from current-voltage curve
interpolation.

GOLDMAN-HODGKIN-KATZ EQUATION

I .

Many channels are permeable to several ions. No channel is permeable
to only one ion. Goldman-Hodgkin-Katz equation can be used to estimate
relative permeabilities from the null potential (potential at which current= 0)
Null potential E 0 , is given by

i
I·

RT

·,

E0 =

lu

PK

and

PNa

PK[K]o + PNa[N aJo
ln

F

PK[K]i + PNa[NaJi

are permeability coefficients and subscripts i and o refer to inside

and outside concentrations.

I,

ii

CRITERIA FOR RECOGNIZING SUBCONDUCTANCE STATES

In order to identify subconductance states, it is necessary to differentiate
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separate channels from submaximal levels of current in one channel. A channel
substate should show transition to other states of the channel. In general,
substates have been observed only in the presence of the channel main state
and only a small fraction of transitions are to substates (Fox, 1987).
a

Subconductance states have been observed in several kinds of channel (Hamill
& Sakrnann, 1981; Miller, 1982; Hamill et al.1983; Geletyuk & Kazachenko,
1985; Krouse et al.1986; Hunter & Giebisch, 1987; Cull-Candy & Usowicz,
1987; Jahr & Stevens, 1987). Channel opening were predominantly between
zero and the maximum level and were instantaneous for most of the channel
II

currents recorded (within the recording limit of 50 or 100 µs). On some

I

occasions, during opening or closing, a channel could dwell at one or more
11

current levels for many milliseconds and these levels were taken as

I

subconductance states of the channel. The most convincing observations in

I

Ii
1:

support of subconductance states were transitions during which the channel

I 1,

opened instantaneously, and closed, up to a submaximal level and then opened
to the main conductance level again before closing. If subconductance states
Ii
Ii

were due to the opening of individual channels then the single channel current

11

amplitude would be the sum of the individual currents. Krouse et al. 1986 give

I:

estimates of the probability of instantaneous opening or closing of more than

I

one channel by taking the digitizing frequency and the mean open duration of
the smallest conductance into account. For example, if the digitizing frequency
is 100 µsand the mean open time of the smallest conductance state (smallest of

I·

'

the 6 conductance states) is 3 ms, the probability of six channels opening or
f1
11 11
11
1,

closing within a 100-µs period could be (1-exp(-100/3000))6, i.e. less than l0-8.
This probability of independent channels opening simultaneously is vanishingly
small and so the transitions are taken as subconductance states rather than

Ill

separate channels.

I
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CHAPTER3
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POTASSIUM CHANNELS ACTIVATED BY GABA AND
Ii

BACLOFEN
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I

The effects of the inhibitory neurotransmitter -y-aminobutyric acid
( GABA) are mediated through GABAA and GABAB receptor subtypes
(Bowery et al.1980; Bowery et al.1981; Hill & Bowery, 1981; Dunlap, 1981 ;
Wilkins et al.1981; Alger & Nicoll, 1982; Bowery et al.1983; Drew et al.1984;
~ I

Bowery et al.1987; Bormann, 1988; Bowery, 1989). GABAA receptor activation
produces an increase in chloride conductance and this effect can be blocked by
h

bicuculline and picrotoxin (Curtis et al.1970; Hill et al.1972; Sangiah et al.1974 ;

Ii

Ii

I
I:1,

Ii

Simmonds, 1982). Some of the effects of GABA cannot be blocked by
bicuculline or picrotoxin and these effects are thought to be mediated by
GABAB receptors which can be activated by GABA or baclofen. The effects
are associated with a reduction in transmitter release from nerve terminals
(Lanthorn & Cotman, 1981; Ault & Nadler, 1982; Olpe et al.1982; Blaxter &
Carlen, 1985; Inoue et al.1985b; Peet & McLennan, 1986; Dutar & Nicoll ,

Ii

1988b ). More recently a postsynaptic effect mediated by GABAB receptors has
Ii

been described which is associated with an increase in potassium conductance
(Alger & Nicoll, 1980; Ben-Ari et al.1981; Alger & Nicoll, 1982; Thalmann &
Ayala, 1982; Lancaster & Wheal, 1983; Alger, 1984; Newberry & Nicoll, 1984a;
Thalmann, 1984; Gahwiler & Brown, 1985; Kehl & McLennan, 1985; Newberry
& Nicoll, 1985; Hablitz & Thalmann, 1987; Thalmann, 1988b ). The increase in
i

i

potassium conductance produced by GABA or baclofen is evidently controlled
by a G-protein ( either Gi or G 0 ) (Asano et al. 1985; Andrade et al. 1986; Innis &
Aghajanian, 1987; Thalmann, 1987; Innis et al.1988; Thalmann, 1988b; Colmers
& Williams, 1988; Ticku & Delgado, 1989; Miwa et al.1990). The postsynaptic

•
I:

Ii

effects produced by GABA8 receptors can be blocked by specific GABA 8
receptor antagonists such as phaclofen and saclofen (Kerr et al.1987 ; Curtis et
al.1988; Dutar & Nicoll, 1988b; Dutar & Nicoll, 1988c). It has also been shown

that GABA and baclofen are involved in the production and regulation of

47
I

second messengers (Duman et al. 1986; Enna & Karban, 1987; Axelrod et al.

I

1988; Bormann, 1988). It is possible that a second messenger may be involved
in the increase in potassium conductance caused by GABAB agonists.

liR

To explore in detail the nature of the conductance increase produced by
activation of GABAB receptors, I have recorded single channel currents which
appear in cell-attached patches following application of GABA or baclofen to
·I

cultured hippocampal neurons. The channels were potassium-selective,
I
Ir

exhibited multiple conductance states and were blocked by the GABAB specific

:,

antagonist saclofen.

I
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METHODS

Cultured hippocampal neurons were prepared as described in the
methods section. Cells used in these experiments had been cultured for 5- 15
ID'

'

days. The bath solution contained (in millimoles per litre): NaCl, 160; KCl, 5;
MgC1 2, 1; CaC12, 2; HEPES, 5; pH adjusted to 7.3 with NaOH. The patch

11

electrodes were filled with the same bath solution unless stated otherwise.
GABA (Sigma),(±) baclofen (Ciba-Geigy), bicuculline methiodide (Sigma)
and saclofen (Tocris) were added to the bath solution. Experiments were done
at room temperature (20-24 °C).

I

In some experiments, very small single channel currents were also seen.

I'

In order to analyse these currents and also to estimate single channel current
amplitude accurately a digital signal processing technique was used. This

I

technique, based on the assumption that channel currents are generated by a
first-order, finite state Markov process (see Chapter 2 for details) - II

II

effectively extracts small Markov signals from noise and enabled reliable

Ii

detection of channel currents with amplitudes as low as O. lpA (Chung et

I,

al.1990).
I

I

I

I'
I
I

11

H

I
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RESULTS

POTASSIUM CHANNELS ACTIVATED BY GABA OR BACLOFEN

Exposure of cultured hippocampal neurons to bath-applied GABA or
baclofen activated single channel currents in 50 of 121 cell attached-patches. At
I

11
I

a pipette potential of -40 m V (with respect to the bath) currents were outward

I•

:1

I
1:

(towards the pipette). Chart recordings of single channel currents (upward
deflections) activated by bath-application of GABA or baclofen in cell-attached
patches are shown in Fig. 3. 1. Channel activity increased with time of exposure
to an agonist and channel open probability decreased when the agonist was
washed out of the bath. Channel activity reappeared when the agonist was

I
I

ii '

~

:

reapplied. The currents were seen in response to bath-application of GABA or
II

baclofen, whether or not solutions contained bicuculline (100 µM) and could be

II

blocked by the GABAB antagonist saclofen (see Fig. 3. 11). It was concluded
that the channel activity was a result of activation of GABAB receptors.
Because the membrane of a cell-attached patch was not exposed to agonist, the
currents recorded from a patch presumably resulted from the activation of
GABAB receptors in the membrane not under the patch electrode. The most

'

I

:

plausible explanation for this is that the activation of GABAB receptors
elsewhere on the cell surface caused liberation of an intracellular second
messenger that then activated channels in the membrane under the patch

11

electrode. There is evidence that second messengers are generated by

II

activation of GABAB receptors (Wojcik & Nefr, 1983; Karban & Erma, 1984;
Karban et al.1984; Hill, 1985; Magistretti & Schorderet, 1985; Duman et

r:

ii
II

al.1986; Watling & Bristow, 1986; Erma & Karban, 1987; Bowery, 1989) and the

•1 1

potassium conductance produced by GABAB agonists involves the activation of
I

!

G-proteins (Asano et al.1985; Hill et al.1984; Andrade et al. 1986;
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FIGURE 3. 1. Chart recordings (Hewlett Packard chart recorder) of single
channel currents activated in cell-attached patches when the cells were exposed
to GABA or baclofen. The pipette potential was -40 m V with respect to the
bath and the currents were outward ( towards the pipette). Panels A, B and C
were obtained from 3 different cells. The channel activity appeared after a
delay of 10 to 20 sec and channel open probability increased with time of
exposure to the agonists. During washout, the channel activity decreased and
increased again following reapplication of GABA or baclofen. The trace at 120
sec in B shows the presence of two channels in the patch.
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Innis & Aghajanian, 1987; Thalmann, 1987; Innis et al.1988; Thalmann, 1988;
Colmers & Williams, 1988; Ticku & Delgado, 1989). Three characteristics of
the channels described here are consistent with the idea that they are mediated
by a second messenger. First there was invariably a delay of 10 to 30 s after

I
I

a'

exposure of the cells to GABA or baclofen before the currents appeared in cellattached patches, probably because of the time required for the production and
diffusion of a second messenger. This delay is not due to the slow access of the
agonists to receptors during bath application because GABAA-mediated
chloride channels were activated immediately in excised outside-out patches.
Secondly, application of GABA or baclofen to excised outside-out patches

I

(n=30 to 40 patches) of the membrane from the same cells never produced the
11

potassium currents seen in cell attached-patches, presumably because the

I '
j

I

second messenger system was no longer available. Finally, the normal response
was not seen in 36 cells exposed to pertussis toxin ( 1 µg mrl) for 20 to 40 hrs.
:

CURRENT AMPLITUDE
1·1

I,

GABA or baclofen activated single channel currents with a variety of
I,
It

amplitudes. The most commonly occurring currents had an amplitude of 4.2 to
4.7 pA (pipette potential -40 m V) corresponding to a conductance of 65 to 75
pS ( calculated from an observed V p(O) of about 25 m V when the extracellular
potassium concentration was 5 mM). Amplitude histograms in (Fig. 3. 2A and

I:

B) show, in addition to the most commonly occurring currents, less frequent
II

1,

currents of lower amplitude. A more accurate measure of the amplitude of
single channel currents was obtained using the digital signal processing

11

11

technique (Chapter 2). Amplitude histograms obtained in this way showed

" 11

multiple peaks (Fig. 3. 3) indicating the presence of sub conductance states.

!
[
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FIGURE 3. 2. Amplitude histograms constructed from 800-1000 single channel

currents activated by (A) GABA (50 to 100 µM) and (B) baclofen (20 to 50 µM)
in two different patches in each cases. The currents were measured using
CHANNEL and the amplitude was the mean of data points when the channel
was open. The main peak in both cases was around 4.5 pA (pipette potential
-40 m V). In addition to the main peak, other smaller peaks are very obvious.
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FIGURE 3. 3. Current amplitude probability histograms constructed using the
digital signal processing technique (see Chapter 2 and Chung et al.1990) from

segments of data obtained from patches exposed to GABA or baclofen.
Multiple current levels can be clearly seen. The dotted lines show histograms
expanded by a factor of 10. In some of the histograms the separation between
the peaks is less than 0.5 pA.
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Selected examples of the single channel currents activated by GABA and
baclofen are shown in Fig. 3. 4. The channels adopted many submaximal levels

j

while open. The largest currents recorded had an amplitude of 4 to 4.5 pA, but
some channels had an amplitude of less than 1 pA.
a
I
I

POTASSIUM SELECTIVITY

I

11

The channels, whatever their amplitude, reversed at the same pipette
I

potential and were selective for potassium ions. The evidence for the

:

potassium-selectivity was the null potential of the currents and the shift in null
potential when the extracellular potassium concentration was changed. Plots of
current amplitude against the negative of the pipette potential (-V p, the change

I',
I .
1

I\
1:

,I

1

in the membrane potential from the resting membrane potential) are shown in
Fig. 3. SA. Results were obtained from three patches on neurons exposed to
GABA (squares) and from three patches on neurons exposed to baclofen
(circles). The data points denote mean current amplitude. In experiments in

11
I•

which bath and pipette solutions contained 5 mM potassium (Fig. 3. SA, filled
symbols), the current reversed when the pipette potential was about + 25 mV.
When the bath and pipette solution contained 15 mM potassium (Fig. 3. SA,
open symbols), currents reversed at a pipette potential of about + 6 m V. In six

Ii:
11

patches in 5 mM potassium the mean Vp for zero current was + 25 ±. 0.8 m V

I

(mean±. 1 s.d). In another six patches in 15 mM potassium, the mean Vp for

I

zero current was + 5.7± 1.9 (mean±. 1 s.d.). If a potassium selective channel

ll
'I

opened in a cell-attached patch, the driving force on potassium ions through the

11

Ii

II
II

channel would be V m-V P-EK (where V mis the resting membrane potential, VP

.

the pipette potential and EK the potassium equilibrium potential). Although

l

GABA might have been expected to activate chloride channels in the cell

I
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GABA

(50 -

100 µM)

baclofen (20 -

50 µM)

10 ms

FIGURE 3. 4. Channels of varied amplitude activated by GABA 50 or 100 µM

( top panel, from 2 patches) and baclofen 20 or 50 µM (lower panel, from 2
patches). The pipette potential was -40 mV. The largest current was 4.7 pA
and the smallest less than 1 pA.

•
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membrane and perhaps affect V m, similar reversal potentials were obtained for

I

the currents when baclofen was the agonist or when the extracellular solution
I

contained 100 µM bicuculline. Any chloride channels activated by GABA were
I,

probably too few (the concentration of GABA (50-100 µM) used is known to
11

cause rapid desensitization of GABAA receptors), or the difference between
V m and Ec1 was too small for Vm to have been influenced appreciably.
11

11

I
I:

Opening of potassium channels elsewhere in the cell membrane would be
expected to hyperpolarize the cell membrane. In support of this, a few patches

11

showed a slight decrease in single channel current amplitude before reaching a
steady state. It is assumed in these circumstances that V m was determined
predominantly by potassium and sodium permeabilities. The observed
differences in null potential and resting membrane potential of 25 m V and 6
m V in the two solutions with potassium concentrations of 5 and 15 mM
i

potassium provide evidence that the channel activated by GABAB agonists is
selective for potassium ions. Perhaps more direct evidence in support of this

I

'

conclusion was obtained in experiments in which the bath solution contained

I,

150 mM KCl so that the membrane potential of the cell would be close to zero.

'. 1

In six experiments in which the bath solution contained 150 mM KCl and the

II,

11

pipette solution contained 5 mM (three cells) or 15 mM (three other cells)

I,

i

potassium, the average pipette potentials at which current reversed were + 71
m V and + 51 m V, close to the null potentials calculated ( + 73 and + 53 m V) for
a channel with a PNalPK ratio of 0.02.

"

11

RECTIFICATION
It
11

Channels activated by GABA or baclofen showed outward rectification:

ii

II

at negative (hyperpolarized) potentials, the flow of potassium ions into the cell

'

was restricted. This is shown in Fig. 3. SA and B. In several patches when
depolarized more than 40 m V (pipette potential -40 m V), current amplitude did
I

{
I

'

57

GABA and baclofen

A.
6

5 mM K

--

4

<~

15 mM K

Q)

"O

2

::,

8
~

~

113

0

~

s:=
Q)

s..
s..

::,
CJ

-2

-4 - - - ~ ~ ~ - - - L . . ~ - . - ~ ~ _ J . _ ~ ~ ~ ~ " - - ~ ~ ~ - - 1
-80
-40
0
40
80
-Vp (mV)
B.

-Vp (mV)

+40
+20
0

-40

~i,,..~~.,;1it;,1·~4,~"""" >tW-*"'" ~

-60

10 ms

FIGURE 3. 5. A. Current-voltage curves for the currents recorded from patches

exposed to GABA (50 or 100 µM, squares) or baclofen (20 or 50 µM, circles).
The units of the abscissa are the negative of the pipette potential
(-Vp ). Data points are pooled averages obtained from 3 patches. Filled and
open symbols show the results from patches exposed to 5 mM and 15 mM
potassium, respectively. The lines through the points were drawn by eye.
B. Samples of currents recorded at different membrane potentials from a patch
exposed to 50 µM GABA. The negative value of the pipette potential is shown
at the left of each trace. The channel shows outward rectification.
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not increase linearly with voltage, indicating some inward rectification also at
more depolarized potentials (Fig. 3. 6A) and the current measured at various
membrane potentials clearly shows this effect (Fig. 3. 6B). The current-voltage
relationship for the late inhibitory postsynaptic potential also shows inward
rectification at depolarized potentials (Newberry & Nicoll, 1985).

VOLTAGE DEPENDENCE OF CHANNEL OPEN PROBABILITY

The probability of channels being open increased at depolarized
potentials. This is illustrated in Fig. 3. 7A for currents activated by 50 µM
baclofen. At the resting membrane potential (V p = 0), total open time was 2 %
of the observation period of 15 s. With depolarizations of 20, 40 and 60 mV,
the channel was open for 4%, 24% and 60% of the observation period
respectively. The point amplitude histograms in Fig. 3. 7B, constructed from
segments of data obtained from a patch exposed to 50 µM GABA, illustrate the
same effect. At the resting membrane potential, channel open probability was
low and there is only one clear peak corresponding to the base line (Fig. 3. 7B,
histogram a). At depolarized potentials, the increase in channel open
probability is seen by the growth of distinct peaks apart from those at the
baseline. This patch had two channels and the probability of the two channels
being open at the same time also increased with depolarization (Fig. 3. 7
histograms c and d).

CHANNEL OPEN AND CLOSED TIMES

The distributions of open time and burst length of channels activated by
GABA or baclofen are shown in Fig. 3. 8. The histograms were constructed
from data obtained from patches on cells exposed to GABA and baclofen for 3
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FIGURE 3. 6. A. Current-voltage relationship for currents recorded from a

patch on a cell exposed to 50 µM GABA. It can be seen that there is inward
rectification at positive potentials in addition to the outward rectification
detectable at negative potentials. The null potential for the current is close to
-20 mV which suggests that the channel is potassium selective (see text for
details). B. Currents recorded at different membrane potentials from a patch
on a cell exposed to 50 µM GABA illustrate the inward rectification at positive
potentials. The negative of the pipette potential is shown at the left of each
trace. The channel also shows outward rectification at hyperpolarized
potentials.
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FIGURE 3. 7. A. Single channel currents recorded from a patch exposed to 20
µM baclofen show the increase in channel open probability with depolarization.
At the resting membrane potential (V v =O) the total open time was 2o/o of the
observation period of 15 s. With depolarizations of 20, 40 and 60 m V, the
percentages were 4%, 24% and 60% respectively. B. Point histograms of
channel open probability from data obtained from a patch exposed to 50 µM
GABA. When the membrane potential was close to the resting membrane
potential (B a), there is one clear peak which represents the base line ( closed
state). When the patch was depolarized by 20 m V the increase in channel open
probability produces a second peak (B b ). Further depolarization (steps of 20
mV) brought in a third peak revealing the presence of a second channel (B c,d).
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FIGURE 3. 8. Open time and burst length distributions are shown in

histograms constructed from data obtained from patches on cells exposed to
GABA (A and C) or baclofen (B and D) for 3 to 4 minutes at a pipette holding
potential of -40 mV. The open time was taken as the time for which the trace
deviated from the base line and returned to a level 50 percent of the maximal
amplitude. The mean open times for the channels induced by GABA and
baclofen are 2.3 and 2.6 ms. respectively. The burst lengths is the duration of
channel opening between the closures lasting more than 1 ms. The mean burst
length for the channels induced by GABA and baclofen are 26 ms and 19 ms
respectively.
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to 4 minutes. The mean open times for GABA and baclofen were 2.8 ±. 0.3
(n=4) and 2.7 ±. 0.3 (n=3) ms (mean±. 1 s.d.) respectively. The burst length is
defined as the duration of channel opening between closures of more than 1 ms.
The mean burst lengths for GABA and baclofen were 22.5 ±. 11. 7 ( n = 4) and
14.7 ±. 4.9 (n=3) ms (mean±. 1 s.d.). Open time distributions could be fitted
with a single exponential function. The closed time distributions are shown in
Fig. 3. 9 and it can be seen that most of the channel closures lasted less than
3 ms but there are a few long closures between bursts (Fig. 3. 9 B,D ).

The channel open time increased with time after application of GABA
or baclofen. In Fig. 3. lOA and B it can be seen that 30 s after application of
GABA (50 µM) the channel openings were brief and the mean open time
shown in the open time histogram was 0.49 ms. With longer exposures to
agonists, the channels had longer open times. Open times at 120 and 240 s after
application of GABA in Fig. 3. lOB (band c) were 2.0 and 4.0 ms respectively.

EFFECTS OF SACLOFEN

The effects of saclofen, a specific antagonist of the GABAB receptor
(Curtis et al, 1988; Kerr et al, 1988), were tested. In cells in which channel
activity had been induced by the application of GABA (50-100 µM) or baclofen
(20-40 µM), addition of 500 µM saclofen caused a progressive decrease in
channel activity (n= 5 patches) similar to that seen with washout of agonists.
Fig. 3. 11 shows currents recorded after the application of 20 µM baclofen (B ).
Following addition of saclofen (500 µM), the channel open probability
progressively decreased (C and D). Reapplication of 20 µM baclofen after
washout of the antagonist caused a reappearance of channel activity (E).
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FIGURE 3. 9. Closed time distributions are shown in histograms constructed
from data obtained from patches on cells exposed to GABA (A and B) or
baclofen (Band D) for 3 to 4 minutes. A channel was considered closed when it
reached a level 50 percent of the maximal amplitude. Most of the channel
closures lasted less than 3 ms (A and C) but there are a few long closures
between bursts (Band D). In histograms Band D the axis has been expanded.
The bin width in histograms A, C is 0.2 ms and in B, Dis 10 ms.
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FIGURE 3. 10. Open time of channels increased with duration of exposure to

an agonist. A. currents recorded from a patch on a cell exposed to 50 µM
GABA at the indicated times (pipette potential -40 mV). Single channel
currents appeared after a delay of 10 to 20 sec, when openings were brief (mean
open time was 0.49 ms Ba). Open time histograms at 60 (B b) and 180 (B c)
sec after the application of GABA gave mean open times of 2.0 and 4.0 ms,
respectively.
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A.

control

B.

baclofen (20 µM)

C.

baclofen (20 µM) + saclofen (500 µM),
5 min

D.

15 min

E.

wash - reapply baclof en
5 min

5 pA

100 ms

FIGURE 3. 11. Antagonism of the baclofen response by saclofen. Single

channel currents appeared in cell-attached patches after bath-application of 20
µM baclofen at a pipette potential of -40 m V. When 500 µM saclofen was
added, channel open probability decreased J?rogressively. After 15 minutes,
channel activity had obviously decreased (D ). Application of 20 µM baclofen
after complete washout of the antagonist from the bath for 5 min had activated
the channels again (E). The segments illustrated represent the probability of
channel opening in a period of 2 to 3 min.
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SINGLE CHANNEL CURRENT AMPLITUDE

Although the large (65-75 pS) channels were normally seen within 60 s of
application of GABA or baclofen, in several patches in which there was an
atypical, more gradual onset of the effects, a "stepped" increase in single
channel current amplitude was apparent. This is shown with excerpts from a
chart recording in Fig. 3. 12A-F. Before exposure to GABA, no channel activity
was seen (Fig. 3. 12A) and an amplitude histogram showed no peaks
corresponding to open channels (histogram Ha). At 25 s after switching to a
solution containing GABA (100 µM) plus bicuculline methiodide (100 µM), Fig.
3. 12B), small outward currents with an amplitude of about 0.35 pA had
appeared. About a minute later (Fig. 3. 12C) there were larger currents and by
four minutes after the application of GABA, there were even larger currents
(Fig. 3. l2D). When the GABA had been washed out for 5 min (Fig. 3. 12E)
smaller channels were seen interspersed with channels of the same amplitude as
those recorded at the end of the exposure of GABA. Later still (10 min
washout, Fig. 3. 12F), there were few of the larger amplitude currents. A
second exposure to GABA produced larger currents once again (not shown).
Single channel currents selected from the periods shown in (B-D) are shown in
Fig. 3. 12G a, band c. Histograms of the relative probability of current
amplitude at the same times as A-F are shown in Fig. 3. 12H histograms a-f.
The histograms clearly show the increase in predominant current amplitude
after exposure to GABA and also the multiple conductance states that are
particularly clear during washout of GABA. At 25-30 s after introduction of
GABA, the most probable amplitude of currents was centred on 0.36 pA (Fig.
3. 12H histogram b ). After 1.5 min, the most probable amplitude was centred
on 0.72 pA (histogram c). By 4 min (histogram d) there was a wide spectrum of
current amplitudes with the major probability peak centred at 2.2 pA. During
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FIGURE 3. 12. Growth in single channel current amplitude. Single channel

currents were seen in a cell-attached patch after exposure of the cell to solution
containing 100 µM GABA and 100 µM bicuculline methiodide (pipette
potential -40 mV). Records from A to D were taken from a chart recorder
trace at the times indicated after the application and records E and F were
taken during washout of GABA. Both channel open probability and amplitude
increased with time and decreased during washout of agonist. Samples of
currents recorded digitally at the same time as B, C and Dare shown in G. a, b
and c. The current amplitude histograms (H, a-t) were generated using a digital
signal processing technique (see Chapter 2 and Chung et al.1990 for details).
Before the application of GABA, there were no channel openings (histogram
Ha). 25 sec after the application of GABA, one clear peak appeared at 0.36 pA
(histogram Hb ). After 1 and 4 min the single channel current amplitude
increased and histograms (He and d) show peaks at 0.72 and 2.2 pA,
respectively. During washout of agonists, current amplitude decreased. 5 min
after washout a smaller peak had appeared at 0.72 pA (histogram He) and after
10 min washout, the predominant peak was at 0.72 pA (histogram Hf).
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washout of GABA, multiple conductance states were very apparent. There are
obvious peaks at about 0.72 pA and at 2.2 pA after washout for 5 min (Fig. 3.
12H histogram e) and peaks at 0.72 and 1.44 pA after washout for 10 min
(Fig. 3. 12H histogram f).

An interesting and striking feature of these histograms is that the peaks

appear to occur at integral multiples of 0.36 pA. The obvious peaks in Fig. 3.
12H histograms b-f are at 0.36, 0.72, 1.44 and 2.20 pA ( 1,2,4 and 6 times 0.36
pA). A 'quanta!' variability in current amplitude was clear in most experiments
analysed. A possible explanation for this behaviour might be that independent
channels occasionally coincide, the variable amplitude being caused by
variation in the number of channels coinciding. However, in most cases, the
turn-on and turn-off of a current, no matter what its amplitude, occurred rapidly
(within 100 µs) even when the probability of a channel being open was low (Fig.
3. 4 ). The probability that multiple independent channels should open ( or close)
synchronously within such a brief period is vanishingly small (Krouse et ul. 1986)
and this explanation is therefore not acceptable. Another possible explanation
is that there are many kinds of potassium channels activated by GABA8
agonists and that the different kinds have different conductances. This would
not explain the current behaviour shown in Fig. 3. 13. Channels that
instantaneously opened to or closed from a high current level sometimes
adopted several sustained current levels while open. Selected examples of such
transitions are shown in Fig. 3. 13. The submaximal levels corresponded to the
maximal levels of smaller currents, suggesting that the latter are a subset of the
larger currents. These observations, together with their shared potassium
selectivity, rectification and voltage-dependent open probability, indicate that
all of the channels were the same kind of channel. A decrease in single channel
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4 pA

10 ms

FIGURE 3. 13. Records of single-channel currents activated by GABA or

baclofen in several different cell-attached patches (pipette potential -40 m V).
The currents were selected to show obvious subconductance states.
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current amplitude as well as a decrease in open probability is apparent during
the application of saclofen, a GABAB receptor antagonist. This can be seen in
Fig. 3. 14. At 10 and 15 min after exposure to saclofen, current amplitude had
clearly decreased.

AN ANALYSIS OF FLICKERING

The channel activated by GABA or baclofen often displayed "flickering".
That is, there were frequent brief decreases in current amplitude. An example
of this behaviour can be seen in Fig. 3. 15. The digital signal processing
technique was used to examine this kind of behaviour. The current shown in
Fig. 3. 15A had a maximum amplitude of about 3 pA. For analysis, 43 possible
current levels were allowed from -0.72 to 4.44 pA with a spacing of 0.12 pA.
Examination of the transition matrix revealed that transitions from any level
were generally to a level 0.8 to 0.9 pA away from that level. This is illustrated
in Fig. 3. 15B which examines the peak at 1.68 pA. It can be seen that most
probable transitions from 1.68 pA were to 0.72 or 2.52 pA. In Fig. 3. 15C,
twenty rows of the transition matrix are presented graphically. The first
histogram (lower right) shows the transition probabilities from the 3.24 pA level
(sharp peak); the most probable transition from this level is to 2.4 pA (broad
peak). The second sharp peak from above down shows the transition from 3.12
pA to a most probable level of 2.28 pA. The last curve (upper left) shows the
transition probabilities from the 0.84 pA level. There is an equal probability
from 0.84 to the closed state or to 1.68 pA. This estimation reveals that most
probable steps from a given level occurred at small steps of 0.8 to 0.9 pA. This
effect is not a filter artefact, because using different filter frequencies yielded
the same results.
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A.

B.

baclofen

baclof en + saclof en
5 min

C.

10 min

D.

15 min

E.

20 min

100 ms

FIGURE 3. 14. Decrease in the amplitude of single channel currents activated

by baclofen (40 µM) in cell-attached patches after the application of saclofen.
When the cell was exposed to 500 µM saclofen plus 40 µM baclofen, the channel
open probability decreased over a period of 20 min (B-E). As well as the
decrease in channel open probability, single channel current amplitude also
decreased as can be seen in the traces 10 and 15 min after the application of
saclofen (C and D).
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FIGURE 3. 15.
A. Single channel

currents recorded from
a cell-attached patch
exposed to GABA (100
µM) at a pipette
potential of -40 m V.
The currents were
filtered at 5 kHz and
sampled at 11 kHz.
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C

3.0

3.6

4.2

B. A plot of transition
probability against
current level for one of
the rows of the
transition probability
matrix that was
obtained from a
segment of data
containing 80 000
points by allowing 43
states in steps of 0.12
pA. The highest peak
1n the row selected is at
1.68 pA the probability
of remaining in the
same state. The peaks
on either side, one at
0. 72 and the other at
2.52 pA indicate that
the amplitude of the
channel current at 1.68
pA is most likely to
increase or decrease by
0.8-0.9 pA.
.
C. Twenty of the 43

rows of the transition
matrix are shown in a
three-dimensional
curve. The diagonal
peaks correspond to
the amplitude
probability density
curve (sharp peaks) .
The contours of small
peaks, running parallel
to the diagonal line,
indicate that changes in
current amplitude are
most likely to occur in
steps of about 0.8-0.9
pA. X- axis; current
amplitude from -0.724.44 pA. Y-axis; rows
of transition matrix.
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DISCUSSION

Activation of GABA8 receptors on cultured hippocampal neurons
causes, in cell-attached patches not exposed to agonist, the delayed appearance
of potassium channels that have multiple subconductance states which appear
to be integral multiples of an elementary conductance. In several patches in
which the effect developed more slowly than normal following exposure of a
cell to GABA or baclofen, the amplitude of single channel currents increased
I

gradually in "quanta!" steps, and then decreased following washout of the
agonist. The appearance of these currents in cell-attached patches, but not in
outside-out patches exposed to agonist, together with the delay in their
appearance, strongly suggest that they are activated by an intracellular second
messenger.
u
:,

I

The channel activated by GABA and baclofen had a maximal single
channel conductance of 65-75 pS. In several patches, the single channel current

I'

I

amplitude increased with time after application of agonists and decreased

I
I

during washout. The explanation for this behaviour could be due to the gradual
increase in the second messenger concentration during the application of the
agonists and decrease during washout. The concentration of the second
,,,,

messenger may control single channel current amplitude. Similarly when
saclofen was used as an antagonist, a decrease in single channel current
amplitude was observed, further suggesting that single channel current

II

amplitude is controlled by the intracellular concentration of a second
messenger.

Channels activated by GABA or baclofen showed strong voltage
p,

dependence. The channel open probability increased with depolarization. The
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voltage dependence seen with this channel is ideal for inhibition of cell firing.

I

The open time but not the closed time distributions of the channel could
11

be fitted with a single exponential function indicating more than one closed
state. An interesting observation which is illustrated in Fig. 3. 10 is an increase
in channel open time with time after application of agonists. The explanation I
favour is that channel open time increases with second messenger
concentration.

I ,

These potassium channels displayed prominent outward rectification at
I•

hyperpolarized membrane potentials whereas the potassium conductance
changes produced by GABAB agonists (Gahwiler & Brown, 1985) or during
slow inhibitory postsynaptic potentials (IPSPs) in hippocampal neurons "in situ"
(Newberry & Nicoll, 1985) show inward rectification. However in several
experiments in which the pipette potential was made more negative than -40
m V, the amplitude of currents did not increase linearly with voltage (Fig. 3. 6)
I

I

and this behaviour is consistent with that of the late IPSP. The relationship of
the channel described here to the potassium conductance during the late
inhibitory postsynaptic potential remains to be firmly established.

The nature of the second messenger mediating the increase in potassium
conductance is not known. As the increase in conductance can be blocked by
pertussis toxin, it has been suggested that it is a direct G-protein coupled-

I
I

I

potassium conductance. However there is some biochemical evidence that
lipids such as arachidonic acid may also be involved in mediating these effects.

,,
J

One of the well characterized actions of G-proteins is to activate enzymes such
as phospholipase A 2 (Burch et al.1986; Burch & Axelrod, 1987;

I

~t
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Axelrod et al.1988; Bormann, 1988). Activation of phospholipase A2 liberates
J

arachidonic acid from membrane bound phospholipids (Irvine, 1982; Duman et
al.1986; Needleman et al.1986; Erma & Karban, 1987; Axelrod et al.1988).
Recently it has been shown that arachidonic acid and its lipoxygenase
metabolites can directly activate potassium channels inAplysia neurons
(Piomelli et al.1987b; Buttner et al.1989), cardiac muscle (Kim & Clapham,
1989; Kim et al.1989) and smooth muscle (Ordway et al.1989).

The simplest and most direct explanation for the observations of
multiple conductance states is that GABA or baclofen cause the opening of a
single kind of potassium channel. The variable conductance can then be
explained in several ways. For example, there may be variable conformational
states of the receptor channel protein, each associated with a different

I
ii

i!
11

I '

I

conductance. The increase in conductance with time shown in Fig. 3. 12 could
be caused by a change in the favoured conformation, perhaps as the
concentration of intracellular second messenger rises. It is difficult to imagine,
however, that the preferred conformations that are progressively adopted
should be related to conductances that grow in steps that are multiples of the
lowest conductance level. Another model that has been proposed to explain
similar behaviour in chloride and potassium channels (Miller, 1982; Krouse et

,,

al.1986; Hunter & Giebisch, 1987) seems more plausible. The quantal
variability in conductance is attributed to cooperative opening of a variable
number of elementary conducting pathways or co-channels. For the potassium
channel activated by GABAB agonists described here, each co-channel has a
conductance of 5-6 pS. It may be purely fortuitous but the lowest of the four

J
'I

current levels reported in potassium currents in kidney cells (Hunter &
Giebisch, 1987) also corresponds to a conductance of 5-6 pS. A gradual,

Ir:

quanta! increase in the conductance of calcium channels produced by
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incorporation of dihydropyridine receptors in planar lipid bilayers has been
explained in terms of the formation of 'oligomeric' channels containing 4, 8, 16,
and 32 'monomeric' channels each with a conductance of 0.9 pS (Glossmann &

I

Striessnig, 1988). Furthermore, it has been reported that the conductance of a
cation channel in retinal rods increases with second messenger ( cyclic GMP)
concentration (Haynes et al.1986; Zimmerman & Baylor, 1986). Taking those
observations together with those described here, it is tempting to speculate that
an increase in concentration of second messenger generated fallowing
activation of GABA8 receptors causes recruitment of cooperative elementary
channels, each with a conductance of 5-6 pS, leading to the formation of
oligomeric channels that have a multiquantal conductance related to the
number of contributing elementary channels.
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It is well recognized that binding of agonists to receptors can initiate a
cascade of biochemical events by activating specific enzymes leading to
liberation of intracellular messengers that can modulate or activate ion
channels in the surface membrane (Axelrod et al.1988; Belardetti &
Siegelbaum, 1988; Bormann, 1988). Some increases in potassium conductance
caused by neurotransmitters or neuromodulators have been shown to be
pertussis toxin-sensitive suggesting the involvement of second messengers
(North & Williams, 1985; Pfaffinger et al.1985; Andrade et al.1986; Kurachi et

al.1986; North et al.1987; Sasaki & Sato, 1987; Trussell & Jackson, 1987;
Yamashita et al.1987; Christie & North, 1988; Haga et al.1988; Innis et al. 1988;
Lacey et al.1988; Thalmann, 1988; Stratton et al.1989) (for a review, see Brown,
1990). The inhibitory neurotransmitter -y-aminobutyric acid increases
potassium conductance in mammalian hippocampal neurons (Alger, 1984;

1

Newberry & Nicoll, 1985; Gahwiler & Brown, 1985; Inoue et al. l985b; Inoue et
al.1985a; Hablitz & Thalmann, 1987) and this is dependent on the activation of
a G-protein (Andrade et al.1986; Innis & Aghajanian, 1987; Thalmann, 1987;

I

I

Innis et al.1988; Thalmann, 1988b ). Furthermore, there is evidence that
stimulation of GABAB receptors is involved in the production and regulation of
second messengers such as arachidonic acid (Duman et al. 1986; Enna &
Karbon, 1987; Axelrod et al. 1988; Bormann, 1988). There is also evidence to
suggest that activation of potassium channels by GABA is mediated by a

I

diffusible second messenger ( Chapter 3 ). One recognized action of some Gproteins is activation of phospholipase A 2 which can liberate arachidonic acid
,,

'

from membrane bound phospholipids and the release of arachidonic acid can
be blocked by an inhibitor of phospholipase A 2, such as mepacrine (Irvine,
1982; Duman et al.1986; Needleman et al.1986; Burch & Axelrod, 1987; Axelrod
et al.1988). Recently, arachidonic acid and its lipoxygenase metabolites have

been shown to cause opening of potassium channels in neurons (Piomelli et

~\
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al.1987b; Buttner et al.1989; Piomelli & Greengard, 1990) cardiac muscle (Kim
& Clapham, 1989; Kurachi et al.1989; Kim et al. 1989) and smooth muscle
(Ordway et al.1989). A possible second messenger that may initiate the opening
of potassium channels following activation of GABAB receptors is arachidonic
acid.

In this study, I have found that application of arachidonic acid to the
cytoplasmic surface of inside-out patches excised from cultured hippocampal
neurons activates a potassium-selective channel which has a maximal single
channel conductance of 70 to 80 pS. These channels exhibit multiple
conductance states. The smallest conducting unit has a conductance of 5 to 6
pS and the amplitude of single channel currents is dependent on the
concentration of arachidonic acid. The channel properties are similar to those
activated by GABA or baclofen in cell-attached patches (Chapter 3).

I
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I

I

METHODS

1,
1,
I

Cultured neurons were obtained as described in Chapter 2. Channel activity
was studied in inside-out patches. The bath solution contained (in rnillimoles
per litre) KCl, 160; EGTA, 10; HEPES, 10 (pH adjusted to 7.3 to 7.4 with
KOH). The pipette solution contained (in rnillimoles per litre) NaCl, 160; KCl,
5; CaC1 2, 2; MgC1 2 1; HEPES, 5 (pH adjusted to 7.3 to 7.4 with NaOH). Patch
pipettes were made from borosilicate glass and had a resistance of 10 to 15 MD.
Arachidonic acid (Sigma) was freshly prepared and sonicated before it was
added to the bath solution. Currents were recorded with an Axopatch lB
amplifier, filtered at 5 kHz, digitized at 44 kHz for storage on video tape and
digitized for analysis at 11 kHz. To determine the amplitude of small currents
accurately, I made use of a of digital signal processing technique ( Chung et
al. 1990 and also see, Chapter 2).

I
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RESULTS

POTASSIUM CHANNELS ACTIVATED BY ARACHIDONIC ACID

Bath application of 10-100 µM arachidonic acid activated single-channel
currents in 52 of 83 inside-out patches of membrane excised from cultured rat
hippocampal neurons. With a pipette potential of O m V the currents were
outwards (towards the pipette) and were characterized by rapid transitions
between open, partially open and closed states. The probability of channel
opening and the amplitude of currents depended both on the concentration of,
and the duration of exposure to, arachidonic acid. This is illustrated in Fig. 4. 1
which contains selected segments of recordings from six cells. A low
concentration (10 µM) of arachidonic acid (Fig. 4. lA a) caused the gradual

I

appearance of small, sporadic single-channel currents that rarely had
amplitudes greater than 1 pA. When patches were exposed to a higher
concentration of arachidonic acid, both the probability of channel opening and

I

current amplitude were greater. The effects of increasing the concentration of
arachidonic acid on the frequency of channel opening and current amplitude
I>

are illustrated in Fig. 4. lA (b-d). A noteworthy feature of these results is the
gradual increase in the amplitude of single-channel currents during the first 3
minutes of exposure to 20 and 50 µM arachidonic acid. There was also a
relationship between the eventual steady state amplitude of single-channel

h

currents and arachidonic acid concentration. Records obtained in one patch
exposed first to 20 µMand then to 50 µM arachidonic acid (Fig. 4. lB) clearly
show this effect. An increase in amplitude of single-channel currents in another
patch after changing from 20 µM to 100 µM arachidonic acid is illustrated in

I

Fig. 4. lC. The increase in amplitude of single-channel currents during the
:

exposure to arachidonic acid was not due to summation of currents

I

I

I
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FIGURE 4. 1. Single channel currents activated by arachidonic acid. A. Chart-

.,

record traces in ( a-d) show currents recorded sequentially in four different
patches in control solution and at the times indicated (90, 180, 300 seconds)
after exposure to 10, 20, 50, 100 µM arachidonic acid respectively. Note the
smaller amplitude of currents with 10 µM than with the higher concentrations of
arachidonic acid. Note the increase in current amplitude and frequency with
time in 20 and 50 µM arachidonic acid and the more rapid increase in these
effects the higher the concentration of arachidonic acid. The increases in
current amplitude during a change from 20 to 50 µMand from 20 to 100 µM
arachidonic acid in two different patches are illustrated in B and C. Singlechannel currents from the same patches as in A at 300 seconds after exposure of
the patches to arachidonic acid (a-d) 10, 20, 50 and 100 µM were plotted at
higher resolution with a digital plotter (D a-d) to show that the increase in
current amplitude was due to an increase in size of single-channel currents.
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from two or more independent channels. This can be seen in the records in Fig.
4. lD which show, on an expanded time scale, short segments of the currents at
I

300 seconds in Fig. 4. lA (a-d). The average amplitudes of single channel
l
I

currents after exposures of more than 5 minutes to 10, 20, 50, 100 and 200 µM

I,

arachidonic acid were 1.4 .±. 0.2 (n = 6), 3.7 .±. 1.2 (n = 7), 4.6 .±. 1.1 (n = 4), 5.7

I

.±. 0.5 (n

= 8) and 5.8 .±. 0.2 (n = 4) pA, respectively (mean.±. 1 s.d from n

patches). The relationship between the concentration of arachidonic acid and
single channel current amplitude is shown graphically in Fig. 4. 2. When
1~

I ,'

"

arachidonic acid was removed from the bath, the channel open probability
decreased over a period of 10 to 15 min. Following reapplication of arachidonic
acid, the channel activity reappeared (Fig. 4. 3).

SINGLE-CHANNEL CURRENT AMPLITUDE

••

The currents, no matter what their amplitude, tended to turn on and off
rapidly and no summation of independent currents was apparent. This is even
clearer in Fig. 4. 4 which contains examples of single-channel currents with a
wide range of amplitudes elicited by arachidonic acid in two patches (pipette
potential, 0 m V). The largest current recorded had a single channel current
amplitude of 5.5 to 6.6 pA, corresponding to a conductance of 75 to 90 pS, (null
potential -71 m V) and the smallest current had an amplitude of less than 0.5
pA. The smallest currents, which were observed more frequently in patches
exposed to lower concentrations of arachidonic acid, were detected by using the
digital signal processing technique. Regardless of amplitude, the opening or
I .

closing of a channel was very rapid in most cases, even when the probability of a
channel being open was very low. Occasionally, when two or more independent
channels opened in a patch, their currents could sum but it was always clear that

I
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FIGURE 4. 2. Relationship between arachidonic acid concentration and the
steady state single-channel current amplitude. Fifty single channel current
events were measured to obtain an average. Points represent the mean of the
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con

30 sec

90 sec

300 sec

\Vash

Rea pp

15 min

5 min

A
I.

B
10 s

FIGURE 4. 3 Single channel currents recorded from two patches (inside-out)

exposed to 20 (A) and 50 µM (B) arachidonic acid. It can be seen that the
channel open probability increased with increasing time of exposure to
arachidonic acid and when arachidonic acid was removed from the bath the
channel open probability decreased. Following reapplication of arachidonic
acid the channel activity reappeared.
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MULTIPLE CONDUCTANCE STATES

~i
10 ms

FIGURE 4. 4. Examples of single channel currents recorded from two patches

after 5 min exposure to 20 or 50 µM arachidonic acid showing a wide variety of
single-channel current amplitudes. The largest current level was about 6 pA
corresponding to a single channel conductance of about 85 pS and the smallest
current recorded was less than 0.5 pA (pipette potential O m V).

86

they were independent because of the lack of synchrony of their opening and
closing.

I
J

What appeared to be a 'quantal' increase in the amplitude of singlechannel currents was regularly observed after the application of arachidonic
acid and a similar decrease was seen after washout of arachidonic acid from the
bath. Fig. 4. 5 illustrates an example of this kind of increase in the amplitude of
single-channel currents during exposure to 25 µM arachidonic acid. The
increase in single channel current amplitude with time can be seen in the
sequential current traces shown in Fig. 4. 5 and in the sequential amplitude
histograms (constructed using the digital signal processing technique at various
times) in Fig. 4. 6. There is no detectable peak in the histogram in A (before

,I

arachidonic acid). There is a peak in the histogram at 0.68 pA about 30 seconds
after the application of arachidonic acid (histogram B). After sixty seconds an
j

additional peak had appeared. Thereafter, the amplitude of single-channel
currents gradually became larger (histograms C-F).

I .

l.l

The change in amplitude of single channel currents during washout of
arachidonic acid showed a similar pattern, as illustrated in Fig. 4. 7 and Fig. 4. 8.
When arachidonic acid was removed, the amplitude of single channel currents

i

r,

decreased, as did the probability of opening: currents of about 3 pA which
predominated at the beginning of washout (Fig. 4. 8 histogram A), were
progressively replaced by smaller currents (histograms B, C, and D). Re-

I
~

exposure to arachidonic acid (histogram E) resulted in the reappearance of
large currents. Predominant peaks in histograms such as these shown in
11,

•
!

Fig. 4. 6 and Fig. 4. 8 appeared to occur at approximately integral multiples of
0.32 to 0.36 pA, the smallest arachidonate-induced channel currents I observed .
The presence of elementary currents of 0.3 to 0.4 pA could be detected most
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INCREASE IN SINGLE CHANNEL CURRENT AMPLITUDE
APPLICATION OF AA

control

30 s

~~

150 s

4 pA

10 ms

FIG URE 4. 5. Single channel currents taken from a patch exposed to 25 µM
arachidonic acid for the times indicated show an increase in single-channel
current amplitude with exposure time (pipette potential Om V).

88

p

0

l

2

(pA)

3

4 A

FIGURE 4. 6. Sequential amplitude histograms obtained from segments of data

recorded during exposure of a patch to 25 µM arachidonic acid. Each
histogram was obtained from a segment of data containing 75,000 points by
using digital signal processing techniques based on a hidden Markov model
(Chung et al.1990). The amplitude resolution of the histogram was 0.04 pA.
For clarity, the peaks caused by baseline currents at OpA are truncated. The
histogram at A shows no current peaks apart from the base line; 30 seconds
after the application of arachidonic acid (histogram B), there was a probability
peak at about 0.68 pA. One minute later (histogram C) there was another peak
at 1.28 pA. At 2.5 and 4 minutes after application of arachidonic acid
(histograms D and E), the main peak had shifted to 1.92 pA and at 5 minutes
after (histogram F), there was a main broad peak in probability at 2.88 pA. The
Z-axis calibration bar represents a relative probability of 0.05.
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DECREASE IN SINGLE CHANNEL CURRENT AMPLITUDE
WASH-OUT OF AA

A

Smin

17 min
4 pA

10 ms

FIGURE 4. 7. Single-channel current amplitudes observed during washout of

20 µM arachidonic acid with a pipette potential of Om V at the times indicated
showing the decrease in the single-channel current amplitude with time.
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1
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2

(pA)

FIGURE 4. 8. Amplitude histograms constructed as in Fig. 4. 6. The amplitude

·1

resolution of these histograms was 0.08 pA. The histograms were obtained after
washout of 20 µM arachidonic acid from the bath for 5 minutes (histogram A),
10 minutes (histogram B), 15 minutes (histogram C) and 17 minutes (histogram
D). Histogram (E) was obtained from the current recorded after re-application
of the arachidonic acid for 5 minutes and has been scaled down by a factor of 2
compared to the previous histograms (A-D). The Z-axis calibration bar
represents a relative probability of 0.05.
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easily shortly after membrane patches were exposed to a low concentration of
u
ii

arachidonic acid. One such example is shown in Fig. 4. 9A. The amplitude
histogram reveals peaks at 0.32, 0.64, 0.96 and 1.28 pA. More commonly,

'

however, the predominant size of the first channel currents that appeared was a
multiple of the elementary current. Similar current amplitudes can be detected
in the two amplitude histograms in Fig. 4. 9B constructed from segments of
records containing only small currents 5 min after the application of arachidonic
acid. Predominant current levels in the two different patches were at 0.64 and
1.28 pA. The amplitude histograms represented by solid and broken lines were
constructed using data segments obtained from patches exposed to 100 and 10

µM arachidonic acid respectively.
·1

l
I
j

POTASSIUM SELECTIVITY

All these channels, no matter what their conductance, were selective for
11

potassium ions. When the pipette potential was varied, all of the currents
'I

disappeared at about -70 m V (null potential) and were in opposite directions on
either side of that potential (Fig. 4. lOA) . This is the reversal potential
predicted from the Goldman-Hodgkin-Katz equation with the sodium and

11

11.

potassium concentrations used and a PNaf PK ratio of 0.02-0.03, indicating that
all of the channels were potassium selective. Moreover, large as well as small

I

channels displayed the same kind and degree of rectification in the range of

I

potentials examined. When the potassium concentration in the pipette was
raised to 15 mM, the null potential shifted to more positive potentials, as
expected for a potassium-selective channel. Current-voltage curves obtained
1,

u

from four patches with 5 mM potassium, and three patches with 15 mM
potassium, in the pipette are shown in Fig. 4. lOB. The null potentials with
these two concentrations were -48.9 ± 1.4 mV and -71.3 ± 2.4 (after junction

I
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FIGURE 4. 9. Histogram of small events A. An amplitude histogram from a

segment of record obtained 30 seconds after application of 40 µM arachidonic
acid to the patch show peaks at 0.32, 0.64, 0.96 and 1.28 pA, which can be seen
more clearly on the dotted trace above that has been scaled up by a factor of 10.
B. Two amplitude histograms constructed from segments of record containing
only small currents 5 minutes after the application of arachidonic acid. The
peak in one histogram (solid line, 100 µM arachidonic acid) occurred at 0.64
pA, whereas the peak in the other (broken line, 10 µM arachidonic acid)
occurred at 1.28 pA. The ordinate for the dotted histogram was expanded by a
factor of 5.
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FIGURE 4. 10. Current-voltage curves for single-channel currents activated by
arachidonic acid. A. At each potential, 100 single-channel currents were

'I

recorded, ranked in order of amplitude and the average amplitudes of
sequential sets of 10 were calculated. The currents from all ten groups reversed
at about -70 m V. B. The influence of potassium concentration on null
potential. The bath solution contained 160 mM potassium. With 5 mM (filled
circles, four patches) and 15 mM (open circles, three patches) potassium in the
pipette, the null potentials were -71 m V and -49 m V respectively (after
correction for a liquid junction potential of 4 mV).
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II

potential correction), very close to the null potentials of -51 and -71 m V
.,

predicted for a PNalPK ratio of 0.03. These results clearly demonstrate that
none of the currents could have been caused by the opening of chloride-,
sodium-, or calcium-selective channels but were due to the opening of
potassium- selective channels.
II
II

1

OPEN AND CLOSED TIMES OF CHANNELS

.,
I,

The distributions of open time, burst length and closed time of channels
activated by arachidonic acid are shown in Fig. 4. 11. Histograms were
constructed from data obtained from inside-out patches exposed to 100 µM
arachidonic acid. The mean open time and burst length are 3.87 ± 1.29 and
I

l
II

19.45 ± 10.24 ms (n=4) (mean± 1 s.d). Open time distributions could be
fitted with a single exponential function. In closed time distributions shown in

I

:

'

Fig. 3. llC, it can be seen most of the channel closures lasted less than 3 ms but
there were a few longer closures between bursts.

!

I

MEPACRINE BLOCKS CHANNELS INDUCED BY BACLOFEN

The similarities between the channels activated by GABAB agonists and
1,

the channels activated by arachidonic acid suggest that arachidonic acid may be
generated and act as a second messenger following activation of GABA 8
receptors. To test the involvement of phospholipase A2 in the increase in
potassium conductance produced by GABAB agonists, channels were activated
in cell-attached patches by bath application of baclofen (40 µM) and then the
cell was exposed to a solution also containing mepacrine (50-100 µM) (n = 5).

~;

Fig. 4. 12 illustrates the decrease in the channel open probability over a period
of time after the application of mepacrine. This supports the idea that
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FIGURE 4. 11. Open time (A), burst length (B) and closed time (C)

distributions are shown in histograms from data obtained from an inside-out
patch exposed to 100 µM arachidonic acid at a holding potential of Om V. The
open time was taken as the time for which the trace deviated from the base line
and returned to a level 50 percent of the maximal amplitude. The burst length
is the duration of channel opening between closures lasting more than 1 ms.
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A.

baclofen ( 40 µM)

B.

baclofen ( 40 µM) + mepacrine ( 100 µM)
10 min

C.

15 min

D.

20 min

4 pA

100 ms

FIGURE 4. 12. Effect of mepacrine, an inhibitor of phospholipase A 2 on single

potassium currents activated by the application of baclofen in a cell-attached
patch. Exposure of cells to 40 µM baclofen activated single channel currents
(A). Then the cell was exposed to a solution containing 100 µM mepacrine and
40 µM baclofen. The decreases in channel open probability at 10, 15 and 20
min after exposure to mepacrine are illustrated in B, C and D.

I
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phospholipase A2 is involved in the increase in potassium conductance caused
1,

by GABAB agonists. Even though mepacrine is routinely used as a
phospholipase A 2 inhibitor, it should be noted that mepacrine may have other
effects.

II
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DISCUSSION

!i
I

Receptor-mediated production of arachidonic acid by the action of
phospholipase A 2 on membrane bound phospholipids has been demonstrated
(Samuelsson et al.1978; Hirata et al.1979; Ohta et al.1985; Burch et al.1986; Ho
& Klein, 1987; Jelsema & Axelrod, 1987; Slivka & Insel, 1987; Axelrod et

al.1988). Agonists which can do this include noradrenaline, -y-aminobutyric acid
( GABA), histamine, bradykinin, vasoactive intestinal peptide and leukotrienes
(Axelrod et al.1988). Recently it has been shown that 5-hydroxytryptamine, by
activating 5HT2 receptors (Felder et al.1990) and glutamate, by activating
NMDA and quisqualate receptors cause release of arachidonic acid from the

membranes of mammalian neurons grown in culture (Dumuis et al.1988;
Dumuis et al. 1990). The activation of phospholipase A 2 can be blocked by
II

II'

pretreatment with pertussis toxin and can be mimicked by the administration of

Ii

a hydrolysis-resistant analogue of GTP such as GTP-yS (Burch et al.1986; Burch
& Axelrod, 1987; Axelrod et al.1988). Arachidonic acid can undergo further
metabolism by either cyclooxygenase or lipoxygenase enzymes producing
Ii

1,

various products (Piomelli et a/.1987a; Piomelli et a/.1987b; Piomelli et al.1989;
Piomelli & Greengard, 1990). Arachidonic acid and its lipoxygenase
metabolites have been shown to activate potassium channels in isolated
membrane patches of cardiac and smooth muscle (Kim & Clapham, 1989;
Kurachi et al.1989; Kim et al.1989; Ordway et al.1989). Arachidonic acid
produces hyperpolarization of Aplysia sensory neurons by activating a kind of
potassium channel called an S channel and this effect is mimicked by
application of molluscan tetrapeptide FMRFamid!in cell-attached patches
(Piomelli et al. 1987b; Belardetti & Siegelbaum, 1988; Buttner et al.1989).
Biochemical experiments have shown that arachidonic acid and its metabolites
-1c
Ii

m
Ii

i

FMRFamide is a tetra pepti_de (Phe-Met-Arg-Phe-NH2)-
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are synthesized both in synaptosomes and in cell bodies (Piomelli et al. 1987 a;
Piomelli et al.1987b; Piomelli et al.1989).

Direct evidence for the release of arachidonic acid by GABA 8 receptor
activation is lacking. Failure to demonstrate this effect has been attributed to
insufficient incorporation of [3H] arachidonate in the brain phospholipid pool
or to a paucity of neurons with these receptors. Involvement of the calciumdependent enzyme phospholipase A 2 has been suggested by indirect
experiments (Karban et al.1984; Karban & Erma, 1984; Hill, 1985; Magistretti
& Schorderet, 1985; Erma & Karban, 1987). Arachidonic acid released by the

action of phospholipase A 2 may activate potassium channels and thus act as a
second messenger for the increase in potassium conductance caused by GABAB
agonists. Application of mepacrine, a phospholipase A 2 inhibitor, blocked the
channels activated by GABA or baclofen suggesting the involvement of
phospholipase A 2.

The characteristics of the channels activated by arachidonic acid
described here are very similar to those of channels that appear in cell-attached
patches of membrane in the same cells following the application of GABA8
agonists to the cell surface (Chapter 3). The latter are also potassium-selective
and outwardly rectifying at hyperpolarized potentials, have multiple
conductance states that are integral multiples of an elementary conductance of
about 5 pS, and can increase in amplitude during exposure to agonist. The
channels activated by GABA8 agonists and arachidonic acid showed similarities
in their kinetics. The mean open times of channels activated by GABA8
agonists and arachidonic acid are 2.8 .±. 0.3 (n =7) and 3.87 .±. 1.2 ms (n =5)
(mean.±. 1 s.d.) respectively. Similarly, the mean burst lengths of channels

11

100

activated by GABAB agonists and arachidonic acid are 19.1.±_ 10.2 (n=7) and
11

19.4 .±_ 10.2 (n=5) (mean.±_ 1 s.d.) respectively. The channels also showed
similarities in closed time distributions. Most of the channel closures lasted less

I

than 3 ms but there were a few longer closings between bursts. It was
postulated that a diffusible second messenger was probably involved in
activating potassium channels following application of GABAB agonists
because the currents were seen in cell-attached patches not exposed to GABA
or baclofen, appeared after a delay of many seconds following application of
agonist and were blocked by pertussis toxin ( Chapter 3 ). It seems likely that the
II
11

potassium conductance changes induced by activation of GABA 8 receptors are
mediated by arachidonic acid.

'

A possible explanation for the range of current amplitudes produced by
arachidonic acid or its metabolites is that there are several different types of
11

channel all of which have the same ion-selectivity and voltage-dependence.
i

Some characteristics of the channel currents shown in Fig 4. 13A argue against
this interpretation. Generally the transit from the closed state to fully open
state or from the fully open state to a closed state was instantaneous (within
recording limits). The probability that several independent channels should
open and close simultaneously is very low (see e.g. Krouse et al. 1986). In

11

'

addition, currents could exhibit several clear levels (subconductance states)
during an opening. Some of the conductance levels had exactly the same

1,

amplitude as smaller single-channel currents suggesting a relationship between
the two. An alternative explanation for these observations is that the currents
activated by arachidonic acid are the result of synchronous opening and closing
of several elastically coupled elementary conducting pathways (co-channels)
that together give the observed single-channel currents. Subconductance states
would then represent less than maximal coupling of these co-channels.
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Transient relaxations of the coupling might explain rapid flickering while a
channel is in the open state. The degree of coupling appeared to vary from
patch to patch as illustrated in Fig. 4. 138, which contains currents recorded
from three different patches. The opening or closing of the channel illustrated
in Fig. 4. 13Ba was instantaneous. The currents recorded in Fig. 4. 13Bb had
11

rapid transitions from the closed to open state but the current decayed back to
the closed state in several steps. At other times, more commonly with an
arachidonic acid concentration of 100 µM or more, channels adopted a chaotic
'11

behaviour seemingly due to rapid transitions between a variety of submaximal

1j

current levels (Fig 4. 13B c). If channels activated by arachidonic acid were
ll

composed of many (up to 16 or so) co-channels, the characteristics of the
channels from three patches in Fig. 4. l 3B might, in terms of this hypothesis,
reflect the presence of tightly coupled (Fig. 4. 13B a) partially coupled (Fig. 4.
13B b) or loosely coupled (Fig. 4. 13B c) co-channels. Other kinds of channels
also have multiple conductance levels that have been attributed to cooperative
opening and closing of clustered co-channels or oligomers (Krouse et al. 1986;
Haynes et al.1986; Zimmerman & Baylor, 1986; Glossmann & Striessnig, 1988;
Blair et al.1990). It may be that many kinds of channels consist of coupled cochannels with varying degrees of coupling.
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FIGURE 4. 13. Selected records of single-channel currents showing several
types of transition between open and closed states. A. Examples of the wide

variety of subconductance states observed. Dotted lines denote levels repeated
in several traces. Note that the maximum levels of some currents were the
same as the level during a subconductance state in others, suggesting that the
two currents are closely related and generated by the same kind of channels. B.
Three rows of current traces illustrating the behaviour of single channels in
which opening and closing were perfectly synchronized (a), less-well
synchronized (b) and poorly synchronized ( c). The concentration of
arachidonic acid in B(a) was 40 µMand in (b) and (c), 100 µM.
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CHAPTERS
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POTASSIUM CHANNELS INDUCED BY SEROTONIN
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In the central nervous system, 5-hydroxytryptamine (serotonin) exerts its
actions through multiple receptor subtypes (Gozlan et al.1983; Hoyer et
al.1985a; Hoyer et al. l985b; Peroutka, 1986; Heuring & Peroutka, 1987;
Peroutka, 1988; Bobker & Williams, 1990a). A hyperpolarizing response in
hippocampal neurons is mediated through receptor subtype SHT1A (Andrade et
al.1986; Andrade & Nicoll, 1987; Innis et al.1988) and a G-protein is involved
and the response can be abolished by prior treatment with pertussis toxin
(Andrade et al. l986a; Andrade & Nicoll, 1987; Innis & Aghajanian, 1987; Innis
et al.1988; Williams et al. 1988). Furthermore a similar increase in potassium

conductance can be obtained by the application of GTP-yS, and the conductance
can be blocked by GDP,BS (Andrade et al.1986; Andrade & Nicoll, 1987; Innis

et al.1988). It has been proposed that the channels responsible for the
potassium current are also shared by GABAB agonists (Andrade et al. 1986;
Christie & North 1988; Lacey et al. 1988)

Potassium currents were recorded in cell-attached patches activated by
the application of serotonin to the soma of the cell. Two types of potassium
current were observed, non-rectifying and rectifying. The channels were
potassium-selective and had subconductance states. The single channel
currents will be compared with the single potassium currents activated by
GABA or baclofen and arachidonic acid.

104

MATERIALS AND METHODS

Potassium currents were recorded in cell-attached patches. The bath
and the pipette solution had the following composition in mM: NaCl, 160; KCl,
5; CaC12, 2; MgC1 2, 1 and HEPES, 5. The pH was adjusted to 7.3-7.4 with
N aOH. (-)Baclofen was a gift from Ciba-Geigy, other drugs were purchased
from Sigma. 5HT was freshly prepared in bath solution and protected from
light. GABA and baclofen were prepared in bath solution. Spiperone was
di_ssolved in 1 percent ethanol and made up to the volume required in bath
solution. Drugs were bath-applied. Single channel currents were recorded
using an Axopatch lC amplifier (Axon Instruments).

105

RESULTS

POTASSIUM CURRENTS INDUCED BY SEROTONIN

Bath application of 20 to 50 µM serotonin activated potassium channels
in 49 of 74 cell-attached patches after a delay of 10 to 20 sec. The currents
were outwards (towards the pipette) at a pipette potential of -60 mV with
respect to the bath. The patch area normally appeared to have only one
channel, but two channels were occasionally seen. The predominant single
channel current had an amplitude of 3 to 3.5 pA at a pipette potential of -60
m V corresponding to a single channel conductance of 40 to 45 pS (V p(O) + 15
m V, see below). Fig. 5. lA shows chart recordings of single channel currents
recorded from one patch with a range of pipette potentials, illustrating both
outward and inward currents. In a few patches, another kind of channel was
activated by serotonin which showed pronounced outward rectification. This
channel also had a single channel current amplitude of 3.0 to 3.5 pA at a pipette
potential of -60 m V corresponding to a conductance of 40 to 45 pS (V p(O) + 15
m V). A chart recording of single channel currents from a "rectifying channel" at
various pipette potentials is shown in Fig. 5. lB illustrates the pronounced
outward rectification which differentiated the channel from the other type of
channel activated by serotonin (Fig. 5. lA). In most respects other than the
rectification the two kinds of channel had similar properties.

When serotonin was washed out of the bath, channel open probability
decreased over a period of 10 to 15 min and the channel could be activated
again by reapplication of serotonin.
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FIGURE 5. 1. Single channel currents recorded in cell-attached patches
following bath-application of serotonin. Chart recordings of two kinds of single
channel current recorded in cell-attached patches when cells were exposed to 50
µM serotonin. A. Non-rectifying channels showed ·only slight outward
rectification at the different pipette potentials (-V p) shown above. B.
Rectifying channels showed prominent outward rectification.
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SINGLE CHANNEL CURRENT AMPLITUDE

The predominant single channel current amplitudes with a pipette
potential of -60 m V were 3.0 to 3.5 pA corresponding to single channel
conductances of 40 to 45 pS ( calculated from the extrapolated values of V p(O)
of + 15 m V). In addition to the most commonly occurring currents, other
currents of lesser amplitude were also recorded (Fig. 5. 2A and B). The relative
frequency of these current amplitudes are shown in amplitude histograms in
Fig. 5. 3A and B.

The different single channel current amplitudes recorded may have been
due to the opening of different kinds of channel but the observation of sublevels
in some of the larger currents with the same amplitude as smaller currents (Fig.
5. 2C) argue against this possibility. In most cases the opening and closing of
channels were instantaneous (Fig. 5. 2). The probability of independent
channels opening and closing simultaneously within 100 µsis very low (see
Chapter 2).

POTASSIUM SELECTIVI1Y

The amplitude of unitary currents decreased when the pipette potential
was made more positive and the currents reversed at around + 15 m V (pipette
potential), close to the null potential for a channel with a PNa/PK ratio of 0.02
with 5 mM potassium in the pipette and a membrane potential of around -60
m V (Fig. 5. 4). Altering the potassium concentration in the pipette from 5
( open circles) to 15 mM ( closed circles) shifted the reversal potential from + 15
to -6 m V (n = 2 or 3 patches). These observed potentials are very close to the
values obtained from the (GHK) equation ( + 15 mV and -5 mV) assuming a
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FIGURE 5. 2. Examples of outward currents (upwards) recorded in a cell-

attached patch following bath application of 50 µM serotonin (pipette potential
-60 m V). A. Currents with varied amplitudes recorded from non-rectifying
channels. B. Currents with varied amplitudes recorded from a rectifying
channel. C. Records of single channel currents activated by serotonin showing
subconductance states recorded from both kinds of channel.
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FIGURE 5. 3. Amplitude histograms of single channel currents. Current were

recorded in cell-attached patches on cells exposed to 50 µM serotonin (pipette
potential -60 m V). Each histogram shows events recorded from one patch. A:
non-rectifying channel B: rectifying channel. Several peaks can be seen in each
histogram.
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FIGURE 5. 4. Current-voltage relationship for non-rectifying channels. A.

Curves were constructed from average maximum levels. As the membrane
potential was not known, the units of the abscissa are the negative of the pipette
potential (-Vp) (see text). Data points are the averages of 20-50 single channel
currents from two patches. Open and closed symbols represent currents
recorded when the pipette potassium concentration was 5 and 15 mM,
respectively. The lines through the points were drawn by eye. B. Examples of
currents recorded at different membrane potentials from one patch. It can be
seen that the channels show little rectification.
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PNalPK ratio of 0.02 for the channel and a membrane potential of -60 m V. As
can be seen from Fig. 5. 4, the non-rectifying channel showed slight outward
rectification. Currents recorded at different membrane potentials are shown in
Fig. 5. 4B. Both rectifying and non-rectifying channels did not show any change
in open probability with potential.

The rectifying single channel currents also reversed at about + 15 m V
and a change in potassium concentration in the pipette shifted the reversal
potential as predicted by the GHK equation with a PNa/PK ratio of 0.02. The
reversal potentials with 5 (open circle) and 15 (closed circles) mM potassium in
the pipette were + 15 m V and -7 m V (n = 2 or 3 patches) (pipette potential)
respectively (Fig. 5. SA). These channels showed prominent outward
rectification, i.e. current flow into the cell was very much restricted (Fig. 5. SA).
This feature of the channel clearly differentiated it from the non-rectifying
channel. The single potassium currents recorded at various membrane
potentials illustrate clearly the outward rectification (Fig. 5. SB).

RECTIFICATION

As pointed out above one of the major differences between the two

kinds of channel activated by 5-HT was the degree of rectification. Nonrectifying channels showed only slight outward rectification. The current
voltage relationship was comparatively linear at all the membrane potentials
studied even at depolarized potentials. The slight rectification seen was
probably due to the asymmetry in potassium concentration. Rectifying channels
exhibited strong outward rectification as illustrated in Fig. 5. SA and B.
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Figure 5. 5. Current-voltage relationship for rectifying channels. A. Curves
were constructed as in Fig. 5. 4A. B. Examples of currents at different pipette
potentials. The .channels show prominent outward rectification.
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Potassium channels activated by GABA or baclofen also showed
outward rectification (see Chapter 3). The outward rectification seen in the
rectifying channel activated by 5-HT was similar to the outward rectification in
channels activated by GABA or baclofen which had a similar non-linear
current-voltage relationship (Chapter 3).

SINGLE CHANNEL OPEN AND CLOSED TIMES

Channels activated by serotonin tended to flicker rapidly between open
and closed states. Examples of typical distributions of open times, burst lengths
and closed times are shown in Fig. 5. 6 and 5. 7. The histograms were
constructed using data obtained from patches on cells exposed to 50 µM
serotonin. The mean open times for non-rectifying and rectifying channels were
0.7 ± 0.2 (n=4) and 0.8 ± 0.08 (n=3) ms (mean± 1 s.d.) respectively. The
burst lengths for non-rectifying and rectifying channels activated by serotonin
were 4.8 ± 1.9 and 4.7 ± 1.4 ms respectively. The closed time distributions
show that most of the closures were briefer than 3ms (Fig.5.7 A,C) although there
were a few long closures between bursts (Fig. 5. 7 B, D).

COMPARISON OF POTASSIUM CURRENTS ACTIVATED BY GABA 8
AGONISTS AND SEROTONIN

It was proposed by Andrade et ul. ( 1986) that GABA and serotonin,
although binding to different receptors, activate the same population of
potassium channels through the same biochemical pathway. This conclusion
was drawn because the increases in potassium conductance caused by GABA or
serotonin were both blocked by pertussis toxin. Furthermore, when the agonists
were applied together, the current generated was not additive. Because of the
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FIGURE 5. 6. Open time and burst length distributions are shown in
histograms constructed from data obtained from patches on cells exposed to
serotonin at a pipette potential of -40 m V. The mean open time and the burst
length for non-rectifying channels (A and C) are 0.78 and 4.63 ms respectively
and for rectifying channels (Band D) 0.60 and 3.43 respectively. The open time
was taken as the time for which the trace deviated from the baseline and
returned to a level 50 percent of the maximal amplitude. The burst length is
the duration of channel opening between the closures of more than 1 ms.
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FIGURE 5.7. Closed time distributions are shown in histograms constructed

from data obtained from patches on cells exposed to serotonin, (A, B) non
rectifying and ( C, D) rectifying channels. A channel was considered closed
when it reached a level 50 percent of the maximal amplitude. Most of the
channels closures lasted less than 3 ms (A and C) but there are a few long
closures between bursts (Band D) In histograms B and D the axis has been
expanded. The bin width in histograms A, C is 0.2 ms and in B, Dis 10 ms.
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differences in potassium channels activated by GABAB agonists and serotonin
noted above, further experiments were carried out to test the hypothesis that
serotonin and GABA activate the same population of potassium channels.

Firstly, there were clear differences in the kinetics of channels activated
by GABAB agonists and serotonin. The mean open time was about four times
longer for channels activated by GABA or baclofen than channels activated by
serotonin. Furthermore, the mean burst length of channels activated by GABA
or baclofen was 3 to 4 times longer than the burst length of channels activated
by serotonin ( Chapter 3)

Secondly, in several cell-attached patches in which bath application of
serotonin for 5 to 10 min had not activated channels, application of GABA or
baclofen activated single potassium channels with the typical characteristics
described in Chapter 3. These channels had a conductance of 70-80 pS and
were outwardly rectifying. At depolarized potentials, they also showed inward
rectification. Serotonin had failed to activate these channels either because
there were no specific "serotonin" channels in the patch or there were no
serotonin receptors on the cell surface. In some other experiments, the reverse
situation was seen: bath application of GABA or baclofen produced no currents
but application of serotonin activated the channels. Channels activated by
serotonin had a single channel conductance of about 40 pS (Fig. 4. 8).

Thirdly, in 5-10 percent of patches, there was more than one channel,
especially when low resistance electrodes (less than lOMO) were used. If
GABAB agonists and serotonin activated different channels, then one would
have expected to see the two types of channel in some patches when a cell was
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FIGURE 5. 8. Com,Parison of single channel currents activated by serotonin
(SHT) and GABA (pipette potential -40 mV). Rectifying (A) and nonrectifying (B) currents recorded from patches on cells exposed to 50 µM
serotonin. C. Currents recorded from a patch on a cell exposed to 100 µM
GABA plus 100 µM bicuculline methiodide. D. Currents from a patch exposed
to 20 µM baclofen. Currents activated by serotonin were smaller than those
activated by GABA or baclofen. Channels activated by serotonin also showed
more pronounced "flickering" behaviour. The mean open times for currents on
the patches illustrated in A, B, C and D were 0.60, 0.73, 2.93 and 3.26 ms
respectively.
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exposed to serotonin and GABA together. Indeed, in some cells exposed to
GABA or baclofen typical potassium channels were activated, when serotonin
was also applied to the same cell, another channel with the characteristics of a
"serotonin" channel appeared in the same patch (2 out of 16 patches). When
the channel open probability was high, the single channel currents occasionally
summated suggesting that they were two different channels rather than that the
smaller channel represented a subconductance state of the larger channel.
Records obtained in one of these experiments are shown in Fig. 5. 9. GABA
(50 µM) was first applied and typical large channels were seen (Fig. 5. 9A).
Then serotonin (50 µM) was added to the bath. Two different kinds of channel
were seen in the presence of the two agonists, one with a lower amplitude and
prominent flickering (Fig. 5. 9B), the other with a greater amplitude and more
stable open state with less flickering (Fig. 5. 9C and D). In other experiments,
currents were first activated by bath-application of serotonin (50 µM) (Fig. 5.
lOA). Addition of baclofen ( 40 µM) to the bath induced the appearance of
larger currents (Fig. 5. lOB and C). As can be seen in Fig. 5. 9D and Fig. 5. lOC
the two kinds of channels were occasionally additive. A summary of differences
between channels activated by GABAB agonists and serotonin is given in Table .

5. 1.

SPIPERONE AS SEROTONIN ANTAGONIST

Spiperone is a non-specific antagonist of serotonin. When channel
activity had been induced by serotonin (50 µM), application of spiperone (100

µM) in addition to the serotonin caused a gradual decrease in channel opening
over a period of 10 to 15 min (n=3) (Fig. 5. 11). Reapplication of serotonin
alone after washout of spiperone activated the channels again (not shown) .

119

GABA 50 µM
A.

GABA 50 µM and 5HT 50 µM
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FIGURE 5. 9. Currents recorded in one patch following exposure of the cell to
(A) GABA (50 µM), then (B,C and D) GABA plus serotonin (50 µMeach) with
a pipette potential of -60 m V. B. a typical current activated by serotonin. C.
two types of currents side by side. D. summation of two kinds of current.
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FIGURE 5. 10. Currents activated by (A) serotonin alone (50 µM) and (B and
C) serotonin plus baclofen (50 µM serotonin and 40 µM baclofen) with a pipette
potential of -60 m V. B. when the same cell was exposed to baclofen another
kind of channel was activated. C. summation of two kinds of single channel
current.
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A.

5HT ( 50 µM)

B.

5HT (50 µM} + spiperone ( 100 µ.M}
10 min

C.

15 min

D.
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4 pA

100 ms

FIGURE 5. 11. Inhibition of serotonin-induced channels by spiperone. A.

Currents recorded after the application of serotonin (50 µM) in a cell-attached
patch (pipette potential -60 m V). B, C and D. Currents recorded at 10, 15 and
20 min after application of serotonin (50 µM) plus spiperone (100 µM) show a
gradual decrease in channel open probability.
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TABLE 4. 1
EFFECT

GABA

SEROTONIN

BACLOFEN NON-REC

ARACHIDONC

REC

ACID

Single channel
conductance (pS)

75-80

40-45

40-45

80-90

Rectification

inward &
outward

slight
outward

outward

outward

1-V relation at
depolarized
potentials

not
linear

linear

linear

linear

Voltage
dependence (P0 )

yes

no

no

not clear

Mean open
time (ms)

2.8_±_0.3

0.7_±_0.2

0.8_±_0.0

3.8_±_1.2

Mean burst
length (ms)

19.1_±_10.2

4.8_±_1.9

4.7_±_1.4

19.4_±_10.2

No. of openings
per 50 ms

17_±_2

72_±_20

59_±_6

14±7

Values are mean_±_ 1 s.d.
'P0 ' is defined as the probability of channel C?pening.

,
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DISCUSSION

In hippocampal neurons, the hyperpolarization caused by serotonin is
due to an increase in potassium conductance (Segal, 1980; Andrade et al.1986;
Andrade & Nicoll, 1987; Innis et al.1988; Ropert, 1988) and is mediated by a 5HT1A receptor: spiperone blocks the effect and the response can be mimicked
by the application of the partial agonist ( + )-8-0H-dipropylaminotetralin (80HDP AT). As the hyperpolarizing response can be abolished by prior
treatment with pertussis toxin, GTP-binding proteins are thought to be involved
(Andrade et al. 1986; Andrade & Nicoll, 1987; Innis & Aghajanian, 1987; Innis et
al.1988; Williams et al.1988).

Whole-cell currents produced by 5-HT in cultured hippocampal and
striatal neurons consisted of an outward current together with two kinds of
inward current (fast and slow) (Yakel et al.1988). However, the most
commonly observed response was an outward potassium current which was
washed out over period of time suggesting the involvement of a second
messenger (Yakel et al.1988). Responses to 5-HT have been recorded from
various areas of the brain (Aghajanian & Lakoski, 1984; Yoshimura & Higashi,
1985; Davies et al.1987; Innis & Aghajanian, 1987; Joels et al.1987; Sprouse &
Aghajanian, 1987; Joels & Gallagher, 1988; Williams et al. 1988). The same
potassium channels are thought to be activated by other agents producing
hyperpolarization (North & Williams, 1985; Andrade et al.1986; North et
al.1987; Sasaki & Sato, 1987; Yatani et al.1987; Christie & North, 1988; Innis et
al.1988; Lacey et al. 1988).

The results described here are consistent with the idea that a diffu sible
second messenger causes the increase in potassium conductance as the channe l
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activity was induced by the application of serotonin to the membrane area
outside the patch. The channel currents are potassium-selective suggesting that
they may be responsible for the hyperpolarizing response recorded in various
areas of the brain (Andrade & Nicoll, 1987; Yakel et al.1988). The two kinds of
channel activated by serotonin described here may be associated with different
receptor subtypes and second messenger systems. These receptor subtypes have
been shown to be localized in specific areas in the central nervous system
(Dahlstorm & Fuxe, 1964 ).

In Chapter 3, it was shown that GABA and baclofen activated single
potassium channels in hippocampal neurons. The channels had a predominant
conductance of 70-80 pS, possessed multiple subconductance states and showed
outward rectification. In Chapter 4, it was shown that channels activated by
arachidonic acid were similar to those activated by GABA or baclofen, raising
the possibility that arachidonic acid is a second messenger mediating the
increase in potassium conductance produced by GABA 8 agonists. The most
commonly observed channel induced by serotonin was the non-rectifying
channel. The rectifying channels activated by serotonin showed outward
rectification similar to that seen with GABA or baclofen but had a lower
conductance and different kinetics. It seems unlikely that arachidonic acid is
involved in activation of these channels but a second messenger has not yet
been identified.

Serotonin, by binding to various receptor subtypes, activates biochemical
pathways producing second messengers. Activation of 5-HT 1A receptors
increases cyclic AMP production (Markstein et al. 1986) and forskolinstimulated adenylate cyclase activity is inhibited by serotonin (De-vivo &
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Maayani, 1986). In some systems a 5-HTlB receptor has been shown to be
negatively coupled to adenylate cyclase (Bouhelal et al.1988). The involvement
of cyclic AMP in the increase in potassium conductance in hippocampal
neurons was thought to be unlikely because application of a soluble analogue of
cyclic AMP, 8-bromocyclic AMP, did not have any effect (Andrade et al. 1986;
Innis et al.1988). Furthermore intracellular injection of EGTA did not affect
these currents, ruling out the possibility of calcium involvement (Andrade et
al. 1986). In a clonal cell line, serotonin stimulated hydrolysis of

phosphoinositides through phospholipase C activation and this effect was
antagonized by ketanserin, a 5HT2 antagonist (Ivins & Molinoff, 1990). In rat
hippocampal neurons grown in culture, serotonin can activate phospholipase A2
(PLA2) directly through 5-HT2 receptor activation. This effect can be blocked
by spiperone (receptor antagonist) or mepacrine (inhibitor of phospholipase
A 2) (Felder et al.1990). The effects mediated by the activation of 5-HT2
receptors have been observed in parts of the brain where there is high density of
5-HT2 receptors. Other effects mediated by 5-HT through protein
phosphorylation have been also reported (Shuster et al.1985; Paupardin-Tritsch
et al.1986; Sweatt et al.1989).

In the present study, serotonin has been found to activate two types of
potassium channel, non-rectifying and rectifying, each with a single channel
conductance of about 40 pS. It has been suggested that channels activated by
serotonin are directly coupled to a G-protein (VanDongen et al.1988). This
suggestion was based upon the observation that a 38 pS channel, activated in
cell-attached patches on hippocampal neurons by serotonin in the pipette
solution, was similar to those of activated by GTP-yS and G 0 (amongst others) in
inside-out patches (VanDongen et al.1988). It is not clear whether the channel
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activated by serotonin when added to the pipette solution was similar to the
channels recorded in this study.

One of the channels activated by serotonin showed outward rectification,
a property shared by channels activated by GABAB agonists in cell-attached
patches and by arachidonic acid in inside-out patches (see, Chapter 3 and 4).
There is a possibility that arachidonic acid released by the activation of SHT2
receptors may activate the rectifying channels. But the kinetics and the single
channel conductance are different. It has been shown that channel conductance
may be controlled by the arachidonic acid concentration and one possibility is
that the concentration of arachidonic acid is lower with serotonin. However,
some differences between the channels activated by serotonin, GABA 8 agonists
and arachidonic acid were observed and these are summarised in Table. 5. 1
and it seems unlikely that the channels activated by serotonin and GABAB
agonists are by a common second messenger.

CHAPTER6

POTASSIUM CHANNELS ACTIVATED BY GTP-yS AND
LOCALLY APPLIED SEROTONIN
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Activation of GABAB (Newberry & Nicoll, 1984; Inoue et al.1985;
Newberry & Nicoll, 1985) and 5-HT1A (Andrade et al.1986; Andrade & Nicoll,
1987; Innis et al.1988) receptors causes an increase in potassium conductance
which is regulated by a G-protein (Andrade et al.1986; Innis et al.1988;
Thalmann, 1987; Thalmann, 1988; Brown, 1990). The increase in the potassium
conductance is abolished by pretreatment with pertussis toxin and can be
mimicked by GTP-yS, supporting the involvement of G-proteins (Andrade et

al.1986; Innis & Aghajanian, 1987; Innis et al.1988). When agonists bind to
receptors, they facilitate the exchange of GDP with GTP and the aGTP
dissociates from the /3-y complex. The G-proteins (aGTP or /3-y complex) can
exert their actions directly on the channels, as in direct G-protein coupled
potassium channels (Brown & Birnbaumer, 1988; Birnbaumer et al.1990;
Brown, 1990), or stimulate enzymatic processes leading to the generation of
cytoplasmic second messengers which in turn activate the channels (Piomelli et
al.1987; Axelrod et al.1988; Bormann, 1988; Piomelli et al.1989; Piomelli &
Greengard, 1990). It is generally believed that GABA 8 agonists and serotonin
share a common population of potassium channels.

In this study, some experiments were done in an attempt to determine
whether GABA and 5-HT activate directly G-protein-coupled channels or
activate channels indirectly via a second messenger system. When the agonists
were applied in the pipette solution to cell-attached patches, serotonin but not
baclofen activated channels. These channels are compared with those activated
by GTP-yS in inside-out patches.
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METHODS

For recording from cell-attached patches, the bath and the pipette
contained the same solution with following composition (in millimoles per
litre): NaCl, 160; KCl, 5; MgC1 2, 1; CaC1 2, 2; HEPES, 5; pH adjusted to 7.3 with
NaOH. In a few patches the pipette solution contained sodium gluconate
instead of sodium chloride. When inside-out patches were used the pipette
solution had the same composition as the solution above, whereas the bath
solution contained (in millimoles per litre): KCl, 160; MgC1 2, 1; EGTA, 10;
HEPES, 10; pH adjusted to 7.3 with KOH. (.±.) Baclofen (Ciba-Geigy or
Sigma), serotonin (Sigma) and GTP-yS (Sigma) were made up in the
appropriate solution.
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RESULTS

CHANNELS ACTIVATED BY AGONISTS IN THE PIPETTE

When serotonin (2-10 µM) was added to the pipette solution, single
channel currents were activated in 15 of 35 cell-attached patches. The currents
were outwards (towards the pipette) when the pipette potential was -60 mV, as
expected for potassium-selective channels. Similar currents were seen when the
pipette solution contained sodium gluconate ruling out the possibility of current
carried by chloride ions.

The currents recorded from these patches had a range of amplitudes.
Fig. 6. 1 shows single channel currents recorded in one experiment with
serotonin (5 µM) in the pipette. The relative amplitude distributions of the
conductance levels can be seen in the histograms which clearly show many
peaks (Fig. 6. 2). Three predominant current amplitudes were recorded. The
mean single channel current amplitudes recorded from patches at a holding
potential of -60 mV were 0.8 + 0.07 (n=8), 1.6 + 0.06 (n=3) and 2.6 + 0.1 (n=4)
pA (mean+ 1 s. d.) corresponding to single channel conductances of 11, 23 , and
37 pS ( calculated from the observed V p(O) of around + 11 m V, when the
external potassium concentration was 5 mM).

When the pipette potential was made less negative, than -60 m V the
unitary current amplitude decreased in size and reversed at a pipette potential
of + 10.8 + 4.6 m V (mean + 1 s.d., n = 4) consistent with a potassium-selective
channel with PNa/PK ratio of 0.02 to 0.03. Current-voltage curves for the
largest and smallest currents are shown in Fig. 6. 3. The data points are mean
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4 pA

10 ms

FIG URE 6. 1. Examples of single channel currents activated in cell-attached
patches by serotonin (5 µM) in the patch pipette (pipette potential -60 m V).
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FIG URE 6. 2. Frequency histograms of the conductance of single channels

activated in cell-attached patches when the patch pipette contained serotonin
(pipette potential -60 m V). Histograms were constructed from 300 to 400 single
channel currents recorded in four different patches. The channel conductances
estimated from the observed null potential of around + 11 m V (V p) with 5 mM
potassium in the pipette solution had peaks at about 11, 23 and 37 pS.
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FIGURE 6. 3. Current-voltage curves for single-channel currents activated in
cell-attached patches when the patch pipette contained serotonin. Currentvoltage curves of two channels with different conductances are shown. Data
points are the mean of 20 to 50 single channel currents obtained from two
patches. As the membrane potential was not known, the abscissa shows the
negative value of the pipette potential (-Vp).
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values of single channel current amplitude recorded from 2 or 3 cell-attached
t,
It

i!

patches. The single channel conductances at a pipette potential of -60 m V were
12 and 41 pS. The null potential observed here is significantly different from
that of channels activated by GABAB agonists. This may indicate that these
agonists activate channels with different PNalPK ratios. However, current

I
I

measurements close to the null potential are not very accurate and even more

'

difficult when the channel shows outward rectification.

II

Addition of baclofen (2-20 µM) to the patch pipette was much less
effective in activating channels in cell-attached patches. Sporadic channel

t,

activity was seen in only 3 of 30 patches. Following exposure of the same cell to
baclofen in the bath solution, the channel open probability significantly
increased and the characteristics of the channel were similar to those of
channels activated by GABA or baclofen described in Chapter 3. These results
suggest that the activation of channels by GABAB agonists involves a second
messenger whereas serotonin can activate channels more directly. In Chapter 5,
serotonin was shown to activate two different types of channel with
conductances of about 40 pS presumably using second messenger systems.
These two types of effect may have been modulated by different receptor
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subtypes. In this study, no attempt was made to identify the receptor subtypes

I

involved in these potassium conductances described.
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SINGLE CHANNEL CURRENTS ACTIVATED BY GTP-yS
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GTP-yS activates endogenous G-proteins irreversibly and produces

aGTP-yS and the j3-y dimer (Fung, 1983; Northup et al.1983; Northup et al. 1983).
If GABA or serotonin activated directly G-protein coupled channels,

1,

11

Ir

application of GTP-yS should activate the same channels. Therefore, channels

I

'
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t,

, 1,
11,
I•
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activated by GTP-yS in excised inside-out patches were recorded for comparison
i

with channels activated by the agonists.

Application of GTP-yS (50 µM) to the cytoplasmic surface of inside-out
patches activated single potassium currents in 16 of 19 patches. The currents
were outwards (towards the pipette) when the pipette potential was more
positive than -70 m V ( calculated using GHK equation) suggesting that the
channels were potassium-selective with a PNa/PK ratio of 0.02. The channels
activated by GTP-yS exhibited a range of conductance levels within a patch as
well as from patch to patch. Frequency histograms of current amplitudes
recorded are shown in Fig. 6. 4. and 6. 5. There were clearly several kinds of
1,

II

channel and not all patches had the same range of currents reveal that they are
single channel currents and not due to summation of currents from independent
channels, several subconductance states can be seen. The commonest peak of
current amplitude recorded from several patches at a pipette potential of O m V
were 0.8 + 0.06 (n= 10), 1.7 + 0.1 (n= 14) and 2.5 + 0.1 pA (n=7) (mean+ 1 s.

Ii

d.) corresponding to a single channel conductance of 11, 24 and 36 pS (null

I!

potential -70 1nV). These channels have conductances similar to those activated
;:

Ii
Ii

by serotonin in the pipette solution. In several patches following exposure to
GTP-yS some currents had amplitudes of 3.65 + 0.25 pA (n=2) and 5.27 + 0.09
pA (n=4) (mean+ 1 s.d.) corresponding to single channel conductances of 52
and 75 pS (Fig. 6. 5). The current-voltage relationships for currents of four
predominant amplitudes (Fig. 6. 6) were not linear but showed outward
rectification (Fig. 6. 6). No channel activity was seen in control experiments

'I

(n=23) for a period of 20 to 30 min following identical procedures with
solutions not containing GTP-yS. Many of the channels showed subconductance
I

I

states. Records of currents of different amplitudes are shown in Fig. 6. 7
(selected from five different patches).

I
I
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FIGURE 6. 4. Histograms of single channel conductance constructed from the

data obtained from four different inside-out membrane patches excised from
cultured hippocampal neurons when exposed to 50 µM GTP1S. Single channel
conductance peaks were around 11, 24 and 36 pS (pipette potential O m V).
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FIGURE 6. 7. Examples of single channel currents recorded from five different
inside-out patches when exposed to 50 µM GTP-yS with a pipette potential of 0
mV.
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OPEN AND CLOSED TIMES OF CHANNELS ACTIVATED BY SEROTONIN
IN THE PIPETTE AND GTP-yS

I

r,
I,

I

Histograms showing the distributions of open times, burst lengths and
closed times were constructed from data obtained from a cell-attached patch
with 5 µM serotonin in the pipette solution (Fig. 6. 8 A, B and C) and from an
inside out patch exposed to 50 µM GTP-yS (Fig. 6. 9 A, Band C). The mean
open time and the burst length of channels activated by serotonin and GTP-yS
are 2.5 ± 0.9, 7.6 ± 1.3 (n=3) and 3.4 ± 0.8, 22.2 ± 11.2 (n=3) ms (mean+
1 s.d.) respectively. The closed time distributions show that most of the closures

1,

lasted less than 3 ms but there were a few long closures between bursts. In
some of the patches exposed to GTP-yS, the mean open time and burst length
are longer raising the possibility that more than one type of channel is regulated
by G-proteins. The kinetics of these channels are different from those activated
in cell-attached patches by serotonin applied to the bath (see Chapter 5 and
also Table 5. 1).
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FIGURE 6. 8. Open time (A), burst length (B) and closed time (C) distributions
are shown in histograms from data obtained from a cell-attached patch exposed
to 5 µM serotonin in the pipette solution at a holding potential of -60 m V.
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are shown in histograms from data obtained from an inside-out patch exposed
to 50 µM GTP,yS to the cytoplasmic surface at a holding potential of O m V.
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DISCUSSION
1
I,

,,
'

11

[;

In this study, single potassium currents were activated in cell-attached
patches when serotonin was added to the pipette solution but baclofen in the
pipette was ineffective. These observations may indicate that the mechanisms

Ii

Ii
1,

underlying the activation of channels by these agonists are different. As

I,

proposed already, serotonin receptors may be directly linked to G-proteincoupled potassium channels. Even though baclofen did not activate channels
Ii

when added to the pipette solution, when the same cells were exposed to
baclofen in the bath, channels were activated indicating that there were

I,
I,

GABAB receptors on the cell surface.

I

The involvement of G-proteins in the increase of potassium conductance
caused by serotonin was confirmed by the use of GTP-yS which activates
potassium channels by stimulating endogenous G-proteins (Codina et al.1987;
Logothetis et al.1987; Yatani et al. 1987a). The channels activated by serotonin
in cell-attached patches had a single channel conductance of about 40 pS

1,

( outward current, 5 mM external potassium), were potassium-selective and
showed outward rectification. A channel with similar characteristics was
activated by GTP-yS in inside-out patches, suggesting that the channel activated
by serotonin may be directly coupled to G-proteins. The channels with other
Ii! ,i

conductances activated by GTP-yS were not investigated further.

'

Previous studies have shown that application of purified G 0 to inside-out
I

patches excised from cultured hippocampal neurons activated four different
I,

types of potassium channels with slope conductances of 13 pS, 38 pS, 38 pS
(inwardly rectifying) and 55 pS. In the same study serotonin in the pipette was

n
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r
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I

.
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found to activate a variety of potassium channels and one of them was
1

identified to be inwardly rectifying and had a single channel conductance of 38

I
I

i

pS (inward current, isotonic potassium): GTP-yS could activate the same
11

channels (VanDongen et al.1988).

i,

III,

It appears from these experiments that serotonin activates a potassium

I,

channel regulated by a G-protein which is not activated by GABAB agonists.
The kinetics of the channel in cell-attached patches activated by serotonin in
the pipette are different from the kinetics of two kinds of channel activated by
the application of serotonin in the bath.
Ii
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1,

The work in this thesis was aimed at characterizing potassium channel s
I

I

activated by GABAB agonists and serotonin. The increase in potassium
Ii

I,

1,

I

II

conductance caused by these agents is known to be regulated by a G-protein
(Andrade et al.1986; Innis & Aghajanian,1987; Innis et al.1988; VanDongen et

)

al.1988) which is thought to be directly coupled to potassium channels.

111

G-proteins also couple some receptors to intracellular enzyme systems which
play a part in activating potassium channels by generating diffusible second
!

messengers (Axelrod et al.1988; Birnbaumer et al.1990; Brown, 1990). One way
I

I have used to distinguish the involvement of direct or indirect (presumabl y viu
second messenger) mechanisms is by using cell-attached patches and observing
I,

the effectiveness of the agonist when applied to the cell surface outside the
I.,

:1

patch or in the patch electrode.

'

1:

'

POTASSIUM CHANNELS ACTIVATED BY GABA OR BACLOFEN

Ii

GABAB agonists applied to the cell surface activated single potassium
channels in cell-attached patches. The effect could be abolished by
1,
I,

11

i',

:
1,

pretreatment of cells with pertussis toxin or by exposing cells to saclofen, a
specific GABAB antagonist. These results are consistent with previous reports
that stimulation of GABAB receptors is associated with an increase in
potassium conductance which is mediated by a G-protein (Andrade

1

C!l

cd. 1986 ;

Ii

Innis & Aghajanian, 1987; Innis et al. l 988). Channels were seen in patches not

•
1,
'
1,

exposed to agonists and there was a delay in their appearance indicating that

1 1,

r,

the channels were regulated by a second messenger that took time to diffuse

I

I

from receptors to channels. The characteristics of these channels, such as
potassium selectivity and voltage dependent increase in open probability, would
be suitable for inhibition of cell firing. The channel also showed prominent

I
I1
'I

'

,I

outward rectification. The flow of ions into the cell was inhibited at

!

145

:"
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hyperpolarized potentials but some inward rectification was also seen at
l

l:
],

depolarized potentials. These channels had a single channel conductance of

I

about 80 pS and exhibited multiple subconductance states. The mean open
time and the mean burst length were 2.8

I

± 0.3 and 19.1 ± 10.2 ms (mean_±_ s. d

n = 7) respectively. The characteristics of these channels are inconsistent with
I
1'

the proposal that either a 55 pS or a 38 pS (inwardly rectifying) potassium

ii

channel activated by G 0 (Van Dongen et al.1988) may correspond to channels
,,
t

activated by GABAB agonists. The channels I have recorded were from the
soma of cultured cells, perhaps from "extrasynaptic" receptors, whereas the late
inhibitory postsynaptic potentials arise mainly from the dendrites.
Interestingly, an increase in potassium conductance mediated by GABA 8
receptors has been recorded using the perforated patch technique in neurons
dissociated from substantia nigra (Roeper et al.1990), indicating both the
distribution of receptors on the soma membrane and the importance of
intracellular contents.

Biochemical experiments have indicated that GABA 8 agonists are
involved in the production and regulation of second messengers. GABA and
1·

I·
,

baclofen do not modulate basal cyclic AMP levels directly but, augment the

•

production of cyclic AMP caused by norepinephrine, isoproterenol, adenosine,
vasoactive intestinal peptide and histamine which are positively coupled to

I

adenylate cyclase (Wojcik & Nefr, 1983; Karban & Enna, 1984; Karbon et

•
l

al.1984; Hill, 1985; Magistretti & Schorderet, 1985, Duman et al.1986; Watling
' I

11

& Bristow, 1986; Enna & Karban, 1987; Bowery, 1989). Indirect experiments

'I

have suggested the involvement of phospholipase A 2 as quinacrine, a non-

II
II

1,

selective inhibitor of phospholipase A 2, abolishes the augmenting effect of

'
I

GABAB agonists on cAMP. Stimulation of the pertussis toxin-sensitive enzyme,
/''

Ii
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phospholipase A 2, liberates arachidonic acid from membrane-bound
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I

I
phospholipids. The potentiating effect of GABAB agonists on cyclic AMP
11'

11

levels may be due to the production of arachidonic acid, which can stimulate
protein kinase C (McPhail et al.1985; Murakami & Routtenberg, 1985). Protein
kinase C can regulate adenylate cyclase production by phosphorylating Gi
blocking its inhibitory action on Gs (Partington et al. 1980; Duman et al. 1986;
Enna & Karban, 1987). Some neurotransmitters stimulate phospholipase C,

'

producing inositol trisphosphate (IP 3 ) and diacylglycerol (DG) from
phosphatidyl inositol 4-5 bisphosphate. GABA has been shown only to
potentiate the a 1-adrenergic agonist-induced accumulation of inositol
phosphates rather than having a direct effect (Brown et al. 1984; Corradetti et
al.1987; Ruggiero et al.1987). Arachidonic acid and its metabolites have been

I

shown to activate potassium channels (Piomelli et al.1987; Buttner et al. l 989;
Kim & Clapham, 1989; Kim et al.1989; Kurachi et al. 1989; Ordway et al.1989).
I believe that it is very likely that arachidonic acid or its metabolites are the
second messengers mediating the increase in potassium conductance caused by
activation of GABA 8 receptors.

', I

COMPARISON OF CHANNELS ACTIVATED BY GABA 8 AGONISTS AND
ARACHIDONIC ACID
Ii
1,

The channels activated by arachidonic acid in inside-out patches were
,al l

similar to those

activated by GABA and baclofen in cell-attached patches.

They had a predominant conductance of about 70-80 pS, showed
'1 1
11

I

subconductance states and were outwardly rectifying. There was a relationship

II

II

Ii

between the concentration of arachidonic acid and the single channel current
amplitude. In support of this observation, in a few experiments following
application of GABA or baclofen, small single potassium currents appeared and

11

their amplitude increased with time. During washout, their amplitude

JI '
11 1
~ I:

•

.
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decreased, presumably due to the changing concentration of the second
messenger. The increase in voltage- dependence of open probability of
channels was not clearly seen in channels directly activated by arachidonic acid.
This may be due to the high probability of channel openings at all voltage
ranges. Alternatively, channel behaviour may be different in excised patches.
There were similarities in the kinetics of channels activated by GABA 8 agonists
and arachidonic acid. The channels activated by GABA 8 agonists had a mean
open time of 2.8

± 0.3 ms and a burst length of 19 .1 ±

10.2 ms ( n = 7). The

channels activated by arachidonic acid had a mean open time of 3.8

±

1.2 ms

and a burst length of 19.4 ± 10.2 ms (n =5). Finally, mepacrine, a nonspecific
inhibitor of phospholipase A 2 blocked the channel activity induced by GABA or
baclofen indicating the involvement of arachidonic acid.

POTASSIUM CHANNELS ACTIVATED BY SEROTONIN

It was proposed by Andrade et al.(1986) that GABAB and 5HT 1A
agonists activate the same inwardly rectifying potassium channels which are
coupled to G-proteins in hippocampal neurons. However, I have recorded in
cell-attached patches two kinds of channel activated by serotonin applied to the
membrane outside the patch, rectifying and non-rectifying. Both channels had a
conductance of about 40 pS, in contrast to channels activated by GABA 8
agonists which had a conductance of about 80 pS and showed voltagedependence of open probability. The open times and burst lengths were longer
in channels activated by GABAB agonists than in channels activated by
serotonin. The open time of channels activated by serotonin ranged from 0.5 to
1 ms compared to open times of 2 to 3 ms in channels activated by GABA 8
agonists. The burst length of channels activated by serotonin ranged from
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3 to 6 ms much briefer than the burst lengths of 15 to 30 ms in channels
activated by GABAB agonists. These differences suggest that GABA 8 agonists
and serotonin activate different kinds of channel. Both are activated in patches
not exposed to agonists suggesting that they are activated by second messengers.
It has not been determined whether the channels activated by serotonin are
mediated by G-proteins.

In the experiments in which GABAB agonists and serotonin were in the
pipette solution, serotonin but not baclofen, activated potassium channels in
cell-attached patches. The channels activated in this way by serotonin had a
single channel conductance of about 40 pS ( outward current, 5 mM external
potassium) and showed slight outward rectification. These channels were
similar to one of the channels activated by GTP-yS in inside-out patches. It has
been reported previously that serotonin in the pipette solution activates
channels with a conductance of 38 pS (inward current, isotonic potassium) that
show strong inward rectification (VanDongen et al.1988). I found that GTP-yS
activated channels with other conductances as well. The 80 pS channel
appeared similar to 80 pS channels activated by arachidonic acid in these cells.

From these experiments, it seems that serotonin activates three kinds of
channels in hippocampal neurons. Two of them appeared in cell-attached
patches when serotonin was applied to the cell membrane outside the patch,
presumably activated by second messengers, and the third was recorded when
serotonin was added to the pipette solution. The last is similar to one of the
channels activated by GTP-yS in inside-out patches indicating that it may be
regulated by a G-protein. Because of the differences in the kinetics of channels
activated in cell-attached patches by serotonin in the pipette solution and in the
bath solution, it was concluded that they are different channels. Both kinds of
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channel activated by serotonin in the bath solution had a open time of 0.5 to 1
ms compared to the open times of 2 to 4 ms for the channel activated by
serotonin in the pipette solution. All of the channels activated by serotonin are
different from those activated by GABAB agonists. The mode of regulation of
potassium channels activated by G-proteins are discussed below.

Intracellular recordings have shown that the stimulation of SHT 1A
receptors in hippocampal neurons produces hyperpolarization followed by
depolarization (Andrade & Nicoll, 1987). The potassium current responsible
for hyperpolarization showed inward rectification at depolarized potentials.
The channels recorded in this study did not show inward rectification. Possible
explanations for this discrepancy are: 1. Channels in cultured neurons may be
different from channels in cells in slices. 2. Channels on the soma may be
different from channels on dendrites. 3. Channels in patches may behave
differently from channels in whole cells (Dr. A. Surprenant, personal
communication). Even though, in many regions of the central nervous systen1,
the outward current responsible for hyperpolarization is thought to be mediated
by SHT 1A receptors, in mouse hippocampal neurons SHT 1A agonists failed to
activate an outward current (Yakel et al.1988). It seems likely that the outward
current activated by serotonin is mediated by receptor subtypes other than
SHT1A and the decline in the response is probably due to the loss of
cytoplasmic messengers caused by internal perfusion (Yakel et al.1988).
Serotonin acting on SHT2 receptors has been shown to release arachidonic acid
(Felder et al.1990). It is not yet known whether SHT 2 receptors are involved in
the activation of any channels by serotonin.

The potassium conductance caused by various agonists that is sensitive
to pertussis toxin is thought to be generated by one population of potassium

150

channels regulated by G-proteins. However, the potassium channels activated
by these agonists in central neurons have different conductances. The opioid
peptide Enk-ol, somatostatin, n:2 adrenergic agonists (UK 14304) and 5-HT
activate potassium channels with a conductance of 38 to 40 pS (VanDongen et
al .1988; Miyake et al.1989) whereas opioid µ, dopamine D 2 and GABA 8
agonists activate potassium channels with a conductance of 80 pS (Freedman &
Weight, 1988; Brown, 1990; see also, Chapter 3). In GH 3 anterior pituitary
tumour cells, somatostatin and carbachol activate a channel with a conductance
of 55 pS (Yatani et al. 1987). Application of purified G O to the cytoplasmic
surface of inside-out membrane patches excised from cultured hippocampal
neurons activates four different types of potassium channels, with slope
conductances of 13 pS, 38 pS, 38 pS (inwardly rectifying) and 55 pS
(VanDongen et al 1988). These channels could also be activated by GTP-yS.
Even if the potassium channels were coupled to G-proteins directly, any one of
the four channels mentioned above could be activated by agonists and this may
account for the differences reported in the single channel conductances. But
the 80 pS channel activated by opioids, dopamine and GABA 8 agonists is not a
direct G-protein gated potassium channel. In spite of the claims that G 0
activates four different channels which can also be activated by GTP-yS, it seems
possible that some of the channels with lower conductances activated by GTP-yS
and serotonin, may be subconductance states of a larger channel rather than a
separate channel.

MODE OF REGULATION OF POTASSIUM CHANNELS ACTIVATED BY GPROTEINS

One of the extensively studied channels directly coupled to G-proteins is
the inwardly rectifying potassium channel in cardiac myocytes activated by
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acetylcholine and adenosine. Soejima & Noma ( 1984) showed that the
activation of inwardly rectifying potassium channels required only the presence
of agonists at the extracellular surface and GTP at the intracellular surface.
These channels could be activated by GTP-yS and GMP-P(NH)P) further
confirming that they are coupled directly to G-proteins (Breitweiser & Szabo,
1985; Kurachi et al. l986a; Kurachi et al. l986b; Kurachi et al.1986c).

The finding that both er-and ,B-y-subunits of a G-protein could activate in
cardiac myocytes inwardly rectifying potassium channels which were similar to
those activated by acetylcholine has provoked some difference of opinion
between two groups (Logothetis et al. 1987; Logothetis et al. 1988; Kirsch et

al.1988; Codina et al.1987; Yatani et al.1988; Kirsch et al.1988; Cerbai et
al. 1988). The concentration of ,B-y subunits used to activate potassium channels
(200 pM) was much higher than the concentration of er-subunits
( 1 pM) that produced an equal effect. If the activation of G-proteins leads to
dissociation of er and ,B-y subunits, the concentration of er and ,B-y should be
approximately equal. It might be expected that er and ,B-y subunits would be
effective at a similar concentration. The idea that er-subunits activate channels
was further confirmed by the observation that a specific monoclonal antibody
(mAb 4A) to the er-subunit abolished the effect (Deretic & Hamm, 1987;
Hamm et al. 1988). It is now accepted that both er-and ,B-y-subunits can activate
potassium channels in cardiac myocytes in excised patches (Bourne, 1987;
Bourne, 1989). The mechanisms are probably different: er-subunits activate
potassium channels directly whereas ,B-y-subunits activate the channel through 5lipoxygenase metabolites of arachidonic acid. Evidence for this hypothesis is
the inhibition of channel activity in inside-out patches by an antibody to
phospholipase A 2 and an inhibitor of arachidonic acid metabolism-
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nordihydroguaiaretic acid (NDGA) (Kim et al.1989). There is now evidence
that the inwardly rectifying potassium channel responsible for the muscarinic
response is not regulated by the f3'y subunit, because inhibitors of phospholipase
A 2 or arachidonic acid metabolism have no effect on channels activated by
muscarinic agonists (Bourne, 1989). It is interesting to note a recent
observation that arachidonic acid has been shown to activate in cardiac
myocytes an outwardly rectifying potassium channel with a single channel
conductance of about 160 pS for outward current and 70 pS for inward-current
(Kim & Clapham 1989).

It has been shown that stimulation of phospholipase A 2 by ,B,-subunits
produces arachidonic acid (Kim et al.1989). Leukotrienes, lipoxygenase derived
metabolites of arachidonic acid, activate potassium channels (Kim et al. 1989;
Kurachi et al.1989; Clapham, 1990). It would be expected then, that application
of GTP,S to the intracellular surface might stimulate phospholipase A 2 by
activating endogenous G-proteins and producing aGTP-yS and /3 1 subunits. If
so, the large conductance channel (70-80 pS) activated by GTP,S in this study
could be caused by arachidonic acid or its metabolites (see Chapter 4 ).

SUBCONDUCTANCESTATES

Conventionally, an ion channel is considered to be a single pore with two
states, open and closed. High resolution recordings using the giga-seal patch
clamp technique and experiments in which channel proteins were incorporated
into lipid bilayers have revealed that many kinds of ion channel do not conform
to a simple two-state model but can adopt a variety of submaximal conductance
states. Currents can dwell at one or more sublevels and this is now a widely
observed property of channels.
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Some of the observations in the present study have shown some
interesting properties of channels. The technique of digital signal processing
(Chung et al.1990) was used here to resolve precisely very low conductance
levels in channels activated by GABAB agonists in cell-attached patches and by
arachidonic acid in inside-out patches. Occasionally channel openings or
closings showed subconductance behaviour that was similar to that observed in
other channels. In a few cell-attached patches, the conductance of channels
activated by GABA and baclofen increased with time to attain a steady level at
80 to 90 pS, and then decreased during wash out. Digital signal processing
showed that the increase in single channel conductance occurred in quanta!
steps of 5 to 6 pS. It was proposed that the increase in conductance was due to
an increase in second messenger concentration which caused recruitment and
synchronizations of an increasing number of subunits. If this hypothesis is
correct, directly altering the concentration of the second messenger should
change the coupling and hence channel conductance.

Indeed, channel conductance increased with arachidonic acid
concentration. With a concentration of arachidonic acid above 50 µM, the
maximum conductance 80 to 90 pS corresponded to coupling of 16 to 18 of the
units giving the maximum observed conductance. With lower concentrations of
arachidonic acid (20 µM) the maximal conductance of single channels was lower
than 80 pS. Further lowering the concentration of arachidonic acid (less than
10 µM), activated a unitary conductance of 5 to 6 pS and other conductances
were integral multiples of this unitary level. Similar observations of an increase
in single channel conductance with concentration of cyclic G MP has been
reported in outer segments or retinal rod (Haynes et al.1986; Zimmermann &
Baylor, 1986; Haynes & Yau, 1991). It is interesting also that potassium
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channels in kidney epithelial cells have four conductance states and a unitary
conductance of about 5 pS (Hunter & Giebisch, 1987).

More evidence is accumulating that the elementary conducting units ( cochannels) have the ability to aggregate into complexes (clusters) i.e.,
monomeric channels aggregate to form oligomeric channels. This behaviour
has been clearly seen in DHP ( dihydropyridine )-binding protein incorporated in
lipid bilayers. Single channel conductance increases with time. This behaviour
may be due to the clustering or aggregation of the smaller units. The lowest
measurable conductance is around 0.9 pS and other conductances were integral
multiples of this unitary conductance (Glassman et al. 1988).

Detailed analysis of subconductance states and their behaviour would
provide better understanding of ion channel structure, ion selectivity and
permeation mechanisms. Changing the conditions (for example, pH,
temperature, dipole moment or concentration of the gating molecules) may
alter the subconductance behaviour of the channel which would give more
information on channel function. Finally, it would be interesting to imagine that a
channel is made up of multiple conducting units, which is advantageous in terms
of ion selectivity, structural stability of the channel protein molecule and some
intriguing, yet unknown mechanism of propagation of the signal across the
subunits forming oligomeric conducting channels.

CONCLUSIONS
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Potassium channels activated by GABA or baclofen in cell-attached
patches of cultured hippocampal pyramidal neurons have a predominant single
channel conductance of 70-80 pS.

The channels are activated in cell-attached patches not exposed to
agonists. The channels are not seen in excised patches or in cells treated with
pertussis toxin indicating the involvement of a second messenger.

The channel exhibits multiple conductance states which are integral
multiples of a unitary conductance of 5-6 pS.

Arachidonic acid activates single potassium channels in inside-out
membrane patches excised from cultured hippocampal neurons.

The channel induced by arachidonic acid has a maximum single channel
conductance of 80-90 pS. The channel exhibits multiple conductance states
which are integral multiples of a unitary conducting unit of 5-6 pS.

The channels activated by arachidonic acid in inside-out membrane
patches are similar to those channels activated by GABA or baclofen in cellattached patches.

Serotonin (5-hydroxytryptamine) activates two types of potassium
channel in cell-attached patches on cultured hippocampal pyramidal neurons
rectifying and non-rectifying.

The channels activated by serotonin are potassium-selective and have a
predominant conductance of 40-45 pS.
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The channels activated by serotonin have kinetics different from
channels activated by GABAB agonists.

Serotonin activates potassium channels when added to the pipette
solution whereas baclofen does not.

A channel activated in cell-attached patches by serotonin in the pipette
solution is similar to a channel activated by direct application of GTP-yS to
inside-out patches indicating that the channel is controlled by a G-protein.
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