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ABSTRACT -

-

The. hyperpolarization f{n response to to exogenously applied

adrenaline (Adu) was exanlned Ain uana plplens and Rana catenbeiena

synpathetic ganglia using the sucrose—gap and intracellular recordlng
l
techniques. The lnvestlgatlons undertaken addressed “the following
considetaelons: 1) What is the adrenoceptor subnype whlch mediates the
Ady? 2) What are the cellular events assoclated elth the ‘Ad“? 3).
Is all or -part of the 'AdH~ produced by stimulation of - the
electrogenic NaK—punp and is orthovanadate a suitable ;eol to examine
this poaslbllity’ 4) lf che Ady results ‘from a selective increase in
K*_cbnductance (gK), does 1t have a requirement for extracellular or
lncracellular C32+’ 5) Does adrenaline serve a neurotranslitter role
in slow synaptic 1nhlbitlon in anphibian ganglia’
The findings in this thesis can be itenized,as follows: 1) The

ey P

Ady appears to be mediated by an ,ez-adrenoceptor; 2) Although the

.

Ady has been previously reported to exhibit a slight sensitivity to

the NaK-pump inhibitor, ouabain, the antagonism of the response by the

K* channel blockers Ba?* and 4-AP is in agreement with the proposal by

Smith (l9§4a)/)that the Ady 1is generated by an increase in gk,

3

instead of electrogenic NaK-pump activation. 3) Furthermore,

orthovanadate was found to be a poor pharmacological tool for studying

;pump resporises, since lt.apperently did not gain access

to its gytoplasmic site of action. 4) By comparing the Ady with



\

reuponnc- vhich haVe been well c-t-blt-hod to result from an increase
1n gK, activated by lntraccllul;rly relenled an* (ie. the Caffy'’ ;)\
it waﬁ*concluded that the Ady does not involve an identical f{onic

‘mechanisa. - No cjcur role .for intracellular or extracellular Caz+

could  be established for this = a,-adrenocepgay

. L *&\
hyperpolarlzatlo% (Adu) 5) Finally, on the ‘basis of st

ted
“with
selective pharmacological agents (UHI, yohlmblne dz*)\\\3§obllgatory

role for adrenaline cogéd be establighed in the slow i.p.s.p. recorded

by means of the sucrose-gap techniqug from Rana p{glens sympathetic

" ganglia.

)

vi ‘ ' -
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A. Isolated Ganglion Preparationslig;w

i "\‘.

-~ 1. Rationales for studying,autonomicggﬁnglia

Aside from the .virtues . of: understandin& "the mechanisms of

ganglionic tradsmission per se, 1isolated .ympathetic and

parasympathetic (autonomic) ganglia have been wide y used over the

past 100 years to investigate a number of fundamenta principles of

k]

'\
euronal function (for reviews see Skok, 1973 Blackman, 1974; Kuba

and Koketsu, 1978; Dun, 1980a, McAf. , 1982). As early as 1890, the

concept of.chemical transmission was inferred by Langley and Dickinson

by their demonstration that d- tubocurarine and nicotine could block

N

_ganglionic-transmission in vivo. It was not until inore than 50 years

later that’ Eccles conducted the final experimentse of an ‘exhaudstive

study to .show that this transmission was indeed chemical and @hot

electrical (Eccles, 1943; 1944). AbOut a decade prior to these
physiological studies, Feldberg and his co—workers‘ had performed
experiments of a more pﬁarmacological nature to show that sympathetic
ganglia released acetylcholine (ACh) following pregangliqgic‘

stimulation and -that this ACh activated nicotinic responses (Feldbbrg

-

i N
and  Gaddum, 1934' Feldberg and Vartialnen 1935). These

demonstrations combined with the rigorous investigations by Ecclps,
firmly established sympathetic ganglia as a model preparation for the v
study of cholinergic synapses. ‘ » \

The popular bellef that autonomic ganglia were simply synaptic

relays for nerve impulses was brought into. question’ by Laporte and‘



Loreqte de No»(lQSO)'whén ;hey reportéd.biphasic postsynaptic: surface
potent{als 1in 'respoqse ltd preganglidnic stimuiation of the turtle
superior cefviqgl gang}ion. The ;realization that éresynaptic
\stimulation,c;uid‘héve Bch excitatéry and inhibitory effects on the’
postsynaptic meﬁbrane,haé gradqally‘lead to the alternative use of
sympathetic ganglia as model systems of "intregated" synapses. Since
i950, numegous‘; investiéators ~ have contributed Eo ﬁhe current
undepstanding that af least four postsynaptic ‘potentidls (p.s.p.'s)

can be evoked by presynapcic stimulation (see Section A4  of

Introductién). These‘p.é.ﬁ;'s affect the»postsynaptié membrane - for
per}ods ranging fr‘r milliseconds' t9  minutes‘ and“they either
facilitaté or inhibit the generation 6f ;a‘ postsyn;ptic  action

potential ‘oveg this ﬁime range. It. is how wi&ely accepted that
syqpatically ‘re}eésed ACh acting on both nicqtipié and muscérinic
reéept;rs caﬁ»ac;ount for at least two of these p.s.p.'s (Kuba and
- Koketsu, 1978), while the other tw; p.s.p;‘s‘ may' be 'génetated by
synaptically released catecholamines (Egclés ané Libet, 196i),
lhtéiniziné horméné releasing hormone (LH@H;‘Jan, et 'al., '1979) and
: SUSstancé P (Konishi, et at., 1979a). These p.s.p.'s, and the
putative transmitters proposed to induce them, will be dealt with in

more detail in Section A4 of the Introduction.

In addition  to intrinsic modulation of the synapses in
sympathetic ganglidn by the qbove mentioned neurotransmitters and

their postsynaptic actions, a number of endogenous hormones and



autocoids have been shown to exertAbqth pre— and’postsynaptic effects
in lsympath: ’.ganglia, ' Some of these substances ‘include the'
peptides: - stensin 11 (Btown, et 51., 19805, bradykinin (Haéfely,
L970), enkephalins (Kohishi; et gl., i979b), oxytocin (wélii 1284),
vasopréssin (Wali, 1984) and vasoactive intestinal peptide V(Mo and
Dun, 1984); and othe€ naturally occurring comgounds smch as: adenosine
) (Hénah and McAfee; l983),» GABA (Adams  and Brhwn, 1975},
5= hydroxytryptamlne (Watanabe and Koketsu, 1973), prostaglandin E;
(Dun l980b) ;nd hlstamlne (Lindl 1593) Conceivably, any or all of
these substénces could exert extrinsic influences on the phfsiological
function ofbsympathetiC'g?nglia; ' -

Omitted ftomvthis list are the catecholamineé: adrenalineb(Ad),
noradtgnaline (NA) and dopamine (bA)? mhich have been shown to éxett
both presynaptic (Christ and Nishi, i971; Dun and Nishi, 1974;.Dmn and
Karczmar, \1977; Kumémoto and  Kuba, 1983; Katm,v et al., 1985) and
postsynamtié actions (Koketsu and Nakamura,.1976; Akasu and thetSU,

| 1976; Brown and Caulfield, 1979; Galvan and Adams, 1987; Koketsu, et
al.), 1982b 1982d Smith, 1984) One of the postsynaptic actions: the
direct hyperpolarizing response (ie. to aéﬁﬁﬁaline and dopamine in the
frog sympathetic ganglion) is the subJect of this thesis. The issue
of whether this catecholamine-induced hyperpolarization might play a
physiological role in transmission in sympathgtic ganglia (hc;les and -, _
Libet, 1961) rémains contentious and unresolmed‘(Kobayashi and Tosaka,

1983; Horn and Dodd, 1983; Libet, 1985; Shinnick-émllagher and Cole,



)

1985). Regardless of the outcome of this debate (and' this thesis

makes a contribution to it), it isvcleér that the sympathecic g&ngiion

can be used as a model system to investigate adrenergic modulation of

transmission and, in particular, transmission which is primarily
cholinergic. ~ Perhaps by,undefstanding the cellular mechanisms of

adrenérgic effects  in ganglia, more can - be learned = about. how
catecholamines produce their actions in the central nervous system and
!‘ ’ B ) . .
on sympathétically innervated end organs.

t

’

2. In vitro amphibian sympathetic géngiion‘prepa;ations

'Iso}ated ganglion p;epafgﬁions proVidg the investigator-gith a
rélatively simple neufal system to §tudy celluiar mechanisms with much
greater precision and resolution than wogld}be possible if the ganglia
were exXamined in vivo. _Anély;is éf ‘fundamental méchahisms may . be
comﬁIfz;;ed 4by_ reflgies (ég. ba;éreéeptb; rgflng and possible
extrinisié hormonal'régulatdry systems‘;hich are oéerétionallin the
intact animal. Purthgrmore, inbin‘vivo experiments cheq;nimal its;lf
dictates the experimental ;dnditions to a large degree. By ‘isolating
the gangli;, the experiménter is free to alter the eﬁvironmedﬁ (eg.

chemical composition, osmolarity, temperature) of the tissue.' Also,

gértain electrophysiological techniques such ‘as intracellular and

sucrose—gap :recording become more readily “feasible. using _£5~ vitro .

-preparations.

The isolated baravertebral. sympathetic ganglia of the frog

species Rana catesbeiana and Rana pipiens offer a' few pfactical

€



advantages over mammalian superior. éetvicai ganglibn :pfeparations.
Although both preparations can Se maintained in vicro for many hours
aﬁd the mammalian génglion may be mo?e physiologically relevaant to
human ‘donsideratibns, the‘ amphibian preparation is much less
susceptible to physical and anoxic Aamage."‘ Experiments can be’
successfully perfofmed at room temperature and fhe more easily removeq
copnective'tissue (without damaging the neurones) permits supeffused
drugs better accesé.ﬁo'the‘ganglion cells (Nishi and Koketsu,Ql960;
.cf; McAfee, 1982).
Another reason why the isolated amphibiaﬁ sympathetic éanglioﬁ is
,an appropriate preparation”for the studies comprisiqg this’thesis,-is
tﬁat much of the ‘preQious work that this thegis is based ‘upon. wa§
performed on bullfrog sfmpatbetLC'ganglia.» The hypothesis  of Libe;'
and’ qugyashi (1974)"tha§/ an adrenergic iqterneuronel generates the
.'@Slow-i.p.s.b. (see Section C 6f‘R£sQ1£s) and the proposal of Koketsu
and Nakamura (1976) that the AdH- results from electrogenic
NaK-pumping (see Section D of Results) were both formulated -on the
basis of data obtained from this preparation. . The examination of
whether a K+.conductance (gKk), and in particular a Caz+—act1vated gk,
is involved in the Ady (Smith, 1984a) is aided by prior evaluations
«of the various types of K* channels in thése neurones (Adams, et al.,
-1982; Pennefather, ét \al., 1985)." ,F;nally, a ‘d}ug induced Ca’*
activated gk, the.CafﬁH (see section E of késults), has beem well

characterized in these cells (Kuba and Nishi, 1976; Kuba, 1980))which



|
o

enables an evaluation of whether the Ady is generated by a ciuilar
:/ . : N .
fonftc mechanism.

3. Anatomy and;ghysiology oftgzmgpthetic gangiia

Thgﬁ early works of Bishop and Erlanger established that the
amphibi )vparavertebral sympathetic chain is 'comprised of two
_ populations of axons:’ rapidly conducting B fibres and slowiy

conducting C fibres (Bishop and Heinbecker, 1930; Erlanger and Gasser,

1930). B fibres are myelinated while C fibres are thinner in diameter

R : , A . v
and unmyelinated (Skok, 1973). These preganglionic fibres originate
in qpinal nerves 4-8, Jjoin the sympathetic chain via the rami
~communicans and terminate onvthe primary postganglionic cell bodies in

the IXth and Xth ganglia. The B fibres are supplied-by spinal nerves

4-6 and the C fibres by spinal nerves 7 and 8. These are the .

~ connections that are of importance to the investigations presented in.

‘this thesis, since electrophysiological recordings (intracellular and

sucrose—gap) were‘only made from ganglia IX and X. A camera lucida

drawing of the amphibian paravertebral sympathetic ganglia connections
isjgiven in Fig. 1A (Skok, 1965). The verified B and C fibre pathways
in amphibian ganglia, along witn the ones just described, are shown in

Fig. 1B (Skok, 1973).

»

Previous studies navc idéntifed B and.C postganglionic neurones

in amphibian sympathetic ganglia on the basis cf'input origin (see
above), cell size and axonal conduction velocity (Dodd and Horn,

1983a). The soma of B cells are typicallyklarger than those of C
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Fig. 1. Anato;y and organization of frog paravertebral sympathetic
ganglia. :Aa Cémera . lucida drawing of frog sympathetié ganglis in
situ. Taken from Skok (1965). B. Schematic A?agram of ar;angmen£ of
B anc C fibres ané cells in frog gym;achetlc ganglia. ﬁodifled from

Skok (1973).
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cells (Nighi, et al., 1965; Honma, 1970). Dodd and Horn (1983a) have
presented photomicrographs of living bullfrog .sympathecic ganglion
cells, visualized by differential interference contrast optics, which

v

show that both cell types are ,unipolar and ellipsoid in shape. By
* .

{

~approximating the area of the ellipse to a circle, it was determined

i

that the mean radius of 4 B cell was 25 .M and that of a C cell was 15
.M. “In contrast to the amphibian cells, the ;everal types of neurones
found in mammalian ganglia are geaeraliy mulcipolag with branching
dendrites (Skok; 1973). Tge ca;efui study by Dodd and Horn (1983a)
prdposes that a third type of ganglionic neurone may be presenf in
bullfrog sympathetic‘ganglia. Aithough the existence of the familiar
B and C neurones with roughly ﬁacching pre- and postganglionic
éonduc;ion'veloc}ties were confirmed, these authors revealed another
cell tyﬁe (which they referred to as a B cell subtype) with a fast
coﬁducting iﬁpﬁt'(i.S m.sec“l), the éppearance of a B.soma and a slow
conduqéing axon (0.6 q.sec‘l). Since individual cells could not be
Avisuqxﬁggd in the intracellular studigs éf this thes?s, the s%hplet
;nd”mére‘eséablished classification criteria of Nishi, et al., (1965;
see Materiais and Methods were wused). ’Antidromic conduction
velocities greater than 1 m.gsec ! designated a B cell, while those
leés than 1 m.sec™! indicated a C cell.

.Histochemical and ﬁeleétron ‘mfcroscopip investigations have

further disclosed the presence of small intensely fluorescent (SIF)

cells in the ganglia of many wmammalian (Norberg, et al., 1966;



Jacobowitz, 1970; Libet and Owman, 1974; Williams, eﬁ al., 1976)‘and
amphibian (Fujimoto, 1967; Jacobowitz, 1970; Uchizano and Ohsawa,
l9f3; Weight and Wéitseﬁ, 1977; Wwatanabe, 1580) Spécies. It is
generally’ agreed that SIF cells‘ confain catecholamines sincé they
brightly fluoresce in reactlon to the Falck-Hillarp method (Falck, et
al., 1962) and electron-dense granular vesicles .are revealed under
eLectron microscopic examination (Watanabe, 1983). Interestingly,

while the ganglia - of Rana catesbeiana stain positive for the

chromaffin reaction (Weight and Weitsen, 1977), Rana pipiens ganglia

stain negati?e (Pick, 1963).

At least four morphologically distinct granule-containing cells
-

have been postulated to occur in sympathetic ganglia (Watanabe,
1980). Of these, it has been proposed. that two functional-grOups of

SIF cells exist (Williams, et al., 1975)./ According to these authors,

Type 1 SIF cells possess long processes and lie in close apposition to
primary postganglionic cell bodles. Type II SIF cells have few

processes and are usually found more closely associated with blood

‘ vessels. It has been hypothesized by Libet (Eccles and Libet, 1961; .

Tosaka, et al., 1968; Libet, 1970; Libet and Kobayashi, 1974) and
supporters (Williams, 1967; Greengard and Kebabian, 1974; Kobayashi
and Tosaka, 1983) that-at least some of ﬁheASIFvcellg (ie. Type I) in
mammalian and amphibian ganglié act as adrenergic interneurones .to

modulate ganglionic transmission (see next Section of Introduction).

‘It has been sugested that those SIF cells in the vicinity of blood

10



vessels (ie. Type Il1) may simply serve as extra-adrenal chromaffin
tissue (Weight and Weitsen, 1977).

4o Pharhacology pastsynaptic pptentials in sympathetic ganglia

a) Fast excitatory postsynaptic potential

It is widely recognized that the fast e.p.s.p. in both B and C
céllg of sympathetic ganglia iQ the b.s.p. resulting from
presynéptically réleased ACh which isqfesponwible for the transmission
of an action potential through thé.gdnglj&n { for review see Kuba and
Koketsu, 1978). Impulses are successfully relayed across the
ganglioﬁic; synapse when the amplitude of the fast e.p.S.p. 1is
sufficient to reach the threshold'for'ﬁhe generatioh of a postsynaptic
action bpotential. . Tﬁis cholineﬁxif* mechaniém is énalogbus to that
described-aﬁ the neuromuséqlar junction (for review see Steinbach and

Stevens, 1976). With an overall duration of approximately 30-50 msec

in bullfrog sympathetic ganglia (Weitsen and Welght, .1977), this

e.p.s.p. 1s designated as “fast™ to 'distinguish it from two other
e.p.s.p.'s which last frbm secondsvto minutes (slow e;p;s.é. and late
slow e.p.s.f.). .

The fast é.p.s.p. was first reported wusing intracellular
recording techniques by Roégmondbiccles (1955) in the rabbit superior
cervical gaqélion and by Nishi \and Koketsu (1960) in the bullfrog
sympathetic ganglion. It was established that the fast e.é.é.p. is

mediated by a nicotinic receptor when it was noted that the response

was depressed by various ganglion | blocking agents 1ncluding

11



d-tubpcgg?rine, mecamylaﬁine and hexamethonium (Blackman, et al.,
l963a;A Eccles, 1961). The 1ionic mechanism of .the fast e.p.s.p.
appears to be essentiallylthe same as for the end-plate p;tential at
the neuromuscular junction (Takeuchi and Takeuchi, 1960). The
reversal potential for the fast e.p.s.p. was determined to be around
-10 mvV (Nishi and Koketsu, 1960; Nishi, et al., 1965) and this value
could be shifted by changing the extefnal Nat an? K* concentrations
(Koketsu, 1969). It has been.cuncluded from thesé studies that the
fast e.p.s.p. occurs as a resﬁltvof iﬁcreases;iﬁ membrane conductances
to Na* and K*; A diagrammatic summary of the fast e A.5.p. and the
other p.s.p.'s to be described is given in Fig.”i (Weiggé, 1983).

. .

b) Slow excitatory postsynaptic!gpténcial

A slow excitatory postsynaptic potential (slow e.p.Ss.p.) can be

~

recorded intracellularly from B cells of bullfrog sympathetic gaﬂglia

following tetanic stimulation of presynaptic B fibres in the

Sympathétic chain (Nishi ’and Koketsu; 1968b; Tosaka, et al., 1968;
Qeight and Votava, 1970). The slow e.p.s.p. may last from 30 to 60
seconds, mak;ng it clearly -&1stinguishablét from fhe fast e.;.s.p.
Pharmacologiéally, the slow 'e.ﬁ.s.p. is d;;tinit from the fast

e.p.s.p. in that it is insensitive to nicotinic antagonists, but is

selectively aQCagoniied by the muscarinic biocker, atropine (Nishi and

- Koketsu, 1968b; Tosaka, et. al., 1968). It. would therefore appear

likely that the’ 5105} e.p.s.p. results from the activation of

postsyﬁaptic muscarinic receptors by presynaptically released ACh.

s
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The ionic mechanism for the generation of the slow e.p.s.p. was
proposed to involve ; decrease in resting potassiQm conductance (gK)
(Weight and Votava, 1970). Since 1970, this hypothesis hés been
substantiaily reinforcéd ;nd elaborated by more detailed
1nveétigatioﬁs using voltage-clamp techniques (Brown and Adams, 1980;
Adams and Brown, 1982, Akasu and Koketsu, 1982; Jones, 1985). In
particular, Brown éﬂd Adams (1980) suggested that the muscarinic
action of ACh inactivated a voltage-dependent K* current which thej
called an "M-current”. Further ﬁtudies on mammalian ganglion celis

N
have indicated that additionalgionic events may(hccompany the closure

of\M—channels to influence the amplitude of the slow e.p.s.p. (Akasu,

et al., 1984a; Brown and Selyanko, 1985; Jones, 1985). However, e

' remains most prbbable that the predominant cause of muscarinic

depolarizations in sympathetic ganglia is due to M-channel closure
(Brown; 1984).

0 The physiological purpose of the slow e.p.s.p. probably relates
to its effecﬁ of enhancing ganglionic transmission for prolonged time
periods (ie. tens of seconds; Brown, 1983).

¢) Late-slow excitatorydostsynaptic potential
» N

Long traiuns of repetitive stimu{at;on (eg. % sec at 50 Hz) of
preganglionic C fibres in the VIl drA VII1 spinal nerves have been
repQrted to el%cit a vefy long lastgng e.p.s.p. which can be recorded
intracellularly from both B and C neurones (Nighi aqg Koketsu, 1968a;

Schulman and Weight, 1976; Jan,- et al., 1979). Popularly referred to

14
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as the late-slow e.p.S.p., this pP.S.p. may persi§t;for as long a5w5vto
: ) [ .
10 minutes (Weight, 1983). The late-slow e.p.S.p. is unaffected by

cholinergic antagonisté (Nishi and Koketsu, 1968a; Jan, et al., 1979;

S

Kuffler and Sejnowski, 1983) and in 1979, Kuffler ‘and his colleagues
] Bl

presented compelling evidence that the late-slow e.p.s.p. 1is produced.

by a naturally occurlng LHRH-1like peptlde (Jan ‘et ‘al., 1979).  This

is an'intriguing synaptlc'mechanlsm, not only because it appears to

involve a unique peptidergic transmitter, but because it has recently
!

been suggested that the LHRH-1like substance released from C fibre.

termlnals may be co— ex1stent and co—released with the ACh in these

terminals  and that once released this LHRH—like substance may produce

slow depolarizing responses’(late—slow e.p.s.p. like) in neighbouring

B cells (Jan and Jan, 1983). It is believed that, in the 'absence of

avid uptake or enzymatic
P

diffuse considerable disfances to ‘affect other  neurones

“non- synaptlcally .

The ionic mechanism of the late-slow e.p.s. p. has been suggested
!

to . be essentially' the same as: for the _slow e.p.s.p; - .namely’

suppre551on of the M—current (Brown and Adams, 1980; Kuffler and

Sejnowski, 1983). ‘Functionally, the late—slow e.p.s.p; may serve to
. ’ ,‘v}

enhance the - facilitatory action of the slow.-e.p.s.p. The decrease in

%

predieted by Ohm's Law (Schulman and Weight, 19?6).~ Furthermore, the

k4

voltage—dependence of the M—current is such that it may serve to limit

o o

ation processes, this peptide‘ may

15
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" repetitive discharge (Brown, '1983; Joneé,[1985).' Suppression "of 'this
current during the -slow Ge.p.s.p. and 1ate slow e.p.s.p. would

therefore enhance the likelihood of cell firing.

d) Slow inhibitory postsynaptic,potential

The slow inhibitory péstSynaptic potential (élow i.p{é.p.)
generated. by  either single or rebetitive stimulation of the
preganglionic C fibres is difficult to detect in .curarized génglia

& S
using intracellular tgchnidues (Kuba »and Koketsu, 1978). ~ Slow
positive potentials "were recorded extracellularly from curarized

mammalian (Eccles, 1943) and reptilian ganglia (Laporte and Lorente de

No, 1950) many ‘years before the flrst intracellular records of slow

i,p.s.p.'s were published (Tosaka, et al., 1968). The most convenient

method of recording slow 1. p s.p.'s ‘is by the sucrose-gap technique
(Kosterlitz ‘and Wallis{ 1966 Nishi and Koketsu, 1968b; Weight and
Smith, 1980). Slow i.p.s;p.'s- lasting between 1 to 4 éeconds are
typicallf‘recdpded by this method.

Due . to the .difficult§/~—2; recording slow i;p,s.p.'s by
1htr;celluléf techniques, the 1on1c nanism of this p.s.p. has been
‘difficult to détermine. . Welght and radjen (1973a; 1973b) initialiy
proposed,that a décreése in resting,sodium conductance (gNa) accounted

A .
for. their observations on the slow i.p. s. p. in nicotinized bullfrog
sympathetic ganglia. | Weight has since revised this hypothe§§s to

include a simultaneous increase in gk with the decrease in gNa

(Weight, 1983). In an earlier study it was noted that the
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- apparent reversal potentiél for the slow i.p.s.p. was more negative
than the estimated equilibrium potential for potassium (Eg); (Weight

and Smith, 1981 see also Horn and Dodd, 1981l). On the basis of

theoretical considerations, this reversal of the slow i.p.s.p. beyond

Ek can be explained by an increase in gK and simultaneous ‘decrease

¢ vy
in gNa (Brown, et al., 1971). Alternatively, Nishi and Koketsu

(1968b) have ‘suggested that the slow i.p.s.p. 1is generated by

activation of an electrogenic NaK-pump. These investigators have also

re-‘-evalpated their ‘hybothbesis‘ »and later proposed that a
ouabain-insensitive_portion of the slow i.p.s:p. cou.ld be explained in
.te_,rms of a inérease in gk (Kuba and Koketsu, 1978). Possibiy the most
:/ilé(g"g'vipcivng explanation of the ionic events ggenerating the slow

i.p.s.p. is provided by Horn and Dadd (1981). Aided by wmuch better

intracellular recording conditions and much . larger responses (slow

i.pss.p. amplitudes as large as 40 'mV), these: inve/S"c_igators were able

to show that the slow i.p.s.p. resulted from a seléctive increase in
gk (see also Dodd and Horn,.1983b; Horn and Dodd, 1983). The same
ionic mechanism has been proposed for the slow i.p.s;p. recorded from

 mammalian sympathetic ‘ganglia (Cole and Shinnick—c%llaghe_r, 1984‘).

. @ o ‘
The identity of the neurotransm@er’ and postsynaptic receptor

.
<

responsible for the slow i.p.s.p. 1in both amphibians and mammalé is

currently, “unsettled. . Two very differeat hypothesis have been put

forward. These mechanisms are diagrammatically illustrated in Fig.

3. The monosynaptic mechanism would involve the action of

17



1
v
or .
VI ‘ o f
spinal : '
Nerve . -
"Iéihli)
L
DA
or
Ad
ACh
~
C » .
neurone neurone
spinal
nerve .
v
Fig. 3. Two hypotheses proposed for the mediation of the slow

i1.p.s.p. in frog sympathetic ganglia. - A. Monosynaptic méchanlsﬁ
whereby p}esynaptlcally released ACh acts directly on an'iphibitory
muscarinic receptor (Weight and’ Padjen, 1973%). ' B. Disynaptic
mechanism whereby presynaptically released ACh acts on an excitatory
myscarinic receptor residing on an {nterneurone uhich;ln turn releases

a catecholamine (DA or Ad) onto an lnhibi[bry ay*adrenoceptor (LiSet,

1980).

: i
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llpresynéptically released ACh directly on -inhibitory" ﬁuscarin}é

receptors fesiding on the postsynaptic neurone. . The disynaptic

mechanism would involve the action . of presynaptically released ACh on
A, )

) :

;ﬁkcitatory muscarinlc receptors residing on .an interneurone. This

- muscarinic excitation would then cause the release of catecholamine

from the interneurone onto an inhibitory adrenoceptor situated on ' the

presynaptic neurone. According to the disynaptic mechanism, direct .

f&g 'application of ACh could produce a hyperpolarizing response (during

nicotinic blockade) by releasing a catecholamine from the interneurone

which would act on the postsynaptic adrenoceptor.

The disynaptic hypothesié was first proposed by Eccles and Libet _

(1961)‘to“exp1aiu obse;va;iops-made on. the curarized rabbit.supefior
cervical gangliog using extracellular fecording techniques. The
involvement of ACH\,release ,iﬁ the generation 6fw_the. late positive
potential (slow i.b.s.p.) was established by'fhe findings that the
fesponse 4was,iabqliShed. or depressed by botulinum toxin. , The
"involvement of muséarinic reéeptors was suggested.secause the resgponse
>was blocked by‘ atropiqe. | The catecholaminergic éomponent was
suggested to explain the prefefént%ai depression of the slow_ifp;s.p.
by ‘the non-gelective, irreversible. d—antagqnist, dibenamine. In
addition, chromaffin-like cells were observed to be present vaﬁd a
previous study had.showh ﬁhat a catecholamine-like ‘substance cauld be

released from ganglia upon presynaptic stimulation. (Bulbring, 1944).

The disynaptic hypothesis was suggested to apply to anphibién

.19
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'ganglia by analogy witb the prsposition far.Mammalian ganglial(Tosaka,
et al., 1968). The first evidence in subport of this hypothesis in
bullfrog ganglia was provided by Libet and Kobayashi (1974) They
found: (i) the ‘slow i.p.s.p. was antagonized by the non-selective
s-adreneeeptor antagonists, phentolamine 'A(éO Qt 200 M) and
dihydroergotamine (40 M), (ii) the slow i.p;s.p. was potentiated by
3',4! dihydroxysé?methylpropriophenone (U;0521;‘Upjohn), an inhititor
of catechol-O-methyl transferase (COMT), (iii) the hyperpblariziné
ressonse to muscarihic agonists was reduced when trapsmittet_release

from interneurones was blocked using ‘a low cat, high Mgz+ Ringer's

solution and (iv) this response was also reduced by 40 PH

dihydtoergtomine kand ”bLocked by 200 .M phentolamine. It should be
notéd that adrenaline has been proposed to serve as the transmitter
for tﬁe slow i.p.s.p. in bullfrog ganglia (Libet and Kobayashi‘
1974). 1In contrass; it has been suggested that dopamine (DA) serves
the role of transmitter in mammalian ganglia (Libet and mean, 1974)
and that it acts on an az—adrenoceptor and not a DA receptor (Ashe and

Libet, 1982).

Additional evidence which has been used to'sgpport the disynaptic

mechanism in mammals is: i) dopamine and its synthesizing enzymes‘sre
present in ganglia (Libet and Owman, 1974); '2) exogenous "dopamine
‘produces a direct hyéerpolarizatiou which mimics 'the‘ slow i.p.s.p.
(Libet, 1970; Dun apnd Nishi, 197&)§,3) dopamine fluorescence can be

depleted and the slow 1i.p.s.p. reduced by prolonged presynaptic
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stimulatioh or‘gquﬁure to béfhanecol (Libetiahd Owman, l974);£gPd 4)
.this effecﬁ is reyersed?by subseqUeﬁt exposure.to dobgmine'(Libet ‘and
Owman, 1974). . | o L
The pieces of evidence in supbort of the éonosynaptic mechanism
' faﬁ' the generation of the slow i.p.s.p. are genérallf arguments
against the disynaptic mechanism. Weight and Padjed (1973a; 1973b)
‘reporfed‘thatvthe hyperﬁolarizing response to ACﬁ.recofded intracel-
lulérly ih nicotinized bullfrog‘bganglia was :esistant to low Ca’t
Ringer'é solutions. This was later coﬁfirmed‘ using sucrose~gap
recording from éurarized frog ganglias gweight aﬁd Smi;h, 11980).

Weight and Smith (1980) further demonstrated that dihydroergotamine

(10 uM) failed to antagonize the slow i.p.s.p. " Other investigators

-using concentrations of ‘adrenergic antagonists which 'wbuld_ block.

h&perpolarizing responses to exogenous catecholamines were unable to

observe antagonism of the sle i.p.s.p. 1in ‘mammqlian sympathetic

ganglia (Dun and Karczmar, 1980; Cole and Shinnick~Gallagher, 1980;

1984). Blockade of the slow i.p.s.p. in amphibian sympathetic ganglia
was noh—selective (ie. concentrations of the antagonist which reduced

the slow i.p.s.p. also reduced the fast e.p.s.p.; Yavari and Weight,
‘n N . .

1981; Dodd and Hbrn, 1983b). Further criticisms against a

N ‘
dopaminergic involvement in the generation of the slow i.p.s.p. in

>
H

mammalian ganglia include: i) dibenamine non-selectively affected both
the slow i.p.s.p. and slow e.p.s.p. (Eccles and Libet, 1961) possibly
due to 1its known mu@carinic-blocking action (Beddoe, et al., 1971); 2)

the reveréibleodepression of the slow i.p.s.p.'to pfolonged-exbosure
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to bethanecol has been 3ugges£ed to be due to reversible
desensitization of muscarinic receptors and the presence of dopamine
is not_required for restoration of the résponse (Dun, 1980); 3) the

release of 3H-—dopamine from sympathetic ganglia  preincubated with

3H—tyrosine has not been demonstrated (Noon, et al., 1975; Steinbérgg

and Keller,. 1978); 4) ‘changes in the intensity of dopamine

fluroescence did not étrictly correlate with changes in the amplitude

of the slow i.p.s.p. (Libet and Owman, 1974); 5) the correlation

.between presence of SIF cells and slow i.p.s.p. is poor - for example

thevguinea pig superior cervical gangliqn possessés a high density of
SIFAcells,(Williams, et al;, 1976) but produces a bately detectable
slow i.p.s.p. (Dun and Karczmar, 1980); conversely the SIF cell
population in frog ganglion is extr;mely'spatse (Weight and Weitsen,
1977) but the siow i.p.s.p. observed is'quite substantial (Dodd and
Horn, 1981; Dodd and ﬁorn; 1983b); and 6) the functional significancg
of SI? cells, regarding neurottapsmission, has been questioned (Weight
andvWeitsen,;1977; Dun,ll980). These authors offer the suggestion
that SIF cells mayAbe‘simply extra—adrenal chromaffin tissue. |

A reyiew of the literature reveals that the most rigoroﬁs testing
of the disynaptic (catecholaminergic) hypothesis for :the slow
1.p;s.p. has been perfbrmed in mammalian ganglia and it appears.tﬁéc
the weighc of t“gv availabie evidence 1s inconsisteant ~with this

i

.mechanism.  Similarly, the majority of reports on bullfroglsympathetic

ganglia indicate that the slow 1i.p.s.p. 1in this species is probably

mediated by ba monosynaptic, inhibitory: muscarinic action ‘of ACh

7
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(Weight and Weitsen, 1977; Weight and Smith, 1980; Horn and Dodd, -

. \ .
1981; Yavari and Weight, 1981; Dodd and Horn, 1983b, Weight, 1983).

B. Effects of catecholamines in syqpathetiq_gaqgliaf

Catecholamines have been reported to produce both facilitatory

and inhibitory effects on ganglionic transmission (for reviews see

Volle, 1980; Brown and Caulfield, 1981).‘ In;}bitory actiogs are more

commonly observed and were first described by Marrazz (f939).
Bulbring and Burn (1942) were the first to show that low doses of
adreﬁaline could faéilitage transmission iﬁ Cag superiér cervical
ganglia. It is now recognized that both presynaptic and postsynaptic
mechanisms may contribute ‘to adrenergic modulation of ganglionic

transmission.

1. Presynaptic effects of catecholamines

Christ and Nishi (1971) demdﬁstrated thét the site of vthe
inhibitory action of adrenaline in/rabbit superior cervical ganglia
was presynaptic and involved a“ reduction in evoked ACh felgase. A
'similar mechanism‘waS’noted for dopaminé (Dun and Nishi, 1974) and
noradrenaline (Dun and Karczmar, 1977). The receptor type respdnsible

for this presynaptic effect 1in all cases was a— and possibly

\
ap-adrenergic (for ~discussion see Brown and Caulfied, 1981). In

bull

g mpathetic ganglia, a bimodal présynaptic redponse to

adrenaline has been reported (Kuba, et al., 1981; Kumamoto Tnd Kuba,
‘1983; Katoj, et al., 1985). In these studies, acute exposure of the
gangli to adrenaline resultéd in a reduction in the quantal | content

of the fast e.p.s;p.' A sustained potentiation of transmitte (ACh)
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release followed removal of the adrenaline. In contrast to what has
been noted in mammalian ganglia (Christ and Nishi,-k97l; Brown and
'Caulfield, 1981), the inhibitory effect of adrenéline in. bullfrog

ganglia was not sensitive to changes in extracellular ca’t

concentrations. This inhibitory effect appeared to be mediated by

ana~adrenoceptor. The mechanism for the long-lasting potentiation of:

transmitter release .in frog ganglion has been reported to involve
B-adrenoceptors and cyclic AMP (Kuba, et al., 1981).
Brown and Dunn (1983) lhave suggested that fB,-adrenoceptors
reside onm presynaptic terminals of rat superior cervical ganglia.
: Activafion of these receéptors by isoprenaline or salbutamol produced a
depolarization in the presynaptic Cefminal‘ and an 1increase in
amplitude of the compound action potential (recorded
postsynaptically), following presynaptic stimulation. It was p;oposed

[N

that presynaptically located B,-adrenoceptors may largely mediate the

excitatory effects of catecholamines in ganglia (see also De Groat and

Volle, 1966; Haefely, 1969).

’ Postsynaptic effects of catecholamines
Five effects of caiecﬁolamines on amphibidn and mammalian
¢ , .
postganglionic neurones have been reported: 1) decrease 1in a
voltage-dependent C§2+ conductance; 2) modulation of " nicotinic
receptor sensitivity; 3) increase in electrogenic NaK-pumping; 4) a
direct membrape dépolariiation; and 5) a dLrect . membrane

hyperpolarization. The acute hypefpolarizing response to

catecholamines (ie. adrenaline) is the primary response examined in
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this thesis and the background material will be presented separately

in Section C of the Introduction.

Minota and  Koketsu (1977) noted that adrenaline and
noradrenaline; but not isoprenaline, increased the duration of the
action potential and decreased the amplitude of the splke after-

hyperpolarization in bullfrog sympathetic neurones. Later, Horn and

McAfee (1980) demonstrated in rat sympathetié ganglion cells, that‘

noradrenaline reversibly ‘inhibited three Qa2+—dependent pgtentials:
1) the shoulder on the normal action potentials; i1) £he spike
afterhyperpolarization; and iii) ‘the spike reco;ded in the presence of
TTX and TEA (Caz+-spike). The - effects of no;adrenaline- were
selectively blocked by phentolamine 1(10 " M) and qbolishgd in a
Caz+ffree media. On. the basis of these studies, it was conclude& that
a—-agonists could block a voltage-dependent ca’+ coﬁductance in
ganglion cell bodies. This has been corroborated by a voltage—clamp
study by Galvan and Adams (1982). McAfée et al. (1981) have further
proposed that an az—adrenocéptor mediatES this effect.

Since cholinergic terminals 1n sympathetié ganglia cannot be
studied directly by ;ntracellular ;echniques, it has been tempting to
\propose that a-adrenergic {nhibition of ACh release is due to blockade
of Ca2+ channeis gimilar to those studied-in postsynaptic cell bodies

(Brown and Caulfield, 1981). However, a more exhaustive comparison of

the catecholaminelinhibition of presynaptic transmitter release and

the postsynaptic decrease in Ca?* conductance is needed sinceé it has

been reported by one group using bullfrog ganglia that the presynaptic

25



’ L

effect 1s' not sensitive to changes in exttaceliular [Caz*] (Kato, et
al., 1985). °

quetsu and co-workers have recently presented evidence to
suggest that 190prenaline and .other catecholamines can depress the

i

sensitivity of the nicotinic recepﬁog to ACh, possibly by a

':B-adrenocep;or action (Koketsu, et él., 1982d). Using an irreversible

ACh—reéeptor antagonist, 'erabufoxin-b, it was determined that the
catecholamines affect the ACh-~-receptor ion channel complex by
interacting with an allosteric site (Koketsu, et al., 1982¢).

Catecholamines. have been proposed to stimulate electrogenic

o

" NaK-pumping in bullfrog-'sympathetic ganglia (Nakamura -and Kokétsu,

1972; Koketsu and Nakamura, 1976; Akasu and Koketsu, 1976; Smith and
Dombro, 1985). in,fact, it has been suggested that acute activation

of the electrogenic NaK-pump - may accouat for the difect

hyperpolarizing response which catecholamines produce in these

neurones (Koketsu and Nakamura, 1976). This hypothesis will be dealt

“with. in detail 1in the following and subsequent sections of the

Introduction. Aside from this proposal for immediate pumptactivation
by catécholamines, Akasu #nd Koketsu (1976) have presented data to
sho; that prolonged exposure éo adtenaiine can‘enhahce electrogenic
NaK-pumping in bullfrog sympathetic ganglion cells. ; In these
experiments, adreﬁaline was noted to enhance the amplitude of the

potassium activated hyperpolarization (Ky, el%§trogen1c NaK~pump

paradigm, Rang and Ritchie, 1968; see also Results, Section D) over a

35 minute period. Smith and Dombro (1985) have recently shown that
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this adrenaline induced potentiation of the Ky can occur within 5

minutes when the catecholamine uptake blocker, desmethylimipramine
(! '
(500 nM) 1is present. This effect appears to be mediated by an
]

g-receptor since it 1is blocked by phentolamine (Akasu and Koketsu,

1976), yohimbine and prazosin (Smith and Dombro, 1985)..

‘Interestingly, dopamine was found to have no effect on another
electrogenic respo;se to Na' pumping, the afterhyperpolarization
following the depolarization induced by a niédtinic agonist (Brown and
Caulfield, 1981;Yalso see Results, Section D on AChay).

Direct bdepolarizing responses to catecholamines have Dbeen
reported by a few inyestigators working with mammalian (De Groat and

Volle, 1966; Christ and Nishi, 197f; Brown and Dunn, 1983) and

amphibian ganglia (Koketsu and Nakamura, 1976; Rafuse and Swith,

1982). De Groat and Volle (1966) suggested that the depolarizations

to adrenaline, noradrenaline'and isoprenaline in cat sﬁperior~cervical
ganglia (in vivo) were mediated by B-adrenoceptors; Brown and Dunn
(1983) were later éble to show that the postsynaptic depolarization to
isoprenaline in 1isolated rat sdperidr cervical ganglia"was more
éensitive to blockade by butoxamine (pA; = 7.36)  than by practolol
(pA» = 5,14), suggesting Bz—adrénoceptor invoivement. The receptor
dependence of the adrenaline induced depolarizéﬁspn observedi in
bullfrog sympathetic ganglia has not been addressed (Koketsﬁ and
Nakamura, 1976; Rafuse and Smith, 1982). The ionic mechanism of
catecholamine induced depolarizations has not been addressed in either

mammalian or amphiblan  sympathetic ganglia. In. mammalian
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parasympathetic ganglia, it has been proposed that a catecholamine
induced depolarization was produced by an aj-adrenoceptor mediated
decrease in gK (Akasu, -et al., 1985). | ’
Although a number of earliér studies have reported facllitation
of ganglionic transmission by catecholamineg (Bulbring and Burn, 1942;
Bulbring, 1944; Malmejac, 1955; Tféndelenburg, 1956), it has been
difficult to conclude that this effect is due to deéolarization of the

postsynaptic membrane. In general,  the direct depolarizing responses

hi

which have been reported have el asmall and infrequent., In some

cases they can only be obser an q-receptor antagonist 1is
Y

present (De Groat and Volle, 1960%™olle, 1980) and in some species

(ie. Rana pipiens) they are never observed at all (Smith, 1984a; see
Results, Section‘A).

c. Catecholamine induced hyperpolarizations of vertebrate neurones

Direct hyperpolarizing responses to catecholamines have been"

reported in a variety of amphibian and mammalian sympathetic ganglia
(Lundberg; 1952; De Groat and Volle, 1966; Libet and Kobayashi, 1974;
Koketsu and Nakamura, 1976; Brown and Caulfield, 1979; Smith, 1984a).
Catecholamine induced ‘hyperolarizations (recorded intracellularly)
have also been studied in a variety of peripheral and ceutral neurones
including parasympathetic ganglia (De Groat and Booth, 1980; Akasu, et
al., 1985), myenteric éangiia (Hirst and Silinsky, 1975; North and
‘Suprenant, 1985) substantia gelatinosa (North and Yééhimura, 1984),

spinal motoneurones (Marshall and Engberg, 1979)', locus coeruleus

(Aghajanian and Vander Méelen, 1982; Williams et al., 1985),
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hippocampus (Segal, 1981), cerebellum (Siggins, et -al., 1971),
cerebral cortex (Phillis, 1977) and caudate neurones (Herrling: and
Hull, 1980). .

1. Receptor characterization

Single unif-recordings'of both inhibitory énd excitatoryvactidhs
'of‘catechplamines have beénlméde in several brain area; (fﬁr review
see Szabadi,.vl979). This - would ASuggest that_  both inhibi:ory and
excitato;yﬂb adfenoceptors exié; in thesé | areas. tfforCS Lo
characterize the. receptor :types for- éhese opposing ;étions have
yielded | cdnflicting resulté.i . Inhibitory responsés to

1ontophofeticglly applied adrenergic agomists in the cerebral cortex

have .been antagonized by both a- (Stone and Taylor, 1977) ghd

A
Al

.B—adrenoceéCOY bloékefé (Bevan,‘ eﬁ al., 1977). Conversely, in fae
'same‘brain'drea, noradrenaline evoked exci&ations'h;ve been‘biocked by
both a- (Bevan, eﬁ al., 1977) éna\ﬁ—adre60ceptof antagonists (Johnson,
et al.; 1969). Héwever,vtbe B;blocké;, sotalol, has been shown to
"aﬁfagonize noradrenéline.ihducéd-depressions of'a;tivity in cerebellum

-

(Hoffer et ‘al., 1971; Woodward, et al., 1974);‘hypotha1amus (Barker,
. : . » )

. i
et al., 1973; Geller and Hoffer, 1977), hippocampus (Segal and Bloom
“1974) and corpus striatum (York, 1970). Taken together, Szabadi
.(1979) has suggested that the majority of reports on the actions of

,catecholahines in the CNS-support'the generalization that eﬁ&icatory\
respbnses are mediatéduby a—adrenoceptors while inhibk},ry résponses
are mediated by -adrenoceptdrs.

’Mofe recently, Aghajanian and his colleagues have postulated'



another receptor scheme based on a mixture of extracellular and
o e o .
intracellular in vivo experiments on -the locus coeruleus and some of

its ‘projection sites (Agh&janian and Rogawski, 1983). 'These authors

‘suggest that, ﬁl—adrenoceptors in particular may mediate noradrenaline

Q

induced excitations 1in dorsal lateral geniculate, dorsal raphe ahd

s
”

facial motoneurones. ‘Inhibitions of dorsal raphe (Freedman and

Aghajanian, 1984) and sympathetic preganglionic neurones (Guyenet and

-

Cabot, 1981) by clonidine were noted and attributed to uz—adrenocepcdr<

~ stimulation. Also, autoinhibition of the locus coeruleus by

nOradfenaline was _determined to be médiatgd by - an ap-adrenoceptor
(Aghajanian and Van der Méelen, 1982). - The concept of al-adrenocep;or
mediated exci;ationé and 4?é-adrenoceptor mediated inhibitions
(Aghajanian and Rogawski, 1§839 i; consistent with the functional
élassification,qf a-adrenoceptors proposed by Bgrthelsen and Pettinger
(1977) and the recent experimental findings 'in.parasympathetic ganglia

by Akasu et al. (1985).

3

The concept of aj-adrenoceptor mediated inhibitions 1is further

i}

corroborated ' by .recent studies: on various in vitre neuronal

preparatioﬁs including: ~ rat locus coeruleus (Williams, et al., 1985),

rat substantia gelatinosa (North and Yoshimura, 1984), guinea pig

‘myenteric  ganglion (North - and . Suprenant, - 1985), cat vesical

parasympathetic ganglion (Akasu, et al., 1985), rat superior cervical

ganglion (Brown and Caulfieid, 1979) -and frog paravertebral

¢

sympathetic ganglion (smith and Rafuse, 1983; Smith, 1984b; see

|
i, '
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Section B of the Results). _None‘bf‘the hyperpolarizing responses in

these preparations we:e:sensitive to B-adrenoceptor antagonists. This

1s in striking coqtrasf to tﬁeiseledtf&e antagonissm by p-blockers of
fhé iﬁhibitofy Catecholé@ine‘responses in the in vivo studies réviewed
by Szabadi (1979). It should be noted that the early in 'vivo studies
performéd by De Groat aﬁd Volle (1966) ;nd Haefley (1969) on
catecholamine effects on cat ;upefior cervical ganglia” describea
B-adrenoceptor mediated fatilitation and. a-adrenoceptor mediated

inhibition of ganglionic transmission. -
: , o

2. ﬂypqtﬁéses for ionic mechanism(s)

The ionic events responsible for the generation of catecholamine

%@

induced hyperpolgrizations have not been definitively worked out. It
is conceivable that a single common ionic mechanism‘doesknot exist: for

all cell types 1in which catecholamines proddce a - hyperpolarizing
“\

response since different observatibns~have been made fyom different

i

tissues (for reviews see Phillis and Wu, 1981). Several mechanisms

have ‘been suggested from~fintraeellularv studies in a wvarlety of

. " .
peripheral and central neuroapes.
Until recently it was commonly ”ieporfed that an increase in
: T : ‘e |
membrane conductafmegcouhy not be " d€tected during the catecholamine
- N &, o . .

?-:-f? o A : .
induced hypergghgzization. Notably this was the case in cerebellar
Purkinje cells (Siggins, et af., 1971;\Hoffef, et al., 1973), spinal

motoneurones (Phillié,T et al., 1968; Marshall and Engbéﬁg; 1979),

cerebral cortical cells (Phillis, 1977) aﬁd,superioggﬁfrvical ganglion



.

cells (Kobayashi and Libet, 1970). Instead, a substantial decrease in
membrane conductance was noted by Hoffer et al. (1973) and Marshall

and Engberg (1979J). * Without' demonstrating a reversal potential for

the noradrenaline induced hyperpolarization in the Purkinje cells,

=y, )
- i |
»* deduced that a decrease in Nat

Hoffer and his colleégﬁf
;- response. Marshall and‘ Engberg

(1979) were able to reverse. the noradrenaline = induced
4 J ‘ .

hvperpolarization In spinal motoneurones at, approximately -1U mV.

Thev reasoned that a -combined reduction of both Nat and K*

1’ ’ : i
ﬁbnductancesAcould account for these observations.

" noradrenaline induced hyperpolarizatibn in superior cervical ganglion

recorded 5y Kobayashi and Libet (1970);. has been used by Koketéu and
’ * §

stimulate the electrogenic NaK-pump to produce their hyperpolarizing

effects.” This hvpothesis will be dealt with in detail in  the

following section of the Introduction. = It ‘will be mentioned here

-

though that two _ﬁodifications to this generai hypothésis have been

made. Koketsu and his associates have suggested that an increase in

potassium conductance may accompany electrogenic NaK-pump  activation:

(Kuba and Koketsu, 1978).  On the other hand, Segal (1981) has
postulated that the noradrenaline induced hyperpolarization in
hipéocampal CAl neurones may be generated by the combined ‘action of

increased NaK-pumping and an increased gCl. Teleologically, these

- The lack of a clear conductance increase during the small

Nakamura (1976) to -support their hypothesis that catecholamines



< "

last ﬁwo SQggéstions are difficQIC to endorse since the potential
change produced by electrogenic NaK-pumping Qouid be attenuated by a
, . .
con@K?rent increase in membrane conductance to K' or Cl7.
éecently,‘ a few groups have shown tﬁat clear conductance

increases to K' underly the noradrenaline induced hyperpolarization in

neurones of the locus coeruleus (Egan,léc al., 1983; Williams, et al.,

1985) myenteric ganglia (North and Suprenant, 1985), substantia.

gelatinosa (North and Yoshimura, 1984) and parasympathetic ganglia
(Akasu, et al., '1985). It may be signifdcangj that all of these
. o : ,

catecholamine . induced hyperpolarizations were mediated by an

a;—adrenoceptor  (see next Section of  Introduction). ~ The

az—adrenoceﬁtor mediated hﬁﬁe?polarization to adrenaline (Ady) !in

Rana Pipiens sympathetic gaaglia may also be generated by an increase

. . .. \
in gk (Smith and Rafuse, 1983; Smith, 1984a). #&¥n- the latter study,

,
the amplitude of the Ady recorded bye the sucrose-gap technique was
inversely‘ proportional to the [K+jo and exhibited a reversal

potential similar to that for ‘the antidromically evoked action

pdCential afterhyperpolafization-(APAH). :

3. % Receptor—Effector Transduction Mechanisms ' ,

a

'a) Beta adrenoceptor mechanism ' A AN

Both B}~ and fj,-adrenoceptor mediated events have been assqciaté&
with increases in cyclic AMP levels -in a wide.variety'of neuronal and
non-neuronal tissues (for general review see Nathanson, 1977). The

most compelling example in neuronal tissue where'cyclic AMP increases

1\ o
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have been ‘linked to a B*édrenoceptpr hedia;ed hyperpolarization {is

that of the action ‘of noradrenaline on cerebellar Purkinje cells

(Siggins, et al., 1971; Bloom, et»al., 1975). Theselauthors suggested
that there might be a “cause-etfect relationéhip between. adenylate
éyclase activity and the inhibitory actions of noradrenaliné on the
basis of the following observations: lj application of cyclié‘AMP
mimicked 'the. hypeypolarizing and depfessant effec;s (on  discharge
fate) of noradrenaline, 2) phosﬁhodiescerase inhibitors potentiated
the depressant'actions qf noradrenaline and 3) it had previously been
reported that cyclic”AMP.levels increased in respouse to noradrenaline

in cerebellar slices (Kakiuchi and Rall, 1968).

b) Alpha - 1 adrenoceptor mechanisms

Much .of what 'is known about the cgllular éQents vfollowing
al—adfenoceptdr activation. comes érom biochemi;aL studies on
non—neuronal'tissues_(for reviews sée éxtom, 1981; 1982)f In sugh
diverse tissue types, as liver, smooth muscle and blowfly - salivary
gland, al—adyenocepfor stimulation resulté in an increase in
cytosolic Céz+ levels énd phosphqtidyliﬁositol turnover.  The
phqspholipase C. catalyzed mékabélism. of phosphotidylinositol to
l;Z;diacyiglycerbl has beén prbposed to_médigteAthe mobilizétion of
ca’* (Michell, 1979), but it has been argued by others that it is the
Caz+ influx which causes the phosphatidylinosotol - breakaowﬁ
(Cockcrofflﬁ-}981). Regardless of " the order in which these events

occur, it is universally accepted that it 1is the increase in cytosolic
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. _Ca2+ which 1is critical to the eventual aj—adrenoceptor mediated

fesponse;

Intracellular ca’* levels céuld be elevated by either an increase
1? Ca.2+ influx from theb ex;ernal énviron@ent or by mobilization of
ca’* from internal stores. In . the case of hepatocytes, the
contribu£ion by extracellular Ca‘t appears to be small and ﬁearly all
of  the al—adrendceptor stimulated increase in cytosolié ca‘t
from as yet wunidentified intracellulaf storage sites’(Extdn, 1982).
The situation in smoéth muscle cells is more complex. Depending on

s L

the‘smooth muscle type (including intestinal muscle whichvrelaxes to
noradrenaline); a biphasic.contractile response involving. a transient
and sqstained contraéture may result from q—adrenoceptor stimulation

(Bolton, -1979). In many smooth muscles, the tonic contracture is

apolished when ca’t is removed from the bathing medium leaving a

‘single transient éomponént which disappears with repeated exposure to

a

noradrenaline. It has been postulated that the transient component 1is
due to release of Ca’* from a*depletable intracellular store. The
receptor dependence of the fast and slow contractures in smooth muscle

has not been succinctly stéted, but g%cording ‘to the preliminary

generalization of McGrath (1982) for - and ar—-adrenoceptors 1in

‘yascular smooth muscle:.a fast componen: utilizing intracellular calt
would be linked to an aj-adrenoceptor :'d . slow component dependent
upon extracellular Ca’* would be associated with an dz—adrenoceptor.

It éhould be noted that the alfadrenoteptor mediated responses so

must come



far identified 1in neurones are . excitatory (depolarizations)
(Aghajanian and Rogawski, 1983; Akasu, et al., 1985). However,

theoretically at least, a. mechanism which causes an increase {in

cytosolic Ca’* levels could activate a calcium—dependent potassium’

conductance which would hyperpolarize the neurone (Hotn and McAfee,
1980). >Ca¥cium activatéd pétassium conductance increases linked to a-
adrenoceptofs have been reported fof séooth mus%lé cells (Bulbring and
Tomita,i 19}f; Bolton, 1979) parotid gland cells (Putney,
1979), adipocytés (Exton, 1982), and hepatocytes (Jenkinson, 1985).

¢) Alpha-2 adrenoceptor mechanisms

It has been shown for a wide variety of tissues -that

a,-adrenoceptor stimulation leads to a decrease in cyclic AMP levels

(for review see Exton, 1982). 4 This, is due to a decrease in adenylate

cyclase activity rather thar dii increase in phosphodiesterase activity
. _ e

(Limbird, 1983). This relationship has not been demonstrated for

brain tissue using biochemical techniques, but Bylund and U'Prichard

(1983) suspect that this negative result is an artefact induced by the

"preparation of the membrane homogenate. In fact, - Andrade and

Aghajanian (1984) have shown that the .clonidine induced

[y v

hyperpolarization 1in locus coeruleus neurones was reversed by

8-bromo-cyclic AMP and dibutyryl-cyclic AMP.

Whereas there 1s good agreement between ochemical and
’ -

- physiological studies of a;-adrenoceptor mechanisms regarding the

mobilization ‘of Ca2+ there is very poor agréement between these
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approaches concerning Ca2+ involvement 1in a,-adrenoceptor mechanisms.
Biochemical “studies of a,-adrenoceptor mechanisms have not elucidated
‘a clear role for calcium (Exton, 1982; Limbird, 1983) yet

a,-adrenoceptor contractures in vascular smooth muscle have been shown

to require an influx of extraceliular calcium (Timmermans and Van

Zwieten, '1981; McGrath, 1982). There are also hints that C32+ may be
important 1in aj-adrenoceptor actions in neuronal and specifically
ganglionic)tissues (Brown and Caulfield, 1979; Horn and McAfee, 1980;

Morita and North, 1981; Akasu, et al., 1985).

D. Catecholamine stimulation of the electrogenic NaK-pump and

NaK—-ATPase in nerve and'ﬁusclé membranes

1. Concept of active Na*:and K* counter transport

It h&s'long been acceptea that the resting membrane potential of
excitable cells (and non-excitable cells for that matter) results from
"the presence of ionic concentration gradients across a membrane yhich
is primarily permeable to K* (Kuffler ‘and Nicholls, 1976).  The

’ f

awareness that the me;brane was also marginally permeable to Nat
prompted many investigators in the first half' of this century to
spécﬁlate that an energy requiring mechanism  might ;xist fof
transporting Na* and K' against their concentration gradients (for a
historiéal review of the developments in excitable cells see Phillis

and Wu, 1981]).

Schatzmann (1953) demonstrated that the transmembrane movements

of Na* and K* against their concentration gradients in red blood cells
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depended upon the presence of ATP and that such ion “pumping” could be
inhibited by cardiac glycbsides. A few years later, Sko; (1957)
establighed that a Mg2+ dependent ATPase activity isolated from crab
nerves was regulated by Nat and K*. Later, Skou (1965) proposed that
this ATP hydrolxziné enzyme might provide the machinery for active
transport of Nat and K¥. The definitive confirmation of this proposal
awaiéed the demonstration by Hilden and Hokin (1975) whereby a
purified Na‘t, K%Y-activated Mg °*-dependent ATPase (NaK-ATPase) was
inserted into liposomes andi shown to exhibit active bidirectional
transport of Nat and K@, The physiological correlate of the
NaK;ATPase is Féferred to as the NaK-pump in this thesis.

2. Evidence for electrogenicity

It.is now generally accepted that the NaK-pump in most.eukaryoticu
éells is eleetrogenic, in that it transports more Na‘ out of the cell
than "K* ‘in (f?r review of evidence in excitable cells see Thomas,
1972). The extent of electrogenicity, or the rativ of Sa* pumbe& 6ut
forK+ pumped 1in, has proven difficult to investigate under normal
resting conditions (Pﬁillis, and Wu, 1981). The basal levei of
NaK~pump'_aét1vity is directly proportional to .the [Na]i and since
this 1is ﬁorﬁally quite low, so is the level of bumping. By loading
fhe cells with Na*,.th; transporting characteristics of the Nax-pumﬁ
can be mo?e clearly examined. Several means of ioading cells with Na‘t

have been used including: high frequency stimulation (RiCChie and

Straub, 1956), exposure  to a NaK-pump inhibitor such as ouabain

>
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(Thomas, 1972), direct .injection of Nat (Kerkut and Thomas, 1965) or

prolonged incubation in low . [K*]  (Kernan, 1962). Hyperpolarizatjons
: /

occur immediately féllowing‘ tetanic stimulation (post-tetanic.

hyperpolarization) and - Na* injection whereas the NaK-pump must be
stimulated acutely, usually with extracellular ‘K+ (although other
cations can be uséd; Rang and Ritchie, 1968), ia orde; to produce a
hyperpolarizing response in breparatiqns incubated in low (K*]g.
Electrogenicity is assumed if the reintroduction ot K* hyperpolarized

’
the membrane beyond Ex (Phillis and Wu, 1981).

The method of stimulating the NaK-pump, that has been previously

{nhibited by a low {K%] medium, by re-introducing K* for short

periods (ie. 'potassium activaﬁed ‘hyperpolarization; Ky) has been
used to study NaK—pumpiﬁg in amphibian sympathetic ganglia ZAkasu-and
Koketsu;‘1976; R;fuse; ;t al., 1Y85; Smith and D@mbro} 1985; also see
Section D of Results). A chemical means of -introducing Na* in;o
;ympathefic éanglionAcells which has been widely used to stimuiate the

NaK-pump involves the use of nicotinic~agoﬁists (Volle and Hancock,

1970; Brown, et al., 1972; Lees and Wallis, 1974; Libet, et al., 1977y

Smith and Weight, 1977). The depolarization induced by the nicotinic

agonist (eg.'s ACh, niéotine, carbachol) 1increases the membrane
_conductance to “Na* and K* (Koketsu; 1969) and the influx of Na*
activates thg NaK—mep to produce an af;érhyperpolariz;tion following
thé initial depolarization (ie; AChAH in the case of ACh; see

‘

Section D of Results).

wr oy
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It is believed that the NaK-pump in frog sympathetic ganglia is
electrogenic althougﬁ the precise coupling ratio of Né*.pumped out for
K*'pumped in has not been determined (Akasu and Koketsu, 1976; Smith
;nd Weight, 1977). In the cell .types where the coupling ratio has
been caléulated, i1t covers a range from 4Na:3K in snail neurones
(ThO, , 1969) to SNa:lK in frog muscle (Keynes, 1965). Mullins and

-

Brinley (1969) ‘made a detailed analysis of active transport in

dialyzed squid axons and found that the coupling ratio chghged with

the [Na]y from INa:1K (electroneutral) at low [Naljy to 3Na:lK at

high [Na{i. At physiological [Nali’, the ratio was sopr cximately
3Na:2K which is the same as that for red blood cells (. +~t, et al.,

1967). Thomas (1972) states in his review that the coupling ratio,

>3Na52K, may be a good approximation for most excitable cells under

resting conditions.

3. Physidlogiéal importance of the electrogenic NaK-pump in

excitable cells

The role of the eleétrogenic‘NaK—pump in maintaining Na% and K*
graﬁients,is of univérsal importance to all eukaryotic cell types. It
is partfcularly importénc to nerve and muscle .cells. The Na¥ and K*
gradienté of these cells are diminished during ﬁrolonged periods of

high frequency firing. The cells become loaded with Na* and depleted

~of K*. As was mentioned in Sectiohv C2 of the Introduction,  the

elevation of |[Na]y would activate the NaK-pump and this would

transport the accumulated .Na* out and the lost K* back into theﬁqgll.

40
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. v
This mechanism would also proc.ect neighbouring cells fromﬁrﬁl" external
environment of dépleted INa*] and ex’cess (K*],

Due to its electrogenic properties, a basal level of NaK-pump
activity exercs"‘a'stead)"—"sta\te ‘hyperp(g;{ar-izing influence on the
membrane. Further stimulati;)n of electrogenic NaK-pumping would
increase the membra‘me polténtial -and make the cell less excitable {(by
moving the‘ membrane .potential away from the threshold for action
potential generation).‘ Conversely, ‘in’hibition of the NaK-pump for
brief periods might dep;)larize the membtane potentia‘l ‘and render the.
cell more. likely to generate @n action potential, , Prolonged
inhibition of the N._aK—pump would result in a 'deteriOfation of‘ionI

e

gradients and a reduction in cell excitabiiity.

It has been widely speculated that the e’léctrogen‘iﬁq Nal(—pﬁu;p mgy

A

be under hormonal or neurotransmitter control .(Vizi, 19‘78;;.«Philf1s‘
Wu, 1981). : Several groups have addressed the po$si§fi:v1‘_j,§y‘;f¥§;t?ffa,_t::

endogenous NaK-puwmp inhibitors exist which might serve to“i'egﬁlatg
active Nat and K* transport (Fishman, 1979; Kim am’i Léi.Bella",
. ) Ly "‘_“,_’{?‘ . Lar

Akagawa, 1984; Rafuse, et al., 1985). ’Similarlyf‘:j Tgany

Vo

o L
pcertainy

laboratories have investigated the possibility thgt

neurotransmitters may activate the NaK-pump, Indirectly‘&* icatpry
. . % .
t o ,? L oL E
transmitters such as ACh (Brown, et al., 1972; Smith and *4ght%, 1972)
and glutamate (Padjen and Smith; 1983)" may stimulate th?;%a!(—pum'p :

following their depolirizing action. Directly, catecho,

been postulated to enhance NaK-pump activity in a rvarietf xfcic;;xb_le" : *



cells (for review see Phillis and Wu, 198}; see also folléwing

sections of Introduction). Such an action has been proposed for pre-

D ]

as well as postsynaptic membranes. It has been suggested that
NaK~pump activity 1in nerve terminals under catecholaminergic control
may regulate the release of neurotransmitters (Paton, et al., i971;
Vizi, 1979). Vizi and his colleagues have presented evidence to show
that 1inhibition of NaK-pump aqtiviCy enhances ACh release and

stimulation of the pump reduces relecase,

4, Catecholamine stimglation of the electrogenic NaK-pump

a) Skeletal muscle

3.

The most extensivély studied tissue and best supported argument
Mor electrogenic NaK—pump stimulation by catecholamines involves the

effects observed on skeletal muscle (for review see Phillis and Wu,
“ . B i L . "
1981). In addition to the evidence i Eugﬁbrt of this hypothesis, the

o
_case for catecholamine induced NaK-pump stimulation in skeletal muscle

v

..,1s made more credible since a reasonable physiological purpose has

*

been proposed fgr this mechaniém. It has been proposeé by Clausen
..(1983) that catecholamine induced NaK-pump stimulation may be the
primary hormonal mechanism for reducing elevated plasma levels of K%
during exercise induced hyperkalemia.
It has been generally observed that the catecholamine induced
hyperpolarization in skeletal muscle 15 mediéted by a f—adrenoceptor
(Bo;;an and Raper, 1965) although more recent studies with salbutamo%

(Clausen and Flatman, 1980) and terbutaline (McArdle and D'Alonzo,

g



1981) suggest that, more specitlcally, a Bz—adrenoeeptor may  be
involved. ifﬁg noradreneline induced hyperpolarization.in rat soleus
muscle is ihhlbited by low lK]b, hl+, ‘ouabain and low temperatures
‘(QlO = 3.7; Edstrom and Phillis; 1981). vThe:catecholamihe.stimulated

22

release of - ““Nat - from frog sartorius = muscle - was blochéd by

strophanthidin (Hays, et al., 1974). On the basis of Michaelis-Menten

Fx
C . Lo . N L . ! i s L ‘ R
» kinetics it was determined that adrenaline decreased the Km and
increased the Vmax for Ouabain—sensitive " 22ya* efflux from frog

, skeletal muscle (Kaibra, et al., 1982).

b) Smooth Muscle

induced inhibitory "actions (eg.'s hyperpolarizations relaxation,

: | ‘ ‘ Ca
'decrease‘ spontaneous spikév activity) in smooth muscle -remains very
controversial _due  to numerous intracellular studles reportlng clear

conductance ‘changes' during catecholamine inddbed hyperpolarizations

(for revew see Phillis and Wu, 1981). - Electrogenic NaK-pump

Lk

activation as an ionic‘mechanism for. catecholamihe action in smbothb

PR

- muscle was«originally proposed by Burnstock (1958) on the basis gf-‘

observations using.metabolic.inhibltors. Although Bulbrlng and her

r . _ v
colleagues initially provided evidence to .support this assertion

'(Bulbrlng, et’ al., 1966), she later concluded ° that adrenalihe could

invoke :mbrade conductance increases to both K* and C1™ in taenia

coli cells (Bulbring and Tomita, 1969). Torok and Vizi (1980)>héve»
o : ‘ ‘I

.

. . ~
- shown_  that aj—adrenoceptor stimulation in guinea pig taenia coli

»

The role of electrogenic NaK—pump activation in catecholamine
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produces a combined increase in potassium coifiigiighce and activation
P P C A +udd '

of_the_electrogenic NaK-pump. Several other investigators have‘also

! . A}
indicated that a—adrenoceptor mediated hyperpolarizations in various

smooth muscles are associated with increases in potassium conductance

o

(for review see Bolton, 1979).

}

¢) Central Neurones

| There hawe' been relatiQely ‘ few reports Iclaiming that
é;;echolamines produce théir thibitory effects in  the CNS by
activéting the electrogenic WLK-pump. Phillis (1974} was the
: o | LA
first té make this propoéaﬁ‘ based on the observation that

B {
: T A . )
noradrenaline induced inhibitions of neuronal firing rates. in rat
. ‘ f ‘ ~ : : )
cerebral cortex were found to /be cuabain sensitive. Yarbrough (1976)

y
3

o o
/ .

further demonstrated that noradrenaline inhibitions in Purkiinje cells’
and dopamine inhibitions in qaudaté neurones were:both antagonized . by

ouabain while GABA inhibiLiéns in. these two Dbrain areas - werle

< i .
.;@«Q / ~.
unaffected. - In a veryv ela7bracé presentation, Phillis and wu «i98l;
used assorted obsérvatioq# made - by other investigators to .contenc

{ e

that, of the ioni¢ mechanisms that have been considered for
catecholaminé inhibitions 'in the CNS, activation of electrogenic

NaK-pumping best explains Several pieces of previously ~unexplained

data. One such pilece of data from intracellular studies was the .

obsérvation by many (see Phillis and Wu, 1981). that either a .siight

¥ i

‘increase or no change in mem@%ane ‘rkéisﬁancé at ali- . accompanied
% - ' : JRC R s
catecholamine induced hyperpolarizations:% « These rincings were
: . . S8 : e .
. . .
o ";;‘; .j . N

=



considered by Phillis and Wu (1981) to be consistent with tge.NaK—pump
hypothesis for catecﬁolamine action;. it should be noted however that
. several recent intracellular studies have reported substantial
increases in membrane ‘condycianCc during catecholamine ihduéed
, . o
hvperpolarizations i% CNS‘ﬁeuruneb (Segal, 1981 Aggajanian and Van;
der Maelen, 1981, fypan, el al.,'hiyhs; veorth and Yoshimura, i9B%,
Williams, et al., l¥8%).

¢} Svmpathetic vanglion ceils L , )

it has been  proposed that ©  the adrenaline inducea

'hYPCYPOIarization> (Adﬁ)_ in bullfroug syvmpathetic ganglia recorded by%“’/

the sucrose—gap . technigue is zenerated by stimulation of the

-

s

. £ <.
electrogenic NaK-pump (Nakamura ana Koketsu, 1972; Koketsu and

A

~  Nakawmura, 1976). ¥ These authors providea the following evidence for

this hnvpothesis: 40 the Ady was reduced but . not eliminated by
. . . - -7 . i.

hvperpolarizing conditioning currents which were sufficient to abolish
e T i T :

the afterhvperpplarization of the directlyv evcoked action potential; )
o . .

the Ady was reduced by either increasing {2-1 wM) or decreasing

v

(2=0.2 0 mMy, KT 3) tne Ady was reduced by low &Na*]o and

eliminated.in solltions in which the Na* had been replaced with Li®,

4) the Ady was %educed by Lfow températures, 5) the ‘Ady was reduced

f

by prolonged exb05ure to ouabain, 6) the Ady was not affected by

1

1

] .' ! . - — . A : Y . . 3
replacing extracgllular Cl7 with either glutamate or thiosulphate, and
. 1 N .
j ) B
N jotentiateé nv the KT-channel blocker TEA (5 mM).

Phe Adn was

.
M

These data wer# interpreted as ruling out the possibilities that an

i



incrfase in gk (points 1,2,7), increase in gCl {point b) or decrease

in gNa (point 3) were involved in the generation of the Ady. . Points

. ‘ * ﬁ
I',i,+ and 5 were regarded as supportive. of the hypothesis that

-

activation ot the .electrogenic NaK-pump was. responsible for  tne

generarion ot the Ady.

were corrpborated, a few resulls were Cliearie inconsistent with thelr

NaK-pump hypothesis. Smith confirmed that the Ady was depressed’ by

elevated. [K*], but found that low [K'], consistently potentiated
the response. These obseérvations are opposite to what would be

expected of a NaK-pump mediatec response, but consistent with . the

B
concept that the Ady results rom an increase in g¥. Alsu, bSmith

was abie oy demonstrate rchrs;a; 1 the Ad, wilh hyperpularizing

conditioning currents which simlldriy Teversed ‘the

atterhyperpolarization of tne directly evored action potential. Agaln

this suggesis that an Increase 1n gk may be involved in the generagion
‘ i

i
-

of the Ady. ‘ . . . ' 4
. ' vA E v X v . . . ’ .
In the study by Smith (198«a),  the sensitivity ot the Ady to

[ Y :

. ¢ il § - . -
ouabain was shown to be slight b,\‘?@rﬁpégison to the AChpy (NaK-pump
. i Mgy

paradigm; see Section D ‘of Resul¥s). Other catecholamine induced’

s

s

hyperpolarizations in mammalian svmpathetic; ganglia have -also -been

i ' ' S * .
shown to be resistant to, NaK-pump inhibitpt#s (Libet, et al., 1977,

This hvpothesis tas been regent.y Te—evalooate s Dy osni i 1YBaa

“ir frog iRana pipiens) svmpAlhetic sganglilia using  the sullose=gap’

technique., Wwhile several points made dy Korelsy and Narvamura 19000
« : ' +

-

B



i

"“heg,lected to provide a control test for NaK-pumping. (eg. AChay) in

kN

’t'heir experiments with ouabain, the gradual reluction of the Ady
™ ) . d .

\
L

wi'\t\‘h prolonged exposuré’ (up to 120 min) to this NaK-pump inhibitor may
°s1mf)l» reflect a gradual deterioration ot ionic gradients.

JThe Ady an amphibian sympathetic grang-vlia‘ pus be‘ further
invesi‘iygraned in order F" clarify its ionic mecharism but bit‘ w\ould
appeap; Lﬁét sume of the data providgd by Smith (198&5}' are wofe
consist‘ént wk;rl an . increase in gK than an increase in NaK-pumping.

Although part of tf_{is thesis (see Section D of Results) examines the

effect of the NaK-pump ‘i‘nhibitor, orthovanadate, on the Ady, the
last section of the Results cgonsiders the possibility that the Ady

.is genefa/ted by an increase: ’in" gk which = is activated by
. t : . : , .

intracellularly released Ca“*.

¥

5. Catecholamine éf;fimulatiorl’of NaK-ATPase

a) geceptor versus non-receptor hypotheses

[0
Since Schaefer et al. (1972) first demonstrated catecholamine

e,nhanceméht ~of NaK-—A’TPase‘ accivity‘ in sqbcellulét fractions ot ‘rat

‘ brain, "t}!iere have been Numerous reports of- this nature in a wide

variety ;"Qf neural tissues [for review see Phillis and Hu\, ‘vj1981).

Phillisl’;{rgnd Wu (19\81) have i‘nte‘r'pretﬂed these feports.as biochemical

. verif-ications that catechdlamines stimulate the eléctrogénié. Nal(—hump
»

to  produce their ‘inhibitury (ife. hyperpolarizing) effects. This

hypothesis has ‘been - brought 1into 'question (Smith, 1984a; see also

Brown and ‘Caulfield, .1981). . Since deetsu and Nakamura (1976)

L7

2 D“-

e

.

v
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previous sectlons of the Introduction; Section D of Results), bﬁtlit

stgll remétns that, by some mechaﬁism, catecholamiﬁes can enhance Naf
and K% dependent ATP  hydrolysis in isolatgd neural membrane
homogenates. In order to explain this phenvmenon, both recép;or and
non-receptor mechanisms have been proposed.

Phillis aud Wu Have been the leading proponents ol the assertion
that. a phafmacological receptor media;est' at  least part 'of, the
stimulatory etfect of catecholamines won N;K—ATPasc activity (Wu and
Phillis, 1978; 1979a; 1980; Phillis and wu, 1981). These authors,
conténd that the following observations ;are ’consistent with this
hypothesis: 1) the threshold concentratioh for catecholamine
stiﬁulatipn' is often less than 1 ,ﬁ, 2) catechélamine receptor

antagonists can often inhibit catecholamine stimulation, 3) there

appear to be some structural requirements ‘tor NaK-ATPase stimulation

(eg. catechol and pyrogallol were effective while phenolic compounds

were not), 4) some degree of stereospeciticity ‘was noted in that

l-isomers were generally 11U x more eftective than d-isomers and 5)-

N

detergent treatment often eliminated . the stimulatory effect of
catecholamines.
The original report of ATPase stimulation by catecholamines

suggest that this effect was produced by .removal of an inhibitory

s
factor on the enzyme (Schaefer, et al., 1972). Such a mechanism would

not require pharmacologically distinct receptor. The identity of

2o

n

the 1inhibitory factor has. since be‘n'

be a diy@lent



Vcétion, guch as”Fe2+ (Schaefet, etqal;,”l974), Caz* (Godfréind, et
al., 1974) of‘oihéf metais‘(He§um, 19f7). Part of ;he evidence for~
these proposals s that chelating agents such as EDTA can mimic the
stimulato;y effect of catecholamines. 1t has éléu been suggested that
catechglamines may protect the isolatedienzyme from lipoperoxidative
damag; (svoboda and Mosinger, 198la; 198lb). Finally, the trace
element &anadium Has been implicated in catecholamine stimulation ot
the NaK-ATPase (Cantlevy, et al., 1978a; Adam-Vizi, et al., 1980).
Ihis'possibiLity‘will»be introduced sepérately in ;ﬁe next secti?n of

the Introduction and examined in Section D of the Results.

The weight of the evidence presently available would appear to
favour the  contention tHat catecholaminés‘ can . brodu;e ‘their
stimulatory effect on the NaK-ATPase by a non-receptor: mechanism.
Although ;he enzyme l can be mildly stimulated at micromolar
concentrations, an examinafion Qf the concencfation—effect curve;‘by
. Wu and Phillis (1980) révéals that this effectﬂig»non-satuéatiqg even -
at millimolar lévels. Furthermore, dgspite exte:$ive attempts to
chétacterize.a réceptor-fype for mediation of catecholaminevsﬁimula-
%1on'bf,thé NaK-ATPase, the antagonists/phgntolamine; ﬁropranolol and

chlorpromazine‘havé all been shown to be effective blockers of .this |

effect (Wu and Phi%iis, 1979a).- In the same tissue (rat cortex),veven'

“

e

S-HT finducéd stimulation *couligbe blocked by metergoline (Wu and .

Phillis;* 1979b). It is diftigult to imagine how u, #, DA and 5-HT
: ) v’.' . - ’ T Pl S . ) '” i - . ' ) T '
receptors could all re§ideicn:fﬂ§-same,epzymef 1t has been Sugggqgéhy‘
v . ’ : ,11%7 R N . 'w.,‘ Ty

. " ont
et % U/
. . a7 :
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that if a blogenic amine receptor does exist on isolated NaK-ATPase,

then it might be some sort of “catecholic” receptor which is activated
by Sevem?k 40ose1y related compounds (Wu and Phillis, 1979a).

; ¥ | , .

b) Catecholamine reversal ot vanadate inhibition

T ke,

P

Although it has been ¥ndwn since 1965 that vanadium. inhibits
»

®
N

isolated NaK-ATPase from rat «udney; ﬂlf(ln,‘:9032, 1L was nui ungi
1977 that this trdcv‘ulcmun[Awdﬁ seriousily considered das a possible
éndogénous inhibitor of {he NakK-puap \Lantiéy, et al., 19771). The
renewed interest in vauadiﬁm}jwas sparked oy the discovery that it
turped out  to  be 'Ehe puzzling inhibitory ractor which was
contaminating commercaally prepared ATP (Sigma Grade, derived frono
equine muscle) during the 1sola£ion procedure (Cantley; et al.; 1977,

Beauge and Glynn, 1977; Hudgins and Bond, 1977). Even before the

inhibitory factor had been identified, it nad been speculated that it

might serve a phvsiological role in the regulation of the NaK-pump

(Beauge and Glvnn, 1977; Josephson and Cantley, i977). The
analygically determined tissue levels of»vanadium were generally tound
to be sufficient <to inhibit substantially isola}ed NaK-ATPase
preparations.- For'exampie in mammalian .brain, vanadium levels have
been” estimated to :reach as high as 1.5 M (Nechay, 1984) and the
pentavalent oxidapion state ot vanadium, !gnadate,-has been shown to

inhibit NaK-ATPase trom dog brain (IC.,=o0U nM, Nechay and Saunders,

197&) and rat corbex (I1c. =l M), Wu and Phillis, 1979c¢).

The .inhibitory méchanism of vanadate on the NaK-ATPase is

o e
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schematically depicted in Fig. 4. The molecular means by which

vanadate inhibits the enzyme differs from that of ouabain in.a number

5t fundamental wavs. Inhibition by vanadate: 1) requires that

vanadate bind to the cytoplasmic site of the wenzvme {(Beauge and
. t

DiPolo, 1979; Cantlev, et al., 1975b), 29 is potentiated hy K* (Beauge

G

and olvan, 19730 and other cations which will sumstituate ror BV osach )

’

e TIT. RB*Y ONH_T, Bond and Hudgins, 1¥/97 wranthan and Given, 19795

i, is potentiated by Mz'7

cCantley, et al., 1977 ang other divalent
udtibp; {Bond and Hudgins, 19797 and =) 1is antagonized by Na¥ {(Nechav
an& Saunders, 1978). In contrast, ouabaln inhibition occurs as &
result otwﬁinding to the extracellular surtace ot the enzyme; it is
antagonized by K% and it is tacilitated by Nat; (see Schwartz; et

. ‘ P

al., ™. It is generally believed that vanadate produces its

po¥ent inhibitory erfect on the NaK-ATPase anad i:snuédkcr etfects on
sther phosphohydrul#se%? hy wvirtue ot iis structural similarity to
phousphate. Pentavalent vanadate can adopg 4 triyonal bipyramid
configuration resembling the transition state of phosppate_ during
reaction with the enzyme (Macara, 1980).

Vanadium can exist in several oxidation states depeﬁding on the

pH of the environment and the presence of reactive substances. At

‘ physiological pH, the predominant oxidation state will be
vanadate (meta- or ortho-vanadate, Rubinson, 1981). How
pH and in the presence of a reducing agent’, vanadate ca® be reduced to

tetravalent vanadyl (Macara, 198U; Nechay, 1984). Thég is 1nteres;iﬁg

o B

A,



K * |ouabain
ouT
Na’ K- / .
) PUMP
IN
vanadate [Na"
Y
2K
T

=
ATP ADP+P

b HO O

2V03" +HO R— 2v0Z+ + 0= R + 2Ht

.

Fig. «. Schemattic model {llustrating mechantsa of vanadate i{nhtbition
of the NaK-puap. Note that wrile ovuabailn acts on an exfracellular
si'te on the enzvme-pump, vandadate hinds and acts at a c¢vtoplasmlc
site. (:a(ecnulgmirws have heen proposed to reverse vanadate
{nhibition of the N.aK'r\TPdm' by chemically fnactivating the
catecholamine * by the formal oxidation-reduction reaction  shown.
PPn['év.alw‘r\: vanadate '~"",;", o roposed to oxtdioe the 4fecholamine
tO 4 l]\xf(’:w?u' AT rn e tolng e o oreduced ot tnactine tetravalent

vanadyl, vol+ (Cantley, et‘al., 1978a).



since only the pentavalent forms ot vanadium inhibit the Nak~ATPase:
tetravalent vanadvl {s appareatly inactive (Cantley and Aisen, 1979;

Macara, 198U}, Furthermore, there are several endogenous reducing

agents which could ettect the conversion ot vanadium trom an active to-

inactive state including glutathione (Macara et al. 1980), ascorbate
(”;r;mt_h,lm ,n}d dvon, (4740 and catecholamines (Cantley et al.’ 1978a;
1978b;lquig( ind Hokin, 1974; Eudgins and Boqd; 1979; wu and pPhillis,
1979¢) s 84 hasi been propused that catecholamines may appear to
stimulate the Nak-ATPase bv reversing 1 tonic inhibitory influence by
vanadate (Cantley et al. 197/8a). ' The suggested oxidation-reduction
reaction for this mechanism is shown in Fig. 4.

Section D of the Results ex3mines the apblicability of this
hypothesis to the electrbgenésis of the Ady. . If the Ady is

-

‘produced by NaK-pump activation, this activation might occur by

»

reversing a tonic. intracellular 1inhibition ot the NaK-pump Dby

vanadate. Alternatively, and more simply, vanadate is used as a tool

to test the hypothesis of Koketsu and Nakawmura (1976) that the Ady

is in fact the result of catecholamine induced NaK-pumping by whatever

mechanism.



Electrophysiological Recording Technigues

L. Development and Applications

a) Intracellular Recording e

‘The most direct means of monicuring‘the transmembrane potenc{al
ot a cell {s by intracelluiar recording hechods. By positioning” an
electrode on either side of the membrane it is technically feasible "in
many vertebrate nerve and muscle cells to measure potentials Keg.'s
resting, action, synaptig) which are very close to the true biological
values (Fig: 54). This was first convimcingly demonstrated by Ling
and Gerard (1949) when they introducéd the wuse of fine glass
micropipettes filled with concentrated KCl to impale single frog
sartorius fibres. Since the 1950'5, elecfrolyte filled pié;ttes with
;iny tipkdiameCers‘(O.SZ or less of the diameter of lhe cell which it
is to impale) bave‘ been used essentially to create a salt-bridge
between the intracellular fluid and the ‘silver wire inserted into the
pipette (Purves, 1981). The elect;ode on the extracellular sidé is
grounded and typically made of sintered AgCl.

Besides simply recording the membrane potential of the cell;
additional glass electrodes are often used to inject current to alter
the electrical gradiént of the membrane or to deliver charged drug
molecules (or ions) onto or into the cell. This latfer»technique is
éommonly called ‘iontophbresis and was 'deveIOped by Nastuk (1953).
Constant ;erent may be injectéd into a ceil;§§y,~various means to

’

briefly (msec) or continuously shift the polarization of the membrane
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(Katz, 1966). Alterﬁgtively;;a feedback system may be employed such

that injécted variable current maintains the membrane potential at a
.
", B

desired level. The second technique, known as voltage-clamp, was
%irst demonstrated using two silver wires positioned 1in squid giant

axons by Cole (1949); and ‘his colleagues. One wire sampled the
’

membrane potential, indicating Jthe digplacement it Any trom. the

desired voltage, while the other wire delivered the compensating

current necgssiﬁy to keep the membrane potential at the desired

level. Lt? latefi bﬁgame possible to voltage-clamp vertebrate cell
. “ : § ‘

bpdieé uéing~:a single electrolyte filled glass micropipette. A
f R ] o . :

further deve}bpdént was the introduction' of the single electrode

Voltagg—claﬁp‘technique.' This involved the use of a high frequency

3
- >

.'electronic switch which rapidly swatched ‘between current injection and

RN

‘voltage sampling modes (Wilson and Goldner, 1975)

(-
..w

;n ,Ehe 'prebent studles, constant current could be injected

R 3

through the* rebording electrpde by utilizing a Wheatstone bridge

‘ S
q;circult based on the procedure descrlbed by Araki and Otani (1955).

‘#’ o ~‘>. o

This groved to be a simple but useful method to study some of the

. ihhenen;: membrgne propgrtles of the cells and their responses to
' v;r;ogs drugs. "IA part;cdlar current injection was used to directly’
stimulafe the postéanglionic cells as well as to determine the cell
input résistancé by‘escablishing a current—-voltage relationship (see

Materials and Methods). " The voltage sensitivity and reversal

. potentials for drug responses were also determined by passing

L
oy
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continuous hol‘dying currents to  displace the membrane potential in
either a depolarizing or hyperpolarizing direction.

b) Sucrose-—Gap Record ing

»-

The technlque described in these studies is representative of a

rgeneral method widelv used to record compound surface potentials from

nerve and muscie fibres. - The sucrdse-gap technique " is o an

3

'electrophy’SLOlogical method _atilizing external electrodes to measure

membrane potential changes between a reference and activated reglc}n of

the ‘membrane.

One " of the main factors “‘wh)i,ch iimits _the" ability of surface

electrodes towmeasure the true potential difference between active and

passive membranes is .the extent ‘o‘f short-—ci.rcuiting -whic‘h. occurs

between the electrodes‘ éhrough low resistance pathways in the bathing

. I
v

medium. This‘ is’analog‘Ous to the i‘mportance of obtaming -a good seal‘

t\'-between 'membra‘ne and micv‘roelectrode in order to minim'iz'e 'shunting
(short circuiting) of 1ntracellularly recorded sxgnals (see previous

\b o

- P

°

between the two electrodes,,minimizes the sh-_o-rt-circ'u_it_ing of the'

L o,

4meml;3rane potential change (eg,‘s drug response,, synaptic potential)

and therefore allows‘ ‘th,e. recording ’of_a éotential change which -

j . D x
qu%eaches the” amplitude of the ‘true membrane event.v

B
-~

It was originally shown by Stampfli (1954) that by bathing the-

.

region of the membrane between the electrodes w1th isotonic sucrose,

M Ly

the electrolytes responsible f_o‘r_ shunting ‘the responsés were wasshedf

. P : - \

(Wal

';1.~.sec,tion)."-’ Maximizimg Lthe resistance of the e)wernal bathing medium %}
: 4

~1
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away leaving a high resistance external environment fFig. LB
. T \ .

0

The principles of the sucrose gap technidue have been appiied in

many different instances when 10 e the cemeral AnTeation Lo Teoorotl
) ' -
changes in the average membdrane poileniliic 4 At : v
o (neurones or muscles, for review -co W3 e s g nf&# ;?@"
: ! ¥ 4 LW e
' x I
the moditications Lo Stamplii - memtool onoien Dhe e @
Barriers to strictly detine tie resion S the piealsiionon St AUt
v . N . “~ ~ 'A
’ ¢ ) -
with sucrose (Berger anc barr, TANY L Tt use ol o Joulay SULTuseTEay
* * y . . O ‘ o . o W

(Kosterlitz - and Wallis, [1¥bw)j, tne gmtroguolidn? ol ¢ ltage~ciamy ’
ol B . ) St - »

conditions' (Julian, et al., i%6la) and the simultaneous Coxmdladlion ul

K}
.

suctose-gap and intracellular recording (Julian, et al., 1962b). o

Imaginativevchambets hage also been devised to ‘accommodate extlTemely
‘L % . .. T i . ;' gf« -
short nerve b:ag@hg§ (Dudel ’%% &, ‘ - e
- g : %C&qv % ” \ . Er" : R ‘ *5?
2. Cq*parison of thé Intracgllular and- bucfose-baEAlethnlqueb

: .

a) Experimental Indidatiohs

-

’ Slov'D:Q: membrane potential changes recorded'intragellularly‘and

by“the sucrose-gap methbd\will'likely difter in both;amplitude and

" B . L e

s ; . o
‘time~ course. These digsimilarities arise from two important
differences - between the.: :ecordfng, btechniques;- Firstly, the

sucrose—gap method records 'from a cell populatlon while"the

intracellular technique records fsom ‘a single cell Secondly, ihe

sucrose gap method measures potent1al changes along a short segment of
. ié-&‘%"“%;‘

thé axons . while the 1ntracellular technique meaSures potentlal changes

N 3 Exa
: g . B g . : o - © A T .
across a cell-bodyvmembrane.; R T - —
@ B .‘%&7 - ) «,
- S
, i i ,
S
; . ;



intraceliulariy

OGS G R TS

Tie

Assuming . optimal

memhrane .

AN

recording conditions, the amplitude of the

recorded response is affected by the distance of the

v rne signal must travel and the geometric shape of
Plecirutonlc potentials. are dttenuated over Zistance

,

Kustton cable

Telgedn : L, iYaenl.  Furthermore, the properties ! 4
. . //

SRS P o Dudy  4re  muon. less  taveurable. than CUnibse PR

vLInar i UAL EESRIR IS Lt Topdgation B4 10 eCtratoni s fesponse

- .
AN S S SR TR For thig) reason, & s@is: respoase sriginating
3 - . i ~ A
L . ) : , . B o
v the axon ot axoh-hillock region mav nol De ZJetectled al 4.l Dy .an
electrode femotely situated in the soma. &
.

Anoth

,

sucrose-ga

it

thod 1is

the popuia[ion

érgreason why it is possible that potentials recorded by the -
p technique might not be detected at ail in(racellularﬁi is

neurones being recorded frod bv the sucrose-gap

e3¢

heterogeneous. Conceivably, only one type ot cell, and thus
0 . . 11y ype

t :
of tne total neurone

v
’

percentage

wNiv & certain s present, is capable of
o \ . ) ‘
‘responding to_a particular. stimulus (electrical or chemical). The ,
sutrOse—gap technique would detect the ' response because it is
o B ' ’ -
‘recording , from all the cells, but an individually impaled neurone
might not be of the: necessary cell type and as a result would not
” respond to the same stimulus.
“3.‘ < ’ ! . 'l " . . . ) )
B .In the case . of the sucrose—gap technique, the amplltude and
Al *.l“
duration of the population response ‘are integrated functions of the ‘
number of cells that are activated and - the synchrony xﬁ#whlch thlS '
happens. The greater cne number“bf—neurones_of~the—teta%—ﬁep&%a%&en——m—-————
: VgL
"%LQW
’ S ‘
. : . ‘ 43N
» \ g -
I



activated, the iarger the net response. . Also, as the neurones are

positioned according to the anatomy of the ganglion, the signals from

‘

the aclivated cells will 'be spatially separated from one and other.

'

45 o resull, the propayatton distance between the signal source .and

a , v
“oimt of recording will be cdifterent tor each individual neuroune.

e

r v, even stmultaneous activation ! 4 siyna. - would result in o
‘ SRS b i e

R . B .
Drlvad response which & would ne . hruader than that recorded
- oy . N > - ) o

: % .

Crtracel luldr.ly from a  singie  cell. The integration of "ghe net

) . . B o

response is further compl

i 3 ~

» ' .
Aot svnchronous. It oalso that broadening a compound response
will -result in a proportional reduction
@
response. @
©

the peak amplitude of the

’

Although 1t should be clear that many potential changes can be
’ ] &

E ' . , N B
measured by both techniques, there are a number fof indications when
. R ,
one  method should be ‘used and not the other. The sucruse-gdp
¥

technique 1is - chosen for studies when ‘it 1s desired that average

. .o L . : Lo . s - .
membrane potential .changes are to be recorded from.the entire neuronal

*popdlatioh. This will provide an overall picture for the responsex th

a particulér stimuLusQ If it is suspected that a membrane potential
change originates in the axdb or axon—hiliock area, and not in “the
soma, then sucrose—-gap may prove to be more effect;ve'chan-intracel—
}5@;‘1; . ‘. . . Lt e . s : :
lular ¥ecording in.measuring these responses. For a variety of phy-

L

sical constraints (eg.'s extremely small cell size, presence of tough
I o g ‘ ize, p _ ‘,

counective—tissue— barriers); it may.Abe prohibitively difficult to

L

‘. - .

d whén‘theﬂactivation ot the .signal is

i



record from single cells thus mnecessitating the use of the sucrose-gap
me thod. Finallyv, the sucrose-gap method allows stable recording for
Mdliv tuars, making it suitable thr pharmacological studies.

Tt mairn situafion where the sucrose-gap method cannot be used

’ U ' .- . . .
it intracellular’ recording  becomes obligatory s ~when 1t 1s ‘ot

v Y,

Citertst U study  the o bloptvsical ev_emsﬂhderlymg a drug: or

trgngaftter ifduced pembrane potential change in a single cell. By

1T a4y AUiny théigelectr;i"cal_ and ‘chemical gradients. across the soma

membrane, the iordic medr né.sm,whxch generates the response -can g;

identitied.. The particuia’r*%hﬁi 'pe‘ci.»es‘responsible and the kinetics
- a , »#‘ . "]
)f its movement can only be aceuratelv determie&a by using single cell
o i&/ o i ay ,
‘ in’Lraeellular ‘recording techniques. =~ . # S Q&w K

2 ) . » ‘ . P ' &» 'ﬁ
. " .

" b) Theoretical considerations

In order- to explain the nature of the.potent,ial fecdrdedg by the

sucrose—gap technique ‘and compare it ‘wiﬁl\ that obtained with

‘ - : | ¢ <% - ‘ - i - . . » |
‘conventional intr’ace«l,l’ular“m recording, the diagrams in Fig. 6
illustratlng s1mp11f1ed Thevenln equlvalent circuits ((,rob 1984) for
var%ous parts of t:he postganglionic neurone’ wlll be used. - A single
% -

axon mO('ielo will be developed with a short: discussion following on how

‘the model is altered when recording from a population of axons. The

ensuing treatment has been;adabted from McAfee (1982).

The - symmetrical ‘érrangment of }\the.__ apparatu’s in Fig. " 6A

",vestablishes that the: c@@mbers on either side of the sucrose gap  are ‘_.,

R R ‘
isopoten.tial. . Junction potentials. at - the ' two electrode Ringer s
L)

=



.
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Filg. 6. A. Au electrical anmlogue - for weasurements of meabrane o
potential changes in . single pystganglionic neurocoe

microelectrode positioned {n lheiﬁsbna and b;r the sucrose-gap wmeth
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solutfon interfaces and at the two Ringer's s)&thiidu - sucrose

P

i

interfaces will <cancel out "since the pre- and post-gap chambers

“contaln  solutions of idemtical .compostition. Flooding the gap with

o A
Rinm's‘ 'soluLhm or switching the . positions ot the jelectrodes. will

- ¢

(hecky«vhwthervMw' apparatus is. electrically symmegrical (Wallis', et

v.,"‘gévithcr '.n:«mipu)‘uiun“ should result in a potential

<‘,hdl\ger Thv capacitative’ propeytigs of <the membranue” xj}‘e ignored in

: Y o T e A TR
this treatment since only sluu drug- lnducec} WO synapti"@_ event§rug
Lr - li‘ N
(signals) are being umsidered The signal source is taken to be the

p 9}
soma membrane and is indicated as a variable-voltage source (4AV).

The network of passive ‘conductances which make up a neurgnal

.

membrane can be simplified by reducing each point on the membrane

(where it is of intefest te examine the transmembrahe potential) to a

voltage source in series with = ~sistor (Thevenin equivalent
circuit). At the point of intraceliular recording, the measured
B P 3 .

va}tage drop (Eg) ocmrs across the paralle} resistances contfibuted

by ‘the soma membrane (R) and the leakage due to penetration injury

(R')v. . . 3 " . ! ’/,

-

@)



S
d

T

membiéne. CE

If penetration of the cell has produced considerable damage, R' will
beCUme'veny small and the input resistance (Rg) will be much smaller

‘] .
than the actuale membrane restistance.

L
- \‘\"f el
‘\‘v.
- N ,
L s Rooa HR' ’!
- g o, > ) o )
.;s'»f".‘ qﬁ‘ﬁ‘)ﬁéﬁl . . (R+KR ) )
C o SR Wy [P
o .
, PR L :
As a result,ﬁﬂi@ﬁ ot the sigmal is shunted by the leak. ‘Ideally, the
e .
ratio Rg/R q;ﬁ%kimade as large as possible (approaching unity) by
using aGLECtbOd which permit a tight seal between electrode and
: R 1.7
T ¥ 8
prt %

‘ “E = LVR. _
. W | (3)

As the signal (@V) 1eaves the soma and spreads electrotonically

down“the axon, its amplitude will diminish with dlstance. ‘This is in

k]

;accordance with the cable properties of a tyﬁindrxcal axon such thgt

for a given 1interval (eg. the -pre-gap Ringer's solution-sucrose’
interface) . the - membrane potential change ﬁeashred (AEg) 1is a
fqné;ion of the axoplasm . resistance (Rp), the axolemma igesistance

(Rp) and soma input resistanée.(Rs).

\

b, = AEgR ¥ \
e _s-m’ (4)
' (R 4R #R ) -
4 vS a m

b=



Ot

These three resistances can be reduced to . a single value (Ry)
repﬁifenting the tqtal resistance encountered between the signal
. i M
~50urcl>'an'21 the pre-gap Ringer's solutlion-sucrose interface.
; : : ' _ .
S : P

A ‘ ' B,o= +R
| | N L= R (R 4R )

&

(R +R +R ) (9),
o d m

i Q:The potential change measured across the gap is given by . the

A

Theveriin ‘equivalent:

.

™

R +R; - (6)
The term R, represents the series summation of the total resistance
betoré the gap (Rp), plus the internal :gg;sfance of the gap itself

(Ry), plus thq total resistance encountered after the gap (Rp)-

1 . ' .
\ 4 ’ e
¢ T “
oy -
R = Ra+Ri+R iy '
. ' » % k)
. - A
. = . + R :
Re (Rm)(RS Ra) + Ri + Ri Rm~ _ (7
(R +R 4R ) R.'"+R '
S a m "1 m



Kg fndicates the external registance of che‘gap which, ‘under optimal
" conditions, is many times greater t?an‘ Ré. As a result, OEg is
typically 8U-95Z2 of AE,. However, if the seals at the Ringer's
solution~sucrose, interfaces were leaky then Rg would be decreased
and the signal would be shunted.

) Whgn seVerﬂl axons span  the sucrose=vap, UB: ‘eler{ru[nnir

Ch . :

poteﬁb?%ffcarriedkﬁy one ax&@‘will be'shuntgd by adjacent axons. This
means that whenAn axagns, out of population of N axons, are vonductgqg

a\pogencial, equétion (6) becomes:

o

E = n(iE /N)(R )
: v 8

}

In order to determiné’ the gap potential change (AEg) from’  a .

population of equivalent somatic potentials (48Eg), 1t would be

necessary to know: (1) the percentage of cell bodies responding to the

e

scimuldq and (2) chidj/scance”of each individual cell body from the
v v )

gap. Assuming that these pieces of information could be estimated, it

is possible to .calculate the amount of attenuation a signal undergoes

2 o . : .

(Ag;73Eg) by considering the number of active célls at discrete

4

) 3
intervald. McAfee (1982) has presented a sample caleulation using rat

sympathetic ganglia to show that over a distance between 50 pm and 2.5
. e 3
mmn (at 50 um intervals), 100% activation of 24,000 axons results in

.

1

~

about a nine-fold decrement between AEg and AEg. ' r

’v\/ » »

] .oy

@
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F. Rationale
One. of, the intentious of this thesis was to characterize {n some
detail the sequence of membrane events which occur during an Ady .

It wag hoped that by understanding the steps involved (le. receptor

activation - transduction mechanism - transmembrane ionic movement) in

. . ) X X ' .
this drug respouse, some insight might he o yained  into how
catecholamines {nduce (inhibitory responses In  other less easily

o

studied neuronal systems.

As a starting point {n this general qtuay; it was deemed

. ) i

important to establish the " pharmacological identity of the \
adrenoceptor which mediates the Ady: Once {t was found that the

\

\‘uz*adrenoceptor antagonist yohimbine @ost effectively antagoni;ed the

response, this agent could also be used to study the possible

involvement of Ad in the slow i.p.s.p. The nature of the lonic events

accompanying the Ady also became more appealing onge it became
apparent that the. adrenoceptor which mediates the response was similarg

2

to - the gapy-adrenoceptor asséc{ated with presynaptic inhibition of

. < : ‘
transmitter release. This was one of the reasons for examihing the ‘

»

participation of Ca2+ in- the Ady. Since presynaptic nerve terminals
v v te .

» \ . ;
cafinot be directly studied in the vertebrate .nervous system, it was

¥
a I

“hoped that a. good understanding, of postganglionic az—adrendcéﬁtdrv‘?
‘ B < v Lo .;,,“':5,1:.’.

) . 3 ’ ) oL NG 4
function would suggest ’hpw_upresynayﬁicf~wfjadrenocéptors inhibi?\

L . G e -, . 2 N
.o — R T - . - . : :
transmitter release. ;QExtraﬁwg?;ionSQ of - thkis nature - rely on thegé :
R N T ST i o S, T
assumption - that there is a. fdnctiod@i‘ basis of receptor
. _ ’ .
- 4

\ ¢



¥

R

classifigation, By establishing the membrane events foll'owing.

a,~adrenoceptor activation {in amp\h'ibian sympathetic ganglia, a # ’
3

contribution would be made to this general issue. The veracity of
X oo W
“

o

this generalization can only be.tested by thorough examinations and ¥

comparisons, of ptor mediated events 4t the mclnbr;l‘w level 1o a
. . : B

//—“—/
variety ot tissues
Ad ' N
Two other~ZAspects #f the Ady which were scrutinized in  this
'thesis were - the  hypotheses: 1) that the Ady  resulted ftrom

timulation &£ the electrogenic NaK-pump (K\)Kt[su and Nakamura, 1976)
T o

4 v

and 2) ~tha.¢~‘ adrenaline released from ‘an interneurone was the
. ¢

transmitter responsible for the slow i.p.s\.',p. (Libet and Kobayashi,

]

1974). _The first hypothesis was investigated using the NaK-pump

S

" 5
1hfhibtf:~gr o“rv.'thova'nédate as a tool. An ancillary aspect of this,
hypothesis .Qas the possib.i;i;"\_ty that  the 5AdH might * involve
catecholami’ne. : r‘eversal “of  a ,toniq‘ inhibitlion by éndo%enous
orthovanadate _{Cantley, et- al;, 197‘88;5‘. - The second .‘hypo‘thésis

concérning a physiological role ‘for adrenaline was'.addressed since

A . . %

much of th® evidence in, support of wthis idea in both amphibian and
r . »

mammalian ganglia was regarded as weak. The present study utilized

iacological agents with ‘more sglectlve actions in an effort to

)’1

IR

x;,ifyr_ whe&her such ?

_
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-

A. Electropnysiolqgical preparations - . ‘

1) Experimental animals o v v ’ : L .
- . . (
Bullfrogs (Rana . catesbeiana) and Ieopard frogs (Rana pxpiens) of

both sexes were purchased from ‘a iolo ical suppl house (Anilab
4 P Y

"

- Ste.; Foy, QUebec),ang stored in runnigg tap water-at room temperature.

Both speCLes ‘could be maintalned .in"a healthy cond)tion for up to four

weeks without- feeding or "use of antibiotlcs. Bullfrogs (10 15 cm in

N .

/
body length) u%re used for the. 1ntracellular studies as uell as’ for.

| ' 8-

71

* .
those sucrose gap experiments in which the, actions of potassium; ’

.

‘channel blockers were examined he remAinder of the sucrose gap

experiments uere performed on large (at least 6 cm in body Length)
. 2

‘leopard frogs unless ‘otherwise spec1f1ed. Only the largest available

»

"leopard frogs could be used, since tHe 5ucrose gap recording chamber

utilized in these ekperiments was Originally designed to accommodate

the larger ganglionic structures ofitne'bullfrog.

©2) Dissections‘

‘a) Sucrose-gap preparatiOn‘“

Pithed animals‘-(bullfrogs or leopard frogs) were pinned to a o

dissecting tray in the supine position.r- The skin and the rectus

bdominis were removed ‘to. expose the thoracic and abdominal cavities..

~

Lo

'not to damage the sympathetic nerves lying immediately beneath the

o . ¢ EE

~ kidneys and aorta. The kidneys were removed under a dissecting

‘The animal was then carefully eviscerated paying particular attention -

\micrOSCope' (Wild M3) while the -aorta was left in place. - 'Taking o



r‘ | , .
’ i\ v
N ) . - T i ) ",'
Tt . o o . ’ \\\ .
T&ble ) O
i Normal Frqg_caqg;ion Ringer's Solution '
Cons;ituents. _ ' ~ Concentration (mM)
NaCl | ‘ f";oo' L
KC1 . I 2 |
CaCl; 2H,0. ~ . =+ . . 1.8 -
Tris HCI pH 7.2 . : 16
D—glucose '\\\\ . e g . 5.6 v
o ‘ S K
: Table 2 -
y . : Y.
Solutions for Eggyﬁe Isolation <
Solution " ‘ Constituepts‘ : f : Concent&ation (mM)
Homogenizihg . Sucrose S e R 250 o
Medium . R ’histidtne pH 6.8 *\\g /U§39/‘”/
R - : ‘ EDTA (Nap)  __——<
Washing =~ . . EDTA/(Na,) : : 1
Medium - TRIS (basic) - - .20
Suspending Sucrose - ‘r o218
~Solution A . EDTA (Nagp) U 1
~ TRIS. (hasic) SR 20 T
¢ .
Tableyl
Reaction Mixture for:SQ¢CtrOphotometric Aséays
Constituents ' Concentration (mM) "\,Attivity_(uhitsa)
N & . N -
R A .
glycylglycine / ) 100
MgSO, 7H0 /. ¥ 2
H, - EDTA | o 0.2
kKCc1 . : .20 -
. NaCl . ;o A 80
Sucrose 250
phosphogenol)pyruvate N - 21.8 -
NADH = / ‘ ' © 2.3
) A . A g ./ A 3ot _‘ . L . )
laktate dehydrogenase S : T 39.3
pyruﬁate kinase . . o ‘ : 62.

¥'= one/ unit %onverts 1. 0 umole substrate to product pér min at pH 7 6
A aty '37°C.



specisi care to nsnipulate only connective tissue yith,fine forceps,

~the VIIth to Xth‘parayertebral'syﬁpathetic ganglia together with the
_rostral portion of the VIIIth>spina1 nerve,-the sympathetiC'chain and

a short portion'of the IXth and Xth spinal nerve were removed (seea

°

Fig."j) and placed in a ;petri dish containing chilled . Ringer ]

solution see Table 1). Under 40X's megnification, excess connettive

- tissue uas’carefnlly_removed from the ganglion from which recordings

' would he.made, ‘This was usuallyvthe ganglion (either IXth or Xth)
: t .

)

-

with the 1ongest and thickest ramus communicans. "The other structures

¥

not re&uired were trimmed anay to render a preparation similar to the\
one illustrated'in eithergFig._7A,or 7B. The delicate sympathetic

chain woslleftewith'SOQe connective tissue attached for protection.’

N
\\

At this-point the preparationjwas ready for transfer to the sucrose

gap recodding_chahber (see Section BL).: - e

'b)  Intracellular preparation

o -

Bullfrogs were pithed'and dissected in the same way as for'the

73

sucrose gap preparation except that the VIIIth spinal nerve was not -

required and the IXth and Xth Spinal nerves were cut as far caudally.
\\a\\fossible (Fig. 8). Recordings were usually made from the larger of

the thh or Xth ganglion. Again,’ as . with the sucrose gap‘

. \

dissection, as nuch of the connective sheath around the ganglion to. be

T
T

recorded from was reNDVed without damaging the nerve. cells. ‘Once the: -

preparation was transferred to the intracellular recording chamberf,'

(see Section Cl; Fig. 9), it was often exposed to 11 Trypsin (EC



~ren

e

Flg. . M:hmtlt duutng of Iau piglem or hna catesbeiana
-

nynpatheur, gmlm preparations used for sucroce~gap cxperi-en}-.

A. Arunguut ‘for Eecordlng from the Xth gan;uon. B. Arrangement for

rccotdlng IXth ‘hnglion. Sy indicates bipolar electrodes used  to

orthodro-lcally stimulate B fibres in the sympathetic ch_a‘ln; S,

indicates bipolar electrodes used to orthodromically stimulate C

¥

fibres in the rostral portion of the VIII spinal nerve. Solid lines

‘tndicate B fibres; broken lines indicate C fibres. .
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Fig. 8. Schematic drawing of Rans catesbeiana sympsthetic ganglion

pteparation »u'sg_;d for Antracellular experiments. §; Indicates suction

electrode for orthodromic stimulation of B and C ﬁhu’n; Sz indicates

suction electrode for antidromic stimulation of B and C cell axons. .

' * _Solid lines indicate B fihres; broken lines indicate C fibres.
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The illustration in Fig. 9A and the schelatic diogran in Fig. 9B

' ahou the Xth ‘ramus co—unicans positioned across the nucroae gap with

q ,"
the attached Xth sp‘inal nerve stump placed " in :he . right—hand,u
i * / .

.'preparation arranged in this way, net changes in the average mbrane

s’ ~

' ‘potential of the Xth ganglion cells (population potential) could be

measured across the sucrosé gap. The left hand (pre-gap) conpar;nent?

contafning the gangl‘ion was grog,nded via a Ringer-agar bridge .and

» '?a‘s\:p

calomel electrode (see Fiw»%) The right-hand conpdrtnent contain-

ing the severed axons "of the ganglion cells (in spinal nerve stump),

was connected (again using a Ringer-agar bridge and -calone-l electrode)

to‘the amplification andvrecording system deacribed in Section B3.
2) - Stimulation

The sympathetic chain and the rostral por_tion of ‘the VIiith

14

spinal nerve were positioned over bipolar platinum stimulating elec~
trodes immersed in mineral oil as illustrated in Fig. 9B. Fig. 1B

schematically illustrate‘s the localization of two diff rent neuronal
. b d

pathways in each of these preganglionic structures. B cells c0uld be
2

’selectively stimulated through the sy-pathetic chain rostral to Q‘e

VIIth ganglion and c cells could be Belectively stimulated thtough the
rostral portion of the VIIIth spinal nerve (Niahi et al., 1965). A

single pulse of O. S millisecond- duration applied to the syapathotic

chain was used to elicit a fast conducting B spike. ‘A 1.0 msec pulse./ .

applied to the VIIIth spinal nerve was neceasary o evoke 3 slowly .

77
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(post-gap) compartment filled with Ringer's soluti&n. Wwith the



A . L Tightty Fating
. Perspex L

Ringer's Soluton
L

Sucrose
Ringer’s Solution
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Sucton , H
ke Colomel Electroce
Vi th Netve i ‘ ‘ Glucose  free
: . Ringer's Sokution
\ = o e
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. Seois

Fig. 9. Diagraes of s;crooe-gap chamber. A. Illlustration of u;tu-l

lut;oll-gnp chaiber used. B. Diasgram of ganglion prepl;ltlon
L

po-ltionedbiq chamber with electrodes in place ior stimulation of the

Viilth spinal nerve or ay-pa'thctlc, chlln’ and recording from the Xth

ganglion.
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propagating C spike. All single pulse stimulations were delivered by

Digitimer DS2 Isolated Stimulators. In order to recruit as many

, L o\
neurones of each cell type as possible, suprasaximal stimulation was

* B

set at 1.3X's the/ Yoltage required to prod(:ce the maximal population

spike size.

' ' ‘ : T

In the presence of 70 .M d-tubocurarime (to reduc*&?'tf?‘ ¥

of the nicotinic C fibre e.p.s.p., so. that it did not ;ni‘ciate an
) i

% g

action potential), slow inhibitory postsynaptic potentiaib (slow

i.p.8.p.'s) could be‘generated by \either single shock or tetanic
stinulat;dn\ of the rost‘ral portion. of the VIIIth spinal nervé.
Larger, wmore consistent responses were producea by reﬁetit;ve
séinulation (10 - 50 Hz) and, unless otherwis‘e‘Specified,_the optimal
‘stimulation parameters for slow i.p.s.p. genétation were 1 msec pulses
at 10 Hz for 1 second. This stimulus was delivered by co“nnet;_ting
three stimulators where a Grass S4 ‘gaced a Grass SD9 to deliver a 1
sec train of pulges at 10 Hz with‘pulae lengths and intensities set by

a Digitimer DS2 lsolated Stimulator.

3)  Recording and display

-

The potential across the ‘sucrose gap was measured using,l?iachet‘
-

Calomel Reference Electrodes E-6A (:iniatute porous plug type, Ca't‘.
No. _13-:&39—79), as 111ustratgd in Fig. 9B, These eléct’rodea were
fitted with Pasteur pipettes ‘filled‘ u;th 2,52 agar to form a bridge
between the Ringer's solution surrounding the nerve prepafation aﬁd

the glucose-free Ringer's solution making contact with the porous plug

4
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of the electrode. The 2.5% agar was made up in glucose-free Ringer's

solution. As 1nd1cated in Pig. 9B, the pre-gap gnnglion chamber was

grounded while the electfode'positioned in the right-hand conpattnent
] /

cohtaiqing the post—-ganglionic fiber§ was connected td 3 high
1npedende amplifiér, A block diagram of the‘atindlating and recording
apparatus used for tde sucrose gép studies 1is illustrated ;n'Fig. 10.
Recorded signals we}e displayed on heither a Tektronix Typd 564B
Storage Osc}lloscope or a Gould 2400 rectilinear pen recorder. The
oscilloacope was used to establish the viability of the preparation by
noting the amplitudes, stinulating thresholds and maximal stimulus
intensities for the orthodromically generated B and C action
potentials. Drug 1nduced potential changes were. displayed on the pen
recorder with the frequency response adjusted from D.C. to 5 Hz.
Downward deflections on the records presented iddicatd nelbrane hyper-
'polarization. Tetanically evoked slow 1.p.s,p.'s were also displayed
on the pdn“recordet and, unleds,othetwise stipulated,vthe trequency
rebponse.waaradjueted from ch: to 15 H;.

4) . Addition of drugs

All drugs and chemicals were applied to the ganglion by super-
“fusion. For the preparation of these solutions see Section D. Four

3—w;y Luer Valves (1 mm bore, Radnottl‘class,'cit. No. 120720-10) were

installed as close to  the inlet port of the gahglion chamber as

possible.- This enabled rapid and discrete changes in Ringer's

solutiong with minimal dead space and diffysion time without - inter-’
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rupting the .mpf:tuuon. With s fast flow rate of 3 - 6 ml. min™'/
the dead time was reduced to as little as 10 seconds. The flow rate
of the Ringer's solutifons (conuiﬁlng various drugs) was rcgdlnt“ b);"
a needle vaslve tubing clamp positioned dmm-crenu-ofl the d"ﬂly
valves. The .Iingcr'o_ nlﬁtlon;uuperfuud, over the ganglion was taken
away by a J-cum line (Fig. 9B). Isdtonic sucrose superfused over the
ramus conun‘icnns was likevise removed by aspiration. Ringer's
solutions and the 1fsotonic sucrose were contained 1In separate
reservolr bottles with rubber tubing outlets fit.te)d‘near the bot.to-.
The ,oluiiom were delivered to the 3-way valve“ system by ?olyvinyl
chl,oir:ide " intravenbus drip aise-bltes (Tr;venol "JC0002). These
;sulblies' were equipp;d with tubing clamps which were used to set the
f'Iov rate of the {sotonic sucrqse at 0.2 - 0.4 ml. ain~!. All

superfused solutions were at room femperature (20 - 24°C).

C. Intracellular experiments ™

1) Chamber and _grepatatioh ‘\\

The bath used for the {ntracellular experiments together with :
sy.-pathe:;'ic ganglion ptep@tntion is 1illustrated in Fig. 11; The
plastic walled chamber was permanently mounted to the stage of a Wild
M3 d~1s‘)-ect1ug licrc/ucope vhich was in turn affixed to a heavy cast
iron platform supported by six ‘te!‘mis balls ‘which served to limit
vibrations. The transparent chamber was illuminated from beneath the

microscope stage by a 12 wvolt D.C. incandescent bulb. The entire

apparatus vas enclosed:in a grounded Faraday Cage. The base of the

N
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‘chamber was coated with trsnslucent silidone rubber (Sylgard 1982, Dow

L2

Ll

Corning 005p.) so that tho ganglion could be immobilized on the bottom
of the bath with fine.stainlésa steel insect pins (Minuten Pins, Fine
Science Tools). Also embedded in ghe ;alicqne base was a sintered
Ag/AgCl ground electrode (Transidy&e Instﬁfﬁ/;\ta)f The total volume
of the bath was approximately 5 ml, but the level of superfusing
"Ringer’'s solution was usually maintained as low as possible so that
the actu;l fluid volume was only about 1 to 2 ml.
'2) Stimuation
Several suction electrodes of various aperature didmeters were
f;;ﬁioned from drawnlcapillary tubing. In this w;}, a pipette tip
couid be chosen which would tightly fit the nerve to be stimulated.
The ganglion was étimula{ed orthodromically (presynapticafl&) through
the rostral portion of the sympathetic chain (containing B fibres) and
ﬂ antidromically (postsynaptically) through the caudal end‘of the spinal
nerve (containing B and C fibreg) as shown in Fig. 1l. The p;sitive
terninaié of the stimulating wires were placed in the glass pipettes
containing the nerves and single pulses (1 msec) of at least 1.3X's
maximum 1intensity were delivered by Digitimer DS2 Isolated
Stimulators. Cell types (B or C) were identified according to the
cgdculated conduction velocity of the antidromically evoked action
potential. The criteria of Nishi, et al. (1965) were used where

=1

conduction velocities greater or less than 1 msec designated B and C

neurones respectively. Conduction velocities were calculated by

B4
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- Cat. No. 15120F) or Frederick ‘Haer borosilicate capillaries with Omega ‘

¢

J

dividing the distance (m) between the stimulating andb recording
electrodes by the latency (sec) between ‘the stimulus artefact and the
onset of the action_potential.h | .

Action potentials were alzf:evoked by direct stimulation. 'This
was achieved by either passing ‘a brief depolarizing polse of current

through the recording electrode (see Section C3a) - by ‘passing

hyperpolarizing current to generate an: anodal breek spike.

-3) Recording

a) Electrodes . o - C
Glass micropipettes were” pulled on’ a horizontal Frederick Haer
Ultrafine Micropiette Puller; A variety of capillary tubing was used

but the beSt' results" were obtained with either World Precision

Instruments Kwik-Fil Glass Capiflaries (0. D. l 2 mm, I.D. 0 68 - mm‘l-

7

Dot for rapid fill (0.D. 12 mm, I,D.V‘6g6 mm; Cat. Ne. 30- 31 1).

Successful intracellular record&ngs Sere obtained with electrodes

3
K’/ing tip resistances, ranging from 20 to approximately 150 MQ.

However, micropipettes with the sharpest tips (te minimize penetration

injury) yet the lowest resistances (to facilitate CUrrent passage)

were. found to’ be optimal. Micropipettes with tip resistances between

20 and 30Q with an approximate taper length of 10 mn were pulled with .

the Frederick Haer'glass on the Ultrafine-Micropipette Puller with the

-

following settings (in arbitrary units) optical switchdscale'lOS,

glass preheat 225, primary pull 298, secondary pull 336 'pull delay

85
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223‘anddcoil temperature 348, " A coil configuration of - seven turns
vvith '0.01!‘4" pl'a_tinum_.wire was used. The micropipettes were filled:‘
using a.syringe containing filtered IM KClo(Millipore,'0.45‘pm pore
size);;fnicrOpipettes Qere completely filled to the tip within‘téenty
ll‘linu.teis. ' |

( The micropipette was positioned in the vicinitv (withinll mm)rof‘
.{// the ganglion cells with a Narishige manual micromanipulator (Cat. No.

10630) which was firmly ‘bolted to a cushioned iron platform (see

\)

Section Cl). A chloride coateh silver wire was inserted in the KCl
filled micropipette to connect it with the amplification and recording

system_‘dlagrammed in Fig. 12.> ‘The silver wire was “coated with

o/
.chloride™ by connecting the wire to the positive terminarl(anode)jof a //-
‘ ' : ' ' ' C/

D.C. power -source, connecting another silver wire to »the -negative//

terminal and immer51ng both wires in concentrated HCl for 10 - 30 séc
. : /

until the wire was uniformly covered with a. thin grey coating. yThis
e o
y proeedure yields a reversible electrode which will. allow stable
. ' . ' b
recording for long periods. The reVersible redox reaction gbr these'
» o ) \ .’/ . )

electrodes is Ag + C1- - AgCl + e“.

o
o
.l

The steady liquid-Junction potential between the 3M KCl in the
nicropipette and the Cl1™ :concentration in the extracellular Ringer s
solption was 'compensated sing the. D.C. 'offset cOntrol' in the
preamplifler (Dagan 8100) This control was not altered further once
" a cell had been impaled since it "is not known with any accuracy what

the Cl~ concentration is inside these.ganglion cells. It is also not
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known to what extent the electrode tip breaks upon entering the cell.

Both of these factors vould contribute to a tip potential with an
2 !‘

" unknown value. This degree of uncertainty renders measurements of .

absolute membrane pOtential‘slightly inaccurate (see Results).

b) Cell penetration
T . —

v Before the ganglion_‘cell‘ was_ impaled,’ the 'resistance':of ‘the
. electrode"was ’roughlv‘fbalanGEBﬂ using »the; bridgef controlw in the -
c"preamplifier of the Dagan 8[00; This was done by adJusting the bridge
control until injected current no longer produced a voltage response.,
Accurate balancing-of the electrode resistance was only attempted once
.the electrode tip was firmly sealed inside the cell according to the
method. of Engel et al. (1972). ) Essentially,_ this method involves
adjusting’ the bridge control until the membrane charges smoothly from
the resting 'potential. The bridge circuit is drawn showing its
B likeness to the circuit devised by Wheatstone’to measure resistances‘.:
ii(Fig. 13A) ‘and again to show its likeness to the modern circuits of an 9
i operational amplifier (Fig. 13B) An example of a membrane charging ///
in response to a hyperpolarizing current pulse when the bridge was in/

&ﬁ

and out of balanace is illustrated in Fig. 4. - ":',H S

/
/

After the electrode was positioned within l .mm of the ganglion
surface with the manual manipulator, a Burleigh Inchworm PZ-SSO was
lused to slovly advance (2 um/sec) the.electrode towards the cell. hItﬂ
ushould be noted that althOugh the Wild M3 dissecting microscopev

s

.permitted clear visualization of the . ganglion at 40X 8 magnification
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‘Fig.. 13. Bridge circulit for slsultaneous recording and’ current

1nj'ec't‘l‘on‘ drawn so as to: - A. - fesemble . the étreult devised by

Wheatstone. fo'r 'mea.su"r"ehw of :esisunce’ nnd,' B..> to show it‘s ll_lienecd

‘to more modern '.citcdlt,s < Purves, 1981). - 'R3 tn A a’_nd the " elements

enclosed in the broken lined”box in B\-corigipo‘inl: to. the ganglion cell .

. wembrane ;hd the réésrding electrode. -



40mV

200msec

Fig. 4. Voluge renpon-e of a lanl cansbd-u -mnthetic gnn;lion

'

cell to a hyperpolarulng square-\uve current pulse vhen the - bridge
val out of balnnce (not enough ‘added reslstance) A. 1o’ ballnce, B.
9

and out of~ba1-nce _(too wuch added nsuunce) ¢’ voltoge caubnuon

preceding the voltage response; S0 sV, 20 ms.
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'lndlvidual cnlls could not be identified. Hhile the ptcpsrctlon vas

- nA 800 nsec) were 1njected through the bulanced el#ctrode every four

seconds._ . Contact ‘between cell ne-btsne and dlectrode ‘tip was

indicated by . a voltage offaet i response to current on the Tektronix‘

o

kS&AO Oscilloscope. At this point, the Inchworm was sdvanccd even. more

-

a graded fncrnase in the amplitude of the voltage deflection‘ ‘The;

'grsded 1ncrésse in the voltage offset was due to lncreasing rsﬁnstance-

Q

~ to current oassage as the electrode tip pressed sgsinst» the _outer‘

urface of the cell nenggpne. When a substsntial a-ount of pressute

was»being applied, the tip of the electtodb was oscillated by briefly
_(less than | sec) and abruptly turning up the capscitance‘cohpensatlon

,*‘st the ptobefinput; . "Ringing” the electrode 1in this‘way.vlbr;ted the

; being approsched hyperpolsrizing current pulses pproxlnstcly 0. 01];

91

slowly uhile watching the Nicolet 2090 Digital Oscilloscope screen for_nc"

e . ‘ .
tip through the cell membrane. Oncéfinslde‘the cell it was oftenvu'

o)
.

. good seal 1ndicated by a steady resting potential was obtained. )

-¢) Data display and storage

The s-pllfied signals ucre recorded on either thelﬂicolet 2090

. Digical Oscilloscope or a Gould 2400S chart recorder as . indicated in

g Fig. 12. Fast responses such as action potentlsls and e.p.s. p. 's were o

"'stored on 5 25 inch f10ppy computer discs by the Nicolet 2090. The‘

data - for the curreat-voltage curves (see Section C4) were also stored

:'in'thls manner. Either Xidex Precision Flexible Discs (double sided,

: necessary to move. the electrode- ﬁorwstd or backward a few pns until a'



s

A}
. T

double _density, soft .eCtot) or;ginila% disce Sy Dysan Co;porntion
were used. Data stored in this way could be retrieved at a later date.
. tol.be photogfaphed or plotted uysing a Hewlett Packard 7015B X-Y
Recordér. h

"The Gould 2400S was uéed to record slow drug respénsea. Threé
-cﬁannelg dispigfé& a‘cutrent trace and a high and low gain voltage

. : < . ‘ .

trace. The low gain volt@ge record was used to determine the resting
membrane  pot¢ntia1 of the- - cell while the 'currenci trace provided a
reqqfd'of'an}”cutreﬁts'passed through the reébrding electtéd;.‘ The
frequency reéponse of all three th#nnels were adjusted from D.C. to 5
Hz. |

4) Curtent—voltdgg'éurves

Curnent—voltage (I—V) curves were constructed for a large nu-ber‘
of cellvan o:der to‘detetning their 1nput“;esistances.' Typically,

eight square-wave hyperpolarizing curreat pulses (approx. 800 msec) pf

increasing étféngtlt_were_;paéséd through 'q bﬁlpucéd (see FPig. 14B)

v_recording électrd&é\ana thé'resulting volthge Changés-uére'Eifotded“on‘

e

the. Nicolet 2090 (Fig. 155). 'Each current value (nA) and the plateau
‘~anplitude of . the cortesonding voltage response (nV) were plotted
VIas uhownrin Fig.<153. ¢Thg'slqp¢ (AE/A{) of_the linear portion of the
c;tve‘uné(t;ién-as the.inpu;'teqiatanée.of the cell.

»-

5)  Addition of drugs

A sinilar superfusion systeu was used 1n these experinents as was

déscribed for the sucrose gap experinents (aee Sectian 2B4). ‘One addi-
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Example of lntracél;ullnr technique used to determine the

iaput resuta"nce (ﬂ.-) of .a Rana catesbeians sympathetic ganglion

cell. A. series of elght square-wave hyperpolariring current pulses

and corresponding voltage responses fn & B cell with bridge properly

bslanced. B. Current-voltage (1-V) plot of data shown in A. Ry was

deternined from the. slope of the straight line portion o_f,'the 1-v.

curve.
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:iorinl feature of the intracellular lyttel was the intctpon
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No. 1-47-900) downstr_eam of the 3—-way Luer valves -but upa;; of the
. . N N I
)
)

needle valve tubing clamp (which 'reg‘ulaced\\the floi; of:

since the valve was operated electrically 1nstead of wmanually, this
minimized the danger of dislodging the electtode fron the impaled cell
during solution changes. All other aspects of the 1ntrace11ular
superfusion aystem were identical - t:o those of the sucrose gap system
dgscribed in Section 2B4. . t o N

D. Solutions for e"lectrophysiolbg!cal studies

'The composition of the normal ,frog ganglion Ringer's solution

used for bott. the ‘sucrose gap and intracellular experiments 1is

1ndiéated in Table 1. Deionized water (columns by Batnstead/Sybtbn.

[

the drugs and chemicals used for the electrophysiological studies are

listed in the Appendix. Stock- solutionsg of Natl, KCl, CaCl, and TRIS

(made with diatilled water at 10X's 1n$‘l\ Ringer's solution

concentration) were stored for up to three wee in “the cold room at

" 4°C. To make up the Ringer 8 solutions tequired for each expetinenc

' appropriate anounts of. these,stock solutions were % bined\ with

’.Corp.)' was,used ﬁo prepafe\all aqueous ‘solutions. The udppliers of

94



anhydrous D-glucose and adjusted fo pH 7.2’. All drug‘-oluttom were
nlao prepared fresh each duf and ﬁhencvet the Sﬁtferlngdcnpncity-of
the Ringer's solution was exceeded, the solution was brought'ﬁock to
pH 7.2 with the appropriate amount of NaOH or HCl. .

Denncthyllnip;auine (DML, 500 nM) was added“co the‘ Ringer's
'sblution for the majority of the adf;naliqevexpcrineﬁts usin& both the
sucrose gap and tntracellular tethniques.

In n§n§ qf the garly sucrose gap experiments, and particularly
in all the ones involving sodium orthov;nadate (Na3v0,), sodium
bisulphige (0.1 uM NaHSO3/1 M adrenaling) ias used to retard
oxidation of the adrenaline solutions. Although NaHSO; was effecqive
in preventing the appearance o£ adenochro-e for -ani hours';pdlaléne
NaHSO; did not afféct the resting mewmbrane potentiai,. 1£aﬁ use was
discontinued in lacerbexperinents. It'was‘felt that the amount of
adrenaline which oxidized in the dimly lit Faraday Cage had a negli-
gible éffecg on thé,ovérall‘concentracion of adrenaline in the bottle.

Another special provision made for the Na3V0, experiments was

that all Ringer's .solutions were adjusted to pH 7.6 (from 7.2) because

-

this was the extent to which 1| mM Na3V0, shifted the pH of the TRIS
buffered Ringer's solution. Any atteampts .to bring the pH of the 1 mM
Na3V0, Ringer's solution back down to 7.2 with acid (2 M HC1) redﬁltéﬁ

in the solution immediately turning s bright yellow color due to the
" formation of polymerized vanadate species (particulafly decaianadace;
. .

~

n



n T

.. Macara, 1980).
\\'\ '
\\N‘ghe nicotinic antagonist d-tubocurarine (70 uM) was added to the
.
LN - .
Ringer's “splutions for the slow 1.p.s.p. experiments. . This measure
was necessary in\ order to block the Estnynaptic generation of C

spikes, the afterhyperpolarizations of ich would obscure the true

\~
amplitude of the slow 1i.p. «
All drugs and chenicabq?te_ completely soiuble in normal

o ®;
‘Ringer's solution at the applied cohu;ra\tions with tﬁ exception of

~.

N
60 LM concentrations were made up in Ringer's solution by dissolving 2

ng of powder in 2 ml of DMSO and bringing the volun‘ek up bto 100 ml with
3

Ringer's solution. To control for any effects of the added DMSO,

it was necessary to i;lclude' 22 DMSO in all other Atug solutions used

'in these experinent's, including the control Ringer's solution. It was

observed, however, that the ganglion prepatationﬁlé'euined viable for

iany hours exposed to this amoum:4 of DMSO.

Due to the labile nature .of the bee venoa apamin, fresh solutions
vere made up immediately prior to performing the experiments. 1 mg of
the peptide (powdered preparation, Sigma) was dissolved in 493 .l of
distilled /wac;r to make a stock solution of 1 wM. The apamin was
qualitativ’;ely bioassayed. for activity on‘rabbit jejunum according to
the method of mllef and Baer (1980). A 500 nM concentration of the
active compound was then made up in normal Ringer's solution for the

sucrose-gap experiments and in Ringer's solution containing 5 oM

caffeine for the intracellular experiments. On a few occasiouns, the



bioassay, the sucrose gap and the intracellular experiments were all
performed on the same day. Apsmin solutions were never stored and
re-used.

E.  NaK-ATPase experiments a

1) Prepiration of microsomal membranes conta{iiqltyaK—ATPase

|

activity
a) Solutions

The constituents of ' the Honogénizing,_ﬂagh and Suspending Buffers
are indicated in Table 3. Deionized'water.(Barnstead/SybronkCrop.)
was ugéd for all biobchemical solgtions. All solutions were filtered
through a Millipore filter with a poré size of 0.45 M. The suppliers

of the reagerts used jare specified in the Appendix.ﬂ

b) Bovine brain
_-whole b;vine bra%n was obtained fre#h from the 'abbatoir
‘(Quellettg Packers Ltd., Edmonton) and transported in a container
filled with Homogenizing Buffer and packed in crushed ice; The tissue
was cut into small pieces and homogenized 1in JlSX's volume of

Homogenizing Buffer. This procedure was performed at 4°C using 2 x 10
sec. pulses of a Polytron Homogenizer (Brinkmann Instruments) fitted

with a PT-20 genétator and operated at setting 6.
A fl&w diagr;-‘of the centtifugation éteps fér the prepatation of
the niéroso-al né-branes ‘pontaining Nak-ATPase Lctivity (NaK~ATPase
|
preparation) 1is shown in Fig. 16. A refrigerated (at 4°C) Sorval

RC2-B centrifuge equipped with a §$834 rotor was used to perfbrg the

/
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CNS tissue homogenate

B 10004q (15 min)
superriatant residue
)

12,0009(20min) «

residue ' supernatant
j

|

48,000g (30 min)

‘?
|
-‘,r l

rjefiidue '~ supernatant

[
\'\'2 wosh:es at 48,000qg (30 min)
|

i
|
|
|
|
f

Fig. 16. Flow dl.g/ran for isolation of “microsoma]l wembranes froe

bovine bratin and bul{frog CNS ttssue containing NaK-ATPase activity.
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.‘%eparations. Cellular debris was ‘“removed by centrifugation

at 1,000Xg (3, 000 rpm) for 15 min. The remaining supernatant was then

centrifuged at 12 0005§g\ (10 000 - rpm) for 20 min. to eliminate possible

9
i

contamination from mitochondrial particles. This supernatant was -

this Eetting... The washed pellets'were resuspended in- Suspending‘

.

centrifuged at 48, OOOXg (20, 000 rpm) fdr 30 min. - centrifugations at

-~

99

’,N.M.

;Solution,‘and store “in 1 .0 ml aliquots at —20 cC.

/

~'¢) Frog CNS

Follow&ing ecapitat'ion? the 'brain and spinal cord of 12 “bullf'rogs:

were quickly removed and placed in pre—weighed Vials in the cold room

: Y _ ‘
(4 C) ,The 1734 grams of tiSSue obtained- was then.treated in a

B

—

: manner identical to ‘that described in the preceding section for the

bovine bral.n. o

-~ d). Frog sympathetic ganglia

Following decapi‘@ation (of 'the same"frogs as in the preceding ,
Section)_ the paravertebral sympathe_ti'c.- ganglia (VIIIth - Xth)- and

interconnecting sympathetic chain were removed and placed in chilled

_ pre—weighed vials in the cold room. The 88. 3 milligrams of tissue.

i

obtained was homogenized in 20 volumes of icercold Suspending Solution.,

o

vusing a 'teflo glass tissue homogenizer._ The- resulting slurry was

o
then sonicated to further dissociate the tissue. The homogenate was’

separated into 220 ul aliquots «oand frozen at -20°C. ) Due  to the

extremely .small size.. of the sympathetic ganglia, i‘t was. physically

,

"i\mpossible to performf.any of ‘the »purification steps thfat‘ were done-

3 . kg
. . . a

-7

-
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with the .bovine brain and frog CNS enzyme preparations.

2) Continuous enzyme linked spectrophotometric assay

Total ATPase actiivty was measured uSing a @ouﬁled optical assayM

i
similar to that previously described (Schoner et al. 1967 Charnock et

al. 1977) at 340 nm. Fig. 17 schematically. @llustrates the reactions

“which link the hydrolysis -of ATP to the oxidation of ~NADH. The
composition of the Reaction Mixture is dutlined iit Tabie"j.
| | A Gilford 2400 spectrophotometer titted with a Jacketted ethylene
glycol/water constant temperature bath was used in these experiments.
The temperature of the SpectrophOtometric ceii was controlied to 37 *
0;2°C for 'theu hovine brain‘ experiments mhereas 'assays of . enzyme
‘ ’ : o . ‘ 2

~activity in- frog .CNS ‘and sympathetic ganglion membranes were not

temperatureucontrolied and run at room;temperature (20‘- 24°C). After

the Reaction.'Mixture and enzyme _preparation had equilibrated for

_several minutes in the 3 ml plastic cuvette,’:the reaction, was

o

initiated by adding ATP to'a final concentration of 1 mM.‘ The ATP was

100

thoroughly mixed with the cuvette contents with a small glass stirring"

stick. Equilibrium.aCtivity of the enzyme was assumed when oxidation
of NADH became 1inear;‘ Ouabain—sensitive NaK—ATPase activity was
‘taken as the difference between total activity and that remaining in

" the presence of 6 mM ouabaln. -

: 3) Determination of Protein Content and Specific Activitypgy
NaK-ATPase

The method of Lowry et al (1951) 'wasﬁ used to determine the



P{g. 17. Enzyme-linked reactions of spectrophotomerric assay used to

NaK - ATPase

ATP : ADP+PiI . i

'pyruVQte

lactate

»

NADH _ NaD'

"'measure rate: of ATP hydrolysis.

ATP
" ADP

Pi

"PK‘

"LDH

' NaDH

NADY

PEP

“ adenosine triphosphate
‘adenosine diphosphatg

inorganic phosphate

phoéphb(enol)pyruvate )

pyTuvate kinase .

lactate dehydrogenase
B—hicotinamfde-adehine dinuclgotide, reduced form

ﬁ*n;totlnanidg édenfneldinuqleoildg;voxfﬂfzed form
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_ protein content 1in the'bovine brain “and frog CNS preparatidns._ A
standard curve of 5. points was constructed for each protein assay

‘using . bovi arum albumin, A Gilford Micro Sample 300 N spectro—

102"

photometer' was*’used,:to ‘measure the ’absorbance' of .the-'samples:.at'_ :

' ‘ C : o - o ,
2650 nm. From the standard curVe, the precige',amount of protein

N

: (enzyme preparation) added to each cuVette could then be, established.
. This information was then . used to calculate the specific activities of

the enyzmes in the following way. The pmoles Pi- produced per hour was

,determined knowing ‘that " a stoichioméﬁiic relationship of 1: 1 existed"

between the: amount of Pi produced by ATP hydrolysis ‘to the ‘amount of ¢”

NADH.Oxidized;to NADf.: Use of the Beer—Lambert equation expressed"

,

below conpleted ’the: calculation of the specific; activities (nmolesl

<P1/mg protein/hr) of the frog CNS and bovine brain enzymes.

RS

‘A0.D. = e.Ac. 1

optiCal density (or absorbance)

]

-where: 0.D.

¢ = mM NADH
1 =1cnm light path (width of cuvette)
e = 6220 ¢! -1

o1
(absorption extinction co—e&ﬁ@cient fot NADH)

F. Data Analysis and statistics

"All values presented in the Results for the electrophysiological.‘

studies have been expressed as a mean (X) . standard error (S‘E ) with

the number of observations (n) indicated in parentheses.ﬂ» Unlesst

w‘otherwise specified, n represents the number of sympathetic ganglion )

' preparations in the sucrose gap experiments and the number of cells in



o

' the intracellular experiments. For the biochemicalfstudies, n denotes;

1

Student .t test was employed to discern whether or. not a statisti—

: cally significant difference existed between two population means.“

"~ Unless clearly stated otherwise, all data was' normalized fdr“'7

l presented as percentages (i.e. of a -control response or a maximum~

S

reSponae if a concentration-effect relationship was established) In

"L

b'other words,_each experiment served as its own control. Under ‘no

103....

‘_the number of times a particular measurement was made using one .

';membrane preparation.x‘, Where \appropriate, a paired r unpaired__

';’each‘experiment-(preparation'or cell). In this way, values have been

circumstances,were absolute values (e,g, 8 mV,‘umole Pi/mg protein/hr,_rf =

’etc.) compared between experiments. S R Ilf L e

£

Concentration-effect curves are illustrated ‘with straight lines.',

‘drawn from point to point.. No . effort was made to draw a smooth curve

However, for the purposes of determining ‘the ECSO and aome ICSO,

fwas performed on . the data in this range.“ The ECSQ or IC50 values for

vcould-not reasonably be'assumedi 1inear regression‘analysiswwas‘not‘

'

illustrate how the value was obtained.

'by eye through the points or to fit the data to a sigmoid function.5'

- values, it was assumed that the points. between 20—801 of maximumf .

V-approximately followed a straight line and linear regression analysisff ["

‘each individual experiment were then used to calculate a’ geometricv

» mean with-9§l confidencevlimits. Where a«straight—line relationshipc-

'-used and values of half—maximal effect were obtained directly from the->

,graph. :In these instances, a broken line is included in " the figure to_{
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"At' Post Aynaptic effects of adrenaline in frog synpatheticgg_gglia

l.'“ The adrenaline induced hyperpolarization recorded by the

|

Sucrose—g p technique

a). General

<§§,her of investigators have used the sucrose-gap- technique to

105

study he adrenaline induced hyperpolarization (Ady) of bullfrog"

,(Rana catesbeiana) sympathetic ganglia cells (Libet and Kobayashi,

4974 KoketSu and. Nakamura, 1976 Height and Smith, 1980; Rafuse and

§

~Smith, 1982). : An adrenaline induced depolarization (AdD)’ has also

been reported in these neurones, " but it occurs less frequently ‘than

-*

| _does the AdH (Koketsu and’ Nakamura, 1976 Rafuse and Smith 1982).

»In the sucrose—gap experiments described in these chapters using

'

leopard frog (Rana pipiens) sympathetic ganglia, only the AdH was

fobserved Ganglion preparations from the smaller frog species (Rana

: pipiens) were used in these sucrose—gap studies because it was’ found

than AdH recorded from the bullfrog ganglia (Smith 1984) o

Examples of AdH k] 'and AdD s: recorded from bullfrog sympathetic

ganglia and AdH 8 from leopard frog ganglia are illustrated in Fig.

‘ that the AdH in this tissue was less Susceptible to desensitization"

18. The AdH elicited by a 30 sec superfusion of adrenaline was

' '»was produced by 100 pM. Ad. Usually, ‘no response at all could be'

3
e

nobserved to" be a concentration-dependent effect. A maximum responsed‘

amplitude (ranging from 500 pV to 3 mV depending on the preparation)\, ‘

detected with 100 nM adrenaline.u The log concentration~effect curve -
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Smin

Smin
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flg. 18. 'Hé-bune potenth.l responses to’ idreml'ine »reco‘rd‘ed byvthe

lucroae-gap-technique. A. 1-6. Consecutive hyperpolarlzing responaea'

to 10 uM ndrenollne 1n a Rana cntesbeiana ayapathetic ganguon.,. vN}ote'

the appnrent desensitiution oi the responses\. “BL - Concentratlon-

.dependent depolarizatlons to adrenaline, Bl. 3 uﬂ, BZ. 30 uM, B3. 300

'uH in a Rana’ catesbeiana sympathe!:lc ganglion. C Concentraclon—

dep_endept hyperpolarLzatlons to' adrena“ne, Cl. 200 nH C2." 500. nM,

c3. 2. uM, C4. 10 uH, cS5. 20 uM in‘.a,' Rﬁma -gigiens sympathetlc’

vgang)lio\n‘. Upper calibration bars apply to columns ‘A and B; ‘lower
. cniibta'tiﬂon bars apply to row C.  Black bars ‘under 'traces l‘nd.lb‘caté

; pérlod of su;}erfﬁsio'n of-adrehaliné. Traces 111ustrated in rav C were

obtained 1n the presence of 500 nH DHI. Al_l tracgu\ were‘obtatned frou_ )

‘a rectiu‘mar pcn_:recorqer.

Imv
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for adrenaline is illustrated in Fig. 19. The data was normalized to

accommodate for the variability in size ofvthepmaximum Ady in each

preparation. The ECgq for adrenaline,iwhich“was'determined from the

straight line established by linear regression analysis (between 20

I

Qand 802 of maximum response, see Materials and‘Hethods) ,waS'l 65 pM'

with 95% confidence limits of 1 23 2. 21 pM (10 determinations on 5

o B )

) preparations)

:b) Effect of desmethylimipramine

X

‘In‘CatfsuperiorfcerviCal ganglia, catecholamines remain largely
”'}unmetabolized (Adler-Graschinsky et - al. 1980) In rat “ganglia,

H—noradrenaline uptake has been reported to be inhibited by the

fcatecholamine»uptake'blocker desmethylimipramine (DHI ICSO apprdx;\1

lO.nM°‘Hanbauer et al. 1972). In an . effort to investigate if such a

i
N

"mechanism for catecholamine inactivation exists in frog ganglia ‘the

effect of DMI was examined on the AdH. It was typically observed ‘

'that 500 nM DMI potentiated a submaximal AdH (elicited by 1 M Ad);,'

- by oger 1001. The log concentration-effect curve for adrenaline in :'

h."v

fthe presence of 500 nM DMI is illustrated in Fig. 19. The ECsg for

adrenaline (in the presence of DMI) was calculated to be 270 (220 =-340)

o

{
© nM (8 determinations on- 5 preparations) Use of ‘the unpaired t testg

'demonstrated that this ECSO was statistically different than the ECSO_

‘for adrenaline in the absenoe of DHL'(p<0 001)‘ DMI (500 nM) was not

'observed to have any intrinsic action of its own and*it had no effect

" on the amplitude of the maximal :AdH, - eThus, vunless.,otherwise

'
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33
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Fig. 19. Log vcvo‘ncent‘utlon—eft'evct curve for adrenaline finduced

'hyberpol;rization (Ady) of Ranalgigiéns sympathetic ganglia recorded

by means of.the:shcroée—gap technique. - Circles: Ady in presence of

VQOO..nH DMI ‘(n=8), tri#nglég; Adh “in absence of DMI s (n=10). Eachl'

upolntxlndic;tes the nornﬁliied mean Qiih standard error bars. : L
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2. Intracellular studies with adrenalinev
L

©

)

‘this concentration of DMI was routinely used to potentiate

the Ady in 1 sucrose-gap experiments.  Also, 1 LM ad:gﬁaline (in

the presence of 35 nM DMI) was used as a test concentration of

v e

adrenaline in ~many experiﬁents' because it produced. a large but

submaximal Ady.

&
@

In sﬁite of the relative ease in obtaining Ady's in ganglia of-
both 'frog species wusing the sucrosesgap technique, convincing Ady's

were not: satisfactorily recorded from Rang catesbeiana using conven- .

tional intracellular techniques. This cotfoborétes the'findings of
othef investigators working with frog sympathetié ganglia (Koketsu'and

Nakamura, 1976; Kuba and Koketsu,-{978). A number of possible'réasons

“for this negative result are reviewed in the Discussion.

Stable intracellular recordings could be obtained from B and C

~109

cell soma for several hours.  In order to test the ‘effects of

adrenaline, it was necesshry to hold healthy cells for at least 15

+

min. Although 1individual ‘cells: could- hb@l Bé ‘visual1zele~$Qst>

recordings were obtained from cells of the sﬁperfigial layers so that

diffusion of superfused drugs to the impaled cell would not be

seriously inpeded.f As mehtioned in the Hatériglh and Methods, B and C

neurones . were 1dentified according to thev‘éonduction‘ ve1§cft1es

(ﬁ.sec‘l) of antid;Omiéallyj evoked  potent1als; ‘ Representative

exémples’of B aﬁd C spikes‘areisﬁown 1n'Figq'20 A and C. Stimulation

G

of the rostral portidnvof the sympatbeticAchainv(see Materials and -



.‘\’
* 5

T 1300pA
J30mV
I00msec

Fig. 20. Intracellular recordings “from B and C cells of Rana

. ‘ ) o —_—
catesbeiana sympathetic gakglia. A. antidronically‘ evoked B spike;
B. orthodromically evoked B spike; C. antidromically evoked C spike;

D.- orthodromically evoked fast e.p.s.p. ‘recorded from B cell; E. B

L I N L . »
. splke evoked by direct ‘injection of depglarizing current_(rheobase);

E. B spike evoked following the termination of a hyperpolarizing

current pulse‘ (anodal. break spx.ke)'. Top~left calibration bars for

traces A, B ar@ ‘C. Records A'and‘ B were taken from ‘the same cell.

. Records C, D, E and F were taken from four di{fferent cells. DMI (500

nM)vwas present in all Rlnﬁef'sﬂl solutions. ‘

110
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Methods) ev;ked'eiéher an e.p.s.p. which usuélly reached threshold for
thé production of an orthodromic action pocentiél. A 'subthreshold
fast e.p.s.p. is illustrated in Fig. 20D. vNote from the example given
in Fig: 20B that the AP,y of the ‘orthodromic spike was obs;ured by
the underlying fast e.p.s.p. Normaily the amplitude of the
orthodromic spike was lesslthan the ampi;tude.of the antidromic spike
in the same cell due to the shunting effeq; of »the fast e.p.s.p.
(Blackman, et al., 1963). Action.potentials could also bevditeétly
evoked by injecting depolarizing current pulses through the recording
electrode. Another methody was to préducé “anodal Srgak" action
popentials by 1njec£ing hypérpoiarizihg. current. | Examples are
depicted in Fig. 20E and F. | |

Only B and C cellé‘with antidromiéélly eyoked action poteatial
amplitudes.greacér than 70 wV and stgady reéting_ﬁembrane potentials
greater thad -40 oV were usgd‘for testing thg effects of adrédaliﬁe.
Table 4 éummarizes thé essential properties of ‘the. B :and C cells
from which stéSle intracgllular recordihgs were qptained.A ?;ospects
" for detecting] sdﬁ;i membrane potential changes in respbnse to

adrenaline were considered to be further improved 1f the cell input

'resistance wvas as:large as possible (up to 500 MQ). The ‘electrode

resistance was usually limited to less than 100 MQ, sinée it was
required ﬁbat constant current pulses of variable amplitude'be passed
through the recording electrode in order to establish a

current~voltage (I—V) relationship for each cell. High resistance

Al
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Electrophysiological characteristics of B and C neurones

112

Table 4

of Rana
catesbeiana sympathetic ganglia - intracellular -
- '
Cell. Cond.Vel. APampl. AP  ampl AP  dur q% , &?F
Type (m.sec'l)a (mV) (mV) (msec) (mV) (MQ)
B 1.85¢0.16 80.1+1.9 26.5+0.7 192+15 50.340.8 194+28
n=57 n=54 n=54 n=54 n=54 n=22
C- 0.24$+0.03 79.9+1.2 25.7+1.3 125+23 51.3+3.2 167t53
n=14 n=8 n=8 n=8 . n=8 ‘n=2-

’a,b For calculations of antidromically evoked action potentiél
conduction velocity (Cond.Vel.). and input resistance (Ry) see

Materials and Methods.

£
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)’ .
velectrodes of greater than 100 MQ generally exhibited poor current
passing properties -and onsequently ‘c0uld not be used in these

experimentS-J The slow flow rate of the superfusing Ringer 's SoﬁR;ions

-1,
v(0-1‘0-5 ml. min™"; " see Materials and Methods) necessitated an

estimation of the diffusion time for the adrenaline to. reach the

iﬁpaled Cell-‘ This was determined-to be in the range of 30 sec to 3
. : \

min depending on the flow rate. I—V ourves were constructed before

- and during the estimated peribd “when the adrenaline was in COﬂtaCt
with the impaled cell, in order to examine whether any - change in ‘input
resistance (Ry) occurred during exposure to’ the adrenaline. The
method'for'constructing the I-V curves is described in the Materials
and Methods.

Adrenaline (2 to 100 kM) was ‘superfused for 15 t6‘90_SeC over
ganglia in which the recording conditions and properties of the 54

B and 8 C cells Studled were deemed to be optimal. This.concentration

o

range of adrenaline~ failed to. produce any reproducible changes_

,(depolarizations ‘or hyperpolarizations) in the restlng potential of

_any of these cells. ' Furthermore,’ no change in Rp was detected

(~..

during the adrenallne application. The I~V curves before -and during .

1
¥

the adrenaline Superfusion were generally superimposeable- Represen—

etative examples Of I-V curves for B and C cells are given in Fige 21.

It would appear from these attempts that an Ady is extremely diffi—:

cult ‘Or'imPOSSible) to record from i single cell soma of the bullirog

sympathetic ganglia using conventibnal intracellular techniques.

o
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Fig: 21. Current~voltage ('1—V)bcurves in’ the preseﬁce and abseace of

adrenaline obtaiﬁe‘d by intracellular recordings from a represeﬁtativé_

B and'C cell of Rana catesbefana sympathetic ganglia. Upper figure
shous the 1-V curve obtained f- B cell with resting membrane
potential (Ey) of -56 @V ‘and tnput resistance of (Ry) of:100 MQ.

Neither the Ep nor the Ry were changed by 10 pM Ad superfused for

90 sec. Lower fgure shows the 1-V curve obtained from a C céll with

P;,.n of ~42 @V and Ry of. 200 MO, Neither the Fp nor the Ry were

. changed by 50 uM Ad superfused for 15 seconds. In both figures closed.

cﬁ'cles indicate control responses while - open - circles indicate
responges in the presence of Ad. DMI - (500 nM) was. present in all

Ringer's solutions.




| - A 115

€.

_ B. Identification of the adrenoceptor which mediates the -adrenaline

induced hjperpolérizatidn

‘rn the posé;synaptic neurones of‘mammalian‘sympachgtié gahglia,
'a- and-ﬁ—adrenoqeptor mediaﬁed evenﬁs have been &eSCfiPEd'(DéGroa;wand
‘Vo¥le,‘ l966;{'vBrown and c;ulfield; 1979; quﬁn. ,;nd_- Dunn, -
1983); "Dopamine vreééptqf mediated aétioné have alsd“”beeﬁ repofged I “fﬂ-
‘{Dun‘ et él,‘ 1977). - The noradrenaline inducéd hypgrpolarizagion
observed in rat sgperioffcervicai ganglia is broposed\to bé_mediatéa
by an dz—adrénoceptor (BrOwn‘énd Caulfield;’1979). Much lgss;isvknbwﬁ
aboﬁt:adrenoceptors in.amphibian'gaﬁgiiaw Koketsu and Nakamu;a (1976)

- have reported, that the adrenaline induced hyperpolari:atibn (AdH)'id'

9JKR§Q§ catesbeiana sympathetic ganglia 1is selectively antagonized by .
. LN ‘ ‘ . e - ‘
phenoxybenzamine (15 .M). The purpose of the following study was to

,glugidaﬁe the adrenoceptor responsible. for thé mediatién“bf the AdH'

~

recorded by the sucrose-gap technique in Rana pipiens sympathétic

ganglia.

1. Adrehocqptor agonist studies

In additiqn to -adrenaline, .several adrenergic »agonists: were

bbserved  to proddée' hyperpolariiing responsess‘iﬁ “Rana pibiens
’ v . o8 o
sympatheticf-ganglia. Hyﬁerpolaniz1nag§responses were obtained to

'dopami;e (1 uﬂ)i 1soprehaliﬁe (1-100 M), a—meé%ylnoradrenaline (iOInM'
=10 uM) - and very .occasionally to clonidine (100 nM - 10 M) . o
Repfesentaﬁive responées to theseﬁfgonists are shown in Fig. 22. -No

.responées could be elicited byvthe application of methoxamine (1 HM -

LaM). - o %}

avi

%’3@.—
k=



Fig. 22. Desen.itl;;tton of clonidlne (CLN), doplline (DA).

) 1soprenaline (INA) responses recorded from Rana pipiens syupathetlc

" ganglia by means of the sucrose-gap method Al. Initxal tesponse to
100 nH CLN; A2 Initial response to 1 pH adrenaline (Ad), A3. Sééond

response to CLN was only 401 of 1nitial response. FUR Second response’

to Ad was. same as initial Ady; AS. Third applicatton of 100 nM CLN
: produced no response'at all. Responses Al-5 were evoked with a 15 ain-

1nterval betveen drug applicatioqs » 0.5 aV 'calibtation refer5~ to

a

CLN, 2 oV callbration refers to Ady. - B'l, Initial res‘pénée to 1 uM
pA;'Bé- Initial responSE to-1 uM Ad; B3. Sebond_reSponse_:d DA was-

*

reduced to 641 of control B4. Second response -to Ad was‘unchanged

-

from control; B5. Third response to DA was reduced to 332 of conzrol.

Responses Bl-5 were  evoked uith a 15 'min_ 1ntetval betueen dru

o

appixcatlonsl Cl. Initial response to 1 uM INK' c2. Initlal’respon

" to 1 uH Ad; 3. Second response to INA was only about 302 of control o

-

’tesponse,'Cﬁ. Second response to Ad vas same - as’ gﬁhsrol amplltude.
‘€S, Third applica:ion of luM ‘INA produced no tesponse. Responses were
.evokeé with a \20 “min .1nterv§1_ between drug applica!ions. ’“2;Vf
cnlibratign>?efers to Ady, 1 mV éalib}ation refers to INAfF Tracéé
.fiom-three different p{épar;rions ueré bbxa}ned from'a rec;tlinear-pen'

-~

recorder. Black bars under traces indlcate period of superfusion with -
Aa, DA.'CLN or INA. Ringer s solution in each ‘experiment contained

. o ~-—
500 nM. DMI. .
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"The responées to dopamine (DA), isoprenaline (INK) and,clonidine .

(CLN) were especially prone to a desensitization type of phenomenon.ﬂ'~-

Repeated 30 sec superfusions of the agoniSts (even when they werefl

spaced by’ 30 min) resulted im a gradual (e.g. DA) to very rapid..‘,

(e g.'s INA and’ CLN) decline in response amplitude.‘ The hyperpolari-“A

_zations obtained to "CLN were - particularly Small such chac a response :

measuring greater than 250 pV was observed in only one of six. prepara—"_

‘tions (Fig. 22A) _ 1t should be nocad that CLN failed to produce a'!

'response larger than 250 pV in 5 preparations regardless of whetherh

500 RS DMI was present or not (cf. Williams et al., 1985) vnThe‘

1

marked tendancy - of the CLN ‘DA -and INA re8p0nses to- diminish ini".

t

amplitude‘ ro repeated 'drug~ applicacions‘ made iifl 1mpossible~,;o _',7

determine a concenrration4effect relationship for these agonists.i-‘

Furthermore,Alin the ' magority 'of che experiments performed withf

antagonists it was Sbt possible to- obtain unambiguous resulrs, ‘Tne'u

J

effectiveness, or “lack of effectiveness of ';hév ntagonLSC was‘

obscured by the progressive decline in the control response anplitudefl

.“:

thar would have occurred even 1n the absence of che ancagonist.,'lt

‘should also be noted that the gradual disappearance of " che responsesﬁﬁ'

to CLN DA and INA was an irreversible phenomenon. NO measure . Of-A

recovery was ever 0bserved, regardless of the amounr of cine that the

preparation was :washed' following loss "~ of the;‘response. ' _Tned“

1rrevers1b1e loss of these agonist responses was not due to generalv'

4

deterioration of the ganglion preparation since AdH s of constanc

[l



‘ .ampli»tu&,e could still be eltcited.

ln contrast to the other agonists.‘tested thej az—agonist,

;a*methylnoradrenaline, ‘produced a hyperpolarizat on . (quNAH) that
was of similar amplitude and time. course to, the A I and that was no
’mqﬁe prone to desensitization than was, the AdH. y A»»representative

vcontrol reSponse to L PM aMeNA lS shown in Fig. 23A\ This figure also

\

L shows that the_az—adrenoceptor antagonist idazoxan (500 nM) reduced

' the amplitude of the aMeNAH (elicited with 1 E MeNA) to 11% of

i

control (see also next section of Results) : Analysis of the

-*concentration—effect relationship for this agonist in the'presence of‘
500 nM DMI revealed that the concentration of aHeNA which would‘
-produce a half-maximal response (ECSQ) ‘was 310 (130 730) nM (n-S)._

o The log concentration—effect curve for uMeNA, in the presence of . 500

M DMI, tis, uius‘uaced in Fig. 233.

i

Zl Cross-desensitization studies
-l' It is commonly accepted among phsrmacologists that if s receptor
“hmedisted response to an agonist undergoes desensitization, then the
iresponse to another agonist acting on the same receptor will also be
sdiminished (Gaddum, 1953' Rang; 1973' Moochhala and Sawynok, 1984).

. This phenomenum of cross-desensftization is often used as evideuce to

coutend “that ' two or more agonistsn[sct-'at~\the’ ‘sameé - receptor.

119,

. .Conversely,’ 1ackfof cross—desensitisation,.where one agonist induced

‘response  {s preServed whiie the other' sgonist ’induced reSponse~f

declines, would be taken to suggest chat the agonists ‘are. acting -
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H.g.'(ZJ Effect of ldnzoxun nnd concenzutlon-effect curve for aMeNA-

" induced- ) hyperpolarlutton (aHeNA“) from Rana -pipiens sympathetic

.,ynglh. by. Beans of"the sucrooe-gap 'tec'hnique. “A. Control aMeNAy

(to 1 uM aHeNA) response to aMeNA follouing 5 ain exposure to 500 nM
ldazo.xan;v' recovery aHeNAH follouing 65 ain washout of 1dazoxan.
‘Black ba.rs 'u‘nd.‘ér - responses ,1mﬁcate‘ period 30 t;;c) of aMeNA
;ppl‘icat-lon. DH! (500 nH) M8s pregent in the Ringer's solutlons for
'this experlment B Trdces.uere obtained from ‘a rectllmear per{

@

recorder.ﬁ B. Log concencnnon effect turve of hyperpolarization to

aMeNA " in ‘the presence qf 500 nH DHI. _Each’ polnt tepreunts the

=]

: uomlized mean (vlth standard error bars). of 5 uepnrate experl-entn.

The !Cgo vas detenined by the llnear ﬂgreulon ne:hod deacrtbed tn

the Materials and Hethod.. : o -

2%

;m
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(through diferent receptors or ‘at least different “receptor sites”.

It was observed in the course of . this srudy thaC, foria given

sucrose—gap preparacion, rhe AdH usually remained at al‘consrdnﬁ-
amplitude when 1 uM adrenaline was superfused for 30 sec at a 30 m1n~”

-‘interval. However if CLN, DA or INA were also applied at a 30 min

interval (but 15 min out of phase with the adrenaline applications)

it was . consistently observed that while the  Ady remained constanc or
declined..very . slowly, the  CLNy, DAH,wor_ INAH declined very .

rapidly. Selected experiments arebillustrated in Figs;.ZQA;:B and C. -

3.  Adrenoceptofr antagonist studies

‘a) Ineffective antagonists

Various adrenoceptor antagonists were tested against the :AdH-
(to 1 uM adrenaline 1in the presence of 500 nM~cDMl).), ~Fig.'-2&,
illustrates representative examples of ‘the effects observed with each -

antagonist. Equimolar concentradions (1 M) of _the non- selectivef

B blockers propranolol (n=4) and sotalol (n=3) applied for at least 25

min produced no measureable effect on the amplitude or duration of the

fAdH. Likewise, l uM prazosin (al—blocker) was- found to leave thev

“AdH uﬁchanged when applied to the ‘ganglion for at least 40 nin

»(n-3) : The DA antagonist, chlorpromazine~ (1 M), was observed to -

produce a slight (but scatistically insignificant) reduction in the:‘

.‘amplitude of the Adﬂ to 92. 2 + 5. 3% of conrrol after 30 min (n-é)

[N

b) Alpha—Z adrenoceptor antagonists

All three vaz—antagonists esred produced variable but marked



Fig. 24. Effect: of adrenoceptor antagonists on the Ady recorded
from ;Rin__u_' 212' 1ens)‘sympa‘the(.lc gangita by me;ns of the sucrose-gap
teér;niquc.‘ " Left h“and' column;"‘ control rcspo’nue._ to 1 uM adrenaline
?ecorded tﬁ' the presence of 500 aM DHI. >‘lCe'nn"e ‘columns; Ady
fesponses 'rec‘orded ‘after various times in lndica.t.ed concentrations of
ln;ngonistgs“- >F;"vogn top :or'bottom: .AdH ;:f[er_ 25 n‘iyn ln' 1 uM
'prolpranolol, Ady afte’r 45 oin tn 1 uM sotalol,’ Afi“ aftef 25 ain in
© 500 oM. ph, .mine,‘AdH after 35 nln‘ in 1 uH.praz;sln,'.Ad|i after
45 ain “ta 10 nH .yohtmbtné; Ady af‘ter 3] nlﬁ {n 500 oM ‘lda'zoxavn.
Concentrations of nntagohlsjts “are indicate;i‘ at “the top of éen;re
col@ns. >Right haqd col{anns; AAH r.esponées recorded.afte.r vaﬁouu
p"eriods of - washout - of anta’gonls'ts with normal DMI Ringer's solutfon.

»

Froa top to botté_m: Ady after 10 min washout with propranolol, Ady

' afrer 20 min“vashouvt.Ao‘f phen‘t;la;ilne, -AdH n{t.er 160 uirix(washou( of
" prazosin, » Ady aft‘c‘r 695 >m!;n uashouc of yohimbine, - A'd|;| a.fter 30. mfn
. gashogt 6f . 1}da'zobx‘an.‘_ Vol_‘tage ’uin.d‘ time Cali'b;gtion's at right refer to
‘each e:gperlnen:t (sebara.te. preparations ‘for euch‘ a‘nt_agpn'ist'). . Bluc\;
bar- under-_-‘.responjles .1nd1ca’tes p?riod- of superfusion of adréngline,‘
| A’Tr'a‘c’e's Qgre_’ bbt_alned “from arb r.ectllilnear pen 're'c'ol"de’r. DML (500 aM)
vas pres)ent l;\‘nu élng'er',é nolﬁtton;.. v »

¢



123

Control Antagonist ( uM) WoSh
. 001 05 10

'Proprlonol_'ol "1/ o | V 1/- __Ilmv
S%mbl' = 1‘/' ! 1‘/ B __]05““’, .
Phentolomin‘e‘ | . - | L ey |
Y Y v g
ey e
| Yohlmblne ‘ L/... - o | V' Jlmvi

ldozoxon ‘\/' '\/— .’].r. ‘V_JZmV ”



inhibitions of the Adyg. The amplitude of the Ady was reduced by

‘the non-selective (x; and,ap) blocker phentolamine (ICg5g=530 nM, n=4),

-and the aj-selective blockers idazoxan (IC50=590 nM, n=4) and

yohimbine (ICg5p=6.2 nM, n=4). The log concentration-effect eorves‘

i

from which these ICgp's were determined are illustrated in Fig. 25,
While the antagonism of the Ady hy phentolamine and 1idazoxan was

rapidly‘reversible, the- blockade produced by even low concentrations

G

of yohimbine required several hours of washing for full. recovery to

" occur. It was consistently observed that when idazoxan was superfused
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over the ganglion, a trapnsient depolarization résulted. . The membrane

.pptentiai'alvays returned to baseline before adrenaline‘was applied.

--No ‘changes.‘ in .membrane ' potential were seen with yohimbine,
phentolamine or any of the qther antagonists used.

) Dopamine and’ aipha-Z receptqrs’

It ‘has been proposed that the- DAy - in mammalian sympathetic
,ganglia is mediated via an az—adrenoceptor (Brown and Caulfield, 1979;

Ashe and Libet, 1982) rather than by a DA receptor (Dun et. al. 1977)

Since the DAy obtained in Rana pipiens sympathetic ganglion was .

especially prone to- desensitization, the studies with antagonists were

difficult to’ interpret. In 7 experiments, the DAH (to 1 pM DA) was

observed to gradually diminish in the presence of equimoLar concen—

..tration of chlorpromazine."Since ‘the amplitude of successive DAy's
declined with time, it was impossible to ascertain whether this effect

was due to receptor antagonism or desensitization. In two experiments
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Fig. 25. Log concentration-effect curves for: A.' phentolamine, 8.

‘.*' ) . @ .~ N
yohimbine and C. "{dazoxan induced antagonism of the hyperpolarization
induced by 1 uM radrenallne (AdH) in the presence of 500 nM DMI.

Data was obained from Rana pipiens sympathetic ganglla using the

sucrose-gap technique.
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in which a reasonably comsistent, albeit small, DAy could be
\

elicited, it was possible‘td:demonstrate selective antagonigh of the
AqH by 10 nM yohimbine' when the small DAy was unaffectéd. Fig. 26
illustrates recordq/of?éne of ghese experiments. While it is unclear
whether the DAy in “\hese ganglia is senﬁitive to DA antagonists
(i.e. chlorpromazine:fg}b

et

.1s unlikely\ that the DAy is mediated by an
a,-adrenoceptor. i\\h i

v

d) Beta mediated effects?

Depolarizations ,to noradrenal ; and isoprenaline have previousiy
been reported in mammalian éym-l

1966; Brown and Dunn, 1983) and t"

B-receptor activation. Sensitivity to antagonists was not examined

with the . infrequently recorded Adp observed 1in Rana catesbeiana

ganglia (Koketsu and Nakamura, 1976; Rafuse and Shith, 1982)., If a

PR S .

ﬁ—adrehe;éié depolarizing effect occurred concurrently with the Ady

in the Rana pipiens ganglia, it might have been expected that the

Ady woul&‘ get largér in the presence of B—blockers.‘; It ‘has beeﬁ
showni in an earlier section of the Results that propranolol and
sotalol (both at 1 uM) ha% no measureable effect on the Ady (to 1 uM
adrenaline). Furthermore, no depolafizations could be producedfby\INA
(100 oM - 1 mM) or by high concentratioms of adrenaline (up to 50 uM)
when the Ady was comﬁletel& blocked by 100 nM or 1 uM yohimbine.
The B,—adrenergic depolarization  in brat‘_superior cervical ganglia

described by Brown and Dunn (1983) was only observed in freshly

-
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Fig. 26. Effect of yohimbine on DAy apd Ady from Rana- pipiens

sympathetic ganglia by means. of, the sucrose-gap technique. 1. Control

response to 1 uM dopamine. 2. " Control resporse to 1 pM adrenaline.

3. bAH recorded ‘after 25 min superfusion with 10 M yohimbine. . 4.

Ady recorded after 45 oin in‘yohimb_ine'. 5. DAy recorded 17 oin .

after washout of 10 oM “y,ohlmbine-. 6. Ady recorded 6% min after

yohimbine , washout." Black bars under tracés . indicatd pérlods of

superfusion- with 'advrenalihe (Ad) or dopaminé (DA). Traces were
obtained from-a rectilinear ben recorder. DMI (S(A)OlnM) was present in-

all Ringer's solutions.
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dissected preparations. In all of the sucrose—gap experiments with

Rana pipiens ganglia described“in this thesis,'only hyperpolarizing

responses were observed regardless ‘'of whether the preparations were

fresh or stored overnight at 4° C& It would therefore seem reasonable‘

to suggest that B—adrenergic effects eannot be observed in Raqa
pipiens sympathetic ganglia under the experlmental ﬁbnditlons of these

sucrose gap experiments.

C. Examination of the posslble involvement of catecholamlnergic,-'

! R

transmission in slow synaptic inhibition in amphibian sympathetic

ganglia ‘ L !

It has been proposed that the atropine—sensitive slou.inhibitory

post—synaptic pdtential (slow i.p.s.p.) recorded in Rgna-catesbeiana~

sympathetic ganglia results from a disynaptic mechanism 1nvolv1ng the

_release of a catecholamine .from an' interneurone (Tosaka et 'al. 1968

Libet and Kobayashi, 1974; see ldzroduction and " Fig. 3); Alter-‘

natively; it has been argued thatﬂACh can ‘act directly’on muscariniC-

receptors on 'the primary post synaptlc neurone to. produce the slow

i.p. s.p.k(Weight and PadJen, 19735 Horn and Dodd 1981) . In order to

‘ examine which of these mechanisms underlies the.slow i%p.s.p. in Rana

pipiens, a number of pharmacological agents were employed to compare

their effects on the hyperpolarizing responses rto:‘ i) the direct

.application " of the,'adrenergic— agonist "adrenaline»_(AdH), ii) ‘the

direct application of"the muscarinic agonist methacholine (MChy)

and ii1i) preganglionic stimulation (slow 1.p S p ).
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1. The slow‘inhibitorj.postsynabciq potehtlal and the methacholine
: _ % . —
induced hyge:polarization

A slow l.p.sap. could be’ generated {n Rana. pipiens sympathetic

neurones by stimulating tpe c fibres ln thel;ostral portlon of-che
VIIIth spinal nerve (Tosaka et. al. ‘1968; Horn and Dodd, 1983; see

Fig. '7 in Materials and Methods). Coutinuous supérfdsion of a

Rihger's_solution.containing 70'»M‘a—fﬁbocutarine (d—TC) was necessary
to. minimize the amplitude' of the nlcotinic fasc' eXcitatory post
f.synaptic potential (e p-S- p ) whlch would otherw1se reach chreshold'

. for the generation of a postsynaptic action potential. Either a

single shock or a train. of vrepeti:lve stimuli were 'appliea’ to the

*VIIIth spinal nerve ‘td induce 'a slow i.p.s.p. A number . of slow
O o

i. p.s.p;'s recorded by the Sucrose—gab‘ teeﬁnique and evoked by a‘

Lo

varieCy of stimulation parameters are illustrated in Flg. 27.. Al sec

train of 1 msec pulses at - 10 Hz was found to ,pgov1de an ‘optimum

1 . R+

response . and these parameters were used for the majority of .the

following experiments.lv Singe the _516§ i.p.s.p. recorded',by the

suc:ose-gap‘technique(%S‘a'population response, supramaximal voltage

i”.

intensities were applied in "ordef"to‘;necruit ‘as many neuroneé as

v o

possible and thus tbe same numbe; ofwgeurones for each stimulation,

o Sy
«.7 .p o

Slow 1.p.§.p.5 re?e never' evqked more_ frequently than ‘once per

) 91,»&;& B . .
minute. Slow i,p.s.p.'s eVokédéby the optimum stimulation parameters

were typically 0.5 to 3 mV in amplitude and 1 to 5 sec lp overall
duration. '

s
Bha:
e

1129
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Fig. 27.- Slow {.p.s.p.'s and MChy's recorded from rwo Spearate Kana
pipiens sympathetic ganglia by means of the ‘sucroéefgap techaique.

Upper traces: slow i.p.s.p.'s elicited by; single shock; tetanic
PP c -p-5- y: sing

stimulation (1 msec pulses, .50 Hz for | sec); tetanic stimulation

.

(1 msec ‘pulses, 10 Hz‘for 1 -sec). ‘Black bars under slow i.p.s.p.'s

indicate periods of stimulation:  Léwer traces: MChy's produced by

-

10 .M; 100 M and 1 MM MCh. Black bars under MChy's indicate pertod

(30, sec) of superfusion. Bandwidth was D.C. to 15 Hz for slow
fup.s.pi's and D.C. to 9% Hx for MChy's. All ttaces were obtained
frow a rectilinear ' pen recorder  and . retouched 1Or - ClearTer

presentation.
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In ‘Rana pipiens the muscarinic tesponse to. nethacholine (HCh in

"_the preaence of 70 pH d-TC) was almost wholly a hyperpolarization

Dol

-where the response to superfused MCh involves a long depolarizationvv-

' 'preceeded by a transient hyperpolarization (Weight and Swmith, 1980).

131

) (MChH) This different to. ‘what is observed in Rana catesbeiana_‘

Sometimes a small depolarization was ’d'etected at the peak of the

MChH in Rana pipiens (Fig. 27). This appeared "'as if a "bite". had

been ‘taken -Out‘ of ”the MChy. Very often the MChy was also followed

- by a slower after—depolarization. ~In the absence of any anticholine-'

"}

stérase agents, the ‘maximal MChH (to 1 oM MCh) was typically 1.0 to

4.0 mV in amplitude and 1.5 to/4 min in overall duration. The HChH

Responses to 100 WM and 1 mM MCh were observed to be of. maxi\mal
plitude but the MChy's' elfcited by 1 mM MCh ve»re ‘generally longer
in duration than those . elicited by 100 .M MCh. Sample responses t@»

th’ese‘concentrati‘ons of MCh are shown in Fig. 27..

2. Comparisén of the sensitivities of the Ady, MChy and slow

7 {.p.8.p. to_desinethylimipramine
Des-ethylinipranine (DHI) is widely aecepted. to block' nerve

terninal re-uptake of noradrenaline and adrenaline in a wide variety

of neural systems (Ive‘rsen 1975) D!{I has ‘also been shown to inhibit

'uptake of tritiated noradrenaline into superior cervical of rat in

@

k organ culture (IC50 approx. l0 nM, Hanbauer et al. 1972). v It has been’

) evoked by a 30 sec applicatiom of 10 .M MCh was a submaximal response.'

shown in the first section’ of "the Results that 500 nM DMI reduced the

L4
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EC50 for the Adu by a faetor of 6 (from 165 to 0 27 pM) In the .

present experiments, 500 nM. DMI was observed to potentiate ‘the

amplitude of the Ady (to 500 nM Ad) to 169 1 v 4 OZ of control aftet

at -leest 35 min (n=3). - The. duration of the AdH was also increased
o. 155.6 + 8. OZ of control (n-3) A representative experiment is

illustrated in Fig. 28. This potentiation of the AdH (amplitude and

durétion) was essentially irreversible since 'it -.wes. observed 'to'

persist for up to - 2 hours following the washout of DMI. ‘ ; e

' According to the hypothesis of Libet. and Kobayashi (1974

Intruduction), the Hchﬁ should result from the receptor—mediated'

-(muscarinic) release of adrenaline from an interneurone. 1f this were

the case, the HChH should be potentiated by 500 nM DMI in the same

'manner as was the AdH. However, in 4 preparations, 3500 nM DMI was

observed to have no measurable effect on the amplitude or duration of'

)

'the MChH elicited ‘by a submaximal concentration of MCh (10 pM) A

representative experiment is illustrated in Fig. 28, Likewise,,in b4

preparations this concentration of . DMI had no - potentiating action on(

a

the electrically evoked slow i. p s p. Since‘onlyj th_e response to

exogenously applied adrenalin'e (AdH) vas‘ potentiat.ed by 500 nM: DMI

and not' the KIhH nor the slow i PeS.P-, it would seen that neither '

of the 1atter two responses involve an adrenergic mechanisu.
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Fig. 28. : Effect of DMl (desmethylimipramine) on the Ady, the MCh, -

and the slow .1.p.s.p. recorded from Rana pipiens seympathetic an'gll'A

0

- by means of the.sucros‘e—gap technique. 1, 2 and 3. Control responses

recorded in K{nger's solution containing 70 M dTC. 4. Ady produced.
/ ‘ . Lo *

{by 30 sec .superfusion of 1 #M adrenaline frecorded 10 amin after

~evoke 'by- tetanie stimulation of VIIIth Eplnal nerve (l msec ‘pulses, 1

tarting super{@sldﬁ of dTC Ringer's solution containing 500 ‘nM DML. '

recyrded afier'ZO' min in dTC/DM! Ringer's solution. 6. Slow 1.p.s.p.’

sec, l0 WNz) and ‘recorded a(t.er 20 win superfusfon of dTC/DM! Ringer.’

Note potentyation of Ady but not the "s»?ov 1.p.s.b. or the MChy.

\

Traces 1, 2, 4Nand 5 from the same pr-.aratfon traces 3 and % from

another preparationy 2 aV/5 =min calitratfon bar  applies to drug

responses d!ld.' > m}‘:’)" seq "allbra;l;;n kto [ ‘.L.s.p. Black bars ‘undcr
respdngés. indicate 'per;ods vuf\\gjp'e.rfus. ws andrenaline o'r MCh
vhile bar' ‘labelled s uhde‘r slow. f.p.: & &adicales. period of
tflmla;ion. v ‘R‘e‘sp.oniiesv vere obuiped- frus a- rectilinear pen

reco'rder“. Bandwidth was D.C. ’to”S Hz for drug responses and D.C. to

.15 Hz for slow t.p.s.p.'s. . : o B ,
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3. Comparison of the sensitivities of the AduJ MChH and 8l

i pPe s.p. to catecholamine antegonists
' a); Yohimbine
.There are a number of reports in the literatUre claiming that

‘yohimbine is a selective az—antagonist in neural tissues (for reviews

: see Timmermens end Van Zwieten; 1981 Goldberg and Robertson,‘l983).

v

In en- earlier section of the. Results,’ it waso'determined ,that' the

134

adrenoceptor ‘Mediating the AdH; was most likely of . the- az-subtype‘_

,:Of the antagonists tegted, yohimbine Was found to antagonize the AdH
with the greatest potency (IC50-6 2- nM) A low conceutration of

'yohimbine qas» therefore used to test"éhether .there was . an

: ag-adrenoceptor mediated component in the generation of the MChy and

'slow i.pfs.p.VIOO nM yohimbine (16 times greater than the ICsg for N

A
* -

‘antagonism of the AdH) failgd o have any inhibitory effect on the .

. HChH (to .1 mM- MCh, n=4) or  the slowA &.p.s.p. (n-2) In;-the

experiment illuatrated in Fig. 29, the slow i p.s p.»and HChH were

'unaltered when the Ady was almost completely blocked.- The,lack of"

sensitivity of .the MChy ‘and’ slow i.p.s.p.d o‘_yohimbinem argues

"against an g@,-receptor involvement in the mediation of these response..

o

b) Chlotgromazine.

It hos been proposed that dopamine (DA) release from an inter—d;f,

neurone. ‘serves as the neurotransmitter for. the slow i p S, p. 4in

Mmammalien»ganglia (Libet, l970). Although it has been y

fvther claimed

'by the same author that this DA acts on an azfadrenoqeptor;rather'than,"

a DA receptor (Ashe and Libet, 1982), ‘it was of interest”in this study
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Fig: -29. }Ellffect of yohfmbide on Ady, MChy ;and slow ‘f.p.s.p. from

~Rana glgienﬁ syl;pathetlc'g'angi.ia. re.corded,,gy means of ﬂ\e ch;ése—gap

;echnii;ué. CCAll rés.ponses- u_er‘e‘ ok;fa-lne& from ‘the ;ane pr;paration In
. . : L C

_Hinger's édh;qun ~contatning 500 nM DMI ‘and 70 M dTC. 1. Control

. tesponse to L. .M a’dx‘-ehalin‘ek '(‘30 s.ec ﬁ;vpe'rfusioﬁ). 2. Control response

,gbv‘l oM MCh (3b ,sei.c ‘supeurhjxslony 3; Control s‘lgw L%',S"p' evéked by

étimulation of [VILIth gpinal nerve '(lb sec, 10 .Hz, i asec  pulse

fy

width). . 4. Ady l_'eclordéd‘ after 35 ain in.-180 N yohimbine. 5.

MChyy recorded: after 5(..1 ain in 100 oh ,‘ohgut;ine_. o Slc;v {-p-s.p.
réc;r‘ded after 15 afn 'in‘ 1()6 nf yohiambihe. Note Lhat' Ady is almost
blocked vﬁlié " the  MChy, and . slow 1.b.s.p. are u:;utzenuated.
Responses 7, 8 and 9 were recarded 35, 20 and 45 min after resuming
s;lr;t.rfusio.n with DMI/dTC Ringer's sollut'ign'.‘ 3 sec callﬁra{lbn’ bar

refers to slow {.p.s.p. records only. Black bars indicate periods of

superfusfon of adrenaline or MCh or‘period of tetanic stimulation(s)
for slow 1.p.s.p. Traces were obtained from a  rectilinear pen ' -

recorder. Bandwidth D.C. to S Hz for drug responses and D.C. to 15 Hz

for slow i.p.s.p.'s.

o ‘ ' ’
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to investigate whether the DA antagoanist chlofpromazine (CPZ) might

"have an effect on cne MChH.-‘ In four expei‘iments, CPZ (1 uM) was

found to have no effect on the MChH. A represent,ative experiment is
shown, in Fig‘.' 30. This figure ‘also shows that an Ady (to 1 PM Ad)
was slightly' reduc_ed by this equimolar concentration of CPZ. The lack

of sensitivity of the MChH to CPZ suggests ‘that a DA receptor 1s not

involved ‘in thi.s n;uscarrinic response. The effect of CPZ on the DAy

wé§ _ not examined in these - exper‘iments because of " the rapid
desensitization of the DAy. CPZ was not tested against the slow
i p 8. p. but others have shown that it was 1neffective in antagonizing

this. reSponse 1n mamalian ganglia (Dun and Karczmar, 1980).

4. Comgarison of r.he sensitivicies of the MChy and slow i.p.s <P:
o cadmium _
. . - v

It is. widely aecented that the evoked release (by muscarinic

stimulationl) of a icatechAolamine_ from a putative i'nr,ei'neurolne should be

©a Caz*-dependent phenomenon (Libet and Kobayashi 1974; Weight and

* Smith, 1980). Therefore, if this process is involved in the generation

ofv the "sloﬁ i._p.s.p.,"the MChy: should be antagonized by C_a -channel\

a

blockers. The inorganic’ Cez*—channel blocker, cadmium (cd?*), has

4
been shown to block ACh release at the frog neutonuscular junction

(Cooper and Henalis, 1984). cd?*+ (100 uM) appeared to be effective in

: depressing neurocranemitter release in the Rana )ipiens ‘ganglia since

it c_or_npie_tely and reversibly blocked the_.ce_t,anicali'y evoked slow

t.p.s.p. within 15 min in all 3 preparations examined. In contrast,
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Fig. 30. Effect of ‘chlorprosazine (CP‘Z)‘ on the PK:hu and ‘A‘,H
recorded  from a Rana gigtenn sympathetic ganglion bby" means. of the
sucrose-gap. technique. Upper traces: control P(:hu.(to'{ mM MCh);
nc_h"' folloﬂnfg 20 ‘nh; exposure to 1 .M CPZ; MChy 10 amin ‘following
rg-oval of 1 .M CPZ. Lower tr;.ces: control MH (tro 1 M A.d;);‘MH
following 30 amin exposure t;) i WM CPZ; Ady 20 nln.folloving resoval
ot In M CRL. -Bl(;ck‘. bars .lndh:ate period (30 ses ) i‘of drug
super‘fvusion. Traces were obtatined froa a x.'ectillnear pen recorder.

DML (500 nM) was present in all Kinger’'s solutions.
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‘the MChy (to 10 "wM MCh) was never reduced but actually potentiated

(to 131.9. + 8.9 of control, n=3) following at least 15 min exposure

to 100 pH Cd2+ Fig. 31A indicates the time course of action of cd 2+

on. ‘the MChH and slow 1i. p.s.p. Some of the original sucrose-gap
records of this,experiment are illustrated in Fig. 31B.  On the basis

of se experiments, MCh  would appear to ~ produce its

hypedpolarization ~(MChy) by a direct action on the primary post

ganglionic neurones and not via release of a catecholamine from an

. . "
adrenergic interneurone.

5.  Summary - ﬁutative’catecholaminergic neurotransmission in

amphibian sympathetic ganglia

Table 5 sumnérizes‘ the .data obtained to address this investi-

gation. - DMI (500 nM) only potentiated the response ‘(AdH) to

exogenously appltied adrenaline, suggesting that the',MChH and slow

i.p.s.p. are direct muscarinic events. Yohimbine (100 nM) only

antagonized the Ady, leaving the MChy and slow itpls‘p. completely

intact. These results again question a role for adrenaline in the

MChy and slow i.p.s.p..-_Thirdly,»Cd2+ (100 M) selectiveiy eliminated

}

the slow 1.p.S.p. iwniie it had no inhibitory effect on the MChy.
This would argue againgt the proposal that the generation of the
HChH requires the release of an adrenergic ‘neurotransmitter from an
interneurone (Libet and Kobayashi, 1974). Taken together thegg data

favour a mechanism for direct muscarinic actions of exogenous MCh and

stimulus-released ACh to produce the MChy and slow i.p.s.p;,
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Flg. J1. Effect of 100 ,.;H’Cd,e’ on the HCh" and synaptic
trensmission (slovv 1-p-s.p.) 1in curarized Eir_l_a‘fgiglens' sympathetic
gqnglia recorded | by ‘means of the sucrose-gap technique. A. Graph
showing .time course of effect of 100 .M Cd?* on slow t.p.s.p. ar;d
MChy . Abcissa; tln; in’ minutes, ordinate; applitude of MChy or
slow 1.,p.s.p.iin aV. B..Orlglnal data records vfro;a same experiment as
A. Bl. Kesponse to 30 sec s;.nperfusion of 10 M nc;,. B2. Control slow
1.p.s.p7 evoked by r;etnn-lc stimulaction of Vlillt‘h spinal nerve (1 sec,
10 Hz, 1 ;BCC’ pu‘lse width). Bj. MCh response recorded aftgr 35 ain
superfusion of dfrC Ringer's selution containing 100 .M Cd:“‘. B4,
Effect of tetanic stimulation of VIIIth spinal nerve ‘after 20 n;lnl‘_:"
superfusion with Ringer's solutlon containing. 100 ,.Mk'Cdz*. Qr"ocg” y
blockade of slow i.p.s.p. and s.llghl;. enhancement of MChy. BS anAdH
6. MCh response and slow i-p:a.p. recorded 25 and 20 min afté;‘
renxningi.superf‘uslon with normal dTC Ringer's solutl‘;)n. S“:min‘v

calibration bar .refers to MCh ‘response while 3 sec calibration bar

refers to slow i.p.s.p. Black bars under responses indicate time Jof:

superfusion of MCh or berlod of tetanic stimulation. Traces °

v

_obtained from a rectilinear pen recorder. Bandwidth was D.C. to 5 Hz %.
for -MCh responses and D.C. to 15 Hz for slow t.p.s.p-'s. DMI (500 nM)

was present in all Ringer's solutions.
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Amplitude (mV)
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Table 5 .

’

e 5 ‘
Effects ofj desmethyliﬁipramine,‘ yohimbine and cadmium on the slow
i.p.s.p., MChy and Ady recorded by means of the sucrose-gap
: technique from Rana pipiens sympathetic ganglia.

slow.i.p.s.p. MCh - Ad
SO0 nM . DMI ; no effect no effect 169.144.0%
' {(n=4) (n=4) oD (n=3)
. 100 oM Yohimbine :° no effect no eﬁfecf_ v ICgg=6.2 nM
. ' - (n=2) - (n=4) (n=4)
A i . ) . .
100 uM cd 2t 0.02  131.9+8.9% no effect
S S (@=3) - (n=3) (n=3) -
“a See also Results, Section A and Fig. 19 for effect of 500 nM DMI
on log concentration-effect curve to adrenaline. "
b See also Results, Section B and Fig. 25 for this data.
c. - See alsqueSuits, Section E and Fig; 43 for this data.
: “ ;
i w



respectiVely. There would be no

B ' "
interneurone”in such a mechanism.

D. Investigation of the hypothesis that adréhalineystimulatesvan

Lol

electrdgenic’NaK-pumpk- vanadate as an eleCtrogenichaK-pung'

inhibitor.
. Quabain and vanadate inhibition of vertebtate'CNS NaK-ATPase

0

~activity
At ‘ -
eta) Bovine brain NaK-ATPase

The obJective of . this stddy was to isolate NaK-ATPése activity
from a neural source " as clos#ly -related . as pos51ble to frog sympa-

thetic ganglia (i.e; the~tissdg_in»which the electrogenic NaK-pump,was

studied electrophysiologlcall&) and to test the enzyme. for sen51tivity

2
2to vanadate. Concentration—%ependent vanadate 1nhib1tion of rat brain;w

'cortical ~NaK~- ATPase has PT, viously been reported (Wu ,and ‘Phillis,
1979)\ <Befote attempting/torenemine the effects of vanadate on an
@@enzyme preparation from a %eural source in irog;'it wae felt tnat the
effects of vanadate.shOuld first be tested on prev1ously establisned

and characterized neuronal N&K—ATPase aétivity. Since 'NaK—ATPase

activity had been successfully isolated from bovine brain (Rafuse et

al. 1985), this enzyme was tested for its sensitivity-to Vanadate as a

)

wo .

preliminary'st&dy.

'

A nicrosomai membrane preparation containing ATPase activity was

an . adrenergic-

7

s
o

made from bov1ne whole brain foi%ow1ng the prbcedure outlined in the_

Materials.and Methods. Spectrophotometricaliy, the hvdrolysis of ATP
. P . - 4 o . .
] =

das, ’

RSN
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‘was monitored by measuring the oxidative conversion of NADH to NAD*

(see Materials and Methods). With respect to the edzyme‘prepatation

used in this stﬁdy, itbwaé found that 58.5% of the total bovine brain
AfPase ‘activity could Se‘ inhibited bye 6 wM ouabain.  This ;ortion
.(58.52)hefuche enzyme production which was‘sensitiveato ouabaih'was
tekeh ﬁo ‘be the’ portion of ;he overall ATéaee activity: thch
 represented NaK~- ATPase act1v1ty "The epeclfic actlvity of the ouabaln—
"eensitive or"NangTPaae AQas‘ determined to  be' 1851 r.moles Pﬂ/mg'
: protein/hr. The eoncentraeithdepenaent effect ofi ouabain on ';hé'
.bovine brain NaK-ATPase act1v1ty is 1llustrated in F1g 32A. Z,The.fi‘
value for half—maxlmal inhibition by ouabain (Icso) vas estimated from
che 'g:aphv_as shown% by .tﬁe b;oken' llﬁe‘ and ewan_determined to be
approximatef?HZ.prM. " The eoncehtrapidﬁQereddent_inhieition,of'the‘
. \ | Ll g
‘NaK—ATPase activity by Na3VOh is illustrated- in ‘Fig, '33A.: ﬁsing‘
linear regression analysls on the polnts between 201and 80% of maximum f

s

mM Mg ‘was pzesent

inhibition, Icsg's we?eg;alcglated'when,Z and%%l
in.the 1neubat£en;§£%luref‘lt has.beenﬁfepofted'that’eleVQCed Mgv;
| faéilitatesv inhibitioh'vof 'Nax-ATPase by yanadate (Cantley et al.
1977).  In conlreet we observed only a modest shifc 'ir:h the"IC50

values from 0. 69 M, (2 mM Mg2*) to 0.42 PM (22 oM Mgz*) in these

experiments.‘_ {It should be noted that these concentration—effect‘

,curves were. nodmallzed since the presence of 22 mM Mg2+ depressed the

. control level qt NaK-ATPase activity (in the presence of 2 mM Mg24) by
up to 30X ] |

S
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b) Bullfrogﬁsympathetic‘ganglia ATPase

Although bovine brain provided a. convenient neural source of
reasonably high activity NaK-ATPase, it was the obyective of this
© study to’obtain an enzyme preparation from the.same species and it

possible, tissue upon which the ensuing electrophyisological experi-
ments were performed. Numerous unsuccessful' attempts ‘were made to
procure NaK- ATPase activity from bullfrog sympathetic ganglla. "The
lack 'of success . in achiev1ng, ChlS end ' -&was undoubtably due  to theA
‘extremely limited amount of tissue available. Twelve large bullfrogs
.‘yielded only 88.3 |nilligraum of tissue when the VlIth to Xth para-
'vertebral sympathetic ganglia and their interconnecting sympathetic

chains were removed. The method of simply homogeniZLng this tissue in

20 volumes of suspending solution as describedtin~the Materials and

Methods produced a’slurry exhibiting no more than 1% sensitivity to
,ouabain. In: addition, the flocculentb consistency. of the’_slurry
‘tresulted in variable amOunts of enzyme being pipetted “in equal
volumesf » Consequently, ,the‘ baseline ATPase activityd measured in‘;
replicatgﬂ_cuvettes"differed .considerably. This variability between
’?assays and ‘minimalv sensitivity to ouabain precluded any NaK?ATPase

‘ studies‘yith-the sympathetic ganglfa”homogenate.

‘)L

c) Bullfrog CNS NaK-ATPase

Although‘it was not poSsible to perform both the biochemical Nax—iﬁﬁ@

.ATPase and;electrophysiological‘NaK—pump studies on the same tissue

(i.e. sympathetic ganglia), It 'wis “ pogsible to isolate NaK-ATPase.




S

1a7

.activity from frog brain and spinal cord. This alloved conparisons

between neural tissue from the same genus.‘ The enzyme was - prepared

“from Rana - catesbeiana while the sucrose-gap experinents were performed

using ganglia fron Rana pipiens.

Using the »saqe isolation-,procedure as was used ifor .the bovine

‘fbrain enzyme, a microsomal'ATPaaefpreparation~was made  from bullfrog-

CNS tissue that was maximally inhibited 57 ll by 6 nH ouabain. }lhe

specific activity of the NaK*ATPaSe waa deteruined‘ to. be 3.3
p.moles/mg protein/hr.' NaK ATPase activity uas inhibited by increasing 3

submaximal concentrations of ouabain as illustrated in Fig. 328  An,

"ICSO of 14 1M was determined from the straight line thrOugh the"A

concentration-effect curve fitted by 1inear gregression':analysis.f

Similar treatment "of the concentration—effect ‘curve of - ha3VO

inhibition of haK ATPase activity (Fig. 33B) gave IC50 s of 3.0. ,H in ﬂ
the presence of 7 mM Hg‘* and 2.5 ,H in the presence “of 28 nH Hg‘*
28 mM Mg‘+ was observed to depress basal NaK*ATPase activity by 141

~It Bas therefore necessary to normalize the dat} in these graphs

' d) Summary of the effects'of ouabdin and vanadate onlﬁakﬁATPase

1

preparations S -

Table -6 sumqarizes the essential aspects of the ﬁaK-ATPaSe'data.

It can be seen that .the enzyme isolated . from bovioe brain was

¢

apparently 6 4 favld wOTre senSiti\.e to ouabain and about 4.3 fold wmore

~

s'en-s‘it"ive to vanadate (uhgﬁe oM ‘13‘* p‘resent) than the enzyae

isolated frou the bullfrog”CNS. MSqne cautionvshoold be exercised-vneni

. . R
2 - . -

L . S T
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Table 6

“Quabain and Na3VO, sensitivity of NaK-ATPase isolated from bovine’
- brain and Rana catesbeiana CNS ‘ g ’ o

.(f»‘,."x
*v\‘\!‘(
Enzynme Z of total '-Sp;eific " Quabain 'N§3V0u‘;
Source ATPase " © NaK=ATPase ICq (%M) C les(uM)
Activity Activity o 2mM Mgt o (Mgt
Intiibited by -{(umolesPi/ ' o R
(6mM) hr). . 2 mM  22mM  28mM
Bovine  S8.5 ... 18.1 - ~ 2.2 .0:69  0.42
Brain L SR A ’ o .
Bullfrog 571 3.3 14l 3.0 2.5

CNS



sfating these differences since they may not reflect. intrinsic
differences in the ehzymes. Instead, a nunber‘of extringic factors
might serve to produce dissimilar vaiues. Firgf of all, thé bdvine
brain had a higher specific actfvity (18.1 pmoles Pi/ng protein/hr)
than the NaK-ATPase isolated from the bullfrog CNS (3.3 pnoles Pi/mg
protein/hr. The grea:er contamination of the f;og enzyme with

extraneous protein and other membrane components could have retarded

the inhibitory actions of ouabain and Na3V0,. Secondly, the‘aséays

were conducted at ,differeht temperatures. The NaK—ATPase f:om .the

mammalian source was assayed ét.37dC while the NaK-ATPase from the

amphibian sources was assayed at uncontrolled room temperature, It

o

T

should also, be noted from Table 6 that neither the vanadate inhibition

of. the bovine nor the frog NaK—ATPaées appeared to bé-Mgz*—dependent,’

2 0

to any appreciable extent. This is in contrast to the findings of
~others (Smith et al. 1980) working with enzymes isolated from
different sources.

2. Effect of vanadate on the adrenaline induced hyperpolarization

B

It has been established in the previous section that ¢hé bio—
chemical expréséion of the electrogenic NaK~-pump (i.e. NaK-ATPase) in
amphibién neuronal ﬁissue is inhibited by NaéVOH in a cdnéenﬁra;ion—
‘dependent fashion. It would follow-then tﬁat”vanadate migh;isgr;e‘as

a useful tool to lnvestlgaCe the” hypothesis that the AdH I}
A

the sucrose-gap technique is produced by stimulatio&%: of thé‘

electrogenic NaK-pump (Koketsu and Nakamura, 1976). WH%n Naavo“ was

g

.

‘*qf%ed by

149
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applied at a concentration of 10 M (3.3 times the 1Cqy for inhibition

‘of bullfrog CNS NaK-ATPase) for periods of an hour or more on Rana
pipiens é}mpathetic ganglia, no‘depréssion 6f the Ady was observed.
At a concentration of 100 g M, which would have produced maximal

'1nhib1tioh of the isolated enzyme, a reduction of the Ady to 67X of

‘vcohtrol‘ampl}tudg was dbservgd,after 25 min (Fig. 34A). 1 mM Na3V0“'

caused a rapid and marked reduction to 31.6 * 7.0% of Edntrol (n=l})
after 10-20 min (Fig. 34B). Recovery of tﬁe. Ady 'frém this
inhibifory_éétibn of l‘mM Na3V69 was- much slower than‘iﬁé rate of
onset and it typically took up to 90 min. before {AdH's of control

amplitude were again obtained. "It would therefore appear that the

VAdH in Rana pipiens sjmpathe;ic ganglia was reduced by Na3VO,, but
that it was much less sensitive than was the NaK-ATPase isolated from

Rana catesbeiana spinal cord and brain.

Catecholamines should be oxidized by pentavalent orthovanadate

(Cantley et al. 1978a; also see Fig. 4 in Introduction). ‘The profocol

of ﬁpe suérose—gap'éxpefimentéldeménded that the adrenaline (usually
llpﬁ)rapplied during the superfusion of orthovéﬁadate be mixed Qith 1
aM  Na3VO,. It might be expected that the over@helming amount of
yanédate (1000 cimeg the cbncent;ation of adrenaling) would chemically
inactivate th¢ adrenaline by oxidation and thus account for the

observed effect. of Na3jVO, on  the Ady. To test for this possibility

experiments were conducted where 30 sec applications of | .M Ad were

N

’,alternatéd at 15 minvinteryals with 30 sec applications of 1 .M Ad

150
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A Control KOO M NayVO, Recovery

. uM Ad i
T
2mv \
B- Control imM NOJVQ4 Recovery O
n/ 4\/ "\/,-
IuMAd . — .
?
.
»
' .

"Flg. Y. Effect of NajVO, on the Ady recorded from Rana piplens
sympathetfc ganglia by means of the sucruse;gap technique. A. Control
Ady (to 1 M Ad); Ady following 25 amin exposure to 100 M KaVo;
recovery Ady following 5 ain washout of 100 M N.;JVU,".. B. Control
Ady (to 1 M Ad); A;’)i following 50 wmin exposur;- to 1 =M Na,Vo,;
recovery A;iH following 30 min washout of 1 =M NaJVU;‘. Bott A. and
B. are from the same preparattion. Black bars under the responses
1r;dlcate the period (30 sec) ot Ad supertusion. Traces were obtained,

from a rectilinear pen recorder. DML (50U nM) was present in all

Ringer’'s solutfions. ) T



\ .
plué 1 mM Na3jvO,. The time at which the adrenaline and Na3V0, were

@ixed was carefully noted. An experiment representative of 4 trials

is 1llustrated in Fig. 35. Part B of this figgre shows that thef~

amplitude of the Ady remained essentially constant for 95 min.
' ' 7

The amplitude of the Ady in the presence of Na3V0, was observed to
decline to 60X of control over a period of 90 min. Also, the

original records 1illustrated in Fig. 35A show ‘that with’ time the

Ady, in the presence of NégVOt,, assumed a more rounded shape while

-

the profile of the AdH, in the absence of Na3V0g, remained

unchanged. If these effects were due to oxidation of the adrehaline,
it occurred at a remarkably slow rate. It should be noted that the
characteristic blue pigment which results when catecholamine compounds
are mixed with.excessive orthovanadate (Cﬁntley et al., 1978a), was
not observed 1in any of‘ the 17 experiments performed when it was
necessary to mix adrenaline with Na3Y0u. It would therefpre seem
unlikeiy that the rapid 1nhibifory effeét of 1 mM NajV0, on the Ady
could ge explained in terms of chemical 1nactivacioﬁ of.édrengiine‘by

«

Na3Vv0y,.

3. Effect of vanadate on the electrogenic NaK-pump in Situ

a) The acetylcholine afterhyperpolarization as an electrogenic

NaK-pump paradigm

In order to examine the possibility that Naj3VO, inhibited the

Ady by an action on the electrogéﬂic NaK-pump, it was necessary to

: of
ascertain the effects of Na3V0, on Tresponses’ known to ‘involve
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-Fig. 35. Comparison of the hyperpolarization to 1| .M adrensline in
the presence and absence of 1 mM Na;V();.: recorded from Rana pipiena

sympathetic ganglia by means of ﬁ'ﬁe sucrose-gap - technique. A.

-

Original traces obtained frowm a rectilinear pen récorder. \A“L‘.‘}Co‘ntrol‘
\

Ady (to 1 .M Ad).- A2. Hyperpolarizatton to i M ((d pre-mixed with 1

aM NajVO, for 10 min. A, Ady (to 1 ,M ad). A/‘..\.\kiyperpolarllallon
.
to 1 .M Ad pre-mixed with 1 mM Na VO, tor 10U min. A5. Ady (to 1 .M
Ad)- Ab. Hyperpolarization to 1| .M Ad pre-mixed with | uﬂ'“&aJVO,, for
i ) g

t

100 min. Black bars under responses hxdrlcah- petiod (30 sec) 'uf Ad
o

superfusion. B. Plot ot amplitude " L\ ot Ady ‘vircles ) and
hyperpolarization to 1 .M Ad pre-mixed with i all Na VU, (triangles)
against time (min.). Numbers indicate responses in A. DMI (500 nM)

was present {n all Kinger's solutions.
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activation of the  pump. One such responsge is  the

afterhyﬁerpolarization that follows the removal of  nicotinic

i

depolariiing agents (Brown et al. 1972; Smith and Weight, 1977). “,

L"

Brief applications of 10 mM acetylcholine (ACh) produced a.

biphasic response recorded by the sucrose—gap‘tbchnique. This high

concentration of ACh was used because it is believed that a consid;ra-

ble amount of ACh esterase activity exfﬁts in these ganglia (Brzin et

al. 1966) and no anticholinesterase agents were used in these experi-

& : :
ments. The Yesponse was characterized by a large depolarization (2-5
T oama . : ‘ .
L. ? R 4 LE 3 .
mv, 60-90 ‘sec Ln duration) followed by a long lasting hyperpolariza-
. SRR

tfon (1-3 mvfnj—ib min duration; see Figs. 36,37,39). It has been
'proposed‘ th;f,’the hyperpolarization which follows the mnicotinic

depolarizatgon to ACh OCCurs as a result of electrogenic NaK-pump

(2
”

stimulatioﬂ (Brown et al. 1972 mi;h and Weight, 1977). It has been

v,
v

reasoneﬂ thacx the *influx of Na*t which~ results from the nicotinic -

k9 ¢ . ) R
receptor ﬁnduced increase in -Na and K* conductances activates the

NaK—pump fromnnfhe .cytosolipi side .of the membrane* to cause an

3 electquen;c? exirusfon of Nat (see Introduction). This ACh

afterhyperpolarization (AChAH) was inhibited by 10 M ouabain (Fig.A

¢

°Tﬂe amplitgde of the AChAH' is. directly dependent upon the

' émodﬁf' of Na*t influx "and " thus the awmplitude of the 1niﬁial'

depélarizétidn fb ACh (AChp).  The amplitude of the AChp is
dependenflupon both the extent of nicotinic activation and the Nat

gradient across the' nerve membrane. Assuming that the same number of
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L AChAH (see Discussion for possible explanation for potentiation of

(o)

o S . o

nicotinic receptors are activatéd in ‘;he Same Qay' nith equal
applications'of apetylcholine, it‘is,reaoonable Eofose Lhe-amplﬁCer
.ofv the Aan ao a rough .index ofl‘thel No' .gnnoient.' ‘ This is an
importont measure 'to have whon ﬁaK-pnmp inhibitors such as ouabainvor

~vanadate, are applied for long periods of time. Prolonged inhibition

o
of the pump could ‘run down 1onic gradients which Gould conseque;?ﬁym‘

ek g e g
9‘/ s\a‘?w

affect the interpretgtion of the results. .Due to the inex;riqa_
débenoenée of‘the AahAﬁ on‘the AChD,‘tho effeqtsAof_var;OusmégenkSA
. , e ‘ ‘ " . '

on the- AChpy or NaK-pqmp have been reponted' qs'vréLLos of ‘the
T RN ~ : T e :

amoii;ude . of ';he ‘AChAH' to: the ampl%fude of_ftne AChD.. f;The

electfdgenic?NaK—pofi/yaysconsiHered_fnlly inhibited when this ratio

‘béééme éqnai.nto‘ zero. - For éxample, this was - achieved when the

ganglion was,’ exposed to LO ,M Ouabaln for 47 ‘min in the experiment
‘,,9/“ ﬁ_ . . S \\ : . ". L .

111ustrated in - Fi ‘u@ o E I \ g
o ‘quﬁ%f ] “4& &wc?%%& P R o ¥
g As was mentioned ln the lnlroduccion it_has been widely observed
: 8 .

- that muscarinicvégonists, such as ACh can produce a hyperpolarlzatlon

. s
r

in amnhibian‘syﬁbathétic ganglla (Welght and PadJen 1973; Dodd and

) Horn, 1983) In order to ‘test the possibility that part o% the AChAH

\
might Be due to. a muscarlnlc*receptor medlated ‘event, 1 M atropine

© was applled for 32 min (Flg 36). This concentration of atroplne d;d

‘ notA cause a reduction and in fact wusually 'broduced“a substantial
. - o T T <
L o . . L Tt . - .i'v e
increase’ in  the AChAH/AChD,,racioﬁ‘ It 'was therefo;e deemed
sl N ’ ,u .
’unlikely that a muscarxnic hyperpolarizatlon contrlbuted to the,:Q

A
S - a

'AChAH by'atroptne).
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. b) Effect of vanadate on the acetvlcholine atternyperolarization

W‘ In this study, Najzvo, at conceéntrations up -to 1 -mM, was

°

"

superfused tur up to - an Neul  of  more - over 15 sucrose-gap
. A "4\ . . o =
p‘reparations.” No effect was observed on the AChay by this exposure

. to Na3VOk in.any of these 'experiménts. A typical experiment is

wp reduced . to 25% of contrel in l«iﬁ'min .the AChAH/AChD ratio remained'

i

TR

k3

illustrated in Fig. 37, where 30 sec applications of 1 .M \d were

-

alternated with 30 sec app’lica,tioris of 1O oM ACh. While t fe Ady' was

essentially unchanged after 25 min expo.sure to 1..mM. Vé3VO~ -(Fig.

' ) f‘ ..\ t " v ' : . . .
37B). It was'a consistent -observation that this .NaK-pump paradigm was
_resistant to ‘the action of the NaK-ATPase inhibitor, orthovanadate. '

c) The "potassium activated hjperpolar.i'zation&'as an eléctrogenic’

4 -

NaK—Pu.mE p.a rad i_gg

Another response believed ‘to result from an’ increase in electro-
@gﬂc NaK-pumplng is tht: por.assiurn activated vh;yperpolarlzatlon (Ky;
Rang and thc_hhl,e,. 1968 AkaSu and Koketsu, 19.7‘6)4.'

Prolonged exposure (~severa~l hours) of isolated Rana. catesbéiana

)

sympa,thetic _géng‘Iia:.to _a Ringer's solution containing: 0.2 oM Kt

(1/10th "the .2 mM K+, in" normal frog Ringer's solution) presumably

re.duced the resting ”NaK—pump aCtivity in ch‘ese neurones (Akasu and

Koketsu, 1976) A 90 sec superfu51on of Rlnger s solution contalning

- .

"2 mM K* resulted in a, transient hyperpolarization (KH, 2 5 mV; Fig‘.

. 38A). Reversal of the ° KH by I M. ouabain supports the hypothesis

oo

that this response results ;from e-xtracellul‘ar K* a\&tivating the

inhibited electrogenic NaK—p;um;'J ‘(Fig..f 38A; also see Introduction). ’
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o337 ‘ {omparison of the effect™ut . wi Ka,vi_ on the Ady ang  acy,
. ) b

response recotded !rom ,Kanah‘m.x'eng Syepathies . ganglia by meany
. . —— ."! - ; . .

the sucrose~-gap techalque. traces wee obtatned srg,
¢ O .

Tecttitnear ~ pen recorder. Ady e 1M Adj. 22

Control ACh response (tg 10 tollowing "1y g

» g . > . 3 ‘ ”
exposure o & m.$a3\’u~ LA =min
0 . 4 )
¥ Ra:¥U, . AS. Ady tollowiny (U mih. washou®

e ’ 4

CXpGsure

. omM Na v

to

- a5 . : , Do o
A6. At reiponse following 20 min wasnout of I ar hayio. Bladk wnaes

under responses indicate pertod 30 secyof arug appilcallons, 5.
Plot v anp‘;i,"»ud(‘ ot Ady,! {circles ) saud AChapt ALRY fatio
¥ . :

(triangies) against time (min). Nusbers inditate, respenses i o
| 4 X . . - : .

‘ N

(50U nM) was present {n all- inger‘s solutionms. . |

’ . <
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' d) Effect of vanadate on the potassium activated

_hyperpolarization

Following the inCUbation gt Rana_RlLens sympathettc ganglia in

3

0.2 mH K*-Ringer's solution %or several hours (overnight in. some |

cases),' normal frog Ringer s solution. containing 2 wM Kt }ma' super—

I

fused for 30~ sec at 15 migﬁinterva\lsf. It was, ol Y the .
interval of K"’ ap%pication be rxgidly fixed to n equal
~ . L e ) '!‘
en each 'Kt ad® sually 4-8

’

-

angpunc .of Nawoadtng occurred betw
- Ky's had to be el_icited ~bev

‘reSpohseé az;sum_ea a co‘r{sflant
;ampliltud'e. ‘Su‘,pg"ffusion of 1 ,;‘ca”;?d. a depres.ssionvc;f the gKH
respon‘se to 8l. -3 + .5 92 olf.\ ', -v;;' h,n*nS) gn '10-15> min A t‘ypical
- .’gamp‘le is ilustrated in Fig. 388: ,. Th'is effect was ;apidly reversible

with full' recovery:. noted by the first Ky recorded following washout-

of " the 1 mM Na3VO“. .1t had been noticed that the quantity of solid

'Na3V0, required to make a | mM solutiion \ex'céédegi ‘the buffering’
SR : ; ’ . L e e B a0
capacity of the TRIS Ringer's solution .thus’causing an-elevation: of

the pH of the 'Rin‘gér's solution.from 7.2 to 7.6. Any attempts to
vbrlng the an of the 1 oM NazVol solution .back down to pH 7.2 with acid

lfﬂyw :; N .
'resulted i.n the formatum of 4 bfight yellow solution.  This ‘co*];or

Com

*thange ! was ‘suspec_ted " to  result ‘from . polymerizat‘io'n of the

orthovanada’te to- decavapnadate (Macara, 1980) To a'-void thi'S',' the

- Na3V0, Ringer's solutjon .was routinely left at pH 7 6. To test for - .

-

160

’

( Vgt L S e
the effect thapsﬁ differenc® in pH be"tweepn.the_ controlv Ringer's and =

. . . ¢
* w %

Na3V0, Ringer's solutions might have 'on the K two 0.2 mM K*
1aizvly | g N ' H» g )

“ B

R

: . v R
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“"callb'tution bara-‘aﬁply.to tows B and C.

S
W’
v
~Fx“. 38. ‘:‘P‘o(a‘llu'l\).‘ sctivated hyperpc:h;lt.llcns (Ky's) recorded
by unnn et & sucrose-gap v.ech’alqué fr uphtblnn\iylpathellc

;Angltq, incubated in K*-free Rlnger s mlullon A. Control Ky in

Rana cuubeum ga-njllon;: lfl’tapono'e to 2 =M K' i'ollovlug 59 min

1 ! B . >
exposure o | .M ousbaln; recovery Ky folloving 199 ain wvashout .ot~ |
N iy " N

‘ A -

- . . s :
‘wH ouabagn. pH of all ‘solutions was 7.2, B. Con(rél Ky Mo 30 sec

‘upertu 1on ol 2 M X' recorded f(ol Rana Elgiens synpn(h"\l "'X‘nglion

&:X‘%(r and 2 mM K* Ringer's solution, pH 7.2); re;ponsogpo 2 wM ("

" R

_following 40 min exposure to 1 =M Na;\',o., (in ‘K"-ftee Rld@er s

solution, pH 7.6); recovery Ky recorded In K’ ~free R.lngcr s solutton
e
(pit 7.2) follovxng 61 amin washout of 1 o NA,VO., Ce Control ku to

30 sec lupcrfuaion ‘o 2 a recorded froa sase prepcratiou as B

(XF-free and 2 aM’ x* Ringer's solutfon, pH 7. Z), rt‘iponu to 2 .mM KR

'follov?ng 25 ain exéonure to K*-free MNinger's solution (pH 7.6);

. K 3 X
recovery Ky recordedyin K*-free Ringer's solution (pM 7.2) following

: 15"uun washout of ‘X*-free Ringer's solutlbn (pH 7.6). D. Control Ky

to 30 sec superfusion of 2 aM K"’\. recorded from Rana Eiglens

sy‘bathe_tic ganglis (K*”—ﬁee and 2wt Kt 'Ringei's soluttons, pH 7.6);

tetp‘}oe to 2 mM Kt folloving 5 amin exposure to 1 mM N&#V0, (in

Kt- free Ringer's solution pH ‘h()).'recovery K%‘X recorded in K*- free

_Rlnger s solutlon (pH 7. 6) folloving 65 min washouﬁ o.f 1 mH Na;VO.,

Black bars under responses 1ndicate periods of superfusion of 2 aM

K"'._ ‘All tlaces were obtained fron a rectilinear’ “pen recorder. Middle
¢ . N > - N -

. .
. 3

’”
4

o
At

e T




Fae

O

r
| ImMNO, VO, .
pHTE " PHT6 - pHT6

& v -w\/*

S

JZmV

2min

162

45



163

Ringer's solutions were made up; one at pH 7.2, the other at pH 7.6.
»In one experiment {t was observed that the Ky was rapidly and
¥ ’ ‘

reversibly antagonized to 71% of control in 10 min by the high pH

Ringer's soluti&n (Fig. 38C) Furthermore,’ elevating ‘.tile pH of the

g A
control Ringgr".‘a wlution (vith 1 M NaOH) to match that of the Na3V0‘,

s v,

Ringer' s solutalmn %both aolutions at pH 7.6) allowed a demonstration’

‘ . _); i W [
- that 1o mMe. s M did not produce a statistically significant
C ﬁg‘m «’-97““:‘:3'@ e . :“ :’iqw s 2 A : .
Lo depression» off,“t‘he“ Ky in 20" min (to 94.82 of control, with 952
. ."r"')y',' gl‘ 5 ‘Q :
confidence 11y ”‘saf 82.8~106. 82 n=3). One of these experiments is
shown in Fig.ﬁ It would. §eem that ‘this NaK-pump paradigm was not

ve~ry , sensftirve to:;‘ high concentrations of ’externallyA applied :
t . . o . . -

orth‘ovanada;'e' but was inslt“ead,.sensityive ‘to solutions of basic pH.

; 9,
4 ce N

9

It “&dh&)ld be‘" noted that in contrast to the Ky, ‘the Ady was not

a.f;_i-%f!;t'w‘gsok’u ions of basic PH.

:_.a.pibn ehannel blockers on_the actions of vanadate on

the dr ihe inducedh e olarization
3 yperp

. ‘£ )
. According to . the ‘hypathesis of Cantley and his colleagues - r ’
(1978b) in ordér for catecholamines to reverse a tonic ihﬁibi‘tion by
_ A ,
wvanadate of .the  NaK-ATPase, both the \}anad“z‘at’e and adrenaline would”

y

have to gain access to the site of vanadate's action: the cytoplasmic

side of the enzyme (see Introduction and Fig. 4). Thérefore it would

¥

: follow that 1f Na3VOL, reduced the Ady- by inhibiting the’ electrogenic
" NaK-pump, blockade of vanadate entry (if it occurs) ‘into the neurones

) should prevent the inhibitory action of Na3V0, on thz AdH.
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‘a) Dinitrostilbene disulphonic acid

4,4'-Dinitrostilbene 2,2'-disulphonic acid (DNDS) 1s an agent

K

wcvh revgrsibly blocks anion transpért in human red blood cells

(ICSO'=2m.O uM;. Barzilay et "al.. 1979) and has been reported to block
“»

.’erythrocyte upcake of “BV (Cantley et al., 1978b)% In 2 sucrose—gap

t

"\ experiments 50 and 150 uM DNDS failed to antagoﬁize the inhibitory

effect of "l, mM Na3VO, on the Ady. The experiment using 50 uM DNDS

is'illdstrated in Fig. 39. 50 uM DNDS plus 1 mM Na3VO, was observed

“,tg; rédt{ce the AdH to 23.5% of control while 150 M DNDS pl.us‘ 1 mM

“ "‘L‘."'N83VO.‘ reduced the Ad)f to 33.3% (both in 10 ‘min). In both cases,h,‘.

{3

_dev[:(’ress‘iog!~ nb gd&iixth 1 mkfi Na3Vo, alone (to 31.6 (16.3-46.9)2 of

‘f:contrdi n=l3) _‘ Tﬁéi’efore, at concen:rations of DNDS which have been

LY ‘ J

‘reported to block anion transport in red blood cells (Barzilay ‘et al.

1979), no protection of the Ady from vanadate 1inhibition was
observed. o C d

b) Antﬂracene-@-carboxylic acid

, \ V ’
Anthracene-9-cdrboxylic acid (A9CA) - has been reported to block

C1~ conductance in skeletal muscle (Ki=ll iIM; Palade and -Barchi,
. . . ‘ - 1

\\ - ) w
1977). It was reasoped 4&hat in the absence -of ‘a specific vanadate

transport mechanism (such a system has not' been described for any

oy

vertebrate cell type) Jorthovanadate might paés through the same anion

channels as does Cl1~., In 3 s'ucrose-ga’p' experiﬁ:ents, 50 uM A9CA 1n

¥

combination with 1 mM Na3V0, was observed to produce a reduct:ion of

the AdH to 58.8 + 8.8% of control in 10 min. .l mM Na3Vo, alone‘ had
. * -

1

f‘{alues fall within the 95% confidence limits . for the extent of

A3

A

'
v
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Fig. 9. Ef:cj'of DNDS on the fnhibitfon of the- Ady by 1 wM ha Vo,

recorded from/sa Kana pipiens sympathgtic ganglién by wmeans of the

“sucrose-gap technique. Al. Control Ady (te 0.5 .M Ad); AZ. Reaponu;

to 0.5 .M Ad following 10 mim exposure to [ af Na3V0, plus ‘50 .M DNDS;
A3. recovery Ady follo:iing 45 ain washout of N;.n\{()‘, plus DNDS.
Black bars under respotises indicate period gJO seC)\of superfusion of
0.5 LM Ad. Traces' were obtained from a rectilinear penl recorder. B.
Plpt of ampli;udes of  Adyp (WV) agair.xst time -(mih)- Shaded area
lnd‘lcates ;erioi ot cxp&)r;kzrzatd 1 oM NaéVC')‘, plus: S0 M DNDS’. ‘Numbers .

indicate responses €rom A. DMI (500 nM) was present in all Ringer's

~solutions. ' \\/ .
. ‘ ] .
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b +
% e

previously been observed. to produce a greater degree of {hhibition (go

31.6 + 7.0% of controi, n=13) but the preparaeiOn had been exposed to . §§§
1 =M Najvo, lfor as long ‘as 20 min instead of 10 min as in these
experiments. Fig. 40 1llustrates one instance when S0 uM A9CA plus |
mM Na3V0i. "produced a greater inhibitory effect (to 44.42 of control)
than did 1 oM Na3VO, dlone (to 57.5% of control). It would therefore
seem that A9CA, like DNDS, did not convincingly protect the 'AdH
egainst ihe inhibitory action of 1 mM Na3;VO,. It wmight reasonably be

suggested on the basis of these experiments that vanadate produced its

inhibitory effects on the Ady by an external mechanism.

E. Investig§tion of the possible involvement of calcium in the \
' e !
. '
\\ . adrenaline induced hyperpolarization
1. Adrenaline induced hyperpolarization - potassium conductance

The. hypothesis that the Ady was produced by stimulation of the

~

électrogeaic NaK-pump was addressed in the preceeding section of ‘the
Results (for ;review see Kuba and Koketsu, 1978). . As % alternative
explanation for the electrogenesis of the Ady  in frgg. sympathetic

gahglia,t Smith, (1984) -has vpnoposed that the VAdﬁ results from an

increase in potassium conductance (gK). It wasllshown 'fh “this

v
-
v

‘study that the Ady recorded by fhe sucrose-gap technique was reduced -
in amplitude when the [K]e° Gas ‘increased!? Also the . AdH ‘waéy
. : : v ,};‘;gv

augmented in ldw Kt- Ringer and revarsed polarity at the esaimated'$&r°“

equilibrium potential foraKf (EK) ' These fiﬂdings in Rana p}g_pns‘): g
. A4 - ,/

sympathetic anglia are - ~in aé@%&ment ith studies in other vertebrate
gang?. F

»

hd ¥
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_Flg. "40. ' Effect of anthracene 9~carboxylic acld (A9CA) on the

. /]
tnhibition .of the Ady by 1 mM Na3V0O, recdrded from a Kana piplens

uy-pathétic‘ ganglion by means of the suc’l;ose—gap technique, A.

Original traces of a representatdve experiment. Al. Contwgl Ady (to

<

1 M Ad); AZ. response to 1 M Ad ~fol)ow1ng 10 min exposure to 1 mM .

. , e
ha3VO,; A3. recovery ‘response to.l M Ad following 60 min washout of 1

a0 h .
mM NajVo,; A4, Tesponse to 1 M Ad follpwlng 10 min exposure to 1 mM

’

Na3VOL‘ plus 50 #Mt A9CA; ‘A5 r'ecovery resp'onqc to 1 ,M Ad following &5

 min y;shout of Na,3VO., plus‘ A}’CAJ Hlack ‘bars under responses” indicate
. ¥

S [ 5 i ‘
v S T e, & -.J:f‘:«- ;

4 , .
A gt Fachs
rfusf@’@ﬁ i ‘('ﬂd.u- 'fracx*s were obtained from
” DM :
Cang TR

e g

‘s

.

. N L & T .
a 'redtl}inear pen rcc'order‘.& B. } Plot’ of a\mplitudc of Ad“ (mV)
i “ae . B

"“against tide (min). First 'shaded area 1ndicates period‘of exposure to

1 oM Na3V0“, second shaded area indicates period of exposure to 1 mM

NaJVO,' plus 50 +M AICA.  Numbers indicate ‘responses {n A. Ml (500

¢ o
nM) was present in all Ringer's solutions. *
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nervous systems which  suggest that apy~adrenoceptor’ mediated

h.yperpolarizationé result from. an increase in gK (see Introduction).

To test further the proposal that the. Ady results from an
az-—advr'enceptor mediated increase in gk» the effect of 2 mM Ba’* on
the' Ady was invl'estig)ated..& Ba 2"’ blocks both voltage-sensitive
- (Hagfyara and ﬁYerly, 1981; Constanti et al., 1981) and‘ agoninf
activated (North and Suprenant, 1985) X% channels. This catiqn.-
reduced the Adg no 11.0¢6.7Z of control in 30 min (n=4). Thé“ .
representative ex[’)erimenp illustrated in Fig. 41 contrasts the efigc'{ps
of Ba’t on the Ady with its effects on the electrogenic NaK-pump
paradigm, vthe AChpy- Whilg Balt conéistentl}' reduced the Ady, the

ratio of the AChpy to AChp  was markedly'l enhanced to 192% of

control (n=4)-‘ This potentiation reflected a decrease in ,the AChp

to 69.5+10.3% of control and an increase in the AChpy to 133.1+6.0%

of contrdl. Since the potential change developed by e],/ectrogenic
I
, . - /

NaK-pumping is critica],ly dependent on -the membrane resistance (Rang

and 'Ritchie, 1968), an, enhancement of the \AChpy might bq eXpected if

Ln

/
the resting Bk w.as Yet]uced in \ﬁpeﬁpresenc‘e of Ba .A;_Qo,ns.equently,

/
-

the potentiation of the AChpy could be explained in terms of" a

greater voltage response to the same amount of NaK=pump current. The

marked depolarization of  the resting membran‘é potential, which ;ﬁ

p .*\{‘?. PO

g '“m}“ﬁ‘_ oc;:ul"red* whg’n the Ringer s solution contalning 2 mM Ba’t was super-

.
“fused over the ganglion, probably reflected‘}a decrease in .resting Lo

gl( .. -t K
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Fig. 4l. tEffects of h2+a on the Ady and ACh response recorded from

%4 T *
& Rana .cdtesbeiana sympathetic ganglion by means of L.ge sucrose-gap

S +technique. ~A. Control Ady (to l M Ad); AdH‘conp'leiély abolished
follovix;g 30 ain exéos@ré “to’ 2‘ nH Baz:ﬁ‘;‘\grecovery ‘AdH following SO:
T -in‘ vash;)ut of Baz"'. B. Control .ACh Tesponse: (to 10 oM ACﬁ): ACh
response follovi.ng‘ 40 min exposure to 2 ‘mM _Baz"'; recovery response to
10 @M ACh following 60 win washout of Baz* Blacl\(‘ bars under the
resbonses' {ndicate pertod (30 sec) of ‘drug appllca[ion-’ Numbers u’ndér

ACh responses indicate AChay/AChp ratios. Traces were obtained
! o ) ” ,

. . .
froe a’rectilineatr pen recorder-

24 @
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2. . 'Adrenaline induced hyperpolarization “calcium activated ‘
. N ) * \ ]
~ v . AN .
potassium»con‘ductance T Lo
s N . .
d) Extracellular calcium N

> lh‘ 4
"An important congideration when investigating a-receptor mediated

effects of catecholanines is whether the‘response is dependent upon

. the presence of extracellular ca?t (see Introduction) FurtheImore,'
with regard ‘to the classi\fication of l(" channels in ’neuronal and Y

N [}

‘non—neural membranes, there {is “an™ appa’rento dichotomy between those
»channels which are activated by ca’* and those which are‘ not.

v " The effects of the ‘inorganic ca?t channel blockers, Mn?t and

Cd2+, were‘ex‘emined ‘on the Ady using the sucrdse-gap technique. It

was found'that 10 oM Mn2+ (n=4) had no effect on the AdH (to/lg 111‘(”“

n e

adrenaline) in Rana catesbeiana ganglia after 15 minutes. Likewise,
.-

100 uM. Cd2+ (n-é) had no - effect on the Ady (to 500 nM adrenaline -in

the presence of 500 oM DHI) in Rana pipiens sympathetic ganglia after

25 ‘minutes. Representative experiments are illustfated in Fig. 42.

. These experiments would tend to suggest that extracellular Caz"" is not
: |

: fcritical for the immediate generation of the AdH.

"b) Intracellular calcium ‘ o o

If. the ganglion preparationwa_s exposed to a Ca *-free Ring\er's
‘_solution for prolonged periods (up to 35 min), the Ady was observed

't\‘o slowly and reversibly decline. A typical.experi-ment .1s shown in

/
i

\I-‘i\g. 43, - Although the effect of Cazf"—-free Ringer on the  Ady was

.nox' compared with its effect on a. control drug response (eg. the
\ ‘ g ) 5
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Fig. 42. Eféect of divalent catfons on the »MvH recorded .f.ro- Rans
‘ vgieiervxs sympathetic .ganglia by ne.ans 'qf the aucto-é,-gnpv technlquc..v
A; Control Ady (ta 20 .M Ad); résponde to 20 M Ad following 17l nin
exposure to iO oM an"’ B. Control 'Ady (to 500 nM Ad); response to

500 nM Ad following 25 min exposure to 100 M Cd_z"; recovery response

to Ad following 10 min washout of cd?*t. ’Experiment 1in B. wvas

\\\ performed in the presence of 500 nM DMI. Black bars under responses
1 .
.. indicate periods of Ad 'superfuslon. Traces were obtained on a o
rec\t\l'upenr pen recorder. ) ) r
' t
N [
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. Ca?-free
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Fig. 43. Effect of Ca’*-free Ringer's solution on the Ady (to 1 M-
Ad) recorded from a Rana Elg. iens sympathetic ganglioa by means of the
sucrose-gap Féchnlque; Responses to 1 .M Ad were *induced Sluﬂ 25 nin
following the Appllcntior: of the Ca’t-free ‘IR'inSel_"s uoiu,tlon. A

recovery Ady was obtained 10 min tbllo_ving removal of the CaZt-free

Ringer's solution. Black +bargs under the MH's indicate periods b'l.

* Ad superfusion. The dashed line indicates the period of exposure to

the Ca’t-free ‘Ringer's solution. Note the inp}'on‘ounced

hypétpol;rizatlon (approx. 1 nﬂ) resulting from the change froa

Calt-free -Ringer's, solution to l.8& nl Calt (normal) * Ringer's
R T N ¥ :

solution. Trace was obtained from a rect,f.liﬁga_r pen recorder. DMI

.(50.0 nM) was present in all Ringer's solutions.

!
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nicotinic ACh depolarizatton)’ theae expertnenta mlght hlnt ‘that
: X5

fb
extracellular Ca2+ is lnportant for the nafﬁtenance of condltiona

neceasary for the AdH.“ It is conceivable %hat - the abaence of

9
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extracellular Ca2+ depletea the lntradellular calt stores. and that the"

‘Adn is dependent on thla pool of Ca2+ lnatead of axtracellular

calt. Tt has been ptOPO“d in vaacular snooth muscle (Leitjen and,Van

Breeman, 1984) ahd rat vas deferens (Ashoori andéiontta, 1983). that

the a-adrenoceptor wmediated actions of catecholautnes in the absence
of extracellular caZt requlre'the release of ca’t from lntracellular

atorage sites (also aee'AIntroduction). . In _order to test the

appllcability of _this :hypotheais--to the ‘AdH, it .was necessary to

- compare the Adg to a drug response known to result from an increase

in potasslun- conductance activated "by 1intracellvlarly released
4

Ca2+. Such a response fs the caffeine induced hyperpolarization

introduced in the next section of the'Reaults.

- 3. The caffeineeinduced hyperpolarization'as an experimentalAparadlgE

ﬁor a drugiinduced calcium activated 1ncrease in potassium

conductance - effects of caffeine in bullfrog ganglia

a) 'Caffelne induced spontaneous hyperpolarizations and slow '

depolarization

The spontaneoua caffeine 1induced hyoerpolarization (sCaffy) was
first described in bullfrog sympathetie gangllon cells by Kuba, Minota

and Nishi (1972). Kuba and his aaaoclates have since presented

convincing evidence that the Caffu‘ results from. an increase in

.
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pot&sélun cohdﬁc_rance (gg) which 1is activated by 1nrracellu1ar1y
' o 3

released CaQ,f" (Kuba and Nishi, 1976'; Kuba, 1980>;, Koketau, et al.,
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1982a). The evidence that the sCaffH and evoked Caffy (eCaffy)

are both due to. an _1m;.rease fn gy 1nc1uded the following
observations: 1) rhe'r‘enbrang resistance decre“éd 4|-tvthclr peak of the
‘ responses, - 2) ‘the Caffu . reverged at .thé esrinfted ‘Ex and " 3) the
amplitude of Vthe' ‘Ca'ffa varied inversely with chrnges 1n  [K*],.

The assertion that intracellular releas’“ﬁl of Caz"' is necessary to

» ~

trigger these responses vas supported by the ob.ervations that: 1)

the Caffu s were slowly eliminated in a ‘%’az"'-free R{,nger 8 solution,

e

:2) 1ntra¢ellular 1njection of EGTA blocked both responses (sCaffy .

 and eCaffy) '3) dantroleme Na' antagonized the sCaffy. - This

cellular mechanism of actlon of caffeine in sympathetic ganglion cells

is consiqt'ent with that proposed for caffeine in skeletal muscle

(Weber and Herz, '1968).

Y

In the .present experiments (utilizix}g conventional intracellular

recording technigueﬁs‘;‘ see Materials “ and "Methods’), . continuous

superfusion of'Rana catesbeiana ganglion cells with R'ingg’r's‘ solution
containing 5 wM caffeine produced sCaffy's 1s in 43 of 101 cells.
. ) . v

Since 1t was necessary t‘oA hold cells and maintain stable recording for

at least an hour, only the larger ~.B,ce11§ were used in these srudies.-

It should be noted that sCaffy's, as discrete e.\;gnts, can only be

recorde_d. by intracellular methods from single cells.  Recording

techniques which measure compom;d potentials from a pophlation of °

,
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'cells, nuch'ae the sncrai%g-gap, technique,vreglinter the _uCaf?“'s_as
sull undon' flncenationa 1n ‘the av&r_age nenBrane potentul'.‘ This 1is
because tne_ sCaffy's in each neurone' are not synch,tonlzed with one
and annther. .,
“KIhough sCaffy's vete recorded of all different lhapeo and

-izen, t qy ‘could be divided iu:o fout buic categoriu nccording to

S

their prgfilel. Examples are given 1n Pig. 44, .' All four types of
sCaffy ha:\‘aw large, fast initial component. This initial component
was then followed by a disctete slower conpe;xent (Type I; see Koke'tau,
et al., 1982;), a slowly decayiné offset’ without a diocrete second
component (Type 1I), n& discernible secondaty phase at all (Type III),
- or nultiple secondary fast' components (Type IV). Table 7 1indicates
. the occurence of each typ'e'of response, their total dui'ations and the
dnrations at ‘nalf - the amn.litude_ ' nf tne initial phase of the

o

sCaf fn . ) - /

'rhe onset of action of caffeine (5 mM) 1is shown 1n Fig. ASA.
’In 55 of 67 cells (822) of cells examined the res;ing membrane
potential\ul,,) slowly depolarized and leveled off at “a potential
‘14.21“2.1" ' less negative than ‘the original Ey.  Spontaneous
eCaffH'é were" ;bserved to ovcculv' after the ganglion had been exposed
to caffeine for 1>0»—30 min, d_ependuing on the flow rate of the

_ ‘ .
-»ﬂ;uperfusing R{nget's solution. It usually took up to another 30 min

before the sCaffy's had assumed a constant amplitude and frequency

The peak amplitude of the 1n1t,ia1 phase ranged from 2-44 v depending

7
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5mV
30sec’

- =~ s '
| ,‘ |5mv Mw‘ ‘\__JIOmV '

| 30sec 60sec

»

Fig. b4, Examples of four types of spontaneous caffeine (5 mNM)
induced hyperpolarlzitions (Caffy) recorded {iontracellularly from

four separate Rana catesbeiana sympathetic ganglion B cells. Type 1

|Citfn's exhibited a fast initial component -vt'o).l.os'led by a .slov
secondary ph?se. Tybe I sCaf!H's‘ exhibited 'a single fast phase
with a rate of gnset much faster than the rate of offset.: Type- 111
-sCaffy's exhibited a single fast translent phasev vi.th roughly equal
onset and of fset rates. Type IV sCaffy’s exhibited an initial fast -
“component ‘ (similar ‘to a Type 111 sCaffy) followed by seweral smaller
fast coaponents. Traces vere obtained from a rectilinear pen

recorder. .
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! Table 7

Types of sCaffy's recor&ed'intrlcelluiarly from B neurones of Rana
catesbeiana sympathetic ganglia ;

Types of sCaffy's

11 11 IV

I 11 ut v
A

Percentage of 14 = 32% 15 = 35% 12 = 282 2 = 5%
B cells which 43 43 43 43
responded J
Duration at . * ,
1/2 amplitude 12.5+3.8 5.9%0.7 3.3£0.4 3.520.5°
(w,sec) _

\ .
Total duration 51.9+7.2 38.7+9.3 6.0+0.6 72.0+¢10.0
(d,sec) : s i
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Fig. 45. Ouset of cafleine actions recorded intracellularly from two

3
Rana catesbeiana sympathetic ganglion B cells. A. u;ip‘r traces are a

continuous lov gain recording of the mesbrane potential of a B cell
with the period of exposure to 5 aM caffeine tndl;:n_t‘ed by the
horizontal bars. ¥he lower traces are the: (nuiux lCnff.l.': showa {n
the upper traces at two higher gatfns. See caltbration bars. Note’
that th; resting sembrane potenttal undervent a gradual depolnrrlz-tlon
of approximately 15 aV in response to 5 mM caffeine tn this cell. B.
Upper trace shows the penetration (arrow) of a B cell (wvhich was
already exposed to-'5 wM caffeine. Note that the amplitudes of the
Type IIl sCaffy's increase with 't,l-e. Thls‘probably refleccs
sealing of the cclll acsbrane lr;und the wmicroelectrode. ' The lower
‘trace indicates <that the Type III ;c;tfw# evolved, lnlovape Iv
sCaffy's. The final four sCaffy’s (Types /\X\\“H and IV) were evoked

- .
by cnudrol}c stimulaction. All traces were obtained _from a
e

rectilinear A recorder.
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on the cell. The average a?plltude of the init{al phase in 43 cells
vas 16.5¢2.0 mV. The frequency of the sCaffy's varied from 0.1-6.0

=1 with an average of 1.3+0.3 nmin~!. Iy ‘many experiments, the

min
caffeine (5 mM) was already befng superfused over the ganglion at the
time the cell was‘lmpaled. In these cases, gmall, high frequency
sCaffy's were {mmediately " notigeable and these were observed to.
increase ln“amplitude and decrease in frequency with time until they
became constant. It {s likely that this progressive'changg refiecta
recovery from penetration injury caused by the electrode. An example
of this is shown in Fig. 45B.

Although the slow initial depolarizatioﬁ to caffeine has been
reported to increase in amplitude with concentration (Kuba and Nishi;
1976), the amplitudes of the sCaffy's were not found to be
concentration-dependent. Lover concentrations of .caffeine were
observed to produce sCaffg's in a lower percentage of the neurones
examined. In the present experiments, 5 mchaffeine was used through- E
‘out to optimize the likelihood of inducing sCaffy's (48 of the 101 B

cells examined produced sCaffy's). .

b) Evoked caffeine induced hyperpolarizations

Hyperpolarizations were electrically evoggdh}n the presence of 5
mM caffeine (eCaffy's) in 40 of 49 cells (BZi) examined. eCaffH'Q
vc0u1d often be evoked in cells which did not produce sCaffy's.
évoked Caffy's r‘could be achievéd by several means including

orthodromic or antidromic stimulation, or by direct stimulation with
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depolarizing or hyperpolarlzingq current pulses. . Examples of
eCaffy's produced by direct depolarizing current injection are shown,
in Filg. 46A. “Part B of this figure also {[lustrates a plotted record
from the Nicolet 2090 ﬁlgltal Oscilloscope showing the 'effect of
caffeine on the AP,y of an antidromicslly evoked B spike. This 1s
the same general phenomenom as shown in Fig. 46A but at a fagter sweep
speed.  Evoked Caffy's ranged in amplitude from 2 to 50 mV with an ) -
;

average of 17.2*1.9 mV.(n-AO). [t should also be noted from Fig. 46A
that following an eCaffy, the cell was refractory for 2-4 min before ,
anotﬁer response could be evoked. The measureablé features of the
N

Caffp, schffH and ‘eCaffy are summarized in Table 8.

~
f

4.  Comparison of the sensitivities of the Ady and Caffy's to

potassium channel blockers

If the Ad“} involves an increase 1in gK activated by
intracellulaeraz*; then the adrenaline activated channels may have
the same pharmacological properties as the ca?t activated gK which
generates the sCaffy and eCaffy. Therefore, éhe effects of var-

fous K' channel bloc*ers on the Ady and the Caffy were compared.
¥ .

a) Tetraethylammonjum

Tetraethylammonium (TEA) has been shown to block two voltage-
dependent gK's ,associated with the repolarization of the action
potential 1in bullfrog sympathetic ganglion cells: the delayed
rectifier current. and theVCa2+—activated gK (Adams'et.al. 1982). 1If

the Ady 1s due to the activation of such voltage-dependent gK's, it



L

«L.,-x
{
Vi

30 mV
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N . oo k R ' ! . Coae
—[:‘13: 46. - Evoked- caffeine (5 mM) induced hyperpolarizations

- e

(eCaffy's) recorded . intracellularly from ~two Raha’ catesbeh;n.
-3 . . . A ~

L

-sympathetic . ganglion B cells. b A Caffy's evoked by direct

depol.ar”iz/_iﬁg current -injection. Dots under co%tinupus traces indicate
times (6-0' sec 1ncerval)' of current in}jecti‘on. Note that the ‘cell

. ol o
_'appea)réd té - be refractory or unresponsive to stimulation for 3-4

minutes following an eCaffy. B. Effect of 5 mM caffeine 6n the

.

antidromically evoked.AP,y of a B cell. Exposure to 5 oM caffeine

e i . . IS
for 10 min increased the duration of the AP,y while exposure for 13
afn resulted fa an eCaffy. . Note time calibration in B. compared to
A. The voltage calibration’ immediately preceeding the ant.idrqmicalvly

Ce"’voked action potential  measured 50 ‘mV ‘and 20 " msec. A. and B.

represent two separate B cells. Traces in A. were obtained from a.

rectilinear pen recorder. Traces in -B. were obtained from a digital
? N . - . .

storage oscilloscope-

182
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Table 8

0

Some characteristics of caffeine responses recorded intracellularly
from B cells of Rana catesbeiana sympathetic ganglia

e

€affp sCaffy cCaffy

Percentage of 55 = 82¢° 43 = 4320 40 = 821°

cells which 67 .. 101 49’

responded

Amp1itude! 14.2¢2.1av¢ 16.542.00v® . 17.241.9mv

(range) , (2-28mV) > (2-44mV) o (Z—SOmV) )
“‘Frequency of e , © o 1.3%0. 3m:hti'/f T

sCaffy S (0.1~ 6.0min'.)

(range) : )

a - Caffy - percentage of cells which depolarized .. to the

application of 5 mM caffeine after the cell was
impaled ., S :
eCaffH - percentége of - cells’ which exhibited spontaneous
hyperpolarizations to 5 mM caffeine applied either
before or after the cell was 1mpaled

c eCaffy - rcentage of stimulated cells.‘which_ hyperpolarized'
o when stimulated by any of the following methods: 1)
antidromically evoked spike, 2) orthodromically evoked
spike, 3) direct depolarizing current injection or 4)
anodal break ‘excitation
d Caffpy =~ change in ‘membrane potential from pre—caffeine level
to plateau 6f new potential following caffeine action

‘e sCaffy amplitude of 1n1tial fast phase of all four types of

sCaffH



-bring the cell ‘to threshold and induce spontaneous activity ’(Fig.

"49). The membrarie potential returned to the pre- TEA control leNel and

/ | " . . . 184

_/might'becexpected that it waquld be blocked by TEA. TEA (10 mM) was

found to produce variable effects on the Ady recorded by ~the

sucrose-gap technique4 in Rana catesbeiana ganglia. In- 5 of 8 "

experiments, l& mM TEA destabilized ‘the resting sucrose—gap potential
to the extent that subsequent AdH's were obscured.v In the remaining
3'>eaperinents, tHe Ady ‘was ennanced, breduced and unchanged 1in
separate preparations. The net effect after 30 minutes exposure was

not significant (98.3+15, BZ of control). Fig. 47A indicates . an

: experiment when the AdH was slightly pozentiated after 45 minutes.

: The effect of TEA on . the intracellularly recorded sCaffH from,;m
individual B cells was more_straight forward. In all 4 cells studiedd“
a large depolarization (20 40 mV) occurred when 10" mM. TEA was applied,fﬂ

(Figs. 48 and 49) Iﬂ 2 cells this depolarization was sufficient toA'M

.

e

the spontaneous'firing”ceased when the TEA was removed. During the
plateau of the TEA induced depolarization tne fast initial component
of the SCaffH 8 were reduced to 39.6+8.0%Z of control (n 4) while the
secondary H‘g\were unaffected (Fig. 48, Type I sCaffH;'Fig. 49, TYpe
v SC&ffH): This is consistent with the findings of Koketsu, et
al., (1982a). This depressant effect .may have been largely due to the
depolarization, itself, since it was observed in 2 experiments that

injected depolarizing current, which displaced'tne membrane_potential

' by the same amount as did 10 mM ‘TEA, also reduced the amplitude of the

L
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» Control . 4-AP - Wash

Fig. 47. Effects of TEA snd 4~AP on the Ady recorded from two

separate Rana catesbeiana aynbathetic ganglia by means ofthe R

sucrose—gap technique. A. Cﬁntrol Ady (to 1 .M Ad); Ady following
45 min exposure to 10 mM TEA; Ady ‘following 45 min washout of m\
B. Control Ady (to 1 uM Ad); Ady following 50 win exposu?e to 1 aM -
4-AP; recovery of Ady following 16’5 min washout of 4-AP. ‘Black ‘bars
under ré;poﬁses 1nd1cai:e' period (30 sec) o‘f'Ad.4supe,rfuslon. Tra‘ce.s /
were: obtained frowm a rectilinear pen reco.rder. DMI (500 nM) was

‘pr'e‘sent in both experiments.
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A ’ C Fig. 48. Efféect of TEA on Type I sCaffy recorded intracellularly .. - T

from a Rana catesbeiana ly-p;l:het'lc .gangllon B cell. A. Low gain
coatinuous record. of ne-bra:ne pq;ential of a B ceii in the iaresence of =
5 =M caffeine ‘and\ 10 mM ﬁA. Caffeiné was 'contlnuousiy present
whereas 10 oM TEA was superfused for the period indicated vby the
horlzénr.al»bar. Note r.t;e selective effect of"rr;A‘ on. the {nitfal ‘fast
co;ponent ’éf the'Type 1 ;CaffH ar;d the .reversible depolarization
produced by 10 mM TEA. B. ‘Hig‘h 'g:;in_ records of sCaffy's before, Ba;
.
d‘urlng, Bb; and.after, 10 oM TEA, Bc. Lower case letters indicate
correspclan;ii.ng responses {n ‘A-‘.\’\LU aV calibration applles" to A; 10 aVv
t{;llsration applies to B. frace&e obtained from a rect'lline‘gr pen

recorder. . .

\ Sl



Fig. 49. Effect of TEA on Type IV wsCaffy recogded intracellularly

from a Rana catelbei‘nl_ sympathetic ganglion B cell. A. Low gain

continuous record of membrane potential of a B cell 1in the p;‘elehce of

5 s caffeine and 10 =M TEA. Caffeine was continuously present
. " .

whereas 10 ‘@M TEA wvas applied for the period 1indicated 'by the

_horizontal bar. Note the selective effect of TEA on the iniclal fast

component  of the ‘Type IV,sCa'ff and. the reversible ) depolarization
produced by 10 oM 'I'EA In th<ls expéri,uent the TEA ‘induced
depolarization was sufflcient to bring the cell to threshol'd and cause
.pontlhéoug firing. This fir-ingwus also reversiblg.uith the
repollarl.zatflon of the membrane’ potential. B. Higr; gain' records of
sCaffy's before, Ba; during, Bb; ‘and ;at'ter, Bc 10 mM TEA. Lower
N ?
case 1et_l:er‘s indicate corresponding responses in A. 20 nV calibration

applies to A; 10 aV calibration . applies to B. Trlcés were obtained

from a rectilinear pen recorder. -

»
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primary component of the'sCaffﬂ's to the same extent\.

b) 4-amtnopyridine : v \

.\\

4-aminopyridine (4-AP) has been reported to |biock a fast,
’ (- .
la~ variety of

transient voltage—dependeht gKl<’(A-current)'b in-
1n§erﬁebrate (Thompson, 1977) and vertebrate néuronesb (Belluzzi et
al., 1985),‘yet Bas 11Etle effect“on any of the.Kf*channels ptefiousiy
described in bullfrog ’sympathecic ganglia (Adams, et al., 1982).
Despite.tﬁis,‘l mM‘A-AR reversibly reducea the Ady to 17.2:5.42 of
control after 30 min (n-S). A representative experiment |is
11lustrated in Fig. 47B.

.In~‘con£fast, 1 mM 4-AP ‘had no effect on any phase of fhe
gdaffn's (n-8); _ It was also observed that 1 mM é—Agvﬁroduéed no "
change in the resting membrane potential (1n the ptesenc; or ébsence
of 5 mM caffeine) and it p?bducéd no change in the profile of the
anﬁtdromically evoked action potentiai Zin the fbience of caffeine).

g . These observations might‘suggest‘that 4=AP seﬂqitigi“ﬁbannels are not

N R
IR

e LU A, T 4 : .
e N f.;;nypivedhin.the generation of an action potential or maintenance of
W ST e . | : |
he fresting membrane potential of these cells. However, in every

gt
:"»igtiagéiluiar experiment petfofmed with 4-AP fn the ‘presence of
caffeine, spontaneous firing resulied which reached a peak fréquency
of akth 2.Hz.'vA typicél experiment is 1ilustrated.in Fig. 50. These

A : e
sbon%hé%ous action potentials often evoked . eCaffH's 'but') the

amplitude of these responseg did not appear to be any smaller than the

sCaffy's recorded before . the appliéa%ion of 4—AP. It should be -

g
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ImM 4 -ominopyndine

Fig. 50. Effect of 4-AP on aCaffy recorded intracellularly from a

Rana catesbeiana syapathetic ganglion B cell. A. Low gain continuous

record of meabrane potential of a B cell tn the presence of 5 -\/\ .

caffelne and 1 M 4-AP. Caffetne va‘s“co'ntinuounly _présent wﬁere‘u l‘
M 4-AP was superfused fqr the peru;d indicated by the horizontal
blr..' Note the induction of irreversible spontanéous firing ‘by 4-AP
vithout any effect on the amplitude of any phase of the ‘sCaffH'- B.
High gain records of sCaffy’s beft;re, Ba; during, Bb; and after, Bc‘

b o
‘1 aM 4-A). Lower case lgtters indicate 'cdrrespondllng responses in A.

20 wV caltbration applies to A;. 10 mV calibration applies to B,

Traces were obtained from a rectilinesar pen recorder. -

»\r’

o
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noted that the ihduction qf'this spontaneous activity appeared to be
an 1rrevers§ble phenomenon sinee it continued unﬂggted ‘for up to-2
hours following washqqt of the 4-AP. Examination of the spontaneous
activity on fhe Nicolet 2090 Digital Oscilloscope revealed that a
mixture of pre- and postsynaptically gederated action poteﬁtials
contributed to this activity (Fig. 51). Since presynapéicslly
génerated action potentials were superimposed upon fast é.p.s.p.'s,
the normal pfofile.of the spike>afterhyperpol&rizatfon was obscured
and th;hsgike amplitude was reduced. The reductiqn in séike amplitude

was - presumably due to the éhunting effect . of the fast e.p.s.p.

(produced by an increase in Na' and K+ conductance; see Section Ma: of
1

N

%thg Ihxroduction' Blackman, et al., 1963).
€ toay
) S nex 3’\7

c)- Qginidi

. ‘Quinidine has been shown to exhibit properties as a ca’t

activated gK blocker similarjﬁﬁ;itéfievorotary isomer quinine (Cook
and Haylett, 1985). ‘Quinine,blocks‘the é§z+.activ§ted Kt permeability ﬂ".4
>of red biédd,cells (Lew and Ferrefra, 1978), hgpatocytes (Banks et
al. 1979) and the ca’* activated gKvof hyeﬂteric neurones (Cherubini
‘et al. 1984).  If the Ady in bullfrog géngu.a involves the
activation of a Ca’t activated K+ channel similat to the quinine
sensitive channel described in these other cell types, quinidine might
be expected to block the Adu.

Quinidine (50 uM) was found to reversibly reduce the amplitude of

- the AdH' to 37.6+10.6% of control after 15 min in 6 sucrose-gap



5mM Caffeine
; + v
A ImM 4-AP |z

500 msec

FPig. 51. Spontaneous firing induced by 5 mM caffeine plus 1 M 4-AP

recorded intracellularly from a Rana catesbeiana sy-pnthetic ganglion

B cell. A. Two ;;ou-ympuc.uy generated action potentials recorded
6 min following removal of &4-AP. B. Two postsynaptically and one
pu:yimpztcnuy generated action potentials recorded 18 min following
removal of 4-AP. C. Four pos[synabtically gener;ted action ;:o(entlils
recorded 24 wmin following removal of 4—aAl. b. One opresynapilm:lly
genersted action potential between two posts;'naptlcllly generated
sction potentisls followed by a sCaffy recorded 25 afn after the
u-pul of A-AP. Voltage ;.ubuuon on the left of each trace
wessured 50 wV, 20 ms. Traces were obtained from a digitsl storage

oscilloscope.
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‘eiperiments. A representative experiment is 1llustrated in Fig. 52A.
Both the sCaffy and eCaffy were antagonized by 50 uM quinidine.
The sCaffy was reversibly reduced to 58.1#2.0 % of control (n=6)
féliowiﬁg 15 mi; and the eCaffy was reversibly reduced to 37.5% of
control ;fter, 10 min 1in one experimeht. - A typical experiment,
‘indicating the inhihiﬁory effects of. quinidipe on the éCaffH ia
f1lustrated -in Fig. 53. The sinéle experiment performed on the
eCaffy's 1s 111ustratéd. in Fig. 4. Quinidine was only tested
‘against Type II‘ andv Typer II1 sCaffy's, tﬁerefore it was ﬁot
determined whether this K'Y channdl blocker had any differentiall
effects on the initial anﬁ secondary hases. Thé application of 50 uM

quinidine (in the presence of caffeine) was not obgerved to cauqe'anj\

effect on the restﬂng membrane poténtial\of these cells.
\

d) Apamin ' “

The bee venom \peptide, apamin, has previously been reported to
block® the nosadrené ine induéed‘ 1ncrease in K' permeability of
hepatocytes (Banké et al. 1979), a voltage-dependent current in rat
superior cervical ganglién cells (GalQan and Behrends, l985) as well
as a slow Caz+—sén§1tive gK (Ipgp) in bullfrog syﬁéathetic neurones
(Penngfather; et al., 1985). It does not however block ca?t activated
«t chagneis in all céll' types.a: Notably, it has no effect ‘on the
Gardds _cdgrgnt‘-in' erythrocytes (Banks et al. 1979) nor the early,
; yoltageASensitive Caz+—sensitive gk 1q bullfrog sympathétic neurones.

It was of interest in the pfesent»study to investigate whether apamin

Pid !}
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| Comro'l Quinidine Wash
| 5min
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Control ~  Apamin - Wash
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¢
rig. 52. -Effects of quinidine and apamin on the Ady recorded from

t.vo separate hn; catesbe#nm sympathetic ganglis 'Aby neans of the
sucrose-gap technique. A. Control Ady (to 1 .M Ad)); Ady following
15 wmin exposure to 50 .M quinidine; recovery of Ady following 200
ain washout of 50 .M quinidtﬁe. B. Control Ady (to 1 M Ad);
following 45 min exposure to 500 nM apamin; Ady followfnh 80 min
washout of 500 nM apamin. Black bars under responses indicate period
(30 sec) of ’Ad superius“xc;n. Traces were obtained from a rectilinear

pen r:cordcr. DMl (500 nM) was present in both experiments.
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rig. 53. Eftect of quinidine on sCaffy recorded intracellularly

from a Rana catesbelana sympathetic pganglion

continuous record of wembrane potenihl of a B

B cell. A. “Loa gain
- { B

cell in the prélence of

S mM caffeine and 50 .M quinidine. Caffeine vas continuously present

vhereas 50 ,}f quintdine was superfused for the

horizontal bars. B. High gain records of

during, Bb; and after, 50 .M quinidine, Bc.

s

indicate carresponding responses in A. 40 aV
A; 8 wV calibration applies to B. Traces

rectilinear pen recorder.

period indicated by the
sCaiiH's° before, Ba;

Lower case letters
callbratllon applies to

were ob:ﬁined from a

»

»
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Fig. S‘:. Effect of quinidine on eCaffy induced by dmn antidromically
evoked action potential recorded intracellularly from a Rana
catesbelana sympathetic ganglion B cell. A. Superinpogmd trace‘l from
digital storage oscilloscope showing onset of quinidine action. Al.
control Caffy; A2. eCaffy followirdg 7 amin exposure to 50 M
quinidine; A3. eCaffy 3 min following removal of 50 M quinidine.
The same traces obtained from a rectilinear pen recorder are k:alao
shown. Note different time calibratlons. B. Superimposed traces from
digital storage oscilloscope showing offset of quinidine action. BL.
eCaft,, 3 min tollowing removal of 50 M quinidine; B2. 11 min
following removal of quinidine; B3. 29 min following removal of
quinidine. The same traces obtained from a rectilinear pen recorder
are also shown. Note different time calibrations. Voltage
calibration preceeding antidromically evoked actll.on potential measures

SO mV, 20 msec.
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would affect the AdH aaﬁr

Saffﬂ in similar or different manners-‘
Special care waSQQaken to en3ure that the apamin used in the

_suCrose—gap.and intracellular experiments was biologically active by
: : : A L

assaying the peptide on rabbit jejunum‘(see Materials and Methods).

No effect'of apamin (500 nM) was observed in anyvof the 7 Sucrose;gap

.experiments‘performeg,on bLllfrog ganglia. A typical experiment is
shdwn .in Fig 52B. In'contrast it was observed that' 500 nM apamin
‘appeared to selectively and reyv, rsibly ancagonize the fast prinary
component of the sCaffy and eCaffy ,1“ two separate‘ intracellular
ekperinents;. These experiments are illustratedbin‘fig. 55:l It would
thereforé seem»possible on the basis of thes; few experfments that

'apamin, at least partially, inhibits the Ca2+—activated gk induced by

caffeine while having no effect on the AdH.

5. Comparison of the sensitivites of the Ady and Caffy's

which affect intracellular calc1um movements
o , )

a),Dantrblene
t o . A ‘ '
‘Dantrolene 1s generally believed to inhibit the release of Cca?t

‘from the sarcoplasmic reticulum of skeletal muscle cells (Van Winkle,
1976). Kuba (1980) has reported that dantrolene Na (6.4 - 20 pM)

) eithern'lengthened the~.interval ‘between the 'sCaffH's or”"abolished

‘them'alngether.i TS observation ‘was used by Kuba to strengthen his"

‘hypothesislthat the CaffH's,reSult,from an increase in gK which is
- . . N : . . R . . .

, .
;o

' activated‘byviﬁtracellularly‘released ca’t

If  the .AdHV/was ‘generated in a similar fashion, {t should
¥ . : - .

v
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T ‘ . O N l“a; ' A.
- Control . 500 nM Apamin Recovery,., -
K ' \
: ~ .
" eCoffy, . J{'/M
'y _

5 .

s
g, ’ ) ? .

sCaffy B ~ 4 :

Fig. '55. Effect ~of "apanln on eCaffy and - sCaffy recorded

- intracellularly frpm two Rana catesbelana  sympathetic ganglion: B
cells. 'l.lppex-' traces show Caffy's induced by antidromigally 'evoked'
action -potential: control eCaffy; ~ eCaffy folloving”6 min exposure
.to 500 nM ap:a(;nin;‘reCO\r‘ery etaffH 46 min follow!ng ‘remgval of
apamin. 'Lo'wer traces show co‘nt‘roiv'sCa‘ffH, and’ sCaffy foilo;ing 2
ain expos;xre to 500 M apamin. Note‘ that onlyA the inital fas‘t phase

4f the eCaffy and sCaffh-‘uas affected by 500 nM apamin. Traces

were obtained frow a rectilinear pen recorder.
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exhibit a similar sensitivity to dantrolene. It was therefore of
interest to examine whether this compound affected the Ady. It was
found‘hdwevef that 60 uM dantrolene Na had effect on the Ady after

45 min- of superf@éion in 7 sucrosé-gap preparations. A -typical

« ,
experiment is shown in Fig. 56A.

b) 8-(N,N—diéthylamino);ctyl 3,4,5 trimeéhoxybenZoate .

The Compound,‘8-(N;N—§iéthylamino)octyl, 3,4,5 trimethoxybenzoate
(abbreviated as TMB-8), whichtis'ﬂesc;ibed as an “intracellular Ca2+ 
antagonist” has been shown to block caffeine ‘ihduced release of
iCa2+ bqund ‘to intracel;ular storage sites in various smooth édd
'skeiétai nuscles (Chiou and Malagodi, 1975). 'In an effort to examine
time role"‘of 1ntrace’llula‘r' ca’t mov‘nents- i_nu bullfrog Sympéfhetic
j'ganglion'ceils; it was felglthgt it would be worthwhile to test :-and

compare 'the effects bf TMB-8 on the Ady and Caffn's}

in 7 suctose-gép,lprepa;aﬁian,‘ TMB-8 (50 qu was found»'éb
reversibly ancagbniie the Ady to 38;9t7.12vof control after 15 miﬁL
A represeﬁtative‘ éxperimeﬁt is illqgtra ed in Fig. 56B. Tﬁé same .
.concentration of_IMB—8 was found to ha e‘no effect wﬁatéoeVet on the
amplitude ' or ftequency- éf‘ the "sCaffy's réco;ded in 6 cells.v | A
;ypiéal cell is shown in Fig. 57. The aﬁplitudés of the eCaffy's in
two -cells were also obsérved to be unaffected by: 50 uM vTMB*B..
However, és is fillugtrafed in Fig. g8, the latency of onset of the
eCéffHA following the antidromically’ eVogedkvspike w@s ‘feveféibly

increased in TMB-8. These results might suggest that TMB-8 elevates
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Pig. 56. Effects.of dantrolene and TMB-8 on the Ady recorded from

tvo separate Rana catesbeiana sympathetic ganglia by means of.the,‘

sucrose-gap technique. A. Control Ady (to 1 ‘WM Ad); ‘Ady following

45 mix‘\‘.vexposure'to 60 LM dantrolene; Ady féllowing 45 min washout of

dantrolene. B. Control Ady (to 1 M Ad); Ady following 20 wmin

exposure to 50 .M TMB-8; recovery Ady following 105 min washout ‘of
’ o,

- . . 0

TMB-8. Black bars under responses indicate period (30 sec)&@ Ad

superfusfon. - Traces were obtained from a ,rectllinea.r pen recorder.

VDﬁI (500 nM)-was present in both experiments.

o
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A

a o o '

K 50 uM TMB-8

.

) r \ ' omv

B

Fig. 57. Lack of effect of TMB-8 on sCaffy recorded Intracellularly

from a Rana catesbeiana éynpathetié ‘ganglion B cell. ‘ A. Low .galn
continuous record of membrané potential of a B cell in the presence of

5 wM caffeine and 50 uM TMB-B. Caffeine was superfuéed continuously

" whereas 50 ‘;.H TMB-8 was applied for the period indicated by the

horizontal ‘bars. B. High gain' records of sCaffy's ‘ before, Ba;
during, BB; and after, 50 LM THB-8‘, Bc. Lower case letters indicate
corrésponding responses 1in A.' Traces were obtained from a rectilinear

pen recorder.
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Fig.- 58. Effect of TMB-8 on the Caffy induced by an antidroaically

evoked action pote'n_thl ‘recorded intracellularly from a Rana -

catesbeiana sympathetic ganglion B cell. Aa, control eCaf'fH;' Ab,
eCaffy following 10 min in 50 uM TMB-8; Ac, eCaffy 3.5 min after

TMB-8; Ad, eCaffy 5 min after THMB-8; Ad, eCaffy 5 min after TMB-8;

‘Ae, _eCéffH 23 min after TMB-8. Traces in A were obtained from a

digital stofage oscilloscope. .Voltdge calibrations preceeding action
potentials are 50 aV, 20 wmsec. B. Same traces (arrow) asyi»nbA

obtained from a rectilinear pen recorder.
4
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the threshold for intracellular ca?t release without gffq’cting' the

-

amount of Caz"' J.viberated.

. 6.  Summary - calcium' activated p.govtxlas‘si‘um .‘éonductance :

Tﬁe resultsvfroin se‘ctinon_s 4, 5 Lana 6 areqsumniatized in Table 9.
‘yovnlyk quin inel affect'aﬁ‘all threé -t"Aesp'ons'es': fhe Ady, sC.affH and"
eCaffy, ‘in aﬁ inhibitot)f ;fashioﬁa ,::.TEA ‘and\-ap_;min could be grc')uped
:ogécher since they both had little effect on the Ady while
selectively ‘de.pteésing tﬁ“e fast 1initial component of thé sCaffy's.
4—Af ar'ld' 'fMB—B ‘had somewhat s}milar effé'ct_s “in ‘th’at th';y,. both
dep‘res‘x.sed‘ the AdH'Sut had no effect on the 'sCaffH.f" Dantrolene,
while having no‘discernible ef‘fect on the Ady, has Seen fepotted by
Kuba (1980) to _producel varria‘ble ‘1hhibitory,ﬁf‘ia\'ctions' on _tﬁe Caffn's
On thelwhole, 'it would appear that these six ggeﬂﬁs-éff—ec;e’d the
Ady, recorded Aby the" sucrose-~gap g:echniqu:é: " and tﬁe C&ffu"s,
" recorded intfacellulafly, ix’l’sv‘ubstax;.tival'llyv différent ways. ‘ThiJs would
édgge‘st that the 'AdHV and Caffy's are not produced byv.identic‘aéal

ionic mechanisms. D a .
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Table 9

a

Effects of various potassium channel blockers and intracellular Ca’*t
stabilizing agents on the Ady, sCaff and eCaffy 4 &

o

5 Ady sCaffy | eCaffy

10 mM ' 98.3+15.6%(3)2 39.618.02(4)‘ not tested

TEA o : B :

lmM - . ' C17.2¢ 5.4% ~ no éffect(B) not tested

4-AP | - |

. 50uM B 37.6+10.62(6) 58.1+2.0%(4) 37.5%(1)

Quinidine '

500 nM ' . no effect(7) 63.6%(1) ' 34.82(1)

Apamin . :

GOpM‘ : ' no effect(7) not tested ‘ not tested

{Déngrolene '

S0pM_ 38.9£7.12(7)  no effect(6) ~  no effect(2)’.

TMB-8 - o , _

a '?. In 5 other. preparaticns, 10 mM TEA caused the resting
sucrose—gap potential ‘to become very unstable, thus obscuring
the Ady's elicited during the TEA application.

b -"In 2 cells, the latency of onset of the eCaff was reversibly

- lengthened but the amplitude of the'response was unaffected
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»

A. Effects of adrenaline recorded by sucrose-gap and intracellular

methods A

a

1. " Explanation of the results in terms of differences betwveen

sucr0|e13!27nnd intrncellulnr methode

An aspect of this study which denandn immediate and thorough
consideration is the striking contraut\ between the hyperpolarizing
effect of adrenaline on the whole sympathetic ganglion recorded by the
sucrose-gap method and the complete lack of effect of adrenaline on
single ganglion B and C cells recorded by the intracellular method
(see Section A of the Results). CbncentratiOn-dependent
nyperpolarizations ' to superfused ‘adrenaline (ady) could be.

consistently obtained in sympathetic ganglia of both Rana catesbeiana

»
and Rana pipiens. Occasionally, (2 out of 10 preparations, Rafuse and

Smith, 1982) depolarizations to adrenaline (AdD s) ‘were recorded in

Rana catesbeiana but never in Rana pipiens. All of the intracellular

-

experiments were performed on Rana catesbelana but neither a

hyperpolarization nor a depolarization could be conyincingly recorded
in response to superfused adrenaline. There may be several possible
reasons for this.

" Sectien E of the Introduction gives detailed descriptions of the

.

sucrose—-gap and intracellular recording techniques The point 1is
‘emphasized that, even when the same preparation is used in both cases,
the two 'methods record from different parts of the neuronal

membrane. In the bullfrog sympathetic ganglion, the 'Sucrose-gep
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method records the average compound nemﬁrane potential of a}population
of axon-hillock and axonAl membranes , while the intracellular method
records the membrane potential of a.aingle celllbody., It is explained
that non-propogating signals (eg. drug réquhées) originating in the
cell bodies of‘thé ganglion would electfoﬁdpically spread down the
aions to be detected by sucrose—gap recordihg but that.the amplitude
of the signal would be attentuated.according to‘fﬁe distance and cable
broﬁerties of the axons. Aléernat;vely, if a drég renponse‘originatéﬁ
in the axon or axon—hillock régiod of the neurome, it would spread
into the cell body as well as down &he axon. Such a response would be
detec;ed by sucrose-gap‘recording more easily than by.inttgcellulat
recording becquse tﬁe éable properties for éiectionic sfread-are more
) favourablc.fot ; cjlin@r;cal axon than a fpheégﬁgl'or oblong celi b@dy
~ (Jack, et al., 1975). If the az;adrenocei;Ots which mediaCé’the Ady
(recorded by means of the éucrose-gap techn;que) reside oﬂ Ehétaxoﬁ or
even the aion-hilloék; then the electroténic }anéion of Ehe cell bd&y ‘
way not bg‘ sufficient for the intracellular }ecording, eledgrode’ to

-

detect anything.
"

Koketsu and Nakamura (1976) were also unable to record an Ady -
in either B or C cells of bullfrog sympathetic ganglia using
conventional intracellular methods. These authors proposed that tﬁg\

Ady originated at the axon-hillock membrane for the following\\\

reasons. 1) The Ady could easily be recorded by the sucrose-gap \\

\

: \
technique which records from this membtane as well as the axon. 2) \
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Concentrations of adret.\:iine» up to 300 .UM had no effect on isolated
poutgnnglionic nerve trunks, suggesting that the receptors vere not on
e
the axonal membrane. 7¢3) Presynaptically evoked B spikes were examined
‘before and during the Ady. It was found that while the overall
voltage deflection froni the peak of the action potential to the bottom
the afterhyperpolarization did not change, the ratib of "the spike
anplitude to afterhyperpolarization amplitude increased during the

Ady. ’I’his was taken to indicate that the AdH occurred at least on

the B cell Inegnbrane. .

Kokgtsdv afid,n Nakamura (1976) may have been correct about the Ady
not originating 1;1‘a\_the cell body of B and C cells, and the response
‘may very well originate in the axon—hillock membrane, but th&y really

.
have not ruled  out the initial segment of .the axon (IAS) \itself.

First of all, regatdless of how the frog ganglion is positioned 1

sucrose-gap chauber, adrenaline applied to the ganglion will come
. 11

contact with short segments of axons (IAS) of the mOre rostrally

situated cells. There thay not be any recéptor for adrenaline on

axonal mewmbranes remote from the ganglion, as” Koketsu and Nakamura

have demonstrated usibng a plece of the postganglionic nerve trunk, but
\ Y

this membrane may ‘be very different from the membrane of the IAS. \

Secondly, the third experiment described may not Have been correctly
. :
interpreted in light of more recent data. ~Minota and Koketsu (1977)

have shown in bullfrog sympatheti/ganglion cells and McAfee and hisk

\ - ,

cpl\’“@ues have showngin mammalian ganglia (Horn and McAfee, 1980;
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McAfee, 1981) that-a-adrenergic agonists reduce the amplitude of the
~action potential afterhyperpolarization (AP,y) by antagonizing a
voltage-dependent ca?* f{nflux- which activates a gK involved in the

APpy- This action of adrenaline might at least ﬁartially explain
the effgct'of adrenaline ou the rifio of the amplitude of the spike to

the‘anplitude of the AP,y. It should also be remembered that action

potentials recorded by the suéroae*gap method are also detected (as is

the Ady) in the axon-hillock region and‘ IAS of the cells more

rostrally positioned in the ganglion. ‘

Even if the a,-adrenoceptors and Kt channels which mediate the

Ady rééide on the cell body membrane, it 1s possible that the
membrane disruption produced by the penetration»of'an intracellular
electrode ‘may somehow affect the iqn channels which generate the

Ady. It has recently Seen rghown, for example, that the late
Caz:éctivated K* current underlying thel APpy  (Iaxp) described by

Pennefather, et al. (1985) can 6n1y be recorded when penetraqion'
injury is minimal. Also prior ﬁo the impressive'demonstf;tion by ﬁorn

and Dodd. (1981), of slow i.p.s.p.'s approaching 40 mV in amplitude,

most 1nvestig§tions /héd reported some difficuily in recordingv slow

i.p.s.p.'s from curarized C cells (for feview see Kuba and Koketsu,

1978). 1In light of the technical improvements which have been wmade

allowing ‘a large slow 1i.p.s.p. to be recorded 1ntracellular1y (Horn

and Dodd, 1981), it may eveatually .be possible to record an Ady
2 -

intracellularly with even further technical refinements.
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2. Effects of adrenaline on B and C neurones

Another fundgmental difference between the sucrose—gap and
intracellular recording techniques is that the former records average
membrane poteuntial changes of a population of° ganglion cells while the
latter direétly records the membrane potential of a single neurone.

It 1s widely éccepted that two general cell types exist in amphibian

sympathetic ganglia: B and C cells (see Introduction). It 1is

«

conceivable, that only one of these cell types responds to adrenaline.
Of’ the 62 ganglion cells examined fpr reépons%veness‘ to
adrenaline, only 8 were C cells; the remaining 54 were B cells (See
Section A of tné Results). As wéé‘previously mentioneé, neither cell
type appeafed to respond in a reproduéible manner ;q adrenalide. It
may be signifiéant to the discussion on the adrenergic hypothesis of
the slow 1i.p.s.p. that C cells were equally as wunresponsive to
adrenaline as were B cells (see sec£ion E of 'Discussion).
Nevertheless a slow i.p.s.p. can be recorded intracellularly from ¢

cells (Weight, 1983; Dodd and Horn, 1983b).

- Most sucrose-gap recordings of the Ady were made from the IXth

and Xth ganglion. Occasioﬁélly, the VIIIth ganglion 1in Rana pipiens
was used when neither the IXth or Xth raml communicans were long
enough to span the sucrose-gap. Although, no‘dgta'wés presented on
this ganglion, no particular difficulty wefe'experienced’ obtaining
Ady's of amplitudes comparable 'to those 1in the IXth and Xth

: . 4
ganglia. This 1is interesting because it 1s not known whether this

-
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‘ganglion contains any C cells (see Fig. 1 from Skok, 1973). If this'
"is rthe.;case, .1t would suggest that the Ady 1s not exclusively

, .

generated in C cells as is believed to ‘be true for the slow 1.p.s.p.

| B.:; Adrenaline induced hygerpolarization and electrogenic NaK—pump
'stimulation

‘1. Genef%l comments -

~ Koketsu and Nakamura (1976) proposed that the. Ady in bullfrog
sympathetic ganglia was generated by activation'of the electrogenic
NaK—pump. Phillis and Wu (1981) extended this hypothesis to explain
' their own observations,:'and ‘the observations of others, .concerning‘
catecholamine induced inhibitory responses in excitable membranes in
general.* Three pieces of evidencevare persistently ueed‘in Support¢of
.{ thisf hypothesis (Phillis and‘:Wu,. 1981), 1) The majority of

. o
investigators vho had succeeded in recording a catecholamine induced

hyperpolarization in’?vertebrate neurones had not -succeeded in

measuring an increase in membrane conductance during the response 2).

‘3,

Catecholamine _ induced inhibitory responses . (including‘

v

hyperpolarizations) were shown, to,‘be selectively inhibited by the
cardiac glyc051de, ouabain. '3)-Catecholamines could enhance ouabain—w

ensitive ATPase activity in isolated neural membrane homogenates
e

Withirespect-to studies'on‘mammalian sympathetic ganglia, it must

-be, conceded that a convincing. change  in membrane conductance has not

Been measured\in respbnserto'caﬁhchoiamines, ~In amphibian ganglia,

not even-a convincing  membrane potential change = (depolarization or
) . n i ‘ . . : . | ) ) . -
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hyperpolari;ation)' has kbeen recorded intracellularly to adrenaline
(see section’ ‘A2 of the Results) It should be noted however thatl
since the review by PhillLs and Wu (1981) appeared clear conductance
increases ‘to potassium' have ,been reported following ay—adrenoceptor
activation‘vin locus ‘coerulens Y(Aghajanian anaﬂ,Vander Maelen, 1982;
Egan, et al., 1983), substantia gelatinosa (North' and Yoshimnra,
1984), ,‘myenteric neuroneshi (North_ and Suprenant, 1985) and
v parasympathetic' ganglia (Akasu, et al.;_ 1985).  The ‘failntes to
demonstrate* responses and ~conductance ‘changes to catecholamines in
sympathetic ganglia may be explained by one or morebof the snggestionsvﬁ
made in Section A of the Discussion. |
The Second point by Phillis_ and  Wu '(19él) claims that
catecholamine induced inhibitory responses -are selectively inhibited
by cardiac glycosides.v This has not been persuasively demonstrated in
sympathetic ganglia. In amphibian sympathetic ganglia, Koketsu and
Y‘Nakamura (1976) neported that 1 (M ouabain (applied for more than 60°
min) had very little effect on the AdH. Depression of the,AdH to
50% 'of ‘control was .only observed» following at ‘1e§fto'60 minntes
‘exposure to lO uM ouahain{ Smith (l§84)’showed that 10 ‘uM ouabain
:inhibitec—the AChpy (le. electrogenic NaK~pumping o 251 of control
in 40 minutes without having a statistically significant effect on the
VAdH. Figgxgé—ip Sectioﬂ D3 of the Results gives an example of . an

" AChpy  which was completely eliminated following 47 min in 19 .PM

ouabain. The other electrogenic NaK-pump paradigm ;studied, the Ky,
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was ‘revg;3§d'-<ie} ‘NaK—mep blocked) 1in Fig. 38A following 69 min
expoéute_to'l pﬁ.ohgbain. On the basis of these data it would se;ﬁ
;eaéoﬁébléa to suépect. that rthe, effect of ouabaiﬁ on the >AdH is
;égcdndary>to ﬁaK*bﬁmp inhibition.

‘.i The third polnt contends that catecho}amines could eph#nce
NéK%ATPase‘éctivity in broken meﬁbrané preparations (Phillis and Wu,
1981)3 -This may ndt’have any felevance to catecholahine_aétionswin
inﬁact tissues. The :evidence presented in Section DSF of the

Introduction favours a non-receptor mechanism whereby 'catecholamines

~ remove or'inactivage éo}ubie inhibitory factors (possibly vanadate;
sée’ﬁéxt section of the Discussion); to pfoduqe apparent "sfimﬁlation"
ofl‘tﬁg enzyme . Thfs‘ ¢echanism does not 1nvoivg»ta‘ particula;
| . The ' Ady, however, .seemér to be mediated ‘By an

: [t . ‘ °
"ap-adrenoceptor (see Section B of the Results).

adrénocepcgnte%
Differential effects of the divalent cation, Baz+,vwere noted on

the Ady and AChyy 1in Section El of the Results. While the -Ady

was reduced to 11¥ of control by 2 mM Bal*, the AChyy to &Chp
rétio’was enhanced to 1922 of coﬁttoi.§ This 1is a clear'deﬁonstraiion
that the‘ Ady 1s not generated p} the same mechanism as .is the
AChpy (e electrogenic NaK-pumping). = In fact, 'thesé“reéulﬁs are
easily 'explainedf'by the K+‘ channel @locking acggsh of Bazi')f (see

Section El of the Results).

i

In conclusion, it would appear that there are a number of serious

inconsistencies concerning the hypothesis of’ Koketsu and Nakawmura:
43

8

o

%’9’
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(1976) which explains the Ady in terms of . electrogenic NaK-pumping.
The inabiiity to ?ecord the_:Ade intracellqlarlf_ makes ah accurate
.characterization of ~tﬁe " ionic mechanisml of‘ éhe"résponse very.
difficult.!‘ ConSequeﬁtly, the iﬁvestigator‘ has .beeﬁ ieft' Qith .tﬁe
. . «
sucrose—gap techniqpe to compare the sensitivities Qf the Ady and
electrogenic NaK—mep‘ responses, such: as the AChpy and Ky, to =
vaf;ous pharmacological agénts. .AIﬁ the following section of the
Disdussion, the NaK—ATPase inhibitor, vanadaté, is evalua;edv'as‘.a

useful tool for studying putative NaK—pump generated reéponsesc

2. Vanadate as a tool for stu@ying the electrogenlc NaK—ngp

Vanadate had been shown to 1nhib1t NaK—ATPase activity isolated
from a variety of sources with a potency’comparablevto or even greatér
th#n ouabain (fér review seé'Nechay, 1984)% further intefest-in this
NaK-pump 1nhibitor was elicited by suggestions fhat endoge
vanadate and catecholamines might interact to pi&?ﬁfa mphysiologicall
role in the regulation of active ion fransport (Cantlé?%jet al., 1977;
‘Bea;ge and Glynon, 1977). It waé proposed that catecholamipes might
sﬁimhlafe NaK-ATPase by reversing a ‘tqnic inhibiton by van;date‘
(Cantley, ét al., 1978; Hudgins and Bond, 1979; Adam-Vizi, 1980, aIso 

\‘seé Introduction). This possibility was also addressed by the

experiments described in Section D of the Results.

a) Comparison with ouabain

The most {important findings,.in Section D of the Results are

summarized in Table 10. In a previous study, Sumith (1384) compared
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-Comparison of the effects of
AChpy

Ady w
K
AChAH

Table 10
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Na;V0, and ouabain on the Ady, Ky and

Nas¥v0,

¢ rapidly
no effect

no effect

Quabain

+ slowly
+

+
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‘

)

the effects of ouabain on the Ady and AChyy. It was found that
o ' . T o

the  AChpy was much more sensitive. to ouabain than was the Ady.

Employing a similar a;;proach. with vanadate in this study, it was found

that '1rva Na3V0g‘produced no effect whatsoever on the AChpy but the

‘Ady wvas rapidly reduced to 31.6% of ‘control (n=13). This'high !
concentration of NajVo, also had little effect on the Ky. It 1is
1nterestiﬁg .to note that brief applicétion;'of 400 .pM NaVO3 also had

- no ,effect on the Ky .measure_d 1;1 mouse "s';;eletal muscle (Dlouha, et
al., 1981). The lack of effect of vanadate on. the two NaK—puﬁp
paradigms was interlesting in 1light of j the _fact. that: ouabain and

.vanadate both 'inhi»\‘)ited the isolateda,Nal(—ATP_asé from bu],lfr.og spir;al
cord and bra.‘iqgt conéentrations Sevéfal orders of ma;gn‘itude less than
the 1 oM superfused over theNaK-pumi) in situ.” Since it is known that.

1\ ouabain acts 'at an exti‘acellulg: site on the enzyme while Vanadate

'

acts at a 'cytoplasmic' site (see Introduction and Fié. 4), it was

| reaéonably concluded that vanadae was unable to gain access to -it:s~
. . »/" B . )
site of action when applied externally (by superfusion) to. intact
. [ s ) )
cells. - Therefore, it was suspected that vanadate produced its ’

‘inhibito‘fy effect on the Ady by an extracellular mechanism.

b) Vanadate upt_ake

In order to thoroughly rule out the possibility that vanadate

might be affecting the Adﬁ by an intracellular mechanism, the anion

-

exchange blocker DNDS and the C1~ channel blocker anthracene-9-

carboxylic acid (A9CA) ‘were examined for any effects (possible

‘
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reversal) on the vanadate induced inhibition of ‘the Ady. ~ Neither
compound significantly altered the characteristic inhibition of the

’AdH by vanadate (see Section D4 of the Results)

c) Chemical inactivation of~adrenaline by vanadate - = . e

It was' a serious concern that the apparent inhibition of the:'
AAdH in the presence of vanadate might simply. reflect' chemical
oxidation of the catecholamine by Na3V0“ in the Ringer's ‘solution
- bottle; (see Section D2  of the Results) : The oxidation—reduction'
reaction proposed to occur between vanadate and the catechol moiety is‘

shown in Fig. 4 of the Introduction. Control»experiments, including

the oneé. illustrated in Fig. 35 made it clear, however, that an Ady
could'occur,'albeit slightly,depreeaed,‘even after the adrenaline‘had
been mixed with Na3V0h (in a stoichiometric ratio of 1 adrenaline
1000 Na3V0“) for 2 full hOurs.\ Cantley and his colleagues (1978a)
have reported that at high catechol to vanadate ratios, a blue ‘colour
charactenistic of tetravalent vanadyl appears. instantaneously Upon
mixing. Such a olue “colour was neuer.-observedlbin' the present
experinents. Initially, it was suspected that the presence of the‘
Vantioxidant NaHSO3 (1/10th concentration of | adrenaline) might\ be
protecting the oxidation of adrenaline to a quinone compound, but the
same . results were obtained when NaHSO3 was omitted from the Ringer's
solution. In a verbal discussion with Cdntley, he suggested that the

extreme ratio of 1 catechol : 1000 Na3V0, might not permit the

reaction to occur as he has previously reported. ' Another possible

L
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explanation of the results might be that the reaction does occur and

" the adrenaline is fully oxidized but that the resulting quinone

J

~compounds. are as ' effective as . catecholamines in inducing a

hyperpolarization in Rana pipiens sympathetic ganglion cells.

di Magnesium dependence of vanadate inhibition o N

It has been widely reported that ng+ or other divalent cations

such as_Ca2+ or Mn?t are necessary for the binding of vanadate to the

NaK-ATPase and inhibition of the enzyme activity (for review see

Nechay, 1984). Mgz+‘promotes the E; » E, conformational change: of the

enzyme and it is the E, state in /which vanadate "traps” the enzyme

<

(Smith, et al., 1980). The'opsimal [Mgz+] for vanadate inhibit;bn of

- the dog kidney NaK-ATPase was approximafely 25-28 me(Cantley,Aet al.,

1977). In this study the Ky for vanadate inhibition changed from

- 250 oM at physiological free [Mg?*] of 600 oM to 40 oM at 25 mM Mg2+.

dn red cell ghosts, the change in Ky was from 100 nM (at 4 mM Mgz+)
to 40 oM (at 25 wM Mg?*) (Cantley, et al., 1978). The experiments in
Section D1 of the HResults indicate smaller changes in the ICgy values

in both the bovine brain (from 690 nM at 2 mM Mg2* to 420 oM at 22 mM

' gMg2+) and frog CNS NaK-ATPases (from 3.0 .M at 2 mﬂ‘Mgz+ to 2.5 UM at

28 mM Mg2+), It is curious that these enzymes were relatively

insensitive to changes in'[Mg2+],’particularly when the basal levei of

. Mg2+ in the incubation mixture _was only 2 mM and 200 uM EDTA' wa3 also

‘present. The presence of the EDTA would make it unlikely that trace

=

amounts of ‘contaminating divalent ,cations “such as Ca‘t would

w
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measureably facilitate vanadate 1nhibition of the NaK-ATPase; It

would ‘appear on the basis of these: data that vanadate inhibition of

"~ the bovine.vbraih and bullfrog d&?' enzymes were not particularly

dependent on the preéence of divalent cations such astgz+.

e) How does vanadate antagonize the Ady?
\ It would seem fairiy certain that vanadate does not 1hhibit the

electrogenic NaK-pump in the intact Rana piplens sympathetic ganglién

-inhibited 1in -a concentfation—dependent manner. The simplest

explanation of these observations is that vanadate is unable %o cross

the neural‘mgmb;anerin sufficient quantities to inhibit the NaK-pump

. from the cytoplasmic surface. The question remains; how does vanadate

pfoduce its inhibitory action op the Ady?

It should ibe remembered that- vanadate is only a specific
inhibitor of the NaK-ATPase at concen;tatibns\less'than 1 uM. Due to
1 ~
. » : i K
its - structural resemblance to #hosphate, vanadate has been

demonstratéd to 1inhibit a large number of phosphohydrolases (for a’

list of enzymes and apparent inhibition or dissociatiom cqnsténts_seé.

Macara, 1980). One enzyme which 1s not inhibiteé, but 1is instead

stimulated by Vanada&e is adenylate cyclase. Since the Ady appears

‘to befmediated by an az-adrénoceptor (see Section B of the Results),

and since a,~adrenoceptor stimulation 1s usually linked to a decrease

in cyclic AMP levels (for reviews See Exton, 1982; Limbird, 1983), it

s tempting to speculate that vanadate may inhibit the Ady by

» ~ . '///
even though NaK-ATPase 1solated from Rana catesbeiana CNS tissue*iingf/
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sﬁimulating adenylate cyclase aétivity. Andrade and Aghajaﬁian“(1984)
‘have made a prelimiqary report that both clonidine and opiate induced
hyperpolarizations (two responses assoclated with decreases in cyclic
. o

- AMP levelsfqin locus coeruleus could be antagonized by dibutyryl and

8-bromo cyélic AMP . Also, Smith and Zidichouski have observed

(unﬁuﬁl}shed data) that fhe‘ Ady 1in Rana catesbeiana éympathetic
ganglia was almosn‘-completely eliminated by the phosphodiesterase
“inhibitor isobutylmethylxantﬁine‘(IBMX). - -

Earlier in the Discussion, it wﬁs stated that it was unlikely
tha; Bfthoyanadéte penetrated the’intact neqfonalvmem;rane since it
had no \éf\fect on the “H or Ky (NaK'Pixmp paradigms). It might
also. be e;b cted that orthovanadate should only stimqlgtgradeny}ate
cyclase act¥i§¥y by'an:intracellular»mechanism. R

However, the —‘exact mechanism by which vanﬁdate stimulates
adenylate cyclase ac vity'has not béen fuily elucidated. It has been °

tentatively“ proposed to act oo the guanine nucleotide . regulatory
prﬁtein similarly to, but not exacily>£ﬁe same as,‘F’ (Krawietz, et
al., 1982). This mechanism might also b§~eypeéted to require uptake
of vanadate ‘ to‘the cytoplasmic.spaée, but investigatibns on intact
cardiac muscghave showri that cyclic AMP increases could be measured
in response to vanadaée égngentrations wﬁich' also’ produced positive

inotropy (Grupp, et al,, 1979; Hackbarth, et al., 1980). .

3. Evaluation of the “vanadate reversal” hypothesis

Several groups have. reported that millimolar concentrations of
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that this mechanism occurs at the electrogenic

L
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catecﬁolamines cduld‘.reverée ~vénadate 1nﬁibition of the NaK-ATPase
(Cantley, et al., 1977: Quist and Hokin,'1978§ Hudgins and.Bdﬁd, 1979;
Wu and Phillis; ;1979c).‘ On the basis of this observation and the
knowledge that peuntavalent vanadate 1s reduced by catechélamines to

v

inactive tetfa§alent vanadyl (Cantley, et al., 1978a), 1t was

suggested that the commonly observed enhancement of NaK-ATPase

activity by catecholamines might not be due to direct enzyme

stimulation but rather by chemical inactivatiop of endogénoua'vanadate
and thus removal of 1its inhibitory influgnce (Cantley, 1978a; Hudgins
and Bond, 1979). | |
It is possible that this wmechanism explains catecholamine
enhancement of isolated NaK-ATPase aptivitj,.but t-is very unlikely
42K-pump}1515152 to
explain ti\e vanadate reduction of the Ady. ﬁ)
Séveral of éhe results presented in this thesis bear this out.
1) It ha; already been mentioned in earlier sections of the biscussion
that vanadate does not appear to be cgken up by sympathe;ic ganglion
cells.. This 1is an absolute requirement for this mechanism. It is
interesting to note tha£ even though‘yanadécé appea?s to 'be readily
téken up “by red blood cells (by an anion exhange wmechanism Uhiéh is

86ppt uptake requires

blocked by DNDS), 50Z inhibition of
approximately 1000 x's more vanadate than does inhbition of NaK-ATPase
activity from red cell ghosts (Cantley, et al., 1978b). This lack of

sensitivity of the intact cells to vanadate probably reflects chemical
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inactivation (reduction) by high levels of intracellular ‘glutathioume

(Macara, et al., 1980). 2) Equally as important, to vanadate uptake,

is ‘catecholamine uptake. In Section Al of the Results, the
-

catecholamine uptake blocker, desmethylimipramine (DMI), was shown to
! !

potentiate the Ady by shifting the concentration—effect curve to

"adrenaline, in a parallel fashion, to the 1efi. Presumably, this

potéhtiation by DMI reflects blockade of adrenaline uptake. The
“vanadate reversal” hypothesis would predict just the opposite effect;
i .

s

blocking catecholamine uptake should rgducehcatecholamine reversal of
vanadate inhibition of the NaK—pump:\“3) It seems quite clear that the
Ady 1s wmediated by a phafmacologically distinct adrenoceptor 6f the
uz—sﬁbtype (see Section B of the Results). The Qanadate reversal
hypothesis does not {mplicate an adrenmoceptor. *  Furthermdre,
adrenoceptors (includiqg a,-adrenoceptors) are‘generally accepted to
reside on} the extracellular surface of the meﬂbrane, not the
cyfoplasmic surface (Bowﬁan:and Rand, 1980). 4) The final and most
fundamental cfiticism againgt this hypotﬁgsis'prOQiding a mechanism

for the Ady, 1is simply that it 1is unlikely that the Ady invoives

electrogenic NaK—pumping “at all (see Section D3 of Introduction).

Smith (1984) has shown that the Ady  is more Iikely to reéult from an

increase. in K' conductance (see previous section of the Discussion and

Section D of the Introduction). “ The following. section of the

Discussion will evaluate the membrane events believed to be associated

with the Ady-.

& e
i
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C. Cellular events assoclated with the adrenaline induced
"hyperpolarization
1. General Comments

It is a general prfaciple of  neuropharmacology that
neurotransmitters and drugs produce their membrane effects by -
interacting with a cell surf;ce ;eceptor and, by a variecy' of
mechanisms, this feceptor activation leads to a change 1in don
movements acrosé the neural membrane (Cooper, et al., 1982). The
final step in this process, the transmembrane ion movement determinesv
whether a hyperpolarization or depolarization results.

A fundamental quéstion in pharmacology 1is whether there is a
functional basis for receptor classification. ‘Is a particular
receptér subfype always linkea)to.a‘particular sequence of ;ellular
evgngb and thus a particular physiological response? There are a
growing number of repérts in the 1literature which "~ support the
contention that receptor types are in fact associated with speéific
cellular events.

The original differéntiation of adrenergic receptors into o~ and

_ Bradrenoceptors by Ahlquist (1948) was made according to whether

N

adrenergic drugs constricted or relaxed vascular smooth muscle. At
the level Pf the neural membrane, al—. and aj,-adrenoceptors can be
distinguished én the basis of whether they cause an exéi&gtory
(depolarizing) or inhibitory (hyperpélarizlng) response (Aghajanian

and Rogawski, 1983). Furthermore, 1t would seemi,likely that
¢ o
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a;-adrenoceptor mediated depélarizations are due to a Kt.conductance
decrease and aj;-adrenoceptor mediated hyperpolarizations are due to a
K* conductance increase (Agha janian and Rogawskl, 1983; Akasu, et al.;
1985). This functional basis. for a-adrenoceptor .classification
isconsisteng with the generaiized écheme proposed by Berthelsen and
" Pettinger (1977) that a1~895p%oceptors mediate “excitatory” cellular
responses and ap-adrenoceptors mediate “inhibitory" cellular responses
in neuronal as well as non-neuronal cell types. Data is presented in

this thesis which suggests the Ady recorded  from frog sympathetic

ganglia results f;o; an az—adrenoceptork 1 ted increase in Kt
conductance (Section El of the Results; ‘
1983; Smith,‘19843, 1984b). 1In agreement\wi‘ rthié finding are tge
ap-adrenoceptor mediated increases in Kt conduétance
khyperpolarizations) which have been reborted in locus coeruleus
(Egan, et al., 1983; Williams, et al., 1985), qyenferic ganglia (North |
and Suprenant, 19855, substantia gelakinosa (North and Yoshimura,
1984) and parasympathetic ganglia (Akasu, et al., 1985).

It‘would also appear that receptors may be preferentially linked

to .specific receptor-effector , transduction—méchanisms and second
messengers. As exémples, B-adrenoceptors are usually associated with
cyclic AMP 1increases (Nathanson, 1977), aj—adrenoceptors with
increases in cytosolic Ca’t (Exton, 1982) and a,-adrenoceptors have

been linked with decreases in-cyclic AMP levels (Exton, 1982; Limbird,

1983). The nicotinic ACh receptor and GABA receptor represent another
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‘Eypé‘ inTrecepEor gystem which. does not tiolve' a seqénd messenger

fginceu ;hg receétbe»‘ahd fon channels afe believed ‘toj be directly

Eonﬁécted in a macrbmdlécular.complex (Kandel andlchﬁart?f’l98r)Lv
ﬂ'ﬁAlthbughz_aﬁtivatiou of a specific receptor ‘may pfoduce ka

“pa;ticular né@raly,ﬁembrane respbﬁse, it wduld appear fhat theféi is

somé?re&unHQﬁcyiof‘feceptsr medi;ted effé;ts in the CNS. Inhibitq;y

gﬁategﬂ;iaminé régponsesyin vifious CNS membranes méy ge m?diated by.

_either dz- or‘ﬁ—adt;noceptors dgpend1ng ohifhe bfaiﬂ;area (Szabadi,
. . Cac )

19793 Aghajanian and Rogawski, 1983). = It is’ believed * that the

azfadfénoceptor mediated hyperpolarization in the locus coeruleus  for

example, ‘is due t? an increase in gk QAghajanién and Vander Maelen,
1982; Williams, et al., 1985) but the 1onicp‘meéhanism of the.

B-adrenoceptor mediated inhibitory effects has not been established
' 0 ’ . - ' . . L —
with any certdinty. It would be interesting tb’defeggggg whether the
' . ' . o . ~\ . - T s
B-adrenoceptor effect occurs as a result of an ionic mechanism similar i
. r ' ) » AN ) -
to 'or different from ‘that of the azfadrenggxptor "mechanism. (see

: - o
Section C2 of Introduction for possible alternatives). ‘(3

5.

2. Receptor classification - ‘Ady

&) Antagonist studies ’ .

The adrenergic blogkers used in theseistudies provided reason%ﬁlyﬁé
"uhambiguquélsupportvfor the assértiov phat:a a,*adrenoceptor mediates

ghe 'AdH‘ (see Secﬁ%on B3. of the Results). ‘Concencrafions of"the.-
‘B-blockers, sotélol}and pfOpanoloi; the‘pA antagonist, éhlorpromazine;

fahd the aj;-blocker, prazosin, which .were equimolar to the appliedQﬁg "g%

®
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A ‘ : . . .
B adrenaline failed to produce any appreciable inhibitory effect on the

Ady. Chlorpromazine bccas 1onal'1); reduced the Ady, presumably due
to, its a-blocking .activity (Bowman and Rand, 1980). - In contrast
. to thése ' ineffective antagonists, .the a,~adrenoceptor ~ antagonists

«id

'yohim‘bine (1Cqq = 6.2 nM) and idazoxan (ICgqy = 590 nM); and the

non-selective a;- "and aj,~adrenoceptor blocker, phentolamine (ICSO\ -

530 nM) antagonized the Ady. Yohimbine ‘proved to be thé most

effective antagonist with an IC5y even lower than the majority of

4 )

41-'é’ports on yohimbine iyiduced release of neurotra'nsmitters (for revi.ew
see Goldberg'anq“Robertson;‘ 19835; Phentolaminé and idazoxan appeared
to be much less potent, cc;mﬁared‘-'with'previous reporté\gf pbstsynaptié
‘az-a.drenoceptor blldckad‘e in locus’ coeruieus (Ke: -Aphgnt'olamine., ;O
vnM; idazoxan, 9 nM; w1iliams,‘ ‘et'abl., 1985) and myenteric_ neurones
(ICgy: pheintolamine-,' >‘1.8-nM; idazoxan, 4.5 nM; North ami Suprenant,
.‘ 1985). Phentélamin'e_ and 1idazoxan héve also béén observed to . block
°pre‘synjaptic“,_.az—ladrer‘loceptors In rat vas deferens.(DO)‘cey, et ;al., 1983)
%f‘” with affi;xvfitiés similar to ﬁhosé found for the postsyna;)tic
csz-adtjeno.cepto_r v,by N‘oxv'th and 'his col‘leéguesz It :Lé ‘d"i.f‘fic‘ult to

rgcdncile’ the differences in ef‘fe.ctiven'es_s of these two a-blockers in

\
antagonizing - the - Ady in ffog k s'ympathéti'c ganglia and the
aQ—‘adrenoc‘eptér effects in 'm“;mmalién d‘neur.o"nes | (Doxey, ‘e‘-tm‘a‘l., 1983;7
’North and Suprenant, 1985; Willtaws, et al., .198'5). Although the
wei'zght of evidence supi)or“ts the suggestioh that the Ady is’ mediéted

by ‘an aj-adrenoceptor, -this receptor may not be identical to the

@

-,



mammalian a,-adrenoceptor (cf. also Brown and Caulfield, 1979).

b) Agonist studies -

Further . K“ ‘evidence in suppert of the conclusion that the Ady
was mediated via an az-;dreuoceptop, was that the az—adrenoceptor
agohiet," aMeNA (Starke, et al., 19?5) produced a
eonceutration—debendent 'hypereolarization (aMeNAH) which (like the

Ady) was reduced by the az-adrenoceptor antagouist idazoxan (see

‘Fig. 23). Also, the lack of -effect of methoxamihe makes it unlikely

that an al4adren6ceptor mediates the Ady. Clonidine (CLN) on the
other hand, only weakly hyperpolarized the frog ganglion cells (see

Section Bl of the Results -and Fig. 22A). The efficacy of CLN in

- hjperpolarizing the rat superior cefQieal ganglion was also very low

in comparison to noradrenaline .(Brown and Caulfield, 1979, but cf.

Williams, et al., 1985). - -This might not be surprising in light of the

demonstration by Bousquet and hié colleagues that - aMeNA and CLN

produce their centfally mediated ﬂypotensive action.through different
| &
brain areas and possibly. di?fefent catecholamine (aMeNA) preferring

and imidazoline (CLN) preferring sites (gpusquet et al.; 1984). It

has been claimed that imidazoline. compounds -such as CLN may act as |
v -

P

partial agonists on aﬁ*adrenoceptors (Starke, 197L;¢Bowman and Rand

1980; also see the Appendix for acdmparison of th& ghemical structures

it
R&

of Ad, aMeNA'and CLN). mﬁs@%h: explain the low efficacy of CLN in

“frog and mammalian sympathetlc ganglia~ al%terestlngly, CLN has been

reported  to be more potent than -and just as efficacious as NA in
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hyperpolariiing locus coeruleus neurones (Williams, et al., 1985),
i ‘ .

although the rates of onset and offset of the CLNy were wmuch:slower

~, .

than the NAH ~as observed in sympathetic ganglion cells (cf. Brown

and Caulfield, 1979). In this LiSSue,_phehcoxaninq_réduced both the

NAjy and CLNy yet desmethylimipramine (DMI) potentiated the NAg

‘but blocked the CLNy (Williams, et alk s The different{al

different receptors .or ‘ act at different sites. on the same
i ‘ o ‘ .
a,-adrenoceptor. The presence or absence of DMI had no effect on the

\

small CLNy's recorded 1in Rana ‘pipienms sympathetic ganglia (see

Section B2 q%{ﬁesulﬁs).

iced hyperpolarizing responses, they rapidly and 1rreversib1yl

.gtiied whereas the Ady remained relatively coastant.. ® Onef
Ee . . ST _

b

interpretation of the lack of crosé-desensitization is that

Dg and INA act on d%fferent reQEptots from the a,*receptors involved
in the Adﬂ. N Thi; method of'gcross-desensitiz#ti&n .1s not a
definitive épproach for the classification of ;eceptors since it does
not rulé out the possigiiit; _tﬁat ‘two differépty;agonists act at
different sites on the same receptor. The rapid desensitization of

" the bAH and INAy also pré;lpded the testing of B—adrenergic and DA

. selective antagonists on Rana pipiens. ganglia (see Section BZ of

".Results). In contrast to frog ganglia,  hyperpolarizations to DA and
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INA 4in rat superior cervical ganglion appe;red tesietant to
desensitization (Brown and Caulfield 1979). These workers shbwed
‘thet DAy was convincingly antaéonized by the ‘ az-adrenoceptor
blocke;,‘&ohimbine, SEg,hot by, DA aneagoﬁists. It was concluded in
this‘ study that DA hyperpolerized the,'mammalien ganglion“cells‘ via
activation of an az-adrenoceptor 1nstead of a DA teceptor (Dun, et
al:, 1977). Furthermoze, Brown and Caulfield (1979) showed that while
- the  INAY .was unaffected by propranolol (< 10 pM), " it’ was
substantiaily diminished in ].;pM phentolamine. A'poss;bility which
cennot as yet be ruled out is that bA, INA dﬁdrCLN may be actingﬁ%s
partial  agomists on az—adrenocepeors 1n‘frog@an&@mammalian'ganglia.
It would be an interesting expetiment to exagine whether the Adu is
'affee:ed ,by prolonged exposure of the fre; ganglion to high \

concentrations of DA, INA or CLN. Following @esensitization of their

5
Qa &

agonist activity, antagonism of the Ady might be expected if fhey~ ﬁ
act as partial agonists on the a,-adrehoceptor.

3. a,-adrenoceptor mechanisms

’

One of the most intriguing possibilities which emerges from the
proposal that the AdH is mediated by an az—adrenoceptor is that this
response might involee -the same cellular« events which occur upon
preeynaptic(_ ‘ap—adrenoceptor activation 'and‘ inhibition . of
neurotransmittef release. It hay be reasonable to suspeet that_geese

two effects (postsynaptic = Ady end" presynaptic - inhibitien of

transmitter release) are produced by identical mechanisms since they
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ar.e' wediated by identical receptors (see' Section 'Cl‘of ,Discuésion on
_functilonal cléssificéti’on of receptors). If; ‘this prospect is
s;riously ‘ considétgd,, {nsight ‘into thel celiular ﬁechanism of
ﬁresynaptgﬁ &é—adrenoceptor mediafed 1nhibitioa may be more feadily
gained by étﬁdying the more re5d11y  accessiblé Adﬁ. The Ady wmay
be:éogveniently tecorded ﬁy the‘éucrose-gap techniéue whereas'ayrecf
record;qgi f;oq vertebrate nerve termigais is not yet technically
'feésisle,j | |

" It is reasoned that hyperpolariiation Qf nerve terminals would
“reduce neurotransmitter release (Notﬁhnand Williams,'l983a{ Williams,
ét al., 198?). This ;oulé occur .by simplyﬂlouering;the excitablilty
of the terminals by movihg& the " membrane potentiai avay; f;om the
thre;hold for action éotentiai,geqeration ;ndbﬁlocking the invasion of
a propagating. impulse into a nerve vaticosity-"Sgcondly, it has beea
proposed'that’hyperpoiarizatiqns’duglto anﬁincrease‘in Kt condu?tancé
may indirectly block calcium engry (Nofth and Williams, 19é3a§ 1983b;
_Uilliaﬁs gnd North, l985),l In a 'manner analogous to the proposed
mechanism . for opiate‘ blocka&e of traansmitter release (No;th and‘
Hilliaus; 1983;;.1983b), an aj,-adrenoceptor activated increase in Kkt
conductance may shorten‘ghe duration of the action ﬁoténtial apd thus
the time for voitage-gated‘Ca;¥ to eﬁﬁer the nerve terminal.

While low concentrations’  of catecholamines hyperpolar%ze

° ' : t
_vertebrate neurones, higher doses (> 10 M) have been reported to

directly . block a voltage-sensitive Ca2+ conductance (Minota and
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Koketsu, 1977; Horn and McAfee, 1980; Dunlap “and Fischbach, 1981;

{

McAfee, et al., 1981; Galvan 'and Adams, 1982).  McAfee and his

) colleagué& have speciflcally suggested that an az—adrenoceptor

mediates thls effect in mannalian syupathetic ganglion cells (McAfee, .

et al v1981) Theoretically, this uechanisn could also provide a

“means for a;-adrenoceptor inhibition of neurottansliﬁtér " release.

v

However, the aééettidn that this effect 18 mediated ‘by . an
az—adrenoceptOt hag been disputed by Hillians and North (1985) "Based
on .studieg in locus coeruleus, it 1s argue by these investigators

that an aj-adrenoceptor is not involved 1in the direct CaZt channel

effect because the effect was 1) insensitive to Yohimbine, 2) vas not’

produced by' clonidine and 3) was  produced by concentratloné af

noradrenaline - much higher' than  necessary to activate the
_hyperpolarizing a,-adrenoceptor.

In an interesting scheme which relates the two .{onic ‘events’

postulated to'result~fr9m a;-adrenoceptor activation:(ig. decrease 1in
voltage sensitive Ca2+vconductancé and lncreasé in K% conductance),
it has been suggested that they can both'resulf from an increase in
intracellular ca‘t (Horn and McAfeé, 1980; Jenkinsod, 1983). It has

been -shown in invertebrate neurones that 1ncreases.@f 1ntracellular
. 0. N

"Ca?* concentration decrease Ca“ 2+ 1nflux (Kostyuk and Krishtal, 1976;

Eckert and Ewald, 1982). Also, Ca’* activated gK's have been‘reportedi

In a wide variety of neurones including amphibian dams, et al.,

1982; %chermott and Weight, 1982; Brown, et al., 19-: -ennefather,

2
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reports discussedlin this section would have low doses of‘az-a_ ats

cause a nensrane hyperpolarization dué to a Cat gctivnfed Kt
conductance and'highef dose; cause a furthgrdincreasé in iﬁtracellular
Cazf levels éufficiént‘to block'ﬁhe voltage sensitive 1nf1ux of Ca2+}
A good deal of evidence remains té-be obtained to support or refute
;his speculative ptoposgl. . In ;particular,' it wmust  be .confit-ed
 whether - the ;az—édrenoceptpr activatéa#fk* conductance (Ady in frog
sympathetic ganglion cellss.is i{n fact dependent on intracellular Ca?t
release. - However, ;he data obtained in Section E of the kesults and
"discussed in the following section of the Discussion argue against

this possibilty. ) .

4., Is Ca’* involved in the adrenaline induced hyperpolarization?

; _ AT

Althqugh the Ady ;ecorded from Eﬁggggfgiens sympathetic ganglia -
was gnaffécted by extracellularly appiied 10 mﬂ Hm2+‘ou'100 . | Cdz*,
» prolonge&f exposure -to a- Ca’t-free Ringer's solution caused 'a
prog;essive‘decline in the response (see Fig. 43); It shéuld be noted
howeyer that Ca’*-free Ringer'sA solution ;as not tested bagéinst
another. résponse- other than the AAQ .tc ekamip% \1cs .spgciftcity' of‘
qction. 'In ;notﬁer s;udy (Smith, unpublished obse:vé&iohs), it was
found that Caz+-£reefR1ﬁger's solution antagqniZed both tﬁe ACQD and

the ACHpy. This might suggest that extracellular Ca’t s ifmportant

'forciﬁc ovgréll maintenance of the cell membrane énd that f{ts absei@?’4
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. could have deleferious effects on‘neurotransm;tter and drug responses
. in general. In any event, since a progressive inhibitory action of

Ca’t-free Ringer -had previously been observed on the sCaffy recorded

intracellularly in Rana catgsbeiang ganglia‘KKuba and Nishi, 1976), it
. can be speculated that the Ady migh; also result from an inérease’in
gK activatéa "bj intrgéﬁliulgrly released Ca’*t. This mechanism ﬁad
previogsly been proposed for " ay~adrenoceptor mediaged
hyperpolarizations in smooth muscle (Extom, 1981; 1982) - and

va—adrenoceptor mediated'hyperpolarizatians in other non-neuronal cell

ty;es (see'Section C3b of Incroduction). Furthermore, 1t has been
gpec;iated that hyperpolarizing catechdla@ine résponses in ~other
vertebrate neurones mightlinvol§e activation of a gk by intraceliuiar
" calt (Horn and'McAfée, 1980; Morita. and North, 1981;:Aghajanian”and
Vander Maelen, 1982; Jenkinson, ;983; Akasu, et al., 1985).

To test the. hypothesis that the Ady reSulté from an 1ACréase in
gK dependeht_ upon intracellular Ca2+"release, the Ady was compared
to the intracéllularly recorded Caffy (spontaneous, ‘sCafo; and

Ly .
evoked, eCaffy). /These caffeine 1Induced hyperpolarizations had

"

previously been established to occur as a result of,an'intracellular

Ca-2+ linked gK lncrease (Kuba and Nishi, 1976; Kuba,il980; see also

Section E3a of the Results). The actions of the various agents on the

Ady and Caffy's were compared (see Sections E4 and E5 of the
H H p

Results). The summary presented in Table 9 quite clearly shows that

the Ady and Caffy's were affected 1in dissimilar manners suggesting



that the 1lonic mechanisms for the two responses are different.
Comments on the particular effects of each agent are wmade in the

,:following_sectiqn of the DISCussion.l

4. Actions of potassium channel blockers and intracellular

calcium stabilizing»agenté on the Ady and Caffy's.

a) Tetraethylammonium

L]

* The effects of 10 mM TﬁA‘ were examined' on the Ady - and the
sCaffy (see Sectién 'Eba'~of the Results). Variable results were
obtained on the AdH;' Only'3 of the 8Asucrose—gap preparations were
stable énough following TEA superfusion to assess {its action on the
AdH.. Pq;ent;ation and reduction of the Ady veré ob§eryed between
preparations and betweén Ad applications in the samé preparation, but
the net effeéf at 30 min ?xpoéure was no'significant change 1in Ady
amblit;de. The curious destabiliiing effect dbserved in the ofher 5
é?eparaiions is aifficult to ex;Iain.since this was not observed when
rec&rding ‘intracellularly from single cells. ‘Individual B cells
typically depolarizédk26—40 oV when 10 mM TEA was applied. Although
the ;elL input - resistance 'was not checked bef;re and after TEA
i applicati;n, {t would be reasonable ’Eo suspect - that this large
~depolariquion,w%s due to pchkadé of resting gk. It is concelvable
that the deléyed rectifler a;d'Ca2+-activated gK .two voltage—dependent
Kt cufrents.biocked by TEA (Adams; et al., 1982), are operational at

the recorded resting potential of these cells.

In contrast to the lack of effect on the Ady, TEA (10 mM)

“a



selectively inhibited the fast initial component of Type‘I and Type 1V
sCaffH's without affecting the slower sgcondapy cbmponent(s). It
vas Also no&ed, that both phases of';hé»sCaffH éould be reduyéd by
A
injecting steady depolarizing current ~into the cell.: It could be
concluded that the fast primary component of the sCaffy is due to a
‘volnage—dependent gK that ié‘ out of itsA activation range at
depolarized poténtial;, but Koketsu and his‘célleagues (Koketsuy, et
al., 1982) have shown that when cells were ypitage clamped at -55 mV,
5 mM ‘TEA still selectively in;mibiteq~ the 1nitial phase of the
sFaffH. Regatdl%ss of the precise mechanism whereby TEA reduced the
fast, initial component of the sCaff, it cahgbe concluded that this Ca
aétivaped K* conductance 1is not the ionic wmechanism which generates

the: Ady since the Ady was not affected by TEA in a similar manner.

b) 4-aminopyridine
: '

Differences between the 1onic mechanisms of the sCaffH‘ and
Ady were ;learly revealed by the differential actions of 4-AP (see
Sectign E4b of the Results). Wﬁile 1 wM 4-AP reduced the AdH to
17.2 + 5.4% of control (n=5) no effect of 1 mM 4~AP on either phase of
the sCéffH was'obéerved in 8 cells. It was mentioned in the Results
that I.mM 4-AP alone appeared to have no effect én the restiAg/or
aétion potentials of these amphibian cells and wEhe A-curréntr in
bullffog ganglien cells has been shown to be relatively insensitive to
ﬁ—AP (Adams, et al., 1982)-[ In contrast; 4-AP sensitive channels have

been described in»mam&aliaﬁ sympathetic ganglion cells (Galvan, 1982;
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i
Belluzzi, et al., 1985). It may be significant that catecholamine
induced hyberpolarizations'haye only been measured intracellularly in
mammalian sympathetic ganglion cells (Kobayashi and Libet, 1970;
Christ fnd Nishi, 1971; Horn and McAfee, 1980)° and not in amphibian

cellé (Koketsu and Nakamura, 1976; Kuba and Koketsu, 1978; see

Sed;ioés A of the Regﬁlns and_Discussion).'

While 1 mM'-AP had no direct effect on the resting or action
potentials of the bullfrog cells,f1 mﬁ 4-AP plus S wM caffeine induced
spontaneous firing-uhich appeared to be both pre-~and post;yhaptically
gene}ated. 4-AP has_been'showtho increase spontaneous ‘ACh release at
the avihﬁ neuromuscuiar junction*(Bowman, et ai.: 1977)

.and mammalian sympathétic ganglion (Goto aéd; Watanabe,
1981 Simmons aﬁd Dun, 1984). This action may ?xplain the action
potentials originating presynabtically, but the postsynaptic action
potentials are wmore difficult to explain in ﬁerms of previously
described effects of 4~AP- ‘

c) Quinidine

‘Quinidine was: the only agent tested against the Ady, sCaffy
and eCaffy which blocked all three respbnses (see Section E4c of the
Resulfs). Although quinidine Qaé used as a .tool to study the
involvement of a Caz4' activated gK 1in .the \AdH and sCaffy, it has
other pharéacological properties which make it a less than ideal agent

for this purpose. It 1is particularly important to this study that

quinidine 1s also an a-adrenergic blocking agent (Mecca, et al.,
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1980). This is unfortunate since the Ady seems to be mediafed by an
a,~adrenoceptor (see Section B of the Results) and guinigine has been 5§§'
shown to displacé 3H~cloniaiﬁe binding from bovine cprtical membranes
' (K{ = 60 nM; Ciofalo, 1980). | Consequently, 1t cannot be certain
whether the inhibitory effect of 50 uM qqinidine on@khe Ady 1 due

+ X

to an action on a Ca‘t-activated gK or an‘02~adrenoceptor.

d) Agaﬁin

4+

In a manner similar to vtha; of TEA, apamin (500 nM) had no
significang' effect 9n the Ady, but selectively depreséed the fast,
initial components of the sCaffH ‘and eCaffy (;eeLVSéction E4d of
the ResuthSZ Unlike TEA,"apaﬁin did nét cause any change in the
resting membrane poteﬂtial. Although the Sigma Grade apamin prepared
from bée venom used in these experiments was approximately 50% puré}
1cr;as important to at least qualitatively bioassdy the -peptide f;; ) ‘.“

activity. - The contractile response in rabbit jejunum' was usedﬂ!;of(:"' o

demonstrate that the peptide was active (Muller and Baer, l979)f,butg

the level of activity often seemed to be‘quite low. As a result, the Jfﬁii'
stated concentration of 500 pM‘apamin (which‘a§sumeaﬂlOOZ putitx)fﬁqi

probabiy t;uch more than‘ twice the actual céncentrafion of ;CE{K;E%“ L
apamin used. Regardless of the final éonéentration, an inhiﬁitory %T ,;iu

effect was observed on the Caffy's but not on the Ady- It should§.

' H
be noted that as little as 10 nM apamin significantly antagonized NA'"

\ a8
N ‘Al
* % 1,

induced K' efflux from guinea pig hepatocytes (Banks;_et al., 1979).

Whereas the wutility ~of many  drugs as tools to

-
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' ' W
pharmacological responses 1s limited by their lack of specificity
(eg. quinidine), apamin may not be an fdeal tool for studying ca‘t
activated.gK's because it may be too specific (Romey, et al., 1984).
Apamin does not block al.l ca’t activated gK's in all cells. As
examples, the Gardos current in red blood cells 1is unaffected by
apamin (Burgess, et al., 198l1) and of two ca’t activated K*
conductanqes in rat skeletal muscle, one 1is apamin-sensitive and the
other TEA-sensitive (Romey and Lazduunski, 41‘984). Furthermore, a
similar situation may‘exist in bullf;'dg symp‘aghetic ganglia; the fast
outward Ca2+ -activated gk (1) {s apamin insensitive whereas the
sAlowér Iayp ‘is ant;gonized (Pennefather, et al., 1985). In the
present study apamin blocks only the fast, initiva\lx-'phase and not the
slow, secopdnry phase of the sCaffy and eCaffy- Both phe;ses are
believed to involve Ca?t activated gk (Koketsu, et al., 1982a). In
S ‘ light of these observations, the lack of effect q’f“ap&min on the AdH

v 5’ ! £
SN 4“(:'%\101: be used as evidence against an intracellulaT Caz+ involvement

)

It may be suggested wlth some caution that 1f the Ady

) " . ‘.
is produced by a Ca’t activated gk, then it 1s not the same as the
Qa2+ act;va;ed gk which generates the fast, initial component of the
sCafbe and eCaffy.

e) Dantrolene and TMB-8

v Both dantrolene and TMB-8 are believed to prevent the release of

. ‘ {
Ca’t from intracellular storage sites in smooth and skeletal muscles

(see Section E5* of the Results). In the ‘repor‘t by Kuba (1980) on

X
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bullfrog sympathetic ganglion .cells, {t was shown that dantrolene

(6.4-20 M) either reduced the sCaffy or lengthened the interval

betw'een responses. The second effect was speculated to result from

© o

: . co Sy , ‘ : E :
_dantrolene' elevating the> threshold for tntracellular Ca’t release

without affecting the amount released. This mechanism might also
explain the observation of ‘TMB= 8 (50 M) lengthening the latency of

onset of the eCaffH without altering the response amplitude in the

”pres?ent study (see Fig. 58)._ However, in contrast to)the inhibitory

4/

action -of dantrolene‘on'the sCaffy (Kuba, 1980), TMB-8 had no effect

on the amplitude of .any phase of the 'sCaffy (6 cells). Dantrolene

.(60 »M) and TMB 8 (50 PM) also had different effects on the AdH in

that the for«;mer ha,d no effect and the latter caused a reduction 1in
res‘pbnse size to 38.9Z of contr_ol (7 sucrose—gap preparations for each
compound) ' o N .

The contrasting effects of dantrolene and TMB-— 8 on the Ady may

'refl'ect-_diff.erences in their cellular actions-: ,\_Jhile both_ codipounds

are thought to block - intracellular Ca release, TMB-8 mg furither

‘reduce Ca‘ entry (Chiou and Malagodi, 1975) This vmight suggest that

drastic .alterat.ions #n intra_cellular ,Caz"' levels may‘ antagonize the

cellular w.}events which“ 'generate the Ady (see wWlso Sections E2 of the

r.

Results and CA of the Discussion) It is curious’, however, that 1if

~ TMB- 8 does disrupt intracellular Ca2+ levels why did it not affect

~ the sCaf'fH? T "ore,‘“ whi,l‘e' both dantrolene. and ,TMB—B had

dissimilar effects on the ‘Ady--and Caffy, the experiments with

J

Fx
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TMB-8 did not provide any clear 1insight as to whether there is an
. et : ’ ) Foatar. '

: ; y BN
intracellular Ca’* involvement 1n‘the.Adﬁ.

6. Conclusions

The asseésmenc of whether the gK which gengrates‘«thé Ady is

dependent on Intracellular vCa2+_ is complicated by the fact that

several different types of Ca’t activated gK's may exist in

1

syﬁpathetic ganglia (Pennefather, et al., ©1985). The sCaffy has
been divided into two Ca2+—activated gk's on the basis of.' selective

, . e o ) ‘
‘blockade by j§¢umM TEA (fast, 1initial 'phase) and 1 .M ACh (slow,

LI

; » - / :
secondary phase; Koketsu, et al., 1982a). It 1is reasounably certain

- from the present stﬁdy that the Ady — does not involve a
. . , . ) _

Caz+-activated gk similar ¢ the fast, initial compoment of the

v
!

" sCaffy since TEA and apamﬁn -inhibited the  latter -and not the’
former. It 1is also likeiy that the Ady does not involve a Ca%+‘

activated - gk equivalent to that underiying the slow, secondary

component‘ of the sCaffy s#nce 4-AP and TMB-8 had different  ffects
. . ) / . . o

A on these f@gbonses. Thesé/data are summarized in Tabléill._ it should

7

also be noted that while /1l _M ACh ‘reduced :1;> phase of the sCaft

(Koketsu, et al., 1982a; $mith, unpublished. observations), i-10C .M ACh
. | - . . . <
had ~ no effect on the: Ady (Smith and lidichoyski, - unpublisted
observation). The possibility still remains however that - the Ady - is

medifated by an intracellular Ca‘’ mechanism that is .different f{rom ..

those . Involved 1in the two- phases of the slatfty. in-opartidular, Ac
; . v ; o .
might 1liberate - Ca“¥t from i different intracdellular stork tnan
' SET N
i x"5 $
8, e
? -
% % )



_ Effects of various agents
‘phases of the sCaffy

TMB-8

ACh

b

Table 11

on the Ady and the init1al

and secondary

sCaff
| 3 0
. . ‘ .
CAdy Initial Secondary
- ) . .
- - - '
2\
v kg b
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From Smith and ZidichOuski; un%hblished observations

Koketsu

e

et al,, 1982a
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. caffeine. -_Thié _might explain the different effects of TﬁB—S
-(intracellular C;2+ antagonist) on the.Adﬂ and séaffH} Due to the
apparent diversity -of éaz+—ac£ivated gk's, :a positivé effect of a
specific ‘inhibitor‘ on the Ady is required té..ponciude th@h
gertéinfy thét such an’ ionic mechaniéq underlies th¥s response. For

this reason, it would be 1interesting to examine the effect .of

¢

charybdotoxin, a Aprotein inhibitor of a high conductance,

; apamin-insensitive gK activated by intracellular Ca2+, on: the Ady
(M1 38 et al., 1985).
- It should be ‘clear, that while this study does not Qefiﬁitively

-

rule out the possibility that the ~Ady ’ involves

intracellélar release of C,a-2+ fby a different mechénism, “ozf‘f:bm

different cytoplasmic stores than the Caffy's, it‘is unlikely that
‘the " gK ‘which ‘generates’ the Ady 1is activated by intracellularly

ca’t as a second

released .Ca‘T. If the jAdH» does not-*involve

messenger, it may be possible that the.az—adrenoceptof which wmediates
: . . : 4 ' : : et

the response is directly coupled- to the Kf ionophore (or 1is the K+

iondgphore) in a similar way as -the GABA and nicotinic .ACh receptors

are linked to their respective ton channélég To furrher investigate

this pdssibility it would be important to clarify the relationshi “if
PUSS > imp . Cd P,

L any, betwéen 32~adrenobeptor activation andvcyclic‘AMPvd?Qréases (see

-

» T o 5 R ) S N " B
. . , Lo S E
Section C3c of the Introduction). It might be exﬁéc&g?rthat 1f the-
T . L T '
. . . L ' ‘. aﬁ; - ) .
o—adreneceptors weardated Ady is-a direct lonopho¥é response, then it

) Bl ,
shéuld not be affected by adenylate cylase stimulation by forskolin-L
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D. ‘Evéantion of the hypothesis that a catechblaminerg}c

. interneurone mediates the slow i.p.s.p. in frog sympathetic

Y
Ly ]
1. General domments

Under iconditions of nicotinic blockade (eg. in presence of 70 .M
) ' N . . )

e

'd—tubocurarihe),;adrenaline, methacholine ‘and preéynaptic stimulation

all produced hjperpblarizing responses in the frog sympathetic

ganglion (Ady, ﬁQhH and _816w 1.p.s.p.; see Section C of the

Results). It was first proposed in curarized rabbit superior cevical

o

ganglia that the slow "i.p.s.p- _'might ‘involve an -adrenergic

. interneurone (Ecclesfand¢iibet; 1961). According to the disynaptic

hypothesis subsequently elaporated’by Libet (1970; see also Section

A4d of the Introdugtion and Fig. 3), the Ady, MChy and slow

i.p.s.p. may all be ultimately mediatedl‘byi the same posxganglioﬁic

adrenoceptor. Thls_vgpreﬁoceptor was ofigin;liy suggested to be a
dibenaminé—sensiti&e p—;dreno;ep;or; The diéynépticl .adfene;gic
. _ ) : s
mechanism Qas assighedftovthé sfgé i.p.s.p. recorded. in frog'ganglia
by ahdalogy to %hecmamﬁaliaa ganglion (Libét. et al., 1968; Tosaka, et
al., 1968). No direc;‘evidence for this,hy;othesis was given in these
bapers; in fact dibeﬁamine was 6V§n rgporteq to be a ;ouf iahibitor ot
the frog sleri.p.S.p: (LibcL; et al., lde). The ;irst.jédl evidence
was published.by Liﬁ?} aﬁd Robayashi (lg;é);<See section Add of the

Introduction).

Weight. and Padjen (1973a; . 1973b) made the more conservative

e



suggestion that synaptically released ACh might directly activate. a

hyperpolarizing muscarinic receptor on the postganglionic ‘neurone.

Tne principle evidence:.in support of this proposal was: 1) adrenergic

blockerss which antaéonized the direct hyperpolarization .to
catecholamines were ineffective against the slow i.p.s-p. (eg;'s
dihy&roergo:amine, Weight and Smith, 1980; phentolamine, Yavari and
weigvh’t, 1981; Dodd and Horn, 1983), 2) low ca?t and/or Ca?t
aqtagonistsfwhich blocked synaptic tiaﬁsmission (slow 1.p.s.p:) had no
effect on‘the di;eét hyperpolarization to-tmuscarinic agqnists (Weight
and Padjﬁp, 1973b; Weight and Smith, l?BO;'Hgfn and Dod&, 1981). .
fhe';xperiments performed.in Section C of Ehe Results f;f;her

evaluated the applicability of these opposing hypotheses by employing

more appropriate pharmacological agents.

2. Effects of desmethylimipramine on the Ady, MChy and slow

, /N
/ .
i-E.S.E. / , . .

The wmechanism 9%1 inéétivacion of catecholamines  in frog

. £ : . _
sympathetic ganglia has not been firmly established. There are
suggestions inn  wmammalian ganglia (Hanbauer, “et al., ..1972;
(\,"f'}; ' : ¢
Adler-Graschinsky, et‘al., 1984 ) that a DMI-sensitive uptake system
Tay be in effect. This’system may also be operational In frog ganglia

since 500 nM DMI was observed to cause a parallel shift to the left of
| v » . .

the .op concentration-effect curve to' adrenaline (see Section Alb of

‘he Resuils and Fig. LY. It might therefore be expected  that the

MChy and slow 1.p.s.p. would also be potentiated by 500 oM DMI
. o o
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4~ . should they involve catecholaminergic transmission. The results bf,
,’;‘4 . . . i . ’ . c("

J,:‘thhese'éxperimedts were straight forward and are {1lustrated #n Fig.

Yy ‘ B ‘
wui.f8.  While. DMI routinmely, potentiated .the Ady, it had no effect

) ‘whatsoever on. tﬁd aﬁplitddés of tde 'MChH and slow 1.p.sip. The
ln‘j}‘ fesults of these eXpepiments‘bould clearly not §upportlthe ypothesis
of Libet that a disynéptic; adrenergic pathway generate Vthe slow
1.p.s.p. in frog sympathetic ganglia.

3. Effects of~10himbine on the Ady, MChH and slow i.p.s.p-

It‘was concluded from the studies presented in Secd&on B of the

Results that the . AdH in the Rana ‘pipiens sympathetic ganglion was
mediated by an az—adrenoceptor (see - also Section €2 of the
Discussion). .Ydhimbine\most effectively antagonized,t e AdH with an
ICgy of 6.2'08. }t was fdr th;s feason that yohimbin was chosen as
thd adrenergic antagonistvtd study the possigle adrenergic 1nvolvemedt
in the slow 1i.p.s.p.

0

Again the results ‘of this study were, quite clear. Concentrations

of yohimbine (100 nM) 16 x's the ICSO for antagonism of t{xe Ady ,

failed to causé anxrreduction in ﬁhe.gmpiitudeiof'the»MChH or 8low
i.p.s.p. (see Fig. 29). Caution should be exercised wg;n interﬁretidg
the resuité,f 02~ ‘expeerents uéiné higd concentrations of
a—antggoniSCS. lIHe adtagodism of the slow i1.p.s.p. by high doses of
dihydrbérgoﬁamine (40 M) an&-bheptolémine (200 M) observed by Lipgf:

FAP

and Kobayashi (1974) may reflect ndh—spec}d'~‘ihhibition»of synaptic

P

tfabsmi§sion (Yavari and Weight, 1981). Lt
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concentrations of a~antagonists may block Ca‘t channels f{n cultured
neprdblastoma—gliona hybrid cells (Atlas and Adler, 1981). On the
- basis of the expetiments in the present study it  would seem that the

slow 1.p.s.p. does not involve an adrenergic component since direct

f
.5 Y

regponses to adred&li@e'can be blocked by concentratioﬁs.of‘specific
Y ’ - N :
adrenérgic antagonists (100 nM yohimbige)  which have no effect on the

A
"y

5 v

. ' . S

MChy or slow {.p.s.p. In another series of experiments (Smith,
quublfshed_obsérvations) the slow i.p.s.p. in bullfrog sympathetic -
neurones has been found to be insensitive to 500 nM i{dazoxan.

4. Effects of cadmium on the sloé Lﬁg;s.y. and - MChy

Prolonged exposure of an isolated ganglion to Ca‘*-free or Ca‘*-
free high ca’*-blocker (eg.'staz+, Mgz*, Mn“%) Ringer's solutions may
have deleterious effects on membrane responsiveness (Weight and Samith,

1980). Note for example that  the AdH recorded by the sucrose-gap

téchnique in Rana pipiens sy?pathetlc ganglia declines‘in a Ca’?t free
JRinge;'s solutdon, gdt -1s unchanged following the same period of
exposure (25 min) to.100 ,M.Cd2+ (normal Caé+) Ringer's solution. In
‘order t; avoid possible non-speéific nembrane effects of Ca;+;free
Ringer's sdlution; énd the commonly fuscg "ga‘t-blocking” Ringer's

‘Solutioné (Weight and Padjen, 1973b;, Weight and Smith, 1980; Horn -and
. bodd, 1981), a low concentration ‘of the fnorganic Ca‘¥-blocker, Cd**
(100 _M), was used to examine 'the possibility that the ‘MChy involves

‘excitation-secretion coupling for the reiecase of 4 vatechulamine from

.an -interneurone. Hh}le synaptic <transmission (slow l.p.s.p.) was
- . - . : . ] )
i

Pl
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completely abolished within 15 minutes, the MChy was conversely
potentiated in amplitude (see Fig. 31). These results -would seem to
support’ a direct muscarinic action without any involvement of an

adrenergic interneurone.

5. Concluding remarks

The results of the three expexrimental paradigms discussed above
would » lend support to the hypothesis of Weight

and his colleagues (Weight and Pad jen, 1973b; see Section A4d of the

;Introdéftion) suggesting that the slow i.p.s.p. in frog sympathetic
ganglia occurs yia a direct moﬁosynaptic action of ACh on inhibitory
muscaginic Teceptors. The disynéptfc, adrenergic mechanism formalized
i by'Libet (1970) has ggceiQed extensive criticism ffom investigators
working wifh'both amphibian (Horn and Dodd, 1981; Weight, 1983; Horn
and Dodd?_ 1983;‘ Dodd and Horn, 1983b)'4§nd‘ maffnalian ganglion
p(epafatiéns (Dﬁﬁ,' 1980; Cole and Shinnick-Gallagher, 1980; 1984).

Many of the specific arguments have been presented in Section A4d of

the Intréduction (§ée also Libet, 1985; Shinnick—Gallagher and Cole;
1985). The general prqblem with the Lib;t hypothesis is that {t was
formulated- on the basils of résultS‘ obtéined with pharmacological
agents which have since (early 1960;s)proven to. be non-specific or

inappropriate by comparison to those now available.

L




E.. . Summar

1) Hyperpolarizations to superfused adrenaline (Ady) could be

recorded by the sucrose-gap technique from Rana pipiéns and Rana

catesbeiana sympathetic ganglia (ECgy = 1.65 . M; Epay = 0.5 - 3
mV). Despite this, ‘an Ady was not recorded intracellularly from

either B or C cells of Rana catesbeiana sympathetic ganglia. This
discrepancy- may be explained in terms of differences 1in the two
recording techniques;

+2) The Ady to  submaximal concentrations. of Ad recorded from-

Rana pipiens sympathetic ganglia can be potentlated by the
catecholamine uptake blocker, desﬁethylimipramine (DMI). | The
log—concéntratio; effect curve to Ad in the presence of 500 nM DMI Qas
shifted in a parallel fashion to the left (ECyo = 270 nuM). This may
suggest that a cafecholamine upgake system exists in amphibian
sympathetic ganglia. ’

3) Based on studies with a variety of adrenergic agonists and

anéagonists, the Ady 1in Rana pipiens appéared to be mediated by an
52~§drenoceptor;:‘ This ' conclusion was partiéularly supported by the
observations that the a-.-adrenoceptor antagonist yohimbine antagonized
~the Ady with f\igh affinit).' (ICsy:. = 6.2 nM).

'4) Despite the ‘existence .of an "a,-adrenoceptor mediated

hyperpolarization and -an apparent UMI-sensitive catecholamine uptake

mechanism in Kana plpiens sympathetlc ganglia, studies with DMI,

yohimbine and cadmfum on the slow {.p.s.p., MChy and Ady did not
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support a catecholaminergic invéivement in slow synaptic tnhibition in
this ganglion. .The results’ of this study reinforce the contention
that the slow i.p.s.p. in amphibian sympathetic ganglia 1s‘genétated
by an inhibitory action of ACh oa muscarinic %cutpturﬁ situated on the
 primary postganglionic neurones.

5) The possibiliiy that electrogenic NaK-pump ‘st;mulatioﬂ
underlieé the Ady was examined using the NaK—pumb 1nhibitor,
orché;}ana‘da'ce (Na3vo,). Although Na3V0, was found to 1inhibit
NaK-ATPase activity ,1solated‘ from bovine brain (IC55 = 690 nM) and
§u11£rog CNS tissue (IC¢. = 3.0:M), 1 oM Na3V0, had no mhitﬁcory
effect on the electfogenic NaK-=pump r;spoﬁses, the AChpay and the
Ky- It was concluded that Jrthovanadate was an unsati{sfactory
tool for studying the electrogenic NaK-pump in Eiﬁﬂ since it did not
appear to gain access to fts cytoplasmic site of agtion in 2these
neurones. ) ' .

o) Paradoxicallv,  high concentrations (100 M ~ 1 mM) of

externally applied Nagvug did rapidly and'reversibly antégonize the

Ady presumably by an extracellular mechanism. It was speculated
that this effect might involve stimulation of ‘adenylate cyclase
activity simiiar ¢ that observed in cardiac muscle.

3

) The Ady  was  blucked by 2 aM Ba* which supports the

suggestion that {t @dav he generated by an increase {n gK. . Since the
. e .

response was not antagoniced by Cd*F (100 M) or Mo~ (1o mM),‘Caf+

influx would not appear to be required for activation of the gK



underlying the Ady |

8) An examination of the possible involvement of intracellular

C82+

release 1in the aj-adrenoceptor mediated increase 1n gK (Ady)

|

ﬁés made by comparing the effects of various. agénts on thF Ady
(fecorded by the sucrose-gap tgchnique) with Caffy's (reqprded‘
1ntracelluldr1y from B cells). It- was found that none of the agents
tested reliably affected the Ady and Caffy's 1in identical
manners. " In conclusion, this study did not reveal an 6bv19us
requirement for intracellular Ca’* release for the electrogenesis of

the Ady.
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ADRENERGIC AGONISTS

«

* ! +
HO H—CH-NH adrenaline bitartrate
] b (Sigma)
. OH  CH,

HO
)-
3}
HO [H._{H_NH’ dopamine hydrochloride
! ’ (Nutritiqnal Biochem.Corp)
HO . '
et \‘\.
l“ﬂ CH—CH—M‘i isoprenéline bitartrate
; (Sigma)
/C\ ,
LR, a
HO' CH-—CH NH, omathylnoradrenaline hydro-
6 chloride.
HO H CH (Sterling- W1hthrop Res.Ltd)
* o
Q CH—(H;—NH ’ phenylephrine hydrochloride /
N 1, (Sigma) 4
N CH, .

HO
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ADRENERGIC AGONISTS - continued
. oo R /ﬁ
clonidine hydrqchloride .
- (Boehringer Ingelheim) e
3
,methoxaﬁine hyerchloride
((Burroughs_Wellcome‘Lcd.) K
1 hY
o - * ‘
e o ;
. , N
LI " f\ oY \



‘ ' ADRENERGIC ANTAGONISTS) »
Y Lo » ? . ! . . N

prazosin hydrochlgride
(Pfizer) ’

s, ?

» . “ ; . . .
yohimbine.hydro%hldride ’
(Sigma) .

0 _ o | e
N ﬁ_ . idazoxan  (RX781094) '
Lo/ - (Reckitt&Colman) ar

*
da -
T ¢
‘ 4 . .

—CH—CH,~CH—NH desmethylimipramine hydro-
S chloride .. =~ o
. - (H, (Ciba-Geigy.Pharm)
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'ADRENERGIC ANTAGONISTS v
' LH;_"SO:_"NHH”—CH;—N*‘{ sotalol hydrochlorlde ’ T E
: - C 1 (Brlstol Myers Co) -~ ' SR T
. : o G/C\\ . o PR
- CH,H (H, R
¥ ‘ ~
9 .
= . CH, ) \

—CH—{H—{H-*“L—CH propranolol hydrochlorl

...~' 6H o - \CH, (Slloma)‘

' ‘ 7
phentolamine hydrochlorlde ‘ @
(Clba) : o .

chlorpromazine hydrochlorlde

(S1gma)
<
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INTRACELLULAR-CALCIUH,ANTAGONISTS‘

¥ .
e

0 H ' Na* )
A N \‘ '\ / \ u‘ ‘ )
C=N N dantrolene sodxum
,__OIN Q » \/k (Notwlch Eaton Pharm. Ltd)
_ LN j
. H;O " % . E CF‘
‘ ' CHLH, ’ o
H{L0— -—0—4C -—N:: N,N-diethylamino(octyl)-
t HJ CHﬁH: 3,4,5,trinethoxybenzoate
HLO o N _f ' (Aldrich)} - SRR

ANION CHANNEL BLOCKERS ‘
‘ . . . ‘.,.‘ - ‘ .‘ ] . ,/" B
. SgH | o /
: . ) N . - . N N / ~
NO (=(= NO, _ d1n1trost1lbene dxsulpHon1C'
K o ‘ »acld ' : «'/ ]
SOH ' :

{Aldrich) Co /

/

 ahthra¢eng49-carboiy1ic
cacid : ‘
(Aldrich) -
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. CHOLINERGIC AGENTS

vd—cubGCUrarine\chlcride‘.
(Sigma)

\\mgthachoiiﬁe cﬁloriéeit'
. (sigma) | :

CH, 0 T L S B
(H;’-‘-N——CH;—CH;-O—("CHs‘ ‘ acethylcholine chloride
{® o : ' (Sigma) Lo '

7~

H, e

OO o o |
| i N""CH,CH—‘O"‘C—(H L at'rb‘piné sulphate
N/ | =N : (Sigma) -

CH— CH—CH, COCHOH , S

. =
N\ L
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* POTASSIUM CHANNEL BLOCKERS

CHEH, N
. i Nl o : C -+ - tetraethylammonium bromid

CHCH~Ng c'H,cH:3 .  (Sigme) e
CHEH, r

CH—N—CH, - ql'xinidin_‘e‘ hydrochloride
REEE ’ : (Sigma) o .

CH, | o
HC—CH—CHCH=CH,

.épamin
(Sigma)

AN estnepyetdine
’N/ R L (Sigma) T
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* ouabain
(Signa)

‘Rhamnose

L 0NN ° o |

et §7i;;:EjN> : : "caffeine - methyl xanthine
N ' (Sigma
NN Gt

.
4
: s P
3 :

et



