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Methysergide The depression of the EPSP was readily reproducible
5HT _"_"_ C6 on a given neurone (e.g. Fig. 2); that is to say, tachy-

m20r r ..... "_ ' ' _, phylaxis to this effect was not marked. The degree of

' l_.i _#V_/ depressionof theEPSP was dependenton the con-I0 cenlralion of 5-1tT (10nM-2/IM) and high concen-
co oL L _ _ t t I _ " I tration_ often completely abolished the EPSP (Fig. 5).
rt O 5 .... - 90 95 1OO 105 The depression of amplitude of the EPSP by 5-HT
'* Time (min) was independent of any effect which 5-HT had on thecx

membrane of the impaled neurone. 5-HT itself has

variable effects on the membranes of myenteric neur-
Ft_3. t. Depression of excitatory postsynaptic potential ones depolarizing some, hyperpolarizing others and

amplitude by hydroxytryptamine, methysergide and hexa- leaving many unaffected (HBN_gSON & No_'m, 1975;
methonium. Daring the periods indicated by the filled,
hatched and open bars, the perfusing solution conlained WCg3D & MAVER, 1979; JOHNSON, KATAVAMA&

(( 5_T_25_M_me_hyser_ide_7_M_and_same_h_niumN_RTH_98_)._nm_s_fthece_sexaminedinthe
{100 ,aM).S-HT caused a rapid and reversible depression of present study (Type I cells} membrane potential and
the EPSP. Methysergide partially depressed the EPSP in resistance were not affected by 5-HT in concert-
the same cell, but completely prevented tile action of 5-HT. trations (up to 2-q) nuJ which depressed the EPSP.

Hexamethonium reversibly depressed the same EPSP. Higher concentrations of 5-HT were more likely to
either depolarize or hyperpolarize myenteric neur-

ones; however, in these experiments the depression of
NISH!& NoRnl (1973a). Except where stated, EPSPs were the EPSP amplitude was not related to the direction
evoked at intervals greater than 30s. The fast EPSP is or degree If any potential or resistance change of the
reversibly blocked by hexametltonium {NISIH &. NOI_'IH, soma membrane.

19730) and (4-)-tubocurarifle IHiRSTet at., 1974), thus lontophoretic application of 5.HT (30 nA for 30 s)
implying that it is mediated by acetylcholine, also reversibly depressed the amplitude of the EPSP

Acetylcholine (ACh) was applied to cells by iontophor- in four cells, In these cell_ this effect was not associ-
esis from electrodes which contained acetylcholine chloride
(! or 3 M).The tip of this electrode was placed close to the ated with any direct effect of 5-HT on the membrane
soma (within 5 #m_ of the impaled cell and a short of the impaled cell. These experiments indicate that
{IO 100ms; I0 100nA} currenl pulse was passed. With a the site of action of 5-HT in depressing the EPSP is
well-situated electrode a depolarization was produced likely to be localized to the terminal regions or release
which had a time course only slightly slower than that of sites near the soma of the impaled cell.

the EPSP (e.g. Fig. 4AE although in many cells the ACh- Antagonism of the inhibitory action of 5-hydrox_.
evoked potential was of considerably longer time course tr.t,ptamine. The inhibitory action of 5-HT on the
than the EPSP. 5-1tT was also applied by iontophoresis amplitude of the EPSP was prevented by prior expo-
directly on to the impaled neurones. In these experiments sure of the preparation to cyproheptadine (501_M) in
the 5-1tT electrode contained 5-HT creatinine sulphate three cells but not affected in two other cells. Methy-(20 mMIin sodium acetate buffer (tO0 raM,pH 5.4). ACh or
5-HT wereejected by preset positive currents from con- sergide (I-30#M) blocked the action of 5-HT in
stant current sources. Retaining currents of 3-5 nA were depressing the EPSP amplitude {four cells) but methy-
used. Drugs used were 5-HT creatinine sulphate and oxa- sergide also depressed the EPSP itself (Fig. I). Similar
late (Sigma). melhysergide maleate (Sandozkhexametho, dillicullies were associated with the use of LSD as a

• nium bromide (Sigma). lyscrgic acid diethylamide (LSD) 5-HT antagonist. LSD alone (l @M) caused a rever-
(Sandoz) cyproheptadine hydrochloride {Merck, Sharp and sible depression of the EPSP similar to that caused by
Dohme) and phenlolamlne iCiba). The concentrations 5-11"!'; this seems likely to represent a presynaptic
given in Ibis paper arc the fin:d bath concentration of the agonist action of LSD {see Discussion} because in two
above salts.

5-HT (100 aM)

RESULTS _ 301- --, m m m ,,, m ,-lira ,,,-

The membrane properties of the myenteric neur- _ | '_ _ ___l/_/!_i!_!_ "
ones were closely similar to those previously de- _ 2C)1-"

scribed (NtsHt & NOR'TIt,1973a; ihgST et al., 19741. 10
The present results on the action of 5-HT are based m

on intraceUular recordings from sixty-two neurones. _ 0 LL t t l
0 20 40 60

E.[Ji,ctso/"5-h rdroxytr rptamim, on synaptic potentials _ T im e (m in)

When 5-1IT was applied by perfusion, it depressed FIG. 2. Depression of the excitatory postsynaptic potential
the amplitude of the EPSP in every one of the lilly- by 5-hydroxytryptamine. Repeated applications of 5-HT
eight cells in which it was tested. This action was caused reproducible depression of the EPSP amplitude,
rapid in onset (Fig. I) and reversed with equal rapid- even when repeated at intervals as short as 2 rain. Tachy-
ity when the 5-HT was washed from the tissue bath. phylaxis was not marked.



f .t

0

Presynaptic inhibition by 5-hydroxytryptamine ," 583

experiments were performed to examine whether thecible A 100 nA
_chy- __ depression of the EPSP was due solely to a presynap-

:e of L/ [ tic action of 5-HT. in the first, the effect of 5-HT wascon- __ I [ k L _ [ eomparedon the fast EPSP and on the ACh-evoked

1ten- potential in the same and different neurones. 5-HT
g. 5}. always depressed the amplitude of the EPSP but

_-FIT 10 mv never reduced the amplitude of the ACh.evoked
n thg L pot0ntial (Figl 4 and _). tlexamethonium deprenzed
:' hat i -- - the EPSP and ACh-evoked potential to a similar• ,1,_ 4_4_ ,_ 4, _ • ,,.
1cur- 2 s degreeand with a similar time course.
and _ In the second experiment, EPSPs were evoked by

975; a > repetitive stimuhztion of presynaptic nerves at a fre-
A & _ quency of I Hz. At this frequency, the EPSP ampli-

the _ rude progressively declined (see NtSHt & NonTH,
and _ 20 1973a). This decline in amplitude was not associated

lcen- _ with any change in the postsynaptic sensitivity to ion-
PSP tophoretically applied ACh (Fig. 3A) and must there-
ly to o fore represent a presynaptic reduction in the amount

¢3.

leilr- _ a b c d e of ACh released with successive impulses. 5-HT
cz 5-H1 C6 reduced the amplitude of the first EPSP in a traininof

.'lion
f tile FiG. 3. Excitatory postsynaplic potentials progressively de- without affecting the amplitude of second and sub-

dined in amplitude when evoked at frequencies greater sequent EPSPs (Fig. 3B). By contrast, hexametho-
nium caused a proportionate reduction in amplitudethan 0,5 [Iz. (A) At the times indicated by the arrows.

30 s) EPSPs were evoked by focal stimulation of the ganglion of all EPSPs in a train (Fig. 3B). Such a selective effect
PSP surface. At the times indicated by the filled triangles, ace. of 5-HT on 'the first EPSP is most easily reconciled
soot- tylcholine {50 nA, 50 ms) was applied to the .cell soma by with a presynaptic site of action; a similar suggestion
;rane iontophoresis (iontophoretic current in upper trace). The was made for the action of noradrenaline (NISItl &
that EPSP amplitude declined during repetitive stimulation but NORTH, 19730; NORTH & NISHI, 1974).

;P is there was no change in the sensitivity of the cell to ionto.
lease phoretically applied acetylcholine. (B) In each panel (a-el

lO EPSPs were evoked at a frequency of i tlz. a, control; DISCUSSION

b, 2 min after changing to a solution containing 5-ItT Inhibitory action of 5-hydroxytryptmnine on acetyl-oxy-
(250nM); c, 5 min after washing out the 5-1tT; d, 2 min choline release

the after changing to a solution containing hexamethonium
xpo- (100 pM); e, 5 min after washing out the hexamethonium. Our results present good evidence that 5-HT acts
4) in Note that 5-FIT preferentially depressed the first EPSP in presynaptically to reduce the amount of ACh released
.'thy- the train, whereas hexamcthonium caused an equivalent at synapses between neurones within the myenteric
r in depression of all the EPSPt. plexus. Experiments to test the pharmacological
.'thy....
nilar

1100 nAas a of these cells it was possible to show that hexametho- A a ..........
":ver- nium (100 #M) also blocked the EPSP.

d by Effect of 5-hydroxytryptamine on the slow excitatory
Jptic postsynaptic potential, it was observed that 5-1tT (_ _'_ I

two (I pM) also depressed the non-cholinergic slow EPSP 4 '__& _ llO mVwhich can be evoked in Type I cells by repetitive b 50 ms

stimulation (up to 20 pulses at l0 Hz)of the ganglion B_%_,_. A..f_. A,_s,_. [
• surface or interconnecting strands. The time course of 2OmV

" this effect of 5-HT was similar to that by which it _ "---a b c d e 100 ms
depressed the amplitude of tile fast EPSP. A similar

; ' depression of the slow EPSP by perfusion with 5-HT Fro.4. (AtComparison of excitatory postsynaptic potential
has been reported by W(_OD& MAYER0979). and acetylcholine potential in the same neurone. Upper

trace(ak iontophoretic current. Lower trace {b), membrane
I Evidence for a presynaptic site of action of 5-hydroxy- potential. At the arrow, a single pulse stimulus was applied
iO tryptmnine to the ganglion surface to evoke an EPSP. At the filled

The observation that 5-HT depressed the amplitude triangle, acelylcholine was applied iontophoretically
(70 hA, 10 ms) on to the soma membrane. (BI Depolariza-

ntial of the EPSP without changing membrane potential or tions caused by acetylcholine iontophoresis in a different
-HT resistance suggests a presynaptic site of action, es- myenteric neurone, a, control; b, after 5 min perfusion with
it,,de, pecially in view of the evidence that the fast EPSP in 5-HT (I pM),C,after 2 min perfusion with hexamethonium
chy- myentericneuronesis generatedmainlyat the soma- (100 pM); d. after washing out the hexamethonium; e, after

tic membrane (Ntsnt & NORTll, 1973(0. Two further 5 rain perfusion with.noradrenaline (3 #M).
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Control 5-HT ( 300 nM ) Wasl_

Control 5-HT ( 1HM ) Wash

L , .... 11omv- "'f , ,
•T A 500ms 'I

[_'lCt.5. [3¢pr_Jsion Of the excitatory I_stsynaptic potential by 5-hydroxytryptamine without change in
the acetylcholine potential in two different myenteric neuroses. At the arrows, an EPSP was evoked by a
single focal stimplus applied to the ganglion surface, At the filled trian$1es, acetylcholine was applied
iontophorelically (100hA, 50 ms)on to the _ma membrane. Upper trace: left panel, control. Centre
panel, after 6 rain perfusion with 5-HT (300 #M),The EPSP amplitude is much depressed but the ACh
potential is unchanged. There was size a slil_ht membrane depolarization, RJiihtpanel, after I_ rainwash
out of 5-HT, Lower trace:leftpanel,conlrol. Centrepanel,"after._rain perft,sionwith 5-HT 11,UM).The
EPSP wasalmost completelyabolishedwhilstthe ACh potentialwasunchanged.There was a 10mV
membrane depolarization in the prepuce of 5-lIT. Right panel, after 10 rain wash-out of 5-tIT. The
EPSP amplitude has fully recovered; the membrane potential change did not recover. Action potentials

are attenuated by the pet)-recorder.

specificity of this effect were inconclusive. Methyser- The present results indicate that presynaptic
gide appeared to block this action of 5-HT, hut itself inhibition at excitatory cholinergic synapses between
caused a depression of EPSP amplitude. Methyser- neuroses within the myenteric plexus is a likely ex-
ride also caused a depression of the amplitude of planation for the earlier observations that serosal
other much slower non-cholinergic synaptic poten- application of 5-FIT inhibits the peristaltic reflex
tials in the preparation (S. M. JOHNSON,Y. KATAYAMA (BDLnnINCJ& C-"aEMA,1958). Such an inhibition of
& R, A. NoR'hi, unpublished observation). Further- transmitter release may also occur in choliner$ic

_. more, methyser_ide was equally effective in prevent, terminals within the smooth muscle, as it does in the
ing the depression of the EPSP caused by noradrena- case of noradrenaline (PATON& VIZI, 1969; KOSTI_.R-
line (R. A. N()_nt & G. HENDERSON,unpublished Ln'z, LYtX)N & WA'rr, 1970), This would explain the
observations). In any event, methysergide does not lh_dings of Gnql"Zt._a & MusAccttto (1974) that low

block the neuronal excitatory actions of 5-tIT in the concentrations of 5-HT depress the nerve-mediated
small intestine (BOLPRIN6& Gt:.a_qlON,1968; DanK- contractile response of the longitudinal muscle, in a
oN'nt)ES & GERSHON,1968; FURNt_SS& COST^, 1979) fashion similar to the inhibition caused by noradrena-
and its use as a 5-H1"antagonist in this preparation line and morphine.

could profitabily be abandoned. LSD had marked
agonist actions, not dissimilar to those through which Other actions of S-hydrox),tryptmnine
it depresses noradrenaline release by an action on On the other hand, it is well known that 5-HT

prejuctiona[ _-receptors (Hu(ittEs, 1973). Cyprohep- causes the release of ACh from this preparation (G^_
tadine was partially effective in only some expert- r_M & PtCAIgELIJ, 1957; BRt)WNLEE & JOHNSON,
meats, In view o_ the finding that norad_,-dine 1963; ADAM-V_zI & VtzL 1978). It does this by a
causes an equally strong presynaptic inhibition at tetrodotoxin-sensitive process (ADAM-VIZI & VIZI,

cholinergic synapses within the myenteric plexus 1978); that i_ by inducing action potentials in the
(Ntstu & N(mTH, 1973/,; tItP,ST & M(:KtgDv, 19"14[ it neurones which release ACh at nerve-mu_le june-
might be considered that the present actions of 5-HT tions. Depolarization of some myenleric neuroses to

are mediated by a-adrenoceptors. It is noteworthy the threshold potential by 5-HT has been observed by
that 5-lit does not cause presynaptic inhibition in W(_)t_ & MAYI_a([979) and by the present iuvestiga-
the superior cervical ganglion of the rabbit {WALI.tS& tors {unpublished observations). In this case, 5-HT
NoaTlf, 1978)although noradrenaline does (CtmtST & must have at least two actions on the cholinergic
NtSHL 1971). neuroses in the myen'leric plexus, quite probably at
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different sites. First, there is a depolarization which functional presynaptic inhibitory effect occurs with
cart reach threshold for action potential generation, noradrenaline when the extrinsic sympathetic nerves
and second, there is an inhibition of the amount of are stimulated (Hms'r & MCKIRDY, 1974); it may be

ACh released by each action potential. There is ample difficult to show a similar functional role for 5-HT

precedent for 5-HT having more than one action on a because the neurones which may contain it are inirin-
single neurone (GERSt.IIENFEI.D & PAUPARDIN- sic to the myenteric plexus (see, inter alia, GERSHON,
TRITSCH,1974; CO'rTRELL,1977). DREV'r_SS, fhCrd_t,, J6, & REtS, 1977) and would be

difficult to stimulate in isolation.

Possible mechanisms of presynaptic inhibition 5-1tT is contained within distinct neuronal groups
in the mammalian central nervous system. When

The mechanism which underlies the presynaptic applied by iontophoresis to single neurones it may
inhibition observed in the present experiments is not cause excitation or inhibition of neuronal firing

known, it could be a depolarization of presynaptic (BLOOM,HOFV_g, StearNs, BARKER& NICOLL, 1972).
terminals in accordance with classical ideas (TAgEU- These effects are generally of a rather long time
CHt & TAg_UCHI, 1962; ECCLES,SCHM1DT& WtLUS, course and it is not at all clear whether they represent

|963). Ot it could be a membrane hyperpolarization direct postsynaptic actions on the neurone whose ac-
and conductance increase (KAWAI & NIWA+ 1977) as tivity is recorded, or presynaptic action to reduce
appears to operate for the action of morphine on
myenteric neurones (NORTH & TONtNt, 1977). Differ- ongoing synaptic inputs. In the rat locus coeruleus,SEOAL (1979) adduced evidence for a presynaptic
ent populations of myenteric neurones are both depo- action of 5-HT because it reduced the response of
larized and hyperpolarized by 5-HT (NORTH& HEN- neurones to noxious inputs more than it depressed
OERSON, 1975', WOOl) & MAYER, 1979; JOHNSON,
KATAVAMA& NORTH, 1980). One should also bear in their spontaneous firing rate_ A more convincing case

for a prcsynaptic action was provided by HI_ADLEY,
mind the possibility that 5-HT reduces the amplitude DUOGAN&'GRIBSte_ 0978) who found that 5-HT

of the EPSP by reducing the number of presynaptic reduced the response of cat dorsal horn cells to nox-
fibres excited by the focal stimulating electrode, per- ious inputs whilst having little effect on the responses
haps by hyperpolarization of the nerve fibres, of the same cells to non-noxious inputs, an effect

which may be functionally related to descending

Possible functional implications raphc-spinal pathways (inter alia DUGGAN& GRIER-

There is good evidence from the work of Gershon sm_, 19791. The present results provide direct elec-
ptic and his colleagues that the myenteric plexus contains trophysiological evidence that 5-HT does cause pre-
/een intrinsic neurones which can take up, synthesize, store synaptic inhibition in the enteric nervous system, a
ex- and release 5-HT {see review by FUgNESS & COSTA, tissue which actually has several close similarities to

osal 1979). It is possible that 5-HT released under physio- the central nervous system (see C,rRStION& BURSZ-

'flex logical circumstances from myenteric neurones may T_N, 19781.
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II!R- by (see above) inhibit the peristaltic reflex. Such a H.W. KOSTERLITZ).
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