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8_3LMAEY

I. Each giant serotonin cell in Helix po,,atia makes syna ptic eonnexions

_ith three non-amine-containing neurones: the anterior, middle and po-
sterior buccal cells.

2. Individual e.p.s.p.s, of 500-600 msec duration, were observed in

both left and right middle ceils following each evoked giant _crotonin ceil
action potential. They were titcilitated with repetitive stimulation of the

giant serotonin cells and summed to give rise to an action potential. The

membrane resistance of the rLfiddlo cells was reduced when the giant
serotonin ceils were :;tmiu [ated to fire ra i,idly, gridcnce is _','esente,,t which

• - II

suggests that the !ink betaveen each grant serotonin cell and each middle -_:
cell is monos)maptic.

3. Iontophoretically applied scrotonin produced a depolarizing potential 1 ° "
change in the middle ceil perikaryon ; the response rapidly desensitized on [
repetitive application. "

4. Morphine abolished reversibly t.he middle ceil serotonin potential and
antagonized transmission fi'om the giant s'_'r,)t,min ceils to the middle cells.
I.owering the Na concentration of the medium reversibiv diminished the

size of the serot onin potential and the giant serotonin ceii elicited e.p.s.p.s
in the middle cells.

5. Reserpine, which depletes sero_onin in the giant serotonin cell,
impaired transmission £rom these cells co the middle ceils.

6. The results suggest that serotonin is the synaptie transmitter released ".

from the giant serotonin cells on to tl_e middle cel!s and that tiffs system
is a suitable model tbr thrther analysis of the ueuronal role of serotonin.
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"._ INTRODUCTION cells,t
at l'_n'l_I/

It haz been suggested that serotonin (5_hvdroxvrrvptamine)... . is a svnaI)tic. Mos,

transmitter substance (Welsh, 1957; Brodic & Shore, 1957; see Gerschcn- by caL

feld, 1973). Because many of the neurones of gastro])od molluscs are but to

accessible, large and identifiable, they are more easily studied with t'rona.s
cells to

existing techniques th._n neurones of vertebrate species; consequendy No difl

they allow a more detailed analysis of the cellular role of serotonin, observe

. Iontophoretic studies have demonstrated serotonin receptors on specific tiona. A

regions of certain neurones of the snail. Cryptomplmllus aspersa (Gcrschen- experitr
Electr

feld & Steihni, 1968). G erschenfeld (1971 ) has distinguished t il ree different micro-e;

types of neuronal receptors in terms of their l)harmacological properties The cur
and induced ionic permeability changes. Type A receptors result in with 3__ an ce,3 V_

depolarization and excitation whereas Types B and C result in hyper- cathode

polarization and inhibition. The effects of stimulating selected nerve of eleet_

inputs have been compared with the excitatory action of serotonin and on a De
- the dat_ obtained are consistent with a transmitter role for serotonin Y plate

(Gerschenfeld & Stefani, 1968). However, presbmal )tic scrotonin-eontaining recorderIontor.

neurones have not been located in tiffs system, preventing a more complete filled wit

analysis of the possible role of serotonin as a transmitter substance, mean._ ot

Recently it was shown that there is a giant serotonin-contailfing neurone Tektroaiother oanplified
• cr " " -, 1 o_eilloset,_ in each cerebral _,an_,hon of the snail tIdgz pomatla, and also in

closely rch_ted species (Cottrell & Osborne, 1970; Osborne & Cottre,l, aceompli

1971). The serotonin within these ceils (giant serotonin cells) can be through
detected histoehemically, by bio-assay, and by microchromatography electrodeapplied I

: (Osborne & Cottrell, 1972). miero-ele

"i The experiments reported in this paper were made on the two giant ereatinin,!, serotonin cells, and on other giant ncurones ibund to be innervated by fibre teeh

i:_I them. The results provide fm'ther evidence for _ transmitter role for sere- was moni
I tonin, and describe certain properties of the serotonin receptors and the phoretiCpl_y,,io;J

!:J presumed serotonergie synapses. Part of this work has already been (,n_):Na

._ published h_ note or abstrac_ form (CottreU, 1970a, b). lowered:_ NaIICO a
tho pH n

METIIODS 60 m_t-Li',

Preparation. Specimens of Helix pvmatia were supplied by Gerrard &Haig Ltd., In ee_
:East Preston, Sussex. The _u,_ils were kep_ at 7-12 _ C until reqttired for use, when following

they were hydrated and fed lettuce. The circum-ocsophageal ganglionic complex, buffer 5 t,
together with the buccat gatqziia and cotmective nt.rves, wag dissected from active obtai_ted
aaaimals and pinned to a p|astic sheet, fixed at the bottom of a small bath (vol. 0' 7ml. 1. eoneent ra

The preparation was illuminated with a simple light guide made from a tapered 60 m._twi
glass rod fixed to a microscope lamp. Usually, the n(.urones could be seen and tion. The
identified readily with a stereomier(,sc-po ( x 2/) to x 4o). Each giant serotonm eel[ Drn.q_.
in easily found because of xts position close to the i_ner lip nerve on the ventral eontinuodtheflow (
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sttrface of tile cerebral ganglion. In all iontophor,.tic st_tdio_ of rite b_cca_ ganglion
ceils, the cerebro-buccal connective and the circum-ocs_qJhageal _'angJionic complex

' }is a ssmaptic remained intac:.

• 5Iost of the c,)nnec¢ivc tissue htyer above the neurones to be imp,ded was removed

,.o_e Gerschen- by careful dissection u'nh tlne-tipped tbreeps. In a fl,w ,.Xl,Ct.ml,,ms" tlu. mm.r thin.

molluscs are bul tough, cotmective tJ._suo layer was sot u'tled bv qplAymg one. or two ._lX.cks of
studied with Ptonaso (BDH, specific activity 45.000 PUb2 umt,[g) to tim saline ju-t above the

consequently cells to be impaled, and leaving the enzyme in cvmac_ with rim t,_.,_,e _,,r 5 rain.

of serotonin. No differences in responses to drugs or to giant serotonH_ e_..ll stitnttlatiot_, were

observed in preparations treated with Pronaso compared with Lmtreated prepara-
_rson specific tions. All iontophorctic studies were made on cell_ untreated witlt Prona_e. All the

:sa (Gerschen- experiments were made a_ room temperatur_ (t8-25" C).

_hree different Ele, etrod_ and electrical meast_rements. Double-barrelled. or two single, glass _'_'
micro-electrodes were used to m_pale the tlc'tlrolles to _t *Rl}" the synaptic e_mnexions.

ieal properties The current pa,_s ng barrel was usually tilled with 0.6 -_bXa.,.SO_, or m some ca.ses _
,tors resul#, in with 3 _t-KCI. The recording barrel was filh:d with "l ._bKCI. 31lore.electrode resist-

.ult in hyper- axtees varied fl'om 7 to 30 3I_.2. Input leads from the electrodes were fed through

_Aected nerve cathode/bllowers to a dual beam Tektcon ix 5(12 A oscill:).seopo, Perma_mnt recordings
seromnin and of electrical activity were made of unampiilied signals fi'om the oath(Me fi)llowers

on a Devices nmhiehannel record,or, or of" the amplilled signal br co, meeting the
for ,----otonin X" plate output termbmls of the oscilloscope to a/3rush o._ - "--0 zcrms two-channel iilknin-cumaining recorder, t

more complete Iont, ophoretic studies were made on cells penetrated by a single micro-electrode ,

ubstanee, filled with 4 ._bK acetate which was used both for re'cording and passH:g current by !

means of an 514 Electr_nneter (_VPI Instnuncnts, Inc.) connected to a dual-beam ; _!

ainingneurone Tektronix 5(15 oscilloscope and a DC voltaga sou|'ee. Permanen_ recordings of the _ i_!77

I a2so in other mnplified signal were phot,)gr _ue & Cottrell, o_eflloseope or taken ". _*phed.... om a. Tektronix Type 564B dual-beam storage.
ttom a /3t u.,lt ,_0 t_o-ehannel mk recorder. Iont_ ,I)ho,'esis was

accomplished by passing positive square pulses ti'om a Gra._s 548 pulse generator
cells) can be through a 50 3[_ re_i.,ror to the serotonm-e_,rmdnmff iontoph.r,,tic _l,'_ss miero-

_romatography electr(Me. A constant, backing current to prevent dJffusional otttttou, of's, 'r,,tonin was

applied from a 9 V h;_,ttcry and potently,meter in sm'ios with the i_t_tophorcqm
the two giant m_ero-electrode. The iontophoretie |nicro-ek.ct|'odesworc filled with 0.15 ._ serotonin

innervated by creatmino sulphate (pH7 3'5), or 1 ._[ aectyleholinc chloride, by means of the glass.
fibre technique; resistances varied between 20 and 40 31.Q. The iontoptmretie currert_

or role for sere- was monitored as the potential drop across a I M.Q resistor m set'ms ",v_tli the loam.

-eptors and tile phoretie micro-electr(xlo and displayed on the dual-beam oscilloscope.

, Mready been Physit_lc_ical solution._. Th_ cornpositi_n of normal snail rnetliun_ t3f,-n_, 1960) w,_
(m:_t) : NaCI 60. KCI 5-8, CaCI.. 10. MgCL, 16, and XaliCO_ 13: pH 7.8. _oh_ti(,nu with

lowered Xa eonccntration ha_t the composition (rest): ](C'I 5.8. CaCI., 11), MgCl. z 15,

,XaItCO_ 12 with Tris ItCI added so maintain the CI concentration at 117 m._ and
the pH at 7.8. In some experiments. ,N'aCI was replaced with. 120 m.',t sucrose or60 m._-LiCl.

-ard _ Jig Ltd., In certain studies on s3-napt e transmission, physiolc,_ical solution with the

_*_d,for use, when followmg composition was used (m-.I): XnCl 80, KCI 4, CaCL 7. MgCI., 5, Tris HCf

nglionic complex, buffer 5 to give a final pH of 7.8 (Chamberlain ,_ Kerkut. 1.969). Similar results were

.,,eted from active obta/ned in both normal physiological solutions. To _tudy the cffoc_ of high Ca
,ath(vol. 0.Tm[.}. concentrations on the e.p,s.p.s, the final concentration of CaCI., wtts increased to

le from a tapered 60 m)t without compensation to maintain the original osmotic pres,_urc of" :he solu-
mid be seen and lion. The preparations were washed in _ continuous fl()w of sc, lution.

ant serotonin cell Drugs. Drugs were applied to the prep, ration by addition of known amounts to

v_ on the ventral the flow of physiologica solution, by addition to ilm bath when the ilow was dis-

continued, or by iontophoresis ti'om a drug-tLIled micropipctt, e. Tim drugs used in
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this study were : scroronin creatinine sulphate (BDK and Nut ritional l_iochemicals), serotol

.-: tryptamine HCI (CMbiochela), D-lysergm acid dicthylamido t_trtr_te ILSD-25), furthe
(S_uMozL brom(_ly_ergm acid dictlL vL_Inid_' tartral.e withoi

methysergide {[)'5[L'49I ) .. The,_ _ Public Health ,_e.rvice, NIMH), reserpmu t)hosp hate
(BOL-14S) (Dt{EW, L.S. ICJ!biociwm), tubocu rarine chloride (Burroughs
(CIBA), acetvlcboline cifioride (ACh) The m

,4 Welleome), neostigmiae bromide itioit'maI_-La, l_,oche), and t.etraethylammomuIn_ , --6On

- bromide (TEA) (BDH).

"! Dye injectio_. Experiments with Procion Yellow were m_ule following the pro-
ee_lure outlined by Stretton _ Kravitz (1968). Because of t,he presence of an 'anti-

Dusting' agent, in the Proci0n Yellow available, saanples of the dye were washed
=,.i_ :i several times with diethy[ ether before use.

Tentacle

J nerve

Cereb rob u coal

conr, ectLve

Cerebro_edat

comms _'---.-..-._" '_" ""a,._'-_/

.;, die lip nerve

" "- - _ %_ Inner lip nerve

.: Fig. 1. Diagram of the antero-verttral surface of the right cerebral ganglion
showing the perikaryon and mare processes of the right gian_ serotonin ceil

-' (GSC) within the ganghot_. _ Fig

gm_
I_ESULTS late

Processes and electrical properties of the giant serotonin cells ArToft

• _ _le cell body and processes of the giant serotonin cell within tim right exe

cerebral ganglion were visualized by injecting Procion Yellow (Fig. 1).

The pattcrn of the processes from the left giant ceil was very similar to, most c
but the mirror image of, the right one. Each giant cell semis processes unless

•- through both buccal gangli,_ since stimuhltion of both _.oups of buceal observ:

nerves gives rise to on antidromic spike in each giant cell (cf. Kandcl C_ ceils (cof the h:ft
_'o" _

:: Tauo, 1966). In ]:1_. o, for example, the lateral buccai nerve_

buccal ganglion were stimuh_tcd aud intracellular records ma(le from both

.... giant serotonil_ cells simultaneously. Hyperpolarization of ez=ch giant
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_emicals), serotonin cell by about 15 mV blocked tile spike invading the soma, and

LSD-25),. further hyperI)olarization diminished and then abolished the axon spiketartratO

,hosphato without the appearance of an excitatory post-symH)ric t)otentia| (e.p.s.p.).
3urrougt_s The electrical properties of both gdant serotonin cells were very _imilar. •

,nmomum The membrane potential of the cells was usually in the range of - 50 to

-60 inV. Occasionally, small spontaneous e.p.s.p.s were observed, but in
: the pro-
f au ' anti-

20 mV L

_buccal
C_lv_

kc.c-copedal

ecdveP" i [ :

2,0mV E

l
° t

I t
:200mse¢

Fig. 2. Antidromic action potentials recorded in the left (above) and right,

g|ant serotonin cells following stimnlation of the left buccal nerves. Ipsi-
laterai latency w_s 60.0 msee and the contralateral latency was 6S.8 msce,

'el_ Arro_ indicate stimulus artifacts and onset of action potentials (the peaks
n the right of the spikes were lost because the pens Lad reached their maximum upwards

w (Fi_.., 1). excursion).
sirm to,

most cases action potentials were not seen after the initial penetration,
processes unless the cell was stimulated when 70-80 mV action potentials weres of bueeal

observed. No connexion could be detected between right and left giant• Kandel &
ceils (el. Kandel &Tauc, 1966).: of the leI_

e from both

each giant
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..... Buccal cell respon.ves to gi<lnt scrotonb_ cell st6,,Mation

Because of the presence of giant serotonin cell processr.s in the ccrebro-

buccal connectives, the bucca[ ganglia were explored tbr cells receivil_g

inputs from these cells. In these experiments, a double-l),t'rcllcd electrode_ nd another double-
was inserted into one of the giant serotonin ceils a

" _i baxreUed electrode, or two single electrodes, used to impale differen_

Buccalganglia

-_ it._
--'11 I I

II I

_ 7

: /

.--"i.:i Cerebrobuccal
'_ Coflnectlve

-7

Outer lip nerve -]

-\
Cerebral gangl_a

-_"_ Fig. 3. Diagram of the cerebral and buccal gangli_ ._ho_vin_ the giant
serotonin cells and their [nai_ pr,)eesses ant[ the ant<,_im' (A), middle _5I)
and posterior (P) giant buccal cells. The presumed synaptic c_)nnext,ms on
to the bucca[ cells are also shown. The large I)rO(u'ssc_ of the 5[ and I) cells
were traced with Proeion yel!mv. The proe,:sses ,*f the grout serotouin cells
(GSCs) passing into _ho bueea[ nerves have been omttted for sm_pttc_ty.

neurones in the bueeal ganglia. Three giant neurones in each buccal

g_nglion responded to stimulation of the gktn_ serotonin cells. Their

positions are indicated in Fi_.. 3. For convenience they will be reR, rred to
as the anterior, middle and posterior cells.

The resting potential of both middle cells was usually between - 45 and

[
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" [ !

riving

x'mble" a ]

--65 mV -- - -- --65 mV -_LJ/:

_J

--75 mV ' _ --75mV -------I-"

--95 rnV --"--"_ --95 mV -_

ii,,ii,,,_, ' ';!I, I
l.L.._lI Lt | _L

_ant --105 mV "-"--""_'_-_'_'_'_:" --_05 mV
,,,,, (_>--

_y. 5 sec

Fig. 4. Effect of l_yperpobu'iza_ion on the left naiddlo coil t'e,_pona_,_ to
_h bueeal stimulation of the lct'_ grant, ser.t,)nm coll. The zniddlo cell xv_ penetrnted i'"

ila. Their with two separate electrodes, th(_' recordin_ electrode xvm_ filled with KCI
and the current, passing eioct_ro(|e with Na,_,S() a. A. preparation immersed in'_,fermd to
nonnal medium. B, the same preparation nnn'.erse(l in K('l-free m_-(lium

(tim middle cell hyperp,)!arized by 5 mV in this medium). Note th0 different

', -n 45 and calibrations in A and B, and the steci)er relationship between th(_ ]nere_o

in the size of the e.p.s.p.s and the level of h.vpcrpol_rizatiox_ in B (see text).
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-55 mV. Occasionally, middle ceils exhibited lacge e.p.s.I,.s. When either

of the giant serotonin cells was stimulated, cacil eel[ action potential
* " caused a small e.p.sp., of 500-600 msec duratio,, ill each middle coil

(Fig. 4). E.p.s.p.s in response to gian_ serotonin cell stimulation have been

5/see ; 2 "t

•, ¢¢___._ .+¢_._ _ 2 mVJ

!ii , ,lllil,j

5 sec

1.6
4 ,,,

_tl ) t

:i --'--

"_ 2-5 1 (

" "' _'_'. ":::'"f'; -""_"_"--""'"_"J"_ ...... I

Fig. 5. Effect of frequency of giant serotonin cell action pot,-,ntials on e.p.s.p.
• .: - summation and facilitation m the middle cell. Th, middle c(-lI was mq)alcd i

". with a KCI/Na..SO_ double-bazTci|ed (,lcctro(te. Top _race in _-ach pall" _s _.

-_ ;: the middle cell membrane potential and thc_ lower tr'ac(_ tlw gi_nt ser,_conm '

cell membrane potential. The middIo (_cll resting p_t,,atia| was -_;o mV,

+:_i but was artificially hypcrpoha'izcd to -- 100 mV during the exl)ermacnt : the

giant scrotonin ceil resting mcH_branc potential was --50 inV. Su ruination

of e.p.s.p.s occurred at frequencies of 2 Hz or above, whereas facilitation (
.,._ (

,_ occurred at lower frequencies.

" _ .J,....... -.a_..4,,._,,,_._.... ,*_'"'_.'_."_7_.,:_-'__'_r:f:mv"_" "_"_ ::_c:_''_-_-_'_'_'_'J_

r
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n either recorded in more than eighty middle ceils. On repetitive stimu]ation of the
otential giant serotonin cell the middle cell rcsl)on.,,es smnmed and _ave rise to all

Idle cell action potential. The responses could be increased by artiticiativ hyl)cr-

.re been polarizing the mi(ldle ('ell. This effect was more naarkcd when the bathing
solution was replaced with KCl-fcee solution (Fig. 4 B), m agreement with

the observation that the 3I cells exhibit anomalous rectification (J. B.
my Macon, unpublished observations) an(l that K-free physiolo,zical solution

dintinishes anomalous rectification m Anisodoris G neurones (Marmot'.

1971). Summation of e.p.s.p.s occurred only ;._tGSC spike fl'equencies of

._ mV 2 Hz or above, whereas facilitation in the size of the e.p.s.p.s could be
observed at lower frequencies, down to about 0.5 Hz (Fig. 5). Rapid firing
of the giant serotonin cells caused ,_ reduction in the membrane resistance

, see of the middle cells. This effect was more pronounced when the preparation
was immersed in KCl-free solution (Fig. 6), presumably due to the reduc-
tion in anomalous rectificalion.

p- The responses of the posterior culls were very similar to those of the

middle cells, but usually the e.p.s.p.s recorded were smaller and could no_

be seen without artificially hyperpolarizing the neurone. Posterior ceils
rarely showed e.p.s.p.s without giant serotonin cull stimulation.

Responses were only seen in the anterior cell during continued stimula-

tion and repetitive firing of one of the giant cells. For example, during a
burst of fifty giant serotonin cell action potentials at a frequency of 3 Hz,

the anterior cell gradually depolarized and, ai)proximately half-way
through tim burst, commenced firing action pott'ntials which contbmed

several seconds after stimldation of the giant serotonin ceil was ceased.

Individual e.p.s.p.s were not seen in response to giant tell stimulation even
when the anterior cell was artificially hyperpolarized to -120 mV, but
at the resting membrane potential characteristic small fluctuations, or

oscillations, of 1-5 mV in amplitude and 500-800 m see duration were often

observed during giant serotonin cell stimulation, and in the 15 see period
following stimulation.

Connexions between the different identified neuro,,es

In spite of an extensive series of experiments, no connexions were found
among the identified buecal cells. Efforts were also made to determine the

p.s.p, pathways taken by the processes of the giant serotonin cells to the lmecal_p_led
,,,,r is ganglia by experiments in which one or the other of the cerebrobuccai

,tonin connectives was cu_ and the response of the buceal cells compared with
:_mY, those observed before nerve section. [t was found that the contralateral
,t; the

,_tion connexions are made by the branch of" each giant serotonin cell which

._uon crosses to the contratateral cerebrobueeal connective, and that ipsilateral

connexion is made by the shortest route, along the ipsilateral connective
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(Fig. 3). However, ill ,_omc exprriments, ver_" small e.p.s.p.s could stilI be

_i observed in theipsilatcral middle cell when the giant cell was stimulated
- " after completely ,,:ectioning the ipsilateral connective; tiler disappeared

after cutting the contralatend connective. Thus each middle cell receives
two inputs from the iI)silateral giant serotonin cell; one link is direct, the

other is made by a circular route (Fig. 3). (

lq

a

20 mV V
1_ 0

a_

" , 8i
"" ti

N

: __ m
of

7:'4 E_ di,

th

2omV i
i sy

' Q_
* SV

4 TJ
Tt

I I
5sec m_

Fig. 6. Effect of rapid firing of tim giant serotonin cell (lower trace) on tim K;
'ii membrane resistance of the middle cell. The resting membrane potential 04

of the middlt_ cell. impaled with two s_,pa,'ate I_C1 eh,ctrodcs, was -50 mV ex
'* and that for the giant serotonin cell was - 55 inV. 3[o,.nbrane r,,sistonee waa %vi

monitortul by passing I see hyperpolarizing pulses intt_ tim cell. Aet,ou
potentials were seen in the middle cell at resting membrane potentml, l0
The giant• serotonin cell xw_sartificially hyperpolarized to -- _0 znV anti then Wg0

'_ ') V .rapidly depolarized to - ,0 m to make it, fire z'apidtv. The ti|ing rate of the lle

t middle ceil inerc._._ed and there was a marked re(hmtlon in the amplitu(Ic latof the potential changes caused by the hypolariziug pulses, showing that

_i[ there ,,'&, a d,'op in ,,-,,.,,,,,,'an(; r,.s,stance. The recordings ,,ere made in latKCl-freo medium ((2hamberhtin & Kerkut. 1969). _l
4, 1;

.... . .... - -_ - =: .- • -=;_. __.; '-.,,,_, _ -- _ _" ._. , _.. " ,_, ;,a,,_._..O,,,a,.,c_._,_t.._..z,_,_e,_,_t_,, _ _
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ill be
i:_ted Conn.exions between the giaut se>'otrmin cells and ntiddl_ cell._

•_red For the purpose of investigatiug the role of scrotonin in the giant
_,ives neurones, sub_quent experiments were nlade on the eommxions of the

the giant serotonin cells on to the mid(lie cells, because the result._ already

described suggested tha_ these connexi,ms may be mo_osynaptie.

Experiments on the giant serotonin ceils that. elicited e.p.s.p.s were
made over a perit×i of '_-., yr. Ihu'ing the latter half of Febrtmry. aud the
months of Marci_ and April, responses in the middle cells were smaller than

at other times of the )'car; frequently individwtl e.p.s.p s could not be

recorded at this time. In the course of more than eighty experiments,

completed at other times of the year, it was observed that a one gmn_

serotonin cell action poteutial to elm e.p.s.p, relationship ahvavs applicd,
even after the giant scrotonin cell has been stimulated to tire hundreds of

_ action potentials. There was, however, a relativelx_ loug delay between
the gian_ cell action potential and e.p.s.l,, recorded in the middle cell.

Since e.p.s.p.s were very small, rareh" exceediug 0.5 mV an(i had a rela-

tively slow rate of rise, it was difficult to measure their latency accu:._teh,.
l_'evertheless, the dclav- was constaut within the limits of error ot"me_sttre-

ment, and it was shorter for the ipsilatcral connexions. Anal vsis of variance : .

of three separate experiments in wiuch i_ was possible to measure the
latency of bolh ip.,:i- and contralateral eonnexions showed that there is a

differeuce (P < o-t)01) between the it)._il_teral (110-8 ± 2-2 msce s.t).) a_(l

the contralateral (120_+ '2.'2 msec s.D.) connexions (of. latency f,)r anti-
dromic spikes in Fig. 2).

One test for a monosvnaptic connexion is to inject TEA into the pre-

synaptic neurone and to monitor the size of the e.p.s.p, in the post-
synaptic neurone. This techni(lue (of. Kehoe, 1972) depeuds on the injected

TEA passi_g to the nerve tcrmiuals aud increasing transmittcr release.

TEA increases the duration of the action potential (by an action on K per-
meability) and hence amount of transmitter released (I{atz & Miledi, 1967 •
Kusano, Liveugood & Werman, 1907). If the connexion is direct. _he

,_1 e.p.s.p.s would be expected to increase in size. The result of oue TEA
• r " r

experiment is shown in F_g. 7. l_he r_ght giant serotonin coil was penetrated
with a double-barre!led electrode at the onset, one barrel was filled with

_i. 10% TEA and the other _vitrh Na.,SO_ sohttion. Current (approx. 4 nA)
was pa_ed between the barrels for 1 hr, the positive source being con-

nected to the TEA electrode, aud then the electrode removed. The ipsi-

.at lateral 5I ceil was impaled, and the giant serotonin cell reimpaled, 6 hr

,n later. E.p.s.p.s in the middle cell were recorded in resi)ouse _o giant
seroto,ain cell stimulation at this time and also at intervals for a f, rther

4 hr. When the e.p.s.p.s were first recorded (i.e. 6 hr after TEA. rejection),
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they already appearcd shgnfly larg,_r than normally encountered, and effec

untypically, a relatively [ar;_c e.l_.s.p, was observed ill re:',ponse to the 12 h.

initial giant serotouin cell spike of a burs_. Reeordiugs made lO hr after aftez

.... injectionshowedthat the alnplit.udeofthe e.p.s.p.sapproximatelydoubled largee'p's

m,,, t prep

1rnV

• J
_ \ 1 sec

" _NJ

I•
:. _ M._ l,

"--" :Fig. 7. Effect of TEA injection into the giant s(.rotr,niu c(41 on the o.p.._.p.._
of tim right middlo cell. The giant scrotonm c('l[ resting membrano_ l)"t ''ntial |
was -- 50 mV and the midtllo cell resting membrane poteuti'fl was -- 55 inV. l:• _ C

During periods of recording, tho middle c(,ll (upper trace in cac|l pair) was l
hyperpolarizcd by 40 inV. A, ti hr afr.er TEA injection. B, 10 hr after TEA
injection(seetext). A

in size compared with those observed 6 hr after injection. The same result posit

" was obtained in a second experimen_ of the same type. When the exl)eri- tion

:. ment was repeated, but with Na injected (5 nA for 1 hr), the larges_ Ca e,
.... e.p.s.p.s recorded were 0.6 mV in amplitude. In other preparations, the eaell
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and effect of TEA was tested by comparing tile size of the e.p.s.p.s recorded
, the 12 hr after TEA injection (4-8 nA current for I hr) with those recorded

_fter after giant, serotonin cell injection of N_ (4--I1 nA curren_ for 1 hr). The

,bled o.p.s.p.s recorded from the TEA injected preparations were generally '>
larger (maximum ampiitu:le I).7-1 lllg) than timse seen in the control

preparations (maximum am plitude 0-6-0-7 mV).

-  JkUJiJ2jJI_mmv[ ......

..J

11[J|U_A2L[J!]1tl_k
! !
2 see

Fig. 8. Ab_nce of effect of high Ca nmdium on the middle cell e.p.s.p.s. The
_.s , middle cell was tmpaled with two separate 1(CI electrodes and was hyper-
)o,l polarized to - 95 mV during pcriod_ of recording. The resting membrane
,g. potential of the middle cell was -55 mV and tha'_ of the grant sorotonin
:_ cell --50inV. A, rcsptmses in m)rnml rncdmna (Cha,nberlain & ](erkut,
•"2k I969). B, responses after exposure _o 60 In3l-Ca medium tot 30 rain.

N further test for a direct monosynaptic connexion was made be ex-

• result posing preparations to l)hysiological solution containing a high eonccntra- i

:,xperi- tion of Ca. In Aplysia, Austin. 3;ai & _ato (1967) have shown that a high
:axgest Ca concentration greatly increases spike threshold. If the commxion from

_s, _he each giant serotonin cell to each middle cell is not monosynat)tie , the "t

i

._,_?-. ,__ 7W_,7:._ _=7_,_ _.=,____ _-'7"T--,5-4-_-r:_. :-.__-_r_: _-_ r--:,_ -_._7-_,_, ,- _r.-_-7 _- "_-, "_-_-:_ _ _' "_'_- ...... '"
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, ,' occurrence of an e.p.s.p, in tile mMdle cells will depend on whether the
interneuroncs fire. When the threshohl (5 the intcrneurones is increased.

: it ia less likely that an c.p.s.p, will be seen in response to a stimulus applied

: to the giant cell and the one giant cell spike to one e.p,s.p, relationship
would he expected to be lost. If, on the other hand, the connexion is

monosynaptic, high Ca solution would not be expected to block the
o.p.s.p.s. In these experiments, the concentration of CaCl._ was inercase(l

to 60 m_t u_thout osmotic compensation. Spike threshokl was greatly
,, increased but e,p.s.p.s were still seen following spiking in either giant

serotonin cell (Fig. 8) and the relationship of one grant serotonin cell
• "- action potential to one e.p.s.p, was maintained.

lontophoretic application of serotonin on to the middle cells

Responze and sensitivity to _erotonin

Serotonin applied locally to the soma membrane produced a depolarizing
. potential change. It was essential to place the iontophoretic pipette as

close as possible to the middle ecll membrane in order to obtain a maxinml

: response. The thin inner connective tissue layer still covering the buecal
-:,__. cells was penetrated with the iontophorctic electrode, which was then

manipulated as close as possible to the middle cell membrane without

_;, _. impaling the cell. It was not possible to determine visually the position of

, _ the electrode tip relative to the middle cell axon hillock, except occasion-
_'...... _ '_ . ally in cells possessing an orange pigment in the region of the hillock. In

-_.. , _ these cells, the greatest sensitivity to serotonin iontophoresis was in the
'."_ " .,, region of the orange pigment suggesting that the receptors are located
_, along the axon or on axon hillock of the middle cell.

. " It soon became apparent that the serotonin _cet)tors are rapidly de-
_ sensitized (see below), consequently in all the iontophoresis experiments

" _'_: .: it was necessary to adjust, earcfitllv the backing current to avoid leakage
".. and receptor desensitization. In Fig. 9A, a eurren_ pulse of 20 nA for

_ _'_ 500 msec produced a potential change of 4-5 mV with a duration of

:" _ ' 4:: 7-10 see. In this and most subsequen_ records of the scrotonin l)otential,
" _ the middle cells were artificially hyi)erpolarized by 10-20 mV to preven_

,:_ 'i'i action potential firing. Both middle cells respon(ied in a similar way to
iontophoresed serotonin. A depolarizing response of 2-3 mV and duration--¢

7 _ :. 4-5 see was observed in some left and right middle cells with an ionto-

..: phoretie current pulse of 20-40 nA for 25-50 msec (Fig. 9B, C). Some

•z.._ - middle cells had a sensitivity to serotonin as high as 5 mV/nC although

._. . . sensitivity varied greatly among different mid(lie ceils, probably partly
-_'. due to the variability in location of the electrode tip in relation to the
_".._•,_.. axon hillock (cf. Ascher, 1972).

J

- , o



8EROTO.NIN.NEURO.YE SYNAPSES 449

:'/_il

whether the

isincreased, .o:

talus appliecl
relationship :_ ":. |,

connexion is
-,) block the " ": -_" .... " "-_ ' [.'as increased . -3
was greatly
either giant

erotonin cell " • .:

t'_7'

.depolarizing _.. s .... ...... :,-. ., ?:,:
icpil_tte as , .... : _:
ia a I;_":imal " ,3

_.gthe buecal ' " ")
ieh was then

ra_e without :"; _

t_eposition of .. - _ : _: :_"
:ept occasion- •
he hillock. In :_ !°
_ia was irt tim
"sarelocated

rapidly de-
experiments

avoid leakage
of 20 nA for

a_duration of

,ttin potential, _:-
,V to prevent
imilar way to
and f'_._tion 1_. 9. Iontophoretic application of scrotonin. In each record the top trace

vith an ionto- shows the iontophoretic currcn_ and tho l_}wer traco the middlo cell _';_
potential. The middle celia were artificially hyperpolarized by 20 mV m

9B, C). Some A and B anti by 15 mV in C. A. response of the riglxt middle celt to two ionto-

;/nC although phoretic pulses (20 mk fi)r 50 msec). The resting membrane potential was

ubably partly -45 inV. B, responses of" anothcc rtghl, middle cell (resting membrane

_latiOll to t_e potential --45 mV) to an iontopho,'_.tic era'rent pulse of 10 nA for 50 reset. : .:-- "*
U, responses of the left middle cell to a pulse of 40 _ for 25 msoo.

x7 P n v 236 i
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. ,7

• . 8erotonin receptor desensitization

:" " ' When two iontophoretie pulses were applied within a 2,5 sec interval,

'" ....... _ the second serotonin potential was reduced in amplitude, probably (hm to

desensitization of the receptors. The shorter the pulse interval the more

...... - marked was the desensitization (Fig. 10A). Repetitive application at

J 10 see pulse intervals led to pronounced desensitization (Fig. 10B). When

. . -. , . • _ •

" e"_

• _:_

_ I___

Fig. I0. Desensitization of the middle cell serotonin receptors. A. upper two

.., ,_ traces iontophorctie current,lower traces nmmbrane potential• The left
--?'- middle cell was artificially hyperpolarized by 15 mV to -- 70 mV. There waz

_. '-i'_',_ only slight reduction of dm second serotonin potential when the pul_

.: ._ interval is 25 see, but marked reduction of the potential occurs when the
' .._ pulao interval was 10 sec. The curren_ pulses were 30 nA for 500 msee,
• ""_ W! B, upper trace current pulses and lower trace right middle cell potentiah
o :" -,_ The cell was artificially hyperpola|.ized by 20 mV to --65 inV. The curren_.

-'_' laul_ea were 20 nA for 500 reset.
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i,upper two ,,,

ial. The left Fig. 1L Effect of exposing the preparation to a low concentration of i:: "
V. There was a_r_tonin on the middle cell s,.rotomn potential. The resting membrane

'n the ptdse Dotential was --50mV and the cell wt_s artificially hyperpolarized to
_rs whe_ the --70 mY. The iontophoretic pulse was 50 nA for 500 msee. A, responses in
.-,r /_00 rns_. normal medium. B, response_ after 3 min in the presence of 5 x I0 -a ._Isere-
ell po_ntial, tonin. There was no depolarization of the middle cell membrane by this -. ..
The curren_ concentration of serotonin in the medium. C, _erotonin poten*Aat after

waahing the preparation tbr 5 rain with normal medium. _._
ZTIa _ ' r :

.f

r . " • ," - • .
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_ '_:_ the preparation was exposed ibr 3 rain to a low concentration of'serotonin

_'"_: :" (hx 10-a _t), tile serotonin potential was greatly reduced ill amplitude

"-_ (Fig. l 1), which caused only a slight depolarization of the middle cell, with

. i little alteration of firing rate. Tiffs effect, was reversed by washing the

-: preparation for 5 min. Addition of _ higher dose of _rotonin (5 x 10-_ -_U,
• _ leading to a marked depolarization of the middle cell 15-10 mV) and an
•_ :: increased firing rate, abolished the serotonin potential. This effect_ was not

: _ _i reversible on washing the preparation for 30 rain.

:_ :: :. _ Effects of serotonin blocking drugs

A number of substances have been shown to be effective antagonists of

serotonin (Gaddum & Picarelli, 1957; GcrschenfeId, 1973). These include

LSD-25 and related compounds, morphine, tryptamine and tubocurarine.

In this part of the study, efforts were concentrated on finding a selective

_. f_ '- .i_ blocking agent, with minimal sideeffects, which could be used toinvestigate
• - the e.p.s.p.s mediated by giant serotonil_ cells.

_ LSD-25 at 1.5 x 10-4 ._tproduced a 5-10 mV depolarization of the middle

. - ;_ cell and a prolonged burst of action potentials. Alter 15 min, the sensitivity

.: : _" to applied serotonin was markedly reduced but was restored after washing
for 10min. Lower concentrations of LSD-25 (10 -_ ,_r) produced a less

" marked reduction in the serotonin potential. The related compounds

• - .''_; BOL-148 and U3IL-491 (2.5 x I0 -4 31) produced less depolarization but a

:. . .;:,_; similar antagonism of iontophoresed serotonin developed after about

-:. "i_!_i_i__, 15 min.• Morphine, in a slightly lower concentration (2 x 10-5 ._1),also reversibly
" :, - blocked the serotonin potential (Fig. 12). Unlike LSD-25, it did no_ de-

-': \_,._J polarize the cells even in a concentration of 10-4 ._t.

;_ ',_ Tryptamine (10-'; _I) and curare (1.5 x 10-J- 31) also reversil)ly blocked
_-_ the serotonin potential without causing depolarization. As with the de-

:")_L polarizing, Type A, serotonin receptors characterized by Gerschenfeld
- (1971), the serotonin response was unaffected by neostigmine bromide at

a concentration (6x 10-_._I) adequate u) enhance the amplitude and

.: _ prolong the duration of an acetytcholine potential recorded in other
neurones (the posterior cells).

" ,. Ionic raechanism of the serotoui_ potential

_'<_. A characteristic of tim depolarizing, Type A, serotonin receptor is its

._ dependence on Na (Gerschenfcld, 1973). V_'hen the preparation was

•_.::.... :_:i immersed in physiological solution containing 12 mhhNa with the re-
• -_ mainder of the NaCI replaced by addition of Tris-HCl (pl-[ 7.8), the sero-

:¢_' tonin potential was abolished within 5 rain (Fig. 13). Washing with normal

physiological solution for 10 rain restored the serotonin potential to its

__, o. ,,.,V,_-O :_'_ i¢;. "'-_ -2" _ " _ " '" *" " .' • ,- " * : _ " ' ':. " _ ", ..: - _ "

-! .....

" " "" " " ' " " "' '" q "" " " " " ' i
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,r _ its Fig. 12. Effee_ of 2 × 10 -4 :_gmorphine sulphate on the middle cellserotonin i -2 '"
_r, was potential Upper trace in each record is the current pulse and the lower ' '
the re- trace the middle cell potential. Tim ion_ophoretic curren_ pulse was 30 _ "
_e sero- for 500 msec. The resting membrane potential was -- 65 inV. Responses:

m normal medium (A), after exposure to morphinu sulphate for 12 rain (B), ' . - ,
normal and l0 mm after washing the preparation in normal medium (C). The

to its morphine sulphate did not depolarize the cell.
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::, ?f,... :Fig. 13. Effeet of low Xa medium on the middle cell serotonm potential.
. " Upper trace in each record is elm iontophoretic curreng pulse (10 nA for

i_il a_rotoninTIm500msee),middle_.,:,andceilthe"asl°werintrace, is the right middle ceil ,ncmbrane potential.
artiticiall_, hype|pola|'izcd by 10 mV to - 55 inV. A,

,? l_O_em_at normal medium containing 71 mmNa. B. responses

:': " " after 5 rain ex_ostu'e to 12 m3t.Na medium (XaCl replaced by Tris-HCl).2-

•" . - ,' :_-.:,_ _r--Thebutmiddl°thecOllmembranehVperpolarized,by 4 mV due to the reduction of external_, potential was artificialh, adjusted to -55 inV. C,
_-," -.- lmrotonin potentials after washing fo, 1o rain in no_nal medlux_. The
'_,, . . -,- _:e m/dd.l_ eoU poId2fltlal I'¢r,,u/'zalad tO il,51 Ol'lg|D._l **'aliA@.

d
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original amplitude. Identical results were obtained when the NaCl was
_' replaced by sucrose or LiCI. it is interesting to note that tile amplitude of

the middle cell action potentials (60-65 mV) in 12 m3I-Na was the s_me
aa in normal medium.

Effeeta of different agents or+ the e.p.s.p.s

• " _erotoni_ antagonists

1mm The clearest results were obtained with morphine sulphate. At a con-

,ilillllll centration of 5 x 10-s_t and above, it reduced the size of the e.p.s.p.s
(Fig. 14). The effect could be partially reversed by washing for 2 or 3 hr.

Other experiments showed that morphine sulphate at 1.3 x l0 -a .x[did not

:_ block action potential conduction along the giant serotonin cell axons nor ' '
reduce the membrane resistance of the middle cells.

Neither LSD-25 nor UML-491 produced a consistent measurable reduc-

tion in size of the e.p.s.p.s in low con centrations (10-_-3 x 10-_ 3I). Higher
concentrations produced corn plex effects. LS D-25, at 3 x 10-53[ to 3 x 10-4 3i,

: depolarized and stimulated the middle cells to fire a_ztion potentials.

[ The e.p.s.p.s were reduced in raze, or even abolished, in 3 x 10-4. ,-L_D-.o,
._L[I[[,:r',. t but it could not be determined to what extent blockade of serotonin

.... '+ i receptors accounted for the reduction in size of the e.p.s.p.s. U3IL-491

[ in concentrations of 3 x 10 -5 to 1-5 x 10-4 ,_[produced only a small drop in

l membrane resistance with very little, if any, increase in the firing rateof the middle cells. Exposure to 1.5x 10-4,_[-U3[L-491 abolished the :z

[ initi;d e.p.s.p.s produced by _ train of giant serotonin ceil spikes. This

I .II_.: - +-"

Fig. 15. Reserpine and transmission frt_m the giant serotollill cells (GSCs} _ '¢Y
: to the middle cells. +4, results of two parallel cxperimrnts are shown. In I_+._, `-+

_ ] each case, the right giant serotonin cell w+L+ stimulated at 3 Hz for about _+ . :'

+ 1 mm (lower trace in each experimeat). The re+ling nlembrane potential l_j` .
i of the giant sorotonin cells" upper - 50 mV, lower - 55 mV T m middle cell If :+

IP ' " " " ' r ;_] was artificially hx'perpolarized b'¢ 40 mV to a level of about -- 95 mX_ in each I__

t experiment, q_he'e.p.s.p.s recorded ia rt-sponse to giant sorotonin cell spikes [+++

[ 25-45, ,a-9a and 115-13_ are shown. The results m tim upper rceords were i i_

i made from a normal, and those below from _ reserpinize¢l, preparati,m (ape [_;
i text). In the normal pnparation e.p.s.p.s were observed in response to each _' '

- f--" ! giant serotonin coil spike anti summation of the e.p.s.p.s resttlted in con- l,i " :- +

O 1 siderable depolarizatioa. E.p.s.p.s +,-ore also observed in the reserpinize4 _: " " ":+
! preparation, but with ,'epetitivo stimulation the size of the o.p.s.p.s rapidly _+ : "

1 diminished and there was mtteh less depolarization of the cell. B, results _(;._ + " .:
. t , of four separate experiments expressed graphically from two control (O) t "+:.. + _+

"10 130 i and two reserpine injected (_) animals. In each experinmnt, the middle [_[; " ' '" "

[ cell was impaled with a KC1/Xa2SO _ double-barrel electrode and hvper- _+'' _ -

i polarized to a level of about -95 mV and tile shift of membrane potential _.+. , L ]" +

t in a depolarizing direction recorded during a burst of 130 mztion potentials, _i : " °_ '_
i at a fr_luency of 3 Hz, in one of the giaat serotoain cells. _,,_ + .' _ '+

0 t [:/++++

' i

..... / : i::?;++ :'+i:"• "+ : .... :, , +_ ++ , ,_ • + • . .• , . ,+
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effect became more nronotmced with continued exposure (up to 90 rain),

: ' until no e.p.s.p.s at all were seen during a train of l O0 evoked giant
aerotonin cell action potentials. Further experiments showed, however, -.
that at this concentration U31L-491 could reversibly block giant .,:crotolfin :

ceil action t)otentiat conduction along tile cerebrobuccal connectives.
_ A similar effect of BOL-148 has been observed in Aplysia (see Gersehcnfeld f

& Stefani, 1966).

To, ptamine and serotonin depolarized and stimulated the middle cells
in concentrations of aboul; 2.5 x lO-6 51. Lower concentrations did not

block the e.p.s.p.s.

.Reserpi_e
The serotonin content, of the giant serotonin cells is depleted by reserpine

(Cottrell & Osborne, 1970). The effect of reserpine was flmrefore tested on
the e.p.s.p.s to establish whether they are influenced by reduced serotonin

' leveh, as would be expected if serotonin is the transmitter substance.

Animals were injected with a total of 1 mg of soluble reserpine over a

_1 ' period of 3 (lays immediately hefore recording the e.p.s.p.s. The effect of
the reserpine injections was tested by monitoring the level of serotonin in

i_iant serotonin cells by fluorescence histochemistry using the method of
Corrodi & Jonsson (1967). Reserpine markedly reduced the efficacy of

transnfission from the giant ceils to the middle ceils; there was a gq'adual
diminution in the size of the e.p.s.p.s during a period of prolonged stimula-

tion and the smnmed shift of tile potential in a depolarizing direction was

greatly reduced compared with t he results of control experiments (Fig. 15).

Effect of reducinff the extem_al Xa concentration . " _L .,,

As already noted, the serotonin potential in middle cells is reduced in

] size when tim Na concentration is lowered to 12 m3[, although normal .:
action potentials are still recorded. The effecl_ of lowered Na was tested

)_ redticed in size and al)olished when ;:
Oil the e.p.s p s These were reversibly

preparations were exposed to physiological solution in which the NaCI
I
, was reduced to 12 mM and replaced by adding either LiCI (Fig. 16) or

Tris-HCl.

--v- 1_ DISCUSSION
:1 on

,rate KCI ' There are two important problems to be discussed. The first is: do the

,e,ticKis of giant serotonin cells make monosynaptic connexions with the middle ceils ?

(_to giant If this is the case, the other problem is whether scrotonin is released from
;, o,p.s.p.a the giant serotonin cell endings to mediate the excitatory response
height of recorded from the middle ceils.
nm in low

[ i,

' t
i
i
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8ynaptic connexions between the giaT_t serotonin cells and the middle cells t

Providing conclusive evidence for a monosynaptic connexion between

two gastropod neurones is difficult. At present, there is no method known (
to tm which gives direct unequivocal evidence for a chemical mono- t

srynaptic connexion. The available exl)erimental data do strongly suggest, r
however, that the link between each giant cell and each middle cell is c

monosynaptic. Eleetrophysiological "results show that each giant serotonin s
cell sends an axon branch through each buccai ganglion: such bnmches c

must pass very close to the middle ceils. Within the limits of error of
measurement, there ts a constant latency between the action potential

,: recorded in each giant serotonin cell sonm and the e.p.s.p, in each middle (
cell. There is a one-to-one relationship between giant .-:erotonin spikes and (

f" - : middle cell e.p.s.p.s and this relationship is maintained in saline containing a

a very high concentration of Ca, which would be expected to block inter- c
neurone connexions because of the increase in spike Ihreshold (Austin el al. r

1967). Experiments made bv M. S. Berry (personal communication) lWO-
vide clear evidence that saline containing 60 m,_i-Ca is also of value in il

_:_ blocking one-to-one transmission between strongly electrically coupled

giant, neurones in Ph_n,orbis An action potential in one neurone invariably
causes a soma or _xon q)ikc in the other. Immersion of the lweparation in b

. , - , i;"_ ,3,..... _ saline containing 60 m, t-Ca causes a loss of this one-to-one coupling of the t!
Pla_wrbis neurones, such that fre(lue_tiy _ spike m one cell was not_ t

followed by a soma or axon spike in the other. TEA injection of the giant it
- " , :!:_ _rotonin cell enhances the middle cell e.p.s.p.s, presunmbly by passage to t.

,:, the giant serotonin cell terminals and causing an increase in transmitter t
.... relea,sed on to the middle cell (see above). The results of these ext)eriments I

_;- therefore strongly suggest, that the connexions are monosynaptic. The c
experimental results obtained with rescrpinized animals, where a pro- c

gressive diminution of the e.p.s.p.s was observed with repetitive stimula-
tion, are also most readily explained in terms of a monosynaptie cmmexion t

f" '- between each giant serotonin cell and each middle cell. (

la serotonin the transmitter released on to the middle cells? a

It is not po_ible to demonstrate directly whether serotonin is released t

" _t the synapses to cause the observed responses. Instead we must make r
• - _.. an appraisal of the probability that serotonin is the responsible transmitter ,
- :i based on various pieces of less direct evidence. {

' 9 Previous work has shown that serotonin is located in the presynaptie ,._ neurones; each giant serotonin cell perikaryon contains about 1 ng sero- '

_ ionia. The perikaryon can take up 5-hydroxytryptophan and can convert •
it to serotonin (Cottrell & PoweU, 1971; Osborne, 1972).
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; ' The iontophoresis experiments show that tim middle cells possess sero-

_iddle cells tonin receptors. Tlmse recct)tors are rapidly desensitized by serotonin•
Similar desensitization Ires been observed for serotonin receptors of certain [;_:- -

; ,ion t_,tween _ • _ '
i _.thod _lown CryptomphaUus asper_a neurones (Gerschenleld & 8tefani, 196_;1and central " .....

i :aical mono- neurones in the cat (Roberts & Straughan, 1967), for ACh at the frog
neuromuscular junction (Katz & Thcsicff, t957), and tbr glutaiuate at, the

i agly suggest.,
_ ,iddle cell is era)fish neuromuscular junction (Takeuchi & Takeuchi, 1964). Tim data ,,.

mt serot<min suggest that the middle cell possesses Type A receptors according to theclassification of Gerschenfeld (1971)..,-_,ch branches : -
Both the serotonin potential and the e.p.s.p, are dependent upon a large .

1 ts of error of I, Na electrochemical gradient (Figs. 13, 16). The serotonin potentials of .......

,.ion potentialtl each middle _ CILDA neurones of Cryptomphall_s asper_a are also Na-dependent
(Gersehenfeld & Stefani, 1968). The serotonin potential ionic mechanism::,dn spikes and

:ne containing and that for the e.p.s.p,s are clearly more Xa-dependent than the middle ....
:'o block inter- cell action potential since the latter persists it] 12 m)l-Na without a

l (AuXin et al. reduction in aml)litude. This enabled us to observe the effect of reduced
mica,f'_) pro- NA.on the e.p.s.p.s. Na-independcnt action potentials have been observed
so of value in in other snail neurones (Gerasimov, 1964; Kerkut & Gardner, 1967; ,.

-ieally coupled Meres, 1968; Chamberlain & Kerkut, 1969). :.
,one invariably Morphine sulphate blocked both the serotonin potential and the e•p.s.p.s

preparation in but a higher concentration u-as required to block the e.p.s•p.s (1.3 x 10-a ,_I) i;

:oupling of the than the iontophoresed serotonin (2 x 10-a 3I). The difference in concentra-
cell was not tion required for blockade may be due to the presence of the synapses deep

,n of the giant in the ncuropile as well as to possible extra barriers to passage of the drug

"by passage to to the receptors located on the post-synaptic membrane, compared with
in transmitter the superficial location of receptors activated bv iontophorcscd serotonin.

,se experiments It is also po_ible that yew high concentrations of transmitter occur in the

osynaptic. The conllned space of the synaptic gap, during release, and consequently a

where a pro- concomitantly higher concentration of antagonist is required.
,:titive stimula- One obvious discrepancy between the e.p.s.p.s and the serotonin

,ptie connexion potential was the effect of exposure to low concentrations of tr)-ptamine
(I0 -s ,_[) and serotonin (5 x 10-s ._[) itself. At these concentrations, both

agents reversibly antagonized the serotonin potential, but had little if

any effee_ on the e.p.s.p.s. As above, the difference may be explained in '

oninf_released ' terms of the accessibility of the receptors and concentration of trans-

we must make mitrer released into the synaptic gap. Another factor may be the active

ible transmitter uptake mechanism for serotonin which occurs in fine axonal processes
(presumed serotonergie endings) in the neuropile of the ganglia (Pentreath

the presynaptie & Cottrell, 1972)• Such a process might be expected to reduce the amount

.bout 1 ng scro- ofserotonin, and perhaps also tryptamine, available for combination with ,. },:

.mr can convert ., receptors, particularly in synaptie areas• i 7:_..

In reserpine-tre._ted animals, in which the ser0tonin content of the giant

' ! i
I
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serotonin ceils was greatly reduced, transmission from these cclis to the C

middle cells was less efl'cctive: there was a progres._ive decline ill tile

e.p.s.p, amplitude on prolonged giant serotoniu cell stimulation (Fig. 15). C,

_ Also, the level of depolarization ach ieved by the reserpine treated I),.epara- C,
tions was much less than that of the controls, although the initial summed

depolarizing rcsi)onse was very similar. This suggests that action l)otentiat C¢

._' propagation to the nerve terminals and the level of sensitivity of the post-

synaptie membrane to released transmitter are unchanged by reserpine, G._
but that the drug has reduced the total amount of transmitter available

: . for release from the terminals of the giant serotonin cells. GE

The size of the giant serotonin cell elicited e.p.s.p, in the middle cells (GE
was smaller during late February, March and April. This may be related f

to a seasonal fluctuation in serotonin : Car(lot (1971 ) has shown that there GE.

is a reduction in the serotonin level of the central ganglion of Heli.c pomatia s,
which is particularly apparent in 3Iarch and April. GF.,

5

Thus, although some discrepancies remaizl, the ]_resent results, together j
with previous studies, suggest that serotonin within the giant scrotonin GE_

cell serves a mediator role, transmitting excitatory activity fl'om the giant
aerotonin cells to the middle cells, tlowever, certain criteria remain to be e_

KA_x

satisfied in order to establish the point beyond doubt. In particular it is in
necessary to demonstrate that scrotonin is released into the perflmion Kaz:
mediumfollowinggiant serotonincellstimulation, im

KAT:
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