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Summary
The response of Retzius neurons, the main neuronal hyperpolarization of the Retzius neurons, while
source of serotonin in the leech nervous system, to superfusion with 100umoll~1 curare did not. The

cholinergic agonists has been extensively investigated. In
this study, we analyzed the effects of inhibiting the
acetylcholinesterase (AChE) activity in the leech midbody
ganglion on the electrophysiological activity of the Retzius
neurons. Bath application of neostigmine and
physostigmine (0.1-10Qmol 1) produced, after a delay, a
strong depolarization of the Retzius neurons with a dose-
dependent amplitude and latency. The amplitude of this
depolarization increased as the extracellular level of Ca
increased and decreased as the extracellular level of €a

hyperpolarization induced by atropine was inhibited in the
presence of curare. Other neurons in the ganglion showed
distinctive responses to the AChE inhibitors that were
coincident with their responses to cholinergic agonists.

The results suggest the existence of a basal level of
acetylcholine (ACh) release in the leech ganglion that is
powerfully counteracted by endogenous AChE activity.
Under control conditions, this basal release appears to be
sufficient to generate an ACh tonus that regulates the
membrane potential of Retzius neurons. Since these neurons

decreased. The response to neostigmine and physostigmine can support a sustained firing rate, which is dependent on

was inhibited by curare (10Qumoll™), nicotine  the membrane potential, the results presented in this report
(1opmoll=1), atropine (100umoll=l) and strychnine  suggest that the basal ACh tonus regulates the output of
(100umoll=1), but was not affected by mecamylamine these neuromodulatory serotonergic neurons.
(100umol1=1)  or  hexamethonium  (10Qumoll-1).

Superfusion with solutions containing 10@mol =2 Key words: leech,Hirudo medicinalis acetylcholine, nicotinic
strychnine or atropine produced a progressive binding site, serotonergic neurone.

Introduction

While the functional role of nicotinic acetylcholine (ACh) degree of autonomous sensory and motor function and,
receptors in the neuromuscular junction has been wetherefore, research at the single segment level can reveal
established in vertebrate and invertebrate organisms, their radabstantial information on the functioning of the organism as
in the central nervous system has not been clearly definea.whole. The regularity of the body organization is partially
Despite extensive characterization of the great diversity dafisrupted in segments 5 and 6, which contain the reproductive
nicotinic receptors, which are present in different areas of thergans. Each segmental ganglion contains approximately 200
central nervous system of different species, there are fepair of neurons. Amongst these are the Retzius cells, a pair of
examples where their role in neurotransmission has bedarge neurons readily identifiable by their soma size and
properly documented (Nicolet al. 1990; Sargent, 1993; position in the ganglion, which constitute the main source of
McGehee and Role, 1995). serotonin in the leech nervous system (Willard, 1981; Lent

The nervous system of the leech is one system in which @nd Dickinson, 1984; Wittenberg and Kristan, 1992). The
has been possible to study the effects of activating neuronRetzius cells are of particular physiological and
nicotinic receptors in identified neurons (Woodreff al.  developmental interest because of their differential anatomical
1971; Pellegrino and Simonneau, 1984; Sargerdl. 1977;  and physiological properties in the normal and reproductive
Bigiani and Pellegrino, 1990; Schmidt and Calabrese, 199Zegments (French and Kristan, 1992). The Retzius neurons
Kristanet al. 1993; Szczupakt al. 1993, 1998). The nervous show a complex electrophysiological response to cholinergic
system of this annelid consists of a chain of similar gangliaagonists (Kristaret al. 1993; Szczupalet al. 1993, 1998).
innervating each one of the invariant segments that make wpplications of pressure pulses of cholinergic agonists to the
its body (Mulleret al. 1981). Each segment preserves a highrsoma of Retzius neurons from standard midbody ganglia
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produce a three-phase response: a fast depolarization followed Solutions and materials

by a hyperpolarization and a subsequent delayed The saline solution had the following composition (in
depolarization. Similar pulses applied to the soma of RetziugimolIY): NaCl, 115; KCI, 4; CaG| 1.8; MgCh, 1; Tris
neurons  from  reproductive segments produce  @naleate, 4.6; Tris base, 5.4; and glucose, 10; pH7.4 (control
hyperpolarizing response followed by a relatively smallsolution). The solution with a high [M/[Ca?¥] ratio
delayed depolarization. In the present study, we havgontained 20 mmott MgCl, and 1mmoltl CaCh (the
investigated the effects of endogenous cholinergic signals afsmolarity was kept constant by reducing the NaCl
the Retzius neurons by inhibiting the acetylcholinesterasgoncentration); and the high-[&% solution contained
(AChE) activity in the ganglion while recording the 10mmolt! CaCh and 1mmoltl MgCl,. Physostigmine,
electrophysiological activity of these neurons. The resultfeostigmine, carbachol, nicotine (hemisulfate salt,
suggest the existence of a prominent basal level of releasebocurarine chloride, mecamylamine, atropine, strychnine
ACh in the leech ganglion, which produces a strongand hexamethonium (Sigma Co., St Louis, MO, USA) were

depolarizing effect on Retzius neurons through the activatiogissolved in the saline solution and appliaithe superfusion
of receptors with a nicotinic profile. Under control conditions,system.

this basal level of release was sufficient to build an ACh tonus
that regulates the resting potential of the Retzius neurons. Electrophysiological recordings

Retzius neurons of isolated ganglia were impaled with a
single intracellular electrode connected to an amplifier
(Axoclamp 2B, Axon Instruments, Foster City, CA, USA)

Biological preparation operating in the current-clamp configuration using its bridge

Leeches,Hirudo medicinalis L., weighing 2-5g, were balance to compensate the voltage drop through the
obtained from a commercial supplier (Leeches USApmicroelectrode. Microelectrodes were pulled from borosilicate
Westbury, NY, USA) and maintained at 15 °C in artificial pondcapillary tubing (FHC, Brunswick, ME, USA), filled with a
water. The animals were not fed for at least 1 month prior t8 mol 1 potassium acetate solution and had a resistance of
dissection. Individual ganglia were dissected out and pinne@0-40 MQ. The recordings were digitized using a TL-1 DMA
ventral side up, to Sylgard (Dow Corning) in a chamber undenterface and acquired using Fetchex and Clampex protocols
constant superfusion with saline solution at a flow rate ofAxon Instruments) at frequencies of 1000-3200 Hz. Retzius
50uls™L. Unless stated otherwise, the sheath covering theeurons were initially recorded while superfused with control
ganglion was left intact, except for those experiments whersolution, and direct current was injected to set them at a
we explicitly state that we used desheathed ganglia. membrane potential of60mV. The different drugs were

Materials and methods

Fig. 1. Responses of Retzius neurons to
acetylcholinesterase inhibitors. (A) A representative H“i Amplitude
response of a Retzius neuron, set at an initial 10MV i U‘”\M i

membrane potential of-60mV, to 1Qumoll~? Wy H\W‘WW‘ﬂummwuwM\W " il H‘ i :

neostigmine. The horizontal bar underneath the e > 30s

recording, in this and the following figures, describes Latency

the time course of the experiment: the ganglion was i 2]
perfused with control solution (open segment) and then
with  neostigmine-containing  solution  (hatched
segment). The arrowed lines indicate how the

amplitude and latency of the response were measured: 25 250

the amplitude was measured from the baseline to the _ oq | : Elhe)c/)

level of maximal depolarization (ignoring the spikes), E | § ; > 200 A

and the latency was measured from the onset of drug g 15 Q Z 150

perfusion to the time when the neuron reached 50% of S 10 g % 4
its maximal depolarization. (B) Mean amplitudes and & 51 ° § 100 °
latencies of the responses elicited by physostigmine E 0l @ A 501 :
(Phy) and neostigmine (Neo), measured as indicated in 5

A, are plotted against drug concentration. Values are O' 1 1 1'0 1(')0
means *s.EM., N=3 for physostigmine antl=5 for '
neostigmine. Drug concentration (umol I-1)

0l— . . .
0.1 1 10 100
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applied by switching the perfusion to the test solutions. Carbachol
Responses were characterized in terms of the amplitude and

latency of the membrane potential change as indicated in

Fig. 1. The analysis of the recordings was performed using

commercial software (Axograph 6.0, Axon Instruments).

Results are expressed as mean values + the standard error of

the mean ge.M.), and the number of neurons studi®&f {s

expressed in parentheses. The statistical significance of the

results obtained under different experimental conditions was

determined using unpairddests.

5mv

Nicotine

Results

Responses of Retzius neurons to acetylcholinesterase
inhibitors
Superfusion of isolated ganglia from standard midbody
segments with solutions containing the AChE inhibitors
physostigmine and neostigmine (0.1-1@@olI~1) produced,
after a delay, a strong depolarization of the Retzius neurons
that was accompanied by high-frequency firing (Fig. 1A). The
amplitude and the latency of the depolarization were dose- Neostigmine
dependent: increasing concentrations produced an increase in
the amplitude and a decrease in the latency (Fig. 1B). At
10umol 1, physostigmine and neostigmine induced a
maximal depolarization of Retzius neurons; however, at a
concentration of 10@mol I-1, these AChE inhibitors produced
their effect with a significantly shorter latency. These
responses were persistent even after a 20min wash-out in
control solution. ooy
The long latencies of the responses to physostigmine or
neostigmine were not due to delays inherent in the superfusion
system but were intrinsic to the mechanism of action of these
drugs. Fig. 2 shows the responses of Retzius neurons Fig. 2. Comparison of the responses of Retzius neurons to the
superfusion with solutions containing the cholinergic agonistapplication of ~cholinergic agonists and acetylcholinesterase
carbachol (1@moll}) and nicotine (1pmollY), in inhipit_qrs. Representative responses of three Retzius_nel_Jrons, set at
comparison with the response to neostigmine (061 1-2). an mmal meml?r_ane potent_lfl of60OmV, to bath_lappllcgtlons of
The responses to the cholinergic agonists reached theSOIUt'OnS_Clomam'ng mm"” Carba.ChOL. 19““’” nicotine and
maximal amplitude well before the onset of the responses 100umoll neostigmine, at the time indicated by the hatc.he.d
N ) . segment of the horizontal bar underneath the recordings. Similar
the AChE inhibitor and had Iatepues that were appro?('m""telresponses to carbachol and nicotine were obtained in at least three
35s (34.7£3.14=4) shorter. It is noteworthy that, while the gther Retzius neurons examined with each agonist.
carbachol-induced depolarization reached a plateau th
persisted throughout its bath application, the nicotine-induce
depolarization had a duration of approximately 35s (35+7¢ .
N=3), after which the membrane potential returned Dependence of neostigmine-induced depolarization on
spontaneously to a level close to its initial baseline, in spite of extracellular [C&*]
the continuous presence of the agonist. This pattern of responséThe responses of Retzius neurons to neostigmine were
was probably due to the stabilization of the receptor in atudied in ganglia bathed in saline solutions containing
desensitized state following the activation of the depolarizinglifferent [Mg?*]/[Ca2*] ratios (Fig. 3). In the presence of a
current (Schrattenholet al. 1993). [Mg2*/[Ca%"] ratio of 20/1, the mean amplitude of the
To test whether the glia covering the cell bodies couldesponse induced by [u@noll™ neostigmine was
impose a diffusion barrier on the AChE inhibitors, weapproximately 40% the mean amplitude in control solution
performed experiments using ganglia whose sheath wdwith a [Mg?*]/[Ca2*] ratio of 1/1.8), and in the presence of a
removed. The mean amplitude and latendig) of the high extracellular [C#] (10 mmol 1) the mean amplitude of
responses to 1QOmolll neostigmine in these ganglia the response was approximately 70% higher. While the mean
(18.9x5mV; 65.3+3.1s, respectively) were similar to those iramplitudes of the responses induced by 10 andud@d|~t
intact ganglia (16.6x1 mV; 68+3s, respectively). neostigmine under standard conditions were similar, the

5mv

5mv

30s

1% |
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% 10umol I-1 100 pmol |-1 A Curare
25 | neostigmine neostigmine *
3 ,
§ ] ’{ ? ‘“‘“"“Mh”ml"""‘""'""",\IimihmwJuh\mlmwwmil\lm\,‘nllU\“'\nlmmJnm‘..\m.umww"\‘ﬂml““"Iwﬂv"""""""""‘ W"“"""""""“""'mlmmm ‘ 10mv
£ 104
< . Nicotine
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Fig. 3. Responses of neostigmine-induced depolarizations

different extracellular Gd concentrations. The columns indicate tt

mean amplitude of the responses of Retzius neurons pmdl0—1 B

(N=3) and 10@moll1 (N=4) neostigmine in ganglia superfuse

with solutions containing different concentrations ofCand Md, Control i
as indicated at the bottom of each column (in mnddlThe bars
indicate thes.e.m. and an asterisk indicates that the mean value 10 N"

significantly different P<0.05) from the control value (1.8 mmotl Curare 100 H*

Ca*and 1 mmoltl Mg2*).
. 1 *
Nicotine
. L 10 *
responses produced by the higher neostigmine concentr:

appeared to be less sensitive to changes in thé*[iga?*]
- - . 10 *
ratio (Fig. 3). Atropine N

To evaluate whether these different extracellular soluti 100
could affect the responsiveness of Retzius neurons
Co . : 10 S
cholinergic agonistper s¢ we tested the responses of Retzi  gyrychnine
neurons to pressure pulses of carbachol in the presenc 100 g * , , ,
solutions with standard and high [R1§y[Ca2*] (20/1) ratios. 0 5 10 15 20 25

The amplitudes of the delayed depolarization induced by
cholinergic agonist under the two conditions exhibited a re
of 1.1+0.2 =4), showing that the cholinergic response ofFig. 4. Effects of different nicotinic antagonists on the depolarization
Retzius neurons was not altered by modification of thdnduced by neostigmine. (A) Representative recordings of Retzius

concentration ratio of external divalent cations. neurons, set at a membrane potential-60 mV, to 5Qumoll~
neostigmine in the presence of 100oll-1 curare and 1Amol 1

Pharmacological characteristics of the depolarization nicotine. The dotted segment in the horizontal bar underneath the
induced by acetylcholinesterase inhibitors recordings indicates the timing of antagonist application; the
To characterize the receptors mediating the effect of thsegment with the superimposed patterns indicates the application of a

. . solution containing a mixture of neostigmine and the antagonist.
AChE inhibitors, we tested the response induced b-(B) The mean amplitudesNE3—4) of the responses to [E®ol I-L

50pmol ™t neostigmine in ganglia preincubated with the heostigmine when the ganglia were preincubated in the control

nicotinic gntagonists _Curare, mecamy_lamjne_ aNCsolution and in solutions containing curare, atropine, nicotine and
hexamethonium. Curare inhibited the neostigmine-inducestrychnine at the concentrations indicated on the leffugiml I2).

depolarization, in a dose-dependent manner (Fig. 4A,BThe bars indicate.e.m. and an asterisk indicates that the mean value
without affecting its latency. In contrast, hexamethonium anis significantly different from the control value<0.05).
mecamylamine, at a concentration (0ol 1), that strongly

inhibited the fast depolarization produced by cholinergic

agonists, had no effect on the neostigmine-inducedgonist effect. Nicotine produced a dose-dependent inhibition
depolarization N=3; data not shown). The response toof the neostigmine-induced depolarization (Fig. 4A,B). Given
neostigmine was also tested in ganglia superfused with that this pharmacological profile resembles that of the delayed
solution containing nicotine, after it had produced its transierdepolarization induced by carbachol (Szczupalal. 1998),

Amplitude (mV)
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we tested the effect of atropine and strychnine, two effective
antagonists of this response. These antagonists also inhibited

A
30
the neostigmine-induced depolarizations in a dose-dependent rz(6) ‘
manner (Fig. 4B). 15
0

Segmental specificity of the response of Retzius neurons to
acetylcholinesterase inhibitors

Since Retzius neurons from the reproductive segments 5
[Rz(5)] and 6 [Rz(6)] exhibit a pattern of response to
cholinergic agonists that differs from that of Retzius neurons
from standard segments [Rz(X)], we investigated the effect of
100umol -1 neostigmine on Rz(5) and Rz(6), set at their
resting membrane potential. While Rz(5) neurais3) did

not exhibit any change in membrane potential or firing \
frequency, Rz(6) neuron®l€4) were slightly hyperpolarized 10 mv ‘
and their firing frequency decreased (Fig. 5A). )

Leydig |

N

Cellular specificity of the response to acetylcholinesterase [ 6?,3 A
inhibitors B

To assess whether the observed segmental specificity was .
due to differential characteristics of the Rz(5) and Rz(6) Cell Ganglion N Response
neurons themselves or of the ganglia in general, we Rz X 34 Excitatory
investigated the effect of the AChE inhibitors on other neurons Rz 5 3 -
in ganglia from standard and reproductive segments. Leydig RZ 6 4 Inhibitory

- . : Leydig X 3 Excitatory

neurons from standard ganglia showed a dramatic increase in Leydig 5 1 Excitatory
spike frequency without a significant change in baseline Leydig 6 3 Excitatory
membrane potential (Fig. 5A). Identical responses were AP X 3 -
observed in Leydig cells from ganglia 5 and 6. The _'I\_' i(( g -
mechanosensory neurons sensitive to touch (T), pressure (P) p X 3 _
and nociceptive (N) stimuli and the anterior pagoda (AP) cells AE X 4 Inhibitory
showed no response to the AChE inhibitors. In contrast, the  AE 5 1 Inhibitory

cholinergic annulus erector (AE) motor neuron, from standard

d ducti i h larized d Fig. 5. Responses of different cells to acetylcholinesterase inhibitors.
and reproductive ganglia, hyperpolarized an StOppe(A) Representative responses of Rz(6), Leydig and annulus erector

spontaneous firing (Fig. 5A). The table in Fig. 5B summarize ag) cells to the application of 1@nol I neostigmine as indicated

these results. by the horizontal bar underneath the recordings. The recordings were
o o initiated with neurons at their resting membrane potentials. The thick
Effects of inhibitors of the neostigmine-induced baseline of the AE motorneuron recording is due to the high-
depolarization on the resting electrophysiological properties frequency firing of these neurons, which shows little passive
of Retzius neurons reflection of their action potentials in somatic recordings. The inset

We examined the effects of those substances that blockbeside the recording from Rz(6) shows the number of action

the neostigmine-induced depolarization on the membrarpmentials counted during 10s in control solutieh gnd after 3 min
potential of Retzius neurons at rest. Control experimemin neostigmine (+) in four different Rz(6) cells (each one represented

showed that superfusion with normal saline for 10 minby a different symbol). (B) The table shows the neurons studied in

d d iqnifi h i th . b ganglia of standard (X) and reproductive (5 and 6) segments, the
produced no_significant change in the resting membrary nper of cells studiedNj and the type of response obtained,

potential of Retzius neurons (Fig. 6A). Superfusion Withejassified as excitatory, inhibitory or no responsp AP, anterior
solutions containing 1Q@mol I strychnine or 10Amoll™  pagoda neuron; N, T, P, mechanosensitive neurons responsive to
atropine produced a progressive hyperpolarization of the cellnociceptive, touch and pressure stimuli.

while superfusion with 100mol I=1 curare did not (Fig. 6B).

The mean membrane potential of Retzius neurons after ¢

8min perfusion with strychnine was64+1mV (N=4). To atropine was indistinguishable from that in control solution
assess the input resistance of Retzius neurons throughout {i®0+1 % of the value at time zero for curare, 140+2 % for
perfusion period, we injected small current pulse&5nA, strychnine and 140+2% for atropine). The method used to
5ms, 0.5Hz) into the soma and found that, after a 10 mirvaluate the input resistance can underestimate changes in the
period in control solution, the input resistance was 15012 % ahembrane resistance in the area of the neuritic arborization
the value at time zero. The change in input resistance after amce (1) the amplitude of the current pulses reaching that area
equivalent superfusion period with curare, strychnine and smaller than their amplitude in the soma, and (2) the somatic
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A effect on this phase of the cholinergic response (Szczefpak
5 al. 1993). To test this hypothesis, we examined the combined
action of atropine and curare. In the presence of curare,

0 -oé'é“}' %%%%% % %}%% }}% ----- atropine did not produce its hyperpolarizing effect (Fig. 6C)

-5 and the neurons responded as under control condition
10 (Fig. 6A).
o Control Retzius neurons from reproductive ganglia B=J)
-15° ' incubated in the presence of 30@oll™1 strychnine or
B atropine showed little change in their resting potential. The
5 neurons hyperpolarized byl+3 mV after a superfusion period
< OL i F oo of 9min and this change in membrane potential was similar to
E T! ? g , b9 sidd,.1 A { that observed in this type of neuron superfused with control
g ; g LY ; L saline £4+4mV).
o —10
= ¢ "8
= 15 LI s ' * * * * » Discussion
E -20 } ¢ { } { ] Basal release of acetylcholine in leech ganglion
% _o5 | _ { f’ The data presented throughout this paper show that classical
= ® Strychnine inhibitors of AChE activity, such as neostigmine and
§ -30 : é&‘;?g”e physostigmine (Taylor, 1996), evoked a strong depolarization
_35 : : : : of the serotonergic Retzius neurons in the leech, mediated
through receptors with nicotinic binding sites. The most
C - . Lo
5 plausible explanation of the effects of neostigmine and
physostigmine is that, by inhibiting ACh breakdown, these
Orssy i{i{{ { { """"""""""""""" substances generate an increase in extracellular ACh
-5 | 1 } { } { {} ] concentration, which is tonically released from endogenous
1 sources and is normally maintained at low levels by the high
~104 & Atropine-+ curare T AChE activity detected in the leech ganglia (Wallace, 1981;
-15 : : : : Talesaet al. 1995).
0 2 4 6 8 10 In agreement with this interpretation, we observed that the
Incubation time (min) amplitude of the neostigmine-induced depolarization was

Fig. 6. Effect of inhibitors of the neostigmine-induced depoIarizatiorpartl"leIy dependent on extracellularTievels. The extent of
on the electrophysiological properties of Retzius neurons at resTthe dependence was as .expected for a phenomenoq that
Differences in the resting potential of Retzius neurons recorded froffvolves basal neurotransmitter release; namely, the amplitude
ganglia that were constantly superfused with (A) normal salin®f the response was decreased but the response was not
(control,N=6), (B) saline containing 1q0molI* strychnine ki=6), ~ abolished in a solution containing a high [gCa?*] ratio,
curare N=4) or atropine N=4) and (C) saline containing both and it was increased by an increase in extracellula#*JCa
100pmol It atropine and 10@moll? curare WN=3). The (Landau, 1969; Matthews and Wickelgren, 1977).
superfusion was switched to the test solution 30s after the onset of Since nicotinic receptors bear a specific binding site for
the recording (time zero). The resting potential recorded at time zeIQCHE inhibitors (Lena and Changeaux, 1993), the effects of
was subtracted from the values recorded at each time. The bafgase inhibitors could have been due to direct agonistic actions.
indicate thesem. However, several of our observations preclude this possibility.
(i) The neostigmine-induced depolarization of Retzius neurons
was inhibited by the desensitizing effect of nicotine, while the
recording is a decremented reflection of the changes idirect agonistic action of neostigmine was unaffected by
membrane potential elicited by the pulses in those distal sitesubstances that fix the receptor in its desensitized state
Thus, the membrane of the soma has a larger contribution thé®chrattenholzet al. 1993; Maelickeet al. 1993). (ii) The
that of the neurites in the input resistance measurement. Theostigmine-induced depolarization of Retzius neurons was
method used, therefore, served mainly to ascertain that tfehibited by curare, while the direct action of the AChE
drugs applied had no unspecific effects over the neuronblockers on ACh receptors was insensitive to it (Lena and
membrane that would have been reflected in the soma as w€lhangeaux, 1993). (iii) The latency of the response to both
as in the neurites. AChE inhibitors was relatively long and was dose-dependent.
Unlike atropine and strychnine, curare had no effect on th&hese observations appear to be incompatible with a direct
resting potential of Retzius neurons. A possible explanatioagonistic effect (Coopeat al. 1996; Storctet al. 1995).
may reside in the fact that curare also inhibits the ACh-induced Taken together, these considerations indicate that the actions
hyperpolarization of Retzius neurons, while atropine has nof physostigmine and neostigmine were mainly due to their
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classic role as AChE blockers. This interpretation also explains Cellular specificity of the responses
the fact that the amplitude of the response reached a plateau aThe responses of different neurons to the AChE inhibitors
approximately 1@moll1 physostigmine or neostigmine, showed a marked coincidence with the responses obtained
while its latency was decreased by higher concentrations of tivehen these neurons were stimulated by pressure pulses of
AChE inhibitors (Fig. 1B) since the ACh level that producedcarbachol (Szczupaét al. 1998). The Leydig neurons are a
the maximal response could be generated at a faster rate. pair of cells, present in each ganglion, with putative
neuromodulatory functions (Lockery and Kristan, 1991),
Pharmacological profile of the response induced by the \which were, like the Retzius cells, strongly excited by the
acetylcholinesterase inhibitors application of AChE inhibitors. In agreement with this
The pharmacological properties of the receptors mediatingbservation, these neurons responded to carbachol applications
the neostigmine-induced depolarization, sensitive to nicotineyith a depolarizing response. The AE cells are a pair of motor
strychnine and atropine, and insensitive to mecamylamine, fiteurons that are responsible for the erection of the skin of each
the pharmacological profile observed for the receptors thannulus. These neurons are cholinergic (Sargent, 1977) and
mediate the delayed depolarization of Retzius neurons frommey exhibited an inhibitory response to AChE inhibitors, in
standard midbody ganglia (Szczupetkal. 1998). However, agreement with their response to carbachol applications. The
the response evoked by AChE inhibitors was sensitive tmechanosensory neurons did not show any response to the
curare, while the delayed depolarization was not. A possiblapplication of neostigmine. When subjected to pressure pulses
explanation for this discrepancy is that the responses weod carbachol applied to their soma, these neurons responded
evoked by different agonists, endogenous ACh in one case anith a transient depolarization, and carbachol pulses at other
carbachol in the other, and it may be that curare is less effectigées did not evoke any measurable response. The AP neurons
in displacing carbachol than ACh. are a pair of cholinergic cells of unknown function. These
It is noteworthy that the prolonged depolarization waseurons did not exhibit any measurable response to AChE
mediated by receptors with a nicotinic pharmacologicalnhibitors. In contrast, they exhibited a hyperpolarizing
profile. This has not been a classic function ascribed teesponse to carbachol pulses, when these were applied to the
nicotinic receptors, which have generally been associatesbma, and a relatively small delayed depolarization that could
with phasic depolarizations (David and Sattelle, 1984; Egahe evoked by carbachol pulses applied at other sites on their
and North, 1986; Trimmer and Weeks, 1989; Lip&inal.  neuritic arborization. The inability of the AChE inhibitors to
1987; McCormick and Prince, 1987; Mulle and Changeauxevoke the hyperpolarizing response could be explained on the
1990). basis of the location of the receptors that mediate this response:
an increase in the concentration of ACh in the neuropil may
Segmental specificity of the responses induced by the not affect the somatic region. The inability to generate a slow
acetylcholinesterase inhibitors depolarization could be due to the restricted expression of the
The expression of cholinergic receptors by Retzius neuroreorresponding receptors in the membrane of the AP cells,
is segment-specific (Kristeat al. 1993; Szczupakt al.1998),  which showed a relatively small response to carbachol pulses.
and the pattern of responses of Retzius neurons from standardrhese results indicate that the AChE inhibitors do not exert
and reproductive segments to AChE inhibitors was compatible generalized action on the ganglion due to some sort of
with the segment-specific distribution of cholinergic receptorsnonspecific phenomenon. The wide agreement between the
The strong excitation of Rz(X) neurons was, as already statedesponses to AChE inhibition and to carbachol pulses (with the
in agreement with the widespread distribution of the receptorsole exception of the AP neurons) further supports the view
that mediate the delayed depolarization. The expression tfat the actions of neostigmine and physostigmine were exerted
these receptors in Rz(5) was very low, and their expression through an increase in the neuropilar ACh concentration.
Rz(6) was even lower (Szczupak al. 1998). However,
cholinergic agonists produce a slow hyperpolarizing current in Physiological implications
Rz(5) and Rz(6) (Kristaret al. 1993). Thus, the lack of The large depolarization induced by exposing leech ganglia
response of Rz(5) neurons was compatible with théo AChE inhibitors is a phenomenon unlikely to occur under
concomitant activation of moderate hyperpolarizing andchysiological conditions. However, the response disclosed the
depolarizing currents, while the response of Rz(6) neuronsxistence of a basal release of ACh in leech ganglia that may
agrees with the activation of a moderate hyperpolarizinduild a cholinergic tonus. The hypothesis that the extracellular
current and a very weak depolarization, producing a small nepace in the central nervous system stores low levels of
hyperpolarizing response. That the different responses wereurotransmitters, which can act tonically on neurons, has been
due to a difference in the distribution of cholinergic receptorslemonstrated for glutamate, which acts throbigimethyl-o-
in the Retzius neurons, rather than to a difference in the patteaspartate (NMDA) receptors  to regulate  the
of ACh release in ganglia from reproductive and standardlectrophysiological activity of hippocampal pyramidal
segments, was shown by the responses of Leydig and Ateurons (Salet al. 1989).
neurons, which showed similar responses to neostigmine in Retzius neurons from standard segments show three types
both types of ganglia. of response to cholinergic agonists: a fast depolarization, a
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slow hyperpolarization and a delayed depolarization. The fagican, T. M. AND NorTH, R. A. (1986). Actions of acetylcholine and

depolarization is mediated by receptors that desensitize verynicotine on rat locus coeruleus neurdnsvitro. Neurosci. 19,

rapidly (Szczupalet al. 1993) and are therefore unlikely to ~ 565-571.

respond to basal levels of ACh. The present results indicaf&&ENCH K. A. anD KrisTan, W. B., & (1992). Target influences on

that the cholinergic tonus activated the receptors mediating thethe development of leech neurofisends Neuroscils, 169-174.

slow hyperpolarization (Szczupekal.1993) and the delayed <RSTAN. W. B., R, FRENCH K. A. AND SzCzuPak, L. (1993).

depolarization (Szczupadt al. 1998), exerting a concomitant Developmental r.egwatlon qf SegmentTSpeC'f'C Cho"n?rg'c
. .. . receptors on Retzius neurons in the medicinal leg&cNeurosci.

depolarizing and _hyp'erpo'larlzmg action on the Rz(X) neurons. 13, 1577-1587.

Thus, curare, which inhibits both phases of the ACh responsg,pay, E. M. (1969). The interaction of presynaptic polarization

did not produce any net effect by itself. Selective blockers of with calcium and magnesium in modifying spontaneous transmitter

the delayed depolarization, atropine and strychnine, which alsorelease from mammalian motor nerve termin&l$hysiol., Lond.

inhibited the neostigmine-induced depolarization, caused a 203 281-299.

marked hyperpolarization of Rz(X) neurons, shifting theirLena, C.AND CHANGEAUX, J. P. (1993). Allosteric modulation of the

membrane potential to approximately the reversal potential of hicotinic acetylcholine receptofrends Neuroscil6, 181-185.

the Cr-mediated hyperpolarizatior§5 mV) induced by ACh ~ LENT, C M. AND PICKINSON, M. H'.(1984)' Serotonin integrates the

in these neurons (Szczupetkal. 1993). This hyperpolarization ~ feeding behavior of the medicinal leech. comp. Physiol154

. . 457-471.
lhese. results suggest that. under comrol canditons, thETCY S- A A, €. o Loan, F. H. (1987). Neura
99 ’ ' nicotinic acetylcholine responses in solitary mammalian retinal

counteractir_ug effects.of ACh balanced each other out buF t.hat’ganglion cellsPfliigers Arch410, 37-43.

under conditions of high basal levels of ACh, the depolarizing ociery, S. R. anD KrisTAN, W. B. (1991). Two forms of
effect predominated. As expected, Retzius neurons from thesensitization of the local bending reflex of the medicinal legch.
reproductive segments were not affected by atropine or comp. Physiol168 165-177.

strychnine, since the expression of the receptors mediating tiMneLicke, A., CoBaN, T., SHRATTENHOLZ, A., SCHRODER B.,

long-lasting depolarization is very low (Szczupkal. 1998) REINHARDT-MAELICKE, S. X., SORCH, A., GODOVAC-ZIMMERMANN,
and they did not therefore depolarize when AChE activity was J., MeTHFESSEL C., REREIRA, E. F. AND ALBUQUERQUE E. X.
inhibited. (1993). Physostigmine and neuromuscular transmissiomn. N.Y.

r(Acad. Sci681, 140-154.
ATTHEWS, G. AND WICKELGREN, W. O. (1977). On the effect of
calcium on the frequency of miniature end-plate potentials at the

The release of serotonin from Retzius neurons depends o
action potential firing (Bruns and Jahn, 1995). Since thes¥
neurons support high constant firing rates that correlate with frog neuromuscular junctiod. Physiol., Lond266, 91—101.
their mgmbrane p_otential, the basal ACh tonus could regulaf@lCcORMlCK, D. A. AND PRINCE, D. A. (19{’37). Acetylcholine causes
serotonin release in the leech nervous system and, thus, controlapig nicotinic excitation in the medial habenular nucleus of guinea
its neuromodulatory functions. pig, in vitro. J. Neurosci7, 742—-752.

McGEHEE, D. S.AND RoLE, L. W. (1995). Physiological diversity of

The authors are grateful to Drs Daniel Calvo, Pierre nicotinic acetylcholine receptors expressed by vertebrate neurons.
Drapeau, Diego Golombek, William B. Kristan Jr, Michael A. Rev. Physiob7, 521-546.

Nusbaum and Ruth Rosenstein for their helpful andMULLE, C.A.ND CHANGEAUX, J. P. (1990). A novel type qf nicotinic
encouraging discussion of the present manuscript and to preceptor in the rat central nervous system characterized by patch-
Daniel P. Cardinalli for his support and encouragement. Thig clamp techniquesl. Neuroscil0, 169-175.

work was supported by grants from Fundacién Antorchas to .- K. J., Nerous, J. G. Ao Stent, G. S. (1981).
LS PP Y9 Neurobiology of the LeeciCold Spring Harbor, NY: Cold Spring

Harbor Laboratory.
NicoLt, R. A., MALENKA, R. C.AND KAUER, J. A. (1990). Functional
comparison of neurotransmitter receptor subtypes in mammalian
References central nervous systerRhysiol. Rev70, 513-565.
Biclani, A. AND PELLEGRINO, M. (1990). Reduction in extrasynaptic PELLEGRINO, M. AND SIMONNEAU, M. (1984). Distribution of receptors
acetylcholine sensitivity of axotomized Anterior Pagoda neurons in for acetylcholine and 5-hydroxytryptamine on identified leech

the leechJ. exp. Biol151, 423-434. neurons growing in culturd. Physiol., Lond352 669-684.

Bruns, D. AND JaHN, R. (1995). Real-time measurement of SaH, P., HESTRIN, S.AND NicoLL, R. A. (1989). Tonic activation of
transmitter release from single synaptic vesiclature 377, NMDA receptors by ambient glutamate enhances excitability of
62—-65. neurons Science246, 815-818.

CooPeR 0., QutBROD, J. C., WrzEMANN, V. AND METHFESSEL, C. SARGENT, P. B. (1977). Synthesis of acetylcholine by excitatory
(1996). Pharmacology of the nicotinic acetylcholine receptor from motoneurons in central nervous system of the leegh.
fetal rat muscle expressed Xenopusoocytes.Eur. J. Pharmac. Neurophysiol 40, 452—-461.

309, 287-298. SARGENT, P. B. (1993). The diversity of neuronal nicotinic

Davip, J. A. AND SATTELLE, D. B. (1984). Actions of cholinergic acetylcholine receptoré\.. Rev. Neuroscil6, 403-443.
pharmacological agents on the cell body membrane of the fast cox8drcent, P. B., Yau, K. W. anp NicHoLLs, J. G. (1977).
depressor motoneurone of the cockrodériplaneta americana Extrasynaptic receptors on cell bodies of neurons in central nervous
J. exp. Biol.108 119-136. system of the leecl. Neurophysiol40, 446-452.



Responses of leech neurons to endogenous acetylcholine rdl@aSe

ScHmiDT, J. AND CaLaBRESE, R. L. (1992). Evidence that P. (1995). Solubilization, molecular forms, purification and
acetylcholine is an inhibitory transmitter of heart interneurons in substrate specificity of two acetylcholinesterases in the medicinal

the leechJ. exp. Biol171, 329-347. leech Hirudo medicinali}. Biochem. J306, 687—-692.
SCHRATTENHOLZ, A., CoBAN, T., SHRODER B., Okonjo, K. O, TAYLOR, P. (1996). Anticholinesterase agents. Goodman and

KUHLMANN, J., BREIRA, E. F., ABUQUERQUE, E. X.AND MAELICKE, Gilman’s The Pharmacological Basis of Therapeuted. J. G.

A. (1993). Biochemical characterization of a novel channel- Hardman and L. E. Limbird), pp. 161-176. New York: McGraw-

activating site on nicotinic acetylcholine receptdrfkeceptor Res. Hill.

13, 393-412. TRIMMER, B. A. anD WEEKS, J. C. (1989). Effects of nicotinic and
STORCH, A., SCHRATTENHOLZ, A., CooPER J. C., ADEL GHANI, E. M., muscarinic agents on an identified motoneurone and its direct

GutBroDp, O., WEBer, K. H., ReinHArDT, S., loBroONn, C., afferent inputs in larvallanduca sextal. exp. Biol144, 303-337.

HERMSEN B. AND Soskic, V. (1995). Physostigmine, galanthamine WAaLLACE, B. G. (1981). Distribution of AChE in cholinergic and non-
and codeine act as ‘noncompetitive nicotinic receptor agonists’ on cholinergic neuronsBrain Res224, 321-328.
clonal rat pheochromocytoma cell€ur. J. Pharmac. 290 WiLLARD, A. L. (1981). Effects of serotonin on the generation of the

207-219. motor pattern for swimming by the medicinal leedhNeurosci.
Szczupak, L., BEDGAR, J., BRALTA, M. L. AND KRISTAN, W. B., & 1, 936-944.

(1998). Long-lasting depolarization of leech neurons mediated bWITTENBERG, G.AND KRiSTAN, W. B. (1992). Analysis and modeling

receptors with a nicotinic binding sitk.exp. Biol201, 1895-1906. of the multisegmental coordination of shortening behavior in the

SzczupaAK, L., ORDAN, S.AND KRisTAN, W. B., & (1993). Segment- medicinal leech. I. Motor outpul. Neurophysiol68, 1683-1692.
specific modulation of the electrophysiological activity of RetziusWoobrurr, G. N., WALKER, R. J.AND NewTon, L. C. (1971). The
neurons by acetylcholind. exp. Biol.183 115-135. actions of some muscarinic and nicotinic agonists on the Retzius

TALESA, V., GRAUSO, M., GOVANNINI, E., Rosl, G. AND TOUTANT, J. cells of the leechComp. gen. Pharma@, 106-117.



