
During brain aging neuronal degradation occurs. In some neurons this may result in degeneration and cell
death, still other neurons may survive and maintain their basic properties. The present study deals with
survival of the egg-laying controlling neuroendocrine caudodorsal cells (CDCs) during reproductive
senescence of the pond snail Lymnaea stagnalis. In senescent animals CDCs exhibited reduced branch-
ing patterns but still maintained their electrophysiological characteristics. In the isolated CNS the cells
could still respond with an afterdischarge upon electrical stimulation. After an extended period of no egg
laying of Lymnaea CDCs failed to exhibit an afterdischarge. In senescent CDCs that failed an afterdis-
charge, discharge activity could be restored by exposure to peptides released by CDCs from reproduc-
tive animals. Moreover, raising the intracellular cAMP level could induce discharge activity in CDCs
with afterdischarge failure. Discharge activity also occurred during depolarization of senescent CDCs by
exposure of the cells to saline with a high potassium concentration. These results indicate that in senes-
cent CDCs the pacemaking mechanism of the afterdischarge is still intact but that the initial activation
fails. Chemical (auto)transmission of CDCs in such animals was indeed reduced as indicated by the small
amplitude of the depolarizing afterpotential (DAP) induced by electrical stimulation. Interestingly, CDCs
of senescent animals contained a relative large amount of a particular small peptide. The artificially syn-
thesized peptide appeared to suppress DAP induction in CDCs. Possibly, release of the peptide con-
tributes to the prevention of afterdischarge induction in senescent CDCs. The results so far indicate that
in senescent Lymnaea neurons electrophysiological functions persist even after long periods of inactivi-
ty and severe morphological reduction.

Keywords: Senescence – reproduction – neuroendocrine cells – neuropeptides – neurophysiology

INTRODUCTION

One of the present theories on neuronal dysfunction during senescence is the so-
called “use it or lose it” theory. This theory proposes that neuronal disuse leads to
neuronal shrinkage and eventually towards neuronal malfunction and degeneration
[23]. Yet in recent years it has become increasingly clear that neuronal cell death
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plays a less important role in brain aging than hitherto thought [21]. The aforemen-
tioned ideas have been largely based upon morphological data. The question arises
how morphological shrinkage is related to neuronal functioning and what the fate is
of neurons that are inactive and not being used for a long period of time. This can be
explored by studying survival of individual neurons with known behavioral function.
Invertebrate neurons are very suitable for such studies because many of them are
individually identifiable and have a known behavioral function [7]. The present
paper deals with the neuroendocrine caudodorsal cells (CDCs) which are involved in
control of egg-laying behavior in the pond snail Lymnaea stagnalis. The paper
describes physiological and morphological properties of CDCs in the aging brain of
Lymnaea during reproductive senescence. Special attention is paid to CDCs that sur-
vive in animals during the post-reproductive period.

AGING AND EGG LAYING

Lymnaea cultured in laboratory conditions exhibits a survival pattern typical of aging
animals [8, 22]. In mature animals cultured in groups, egg-mass production initially
increases up to a rate of about one per week. In animals older than 250 days, egg-lay-
ing frequency decreases and eventually ceases. After cessation of egg laying animals
may live on for several months [9].

Egg laying in Lymnaea is controlled by the neuroendocrine caudodorsal cells
which are situated in two clusters, each cerebral ganglion containing one cluster [4].
Just prior to egg-laying behavior all CDCs of the two clusters are electrically active
and release multiple peptides into the blood [4, 24]. A number of CDC peptides func-
tion in the induction of egg-laying behavior, still other peptides act as autotransmit-
ters and are of importance for the induction and maintenance of electrical activity of
the CDCs [2, 5, 6]. Due to electrical and chemical coupling, the CDCs in the two
clusters exhibit synchronous electrical activity [3]. In the isolated central nervous
system (CNS) of mature animals CDCs can be brought into afterdischarge by repet-
itive intracellular stimulation [15].

Senescent animals that ceased egg-laying activity still respond with oviposition
upon injection with CDC-hormone. This indicates that in old animals immediately
after cessation of egg laying the female sex organs are still intact. Injections of
homogenates of CDCs of old animals that ceased egg laying still produced ovulation
in young animals. Probably, senescent CDCs still contain biologically active peptides
but are not activated anymore to release these peptides [10].

CDCs in the isolated CNS of senescent animals that ceased egg laying still exhib-
it a synchronous afterdischarge upon electrical stimulation. In the CNS of animals
that did not lay eggs for about 4 weeks, CDCs are highly excitable and still release
peptides during the afterdischarge [10, 12, 13]. Upon electrical stimulation these
CDCs exhibit an afterdischarge which may last up to several hours. The long lasting
afterdischarge in these CDCs is probably due to the accumulation of large amounts
of peptides during the long period of inactivity [10, 12]. It has also been shown that



senescent animals are insensitive to environmental egg-laying stimuli [10]. On the
basis of these findings it has been suggested that in senescent animals immediately
after cessation of egg laying, sensory input is insufficient to activate the physiologi-
cally still intact CDCs [10, 12].

Morphology of CDCs and reproductive senescence

In mature animals the axon of CDCs branches extensively in the ipsilateral part of
the cerebral commissure. The cerebral commissure thus constitutes the neurohaemal
area where CDC hormones are released into the blood. Among the CDCs in each
cerebral ganglion a special group of about 10 ventral CDCs occur. The ventral CDCs
have in addition to the branching pattern described above an additional axon that
crosses the cerebral commissure. In the contralateral cerebral ganglion the axon
makes a loop and subsequently re-enters the commissure, where it branches exten-
sively. Ventral CDCs are of special importance for the synchronization of electrical
activity of the CDCs [3].

Histological studies showed that CDCs in old animals exhibit signs of degenera-
tion. Animals containing degenerating CDCs could however still exhibit egg-laying
activity although at a low level. The histological studies also showed that next to
degenerating CDCs the brain of old animals contain intact CDCs as well. The soma-
ta as well as the axons of the intact senescent CDCs are packed with peptides [11].

Lucifer Yellow (LY) injections of ventral CDCs showed that the branching pattern
of these cells is reduced dramatically in old animals. Reduction of branching pattern
appeared to be related to age and to egg-laying activity [11, 12]. CDCs with severe-
ly reduced branching patterns already occur in egg-laying animals [12]. Probably, in
Lymnaea reduction of CDC branching precedes cessation of egg laying. It has been
suggested that reduction of branching may contribute to loss of sensory input onto
the CDCs resulting in lack of activation of CDCs in senescent animals [12].

Loss of afterdischarge activity of CDCs during
reproductive senescence

Reproductive senescent animals may continue to live for several months after they
ceased egg-laying activity [9]. This implies that in such animals CDCs are during a
long period of time electrically inactive. In such animals branching patterns as well
as electrical properties of individual CDCs have been studied. From these studies it
appeared that about 30% of the moderately reduced CDCs and about 60% of the
severely reduced CDCs fail to exhibit afterdischarge activity [12]. This indicates that
afterdischarge failure may be related to reduction of branching pattern. Yet, this find-
ing also implies that a considerable part of the CDCs with severely reduced branch-
ing pattern still can exhibit afterdischarge activity. Severely reduced CDCs exhibit-
ing an afterdischarge still show synchrony between the cells of the left and right clus-
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ters. Taken with the fact that relatively intact CDCs in senescent animals may fail an
afterdischarge this indicates that morphological reduction does not necessarily imply
physiological degradation and vice versa.

A comparison of afterdischarge failure of CDCs and egg-laying history of the ani-
mals showed an interesting relationship. After a period of about 8 weeks of no-egg
laying, in about 90% of the senescent animals CDCs did not exhibit an afterdischarge
upon electrical stimulation [12]. Obviously, failure of afterdischarge activity in
CDCs is more related to egg-laying history of the senescent animal than to CDC
branching.

Restoration of discharge activity in senescent CDCs

In CDCs of mature animals repetitive electrical stimulation activates a pacemaking
mechanism resulting in the afterdischarge [16, 17]. The induction of afterdischarge
activity in CDCs is a complex process that still is not fully understood. It involves
electrical activity induced by stimulation, the release of auto-excitatory neuropep-
tides, a rise of the intracellular cAMP level and a long-lasting depolarization with on
top the electrical discharge activity [2, 16, 17, 20, 25, 26]. Figure 1 gives a simpli-
fied diagram indicating how the different processes might contribute to the repetitive
activity during the afterdischarge. The figure shows that discharge activity depends
on the release of (auto)excitatory peptides and the rise of the intracelular cAMP level
[13, 20].

In a series of experiments senescent CDCs that failed an afterdischarge were either
exposed to autoexcitatory peptides or to raised cAMP levels or to a long-lasting
depolarization. Interestingly, each of these treatments induced in the senescent CDCs
an afterdischarge. Figure 2 gives a summary of the results of these experiments. A
more detailed account is given in Janse and van der Roest [13]. Figure 2A shows that
peptides released by CDCs in the CNS from young egg-laying snails did induce dis-
charge activity in senescent CDCs that failed an afterdischarge upon electrical stim-
ulation. Probably, peptides from young CDCs are more effective than those from
senescent CDCs. In senescent CDCs, the steps following peptide exposure leading to
discharge activity are probably still intact. Raising the intracellular cAMP level (2B)

Fig. 1. Scheme of processes leading to the afterdischarge in CDCs. Intracellular stimulation produces
action potentials which induce release of (auto)transmitter peptides. The peptides raise the intracellular

cAMP level in CDCs resulting in a long-lasting depolarization and action potentials



and exposure of senescent CDCs to a long-lasting depolarization (2C) did indeed
induce discharge activity. It should be noted that in the experiments (8-CPT) – cAMP
(10–5 M) was continuously present during the experiment thus keeping the intracel-
lular cAMP level high. Exposure to the long lasting depolarization was short lasting
(in Fig. 2 indicated by arrowhead and asterisk). In the experiment CDCs were
exposed to saline with a high level of K+ (10 mM NaCl replaced by 10 mM KCl)
untill discharge activity began. As soon as the impaled CDC started its discharge
activity the high K+ saline was replaced by normal saline. The fact that the discharge
activity continued in normal saline implies that senescent CDCs that failed an after-
discharge can maintain discharge activity after it has been initiated. An explanation
might be that as soon as discharge activity starts in senescent CDCs, the auto excita-
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Fig. 2. A. Intracellular repetitive stimulation (horizontal bar in lower trace) of CDCs in the CNS of a young
egg laying animal (EL-A) induces an afterdischarge. The peptides released by the young CDCs induce an
afterdischarge in senescent CDCs that failed an afterdischarge (CEL-8 FA). In the experiment the CNS of
the young and old animal were pinned down close to each other. B. Exposure of CDCs of a CEL-8 FA ani-
mal to (8-CPT-)cAMP (10–5 M) (arrowhead) produces an afterdischarge. C. Exposure of CDCs of a CEL-
8 FA animal to high K+ saline (arrow) produces a depolarization and an afterdischarge. The asterisk indi-

cates the moment that high K+ saline was replaced by normal saline (A, B and C after [13])
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tory peptides that are released are sufficient to raise intracellular cAMP levels and to
activate the subsequent discharge processes (see Fig. 1). The fact that electrical stim-
ulation alone cannot induce an afterdischarge in senescent CDCs indicates that the
peptides released during the electrically induced action potentials cannot raise intra-
cellular cAMP levels sufficiently [13]. The latter may be due to the above-mentioned
changes in efficacy of the peptides that are released by senescent CDCs.

The initial process of afterdischarge induction in senescent CDCs

In the initial process of afterdischarge induction electrical stimulation of the CDCs
produce action potentials and a subsequent release of (auto)transmitter peptides. In
the stimulated as well as in the other CDCs in the CNS the (auto)transmitter peptides
induce a depolarizing afterpotential (DAP). If the amplitude of the DAP is suffi-
ciently high the CDC will go into afterdischarge [1, 2]. In CDCs of senescent animals
after 8 weeks of no egg laying DAP amplitude decreased dramatically (cf. Fig. 3A
and B) [12]. As pointed out above these CDCs failed an afterdischarge upon electri-
cal stimulation. The cause of the decrease in DAP amplitude in senescent CDCs is
unknown. It is conceivable that changes in the peptide cocktail that is released by
senescent CDCs underlie the changes in DAP amplitude. Mass spectrometric analy-
sis of CDCs indeed showed an increase in the amount of one small (1789 Dalton)
peptide in CDCs of reproductively senescent animals [14]. Recently, this peptide has
been synthesized in the laboratory (Jimenez and Li, unpublished results).
Interestingly, application of the peptide to CDCs in the isolated CNS of a young egg-
laying animal decreased the excitability of the cells dramatically. DAPs induced in
CDCs by electrical stimulation were suppressed during exposure of the isolated CNS
to the small peptide at a concentration of 10–5 M (Janse, unpublished results). It is
conceivable that in senescent CDCs the small peptide exerts its effect especially dur-
ing the initial phase of afterdischarge induction. As a result, DAP amplitude remains
low and the CDCs do not exhibit an afterdischarge.

Table 1
A comparison of DAP amplitude and afterdischarge induction in young and senescent regenerating and

uninjured CDCs

Regenerating CDCs
Uninjured CDCs(20 days post crush)

Young Old Young Old

DAP (mV) 3.0 ± 0.53 6.2 ± 1.19 7.2 ± 1.41 1.4 ± 0.48
Preps with AD 70% 80% 100% 11%

After [18], see also text for explanation.



Interestingly, still another way to restore afterdischarge induction in senescent
CDCs is to allow the CDCs to regenerate after injuring their axons. Table 1 shows
DAP amplitudes and occurrences of afterdischarges in CDCs of injured and unin-
jured young and old animals. Injured animals were tested 20 days after crushing the
cerebral commissure. The occurrence of afterdischarges is indicated as the percent-
age of preparations exhibiting an afterdischarge. Table 1 (see also [18]) shows that
afterdischarge induction in senescent CDCs recovering from injury is much higher
than in uninjured senescent CDCs and comparable to that in young uninjured CDCs.
Table 1 also shows that DAP amplitude in the recovering senescent CDCs is compa-
rable to that in young CDCs. It is conceivable that the increase in DAP amplitude in
recovering senescent CDCs is due to a restoration of the balance between autoexci-
tatory peptides and the small (1789 Dalton) peptide.

The fate of neurons during a long period of inactivity

The experimental results so far indicate that during reproductive senescence CDCs
exhibit dramatic morphological changes. Physiologically however, CDCs may
remain relatively intact for a long period of time. Initially, immediately after cessa-
tion of egg laying CDCs are highly excitable, probably because of the accumulation
of auto-excitatory peptides. This period of high excitability is followed by a period
of a decrease in excitability which is accompanied by an increase in the amount of a
small peptide which has a depressing effect on DAP induction. Possibly, an increased
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Fig. 3. Simultaneous recordings of left and right CDCs of a young egg-laying animal (A) and of an old
animal after 8 weeks of no egg laying (B) during electrical stimulation (horizontal bar in upper traces).
The CDCs of the old animal failed an afterdischarge. Note the difference in amplitude of the depolariz-

ing afterpotential (DAP) in the young and senescent CDCs (after [12])
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release of the small peptide during electrical stimulation prevents the induction of the
afterdischarge in senescent CDCs with afterdischarge failure. The fact that induction
of afterdischarge activity can be restored experimentally in senescent CDCs indicates
that the mechanism underlying the afterdischarge is still intact. The main changes in
the CDCs during senescence probably concern the balance between the amount of
excitatory and inhibitory (auto)transmission peptides available for release.

A prominent theory on degeneration during senescence states that neural inactiv-
ity leads to neural disintegration [23]. In this view inactive neurons exhibit reduced
branching which is accompanied by loss of functional properties. Reduction of neu-
ronal branching after a long period of inactivity has indeed been reported in the ver-
tebrate brain [23]. Moreover, morphological and physiological changes at a mollus-
can neuromuscular synapse have been related to the level of neural activity [27]. The
present results show that in Lymnaea after long periods of inactivity, neurons may
resume electrophysiological functions during special treatments. This may occur
even when their branching patterns are severely reduced. This indicates that during
senescence specific functions in neurons may decline whereas other functions persist
even if these functions are not activated. Recent findings in the literature indicate that
such properties are not restricted to CDCs. In the senescent monkey visual brain,
neuronal responses could be improved to levels typical of young cells by local appli-
cation of GABA [19]. The finding that neurophysiological functions persist even in
morphologically severely reduced CDCs may indicate that senescent neurons pri-
marily maintain physiological properties. Possibly, in order to maintain physiologi-
cal properties, the cells minimize other metabolic expenditures by reduction of their
branching patterns.
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