
serotonin-containing neurons have be- Serotonin Analog Selectively Ablates Identified 
Neurons in the Leech Embryo 

Abstract. Exposure of embryonic leeches to 5,7-dihydroxytryptamine, a cytotoxic 
analog of the monoamine neurotransmitter serotonin, results in the selective 
ablation of serotonin-containing neurons in the ventral nerve cord. Other neurons 
appear to be unafected by this treatment, including those that contain another 
monoamine neurotransmitter, dopamine. Embryos with ablations continue to devel- 
op into juvenile leeches, but as juveniles they are unable to make normal swimming 
movements. However, normal swimming movements can be instated in such leeches 
by injecting them with serotonin. 

The ablation of embryonic cells is an 
important technique for revealing cell 
and tissue interactions that occur during 
development. Embryonic neurons have 
been ablated mechanically (I), enzymati- 
cally (2), genetically (3), and photolyti- 
cally (4). We now report the use of a 
neurotoxin for the selective ablation of 
identified embryonic neurons (5). This 
toxin is 5,7-dihydroxytryptamine (5,7- 
DHT), an analog of the monoamine neu- 
rotransmitter serotonin. The analog has 
been used extensively to study the func- 
tion of serotonin in adult mammalian 
brain (a, where it is taken up by and 
produces lesions in serotonin-containing 
neurons (7). Serotonin-containing neu- 
rons are prevalent in the nervous sys- 
tems of both vertebrates and inverte- 
brates (8). In particular, such neurons 
are present in the segmental ganglia of 
the ventral nerve cord of leeches, where 
they can be visualized by staining with 
the vital dye neutral red (9) or by making 
them fluorescent with the Falck-Hillarp 
(10) or glyoxylic acid (1 1) techniques. In 
all segmental ganglia of the leech ventral 
nerve cord, two lateral cell pairs and the 
medial, giant Retzius cell pair (11, 12) 
contain serotonin; the Retzius cells re- 
lease (13) as well as synthesize and store 
(14) serotonin. Additional serotonin-con- 
taining neurons are present in the ganglia 
of more anterior segments. Furthermore, 
two bilateral pairs of neurons per seg- 
ment, which have peripherally located 
cell bodies, contain another monoamine 
neurotransmitter, dopamine (9, 11). We 
have found that 5,7-DHT ablates the 
serotonintontaining neurons of embry- 
onic specimens of the giant leech Hae- 
menteria ghilianii (15), whereas neurons 
containing other neurotransmitters, in- 
cluding the monoamine transmitter do- 
pamine, are unaffected by exposure to 
the toxin. 

To ablate serotonin-containing neu- 
rons during development of the nervous 
system, we exposed H. ghilianii ern- 
bryos to 5,7-DHT at early stage 11 (20 
days of development at 27"C), when the 
expanding germinal plate had just cov- 
ered the entire surface of the embryos 
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gun to accumulate serotonin. However, 
the embryo is still behaviorally immature 
and does not yet exhibit adult move- 
ments such as crawling and swimming. 
These movements appear late in stage 
11, after another 1 to 2 weeks of develop- 
ment. Using a micropipette syringe, we 
injected 46 embryos at early stage 11 
with 2 to 4 of 104  to 1 0 - 2 ~  5,7- 
DHT (Sigma) in a sodium ascorbate car- 
rier solution; 15 embryos were injected 
with the carrier solution only (17). Thir- 

and completely enclosed the leech body ty-four of the embryos treated with 5,7- 
(16). At this stage, all ganglia of the DHT and 11 control embryos survived 
nerve cord are present and the embryon- the injection. Injections were made into 
ic neurons have acquired many of the the embryonic coelom, the blood-filled 
morphological and electrophysiological space surrounding the nervous system, 
properties of the adult. In particular, the so that the entire nervous system was 

Fig. 1 .  1 '~ ic l ton i ic r raph  of' serotonin-cnn- 
taining neuron5 in :I midhodv ganglion from 
the ventral nerve cord of control and 5.7- 
DHT-treated leech emhr!:os. (:I) :~nd  ( h )  (;:in- 

[ 
glia of early stage I I crnhryos viewed under 
Nomarski optics. ( a )  The Retziu.; cell pair rRI 
in the ganglion of n control ernlvyo. (hl The 
ganglion ot an emhrvo ~niected 3 cia\.; e:lrlier 
with 5.7-DHT. Ventral focus Ih,l shotvs the 

F Ketzius cell pair at R and dorsal fhcus ~ h , l  
shows three of the four later:d serotonin- 
containing cells at arrows. S o l e  pigrnentnt~nn 
and ahnormal appearance of these cells com- 
pared to the same cell4 in the control ganglion 

and cornnilred to other cell\ in the treated ganglion. including :i P mechanoqensory ccll ( 1 ' 1  in 
(h,). ( c )  :ml Idl Ganglia ofjuvenile 18-week-old) leeches tre:itcd \vith eI\ouylic acid. (cl The 
distribution of monoamine.; in the ganglion  of:^ cnntroljuven~le. Yellotv-tl~~orescinq ccll hotlie\ 
(outlined) and pmterior nerve peripheral a w n s  (arrowst of the Retzius cell pair and cell hodies 
(arrowheads) of the two pairs of lateral serotonin-containing cell.; are visihle: the eutensive 
dendritic arborizations that are visihle are green-fll~oresc~ng :rnd rcprcvnt  two pail-< of 
doparnine-containing neurons whose cell hodies are located outside of the p n d i o n .  td) 
Ganglion of juvenile injected 5 weeks earlier with 5.7-DHT. There is :I complete ;~h \ence  of 
serotonin-specific fluorescence from the ganglion. although a normal inten~ity of dopanline- 
specific fluoreccence is present in the dcndritic arhoriz;~tions of the dopnmine-containinc 
neurons. The pigmented cell body remnants of the Reti.ius cells are indicated h!, an ;mow. Ail 
photographs are oriented with anterior upward. Scalc Ivr.;. 20 pm in ( ; I ,  and 1171 and 0 Fm in r c )  
and ((I). 
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exposed to 5,7-DHT within a few sec- 
onds. Several days or weeks later, the 
embryos were dissected, the yolk was 
removed, and the nerve cord was ex- 
posed for examination under a com- 
pound microscope with differential in- 
terference contrast (Nomarski) optics. 
Neurons were penetrated with glass mi- 
croelectrodes containing either 0.5M 
KC1 or 3 percent Lucifer yellow for in- 
tracellular electrophysiological record- 
ings or for injection of fluorescent dye to 
reveal their anatomy. The glyoxylic acid- 
induced monoamine fluorescence tech- 
nique (11) was used to visualize seroto- 
nin and dopamine in situ. 

The neurons of embryos injected with 
only the carrier solution appear normal 
throughout further development (Fig. 1, 
a and c, and Fig. 2, a to c, control panel). 
However, 2 to 3 hours after injection of 
1 O P 2 ~  5,7-DHT (18) into embryos, their 
serotonin-containing neurons develop a 
dark brown pigmentation. Between 1 
and 3 days after the injection, micro- 
scopic examination of these cells shows 
them to have an abnormal, granular cy- 
toplasm, accumulations of large intracel- 
Mar vesicles, and an indistinct nucleus 
(Fig. lb). By contrast, cell bodies of all 
the other neurons in the ganglion have a 
normal appearance. Moreover, when in- 
jected intracellularly with Lucifer yel- 
low, the Retzius cells are seen to have 
truncated axons and to have lost all 
dendritic processes. Nearly normal rest- 
ing potentials (-45 to -50 mV) can still 
be recorded 1 day after injection, but 

only those Retzius cells that still have 
axon stumps respond with an action po- 
tential to injection of depolarizing cur- 
rent. However, this response differs 
from a normal action potential in both 
amplitude and time course (Fig. 2a, 
treated panel). By the third day after 
injection, Retzius cells have lost all axon 
stumps and their resting potential has 
fallen to less than -10 mV. During this 
period, the axonal and dendritic anatomy 
and the electrical properties of many 
identified non-serotonin-containing neu- 
rons are unaffected by exposure to 5,7- 
DHT. These include the P (pressure) 
mechanosensory neurons (Fig. 2b, treat- 
ed column) and the AE (annulus erector) 
motoneuron (12, 19), which exhibit 
changes of membrane potential in re- 
sponse to serotonin (20); they also in- 
clude other mechanosensory neurons, 
the dopamine-containing neurons, and 
several interneurons whose cell bodies 
lie adjacent to remnants of the Retzius 
cells. We therefore conclude that the di- 
rect cytotoxic effect of 5,7-DHT is con- 
fined to the serotonin-containing neu- 
rons. 

The ablation of serotonin-containing 
neurons early in stage 11 does not im- 
pede further growth of the embryos; they 
continue to digest yolk, increase in vol- 
ume, and appear morphologically indis- 
tinguishable from normal embryos of the 
same age. During this subsequent devel- 
opment, there is no replacement of the 
ablated serotonin-containing neurons 
nor accumulation of serotonin by other 

Fig. 2. h t raceh la r  membrane a Control Treated 4 

potential recordings from neu- 
rons of control and 5,;-DHT- z ' [- /!Lc -7\-A' 
treated leech embryos. Upper - 
traces in each panel monitor -60 -( 

current injection. All prepara- 
tions were bathed in physio- b 
logical saline adapted for H. 

ghilianii tained a high (12). concentration The saline con- (15 z -60 O[+kfk&-eL - 
25 A; msec 

mM) of Ca2+ and Mg2', which 
prevents movement of the 
preparation and raises the ac- C 
tion potential threshold. (a and 
b) Early stage 11 embryos. Re- z 

O [ cordings in the left panels are -60 
from a control embryo, and 
those in the right panels are 
from an embryo injected 1 day earlier with 5,7-DHT. (a, left) Normal Retzius cell action 
potential evoked by injecting a depolarizing current pulse. Arrow indicates an action potential 
produced by the contralateral Retzius cell, which has passed with attenuation through an 
electrotonic junction coupling the Retzius cell pair. (a, right) Abnormal Retzius cell action 
potential evoked by injecting a depolarizing current pulse. The initial rise in membrane potential 
is higher in the treated than in the control embryo for about the same strength of current 
injection. This change reflects an increase in the input resistance of the treated Retzius cell due 
apparently to the loss of most of its axons and its coupling to the contralateral Retzius cell. (b, 
left) Normal P cell action potential, evoked by injecting depolarizing current pulses. The action 
potential threshold is unusually high as a result of prolonged exposure of the preparation to high 
Ca2' and Mg2+ concentration. (b, right) Normal P cell action potential similar to that recorded 
from control embryos. (c) Juvenile (10-week-old) leeches. Normal P cell action potentials are 
evoked by injecting depolarizing current pulses in a control specimen (left) and in a juvenile 
treated 7 weeks earlier with 5,7-DHT (right). 
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neurons. This is based on the following 
observation. Five weeks after 5,7-DHT 
injection, the embryo has developed into 
ajuvenile leech. By this time, the seroto- 
nin- and dopamine-containing neurons in 
control preparations have taken on a 
nearly adult axonal and dendritic mor- 
phology (Fig. lc); yet in treated prepara- 
tions, there is a complete absence of 
glyoxylic acid-induced serotonin fluo- 
rescence from the nervous system (Fig. 
Id) and the body wall, which normally is 
replete with endings of the Retzius cell 
axons (21). At this time, the cell bodies 
of all the original serotonin-containing 
neurons are visible only as tiny brown 
dots or areas of brown debris resulting 
from their disintegration (Fig. Id). We 
expected the elimination of all neurons 
that contain serotonin to have noticeable 
effects on the further development of 
some of the other neurons, but no such 
effects have been found so far. The gross 
anatomy of the nervous system develops 
normally. We examined several identi- 
fied sensory, motor, and interneurons 
(12), including cell P (Fig. 2c) and cell 
AE, in three treated juveniles and found 
that they had developed normal anatomi- 
cal and electrophysiological properties. 
The dopamine-containing neurons con- 
tinued to give a normal fluorescence 
reaction to glyoxylic acid treatment and 
to develop normal axonal and dendritic 
arborizations (Fig. 1, c and d). However, 
in these experiments, the serotonin- 
containing neurons had had accumula- 
tions of serotonin for several days before 
their ablation (11). Hence we cannot 
rule out that these neurons exert a more 
noticeable influence on neural or so- 
matic development at an earlier stage 
(22). . . 

Despite the apparently normal devel- 
opment of the characteristic properties 
of non-serotonin-containing neurons of 
5,7-DHT-treated embryos, such embry- 
os display a syndrome of behavioral ab- 
normalities when they reach the juvenile 
stage, during which complex behaviors 
such as crawling and swimming normally 
appear. These abnormalities include gen- 
eral inactivity, hypersensitivity to me- 
chanosensory stimulation of whole-body 
shortening and writhing reflexes, and 
delayed appearance of the normal crawl- 
ing movement. Most strikingly, howev- 
er, the iuveniles with ablations are un- 
able to-execute the normal swimming 
movement, which consists of a rear- 
ward-traveling body wave of alternating 
dorsal and ventral contractions of seg- 
mental longitudinal muscles. The inabil- 
ity to swim is of particular interest be- 
cause the neural circuitry underlying 
leech swimming has been described in 
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some detail (23), and in the adult, the 
frequency and duration of spontaneous 
swimming episodes is directly related to 
the level of serotonin bathing the ner- 
vous system (13). When juveniles with 
ablations were subjected to conditions 
that provoke swimming in normal juve- 
niles (24), they responded with uncoordi- 
nated wriggling or dorsal or ventral flex- 
ions of the whole body that alternate at 
the approximate frequency (1 to 3 Hz) of 
the swimming body wave. None of the 
juveniles with ablations developed the 
ability to swim for as long as 10 weeks 
after treatment. However, the ability to 
swim could be instated by injecting sero- 
tonin into the coelom of a treated juve- 
nile (three animals tested) or by immers- 
ing the juvenile in water containing 
~ o - ~ M  serotonin (15 animals tested). 
Within 10 minutes after exposure to se- 
rotonin, the juveniles with ablations ex- 
hibit normal swimming. Furthermore, 
their other behavioral abnormalities of 
general inactivity and hypersensitivity 
disappear. When these embryos are re- 
turned to serotonin-free water, the be- 
havioral abnormalities return, with swim- 
ming movements gradually deteriorating 
over a 15- to 20-minute period. The abili- 
ty to swim is not obtained by immersing 
juveniles with ablations in water contain- 
ing other monoamines, such as dopa- 
mine, octopamine, or histamine in con- 
centrations of up to I O - ~ M  (four animals 
tested with each monoamine). 

Because the swimming incapacity of 
juveniles lacking serotonin-containing 
neurons is eliminated by exogenous se- 
rotonin, that incapacity must be a conse- 
quence of depletion of serotonin in the 
nervous system or body wall, rather than 
being attributable to deterioration or al- 
tered development of swim generator 
neurons or muscles. Moreover, although 
at least some serotonin-containing neu- 
rons are essential for the expression of 
the normal swimming movement, this 
serotonin-mediated expression of swim- 
ming is of minor importance during gene- 
sis of the swim generator circuit because 
a functional circuit develops without it. 
These results resemble findings made 
with amphibians (25) and arthropods 
(26), in which execution of a locomotory 
behavior during embryogenesis is unnec- 
essary for development of the pattern 
generator of that behavior. 
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Dispersal by Swarming in a Social Spider 

Abstract. Groups of Achaearanea wau (Theridiidae) disperse and found new 
colonies by means of synchronized emigrations of adult and subadult females. 
Emigrations involve the construction of silk highways from parent colonies to new 
web sites, synchronized migrations along the highways, and the establishment of 
daughter colonies. Emigrations of Achaearanea wau are similar in timing, group 
composition, and in some behavior components to swarming of social bees and 
wasps. 

Some social bees and wasps disperse nomenon, involving the formation of 
and found new colonies by swarming, a new colonies by synchronized, group 
process which has been described in emigration, in a social theridiid spider, 
wasps as "movements between old and Achaearanea wau Levi (3), in Papua 
new nest sites effected by coordinated, New Guinea. 
synchronous migration of large numbers Achaearanea wau was studied near 
of individuals including both workers Wau, Morobe Province, Papua New 
and queens" ( I ) .  Swarming of this sort Guinea (7"19'S, 146O44'E). Colonies of 
was considered unique to apid bees and these spiders, often containing several 
some polybiine wasps. As a means of hundred individuals, occurred in discrete 
dispersal, swarming may have profound populations in treefall gaps and along 
effects on the structure and dynamics of edges of montane forest. One population 
populations (2). We found a similar phe- of 13 to 35 colonies on Mount Kaindi (at 
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