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We have investigated the development of neurotransmitter
metabolism in embryos of the glossiphoniid leech Haementeria ghilianii. The neurotransmitter
content of dissected
embryonic tissues was measured by means of radioenzymatic assays, while the presence of neurotransmitters
in
individual identified neurons was detected by means of immunocytochemical and monoamine histofluorescence
techniques. The capacity for synthesis of neurotransmitters
was
measured by incubating dissected embryonic tissues in radiolabeled neurotransmitter
precursors.
A specific neurotransmitter uptake system present in some neurons was
detected by means of an autoradiographic technique. At an
early stage of development of the nervous system, when
most neurons are just beginning process outgrowth, the
nerve cord acquires the capacity to synthesize ACh, 5-HT,
and GABA from their immediate precursors,
and contains
ACh. Moreover, 5-HT-immunoreactive
neurons and neurons
that are capable of GABA uptake can be identified. Dopamine-containing neurons are first detected by their histofluorescence at a slightly later stage, after process outgrowth
is under way. As development continues, the content of and
capacity for synthesis of these neurotransmitters
increase,
as does the number of neurons capable of GABA uptake.
During the earlier stages of development, ACh content exceeds 5-HT content, which in turn exceeds dopamine content. By the end of embryogenesis,
however, 5-HT and dopamine contents have greatly increased relative to ACh
content, with 5-HT content exceeding ACh content by a factor of 2. Of the neurotransmitters
thus far studied, 5-HT is
present in the highest amount in the juvenile and adult nerve
cord. Our results indicate that in the development of the
leech nervous system neurotransmitter
metabolism is one
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of the first neuronal characters to differentiate and that the
subsequent levels of the different neurotransmitters
are differentially regulated.
The many substances that function as neurotransmitters in the
nervous system reflect the chemical diversity of neuronal cell
types. How does this diversity arise during embryonic development? The leech nervous system offers an opportunity to
define at a cellular level the factors that govern neurochemical
differentiation: Identifiable neurons can be characterized not
only in the adult, but also in living preparations of the embryo,
where their developmental line of descent and differentiation
can be studied (Weisblat, 198 1; Kramer and Weisblat, 1985).
The CNS of leeches consists of a nerve cord composed of 32
segmentally repeated, highly stereotyped ganglia, as well as of
a nonsegmental supraesophageal ganglion. The rostra1 4 and the
caudal7 segmental ganglia are fused to form the subesophageal
and caudal ganglia, respectively; the intervening 2 1 ganglia are
unfused and designated in rostrocaudal sequence as abdominal
ganglia l-2 1. The typical segmental ganglion contains 350-400
neurons, each potentially identifiable by such criteria as position, morphology, synaptic connections, function, and neurotransmitter content. The PNS includes some identified segmentally repeated neurons, as well as the axons and endings of
effector and sensory neurons located in the segmental ganglion.
The neurotransmitters whose presence (or capacity for synthesis) has been detected in the leech nervous system include ACh,
5-HT, dopamine, octopamine, and GABA (Wallace, 1981). A
set of 5-HT-containing and dopamine-containing neurons has
been identified (Lent, 1982; Lent et al., 1983; Glover, 1986), as
has been a set of neurons that contains ChAT activity and includes all known excitatory motor neurons (Wallace, 198 l), and
a set of GABAergic neurons that includes some known inhibitory motor neurons (Cline, 1983, 1986; Cline et al., 1985). In
addition, neurons immunoreactive to antibodies directed against
the neuropeptides Leu-enkephalin (Zipser, 1980), proctolin (Li
and Calabrese, 1985) FMRFamide (Kuhlman et al., 1984), substance P, somatostatin, vasoactive intestinal polypeptide, and
Met-enkephalin (Leake et al., 1986) and hence containing either
these peptides or immunoreactively similar antigens, have been
identified.
Here we examine the time course of neurochemical differentiation during embryogenesis of the glossiphoniid leech Haementeria ghilianii. Our results indicate that the embryonic neurons begin to develop the capacity for the synthesis and uptake
of neurotransmitters early in the formation of the leech nervous
system. Indeed, in some neurons this capacity seems to be among
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the first neuronal characteristics to differentiate. Our findings
thus complement studies of the differentiation of other phenotypic traits that are characteristic of identified leech neurons
(Kramer and Kuwada, 1983; Kuwada and Kramer, 1983; Kuwada, 1984).

Materials

and Methods

Animals
Specimens of H. ghilianii were obtained from breeding colonies at the
Universitv of California. Berkelev. and at the Universitv of California.
San Diego. The procedures for maintaining these colonies and the col:
lection and care of embryos have been previously described (Sawyer et
al., 1981; Kuwada and Kramer, 1983). Embryos were raised at 27°C
and staged according to a set of morphological criteria (Femandez, 1980;
Weisblat, 198 l), employing Haementeria substages described previously (Kuwada and Kramer, 1983).
Haementeria leeches are protandrous hermaphrodites. Under conditions of laboratory culture they remain juveniles following their first
and second feeding. Normally they become sexually active as males
after their third feeding and become capable of laying eggs only after
their fourth feeding (Sawyer et al., 198 1).
Dissections
All dissections were carried out on embryonic, juvenile, or adult specimens pinned out in Sylgard-coated dishes containing Haementeria
Ringer’s solution (130 mM NaCl, 4.0 or 8.0 mM KCl, 1.8 mM CaCl,,
and 1.8 mM MgSO,) buffered with 10 mM NaHEPES, pH 7.4 (Kuwada
and Kramer, 1983). In the case of all embryos younger than stage 9(2/
4), the dissection entailed an incision along the dorsal midline, followed
by removal of yolk and provisional integument. The remaining tissue
will be referred to as the “germinal plate.” In the case of all embryos
at or older than stage 9(3/4) and unfed juveniles, the nerve cord was
dissected from the germinal plate, the remainder of which will be referred to as “body wall.” In the case of embryos at stage 9(2/4), some
were dissected as germinal plate preparations and others as nerve cord
and body wall preparations. In the case of second- and third-fed specimens, single or paired segmental ganglia were dissected from the isolated nerve cord.
Neurotransmitter
assays
Sihgle adult ganglia, whole embryonic or juvenile nerve cords, embryonic body walls, or germinal plates were pooled for assay and placed in
glass microtubes (65 mm long, inner diameter of 5 mm tapering to 2
mm) containing 20-40 ~1 (depending on amount of tissue) of ice-cold
extraction medium (20 mM mercaptoacetic acid in 0.1 N HCl). The
number of embryos chosen for pooling was based on the amounts of
neurotransmitter measured in pilot experiments; in no case were more
than 10 embryos used per pool. The pooled tissue was stored in the
extraction medium at -70°C for up to 2 weeks. No significant loss of
neurotransmitters occurred during storage for this period. Each neurotransmitter assay of the adult nervous system was carried out on 2
ganglia dissected from a second-fed specimen weighing 0.7 gm and from
a third-fed specimen weighing 6.2 gm (Sawyer et al., 198 1). Since the
content of neurotransmitter and of total protein per ganglion was found
to be very similar for both specimens, the data from them were pooled
for presentation in Table 1.
To extract the transmitters, the frozen tissue was thawed and refrozen
3 times. Samples were then taken from the extract for radioenzymatic
assay of ACh, 5-HT, dopamine, octopamine, and histamine. The assays
have been described previously (in the order listed: McCaman and
Stetzler, 1977; McCaman et al., 1984; McCaman et al., 1979; McCaman
and McCaman, 1978; Weinreich et al., 1975). Each assay involves the
stoichiometric enzymatic conversion of extracted neurotransmitter into
a radiolabeled compound, which can be isolated and counted for its
content of radioisotope. From most tissue extracts duplicate samples
were taken for each assay performed. In one case [5-HT, embryonic
stage 10(O)], only a single determination was made. The neurotransmitter content of the total extract was calculated by multiplying the
assay value of a sample by the ratio of extract volume to sample volume
and correcting for recovery. In each set of assays there was an average
recovery value of more than 85%, except for the 5-HT assays of embryonic body walls, for which the average recovery was only 4 1%.

The limit sensitivity of the assay is defined as twice the radioisotope
counts contained in the assay blank, which consisted of 10 ~1 of extraction medium (McCaman, 1971). Samples whose counts were less
than, or equal to, the limit sensitivity are reported here as containing
no neurotransmitter at all. although we also used the values of the limit
sensitivity to estimate thk maximum amount of neurotransmitter an
extract reported to have no neurotransmitter could contain.
5-HT assay. The specificity of the radioenzymatic assay for 5-HT is
based on the N-acetylation of 5-HT by N-acetyltransferase and the
radiolabeled methylation of the hydroxyl group by hydroxyindole0
methyltransferase (with S-adenosylmethionine as a methyl donor) to
produce the product 3H-5-methoxy-N-acetyltryptamine
(melatonin). In
this assay only N-acetylserotonin, an intermediate product in the assay,
can mimic 5-HT. That extracts of juvenile and adult nerve cords did
not, in fact, contain any endogenous N-acetylserotonin was demonstrated by omitting N-acetyltransferase from the reaction mixture of the
assay and obtaining no radiolabeled melatonin. We assume that the
assays of embryonic tissue similarly reflect only endogenous 5-HT.
ACh assay. The specificity of the radioenzymatic assay for ACh is
based on the tandem actions of 2 enzymes, AChE and choline phosphokinase. The former catalyzes the selective hydrolysis of ACh to
acetate and choline and the latter the selective phosphorylation by 32Plabeled ATP of the choline product to yield radiolabeled phosphocholine. When assaying ACh in the vertebrate tissues, an additional step
(liquid cation extraction) is necessary to remove a reactive tissue constituent that is not ACh (Goldberg and McCaman, 1973). As is the case
for certain other invertebrate tissues (McCaman and Stetzler, 1977),
this step can be omitted in the analysis of leech tissues, since preliminary
experiments showed that the amount of ACh detected is the same with
or without its inclusion.
Dopamine assay. The specificity of the radioenzymatic assay for dopamine is based on the tandem actions of the enzymes N-acetyltransferase and catechol-O-methyl transferase. The first enzyme acetylates
the dopamine to N-acetyldopamine and the second enzyme, in the
presence of radiolabeled S-adenosylmethionine, transfers a ‘H-methyl
moiety to a hydroxyl group of the ring to form 3H-methoxy-N-acetyldopamine. The assay is specific for dopamine and N-acetyldopamine
among a variety of catecholamines and amines. We did not assay Haementeria nervous tissue for the presence of endogenous N-acetyldopamine, by omitting the first enzyme, and hence the values reported
here for dopamine content might include some endogenous N-acetyldopamine.
Capacity for synthesis and accumulation
of neurotransmitters
The capacities of embryonic neurons to synthesize and accumulate ACh,
5-HT, or GABA wereassayed
by exposinggerminalplatesor nerve
cords to the 3H-labeled precursors choline, 5-hydroxytryptophan, or
glutamate, respectively (Hildebrand et al., 1971; Sargent, 1977). The
‘H-labeled precursors, methylJH-choline
chloride (6.4 Ci/mmol,
Amersham), DL-5-hydroxy-G-3H-tryptophan
(2 Ci/mmol, Amersham),
and L-3,4JH-glutamic acid (46 CYmmol, New England Nuclear) were
purified prior to use by high-voltage paper electrophoresis (Mains and
Patterson, 1973). The dissected embryonic tissues to be assayed were
placed in a 0.3 ml conical cup (Sarsted No. 73.640) containing the
radiolabeling reaction mixture in Haementeria Ringer’s solution and
incubated for 3 hr at 27°C.
ACh synthesis assay. A radiolabeling reaction mixture containing 0.08
mM choline was prepared by drying 5 tiCi 3H-labeled choline under
nitrogen and redissolving it in 10 pl or Haementeria Ringer’s solution
supplemented with 50 PM eserine (Sigma). After incubation the labeled
tissues were rinsed 3 times in Haementeria Ringer’s solution supplemented with 50 PM eserine. The radioactive reaction products were then
extracted by suspending the labeled tissues in 15 ~1 extraction solution
(containing 0.5 mg/ml SDS, dissolved in electrophoresis buffer: 1.4 M
acetate, 0.47 M formate, pH 1.9) supplemented with 20 mg/ml each of
unlabeled choline and ACh as standards, as well as with 14 &ml eserine,
and rapidly freezing and thawing the suspensions 5 times. The extract
was then applied to Whatman No. 1 electrophoresis paper and subjected
to high-voltage electrophoresis (5 kV, 1.5 hr), a procedure that separates
cleanly the reaction product ACh from its precursor choline. After electrophoretic separation, the unlabeled standards were located by spraying
the electrophoresis paper with a 1% solution of iodine in acetone. The
radioactivity associated with the ACh standard was counted by cutting
the stained region into strips of 1 cm and eluting the labeled ACh
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reaction product from the paper with 0.5 ml of 0.1 N HCl for 1 hr. The
eluate was added to 5 ml of Aquasol- (New England Nuclear) for
scintillation counting. The total number of picomoles of reaction product synthesized and accumulated in the tissue was calculated by dividing
the radioactivity counted in the eluate by the specific radioactivity of
the ‘H-labeled precursor in the incubation mixture. An ACh synthesis
assay was also carried out on single or paired abdominal ganglia dissected from 2 second-fed leeches, one weighing 0.6 gm and the other
0.8 gm.
5-HT synthesis assay. A radiolabeling reaction mixture containing
0.05 mM m-5hydroxytryptophan
was prepared by drying 5 rCi of ‘Hlabeled m-5-hydroxytryptophan
under nitrogen and redissolving it in
50 ~1 of Huementeriu Ringer’s solution. The same protocol as for the
ACh synthesis assay was then followed, except that eserine was omitted
from the extraction solution, that the latter was supplemented with 10
mg/ml each of unlabeled 5-hydroxytryptophan and 5-HT as standards,
and that after electrophoretic separation the standards were located by
spraying the electrophoresis paper with a ninhydrin solution [lo0 ml
of a 0.2% solution of ninhydrin in 100% ethanol, 10 ml glacial acetic
acid, and 10 ml trimethylpyridine (Sigma)].
GABA synthesis assay. A radiolabeling mixture was prepared by dissolving 8 pCi of ‘H-labeled glutamic acid in 10 pl Huementeriu Ringer’s
solution (fortified with a higher concentration of HEPES buffer to maintain pH 7.6) containing 10 mM nonlabeled glutamic acid. The same
protocol was then followed as for the 5-HT synthesis assay, except that
after incubation, 20 ~1 of extraction solution, supplemented with 20
mg/ml each of unlabeled glutamic acid and GABA as standards, was
added directlv to the incubation mixture. Thus, in contrast to the ACh
and 5-HT synthesis assays, which measured only the amount of ‘Hlabeled neurotransmitter accumulated within the tissue, the GABA synthesis assay also included the amount released into the incubation mixture.
Protein assay. The total protein content of tissue samples equivalent
to those analyzed in the neurotransmitter assays was determined by
means of a modification of the Lowry procedure (Lowry et al., 1951;
Peterson, 1977), with the following additional changes. Dissected tissue
was pooled and transferred to 1.5 ml propylene microcentrifuge tubes.
For a given embryonic stage the amount pooled (up to 10 nerve cords
or body walls) was chosen so that there would be at least 4 pg of total
protein. Protein was extracted from the tissue by addition of a 0.5%
solution of Triton X- 100 (Sigma) in 0.5 ml of 0.5 N NaOH and freezing
at -70°C. The samples were thawed and neutralized with 0.5 ml of 0.5
N HCl, the protein was precipitated with 100 ~1 of 0.15% deoxycholate
and 100 ~1 of 72% trichloroacetic acid, and the pellet was resuspended
in 200 pl water. One milliliter of reagent A [ 1.3% Na,CO,, 1.3% SDS
(Sigma). 0.0 12% CuSO, . H,O. 0.024% sodium citrate. 2H,O. all in 0.11
N NaOH] was added tb the suspension, followed by addition 10 min
later of 0.1 ml of Folin-Ciocalteu phenol reagent (Sigma, diluted to 0.67
N). After 30 min the light absorbance at 750 nm by the reaction mixture
was measured. Dilutions of a Sigma protein solution (5% human albumin and 3% globulin) were subjected to the same assay procedure in
triplicate to generate standard reference values.

5-HT immunocytochemicalassay
Embryos were dissected to expose the nerve cord and fixed in 4% formaldehvde in 0.1 M PBS. DH 7.4. at 4°C overnight. The tissue was then
rinsed several times withPBS containing O.l%sodium azide and stored
at 4°C for several days. To carry out the, immunocytochemical assay,
the tissue was exposed at room temperature with continuous agitation
for 9-10 hr to rabbit antiserum (Immunonuclear, lot no. 293 11) raised
against an antigen consisting of 5-HT coupled to BSA via formaldehyde
(Steinbusch et al., 1978). The immunological reaction mixture consisted
of a 500-fold dilution of the anti-5-HT serum in PBS containing 1%
BSA, 1% normal goat serum, and 2% Triton X-100. After the reaction
the tissue was rinsed several times with PBS for a total of l-3 hr, and
then exposed for 7-12 hr to HRP-conjugated goat anti-rabbit serum
(Cappel, lot no. 18040), diluted 250-fold in PBS containing 1% BSA,
2% normal goat serum, and 2% Triton X-100. After the second immunological reaction, the tissue was rinsed in PBS, stained for HRP
activity (Gillon and Wallace, 1984), dehydrated with ethanol, cleared
in xylene, and mounted in Permount.
The specificity of the 5-HT antiserum used in this study is indicated
by its labeling only those neurons in the leech that are known to contain
5-HT and that upon selective ablation of the 5-HT-containing neurons

Table 1. Neurotransmitter
and adult Haementeria

Average limit
sensitivity
of assay (pmol)
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pmol/cord
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content of nerve cords of unfed juvenile

ACh

5-HT

Dopamine

0.03

0.06

0.27

f 1.7
7)
+ 0.05

29.0 ri 2.9
(n = 7)
1.8 + 0.2

5.4 5 0.8
(n = 7)
0.32 -t 0.10

+ 1.4
4)
f 45
f 0.05

30.5
(n =
976
3.2

2.9 f 0.4
(n = 4)
93* 13
0.29 f 0.08

17.3
(n =
pmol/pg protein
1.1
Adult (second- and third-fed)
pmol/ganglion
6.1
(n =
pmol/cord
195
pmol/pg protein
0.49

+ 2.8
4)
t 90
+ 1.0

The total amount of neurotransmitter
detected per nerve cord or ganglion is given
with the mean f SD. The sample size is indicated in parentheses. Adult values
for pmohcord were calculated from pmol/ganglion values multiplied by 32 ganglia!
cord. The values for pmol/pgofprotein
(specificcontent)
were obtained by dividing
the neurotransmitter
content by the protein content determined for each nerve
cord or ganglion.

by treatment of Haementeria embryos or juveniles with 5,7-dihydroxytrvntamine (Glover and Kramer. 1982: Glover. 1986) no neurons at all
are labeled ‘by the antiserum. Moreover, tests carried out in several
species using the same or similarly prepared antisera as used in this
report indicate a negligible cross-reactivity with dopamine, noradrenaline, adrenaline, octopamine, GABA, ACh, 5-methoxytryptamine,
synephrine, or histamine (Beltz and Kravitz, 1983; Steinbusch et al.,
1983; Ono and McCaman, 1984; Taghert and Goodman, 1984). It is
possible, however, that the antiserum cross-reacts with 5-HT metabolites, such as tryptophan and 5-hydroxytryptophan.

Dopamine histojluorescence
To induce the characteristic blue-green fluorescence of dopamine-conmining neurons, embryos were dissected to expose the nerve cord and
treated with a solution of glyoxylic acid, sucrose, and potassium phosphate for 60-90 set according to a modification (Stuart, 1981; Stuart
et al., 1987) of the method of de la Torre and Surgeon (1976). After
removal of the solution, the tissue was daubed dry with a cotton wick,
and then dried under a flow of air at room temperature for approximately
1 hr. The tissue was then covered with mineral oil, heated in an oven
at 95°C for 5 mitt, and mounted between glass coverslips in mineral oil
or Fluoromount (Gut-r).
The blue-green glyoxylic acid-induced fluorescence of dopamine is
very similar to that of other catecholamines, such as dihydroxyphenylalanine (DOPA), norepinephrine, or epinephrine but not octopamine
(Lindvall et al., 1974). The evidence that in the leech nervous system
such histofluorescence is specific for dopamine, and possibly its precursor DOPA, includes the findings that (1) abdominal ganglia of adult
Hirudo medicinalis are capable of synthesizing and accumulating dopamine and octopamine, but not norepinephrine, from tyrosine (Stuart
et al., 1974; Sargent, 1977); (2) dopamine, but not norepinephrine, has
been detected and measured in these ganglia (McCaman et al., 1973;
McAdoo and Coggeshall, 1976); (3) in adult Hirudo, identified neurons
homologous to 1 type of neuron described here contain high concentrations of dopamine and DOPA but no detectable norepinephrine or
epinephrine (Lent et al., 1983); (4) the nerve cords of adult and juvenile
Huementeriu contain dopamine (Table 1). It remains possible that a
few neurons in segments associated with the subesophageal and caudal
ganglia, as well as some of the neurons in the glossophoniid leeches,
contain norepinephrine or epinephrine.

GABA uptake
The capacity of embryonic neurons for high-affinity 3H-GABA uptake
was determined by the autoradiographic method described previously
for neurons of adult leeches (Cline, 1983). Embryos were dissected to
expose the nerve cord and incubated for 15 min at 25°C in Huementeriu
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were dissectedfrom unfed juvenile or second- and third-fed
specimens,respectively, and assayedfor their content of various
neurotransmittersand for the total amount of protein present.
The data from the second-fedjuvenile and the third-fed adult,
being very similar, were pooled, and are referred to as “adult”
ganglion
data in the following. Both adult and unfed juvenile nerve cords
were found to contain the neurotransmitters 5-HT, ACh, and
dopamine,ofwhich the specificcontent (relative to total protein)
is highest for 5-HT and lowest for dopamine (Table 1).
_body
While the total content of all 3 neurotransmittersis very much
segment
greater in the adult than in the unfed juvenile nerve cord, the
specific content of 5-HT is about 80% higher, of ACh about
60% lower, and of dopamine about the samein the adult as in
unfed juvenile nerve cord (Table 1). The radioenzymatic assays
ganglionic
alsosuggestedthe presenceof histamine and octopaminein the
rudiment
nerve cord, at levelsnear the limit sensitivity of the assay.Some
tissuesother than the nerve cord, however, definitely contain
histamine. For instance,in unfed juvenile specimenswe found
substantial amounts of histamine in the body wall (2.8 pmol/
Posterior
segment, 0.07 pmol/pg protein), in the proboscis (53 pmol/
(Tail)
proboscis,2.8 pmol/pg protein), and in the salivary glands(>630
pmol/gland, > 35 pmol/pg protein). No radioenzymatic assay
Figure 1. Cartoon of a Haementeria ghilianii embryo, 2-2.5 mm long,
wasavailable to determinethe GABA content of the nerve cord.
andits germinalplateat mid-stage
9 (fromKuwadaandKramer,1983). However, previous work had indicated the presenceof GABA
Gangliogenesis
begins late in stage 8, in the anteriormost segments of
the developing
germinalplate,andproceeds
in a rostrocaudal
sequence, asa neurotransmitter in the Haementerianervoussystem(Cline,
1983, 1986).
sothat all 32 segmental
gangliaarepresentby the endof stage9. The
ganglionicrudimentarisesasa sheetof cellslying acrossthe ventral
In the studies to be reported here, we ascertainedthe time
midline.Thefuturebordersof theganglionaredelineated
by identified courseof the differentiation of ACh, 5-HT, dopamine,andGABA
musclecells.The first overt signof gangliogenesis
in a given segment
metabolism.
is the appearance
of a bilateralpair of thickenings,causedby local
proliferationof neuralprecursorcellsandby centripetalmigrationof
Embryonic stages of development
other neural precursor cells into the ganglionic rudiment (Torrence and
Stuart, 1986). Outgrowthof processes
from the neuronalcell bodies The embryonic development of glossiphoniidleecheshasbeen
begins early in stage 9, and by late stage 9, some processes have estabdivided into 11 stages,beginning with eggdeposition and cullished the trajectories of the future segmental and connective nerve
minating in the juvenile leech(Femandez, 1980;Weisblatet al.,
tracts. By early stage 10, junction potentials can be recorded from the
embryonic muscle fibers, indicating that motor neurons have innervated
1980;Stent et al., 1982).During the first 8 stages,the uncleaved,
their peripheral targets, and processes of sensory neurons are seen in
yolk-filled eggis transformed via a seriesof well-defined cell
the body wall(KramerandKuwada,1983;KuwadaandKramer,1983). divisions and movements into a narrow germinal plate, which
lies over the yolk alongthe future ventral midline of the embryo
(Fig. 1). The nervous system, skin, muscles,and other ectoderRinger’s solution containing l-10 PM 3H-GABA (30 Ci/mmol,New
ma1and mesodermalorgansof the leech arisefrom this plate.
England Nuclear). Following incubation, the embryos were rinsed in
Haementeria Ringer’s solution, fixed in 2.5% glutaraldehyde in 0.1 M
During stages9 and 10,the germinalplateelongatesandexpands
cacodylate buffer, pH 7.4, for 2 hr at 4”c, rinsed, dehydrated, and
around the circumferenceof the embryo, until its leading marembedded in glycolmethacrylate. The embedded preparations were cut
ginsmeet on the dorsal midline and fuse, thus closingthe leech
into serial l-2 Nrn horizontal sections, mounted on gelatin-coated slides,
body. The completion of body closure marks the end of stage
and dipped in Kodak NTB2 emulsion diluted 1: 1 with water. After
10.
storage for up to 3 weeks, the slides were developed in Kodak D-19,
stained with methylene blue, and examined under a light microscope
Development of the germinal plate proceedsaccording to a
for the distribution of silver grains in the emulsion. The ganglia were
rostrocaudalgradient, with the front end of the plate beingabout
reconstructed from drawings of serial horizontal sections through mid2-3 d more advanced than the hind end. The final stagesof
body portions of the nerve cord, and the number and positions of the
morphological development occur during stage 11, the end of
embryonic neurons that take up GABA weremarkedon a mapof the
which is marked by exhaustion of the yolk in the gut. A small
adult pattern of labeled neurons (Cline, 1983).
leechis now present,which is capableof feedingand is referred
Results
to as an unfed juvenile until its first feeding.
Neurotransmitter content of adult and unfed juvenile
Stages9-l 1 have been divided into substages,each substage
tissue
correspondingto about 1 d of development of Haementeria at
27°C. These stagesare, respectively, about 4, 5, and 20 d in
Previous neurochemical studies of the leech were concerned
duration. Substagesare designatedby the stagenumber, folwith hirudinid species(Wallace, 198l), whereasthe neurochemistry of the embryologically favorable glossiphoniidspecieshad
lowed in parenthesesby the ratio of the number of days elapsed
from the beginning of the stageto the total number of days in
beenlargely unexplored. Hence,we first surveyed nervous tissue
the stage.Thus, at stage9(l/4) an embryo hascompletedabout
of unfed juvenile and second-and third-fed specimensof the
glossiphoniid leech Haementeria to identify the neurotransa day of development after reachingstage9 (Kuwada and Kramer, 1983). For each of the substagesof stages9 and 10, and
mitters that are present in amounts detectable by radioenzyfor the first half of the substagesof stage11, there exist (asyet
matic assays.Whole nerve cordsor individual segmentalganglia
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Figure 2. Development of ACh metabolism. A, ACh content of nerve cord and body wall. Asterisks indicate values obtained from dissected
germinal plates (nerve cord plus body wall). Each point represents the mean of 3 sets of duplicate determinations. Error bars indicate SD. The
absence of an error bar means that the SD is less than the height of the symbol. However, the SDS do not take into account that some of the ACh
contents were obtained from different cohorts of embryos, which is likely to introduce some additional scatter into the data. Average limit sensitivity
of assay: 0.03 pmol. B, Specific ACh content per microgram protein of nerve cord and body wall. The points were obtained by dividing each point
in A by the protein content of the corresponding tissue and stage, as shown in Figure 3. (Data from the dissected germinal plate are not included.)
C, Capacity for synthesis and accumulation of ACh by the nerve cord. Each point represents a single determination following a 3 hr incubation in
3H-choline. D, Specific capacity for synthesis and accumulation of ACh by the nerve cord per microgram protein. The points were obtained by
dividing each point in C by the protein content of the corresponding stage (Fig. 3).

unpublished) diagnostic morphological criteria. Only normal
embryos that met thesecriteria were included in this study.
Neurotransmitter content of embryonic tissues
To determine the neurotransmitter content of the embryonic
tissues,the germinal plate was separatedfrom the yolk and
provisional integument at various developmental stages.In the
caseof embryos at, or older than, stage9(2/4), the nerve cord
wasdissectedfrom the germinal plate. Both nerve cord and the
remainder of the plate (referred to as body wall) were then
subjected separately to radioenzymatic assay. In the case of
embryosyounger than stage9(2/4), where a complete dissection
is not feasible, the neurotransmitter content of the entire germinal plate was assayed.

ysesshowthat the total protein contentsof nerve cord and body
wall rise slowly during stages9 and 10 and then more rapidly
during stage 11, resulting in approximately lo- and 30-fold
increases,respectively (Fig. 3).
The specificcontent (relative to total protein) of ACh in nerve
cord and body wall is plotted in Figure 2B. The specificcontent
of ACh in the nerve cord risesmore than 6-fold betweenstages
9(3/4) and 11(2/20), indicating that the developmentalincrease
in absolute ACh content is attributable to specific cell differentiation rather than to the generalgrowth of nervous tissue.

4oomzo

Acetylcholine

The resultsof the ACh assaysare presentedin Figure 2A. At
stages9(1/4) and 9(2/4) the germinal plate, with its nascent
ganglia,containsa low, but significant,amount ofACh. Between
stages9(2/4) and 10(O)the ACh content of the nerve cord and
body wall increasesmoderately. After stage1O(O),the ACh content risesrapidly in both tissues,sothat by stage11(2/20) it has
increased60-fold in the nerve cord and 40-fold in the body wall
over the original amounts.Moreover, asseenin Table 1, by the
end of stage 11 the ACh content of the unfed juvenile nerve
cord hasrisen to twice that presentat stage11(2/20).
To ascertainthe degreeto which the increasein ACh content
of the embryonic tissuesreflects a processof specific neurochemical differentiation rather than a nonspecificconsequence
of generalgrowth, we determined the total protein content of
equivalent nerve cord and body wall preparations.These anal-

9 (0)

10 (0)

11 (0)

11 (7120)

Stage

Figure 3. Development of total protein of the nerve cord (open circles)
and body wall (closed circles). Each point represents the average of l5 measurements, with the fewer measurements having been made during
stage 11.
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of assay: 0.06 pmol. Assay values obtained earlier than stage 10(O) nerve cord and stage 11(2/20) body wall are below the limit sensitivity (the
stage 9(2/4) and stage 9(3/4) nerve cords therefore contain ~0.1 pmol and ~0.7 pmol, respectively). B, Specific S-HT content per microgram
protein of nerve cord and body wall. The points were obtained by dividing each point in A by the protein content of the corresponding tissue and
stage, as shown in Figure 3. (The datum from the germinal plate is not included.) C, Number of 5-HT-immunoreactive
neurons in the nerve cord.
Each point represents the number of stained neurons in a single preparation, obtained from the same cohorts as those subjected to radioenzymatic
assays. The dashed horizontal line represents the adult complement of 5-HT-containing neurons. D, Total capacity for synthesis and accumulation
of 5-HT by the nerve cord. Each point represents a single determination following a 3 hr incubation in ‘H-5-hydroxytryptophan.
E, Specific capacity
for synthesis and accumulation of 5-HT by the nerve cord per microgram protein. The points were obtained by dividing each point in D by the
protein content of the corresponding stage (Fig. 3).

Concurrently, the (very much lower) specific ACh content of
the body wall risesby only a factor of about 1S, suggestingthat
the developmentalincreasein the amount of body wall ACh is
dueto a proliferation of choline@ axonsand terminals, which
keeps pace with the general growth of the body wall tissues.
Comparison of the data from embryos, unfed juveniles, and
adult leeches(Fig. 2B, Table 1) showsthat the specific ACh
content of the nerve cord reachesa maximum in the first half
of stage11 and then declinesagain, having fallen in the adult
to a value lessthan 40% of maximum.
Serotonin
The resultsof the 5-HT assayarepresentedin Figure 4A. In the
nerve cord, the radioenzymatic assayfirst detects the presence

of 5-HT at stage 10(O),after which the 5-HT content increases
rapidly, until by stage11(2/10) a 75-fold increaseover the initially detectableamount hasbeenreached.During the remainder
of stage11, there is a further 20-fold increasein 5-HT content
(Table 1). Thus, ACh and 5-HT levels in the embryonic nerve
cord show quite similar kinetics of appearance.
In the body wall, 5-HT is not detectableat stage10(3/5) but
is definitely present by stage 11(2/20). Thus, 5-HT becomes
detectable in the embryonic body wall significantly later than
doesACh.
The specific content of 5-HT in nerve cord and body wall is
plotted in Figure 4B. The specific 5-HT content of the nerve
cord risesmore than 7-fold betweenstages10(O)and 11(2/10),
and by another factor of 6 during the remainder of stage 11
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(Table I), indicating that this increase, just as in the case of
ACh, is attributable to specific cell differentiation rather than
to the general growth of nervous tissue. However, in contrast
to the eventual decline of the specific ACh content, the specific
5-HT content of the nerve cord continues to rise into adulthood,
at which stage its level has risen lo-fold over that present during
the first half of stage 11.
The course of appearance of 5-HT in the embryonic nerve
cord was also followed by means of an immunocytochemical
assay, using an anti-5-HT antibody. This assay permits the identification of individual neurons that contain 5-HT (and/or possibly its metabolites) in embryos. A full description of the results
of these experiments will be published elsewhere (D. K. Stuart
and J. C. Glover, unpublished observations). Here, we present
only the total number of neurons in the nerve cord at various
stages of development that react with anti-5-HT antibody (Fig.
4C’). The first such neurons appear by stage 9(2/4), or 2 d before
any 5-HT is detected by the radioenzymatic assay (Fig. 4A).
Thereafter, their number nearly doubles on each succeeding day
up to stage 10( l/5); after this, their number increases more
slowly, until the adult complement of 5-HT-containing neurons
has been nearly reached by stage 11(2/20). Thus, the increase
in 5-HT content of the nerve cord before stage 10(3/5) (Fig. 4A)
is attributable in part to an increase in the number of neurons
containing 5-HT. After stage 10(3/5), when 94% of the adult
5-HT-containing neurons are visualized by immunocytochemistry but only a small fraction of the 5-HT content of the unfed
juvenile nerve cord is as yet present, the further rise in the total
5-HT must be attributable to increases in the amount of 5-HT
per neuron. These increases in the 5-HT content of individual
neurons reflect their spatial growth (size of the cell body and
arborization), as well as their increased concentration of intracellular 5-HT manifest in the marked rise in intensity of the
immunocytochemical staining of individual neurons during development.
Dopamine

The radioenzymatic assayis not sufficiently sensitivefor reliable
detection of dopamine in embryonic tissuesat stage10(3/5) or
earlier, when the dopamine content is lessthan 0.02 pmol per
nerve cord. However, by stage11(2/20), 0.25 f 0.02 pmol of
dopamineper nerve cord is present,correspondingto a specific
content of 0.05 pmol/pg protein. During the remainder of stage
11, a further 20-fold increasein total, and a 6-fold increasein
specific,dopamine content occurs (Table l), just as for 5-HT.
The courseofappearanceof dopamine(and/or possiblyDOPA)
in the embryonic nerve cord wasalsofollowed by observing the
blue-greenhistofluorescenceinduced specifically in dopaminecontaining neuronsby glyoxylic acid. The cell bodiesof the few
paired dopamine-containing neurons present in each segment
lie outside the ventral nerve cord in the segmentalbody wall.
Theseneuronsproject their axons into the ventral nerve cord,
where they arborize profusely. Glyoxylic acid treatment of embryos dissectedat various stagesrevealed that dopamine-specific histofluorescence(Stuart, 1981; Blair, 1983; Lent et al.,
1983;Stuart et al., 1987)is first inducible in the nervous system
at stage 10(O);at this time, in the anteriormost segments,the
peripheral cell body of the dopamine-containing neuron designatedasMD and its centripetally projected processes
fluoresce
(Fig. 5). With subsequentdevelopment, the dopamine-containing centripetal processesof neuron MD grow in length and
undergo their typical profuse arborization (Fig. 5), until they
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10(O)

10(3/5)

11(2/20)

)I;

Figure 5. Development of the central arborization of the dopaminecontaining neuron MD. The tracings of the fluorescent arborization of
an MD neuron in a midbody segmental ganglion were drawn from
photomicrographs. Anterior is uppermost, and the neuronal arborizations are drawn as seen in the neuropil of the left hemiganglion. Dopamine histofluorescence was induced by glyoxylic acid treatment. A,
Stage IO(O) embryo. B, Stage 10(3/5) embryo. C, Stage 11(2/20) embryo.
Scale bar, 25 pm.

densely fill the ganglionic neuropil in the unfed juvenile (Fig.
6). Data not presentedhere show that the generalrostrocaudal
developmental gradient is manifest during this period by the
more extensive arborization of the MD neuron in more anterior
ganglia.A secondpair of peripheral dopamine-containingneurons, designatedLDl, is not visualizable by induced fluorescenceuntil the beginningof stage11.
Neurotransmitter synthesis and accumulation
Another approach to the study of the development of neurochemical differentiation is to examine the capacity of the embryonic nervous system to synthesize and accumulateneurotransmitters. For this purpose, the nerve cord (or, in the case
of early embryos, the germinal plate) is removed from embryos
and incubated in the presenceof a radioactively labeled precursor of a particular type of neurotransmitter.After incubation,
the labeled neurotransmitter synthesizedis extracted from the
nervous tissue, separatedfrom precursor moleculesand other
labeled reaction products, and measuredfor amount of radioactive label. From thesedata and the known specificradioactivity of the labeled precursor and duration of the incubation,
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Figure7. Development of GABA metabolism. A, Capacity for synthesis and accumulation of GABA by the nerve cord. Each point represents the mean of 4 determinations following 3 hr incubations in 3Hglutamic acid. Asterisks
indicate values obtained from germinal plates
(nerve cord plus body wall). B, Specific capacity for synthesis and accumulation of GABA by the nerve cord per microgram protein. The
points were obtained by dividing each value in A by the protein content
of the corresponding stage provided by Figure 3. (In 2 cases, the total
protein content for the corresponding stage was estimated by interpolation of the values determined for the immediately preceding and following stages.) Data from the dissected germinal plate are not included.
Figure 6. Photomicrograph of the peripheral cell body of the paired,
dopamine neuron MD and of its projection into abdominal ganglion 3
(g) of an unfed juvenile leech, visualized as a negative image of the bluegreen monoamine histofluorescence induced by glyoxylic acid. Anterior
is uppermost. A and B present the same field of view, with B having
been printed more lightly than A to reveal the extensive branching of
dopamine-containing processes in the central neuropil (cf. Fig. 5). The
axon and central arborization of another paired dopamine neuron, LD 1,
are also visible, but its peripheral cell body lies outside the field of view.
Within the nerve cord the MD neuron sends major axon branches into
both the anterior and posterior connective neurons (cn). The LDl neuron sends 1 major axon branch into the anterior connective nerve. The
yellow, glyoxylic acid-induced 5-HT histofluorescence reveals the cell
bodies of 5-HT neurons within the ganglion (arrowheads). Scale bar, 50
pm.
the capacity of the nerve cord to synthesize and accumulate
neurotransmitter
can then be estimated (Hildebrand
et al., 197 1;
Sargent, 1977).

of the nerve cord to synthesize and accumulate ACh from ‘Hcholine during a 3 hr incubation is roughly equal to the total
amount of ACh present (Fig. U). This result indicates that the
3 hr incubation of the nerve cord in the reaction mixture is
sufficient to turn over its intracellular ACh pool at least once.
Figure 20 shows the specific capacity for synthesis and accumulation of ACh relative to the total protein content of the
nerve cord at various stages. Just as for the specific content of
ACh in the nerve cord, the specific synthetic capacity for ACh
rises more than 6-fold during development, indicative of the
ongoing differentiation and maturation of ACh metabolism in
cholinergic neurons. This rise is presumably attributable, at least
in part, to a progressive increase in the specific content of CAT
(Sargent, 1977), the enzyme that catalyzes the conversion of
choline to ACh.
We assayed the amounts of ACh accumulated by 4 single and

Acetylcholine
We assayedthe amounts of 3H-ACh accumulated by embryonic
nerve cords incubated in the presence of the ACh precursor 3Hcholine. As early as the last day of stage 8, i.e., prior to formation
of any complete segmental ganglia, the as yet incompletely fused
germinal plate accumulates the significant amount of about 0.01
pmol 3H-ACh during a 3 hr incubation period. As shown in
Figure 2C, the capacity for 3H-ACh synthesis and accumulation
has risen about lo-fold by stage 9(1/4), and it increases with
further development at about the same rate as the total ACh
content (Fig. 2A). In fact, at each stage examined, the capacity

mens. We also measured the total amount of protein in the
nerve cord of a third, equivalently sized, second-fed specimen.
These measurements showed a capacity to synthesize and accumulate 3H-ACh in 3 hr of 144 + 48 pmol/nerve cord (consisting of 32 ganglia), corresponding to a more than 20-fold
increase over that of the nerve cords of stage 11(3/20) embryos
(compare Fig. 2C). However, relative to total protein content,
the specific capacity of the nerve cords of these second-fed specimens to synthesize and accumulate 3H-ACh in 3 hr is only
0.50 + 17 pmol/pg protein, indicative of a relative decline from
the early stage 11 level (compare Fig. 20) similar to that ob-

4 pairs of ganglia,

dissected from 2 second-fed

juvenile

speci-

The Journal

served for the specific ACh content (compare Table 1). Nevertheless,in the second-fed,as in the embryonic nerve cord, the
specific capacity for synthesisand accumulation of 3H-ACh is
roughly equal to the specificACh content, indicating that in the
second-fedjuvenile the 3 hr incubation time also sufficesto
allow at least one turnover of the ACh pool.
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The amountsof 3H-5-HT synthesizedand accumulatedby embryonic nerve cords incubated in the presenceof the 5-HT precursor 3H-5-hydroxytryptophan are presentedin Figure 40. The
capacity for this synthetic activity is clearly presentin the stage
9(2/4) nerve cord, at the time when the immunocytochemical
test reveals 5-HT-immunoreactive cell bodies (Fig. 4C). Upon
further development, the capacity for synthesisand accumulation of 5-HT risesat about the samerate as the total 5-HT
content, such that at each stageexamined, the amount of ‘H5-HT accumulatedduring a 3 hr incubation period is roughly
equal to the total amount of 5-HT present (Fig. 4A). This indicatesthat, asis the casefor the ACh pool, the 3 hr incubation
period of the nerve cord is sufficient to allow at leastone tumover of the 5-HT pool. Figure 4E showsthe specific capacity
for synthesisand accumulation of 5-HT relative to the total
protein content of the nerve cord at various stages.The more
than 6-fold riseof that specificcapacity is probably attributable,
at least in part, to a progressiveincreasein the specificcontent
of aromatic-amino acid-decarboxylase,the enzyme that catalyzes the conversion of 5-hydroxytryptophan to 5-HT in leech
neurons(Coggeshallet al., 1972).

GABA
Although it proved difficult to assaythe total GABA content of
the embryonic leechnervous system, the capacity of the nerve
cord to synthesize3H-GABA from 3H-glutamic acid could be
determined (Fig. 7A). However, the amount of 3H-GABA accumulatedintracellularly during the 3 hr incubation period was
so low that the labeled neurotransmitter releasedinto the incubation mixture was also included in the measurement.The
low level of intracellular accumulation of newly synthesized
GABA may be attributable to the reported tonic releaseof neurotransmitter by GABAergic neurons, both for the inhibitory
motor neuronsof the leech (Cline, 1983, 1986; Granzow et al.,
1985) and in the vertebrate nervous system(Tapia, 1983).
Theseassaysshowedthat as early as the last day of stage8
there existsa significantcapacity for GABA synthesis.The level
of this synthetic capacity remains roughly constant until stage
9(2/4). Thereafter, the capacity for GABA synthesisrisescontinuously, until by stage10(4/5) it has reacheda level about 3
timesthat presentinitially. Figure 7B showsthe specificcapacity
for synthesisand accumulation of GABA relative to the total
protein content of the nerve cord at various stages.In contrast
to the appreciablerise of the specific synthetic capacitiesfor
ACh and 5-HT between midstage 9 and early stage 11, the
specificcapacity for GABA synthesisremainsmore or lessconstant during stage10and then falls to about a third of the earlier
level during stage 11.
GABA uptake
The adult leech nerve cord is not only capableof synthesizing
GABA from glutamate,but it can alsotake up GABA selectively
from the extracellular fluid. Neurons possessing
this selective

Figure 8. Summary diagram of the relative positions of neuronal cell
bodies taking up GABA in adult Haementeria ganglia. Labeled cell
bodies are solid black and identified landmark cells are unshaded. The
labeled neurons were identified in autoradiographs of serial sections
through adult ganglia. Cell packets are outlined in dashed lines, and the
segmental nerve roots are designated as R4, MA, and P. The dorsal
aspect of the ganglion is shown above the ventral aspect; anteriormost
is up. The positions and sizes of the labeled neuronal cell bodies were
drawn onto an outline of the adult Haementeria ganglion (Kramer and
Goldman. 198 1). [This fiaure is based on data from Cline (1983).1 The
landmarkneuronsare
theiarge anterior lateral 1 (ALI), the &dig (LY),
the mechanosensory (T and IV), the giant Retzius (R), the lateral serotonin (Ls), and the annulus erector motor (AE) neurons. Scale bar, 100
rm.

GABA uptake system can be identified autoradiographically
after exposureof the nerve cord to 3H-GABA and constitute a
specificsetof about 30 neuronsin segmentalgangliaof the adult
(second-and third-fed) Haementeria nerve cord (Cline, 1983)
(Fig. 8). To determine the courseof development of this uptake
system,embryos were dissectedto exposetheir nerve cord, incubated in the presenceof l-10 PM 3H-GABA, and then fixed,
sectioned,and prepared for autoradiography. Cells capable of
GABA uptake can be visualized by stage9( l/4), at which time
a singlepair of cell bodies on the posteromedialventral aspect
of each of the anterior segmentalgangliatakes up GABA. By
stage9(3/4) each of the anterior ganglia of the nerve cord may
contain as many as7 additional cell bodiesthat take up GABA
(Fig. 9). The serialsectionsdid not reveal any 3H-GABA-labeled
processesor neurites from thesecells (Fig. 10). Since at later
developmental stages‘H-GABA-labeled neuriteswere detected
from these cells, it is likely that at stage9(3/4) theseneurons
have not yet initiated neurite outgrowth.
The generalrostrocaudal developmental gradient of the germinal plate is apparent also in the maturation of the GABA
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Figure 9. Summary diagram of the
relative positions of the neuronal cell
bodies taking up GABA at various
stages of development. The outline of
the ganglion and the symbols for the
segmental nerve roots and the identified landmark cells are the same as
in Figure 8. The labeled neurons were
identified in autoradiographs of serial
sections through embryonic ganglia.
Not all ofthe neurons marked in black
are necessarily found to take up GABA
in every ganglion observed, but neurons for which uptake was found in
only 1 ganglion are marked by an asterisk. Thus, the summary maps, being
compilations of the labeling patterns
in several ganglia, may show more labeled neurons marked than were seen
in any 1 ganglion. The number ofganglia examined at each stage was as
follows: stage 9(3/4), n = 8; stage lO( l/
5), n = 6; stage 10(2/5), n = 1; stage
1 l(O), n = 3. We expect that as development proceeds the number of
neurons taking up GABA will increase or remain the same. However,
the number of neurons shown here to
take up GABA at stage 10(M) is
slightly greater than that at stage 10(2/
5). This discrepancy may be due to a
direct correlation between GABA uptake by a neuron and the rate of its
electrical activity just prior to its exposure to ‘H-GABA, as observed in
adult leech neurons (Cline et al., 1985).
For instance, the data shown for stage
10( l/5) were compiled from 6 ganglia
from 1 specimen. This embryo may
have happened to have a much higher
level ofelectrical activity than the stage
10(2/5) embryos that were analyzed.

uptake system. Figure 11 shows the distribution
of cells taking
up GABA in abdominalganglia 1l-l 8 in a stage9(3/4) embryo.
The posteromedialventral cell pair takes up GABA in all abdominal ganglia 11-18 at stage9(3/4). But of the 2 pairs of
anterolateral neurons on the dorsal aspectthat take up GABA
in ganglion 11, only the anterior pair takes up GABA in ganglia

12-16, and neither takes up GABA in ganglia 17-18. At later
stages,both of thesecell pairs take up GABA in all ganglia 1l18. Thus, the appearanceof the GABA uptake systemproceeds
in a sequentialorder: first in the posteromedialventral cell pair,
next in the posterior, and then in the anterior of the 2 anterolateral dorsal cell pairs. During stage 10, the GABA uptake
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Figure 10. Autoradiographs of 3H-GABA-labeled embryonic ganglia. Each section is part of a series cut every l-2 pm. A, Stage 9(3/4): Cell bodies
without processes take up GABA. No labeled processes were evident in any of the sections through this ganglion. B, Stage 10(4/s): Cell bodies and
extensive neuropilar processes take up GABA. Anterior is uppermost. Scale bars, 20 pm.

systemappearsin more and more neuronsin each ganglion, so
that by stage1l(0) it is presentin about 20 of them per ganglion
(Fig. 9). By this time, there is alsoextensive uptake of 3H-GABA
into neuropilar processesand axons of the major nerve tracts
(Fig. IOB). The full adult complement of about 30 neuronsper
gangliontaking up GABA is reachedby stage11(5/20), at which
time cellsin the connective tissuecapsulesurrounding the ganglion also take up GABA.

Discussion
The observations presentedhere demonstratethat the capacity
of the embryonic leechnervous systemfor synthesisand uptake
of neurotransmitters appearsduring the first half of stage 9,
when early gangliogenesisis under way (Femandez, 1980; Kuwada and Kramer, 1983; Torrence and Stuart, 1986). By the
end of stage 9, outgrowth of neurites from the neuronal cell
bodies has begun throughout the germinal plate, and the segmental and connective nervesare well establishedin the anterior
segments.At about the sametime, the ganglionic neuroblasts,
which have been electrically passivehitherto, begin to respond
actively to intracellular passage
of depolarizing current, first with
delayed rectification and later with an all-or-none depolarizing

transient (Kuwada and Kramer, 1983; Kuwada, 1984). Thus,
neurite outgrowth, aswell asthe appearanceof proteins capable
of gating ion currents and of biosynthetic systemsdedicated to
neurotransmitter formation, all occur within 3-4 d, i.e., within
a relatively narrow window of developmental time.
Further maturation of neurotransmitter metabolismis probably correlated with the development of synapsesin the ganglion. During stages10 and 11 spontaneousexcitatory and inhibitory synaptic potentials first appearand then becomemore
frequent (Kuwada and Kramer, 1983), and the number of dopamine processesin the neuropil increases(Figs. 5 and 6), as
does the number of 5-HT processes(D. K. Stuart and J. C.
Glover, unpublished observations). In addition, the increasein
the capacity to synthesizeACh is paralleled by the capacity to
hydrolyze it after release,as can be shown by staining of the
embryonic nerve cord of Helobdella triserialis for AChE (Fitzpatrick-McElligott and Stent, 1981). At the end of stage9, ganglia contain little or no AChE. During stage 10, however, that
enzyme appearsin the neuropil of the ganglia, concomitantly
with the riseofboth the content of and the capacity to synthesize
ACh.
During embryonic development, the specificcontent and spe-
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Figure 1 I. Summary diagram of the
rostrocaudal
development
of the
GABA uptake system in neurons of
ganglia 11-18 of a stage 9(3/4) embryo. The labeled neurons were identified in autoradiographs of serial sections through embryonic ganglia.
Diagrammatic representations as in
Figures 8 and 9. A, Ganglion 11. This
ganglion is the most advanced developmentally in this series and contains
more labeled neurons than the ganglia
posterior to it. E, Ganglia 12-16. Note
that the unpaired neuron on the ventral aspect and one of the pairs on the
dorsal aspect, which take up label in
ganglion 11, are not labeled in these
ganglia. C, Ganglia 17 and 18, the least
advanced developmentally in this series. Only 1 pair of neurons is labeled.
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cific capacity for synthesis and accumulation of ACh and 5-HT

relative to total protein content increase.Thus, the overall increasein metabolismof thesetransmittersdoesnot result simply
from generaltissuegrowth, but may also reflect an increasein
neurotransmitter concentration and synthetic capacity at the
level of individual ACh- and 5-HT-containing neurons.Part of
the increasein specificneurotransmitter content and synthetic
capacity may also be attributable to a faster growth of AChand 5-HT-containing neuronsrelative to other cellsin the ganglia. In support of this latter possibility is the observation (Wallace, 1981)that the specificaromatic acid decarboxylaseactivity
relative to protein content in extracts of individual Retzius cell
somata isolated from H. medicinalisembryos is similar at different embryonic stages,suggestingthat the concentration of
5-HT in theseneuronsmay remain constant. In contrast to the
considerablerise in the nerve cord, the much more moderate
concurrent rise in spec$c ACh and 5-HT content of the body
wall suggests
that the increasein total body wall content of these
neurotransmittersis attributable simply to the extension and
branching of axons in order to maintain a given density in an
expanding periphery.
The limited sensitivitiesof our assaysmake it difficult to time
the preciseonsetof ACh, 5-HT, or dopamine metabolism,and
henceto determinewhetherthe expressionof 1neurotransmitter
phenotype beginsbefore that of another. It is clear, however,
that these3 neurotransmittersdiffer quantitatively with respect
to their metabolism throughout the embryonic and postembryonic stagesexamined. From stage 9(1/4) to stage 11(2/20)
the specificACh content of the nerve cord exceedsthat of 5-HT,
which, in turn, exceedsthat of dopamine, at least from stage
1O(0).Similarly, in the grasshopperembryo ACh content reaches
detectable levels before the octopamine and 5-HT contents
(Goodman et al., 1979; Taghert and Goodman, 1984).
However, the initial predominanceof ACh in the leech embryo is progressively diminished by increasesin other neurotransmitters. Thus, whereasin the stage 10(O)nerve cord the
ratio of the specific ACh content to the specific 5-HT content
is 15:1, by stage 11(2/20), when the specific ACh content is
nearing its maximum value, that ratio has fallen to 5:l. In the
unfed juvenile nerve cord, 5-HT is more abundant than ACh,

and in the adult leechnerve cord, wherethe specificACh content
is lessthan half of its embryonic peak value and the specific
5-HT content has risen to nearly twice its value in the unfed
juvenile nerve cord, 5-HT predominatesover ACh by a factor
of 5: 1. Similarly, the ratio of specific ACh content to specific
dopamine content is 29: 1 at stage 11(2/20) but falls to about
3: 1 in the unfed juvenile and is only about 2: 1 in the adult nerve
cord.

The early appearanceof neurotransmitter metabolism suggests that in embryonic leech tissuesneurotransmitters may
function in a capacity other than synaptic transmission,ashad
been previously suggestedby Fitzpatrick-McElligott and Stent
(198 l), who found AChE activity at the very earliest stagesof
leechdevelopment,well beforeneurogenesis.
Neurotransmitters
have been implicated in the regulation of both organismaland
neural development (Buznikov et al., 1968;Kusanoet al., 1977;
Lauder

and Krebs,

1978). In a recent example,

Haydon

et al.

(1984) have demonstratedthat 5-HT influencesthe growth cone
motility of some cultured neurons, thereby regulating growth
and synaptogenesis.
The changingrelationship betweenACh and 5-HT levels has
an interestingcorrelatein behavioral ontogeny. The first neurally controlled behavior manifest in the leechembryo is a simple
body-shortening reflex, which would be expectedto dependon
the releaseof ACh by motor neurons.This reflex appearsduring
the latter part of stage 10, when ACh is the predominant neurotransmitter (Weisblat, 1981). The more complex swimming
movement, which is modulated by the 5-HT level of the blood
(Willard, 1981) and for which the presenceof 5-HT in the nervous systemis a necessarycondition (Glover and Kramer, 1982),
appearsno sooner than about stage 1l( 10/20) (Glover, 1984)
by which time 5-HT content and ACh content are comparable.
The proposed neurohumoral role of 5-HT releasedby 5-HT
neurons (Willard, 1981; Kristan and Nusbaum, 1983) is compatible with a continuing rise in the specific 5-HT content of
the nerve cord into adult life, sincewith eachfeedingthe overall
size of the leech, and hencethe volume of its body fluids, increasesby a much greater factor than the size, and hence the
total protein, of its nerve cord (Sawyer et al., 1981). Moreover,
this preponderanceof 5-HT over ACh in the adult occursdespite
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the fact that the leech has 3 times as many ACh motor neurons
as 5-HT neurons (Wallace, 198 1).
The data presented here for the development of the capacity
to synthesize and accumulate GABA cannot be directly compared with the data for ACh and 5-HT because of methodological differences. First, the assays of the capacity for ACh and
5-HT synthesis measured only the amounts of labeled neurotransmitter accumulated within the nerve cord, whereas the
assays of the capacity for GABA synthesis also measured the
amounts released into the incubation medium. Second, the concentration of the ‘H-labeled precursor present in the incubation
mixture was 125-200 times higher in the GABA assays than in
the ACh and 5-HT assays. Nevertheless, there does seem to be
a significant difference between the development of the metabolism of GABA and that of the metabolism of the other neurotransmitters: between stages 9( l/4) and 11(2/20) the capacity
for GABA synthesis and accumulation increases only 3- to 4-fold,
in contrast to the 60- to 75-fold increases observed for ACh and
5-HT, respectively, during the same period. Moreover, the specific capacity for GABA synthesis and accumulation relative to
the protein content of the nerve cord actually decreases during
stage 11, despite the concurrent increase in the number of neurons taking up GABA. This difference between the development
of the metabolism of GABA, on the one hand, and of ACh and
5-HT, on the other, could be due to differential increases in the
rates of either synthesis, release, or breakdown of these neurotransmitters.
The developmental stage at which the GABA uptake system
is expressed varies from neuron to neuron within the same
ganglion, so that some neurons manifest the uptake system at
the beginning and other neurons manifest it only at the end of
the 12-15 d period during which the nerve system matures.
A similar, neuron-specific spectrum of the beginning of neurotransmitter uptake (albeit spread over a shorter period of time)
has been observed for the uptake of 5-HT by the 5-HT neurons
(D. K. Stuart and J. C. Glover, unpublished observations). Some
precocious neurons probably take up GABA before they extend
neurites, and hence before they have formed synapses. In this
respect they resemble some immature, migrating neurons in the
embryonic vertebrate cerebellum, which can take up GABA
before they reach their definitive cortical positions or form synapses (Hatten et al., 1984).
Some of the neurons of the embryonic leech nerve cord thus
develop the capacity for ACh, 5-HT, and GABA metabolism
as one of their earliest differentiated phenotypic characteristics.
In this respect they resemble the developing neurons of several
vertebrate and invertebrate species, which express their neurotransmitter phenotype at an early stage of differentiation, before most of their morphological development occurs and before
they contact their target cells (Hyde and Robinson, 1974; Sanes
and Hildebrand, 1975a, b, Bondy and Purdy, 1977; Prescott et
al., 1977; Rothman et al., 1978; Hatten et al., 1984; Berardi
and Concetta, 1985). It is possible, therefore, that the neurotransmitters in these embryonic neurons play some functional
role before or during neurite outgrowth. However, in the case
of the dopamine-containing neurons of the embryonic leech
PNS, just as in the case of the octopamine-, 5-HT-, and proctolin-containing neurons of the grasshopper CNS (Goodman et
al., 1979; Taghert and Goodman, 1984; Keshishian and O’Shea,
1985), the differentiation of neurotransmitter metabolism is first
apparent only after extensive neurite outgrowth and may there-
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fore be more closely related to the establishment of synaptic
connections during the later stages of morphological development.
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