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Physiological Identification, Morphological Analysis, and
Development of Identified Serotonin—Proctolin Containing
Neurons in the Lobster Ventral Nerve Cord

Barbara S. Beltz and Edward A. Kravitz

Department of Neurobiology, Harvard Medical School, Boston, Massachusetts 02115

Amines and peptides exert a wide range of physiological
actions on both central neurons and peripheral tissues.
Among these actions, serotonin and octopamine are known
to trigger contrasting postures when injected into freely
moving lobsters. Immunocytochemical studies of lobster
ganglia have identified presumptive serotonergic neurons,
their central and peripheral projections, and their terminal
fields of arborization. More than 100 neurons that show se-
rotonin-like immunoreactivity have been found in the lobster
nervous system (Beltz and Kravitz, 1983). From immuno-
cytochemical studies it appears that varicosities within pe-
ripheral neurosecretory structures and endings in certain
central neuropil regions arise from the same 2 pairs of large
cells located in the fifth thoracic (T5) and first abdominal
(A1) ganglia. Because we believed that such cells could
account for the central and peripheral actions of serotonin
on the postural system, we chose to study these 2 pairs of
neurons in greater detail. In the previous paper, Siwicki et
al. (1987) report that these neurons contain the pentapep-
tide proctolin in addition to serotonin. In this communication,
we report that (1) these cells can be identified reliably in
living preparations; (2) they have large fields of innervation
projecting anteriorly into at least 4 segmental ganglia; (3)
these neurons are the origin of the fibers that form the tho-
racic second root neurosecretory regions; (4) they are gen-
erally spontaneously active neurons that have overshooting
action potentials in their cell bodies; and (5) the serotonin
and proctolin immunoreactivities are first expressed in these
cells at widely different times in development.

Amines and peptides are believed to play vital roles in regulating
or controlling aspects of the behavioral repertoire of animals.
This is particularly well documented in invertebrates where, for
example, eclosion hormone triggers larval and pupal ecdysis
behavior in silkmoths and hawkmoths (Reynolds and Truman,
1983; Truman and Weeks, 1985); serotonin can elicit swimming
and feeding behavior in leeches (Willard, 1981; Kristan and
Nusbaum, 1983; Kristan and Weeks, 1983; Lent and Dickinson,
1984); egg-laying hormone induces a complex pattern of be-
haviors associated with egg-laying in Aplysia (Kupfermann, 1967,
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Strumwasser, 1983; Mayeri and Rothman, 1985); and proctolin,
FMRFamide, FMRFamide homologs, serotonin, octopamine,
and dopamine regulate cardiac, stomatogastric, and neuromus-
cular function in mollusks, crustaceans, and annelids (Lingle,
1981; Hooper and Marder, 1984, 1985; Kuramoto and Ebara,
1984; O’Donohue et al., 1984; Kravitz et al., 1985; Kuhiman
et al., 1985a, b; Flamm and Harris-Warrick, 1986a, b).

Serotonin and octopamine trigger opposing effects when in-
jected into the circulation of freely moving lobsters or crayfish.
Serotonin produces a sustained flexion of the limbs and abdo-
men, resulting in an “aggressive-looking” stance; octopamine
produces a sustained extension, a “‘submissive-looking” posture
(Livingstone et al., 1980). We believe that the amines modulate
the opposing motor patterns by coordinated actions at 2 separate
sites (Harris-Warrick and Kravitz, 1984; Harris-Warrick, 1985).
First, they act as neurohormones released from neurosecretory
regions into the hemolymph, where, at very low concentrations,
they prime peripheral exoskeletal muscles to respond more vig-
orously. No opposition is seen, however, in the direct actions
of amines on flexor or extensor muscles (Livingstone et al.,
1980). The specificity lies at the second site of action, within
the ventral nerve cord, where octopamine and serotonin activate
opposing motor programs involved in coordinating extension
and flexion (Livingstone et al., 1980; Harris-Warrick and Kra-
vitz, 1984). The central actions require much higher concentra-
tions of amines than the peripheral actions, concentrations that
are orders of magnitude higher than the circulating levels. To
attain such high levels, we suspect that amines must be released
from endings near their central target sites. As the next stage in
this analysis, we have begun to search for endogenous amine-
containing neurons that might supply 2 separate sets of endings
(1) to peripheral neurosecretory regions for actions on peripheral
targets, and (2) to central neuropil regions for actions on central
motor-pattern-generating neurons.

First, we used immunocytochemical procedures to locate cells,
processes, and endings in the lobster nervous system that were
immunoreactive for serotonin (Beltz and Kravitz, 1983). These
studies revealed more than 100 immunoreactive neurons lo-
cated primarily in central ganglia. Serotonin-immunoreactive
varicosities were found in central neuropil regions and in 2
peripheral neurosecretory structures, the pericardial organs and
the proximal regions of the thoracic second roots. From the
immunocytochemical studies, it appeared that varicosities with-
in the peripheral neurosecretory structures and endings in cer-
tain central neuropil regions might arise from the same cells:
These were 2 pairs of large neurons, with their somata located
in the fifth thoracic (T5) and first abdominal (A1) ganglia. To
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Figurel. Schematic diagram of the serotonin-im-
munoreactive cell bodies, fibers, and neuropil of a
part of the ventral nerve cord. T4, fourth thoracic
ganglion; T3, fifth thoracic ganglion; 41, first ab-
dominal ganglion. Composite drawing of whole
mount preparations of 10 ventral nerve cords. Cell
bodies are drawn as large, filled, round, or elongate
circles. Heavy black lines represent immunoreactive
fibers that have been traced to their cell bodies of
origin. Fine [ines indicate immunoreactive fibers
that have not been connected with cell bodies. Each
of the fine lines of the lateral fiber bundles (LFB),
central fiber bundles (CFB), and midline fiber bun-
dles (MFB) represents several fibers. Dashed lines
indicate fibers that have not been directly visualized
in these immunocytochemical preparations, but that
we believe exist because the patterns of staining are
similar from ganglion to ganglion. Stippled regions
represent fine processes and varicosities of neuropil
and neurohormonal release regions. [For further de-
tails, see Beltz and Kravitz (1983) from which this
figure has been reprinted, in a slightly modified form,
with permission.]

Figure 2. A, Lucifer yellow-injected cell in an unfixed fifth thoracic ganglion (T5) that
fulfilled the positional, size, and physiological criteria outlined in the text. The outlines of
the ganglion are faintly visible. Scale bar, 200 gm. B and C, Following Lucifer yellow
injection, the preparation shown in 4 was fixed and processed for serotonin immunocyto-
chemistry using a peroxidase-labeled secondary antibody. This procedure labels the paired
neurons in T35 with a dark brown HRP precipitate. The left cell of the pair has been double-
labeled using the Lucifer yellow—serotonin immunocytochemical technique. A higher mag-
nification of the 2 T35 cells is shown in C. Scale bars: B, 200 ym; C, 100 ym.



study these neurons further and to explore whether they might
be involved in postural regulation, we have (1) defined phys-
iological criteria that can be used to identify the cells in living
preparations; (2) carried out anatomical studies using injections
of horseradish peroxidase (HRP) to determine the detailed pro-
jections of the cells and to identify their possible targets; and
(3) examined some electrophysiological properties of these neu-
rons. The T5 and A1 paired cells contain the pentapeptide proc-
tolin in addition to serotonin (Siwicki et al., 1987). These cells,
therefore, provide further opportunities to study the physiolog-
ical actions of single identified amine- and peptide-containing
neurons and to explore the developmental expression of their
serotonin and proctolin phenotypes. Data also are presented
showing a wide time difference in the development of serotonin
and proctolin immunoreactivities in these cells during the em-
bryonic and larval life of lobsters.

Materials and Methods

Physiological identification of T5 and Al serotonin—
proctolin-containing neurons

Lucifer yellow injection. Adult lobsters (0.5 kg) were purchased locally
and maintained in 125 gallon tanks in artificial seawater at 10-14°C.
Ventral nerve cords were dissected in cold lobster saline of the following
composition: 462 mm NaCl, 16 mm KCl, 26 mm CaCl,, 8 mm MgCl,,
11 mm glucose, 10 mm Tris, 10 mMm maleic acid, adjusted to pH 7.4
(Otsuka et al., 1967; Evans et al., 1976). TS and A1 ganglia were pinned
ventral side up in a Sylgard- (Dow Corning) coated petri dish, de-
sheathed, and viewed with dark-field optics while being continuously
perfused with cold (6-10°C) oxygenated saline. Lucifer yellow (LY;
Stewart, 1978) was iontophoresed into neurons that fulfilled the follow-
ing criteria: (1) They were approximately the same size as, and in the
general location of, the paired cells labeled for serotonin and proctolin
using immunocytochemical methods (Beltz and Kravitz, 1983; Siwicki
and Bishop, 1986); and (2) action potentials could be elicited by extra-
cellular stimulation of the ipsilateral connective 2 segments anterior to
the cell body (see Results for rationale). LY electrodes were prepared
by backfilling the tips of capillary electrodes with 3—-5% LY in distilled
water; the shanks of the electrodes were filled with 1 M lithium chloride.
Tontophoresis of LY was accomplished by passing 5-20 nA of hyper-
polarizing current in 500 msec pulses at 1 Hz for 1-3 hr (adapted from
Stewart, 1978). LY was visualized in living cells by placing a blue filter
(BG 12 or equivalent) over the incandescent light source. Following 1-
48 hr at 4°C, to allow for diffusion of the dye, preparations were viewed
and photographed with a Zeiss ICM 405 photoinvertoscope using epi-
fluorescent excitation. Exciter-barrier filter and reflector combination
cubes were used, which contained excitation at 365 nm, a reflector at
395 nm, and a long-pass barrier filter at 420 nm. After photography,
preparations were fixed for 12-36 hr in 4% paraformaldehyde in 0.2 m
cacodylate buffer with 462 mm NaCl and 16 mm KCl added.
Immunocytochemistry. The fixed tissues were rinsed in several changes
of 0.1 M phosphate buffer (PB; pH 7.4) containing 0.3% Triton X-100
and 0.1% sodium azide (PTA) over a period of 6-8 hr. A 1:200 dilution
of anti-serotonin antiserum (ImmunoNuclear) was added and the tissues
were incubated at 4°C for 15-20 hr (Beltz and Kravitz, 1983). Following
primary antibody treatment, the tissues were rinsed in PTA for 6-8 hr,
then incubated for 15-20 hr at 4°C with labeled secondary antibody, an
affinity-isolated goat anti-rabbit IgG conjugated to HRP (Boehringer
Mannheim) used at a 1:20 dilution. The excess of secondary antibody
was removed by repeated rinsing over 2-3 hr in PB. The samples were
then incubated for 30-60 min with 3’,3-diaminobenzidine tetrahydro-
chloride (DAB; Sigma) (0.02-0.05% in PB), and reacted with 0.02%—
0.05% DAB in PB containing 0.001-0.005% hydrogen peroxide. De-
velopment of the HRP reaction product was observed microscopically,
and usually stopped within 15-45 min with several rinses of PB. The
preparations were dehydrated with increasing concentrations of ethanol,
cleared in toluene, and mounted in Diatex (Scientific Products, M7638).
The use of a directly labeled secondary antibody proved superior to
peroxidase-antiperoxidase or avidin-biotin methods because a weaker
signal was obtained, which was less likely to block the LY fluorescent
signal. If too dense, the HRP reaction product tended to quench the LY
signal. On the other hand, if the LY signal was too strong, there was
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interference with the immunoreactive staining and the HRP signal was
difficult to see (see Fig. 2, b, ¢). In practice, the amount of LY injected,
antibody concentrations, and HRP development time had to be titrated
carefully to achieve an optimal double stain.

HRP anterograde injection protocol

HRP was pressure-injected into physiologically identified TS and Al
serotonin—proctolin cells in ganglia from juvenile lobsters (1-2 in. car-
apace length). The technical details of the protocol were elaborated with
the advice and consultation of Dr. R. Calabrese, whose generous help
we acknowledge. The tips of capillary electrodes were backfilled with a
2-5% solution of HRP in 0.2 M KCl containing 0.2% fast green. Electrode
shanks were filled with a conducting solution of 0.2 M KCI. Filled elec-
trodes were beveled using a motor-driven rotary platform beveler, the
surface of which was covered with a 0.3 um alumina abrasive film paper
(6775, E54; Arthur Thomas Co.). The electrode was mounted on a
micromanipulator and gently lowered to touch the paper until the shad-
ow of the electrode on the platform was slightly arched. Electrodes were
beveled for 20-40 sec; electrode resistance was generally 5-20 M@ after
beveling. HRP was ejected from the electrode with 0.5-3 sec pulses of
pressure (1-20 psi). Injection times varied depending upon the appear-
ance of the cells and the stability of the resting potential. Under optimal
conditions, injections were continued until cells were a deep blue color.
Swelling of cells was minimized by injecting slowly over long times (2—
6 hr) and by carefully controlling pressure. After injection, preparations
were rinsed in fresh saline and HRP was allowed to diffuse at 4°C for
12-72 hr. During this time tissues were placed in L-15 medium (Gibco)
with added gentamycin (100 U/ml), and with salts adjusted to be isoos-
motic with lobster saline. Preparations were fixed with 2% parafor-
maldehyde, 0.3% glutaraldehyde in PB for 30-90 min. After rinsing in
several changes of PB, tissues were reacted with DAB as outlined above
(see Immunocytochemistry), except that the optimal development time
was usually in the range of 30-120 min. Formation of the DAB reaction
product was stopped by several rinses in PB and preparations were
dehydrated in an increasing ethanol series and cleared in xylene. Ganglia
were mounted between 2 coverslips with Permount, viewed, and drawn
with the computer reconstruction system described below.

Physiological studies

Once the T5 and Al neurons could be reliably identified on the basis
of the above protocol, the physiological properties of the cells were
examined using conventional intracellular recording techniques (Otsuka
et al., 1967). Synaptic activity and action potentials were recorded on
a chart recorder and on magnetic tape for later analysis by computer.

Developmental studies

Eggs and larval lobsters were obtained from the Massachusetts State
Lobster Hatchery on Martha’s Vineyard, MA, from the Marine Bio-
logical Laboratory at Woods Hole, MA, or from the New England
Aquarium in Boston, MA.

Embryos were staged by measuring the size of their eyes (Herrick,
1896; Perkins, 1972). While the embryo was in the egg, eye measure-
ments were made to the nearest micron with an ocular micrometer in
a dissecting microscope at a magnification of 25 x. The greatest widths
and lengths were taken and averaged. The resulting figure was used as
an index of development. The index of the eye is about 70 um when
pigment is first measurable, and about 560 um at hatching (Perkins,
1972).

Staging of larvae is accomplished by microscopic examination of the
anatomy of individual animals and a comparison with the detailed
descriptions available for each larval stage (Herrick, 1896).

Nerve cords from embryonic and larval lobsters were processed for
immunocytochemistry for serotonin and proctolin by identical proto-
cols. Embryonic or larval lobsters were pinned to a Sylgard-coated dish
and the ventral nerve cord was exposed by partial dissection. Tissues
were fixed overnight at 4°C in 4% paraformaldehyde in PB containing
NacCl (462 mm) and KCl (16 mm) (PBS). After rinsing out the fixative
with PBS, further dissection was performed. In some cases, the entire
nerve cord was freed from the animal at this point; in other cases, small
amounts of exoskeleton were left to assist in pinning out of the nerve
cord. Micropins were used to hold the tissue to the Sylgard surface and
a small platform containing the nerve cord was cut from the Sylgard
dish. Throughout the subsequent processing, the Sylgard platform was
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Figure 3. HRP injection of the left A1 serotonin-proctolin neuron, and comparison of its branching pattern with fibers stained by serotonin
immunocytochemistry. 4, Computer reconstruction of an HRP-injected left 4] serotonin-immunoreactive cell. The projection of the A1 cell is
shown in the third (73), fourth (T4), and fifth (T5) thoracic ganglia and first abdominal ganglion (41). Note that the 41 cell forms a right-angle
branch in T3 and T4 (arrows). This branching pattern has also been seen in the second thoracic ganglion in other injected preparations. This cell
is known to form a lateral neuropil in each of these ganglia, as seen in T4 and T'5 (asterisks). A branch of the A7 cell also projects out the ipsilateral
thoracic second root of T2-T'5 and forms varicose release sites in the sheath of the second roots (shown here for 74 and T'5). Scale bar, 1 mm. B,
First abdominal ganglion of A is enlarged here, showing the main trunk, fine fibers, and varicosities in the cell-body region. Scale bar, 500 um. C,
Photograph of the fourth thoracic ganglion from the preparation in 4 showing the HRP-filled projection of the left 4] serotonin—proctolin neuron.



transferred through a series of 1 ml test tubes containing the wash
solutions. The following steps were performed: (1) Rinse in 0.1 m phos-
phate buffer, 0.3% Triton X-100 (PT) for 4-6 hr; (2) incubate in primary
antibody (anti-serotonin, 1:200 in PT; anti-proctolin, 1:300 in PT) for
12-20 hr at 4°C; (3) rinse in PT for 6-12 hr; (4) incubate in biotinylated
goat anti-rabbit IgG (Vector Labs) at a 1:200 dilution in PT for 6-12
hr at 4°C; (5) rinse (in PB) for 3-6 hr; (6) incubate in avidin-biotin-
peroxidase complex (ABC; Vector Labs), 1:100 for 1220 hr at 4°C; (7)
rinse preparations in PB for 2-4 hr; (8) incubate in 0.05% DAB and
develop by incubating in 0.02-0.05% DAB in PB with added 0.001-
0.005% H,0,; (9) after 5-30 min rinse in PB and dehydrate rapidly in
ethanol, unpin from the Sylgard platform, clear in xylene, and mount
in Permount. Preparations were viewed and photographed using a Zeiss
photomicroscope with Nomarski optics.

Computer reconstructions

HRP-injected cells and HRP-labeled immunocytochemical prepara-
tions were drawn using a computer reconstruction system (see Figs. 3,
A, B; 4,4, D; 6, B, C; 7, B, C). The hardware used in the reconstruction
system was designed by J. J. Capowski (Capowski and Sedivec, 1981)
and modified for our purposes. This consisted of a Zeiss compound
microscope, fitted with stepping motors which drove its stage in the X,
Y, and Z directions, controlled by a Digital Equipment PDP-11/23
computer. A camera lucida head was fitted to the microscope and di-
rected towards a graphics cathode ray tube (CRT) display generated by
a dynamic refreshed vector system (NDP3). This display could be seen
through the microscope overlaid upon the biological image. Commands
were given to the program by means of a keyboard, joystick, buttons,
and a magnetic data pad.

To record data, the viewer used the data tablet to move a cursor on
the screen (and thus in the microscope field of view) and was able to
trace objects and instruct the computer to record points and lines in 3
dimensions. The X and Y coordinates were taken from the position of
the data pad cursor, while Z was taken as the vertical level of the
microscope stage, adjusted by the viewer with a joystick to bring various
objects into focus. The 3-dimensional data were reconstructed using
mathematical algorithms and dynamically displayed on the CRT, and
could be zoomed to magnify different objects and rotated to study their
spatial relationships. The output also could be sent to a Hewlett-Packard
7475A felt-tip pen plotter to produce the reconstructions seen in this

paper.

Results

Physiological identification of serotonin-proctolin containing
newrons

Our first task was to establish a protocol that could be used to
routinely find and identify the serotonin-proctolin cells in the
T5 and Al ganglia of the ventral nerve cord. Towards this goal
we used a double-labeling procedure to test whether we had
correctly identified the cells (LY injection followed by immu-
nocytochemical processing for serotonin; see Materials and
Methods). Neurons in T5 and Al were penetrated with mi-
croelectrodes and LY was injected into neurons that fulfilled the
following criteria: (1) They were found in locations in the ganglia
similar to those of cells previously identified by immunocyto-
chemistry (Beltz and Kravitz, 1983); (2) they were approxi-
mately the same size as the immunocytochemically labeled cells

—
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of the earlier studies; and (3) action potentials could be elicited
by extracellular stimulation of the ipsilateral connective 2 seg-
ments anterior to the cell body. This stimulation site was se-
lected since the earlier immunocytochemical results suggested
that the ipsilateral connective would contain the main axonal
projection of the T5 and Al cells, and that the axons might
travel forward for at least 2 segments (Fig. 1). Following LY
injections (Fig. 24), preparations were fixed and processed for
serotonin immunocytochemistry using a peroxidase-labeled sec-
ondary antibody (see Materials and Methods). Cells that were
correctly identified in living preparations were double-labeled
with LY and the peroxidase reaction product (Fig. 2, B and C).
Of 8 cells identified in this way (4 in T35, 4 in Al), all were
double-labeled with LY/HRP, indicating that size, position, and
physiological criteria could be used to reliably identify the T5
and Al serotonin-proctolin neurons.

Electrophysiological properties of the T5-Al neurons

While identifying the T5 and Al neurons and characterizing
their anatomy (see below), the following physiological properties
were observed.

Resting and action potentials. The T5 and A1 serotonin-proc-
tolin neurons had resting potentials between 50 and 80 mV at
6-10°C. Resting potentials were about 50 mV on penetration
of the cells, and gradually improved over the next 30 min. A
characteristic feature of the physiology of these cells was their
large-amplitude action potentials with a prominent undershoot
(recorded in the cell body) and their tendency to be sponta-
neously active. Action potentials recorded in Al cell bodies
ranged in size from 50 to 70 mV; TS cell action potentials could
be as large as 60 mV, but were generally 20-40 mV in amplitude,
even in very stable recordings. Cells fire bursts of action poten-
tials or spontaneous low-frequency spikes for 15-30 min after
penetration, and often continued to fire throughout hours of
recording. No rigorous experiments have been carried out as
yet to test whether the bursting mechanism is endogenous to
the cells, but thus far we have seen no evidence that generation
of the bursts results from underlying synaptic activity. Depo-
larizing current pulses, delivered through the recording elec-
trode, triggered trains of action potentials, while a constant de-
polarizing current produced evenly spaced action potentials in
these cells, with very little adaptation during 5~10 min of current
injection.

To explore whether the firing patterns of these cells were
temperature-dependent (see Konishi and Kravitz, 1978), we
tested responses over a range of temperatures from 6 to 16°C.
No significant change in resting potential or firing pattern was
seen over this temperature range, although preparations sur-
vived longer if experiments were conducted at the lower tem-
peratures.

Electrical coupling and direct synaptic interactions. No evi-

Note the similarity between the branching pattern of the HRP-injected cell (see the right-angle branch at arrow) and the photograph of the sertonin-
immunoreactive branch of a 72 ganglion shown in D. The HRP-filled fiber that projects out the ipsilateral thoracic second root of this ganglion is
out of the focal plane of the photograph. The region of lateral ganglionic neuropil is labeled with an asterisk, in 4C. Scale bar, 165 um. D, Photograph
of part of a second thoracic ganglion stained immunocytochemically for serotonin using a fluorescein-labeled secondary antibody. The midline of
the ganglion is at the right margin of the picture. Note the right-angle branch (white arrow) that divides, sending 1 fiber laterally to form neuropil,
and another fiber posteriolaterally out the thoracic second root. An identical pattern of immunoreactive staining is seen in the 71, 73, and T4
Black arrowhead points to 1 of the pair of serotonin-immunoreactive cells found in the second thoracic ganglion. Scale bar, 195 pm. (Reprinted

with permission from Beltz and Kravitz, 1983).



538 Beltz and Kravitz - Identified Serotonin-Proctolin Neurons in the Lobster

Figure 4. HRP injection of the right T'5 neuron and comparison of its branching pattern with fibers stained by serotonin immunocytochemistry.
A, Computer reconstruction of a right T'5 cell and its projection. In T4 and T3 a fiber (arrows) branches off the main projection and travels anteriorly
and laterally in the connective, finally going out the ipsilateral second root of the next anterior ganglion (shown here only for the branch formed
in T4). This pattern of branches has also been seen in the second thoracic ganglion of other preparations (not shown). Scale bar, 1 mm. B, Photograph
of an anteriorly directed fiber branch (arrow) filled with HRP in a fourth thoracic ganglion (T4). A T5 serotonin—proctolin cell was injected with
HRP to fill this process. The branch shown projects out the thoracic second root of the next anterior ganglion (7'3). Compare with the immuno-
cytochemical staining in C. Scale bar, 170 um. C, Photograph of a third thoracic ganglion stained immunocytochemically for serotonin. Note the
right-angle branch of the A paired serotonin—proctolin neuron (see Fig. 3 and text) and the branch that projects anteriorly and laterally (arrow).
In immunocytochemical preparations, the latter branch travels anteriorly in the connective and projects out the ipsilateral thoracic second root of
the next anterior ganglion. Scale bar, 75 um. D, Computer reconstruction of a right T5 cell showing a different branching pattern than 4. This HRP
injection shows that the T3 cell projects into the first thoracic (T'7) ganglion. In each of the ganglia anterior to the cell body, a branch from the
main fiber projects out the thoracic second root. This branch is formed in the same ganglion from which it projects, unlike the T'5 cell shown in
A, where the branch travels into the next anterior ganglion before going out the second root. The cell-branching pattern shown here is similar to
that shown in Fig. 3, A-C for the AI cell. Scale bar, 1.25 mm.
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dence of electrical coupling was found with either hyperpolar-
izing or depolarizing pulses between pairs of cells in a single
ganglion or between homologous cells in the TS and A1 ganglia.
In addition, there was no evidence of direct synaptic connections
between these cells.

Anatomy of T5 and Al serotonin—proctolin containing neurons

To obtain a detailed picture of the neuronal geometry of these
cells, we pressure-injected HRP into identified TS and A1 cells
(Figs. 3, A-C; 4, A, B, D). Juvenile lobsters were used for these
studies to maximize the likelihood that a major proportion of
the dendritic and axonal arbors of each cell would be filled. The
results showed that the TS5 and Al paired neurons were mono-
polar cells with very large fields of innervation projecting an-
teriorly through at least 5 segmental ganglia. In each thoracic
ganglion a distinctive, repeating pattern of branches was seen
(Figs. 3, A-D, and 4, A-D).

Al serotonin-proctolin cells. A main trunk from the A1l cell
body divides in the neuropil near the cell body sending a large
(3-5 um) projection anteriorly and laterally in the ipsilateral
connective (Fig. 34). It and the other branch give rise to a
multitude of fine, beaded fibers that traverse the hemiganglion
in which the cell body was found (Fig. 3B). A small (1-2 um)
posteriorly directed process enters the posterior connective and
appears to end as it emerges from the ganglion (Fig. 3B). In
contrast, the anteriorly projecting process travels towards T35,
sending branches out the second and third roots of T5 before
it reaches the TS5 ganglion, where it curves towards the midline
and then turns sharply anteriorly, still in the ipsilaterial con-
nective (Fig. 34). From the earlier immunocytochemical stud-
ies, we know that at this point the process joins a medial bundle
of serotonin containing fibers that run from the subesophageal
ganglion (SG) to A6 (Fig. 3D). Immunocytochemical studies
also showed that processes entering the second and third roots
form a dense plexus of varicosities that cover the surface of the
root. In the injected cells, some, but not many, varicosities in
the roots were filled with HRP, presumably because diffusion
limits access of the enzyme to the fine branches and varicosities,
As the large midline projection travels forward and enters each
anterior ganglion (T4, T3, T2), a right-angle fiber branches off
the main axon, bifurcates and 1 branch travels out the second
root of each ganglion (Figs. 3, A, C, and D). This characteristic
right-angle branch was seen in the thoracic ganglia from the SG
to T4 in earlier immunocytochemical studies (Fig. 3C; Beltz
and Kravitz, 1983), but at that time we did not know that the
Al cells were the origin of these branches. A second branch
from the right-angle process forms lateral neuropil regions in
each of the anterior ganglia.

The T5 serotonin-proctolin cells. The projections of the T5
serotonin—proctolin-containing neurons are similar to those of
the Al cells (Fig. 4, A, D); a large process from each T5 cell is
directed anteriorly in a lateral fiber bundle for 1 segment (T5
to T4); then the process bends to the midline, where it joins the
same fiber bundle as the projection from the ipsilateral Al cell.
The TS5 cells also send branches out the second roots of anterior
thoracic ganglia (T4, T3, T2, T1). There are 2 alternative routes
that can be taken by these branches. From most T35 cells a fiber
branches off the main projection in each thoracic ganglion and
travels anteriorly to project out the second root of the next rostral
ganglion (Fig. 4, 4, B). This branch also had been seen, but not
identified as to its origin in the earlier immunocytochemical
studies (Fig. 4C). Alternatively, the branching pattern of some
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Figure 5. Composite drawing of the major features of a paired serotonin-proctolin neuron, illustrating the locations of the central and peripheral
release sites. [Reprinted from Siwicki et al. (1985), with the permission of Peptides.]

TS5 cells is similar to that of the Al cells (Fig. 4D). In these
cases, a branch forms from the main fiber trunk and projects
out the second root of the same ganglion (Fig. 4D). These branches
usually do not form the geometric right-angle shapes that are
formed by the Al cell branches; instead, the branch projects
slightly anteriorly until it turns and is directed towards the sec-
ond root (see T3, Fig. 4D). No cells have been seen that form
both types of branches.

The projections of the TS5 and A1 pairs of cells into thoracic
second roots account for all the presumptive serotonergic fibers
originally found in these roots (Livingstone et al., 1981; Fig. 1
in Beltz and Kravitz, 1983). These cells, therefore, are the origin
of the serotonergic peripheral root neurosecretory plexus. Im-
munocytochemistry also showed that a single fiber from either
the TS5 or Al cells projects distally in the second roots towards
the pericardial organs (Beltz and Kravitz, 1983).

Our analysis of the T5 and A1 cells is limited by the distance
that HRP diffuses in these tissues (2-3 cm). In each case, how-
ever, the most distal HRP-filled process fades out in each in-
jected cell rather than ending abruptly or forming terminal ar-
borizations, as might be expécted if the cells were completely
filled. Immunocytochemical studies, particularly in larval lob-
sters, show processes of similar morphology to the identified
T5 and Al cell branches in the subesophageal ganglion. These
neurons, therefore, have enormous arbors of endings, possibly
projecting all the way to the SG. In addition, the immunocy-
tochemical and anatomical data suggest that these cells are likely
to release their transmitter contents both into the peripheral
circulation from the thoracic second root neurosecretory regions
and into central neuropil regions in the thoracic ganglia (Fig.
5).

Embryonic and larval studies: development of transmitter
phenotypes in T5 and Al neurons

Embryonic lobsters develop in eggs that are attached to the
mother’s swimmerets on the ventral side of the abdomen. Nor-
mally, the females extrude and fertilize the eggs during Septem-
ber or October, then brood them under the abdomen until the
following May or June, when all the larvae hatch within a few
days of one another (Herrick, 1896). Development is not con-
stant during this period, however. After extrusion, development
proceeds for several months until the water temperature falls
below about 8°C. Below that temperature, development slows
dramatically or stops. In New England waters, therefore, there
normally is little development of Homarus eggs from December
through April. Since the rate of embryonic development is vari-
able and temperature-dependent, exact developmental stages
cannot be determined simply from knowledge of the time of
fertilization. Instead, an eye-size index is used in conjunction
with time of fertilization (if known) and eventual time of hatch-
ing of the brood to stage embryos (see Materials and Methods).
The embryonic data presented here come from animals with
eye indices of 320-360 units, representing animals approxi-
mately 4-5 months from hatching. Such embryos were about
halfway through development by these criteria, and were taken
from mothers during the dormant period of the winter months
in New England waters.

It was of interest to see when in development serotonin and
proctolin immunostaining appeared in the T5 and Al cells.
Therefore, immunocytochemical studies were carried out with
ventral nerve cords from mid-stage embryos (see Materials and
Methods and above) and from the first 4 larval stages of lobsters



(see Materials and Methods). These studies demonstrated that
even midstage embryos show a system of neurons and neuronal
processes staining for serotonin, similar in its main features to
that seen in adults (Fig. 6, 4 and B). All of the approximately
100 presumptive serotonergic neurons can be accounted for,
and their positions and relative sizes are typical of the same
neurons in the adult lobster. In contrast to the early appearance
of serotonin immunoreactivity, however, proctolin staining (seen
in about 1500 neurons in juvenile lobsters; see Siwicki and
Bishop, 1986) is observed in only a few hundred anteriorly
located cell bodies in embryos (with 1 exception; see below and
Fig. 6C). Staining appears in the remaining neurons during late
embryonic and early larval development (Fig. 7C).

Although we do not know precisely when serotonin immu-
noreactivity first appears in the T5 and A1 serotonin—proctolin
neurons, these cells do show serotonin immunoreactivity in
midstage embryos (Fig. 6, B, D). The characteristic branch points
of these cells also are well developed (see Figs. 3 and 4), as are
the plexuses of varicosities in the proximal regions of the tho-
racic second roots (see Figs. 1 and 5). In contrast, proctolin-like
immunostaining is not seen in the T5 and Al neurons at this
developmental stage (Fig. 6, C, E). Proctolin-like immunoreac-
tivity is seen first in these cells in embryos just prior to hatching,
and staining intensity increases in larvae until about the fourth
stage, when the density of staining is similar to that seen in
juveniles (see Fig. 7C and Siwicki and Bishop, 1986). Staining
of neuropil branches of the TS and A1 cells for proctolin appears
even later, and is probably not complete until the sixth larval
stage. Also shown in Fig. 6, C and E, is a single large midline
cell staining for proctolin in the second abdominal ganglion.
This cell stains for proctolin only in embryonic and early larval
life and either loses the proctolin immunoreactivity or dies.

Discussion

The premise with which this paper began was that amines and
peptides are likely to play vital roles in regulating or controlling
behavior. Some steps we are following in attempting to define
these roles are (1) to identify the parts of the behavioral rep-
ertoire where amines or peptides might play a role; (2) to study
how exogenous amines and peptides might act on the nervous
system to produce these effects; (3) to find identifiable neurons
containing these substances; (4) to develop methods for record-
ing from such neurons, both to learn how the cells are normally
activated and to explore the consequences of their activation;
and (5) to try to fit the circuitry with which these neurons interact
and the type of interaction back into the piece of behavior under
investigation. In lobsters, injection of the amines serotonin and
octopamine trigger opposing postures that resemble “aggres-
sive” and “submissive” stances seen during normal behavior
in these animals (Scrivener, 1971; Atema and Cobb, 1980; Liv-
ingstone et al., 1980). Physiological studies demonstrated that
exogenous amines triggered these opposing postures by actions
both in the ventral nerve cord, where specific motor programs
were activated, and on exoskeletal muscles, where the tissues
were primed to respond more vigorously (Livingstone et al.,
1980; Harris-Warrick and Kravitz, 1984). The search for iden-
tified neurons that might contain these amines has focused on
serotonin thus far, and has narrowed to the 2 pairs of neurons
that are the subject of this paper, the 2 pairs of cells in the fifth
thoracic (T5) and first abdominal (A1) ganglia (Beltz and Kra-
vitz, 1983; Siwicki et al., 1987). These cells were chosen for
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investigation because immunocytochemical studies indicated
that they had both central and peripheral projections (Beltz and
Kravitz, 1983), projections that might account for the central
and peripheral actions of serotonin. The morphological, phys-
iological, and developmental studies presented in this paper,
and the biochemical results of the preceding paper (Siwicki et
al., 1987) demonstrate that the TS and Al paired cells have
several interesting and useful features. They can reliably be found
and recorded by using size, position, and physiological prop-
erties as criteria for identification. They have enormous fields
of innervation projecting in an anterior direction into at least
the next 4 segmental ganglia (possibly all the way to the sub-
esophageal ganglion) and arborizing in a repetitive fashion in
the neuropil regions of each ganglion. They are the origin of the
neurosecretory plexuses that supply serotonin to the hemo-
lymph through branches sent into the second roots of each tho-
racic ganglion, which then ramify into superficial varicosities.
They are usually spontaneously active cells that show large over-
shooting action potentials in their cell bodies. In addition to
containing serotonin, these cells also contain the peptide proc-
tolin (Siwicki et al., 1987) and both substances have actions on
motor programs (Livingstone et al., 1980; Bradbury and Mul-
loney, 1982; Hooper and Marder, 1984, 1985). Finally, im-
munostaining for serotonin and proctolin appears in these cells
at widely different times in development.

Some of the above points require further comment. Large
fields of innervation are a general feature of amine neurons in
both vertebrate and invertebrate nervous systems (Pentreath et
al., 1973; Parent, 1981; Parent et al., 1981). In this respect the
T5 and Al neurons are typical amine cells. On the other hand,
while the fields of innervation of these cells are large, they are
not random. The cells have 2 distinct sets of endings. A pe-
ripheral set along the thoracic second roots has the morpholog-
ical features of neurosecretory terminals (Livingstone et al., 1981)
and is a likely source of serotonin (and possibly proctolin) for
actions on exoskeletal muscles. A central set is associated with
a highly repetitive set of branches of these cells, given off as
their processes ascend through more anterior thoracic ganglia.
The central endings might mediate the central actions of sero-
tonin on motor programs. The T5 and Al neurons, however,
do not seem to function as “command neurons” (single cells
whose activation leads to the triggering of a complex pattern of
behavior like a motor program) (Evoy and Kennedy, 1967; Ken-
nedy et al., 1967; Larimer et al., 1986). In preliminary experi-
ments, it appears that these cells are influenced by “command
neurons” in appropriate ways to play some role in the “com-
mand neuron” circuitry, but precisely how they function and
what their targets are within the neuropil of central ganglia
remains to be elaborated (B. S. Beltz and E. A. Kravitz, un-
published observations). These topics are the focus of our pres-
ent physiological studies.

The TS and A1 cells project their axonal arbors in an anterior
direction, into the thoracic parts of the animal. Few, if any,
processes travel into more posterior abdominal ganglia. When
amines are injected into animals, however, postural changes are
seen in both thoracic and abdominal regions. Close examination
of the morphological features of ventral nerve cords from ju-
venile, larval, and embryonic animals (Beltz and Kravitz, 1983,
and unpublished observations) processed immunocytochemi-
cally for serotonin, suggest that the T5 and Al cells may be part
of a set of neurons, 1 pair of which is found in each abdominal
ganglion. The TS5 and Al cells are more than twice as large as
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Figure 6. A, A drawing from Herrick (1896) illustrating the general appearance of the embryos used for the studies in B and C. Note that the tail
is folded ventrally, so that it is situated between the eyes. x25. B, Embryonic nerve cord (eye index, 325) stained immunocytochemically for
serotonin. Shown here are the third (7°3), fourth (74), and fifth (T'5) thoracic ganglia and first (47) and second (42) abdominal ganglia. The staining
pattern can be compared with the adult pattern shown in Figure 1. Note that the paired neurons in 73-T5 and A/ already stain for serotonin at
this embryonic stage, as does the unpaired medial cell in A1. Neuropil (stippled area) and fibers reminiscent of the adult pattern also stain in these
midstage embryos, although the full complement of adult fibers is not apparent until later in embryonic life. Scale bar, 500 pm. C, Embryonic
nerve cord (eye index, 360) stained immunocytochemically for proctolin, T3-T5, A1 and 42 ganglia are shown. Although some fibers and neuropil
are stained, only 1 cell body—an unpaired anterior medial cell in 42—shows proctolin immunoreactivity in this part of the nervous system. The
full complement of proctolin~immunoreactive cell bodies seen in adult preparations is not seen in development until the fourth or fifth larval stage
(see Fig. 7, larval stage 3, and Siwicki and Bishop, 1986). Scale, same as B. D and E, Whole mounts of the 75, 41, and 42 ganglia of lobsters
approximately halfway through embryonic development stained for (D) serotonin- and (F) proctolin-like immunoreactivities. At this stage, the
identified T5 and AI cell pairs stain for serotonin (arrows in D), but do not stain with antibody to proctolin (E), even though other proctolin-



the other members of the set, but in each abdominal ganglion
(A2-A6), a pair of serotonin-immunoreactive neurons is found,
which sends an axon forward in a lateral fiber bundle. The axon
turns towards the midline just before the next anterior ganglion.
The fibers then join the same midline bundle to which the T5
and Al neurons will ultimately project, and give off a small
spray of neuropil branches in 1 or more anterior ganglia (Beltz
and Kravitz, 1983). It remains possible that for a coordinated
role of serotonin in postural control, the entire set of 14 neurons
must be activated, a possibility we are currently exploring. We
also do not know yet whether proctolin is colocalized with sero-
tonin in the posterior 10 cells of this set.

The large action potentials and spontaneous activity seen in
the TS and A1 cells are not typical of most neurons in lobster
ventral nerve cords (Otsuka et al., 1967; Thompson and Page,
1982). Action potential size recorded in cell bodies is usually
5-10 mV and, with only few exceptions, the cells are silent. The
activity seen in the serotonin-proctolin cells has been seen in
other lobster neurohormonal cells, however (Konishi and Kra-
vitz, 1978).

The developmental studies raise several interesting questions.
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First, if the TS and Al neurons are concerned mainly with
postural mechanisms, why are the arbors of these neurons so
well formed, and why do they express serotonin so early in
development? Many of the postural muscles that we believe are
under modulatory control by serotonin in adult animals do not
even exist at the time that a plexus of neurosecretory endings
containing serotonin is found on thoracic second roots. When
do the circuitries involving flexor and extensor motor programs
first develop, and when do they first become sensitive to sero-
tonin? It is also of considerable interest that serotonin and proc-
tolin immunostaining appears at such widely different times in
development in the TS5 and Al neurons. Serotonin staining is
seen early in development, possibly at the time of the terminal
differentiation of the cells (Lauder et al., 1982; Taghert and
Goodman, 1984), while proctolin staining first appears at close
to the time of hatching, probably some 4-6 months later in the
wild. Proctolin staining is not complete until between the fourth
and sixth larval stages, another several weeks after staining is
first seen. Thus proctolin staining is increasing during a period
of dramatic metamorphosis of larval lobsters, the transition
from first-stage animals that do not look or behave like mature

positive cells are present (see unpaired stained cell at arrow in A2 and text). Proctolin-like staining first appears in the 75 and A7 cells in late
embryonic and early larval stages. Scale bar, 50 um. (D and E Reprinted with permission from Siwicki et al., 1985.)
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B

Figure 7. A, Drawing from Herrick (1896) showing the external appearance of a third-stage larva (lateral view). The major features noticeable at
this stage are growth and development of the large claws, and the acquisition of the last pair of abdominal appendages which, with the telson,
compose the tail fan. x10. B, Serotonin immunoreactivity in a portion (7'3-42) of a third-stage larva. Stained cell bodies, fibers, and neuropil
regions (stippled areas) are basically organized as they are in the adult nervous system. Scale bar, 250 um. C, Proctolin immunoreactivity in a
portion (74-42) of a third-stage larva. Note that the number of stained neurons and fibers has increased dramatically since midembryonic life (see
Fig. 6C). The T5 and A1 paired serotonin—proctolin neurons are apparent at this stage, although they stain more darkly in later larval stages. (To
compare with adult staining pattern, see Siwicki and Bishop, 1986.) Same scale as B.



lobsters to fourth-stage animals that resemble miniature lob-
sters. Immunostaining cannot tell whether proctolin first ap-
pears in these neurons at late developmental stages, or whether
this is only a time of a rapid increase in proctolin content from
low immunocytochemically undetectable levels to levels ob-
servable with our antibodies. Molecular genetic studies search-
ing for the time of first appearance of the mRNA coding for a
proctolin precursor would be much better in this regard. At
present, we are attempting to develop probes suitable for this
purpose. If molecular genetic studies confirm that the serotonin
and proctolin phenotypes are regulated independently, this may
be a useful system for studying the function of the same amine
cells before and after they express their peptide function, and
to examine the factors that regulate this expression.

In exploring the linkage between serotonin and proctolin and
aspects of lobster behavior, then, we have observed postural
effects of amine injection that can be linked to ‘“‘aggressive”
behavior, we have some understanding of how exogenous amines
exert these effects, and we have found individual serotonin—
proctolin-containing cells that may play some role in these pos-
tural controls. Further studies will be required to define these
roles more fully and, ultimately, to link activation of such cells
to the behaviors under examination.
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