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Abstract 
Histamine is a putative neurotransmitter in mammals and molluscs, but its role in the nervous 

systems of other animals is not known. This study examines the possibility that histamine is a 
neurotransmitter in an arthropod. Results show that first, 14 neurons in the stomatogastric ganglion 
of the spiny lobster respond to histamine. The response is inhibitory, is mediated by an increased 
conductance to chloride, and desensitizes with repeated applications of histamine. These same 14 
neurons receive one type of synaptic potential from two extrinsic neurons, the “through-fibers” of 
the inferior ventricular nerve. This synaptic potential is also inhibitory, is mediated by an increased 
conductance to chloride, and is blocked when histamine receptors are desensitized. Second, assays 
of endogenous histamine indicate that histamine is distributed nonuniformly throughout the 
stomatogastric nervous system and that its distribution correlates with the axonal pathways and 
terminal arborizations of the inferior ventricular nerve through-fibers. Lastly, histamine is present 
in relatively high concentrations in the cell bodies of the through-fibers, whereas it is not detectable 
in other neurons in the stomatogastric system. These results suggest that histamine may be a 
transmitter in the lobster. 

The stomatogastric nervous system of the lobster has 
been used to elucidate a number of cellular mechanisms 
underlying the generation and control of rhythmic be- 
havior (Selverston et al., 1976; Raper, 1980; Eisen and 
Marder, 1982; Miller and Selverston, 1982a, b; Russell 
and Hartline, 1982). Recent work has focused on the role 
of monoamines in this system and has shown that do- 
pamine is present in neurons (Kushner and Maynard, 
1977; Kushner and Ono, 1978) and that it may mediate 
patterned activity (Kushner, 1979b; Anderson, 1980; An- 
derson and Barker, 1981). Because preliminary evidence 
indicated that histamine was present in stomatogastric 
tissue and that some neurons responded to it (E. Marder 
and R. McCaman, personal communication; Anderson, 
1980), the present investigation was undertaken to ex- 
amine the possibility that histamine is a transmitter in 
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the lobster. Histamine is a putative neurotransmitter in 
the mammalian central nervous system (see reviews by 
Schwartz, 1977; Schwartz et al., 1979,198O) and has been 
shown to be a transmitter in the molluscan central 
nervous system (Weinreich, 1978; McCaman and Wein- 
reich, 1982). Its functional role in other animals has not 
been investigated. 

The stomatogastric nervous system controls the 
rhythmic movements of the lobster foregut (Morris and 
Maynard, 1970). One ganglion in this system, the sto- 
matogastric ganglion, is particularly advantageous for 
physiological and pharmacological studies because it con- 
tains only 30 neurons, all identifiable, that generate 
patterned activity (Marder, 1976; Selverston and Miller, 
1980; Miller and Selverston, 1982a, b; Eisen and Marder, 
1982; E. Marder and J. S. Eisen, submitted for publica- 
tion). Although neurons in this ganglion produce pat- 
terned activity without receiving peripheral feedback, the 
rate and pattern of activity are influenced by axons from 
more central ganglia (Russell, 1976, 1979) which enter 
the ganglion via the stomatogastric nerve (SN). Two of 
these axons are known to be the “through-fibers” of the 
inferior ventricular nerve (IVN). The IVN through-fi- 
bers, also called IVN command interneurons, are thought 
to be the only axons in the IVN which enter the SN 
(Dando and Selverston, 1972; Kushner, 1979a; Russell 
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and Hartline, 1981) and hence can be selectively acti- 
vated in the SN by extracellular stimulation of the IVN. 
Previous investigations have shown that the through- 
fibers make both inhibitory and excitatory synapses onto 
certain stomatogastric neurons, and they can induce 
alterations in either the rate or pattern of activity pro- 
duced by the ganglion (Dando and Selverston, 1972; 
Selverston et al., 1976; Sigvardt and Mulloney, 1982a, 
b). 

In the first part of the study reported here, we found 
that exogenous histamine inhibits 14 of the neurons in 
the stomatogastric ganglion. An examination of the re- 
ported synaptic connections in the ganglion showed that 
these same 14 neurons receive inhibitory postsynaptic 
potentials from the IVN through-fibers (Dando and Sel- 
verston, 1972; Selverston et al., 1976; Sigvardt and Mul- 
loney, 1982a, b). In the second part of this study, whole 
nerves and ganglia were assayed for’ histamine. Data 
indicate that of the various nerves in the stomatogastric 
system, the IVN contains the highest concentration of 
histamine, and furthermore, that the distribution of his- 
tamine throughout the stomatogastric system correlates 
with the axon pathways and terminal arborizations of 
the through-fibers. 

Because these results suggested that the IVN through- 
fibers might use histamine as a transmitter, a separate 
study, summarized here and reported in detail elsewhere, 
was undertaken to locate the cell bodies of the through- 
fibers (Claiborne, 1981b; Claiborne and Selverston, 
1983). Briefly, following cobalt backfilling of the IVN, 
two cells were stained at the base of the IVN in the 
brain. Intracellular stimulation of these cells in an in 
vitro preparation showed that their axons traveled from 
the IVN to the SN and, although strict tests for mono- 
synapticity were not done, that action potentials evoked 
in the cell bodies elicited postsynaptic responses in spe- 
cific stomatogastric neurons which corresponded to the 
postsynaptic responses elicited by extracellular stimula- 
tion of the IVN. 

In the last part of the work reported here, we assayed 
these cells (the “IV neurons”) and found that they con- 
tain detectable levels of histamine, whereas other neu- 
rons in the stomatogastric system do not. These results 
are discussed in terms of the possibility that histamine 
may function as a transmitter in the lobster stomatogas- 
tric system. 

Portions of this work have been reported in abstract 
form (Claiborne, 1980a, b, 1981a). 

Materials and Methods 

Animals. Spiny lobsters (Panulirus interruptus) were 
obtained from local fishermen (San Diego, CA) and kept 
in running seawater aquaria. Animals of both sexes, 
weighing between 0.4 and 1.5 kg, were used. The esoph- 
agus and stomach were removed from the animal, and 
the stomatogastric nervous system and supraesophageal 
ganglion were dissected free as described previously 
(Mulloney and Selverston, 1974). The nervous tissue was 
pinned out in a Sylgard-coated dish and covered with 
Panulirus saline. 

Saline. Normal Panulirus saline was composed of the 
following: 486.9 mM Na+, 519 mM Cl-, 12.7 mM K+, 13.7 
mM Ca+‘, 10 mM Mg+*, 13.9 mM S04-*, 4.9 mM N- 

tris(hydroxymethyl)-methyl-2-aminoethanesulfonic acid 
(Sigma), and 4.9 mM HEPES (Sigma) buffers. The pH 
was adjusted to 7.45 by the addition of NaOH. 

To prepare calcium-free saline, MgS04 was substituted 
on an equimolar basis for CaC12. Saline containing twice 
normal potassium was made by adding 12.7 mM KC1 to 
normal saline without compensation for osmolarity 
changes. Low chloride saline was made by substituting 
Na2S04 for NaCl and adjusting the osmolarity with su- 
crose. This substitution was done in calcium-free saline 
to avoid precipitation of Ca2S04. 

Histamine responses. The stomatogastric nervous sys- 
tem was prepared for recording, and neurons in the 
stomatogastric ganglion were identified physiologically 
(Russell, 1976; Selverston et al., 1976). Following neu- 
ronal identification, spontaneous activity was sometimes 
reduced by cutting the stomatogastric nerve. Microelec- 
trodes for intracellular recordings were filled with either 
3 M KC1 or 0.5 M KzS04 and had resistances between 35 
and 50 megohms. In the majority of experiments, two 
electrodes were inserted into a neuron, one for recording 
and one for injecting current. Either a silver-chloride 
wire or an agar bridge was used as a bath ground. Con- 
ventional electrophysiological equipment was used to 
record transmembrane voltages and applied current. 

Histamine was applied to somal membranes using an 
iontophoretic pipette filled in most cases with 1 M his- 
tamine dihydrochloride (Calbiochem) dissolved in dis- 
tilled H20 (pH 4.5); responses could also be elicited with 
0.1 and 0.5 M histamine. Iontophoretic current pulses 
(+) were usually 30 msec in duration, but were occasion- 
ally as long as 100 msec. Holding currents of approxi- 
mately 5 nA were routinely used. Control iontophoresis 
of saline, pH of 4.5, did not elicit responses. 

The iontophoretic pipette was positioned within 20 pm 
of a soma, a pulse of histamine was ejected, and resulting 
voltage or conductance changes were recorded. If no 
response was elicited, the pipette was repositioned sev- 
eral times and the procedure was repeated. In a few 
experiments, histamine was applied iontophoretically to 
the neuropil region while the ganglion was bathed in 
calcium-free, high-magnesium saline which blocks chem- 
ical synapses in this preparation. This procedure was 
generally not employed because of the extensive electri- 
cal coupling among stomatogastric neurons. Neuronal 
responses were also recorded during bath application of 
histamine. Histamine (lop5 to 10T4 M) was dissolved in 
calcium-free, high-magnesium saline and perfused over 
the ganglion at a rate of 25 ml/min, resulting in a 
complete change of saline within 30 sec. 

The following histamine Hi antagonists were dissolved 
in Panulirus saline at concentrations between 5 x low5 
and 2 x lop4 M and were superfused over the ganglion: 
chlorpheniramine, pyrilamine (Chemalog), diphenhydra- 
mine, and promethazine (Smith, Kline and French). The 
histamine H2 antagonists cimetidine and metiamide 
(both gifts of Smith, Kline and French) were dissolved 
in HCl, neutralized with NaOH, and diluted in saline to 
concentrations between 5 x 10e5 and 5 x 10e4 M. Picro- 
toxin and d-tubocurarine (Sigma) were dissolved in sa- 
line at 2 X IO-* M. 

Histamine assay. Either entire ganglia and nerves or 
neuronal cell bodies were dissected and assayed for his- 
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Figure 1. Histamine response in a PD neuron. Intracellular recordings from a PD and a VD neuron showing the normal 
rhythmic activity. Histamine was applied iontophoretically (arrows) to the somata. The attenuated action potentials in the PD 
were abolished, as were the slow-wave oscillations underlying the bursts. The VD was unaffected by histamine, even though the 
histamine pulse was much longer in duration (200 msec) than the pulse used to affect the PD neuron (30 msec). The resting 
membrane potentials of the PD and VD neurons were -60 and -59 mV, respectively. Scale bars = 20 mV, 1 sec. 

tamine. For assays of entire ganglia or nerves, tissue 
samples were removed from the saline and loaded directly 
into microtubes containing 0.1 N HCl and 20 mM mer- 

captoacetic acid. The amount of HCl/mercaptoacetic 
acid was proportional to the size of the tissue sample and 
varied from 10 ~1 for the stomatogastric ganglion to 120 
~1 for the inferior esophageal nerve (ION). Samples were 
either assayed immediately or were stored at -70°C for 
several days. Single cell bodies or clusters of cell bodies 
were isolated, using the protocol of Ono and McCaman 
(1980), and were loaded into microtubes. Either 5 or 10 
~1 of 0.1 N HC1/20 mM mercaptoacetic acid were added 
to each tube. 

Histamine was measured using the procedure of Taylor 
and Synder (1972), as modified by Weinreich et al. 
(1975). For the assays of whole ganglia and nerves, 
histamine standards and blanks were carried through the 
entire procedure. Recovery of standards, in the presence 
or absence of tissue extracts, ranged between 80 and 
lOO%, and the results were corrected for recoveries. Ra- 
dioactivity was directly proportional to the amount of 
histamine standards up to 5.0 pmol. Greater than 80% 
of the radioactivity co-chromatographed with l-methyl- 
histamine (Calbiochem) in two solvent systems. Protein 
in the tissue samples was measured using the Lowry 
procedure with bovine albumin (0.3 to 5.0 pg) standards. 
For the measurement of histamine in cell bodies, the 
sensitivity of the assay permitted the reliable detection 
of as little as 0.02 pmol of histamine (Ono and McCaman, 
1980). 

Results 

Histamine response. The stomatogastric ganglion con- 
tains 30 neurons of which 23 are motor neurons control- 

ling muscles of either the pyloric region or the gastric 
mill region of the stomach. The remaining seven are 
interneurons. Each neuron type in the ganglion was 
tested for histamine responsiveness in at least three 
preparations, except interneuron 1 which was examined 
only twice. 

Fourteen of the neurons in the ganglion responded to 
the iontophoretic application of histamine to their so- 
mata. These were the two pyloric dilators (PDs), the four 
gastric mill neurons (GMs), the two lateral posterior 
gastrics (LPGs), the five EX cells (interneurons), and 
the anterior burster (AB, also an interneuron). Figures 1 
and 2 show examples of these responses in the PD, GM 
and LPG neurons. Figure 1 also shows the absence of a 
response in a ventral dilator neuron (VD). Although the 
distribution of histamine receptors was not examined in 
detail, histamine responses were most easily found in 
PD, AB, and EX neurons. Before a response was elicited 
in the GM or LPG neurons, the iontophoretic pipette 
often had to be repositioned several times. Iontophoretic 
application into the neuropil region elicited hyperpolar- 
izing responses in the two neurons tested, the PD and 
GM neurons. Bath application of histamine also elicited 
hyperpolarizing responses in all of the neurons which 
responded to iontophoretic application. 

Only one type of histamine response was found in 
stomatogastric neurons, and it was always mediated by 
a conductance increase, the amount of which varied de- 
pending on the size and proximity of the histamine pulse. 
It was not unusual to see a 2- to 3-fold conductance 
increase at the peak of the response, reflecting a change 
in input resistance from approximately 10 to 3 megohms. 
This is illustrated in Figure 3, which shows the conduct- 
ance increase following an iontophoretic application of 
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LPG 

Figure 2. Histamine responses in a GM and an LPG neuron. Intracellular recordings from these neurons show their normal 
patterned activity. Note the decrease in amplitude of both the attenuated action potentials and the slow-wave oscillations, 
followine histamine annlication (arrows). The restine membrane potentials of the GM and LPG neurons were -61 mV and -62 
mV, respectively. Scaie’bars = 2d mV, 4’sec. 

histamine, and in Figure 4, which shows the conductance 
increase in the presence of bath-applied histamine. 

The voltage change accompanying the response was 
usually in the hyperpolarizing direction (Figs. 1 and 2), 
but it was occasionally depolarizing in neurons with low 
resting potentials. In no cases was a response found 
which was depolarizing at all membrane potentials; the 
reversal potential was always within 10 mV of the resting 
potential. In some neurons, the reversal potential corre- 
sponded to the resting membrane potential such that no 
voltage change was observed (Fig. 3). 

The reversal potential was examined in detail in EX 
neurons and found to average within 1 mV of the resting 
potential (Fig. 5). In 13 EX neurons tested, the average 
reversal potential was -59.9 f 1.8 (mean f SEM) mV, 
while the average resting potential was -60 + 2.2 mV. 
Similar values were obtained using GM neurons. 

The reversal potential value suggested that the re- 
sponse was mediated by chloride ions, and hence the 
reversal potential was recorded after changes in chloride 
and potassium ions. First, after intracellular injection of 
chloride ions into 8 EX neurons from different animals, 
the reversal potentials depolarized, and the resting po- 
tentials hyperpolarized slightly (Fig. 6 and Table I). Both 
reversal and resting potentials returned to control values 
within 10 min. 

Second, in the presence of saline containing two times 
the normal external potassium concentration, the rever- 
sal potentials depolarized by a few millivolts, but the 
resting potentials depolarized an even greater amount 
(Table I). 

Third, in the presence of saline with half the normal 
chloride concentration, the reversal potential depolarized 
9 mV (Table I), while the resting potential depolarized 
by 7 mV. When the ganglion was returned to normal 

saline, the reversal potential and the resting potential 
hyperpolarized 6 mV relative to control values and then 
returned to the control potentials within 15 min. The 
resting potential changes in these experiments suggest 
that there is a high resting chloride permeability in 
stomatogastric neurons (see “Discussion”). 

Pharmacological experiments showed that none of the 
histamine Hi or Hz antagonists blocked the histamine 
response. However, curare at a concentration of 2 x 10e4 
M did reversibly block the response (Fig. 7). Curare did 
not affect the membrane resistance of stomatogastric 
neurons (as measured with intracellular current pulses 
or ramps) or the reversal potential of the histamine 
response (data not shown). Picrotoxin, known to block 
some synaptic potentials in this ganglion (Maynard and 
Walton, 1975; Bidaut, 1980; Eisen and Marder, 1982; E. 
Marder and J. S. Eisen, submitted for publication), had 
no effect on the histamine response, nor did it affect the 
membrane resistance of stomatogastric neurons (data 
not shown). 

IVN through-fiber synapses. Previous work has shown 
that stimulation of the IVN through-fibers elicits both 
inhibitory and excitatory synaptic potentials in stoma- 
togastric neurons (see “Discussion”). Because we found 
that the same 14 neurons which receive inhibitory poten- 
tials from the through-fibers are inhibited by exogenous 
histamine, we examined several properties of the 
through-fiber synapses, including the reversal potential 
and ionic dependence of the inhibitory responses, and 
the effects of antagonists and histamine receptor desen- 
sitization on both inhibitory and excitatory potentials. 

To characterize the postsynaptic effects of the 
through-fibers on neurons in the stomatogastric gan- 
glion, the stomatogastric nervous system was prepared 
for recording, and extracellular stimulating electrodes 
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Figure 3. Increase in membrane conductance in response to histamine. Histamine was applied iontophoretically (arrow) to 
the soma of an EX cell. Constant current pulses (1 nA) were injected through a second electrode. In this experiment, the reversal 
potential of the response was coincident with the resting membrane potential (-61 mV). Scale bars = 5 mV, 4 sec. 

Figure 4. Response to bath application of histamine. Hista- 
mine (10e4 M) was applied to an EXl neuron in calcium-free, 
high-magnesium saline. A ramp of current was injected into 
the cell through one electrode, and the voltage response was 
recorded with a second electrode. The current-voltage plots 
shown here were made by feeding the current monitor and 
cathode follower outputs directly into an X-Y plotter. Note 
change in the membrane potential and the large increase in 
conductance in the presence of histamine. EXl neurons are 
not known to be electrically coupled to any other neurons 
(Graubard, 1978). 

were placed on the IVN. Because through-fiber synaptic 
potentials elicited by single pulse stimulation are small 
and difficult to record, the IVN was stimulated with brief 
trains of pulses at various frequencies, with current 
pulses of less than 1 msec. This stimulation paradigm 

-60 -- 

-70 -J 

a histamine 
Figure 5. Reversal potential of the histamine response. His- 

tamine was applied iontophoretically (arrow) to the soma of an 
EX neuron, and the membrane potential was moved using a 
current electrode filled with 0.5 M K,SO,. The reversal potential 
was within a few millivolts of the resting membrane potential 
(-60 mV). Spontaneous postsynaptic potentials are visible in 
these recordings. Scale bars = 10 mV, 2 sec. 

resulted in facilitated and summed responses in EX, GM, 
and PD neurons. 

The IVN through-fiber inhibitory potentials are 
known to be mediated by an increased conductance 
(Sigvardt and Mulloney, 1982a). The reversal potential 
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Figure 6. Reversal potential of the histamine response before 

and after injection of chloride ions. Histamine was applied 
iontophoretically (arrows) to the soma of an EX neuron, and 
the membrane potential was moved with a second electrode. a, 
Reversal potential before chloride injection. Resting membrane 
potential was -60 mV. b, Reversal potential after chloride 
injection. Chloride ions were injected by holding the membrane 
potential of the cell at -120 mV for 15 min with a 3 M KC1 
electrode. The resting membrane potential shifted to -59 mV. 
The reversal potential (determined by plotting the amplitude 
of the response versus the membrane potential) in this experi- 
ment depolarized by 15 mV following chloride injection. Scale 
bars = 10 mV, 2 sec. 

a. Control b. Curare 

of a through-fiber inhibitory synaptic potential in an EX 
neuron is shown in Figure 8. Measurements of the rever- 
sal potentials in four different EX neurons (with average 
resting potentials of -61 mV) gave an average reversal 
potential value of -72 mV. Similar values were obtained 
for the reversal potential in GM and PD neurons. Injec- 
tion of chloride ions into EX neurons caused the reversal 
potential to depolarize by an average of 10 mV, and the 
resting potential to hyperpolarize by a few millivolts. 
This result is illustrated graphically for one EX neuron 
in Figure 9. In saline containing two times the normal 
potassium concentration, the reversal potential depolar- 
ized an average of 6 mV, while the resting potential 
depolarized an average of 8 mV (Fig. 9). These reversal 
potentials were all measured by recording from neuronal 
somata and, due to the cable properties of stomatogastric 
neurons, are, therefore, more hyperpolarized than the 
“actual” reversal potentials at the synaptic site (see 
“Discussion”). 

All of the histamine antagonists listed under “Mate- 
rials and Methods” were tested on the through-fiber 
synaptic responses. Curare blocked both the excitatory 

TABLE I 
Shifts in the reversal potential of the histamine response after changes 

in Cl- and K’ ions 
All measurements were obtained from EX neurons, and reversal 

potentials were determined by plotting the amplitudes of the response 
versus the membrane potential. Shifts in the resting membrane poten- 
tials after the ionic changes are given in the bottom panel. Chloride 
ions were injected by holding the membrane potential at -120 mV for 
15 min with a 3 M KC1 electrode. One-half normal Cl- saline contained 
260 mM Cl- and 2~ normal K+ contained 25.4 mM K+. Values given 
are the mean + SEM for the number of separate determinations (n). 

Inject Cl- l/2 cl- 2x K+ 
(n=S) (n = 5) (n = 13) 

Reversal potential +33 + 1.5 +9.6 zk 1.7 +4.3 + 0.5 
Resting potential -1.5 + 1.3 +7.2 k 1.5 i-7.4 * 0.9 

Figure 7. Histamine response is reversibly blocked by d-tubocurarine. Histamine was applied iontophoretically (arrows) to the 
soma of an EX neuron. Iontophoretic current was constant for each application. a, Histamine response in normal saline. b, 
Histamine response was reduced after perfusing the ganglion with 2 X 10m4 M curare for 5 min. Longer perfusion times (10 min 
or more) reversibly blocked the entire response. Curare by itself had no effect on the membrane resistance of stomatogastric 
neurons, as measured with intracellular injection of current pulses or ramps. c, Histamine response following 20-min wash with 
normal saline. Scale bars = 10 mV, 4 sec. 
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Figure 8. Apparent reversal potential of IVN through-fiber 
inhibitory synaptic potential. The IVN was stimulated extra- 
cellularly with a train at 40 Hz (bar) to produce a summed 
potential recorded intracellularly in an EX neuron. The mem- 
brane potential of the EX neuron was altered with a second 0.5 
M K2S04 electrode. In this particular experiment, the apparent 
reversal potential (determined by plotting response amplitude 
versus membrane potential) was -68 mV and the resting po- 
tential was -61 mV. Spontaneous postsynaptic potentials are 
visible in these recordings, and they are diminished in size 
during the through-fiber response because of the increased 
membrane conductance in the EX neuron. Scale bars = 10 mV, 
4 sec. 

and inhibitory responses (data not shown), as has been 
found by previous investigators (Marder and Paupardin- 
Tritsch, 1978; Bidaut, 1980; Russell and Hartline, 1981; 
Sigvardt and Mulloney, 1982a). Of the other antagonists, 
only pyrilamine had an effect. It blocked the through- 
fiber excitatory responses in the PD and cardiac dilator 
(CD2) neurons, but it did not appear to affect the inhib- 
itory potentials in the PD and EX neurons. The effects 
of pyrilamine on the synaptic potentials in the PD and 
EX neurons are shown in Figure 10. The concentration 
of pyrilamine used here (10e4 M) did not affect the 
membrane resistance or action potential amplitude of 
stomatogastric neurons, but concentrations greater than 
5 x 10m4 did reduce action potential amplitude. 

The IVN through-fiber synaptic potentials were also 
examined after desensitization of histamine receptors. 
Receptors were desensitized by perfusing the ganglion 

with 5 x low4 or lo-” M histamine in saline. Receptors 
were defined as desensitized when the membrane voltage 
and conductance of a responsive neuron returned to 
control values in the presence of histamine. Somal recep- 
tors (examined with iontophoretic histamine applica- 
tion) desensitized within minutes, but neuropil receptors 
often took from 30 to 60 min to desensitize completely. 

Desensitization of histamine receptors blocked the 
IVN through-fiber inhibitory potentials but did not ap- 
pear to affect the excitatory responses (Fig. ll), nor did 
desensitization block other spontaneous inhibitory syn- 
aptic potentials in the ganglion. Desensitization and the 
block of through-fiber inhibitory potentials were irrever- 
sible in most preparations even after 5 hr of wash with 
normal saline. But, in one preparation, the response to 
bath application of histamine returned, as did the 
through-fiber inhibitory potentials. 

Histamine levels. Histamine was present in all nerves 
and ganglia but was distributed nonuniformly. This dis- 
tribution is illustrated in Figure 12 and in Table II. Of 
the various nerves, the IVN contained the highest con- 
centration of histamine. Most of the histamine in the 
nerves and ganglia appeared to be associated with neu- 
ronal tissue, rather than with the thick connective tissue 
sheath which surrounds the nerves and ganglia. Four 

Av 

Figure 9. Plots of amplitudes of through-fiber inhibitory 
potentials versus membrane potential in an EX neuron in 
normal saline, in saline containing 2X K’ (25 mM K’), and 
after injection of Cl- ions. The ganglion was first perfused with 
2~ K’ and the reversal potential (point where line crosses 

abscissa) depolarized from -73 mV to -65 mV, but the resting 
potential also depolarized from -67 mV to -51 mV. After 
returning the ganglion to normal saline, the reversal and resting 
potentials returned to control values within 20 min. Cl- ions 
were then injected by holding the cell at -120 mV for 15 min 
with a 3 M KC1 electrode. The reversal potential depolarized 
from -73 mV to -57 mV, and the resting potential hyperpo- 
larized from -67 to -69 mV. These potentials returned to 
control values within 10 niin after terminating the injection. 
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Figure 10. Effect of pyrilamine on through-fiber synaptic potentials. Intracellular recordings were made from PD (first panel) 
and EX (second panel) neurons, and the IVN was stimulated with a train at 20 Hz (bars). Top traces show postsynaptic responses 
in normal saline. Middle traces show the effect of 10m4 M pyrilamine which had been perfused over the preparation for 8 min. 
Note in the PD neuron (first panel) that the excitatory component of the biphasic potential was blocked, revealing the inhibitory 
component. The inhibitory potentials in both the PD and EX neuron were unaffected by pyrilamine. Note also that the 
spontaneous excitatory potentials in the EX neuron were not blocked by pyrilamine, indicating that pyrilamine specifically 
abolished the through-fiber excitatory potentials. Bottom traces show that the excitatory component in the PD neuron returned 
after 30 min of wash with normal saline. The membrane potentials in all traces were the same, and were -59 mV in the PD 
neuron and -61 mV in the EX neuron. Scale bars = 20 mV for PD, 5 mV for EX, 0.4 sec. 

PD Neuron EX Neuron 

L Control 

Desensitized ____ - 

IVN 20/s IVN 40/S 

I 

IVN 40/s 

Figure 11. Effects of histamine receptor desensitization on the IVN through-fiber synaptic potentials. Intracellular recordings 
were made from PD (first two panels) and EX (third panel) neurons. The IVN was stimulated with trains at either 20 or 40 Hz 
(bars). Top traces show potentials before desensitization. Middle traces show potentials after histamine receptors were desensitized 
and the membrane conductances had returned to control values. The inhibitory potentials in both PD and EX neurons were 
blocked, whereas the excitatory component in the PD neuron was not affected. (Inhibitory potentials in the desensitized state 
were not present even when the membrane potentials were hyperpolarized and depolarized 20 mV from rest.) Note also that, in 
the desensitized case, the small depolarizing “jump” at the beginning of the IV response was abolished. Bottom traces show that 
the inhibitory potentials returned following 5 hr of wash with saline. The neurons were again responsive to histamine at this 
time point. Membrane potentials were constant in all traces, and were -62 mV in the PD neuron and -65 mV in the EX neuron. 
Scale bars = 20 mV for PD, 5 mV for EX, 0.5 sec. 
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IV neurons 
3mM 

SN q 

Stoma togastric ,2g 
Ganglion cl 

IVN q 
Figure 12. Diagrammatic representation of the stomatogas- 

tric nervous system showing the histamine concentrations in 
nerves and ganglia in nanomoles per gram of protein (boxes), 
and in the two IV neuron cell bodies (3 mM). The IV neurons 
are located at the base of the inferior ventricular nerve (IVN) 
in the brain and the pathways of their axons, the IVN through- 
fibers, are indicated here by the dashed line. The terminations 
of their branches in the SONS and IONS are not known. ION, 
inferior esophageal nerve; SON, superior esophageal nerve; EG, 
esophageal ganglion; CG, commissural ganglion; SN, stomato- 
gastric nerve; D VN, dorsal ventricular nerve. Nomenclature is 
from Maynard and Dando (1974). 

TABLE II 
Histamine in ganglia and nerves of the stomatogastric nervous system 

Each value is the mean f SEM of the number of separate determi- 
nations (n). The sensitivity of the assay was 0.02 pmol, and protein 
was measured using the Lowry method. 

Histamine Content 

Tissue Picomoles Nanomoles per h 

per Tissue gram of 
Protein 

Ganglia 
Commissural 
Esophageal, anterior 
Esophageal, posterior 
Stomatogastric 

Nerves 
Dorsal ventricular 
Inferior esophageal 
Inferior ventricular 
Stomatogastric 
Sunerior esonhaeeal 

3.36 f 0.21 79fll 9 
0.48 f 0.17 12 + 4 5 
0.61 f 0.07 24 2~ 4 5 
2.00 f 0.31 129 f 23 7 

0.19 f 0.08 5f2 2 
0.25 f 0.09 3fl 3 
0.90 f 0.06 15 f 2 5 
0.75 -c 0.06 8+1 9 
0.50 f 0.07 11 f 1 3 

samples of connective tissue sheaths were assayed: two 
from stomatogastric ganglia, one from an esophageal 
ganglion, and one from a commissural ganglion. Only 
one sample, a sheath from a stomatogastric ganglion, 
contained detectable histamine, and this was a small 
amount, 0.03 pmol. 

Because the stomatogastric ganglion had the highest 
overall concentration of histamine, we determined the 
location of the histamine in this ganglion. The stomato- 
gastric ganglion consists of an outer layer of neuronai 
cell bodies and a central region of neuropil (Maynard, 
1971). Neuronal cell bodies from four stomatogastric 
ganglia were assayed. Six of the larger cells from one 
ganglion were chosen at random and were assayed indi- 
vidually. None of these cells contained detectable hista- 
mine (Table III). All of the visible cells from the other 
three ganglia were removed, and the cellular extracts 
from each ganglion were pooled and assayed together for 
histamine. Histamine was either undectable or present 
in only small amounts in these combined cells (Table 
III). The neuropil regions from these latter three ganglia 
were assayed separately and were found to contain rela- 
tively high concentrations of histamine, 236 f 70 nmol/ 
gm of tissue protein (mean -I- SEM). 

After locating the cell bodies of the IVN through-fibers 
in the brain (Claiborne, 1981b; Claiborne and Selverston, 
1983), we assayed them for histamine. Because of their 
relatively small diameter (30 pm) and the difficulty in- 
volved in dissecting them, we were able to assay only five 
of the six cells from three animals. Two cells were as- 
sayed individually and were found to contain 0.05 and 
0.08 pmol of histamine, respectively. The other three 
cells were assayed together and contained a total of 0.15 
pmol of histamine. This corresponds to an average level 
of 0.05 pmol/cell body (Table III). Assuming that the 
cells are spherical and not correcting for the volume of 
the nucleus, the intracellular concentration was esti- 
mated to be approximately 3.0 InM. In contrast to these 

TABLE III 
Histamine in neuronnl cell bodies 

Of the five IV neuron cell bodies assayed, two were assayed sepa- 
rately and three were assayed together. Four clusters of unidentified 
cells located close to the IV neurons in the brain were also assayed. For 
the assays of stomatogastric ganglion (StG) neurons, six of the larger 
cell bodies from one stomatogastric ganglion were assayed individually, 
and the extracts of all visible cell bodies from each of three other StG 
were combined and then assayed. The total number of neurons assayed 
from each ganglion is noted in the far right column. Neurons were not 
identified for these assays. The detection levels of these assays were 
0.02 or 0.03 pmol of histamine. 

Histamine Content 
Tissue 

Picomoles n 

IV cell bodies 0.056 5 
Clusters of brain neurons (5 to ND” 4 

10 per cluster) 
Single StG neurons ND 6 
Combined StG neurons 

StG 1 ND 28 
StG 2 0.03 25 
StG 3 0.04 27 

’ ND, none detectable. 
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measurable levels of histamine, histamine was not de- 
tected in four clusters of 5 to 10 neurons located near 
the IV neurons in the brain or in the connective tissue 
sheath surrounding the IV cells (Table III). 

Discussion 

Histamine response. Exogenous histamine elicits a re- 
sponse in 14 stomatogastric neurons. This response is 
inhibitory and is mediated by an increased conductance 
with a reversal potential near the resting membrane 
potential. The response appears to be mediated by recep- 
tors on the 14 neurons being examined, and it does not 
appear to be synaptically mediated because (1) the his- 
tamine pipette had to be within 20 pm of the responsive 
soma to elicit a response, (2) there is no ultrastructural 
evidence of electrical or chemical synapses on the cell 
bodies or primary dendrites of stomatogastric neurons 
where histamine elicited a response (King, 1976), and (3) 
the response persists in calcium-free, high-magnesium 
saline which blocks chemical synaptic potentials in the 
ganglion (Marder and Paupardin-Tritsch, 1978). 

Results of ionic manipulation experiments suggest that 
the histamine response is mediated primarily by an in- 
crease in chloride conductance, as the reversal potential 
shifts in the depolarizing direction in low-chloride saline 
and following intracellular chloride injection. It is pos- 
sible that the response also involves a small increase in 
potassium conductance as (1) the depolarizing shift in 
low chloride is only 10 mV and not the 17-mV shift 
predicted by the Nernst equation, and (2) there is a small 
depolarizing reversal potential shift in high potassium. 
However, the first result could be the consequence of a 
high resting chloride permeability in lobster stomatogas- 
tric neurons. Previous reports have shown that lobster 
and crab stomatogastric neurons have high resting chlo- 
ride permeabilities (Marder and Paupardin-Tritsch, 
1978; Eisen and Marder, 1982), as do other lobster neu- 
rons (Julian et al., 1962; Freeman et al., 1966). In this 
study, resting membrane potentials changed when exter- 
nal or internal chloride concentrations were altered (Ta- 
ble I), indicating that these neurons are probably perme- 
able to chloride. The second result, a 4-mV depolarizing 
shift in high potassium, may not be significant as the 
resting membrane potential depolarized by an even 
greater amount (7 mV). Hence, although we cannot 
eliminate the possibility that potassium is involved in 
the response, its role appears to be minor as compared 
to that of chloride. 

Pharmacological experiments showed that the hista- 
mine receptors on lobster stomatogastric neurons are 
different from the histamine receptors on mammalian 
central neurons. The lobster histamine responses are not 
blocked by either Hi or Hz histamine antagonists, 
whereas mammalian receptors mediating inhibitory his- 
tamine responses are blocked by Hz antagonists (Haas 
and Bucher, 1975; Geller, 1976). However, the lobster 
receptors do appear to be similar to one type of histamine 
receptor found on neurons in the central nervous system 
of Aplysia californica. This Aplysia receptor also mediates 
an inhibitory response which involves a chloride-con- 
ductance increase, is not blocked by H, or HZ antagonists, 
and is blocked by curare (Gruol and Weinreich, 1979). 

Although the histamine response is blocked by curare, 
the site of curare’s action on lobster neurons is presently 
unclear. Work on mammalian and molluscan neurons 
suggests that curare acts on chloride channels rather 
than on transmitter-specific receptor molecules (Carpen- 
ter et al., 1977; Ascher et al., 1979), but evidence obtained 
from the lobster shows’ that curare does not block all 
chloride-mediated responses. In the lobster stomatogas- 
tric system, curare does not block a chloride-mediated 
GABA response in neurons, nor a chloride-mediated 
glutamate response in muscles (Marder and Paupardin- 
Tritsch, 1978; Lingle and Marder, 1981). However, cu- 
rare’s value as a histamine antagonist in the lobster is 
limited because it does block a depolarizing acetylcholine 
response in stomatogastric neurons (Marder and Pau- 
pardin-Tritsch, 1978). 

IVN through-fiber synaptic responses. The synaptic 
potentials elicited by the IVN through-fibers in stoma- 
togastric ganglion neurons have been described in detail 
elsewhere (Dando and Selverston, 1972; Russell and 
Hartline, 1981; Sigvardt and Mulloney, 1982a). Here we 
examined a few of their properties in order to compare 
them to the properties of the histamine response. 

The reversal potential of the inhibitory synaptic re- 
sponse was found to be approximately 10 mV hyperpo- 
larized from the resting potential, but this was deter- 
mined by recording from cell bodies. Owing to the cable 
properties of stomatogastric neurons and the location of 
synaptic sites on axonal branches (King, 1976; Miller, 
1980), the value of a synaptic reversal potential recorded 
in the soma will be more hyperpolarized than the actual 
reversal potential at the synaptic site (Calvin, 1969; 
Joyner et al., 1975; Llinh and Nicholson, 1976). Miller 
(1980) showed that a voltage change induced in a sto- 
matogastric cell body attenuates by a factor between 0.45 
and 0.79 before it reaches the synaptic area, thereby 
causing reversal potentials to appear to be farther from 
the resting potentials than they actually are. This means 
that the actual reversal potential of the through-fiber 
inhibitory response is several millivolts closer to the 
resting potential than the -10 mV measured here. 

The ionic manipulation experiments suggest that the 
inhibitory response to through-fiber stimulation is due 
primarily to an increased chloride conductance as the 
reversal potential depolarizes following injection of chlo- 
ride ions. The response also may include a small con- 
ductance increase to potassium, as the reversal potential 
depolarized a slight amount in the presence of two times 
the normal potassium concentration. However, this lat- 
ter shift may be due to the high resting chloride con- 
ductance in stomatogastric neurons (see previous sec- 
tion) . 

Previous pharmacological reports indicated that both 
the inhibitory and excitatory IVN through-fiber poten- 
tials are reversibly blocked by curare but not by picro- 
toxin (Marder and Paupardin-Tritsch, 1978; Bidaut, 
1980; Russell and Hartline, 1981; Sigvardt and Mulloney, 
1982a), and we confirmed these reports (data not shown). 
Of the histamine antagonists tested on these synaptic 
potentials, only pyrilamine had an effect. It appeared to 
block the excitatory synaptic potentials, but it did not 
block the inhibitory potentials. Although we cannot elim- 
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inate the possibility that the excitatory potentials were 
abolished by a presynaptic block in some of the through- 
fiber branches, this seems unlikely because the inhibitory 
potentials persisted in the presence of pyrilamine. 

Desensitization of histamine receptors had an effect 
on the through-fiber potentials which was opposite to 
that of pyrilamine. With the histamine receptors desen- 
sitized, the through-fiber inhibitory potentials were abol- 
ished, but the excitatory potentials were not affected. 
Again, the possibility of presynaptic action potential 
blockade cannot be ruled out by our data, but it seems 
improbable because the excitatory potentials remained. 

Histamine response and the IVN through-fiber synaptic 
responses. In this study, only an inhibitory response to 
exogenous histamine was found in stomatogastric neu- 
rons. Here we compare the characteristics of that re- 
sponse to the IVN through-fiber inhibitory synaptic po- 
tentials. The through-fibers also elicit other effects in 
stomatogastric neurons which are considered at the end 
of this section. 

First, of the 30 neurons in the stomatogastric ganglion, 
only 14 respond to histamine. These same 14 neurons 
are the only cells which receive inhibitory synaptic po- 
tentials from the IVN through-fibers (Dando and Sel- 
verston, 1972; Selverston et al., 1976; Sigvardt and Mul- 
loney, 1982a), either as single component inhibitory po- 
tentials (in the four GM, two LPG, and five EX neurons), 
or as part of biphasic excitatory/inhibitory potentials (in 
the two PD neurons and the one AB neuron). 

Second, both the exogenous histamine response and 
the through-fiber inhibitory synaptic potentials are me- 
diated by increased conductances which are primarily 
increased chloride conductances. Because of the prob- 
lems in obtaining precise reversal potentials for stoma- 
togastric synaptic responses (see previous section), it is 
difficult to compare directly the reversal potentials of 
the histamine and synaptic responses. However, both are 
within several millivolts of the resting membrane poten- 
tials, and both behave similarly following changes in 
chloride and potassium ion concentrations. 

Third, the pharmacological data show that none of the 
histamine Hi or HZ antagonists block either the hista- 
mine response or the inhibitory through-fiber synaptic 
potentials, whereas curare does block both the histamine 
response and the through-fiber synaptic responses. Fur- 
thermore, the inhibitory synaptic response is abolished 
when histamine receptors are desensitized. This desen- 
sitization effect appears to be specific for the through- 
fiber inhibitory potentials as other synaptic potentials in 
the ganglion, including the excitatory through-fiber po- 
tentials, are unaffected. 

These comparisons show that several similarities exist 
between the histamine response and the IVN through- 
fiber inhibitory synaptic potentials. The through-fibers, 
however, also elicit excitatory synaptic potentials in the 
PD, AB, CD2 neurons, and in interneuron 1 (Dando and 
Selverston, 1972; Selverston et al., 1976; Claiborne, 
1981b; Russell and Hartline, 1981; Sigvardt and Mullo- 
ney, 1982a). In this study we did not find any excitatory 
responses in the course of applying histamine to neuronal 
somata, but J. Eisen (personal communication) has ob- 
tained preliminary results showing that iontophoretic 

application of histamine to stomatogastric neuropil pro- 
cesses elicits a depolarizing response in a PD neuron. It 
will be of interest to see if this depolarizing response 
either (1) desensitizes, as the through-fiber excitatory 
potentials are not abolished when the receptors mediat- 
ing the inhibitory histamine response are desensitized; 
or (2) is blocked by pyrilamine, because we found that 
the excitatory through-fiber potentials in the PD neuron 
are abolished by pyrilamine, even though the inhibitory 
through-fiber potentials are not affected. Pyrilamine is 
a histamine H1 antagonist which appears to block an 
excitatory, but not an inhibitory, histamine synaptic 
potential in Aplysia (R. McCaman, personal communi- 
cation), and which blocks excitatory, but not inhibitory, 
responses to exogenous histamine in mammalian and 
molluscan neurons (Haas, 1974; Carpenter and Gaubatz, 
1975; Geller, 1976; Gotow et al., 1980). 

Russell and Hartline (1981) have reported that stim- 
ulation of the IVN through-fibers can unmask bursting 
properties in certain stomatogastric neurons. At present, 
there is no evidence to suggest that histamine induces 
bursting properties in stomatogastric neurons. It may.be 
that such an effect would not have been visible with our 
procedures. We did note that the depolarizing “jump” 
which occurs at the beginning of the PD response dis- 
appeared when histamine receptors were desensitized 
(Fig. ll), but this finding was not examined in detail. If 
histamine is not used by the through-fibers to mediate 
their burst-inducing effects, it is possible that (1) an 
interposed neuron makes electrical connections with 
both the through-fibers and stomatogastric neurons, or 
(2) the through-fibers use two transmitters (Hokfelt et 
al., 1980). The first possibility has not been rigorously 
tested but appears unlikely on the basis of collision 
experiments of action potentials in the IVN and SN 
(Dando and Selverston, 1972) and the known connec- 
tions among neurons in the stomatogastric ganglion (Sel- 
verston et al., 1976; Russell and Hartline, 1981). 

Histamine levels. Histamine is distributed unevenly 
throughout the lobster stomatogastric nervous system. 
Its distribution appears to correlate with the axon trajec- 
tories and terminal arborizations of the IVN through- 
fibers (Fig. 12 and Table III). The through-fibers are two 
of only nine axons in the IVN, and, of the nerves, the 
IVN has the highest histamine concentration. The 
through-fibers travel from the IVN to the esophageal 
ganglion, where they make some synaptic connections 
(Vedel and Moulins, 1977). From there they send 
branches into the superior and inferior esophageal nerves 
(SONS and IONS) and then enter the SN (Selverston et 
al., 1976; Kushner, 1979a). The SN is approximately 
the same length as the IVN and, as can be seen from 
Table III, contains approximately the same absolute 
amount of histamine as does the IVN. The through- 
fibers terminate in the neuropil region of the stomato- 
gastric ganglion which is rich in histamine. There is no 
evidence that the through-fibers continue into the dorsal 
ventricular nerve (DVN), and this nerve has a low his- 
tamine concentration. 

The through-fibers probably do not account for all of 
the histamine found in the stomatogastric system. As 
just noted, they do not enter the DVN, but this nerve 
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contains some histamine. Similarly, although they send 
branches into the SONS and IONS, it is not known if 
these branches make synaptic connections in the com- 
missural ganglia which do have high histamine concen- 
trations. 

Of the individual neurons assayed for histamine, only 
the IV neurons contained detectable histamine. Hista- 
mine was not present in clusters of neurons located near 
the IV neurons in the brain, in individual stomatogastric 
neurons, nor in the combined extracts of all visible cells 
from one stomatogastric ganglion. Although small 
amounts of histamine were detected in the combined 
extracts of all cells from each of two other stomatogastric 
ganglia, the amounts were less than the amounts of 
histamine in one IV neuron cell body. This is not due to 
the relative size of the somata examined since most of 
the stomatogastric cells are greater than 60 pm in di- 
ameter, whereas the IV neurons are only 30 pm in 
diameter. 

The presence of endogenous histamine at a concentra- 
tion of approximately 3.0 mM, therefore, appears to be a 
distinguishing feature of the IV neurons. This concen- 
tration is within the range of histamine concentrations 
in Aplysia neurons, where there is significant evidence 
that histamine functions as a neurotransmitter (Wein- 
reich, 1977; Weinreich and Yu, 1977; McCaman and 
McKenna, 1978; McCaman and Weinreich, 1982), and 
within the range of other putative neurotransmitter con- 
centrations in invertebrate cells (Kehoe and Marder, 
1976). “Histaminergic” neurons in A. californica have 
histamine concentrations between 0.3 and 4.2 mM 

(Weinreich et al., 1975; Ono and McCaman, 1980), a 
putative cholinergic cell in Aplysia, LlO, contains 0.33 
mM acetylcholine (McCaman et al., 1973), and lobster 
inhibitory neurons that use GABA as a transmitter con- 
tain 15 mM GABA (Otsuka et al., 1967). 

Role of histamine in the stomatogastric nervous system. 
Results presented here suggesting that the IV neurons 
may use histamine as a transmitter would be consistent 
with the general hypothesis that monoamines serve to 
control patterned activity in the stomatogastric system. 
The IV neurons can exert at least two forms of control 
over the stomatogastric ganglion. At low frequencies of 
firing (below 30 Hz), they increase the rate of ganglionic 
activity and can cause phase shifts of some neurons in 
the pyloric system (J. Ayers and A. I. Selverston, man- 
uscript in preparation). At high frequencies of firing 
(above 30 Hz), they cause a complete interruption of 
normal stomatogastric activity by temporarily inhibiting 
some neurons while causing others to fire tonically. Such 
bursts of high frequency firing occur spontaneously in 
vitro and can be induced by stretching the pyloric region 
of the stomach in a semi-intact preparation (Sigvardt 
and Mulloney, 198213). The behavioral effect of these 
bursts is to hold the muscles of the pyloric and gastric 
mill stomach regions in a motionless state. Sigvardt and 
Mulloney have proposed that this is a “swallowing” reflex 
which serves to force food particles from one stomach 
region to another and may be an important part of 
normal foregut functioning. 

Previous studies of the lobster stomatogastric nervous 
system have identified the neurotransmitters used by 

some neurons with known functions. Acetylcholine and 
glutamate appear to be used as transmitters by motor 
neurons (Marder, 1976; Marder and Paupardin-Tritsch, 
1978; Lingle, 1980), and glutamate may be used by at 
least one interneuron (Eisen and Marder, 1982; E. Mar- 
der and J. S. Eisen, submitted for publication). Studies 
of biogenic amines suggest that amines may be associated 
with neurons involved in the modulation of patterned 
activity. Dopamine is present in neurons in the commis- 
sural ganglia and in fibers in the stomatogastric nerve, 
and it affects the rate of activity of neurons in the 
stomatogastric ganglion which control pyloric move- 
ments (Kushner and Maynard, 1977; Anderson, 1980; 
Anderson and Barker, 1981; Kushner and Barker, 1983). 
Octopamine may act in a similar fashion on neurons 
controlling gastric mill movements (M. Wadepuhl, per- 
sonal communication). Furthermore, serotonin is present 
in the stomatogastric system (H. Karten and A. I. Sel- 
verston, unpublished results; Beltz et al., 1983), and 
exogenous serotonin increases the rate of activity of 
ganglionic neurons (Anderson, 1980). 

In summary, we have shown that the neurons in the 
stomatogastric ganglion which receive inhibitory poten- 
tials from the IVN through-fibers are inhibited by exog- 
enous histamine, that the distribution of histamine in 
stomatogastric tissue correlates with the anatomy of the 
through-fibers, and that histamine is present in the cell 
bodies of the IV neurons but is undetectable in other 
neuronal somata of the stomatogastric system. These 
results provide suggestive evidence that histamine may 
be a neurotransmitter in the lobster and, furthermore, 
that it may play a role in controlling rhythmic activity 
in the stomatogastric nervous system. 
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