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Summary. Compounds chemically related to the vertebrate neurohypophysial peptides, vasopressin and neuro-
physin, have been detected in recent years in the brain and in ganglia of invertebrates. Most data acquired so far
have been obtained in insects and in molluscs. Evidence suggesting that these compounds might exert neurohor-
monal and neurotransmitter functions in these species is reviewed.

1. Introduction

The amino acid sequence of the neurchypophysial
hormones of mammals and many other vertebrates was
established many years ago. These compounds are
cyclic nonapeptides differing only by amino acid substi-
tutions in position 2, 3, 4 and 8. The cyclic structure is
due to formation of a disulfide bridge between cysteine
residues 1 and 6. There are at present 11 known types
of vasopressin-like and oxytocin-like peptides (table). In
most vertebrate species oxytocin-like hormones play a
role in reproduction whereas vasopressin-like hormones
are involved with hydromineral balance. The primary
structure of the contemporary neurohypophysial hor-
mones suggests that they have evolved from a single
common ancestor’',

It has recently become apparent that oxytocin and
vasopressin, in addition to being secreted into the
general circulation, are also carried to various areas
within the central nervous system of vertebrates, where
they might act as neurotransmitters/neuromodula-
tors®>*. Similar peptides are also present in the nervous
system of invertebrates (for review, see Greenberg and
Prince®). Two complementary approaches have led to
the conception that these peptides are of importance to
invertebrates: a) neuropeptides have been isolated and
characterized in extracts from invertebrate ganglia and

Naturally-occurring neurohypophysial hormones

Hormone Cys-Www-Xxx-Yyy-Asn-Cys-Pro-Zzz-GlyNH,
1 2 3 4 5 6 7 8 9
Arg-vasopressin Tyr Phe GiIn Arg
Lys-vasopressin Tyr Phe Gln Lys
Phenypressin Phe Phe Gln Arg
Oxytocin Tyr Ile Gln Leu
Arg-vasotocin Tyr Ile Gln Arg
Lys-vasotocin Tyr Ile Gin Lys
Mesotocin Tyr Ile Gln lle
Valitocin Tyr Ile Gln Val
Ichthyotocin Tyr Ile Ser Ile
Glumitocin Tyr Ile Ser Gln
Aspargtocin Tyr Ile Asn Leu

b) it has been shown that antibodies directed against
neuropeptides found in vertebrates recognize com-
pounds manufactured by invertebrate neurones®. Al-
though the study of vasopressin-like peptides in inverte-
brates is still at an early stage, recent data support the
view that such molecules could be present throughout
the invertebrate phyla. Studies have been mainly under-
taken so far in molluscs and arthropods.

2. Vasopressin-like peptides in insects

Studies on the identification and roles in insects of
peptides related to vasopressin have been undertaken in
several species of orthoptera, in particular in cock-
roaches, silkworms and locusts. In these species neuro-
endocrine cells implicated in water balance are located
in the brain and in ganglia of the ventral chain. The link
between these two regions has been clarified and re-
cently the existence of an endogenous compound in-
volved in water regulation and structurally related to
vasopressin has been demonstrated.

Cerebral centers controlling water-balance

In the early 1950’s, Stutinsky® " demonstrated the pres-
ence in the pars intercercbralis of several insects of a
cluster of Gomori-positive endocrine neurones emitting
an axon running towards the corpora cardiaca, and it
was postulated that they might serve as a storage site
for neurosecretory products (fig. 1). The morphological
similarities of this structure to the hypothalamo-neuro-
hypophysial system in vertebrates led Stutinsky to pro-
pose that it could participate in osmoregulation in in-
sects, a suggestion also made concomitantly by Han-
strom™®. It should be added that neurones of the pars
intercerebralis not only project towards the corpora car-
diaca, but also to another neurohaemal organ located
on the medial ventral surface of the brain (fig. 1, NA).
In the orthopter, Locusta migratoria, Cazal and Girar-
die® demonstrated in 1968 that electrocoagulation of a
region containing the pars intercerebralis induces water
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retention. In later work, Girardie* found that in Lo-
custa migratoria and Schistocerca gregaria water reten-
tion was in fact caused by destruction of the median
sub-ocellar centre which is situated ventrally to the pars
intercerebralis and which contains 4-6 large neurosecre-
tory neurones. A similar group of neurosecretory cells is
also present in other orthoptera!>!*:24%,

Presence of vasopressin-like peptides in the ventral chain
of insects

For many years neurosecretion related to water balance
in insects was only studied at the level of the brain.
However, neurosecretory cells are also found in the ven-
tral chain'®™®22%  Using specific antibodies raised
against vasopressin, vasotocin or neurophysins, Rémy
and coworkers'-*>%¢ discovered 2 large immunoreac-
tive neurones in the sub-oesophagial ganglion of silk-
worms and locusts (fig. 2). Similar results were reported
by Strambi and coworkers in Acheta, Periplaneta, Bla-
berus, Gryllus and Polistes®™®. A vasopressin-like com-
pound was also detected in the haemolymph of Acheta
domestica®. The vasopressin-like, diuretic neuropeptide
found in Locusta migratoria differs from vasopressin in
its larger molecular weight and more acidic isoelectric
point; at its carboxyl terminal it possesses, however, the
same tetrapeptide as arginine-vasopressin®®. Some au-
thors claim that the vasopressin-related peptides are
manufactured only within 2 neurones of the sub-oeso-
phagial ganglion and are absent from neurosecretory

Figure ! Stereogramm of the nervous system of Acheta domesticus
showing location of the neurosecretory cells (NC) of the pars inter-
cerebralis, their fiber tracts and the principal areas they innervate:
CA, corpus allatum; CC, corpus cardiacum; NA, cerebral neurohaemal
area. Other abbreviations: OE, oesophagus; OL, optic lobe; SG, sub-
oesophagial ganglion. Another group of neurosecretory cells is located
in the median sub-ocellar centre, i.e. between NC and NA. Adapted
from Geldiay and Edwards®®.
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neurones of the pars intercerebralis and the median sub- -
ocellar centre, but this is still controversial. Friedal et

al.” showed the presence of a neurophysin-like peptide

in the A-cells of the pars intercerebralis and in the

axons leading from these nerve cells to the corpora car-

diaca, from where it is released”. Amino acid analysis

pointed to a similarity in size and composition with

pituitary neurophysin of vertebrates.

The link between the brain and the neurosecretory neu-
rones of the ventral chain

In early studies using electrocoagulation, the respective
roles in water balance of the pars intercerebralis and of
the median sub-ocellar neurosecretory cells were not
differentiated. More recently, the pars intercerebralis
was selectively destroyed in migratory locusts and an
increase in water elimination ensued which was accom-
panied by an increased level of the vasopressin-like
compound in the hemolymph; in contrast, destruction
of the median sub-ocellar region caused water retention
and the vasopressin-like compound became undetect-
able in the hemolymph® *. These data led to the conjec-
ture that the peptide synthesized in the sub-oesophagial
ganglion exerts a diuretic action and that its release is
under positive control from the median sub-ocellar re-
gion and under negative control from the pars inter-
cerebralis®. This suggestion is also supported by stimu-
lation experiments; electrical stimulation of the sub-
ocellar region yielded an increase in the level of the
vasopressin-like compound in the hemolymph, whereas
stimulation of the pars intercerebralis caused a de-
crease. In addition, Proux and coworkers® showed
that extracts of the sub-oesophagial ganglion exert a di-
rect diuretic action whereas extracts from the corpora
cardiaca apparently act indirectly. Since nervous con-
nections which link cerebral areas to the sub-oeso-
phagial neurosecretory neurones have not been unambi-
guously demonstrated it has been suggested that secre-
tion of the vasopressin-like diuretic compound may be
under hormonal control, but this remains an open ques-
tion.

Figure 2. Stereogram of brain and sub-oesophagial ganglion (SOG) of
Locusta migratoria showing the location of the 2 cell bodies (CB) cont-
aining vasopressin/neurophysin-like immunorectivity and their axons
coursing along the circum-oesophagial connective (COD) towards the
brain (B) and optic lobes (OL). Adapted from Rémy and Girardie®™.
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3. Vasopressin-like peptides in molluscs

The existence of large nerve cells exhibiting neurosecre-
tory properties was already reported in the 1930’s in
arthropods, moliuscs and worms®. Neurosecretory cells
were observed for example in the sea hare, Aplysia, an
observation later confirmed by several groups®2-% 6,

Water regulation in Aplysia

Using intracellular recording, a study was made of the
response of large neurones located in the abdominal
ganglion of Aplysia to a change in osmolarity of the
fluid bathing the osphradium. This sensory organ is
located at the base of the siphon; it is connected to the
osphradial ganglion, which is in turn linked through the
branchial nerve to the abdominal ganglion. Stinnakre
and Tauc® showed that a decrease in the osmolarity of
the fluid bathing the osphradium leads to a membrane
hyperpolarization, a decrease in spontaneous action po-
tential activity and an increase in membrane conduct-
ance in nerve cells of the abdominal ganglion. In a later
study it was found that this effect was restricted to only
one neurone in the ganglion, cell R15%. Similar results
were also reported by Jahan-Parwar and coworkers®
and recently confirmed once more by Bablanian and
Treistman®.

These data are of interest in view of reports showing
that cell R15 does synthesize, process and transport
peptides of low molecular weight***. Some of these
peptides might play a role in water regulation; for
example, when Kupfermann and Weiss” injected Aply-
sias with an extract obtained from cell R15, they obser-
ved a 3-10% weight gain due to water retention. How-
ever, they were unable to determine the molecular
weight of the active peptides and could not exclude the
possibility that several active compounds were present
in the extract.

Physiological actions of vertebrate neurohypophysial pep-
tides in ganglia of molluscs

The actions of vertebrate neurohypophysial peptides
have been mainly assessed on 2 large molluscan neu-
rones: cell R15 in Aplysia californica and cell 11 in the
land snail, Otala lactea. Both neurones display at times
intermittent bursts of action potentials triggered by
slow membrane oscillations.

In the dormant Otzala, cell 11 is either silent or displays
spontaneous activity consisting of a beating pattern of
spikes occurring at low frequency. Vasopressin at
10 M-10"° M initiates bursting in a slowly reversible
and dose-dependent way’. The whole sequence of the
vasopressin molecule is needed, since neither the cyclic
part alone nor the linear part alone nor vasopressin
deprived of its glycinamide terminal were active. On the
other hand, oxytocin and arginine-vasotocin were
found to be as potent as vasopressin®. Iontophoretic
studies indicated that responsiveness to the peptide was
confined to the axon and its hillock. Similar excitatory
effects were found by the same authors on cell R15 in
Aplysia® and by others in the land snail, Helix poma-
tia*®. In the giant African snail, Achatina fulica,
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Takeuchi and coworkers™™ described excitatory effects
induced by an oxytocin analogue and by a vasotocin
analogue. A structural analogue of arginine-vaso-
pressin, deamino-dicarba-vasopressin, which is a rather
selective antidiuretic agonist in mammals, was inactive
even at high concentrations, suggesting that the recep-
tor located on snail neurones differs from the vaso-
pressin receptor present on kidney cells in mammals.
Further investigating the electrophysiological behavior
of cell 11 in Otala under voltage clamp, Barker and
Smith® found that a voltage step produced a non-spike
current which had the following properties: a) it was
directed inwardly and was linearly proportional to volt-
ages imposed in the hyperpolarizing direction; b) in the
depolarizing direction, there was a negligibly small out-
ward current when the membrane potential was mode-
rately shifted; with stronger depolarization, a voltage-
dependent, outward current became apparent. In the
presence of vasopressin, the small depolarizing step
caused an inward current, which showed a marked volt-
age-dependency and whose magnitude was determined
by the extracellular sodium concentration. The authors
concluded that vasopressin induces bursting activity
by enhancing a voltage-dependent sodium current,
although they could not exclude an additional effect
mediated by potassium. These membrane effects of
vertebrate neurohypophysial peptides on neurones in
molluscs have been extensively reviewed®®'**!,

Levitan and coworkers®” addressed the question of the
nature of the second messengers mediating these effects.
They found that vasopressin and oxytocin, as well as
ganglionic extracts, were able to increase the level of
cyclic nucleotides in Aplysia and Helix neurones. They
also observed that bursting pacemaker potentials could
be elicited in cell R15 of Aplysia and in cell F-1 of Helix
by substances known to increase the intracellular levels
of cAMP and cGMP (fig. 3). Neither cAMP alone, nor
c¢GMP alone, was able to induce oscillatory activity.
Therefore they proposed that the vasopressin-like com-

Control cAMP derivative

Control PE

20sec

Figure 3. Similarity of responses of a snail neurone to the application a)
of an 8-substituted derivative of cyclic AMP and b) of a peptide-con-
taining extract (PE) obtained from the nervous system of Helix and
Aplysia. Note that both reversibly increase the duration of on- and off-
phases of firing. Firing pattern in normal medium is shown before (con-
trol4)l and 60--90 min after (wash) cAMP and PE treatment. From Levi-
tan™ .
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pound present in invertebrate ganglia increases the
intraceliular level of both cyclic nucleotides.

Identification of vasotocin in Aplysia

The chemical nature of the endogenous vasopressin-like
compound was first investigated by Ifshin and co-
workers®” after finding that extracts of Oiala and Aply-
sia circum-oesophagial ganglia can induce bursting ac-
tivity in cell 11 of Otala. They showed that the active
compound present in the extract was a peptide, since
the extract became ineffective after proteolytic pretreat-
ment. However, the peptide differed from oxytocin or
vasopressin, since its activity was not destroyed by chy-
motrypsin. Levitan and coworkers** showed that an
extract obtained from the circum-oesophagial ganglia
of Helix pomatia was as potent as vasopressin in en-
hancing burst duration in cell F-1 (fig.3); in addition,
chromatography on neurophysin-sepharose affinity
columns indicated the presence in the extract of a com-
pound closely related to vasopressin and oxytocin.
Using radioimmunoassay and reverse phase high pres-
sure liquid chromatography, Moore and coworkers®#
established recently that the endogenous compound
present in Aplysia which possesses vasopressin-like ef-
fects is arginine-vasotocin (fig.4). Vasotocin is present
in large amounts in the left pleural ganglion (one of the
circum-oesophagial ganglia), whereas only traces are
found in the abdominal ganglion. Vasotocin-containing
neurones may project from the left pleural ganglion
towards neurones located in the abdominal ganglion,
actually Berry and Geinisman'? had previously demon-
strated the transport of low molecular weight peptides
along this pathway.
When perifused at concentrations ranging from 107 to
1072 M, vasotocin increased the bursting activity of cell
R15, while shortening the bursts in cells L3-L6%. At
“similar concentrations, vasotocin also reduced the am-
plitude of the reflex gill withdrawal in response to stim-
ulation of the siphon, increased the rate of habituation
of this withdrawal reflex and reduced the neural activity
in gill motoneurones* ™,
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Immunocytochemical studies in other molluscs

While no immunocytochemical data have been reported
so far concerning Aplysia californica, immunocyto-
chemical data are available for other molluscs. In the
pond snail, Lymnae stagnalis, Schot and coworkers®
demonstrated the presence of neurones reacting with
antibodies directed against vasopressin, vasotocin, oxy-
tocin and neurophysins. Immunoreactive cell bodies
were found in several ganglia and immunoreactive fi-
bers throughout the whole nervous system. The authors
believe that the endogenous peptide(s) might act as neu-
rotransmitter(s) because immunoreactive fibers were
seen to establish close contacts with neurones.

A class of neurones in the brain of cephalopods send
their axon towards the vena cava. These neurones are
deemed to be neurosecretory since they contain dense-
cored granules within terminals which establish a close
contact with blood vessels. Using immunocytochemical
techniques in Octopus vulgaris, Martin and coworkers®’
showed recently vasopressin-neurophysin-like immuno-
reactivity in these terminals, the function(s) of which is
not yet known.

4. Conclusion

The presence of vasotocin is firmly established in Aply-
sia californica. In 2 other molluscs and in various in-
sects the presence of neurohypophysial peptides is based
on radioimmunoassay and immunocytochemical data.
The fact that neurones are found which react with vaso-
pressin antibodies as well as with neurophysin antibo-
dies is of interest. It suggests that the endogenous pep-
tides are not only structurally, but also biosynthetically
related to the neurohypophysial hormones, since in ver-
tebrates, vasopressin and neurophysin derive from a
common precursor®.

Recently, Grimmelikhuizen and coworkers*** found
that neurones, previously characterized as neurosecre-
tory in the coelenterate Hydra attenuata, could be
stained with antibodies raised against oxytocin, vaso-
pressin or mesotocin. Although it is recognized by oxy-
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Figure 4. Presence of arginine-vasotocin in Aplysia nervous system. 4 HPLC of 50 ug of arginine-vasotocin (AVT), arginine vasopressin (AVP) and
oxytocin. B Fractions of the column effluent were collected at 40-sec intervals from the moment of injection of 6 pg AVT (O) or extract of Aplysia
anterior ganglia (@). The AVT content of each fraction was determined by radioimmunoassay. The elution time in B differs from that in A due to
the additional time required for the effluent to pass from the cell of the spectrophotometer to the fraction collector. From Moore et al.*.
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tocin and vasopressin antibodies, the compound present
in Hydra apparently differs from both, according to
evidence from radioimmunoassay. It is nevertheless
remarkable that neuropeptides which appear to be
structurally related to vertebrate neurohypophysial
hormones are already found in such extremely primitive
invertebrates.
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1. Introduction

The imipramine binding site has been characterized for
only 4-5 years®, and yet in that short time, it has
emerged as a potentially powerful tool for investigation
of depression. Because its possible usefulness was
recognized from the start imipramine was used in clin-

ical studies almost immediately

7,14

. As traditional paths

of investigation were by-passed in the case of imip-
ramine, a real gap in basic knowledge about the imip-
ramine binding site exists. During the last year, studies
in this and other laboratories have attempted to fill part
of this gap with the intention of providing a better ra-
tionale for the use of this drug in the clinical situation.



