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The vascular system of Aplysia californica is a simple

visceromotor system with three main arteries innervated by

a small pool of identified neurons. I used this system to

study the functions of neuropeptide transmitters and their

actions on neural and muscle tissues.

A central finding of this study is that a natural
release of peptide transmitters from the bag cell neurons

triggers a long-term (>lhr) increase in the contractile
activity of two major arteries. This activity appears to

be mediated hormonally since denervation of the arteries

does not abolish the response. The contraction pattern is

behaviorally significant since it is likely to increase
blood flow to reproductive organs while diverting it away

from digestive organs.

Bag cell neurons also affect motoneurons (LBvc)

innervating the arteries. Stimulated bag cell activity

inhibited (<5 min) and subsequently excited (>20 min) LB,

neurons but not sufficiently to cause vasoconstriction.



Infusions of bag cell peptides, a-BCP and ELH, into the

abdominal ganglion mimicked the inhibitory and excitatory

responses of vasomotor neurons, respectively. SCPb, and

FMRF also altered LB,, activities for prolonged periods.

These peptides may modulate the excitability of the

vasomotor neurons and thus alter the effectiveness of

neural pathways regulating phasic contractions of the

arteries.
The direct (hormonal) effects of neuropeptide

transmitters were tested on isolated artery segments.

a-BCP caused sustained tonic contractions of the AA and

prolonged phasic contractions of the GeA, whereas, SCPb

and FMRF caused relaxation. In general the effects of

peptides were more complex and longer lasting than those

of conventional neurotransmitters (5HT, ACh).

These experiments suggest that the vasculature is

regulated at two levels: 1) at the central nervous system

where peptide transmitters excite or inhibit motor

neurons, thus altering the effectiveness of phasic neural

commands, and 2) at the vascular muscle, where the same

peptide transmitters may act hormonally to induce long

term changes in artery contractions. In this way a small

set of peptide transmitters with long lasting actions can

produce a complex set of behavioral outputs.



NEURONAL AND HORMONAL CONTROL OF THE VASCULAR
SYSTEM OF THE MARINE MOLLUSC,

Aplysia californica

by

Scott H. Ligman

A THESIS

Submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Doctor of Philosophy

Completed September 13, 1989

Commencement June, 1990



Approved:

Professor of Zoology in Charge of Major

Chairpe son of Department of Zoology

Dean of Graduate School

Date thesis is presented: September 13, 1989

Typed by Scott H. Ligman



Acknowledgments

The research presented in these pages would not have

been possible without the help of my major professor,

Philip H. Brownell. Phil has not only spent considerable

time assisting me with the writing of this thesis, but has
also provided me with the intellectual and financial
environment necessary for my professional development.

I would also like to thank the members of my doctoral

committee: Chris Bayne, Brian Croft, Frank Moore, John

Morris, Tom Murray, and George Mpitsos. They also spent

considerable time reviewing this thesis and have been

especially valuable in helping me to focus my research.

Besides the members of my committee, there have been

other individuals who have participated directly in the

production of this thesis. James Morgan and Eric Tripp,

deserve recognition for their participation in portions of
this research and I am indebted to them for their help. A

thank you also to Paul Franklin and Tom Murray for their

help in data analysis.

During my graduate program the graduate students,

faculty, and staff of the Zoology Department have provided

personal encouragement, intellectual stimulation, and much



needed extracurricular activities. Dylan Bulseco, Doug

Gaffin, James Morgan, and Brenda Weins have been

especially supportive.

I would also like to gratefully acknowledge the
financial support provided by the Zoology Department,

Oregon Heart Association, and National Institutes of

Health.

Finally, a very special thank you to my wife Nancy who

has provided unwavering emotional support and

encouragement throughout my degree program.



Table of Contents

Chapter I - General Introduction 1

A 1 sia as a model system for neuropeptide
research ................................... 9

The Cardiovascular System of Aplysia ............ 16
Control of Vertebrate Vasculature ............... 22
Summary ......................................... 26
References ...................................... 32

Chapter II - Differential Hormonal Action of the Bag
Cell Neurons on the Arterial System of Aplysia .. 43

Introduction .................................... 43
Materials and Methods ........................... 46
Results ......................................... 49
Discussion ...................................... 55
Summary ......................................... 60
References ...................................... 70

Chapter III - Effects of Bag Cell Peptides and
Endogenous Neuropeptides SCPB and FMRFamide on
Vasomotor Neurons in Aplysia .................... 74

Introduction .................................... 74
Materials and Methods ........................... 79
Results ......................................... 84
Discussion ...................................... 93
References ...................................... 111

Chapter IV - Effects of Endogenous Neurotransmitters
and Neuropeptides on the Anterior Aorta and
Gastroesophageal artery of Aplysia californica .. 115

Introduction .................................... 115
Materials and Methods ........................... 120
Results ......................................... 125
Discussion ...................................... 135
References ...................................... 152

Chapter V - General Discussion ...................... 155

Discussion ...................................... 155
References ...................................... 166

Bibliography ........................................ 167

....................



List of Figures

Figure Page

1 Schematic diagram showing the major components
of the circulatory system of Aplysia ............. 28

2 Schematic diagram of the abdominal ganglion
of Aplys i ....................................... 30

3 Long-term contractile activity of vascular muscle
following bag cell discharge ..................... 61

4 Differential actions of bag cells on
vasocontractile activity of three major arteries . 63

5 Bag cell activation of contractile activity in a
denervated preparation of the anterior aorta ..... 65

6 Model of differential hormonal action of bag cell
neurons on the three major arteries in Aplysia ... 67

7 Long-term spike activity of vasomotor neurons
following bag cell afterdischarge ................ 99

8 Effects of bag cell afterdischarges on the
spike rates of LBc neurons ....................... 101

9 Responses of LBc neurons to infusions of a-BCP
into the ganglionic artery ....................... 103

10 Effects of the ganglionic infusion of ELH on the
spontaneous impulse activity ofLB,, neurons ....... 105

11 Responses of LB, neurons to ganglionic
infusion of SCP. ................................ 107

12 Effects of ganglionic infusions of FMRF-amide
on the spike activity of LBc neurons .............. 109

13 Continuous superfusion apparatus for monitoring
contractile activity of artery segments .......... 142

14 Actions of 5HT and ACh on the contractile
activity of artery segments ...................... 144

15 Effects of neuropeptides a-BCP, SCPb, and FMRF
on the activity of artery segments ............... 146



16 Responses of artery segments to efferent gill
vein and esophagus tissue extracts ............... 148

17 Schematic representation of the actions of
transmitters on the vasculature of Aplysia ....... 164



List of Tables

Table Page

1 Bag cell effects on vascular activity ............ 69

2 Quantitative analysis of isolated
artery responses ................................. 150

3 Statistical analysis of transmitter effects on
the contractile activites of isolated arteries ... 151



NEURONAL AND HORMONAL CONTROL OF THE VASCULAR

SYSTEM OF THE MARINE MOLLUSC,

Aplysia californica

General Introduction

Chapter I.

The presence of neuropeptides within all nervous

systems has prompted over a decade of intense research

into the functional importance of these messengers. The

anatomical localization and structure of more than 50

neuropeptides have been determined (Krieger, 1983; O'Shea

and Schaffer, 1985; Schwartz and Costa, 1986), but few of

these have been matched with physiological functions.

This uncertainty of function is partly due to the

variability and subtlety of neuropeptide actions, but it

is also due to the difficulties associated with studying

peptide-containing nerve cells located many cell layers

deep within the complex circuitry of the central nervous

system. In searching for simpler models to study, many

investigators have turned to invertebrates such as

arthropods and gastropod molluscs. These animals have

comparatively simple nervous systems which permit

monitoring of the activities of single cells or small

groups of nerve cells of known function.
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This thesis investigates the role of neuropeptides in
regulating physiological processes in the mollusc Aplysia

californica. My primary purpose was to determine how

endogenous neuropeptides associated with egg-laying and

cardiac regulation act on vascular tissues in Aplysia. I
have investigated the actions of neuropeptides on

motoneurons innervating the vasculature and on the

vasculature directly. Before presenting the details of

this project I will first summarize some facts concerning
the anatomical localization, precursor processing, and

physiological functions of neuropeptides.

Neuropeptides are oligopeptides, generally of low

molecular weight, typically located in the axonal fiber
tracts and terminals of nerve cells. Neuropeptides have

been found in the nervous systems of all animals examined.

They appear to function as a unique class of transmitters

which affect both neuronal and non-neuronal targets.

Current estimates, based largely on immunocytochemical

studies, suggest there are over 100 different
neuropeptides located throughout the central nervous

system (CNS) and peripheral tissues of animals (Deschenes

et al., 1984; Gubler et al., 1984). This widespread

distribution of neuropeptides among different species and

within different tissues indicates they are not remnants
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of protein synthesis and processing, but are a separate

class of chemical regulators with distinct functions.

Neuropeptides are the products of genes that encode

large precursor proteins. These precursors are cleaved by

specific protease enzymes resulting in a mixture of

biologically active and inactive fragments (for review see

Lynch and Snyder, 1986; Andrews et al., 1987).

Understanding the processing of neuropeptides is important

since the precursor structure and cleavage points can be

used to predict the structure and number of peptide

products. The best studied example of this processing

system is the production of the vertebrate

proopiomelanocortin (POMC) peptides.

The POMC precursor peptide is present in at least six

different tissues including the pituitary gland, lungs,

gastrointestinal tract, placenta, hypothalamus, and

medulla. Protease enzymes selectively cleave the

precursor in a tissue-specific manner to produce multiple

peptides (for review see Krieger, 1983). In the pituitary

the POMC protein is initially cleaved into five fragments,

three of which are biologically active:

adrenocorticotropic hormone (ACTH), beta lipotropin

(B-LPH) and gamma melanocyte-stimulating hormone

(gamma-MSH). In the intermediate lobe, ACTH and B-LPH are



4

further cleaved to produce five additional peptides:

alpha-MSH, beta-MSH, gamma-LPH, beta-endorphin,

met-enkephalin, and corticotropin-like intermediate lobe

peptide (Krieger, 1983; Douglass et al., 1984; Lynch and

Snyder, 1986). The processing of the POMC peptides shows

the variety of products and subsequent actions that can

result from the processing of a single neuropeptide

precursor.

Another well studied example of precursor processing

into multiple transmitters occurs in the bag cell neurons

of the mollusc Aplysia californica. The bag cell gene

encodes a 271 amino acid precursor protein that is cleaved

into seven neuropeptides which are released during periods

of electrical activity in the bag cells. Two of the

peptides, egg-laying hormone (ELH) and alpha bag cell

peptide (a-BCP) have well-defined biological activity

(Scheller et al. 1984). Both ELH, a 34 amino acid peptide

(Chiu et al. 1979), and a-BCP, a nine residue peptide

(Rothman et al., 1983a), have been isolated from bag cell

neurons and sequenced (Scheller et al., 1983). ELH

functions as a neurotransmitter within the abdominal

ganglion (Branton et al., 1978; Mayeri et al., 1985) and

as a hormone that induces egg release (Chiu et al., 1979;

Rothman et al., 1983b). Alpha-BCP also functions as a

neurotransmitter within the abdominal ganglion (Sigvardt
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et al. 1986) but probably does not function outside the

ganglion since it is rapidly degraded by protease enzymes.

Neuropeptides are frequently believed to modulate the

actions of neurotransmitters. Therefore it is not
surprising that many neuropeptides exist in the same nerve

terminals or vesicles as conventional neurotransmitters

such as acetylcholine or serotonin. Acetylcholine and the

neuropeptide FMRF-amide, for example, coexist in the same

cell bodies in invertebrate ganglia (Brown et al., 1985),
whereas serotonin and neuropeptide Substance P are

colocalized in the same vesicles in vertebrate brain

tissue (Pelletier et al., 1981). In vertebrates,

colocalization of transmitters occurs throughout the CNS

where at least six different neurotransmitters are found
with one or more neuropeptides (Hokfelt et al. 1980, 1984,

1987; Lundberg and Hokfelt, 1986). There are fewer

studies of colocalization in invertebrate nerve cells,
although immunohistochemical and physiological evidence

support examples in both insects (O'Shea and Schaffer,

1985) and molluscs (Rittenhouse and Price, 1986a; Lloyd et

al., 1987a).

The colocalization and simultaneous release of

neuropeptides and neurotransmitters onto multiple targets

increase the complexity of neuropeptide actions. For
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example, in the cat salivary gland vasoactive intestinal
peptide enhances the increased blood flow induced by

acetyicholine (Hokfelt et al., 1987), whereas in the rat
vasdeferens neuropeptide Y inhibits the release of

noradrenaline (Stjarne and Lundberg, 1984). Other

neuropeptides may have no modulatory actions but instead

function as separate neurotransmitters. Some

neuropeptides are multifunctional: Substance P can act

both as a neurotransmitter (Nicoll et al., 1980a) and as a

neuromodulator (Vincent and Barker 1979); egg-laying

hormone of Aplysia functions both as a neurotransmitter

(Mayeri et al. 1985) and a hormone (Chiu et al., 1979).

Thus, neuropeptides appear to act in at least three modes:

as conventional neurotransmitters which act over short

distances (within the synaptic cleft) and alter the
conductance of nerve cell membranes, as neuromodulators

which alter the response of a nerve cell to another

neurotransmitter without directly affecting the
conductance of the target cell, or as neurohormones which

act outside the synapse and alter the activity of neural
or nonneural tissues (for review see Bloom, 1985 or Kow

and Pfaff, 1988).

The most common experimental approach to study

neuropeptide actions has been to administer neuropeptides

intravenously, intraventricularly, or intracerebrally and
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observe the changes in a variety of behaviors. These

experimental approaches have revealed that neuropeptides

affect many behavioral and physiological processes

including feeding (Parrott et al. 1986), sexual behavior

(Clark et al. 1985), pain perception (Nicoll et al. 1977,
1980b), respiration (Barnes, 1988) and vascular function

(Vanhoutte et al. 1986). Despite these studies, the

behavioral and physiological roles of many neuropeptides

are still unclear.

To further identify relevant functions of
neuropeptides some investigators have used reduced

preparations like brain slices or cultured cells. These

preparations provide excellent accessibility to
neuropeptide-containing cells normally located deep within

the CNS. Reduced preparations, however, are of limited

value for behavioral studies because they disrupt neuronal

circuitry and eliminate essential interactions between
neuronal and nonneuronal cells. Physiological and

behavioral studies require more intact preparations where

peptide-containing cells can be stimulated to release

neuropeptides in a near natural manner, and where the

responses of central and peripheral targets can be

monitored. These characteristics are most commonly found

in invertebrate preparations, several of which are now
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used as experimental models for studying neuropeptide

actions.

Invertebrate preparations are also attractive models

for study because of the number and diversity of

neuropeptides present within their nervous and peripheral

tissues. Invertebrate nervous systems contain at least 20

biologically active peptides that are unique to

invertebrates and more than a dozen peptides originally

discovered in vertebrates. These peptides are found in

gastrointestinal, endocrine, and nervous tissues, and more

than 20 have been isolated and sequenced (for review see

Greenberg and Price, 1983; O'Shea and Schaffer, 1985;

Joosse, 1986). Gastropod molluscs are particularly well

studied because their nervous systems are composed of a

small number of relatively large cells, and most of their
behaviors are stereotyped and easily quantified.
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Aplysia as a Model System for Neuropeptide Research

Among gastropods, Aplysia has been especially valuable

because its nervous system is easily accessible and many

of its nerve cells are greater than 200 µm in diameter.
The central nervous system of this mollusc consists of

approximately 20,000 cells organized into five major

ganglia. Of these, the abdominal ganglion is particularly
useful for experimentation because many of its neurons can

be visually identified by color, shape, position, and
relative size of neuronal somata. This has allowed

investigators to identify abdominal ganglion neurons

controlling respiratory, cardiac, vascular, excretory, and
reproductive functions and to define their
interconnections within the ganglion (Kandel, 1976). The

ability to identify peptidergic neurons and neural
circuits of known motor function is extremely useful for
investigating the functions of neuropeptides. It allows
the investigator to manipulate the release of
neuropeptides and to quantitatively measure the effect of

transmitters on the activities of neural circuits. In

this way it is possible to map direct connections between

the release of a neuropeptide and its actions on behavior.
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Neuropeptides and Egg-laying Behavior in Aplysia

A special advantage of Aplysia for studies of peptide

function is the presence of a discrete group of

peptidergic cells in the abdominal ganglion, the bag cell

neurons, which can be selectively stimulated in dissected

preparations resulting in a near-natural release of

neuropeptides (Kupfermann and Kandel, 1970; Stuart et al.,

1980). Electrical stimulation of the bag cell clusters

causes a strong burst of synchronous action potentials

lasting minutes to hours. This burst of action potentials

is termed a bag cell afterdischarge or bag cell burst. In

intact animals bag cell neurons are normally electrically

silent but enter an afterdischarge phase before the animal

begins egg-laying (Pinsker and Dudek, 1977).

Egg-laying behavior is a stereotyped motor sequence

that involves at least three discrete phases including

suppression of feeding and locomotion, head weaving, and

deposition of an egg string (Kupfermann, 1967; Arch and

Smock, 1977; Mackey and Carew, 1983). The bag cell

peptides released during an afterdischarge are believed to

mediate several of these behavioral components.

Bag cell peptides ELH and a-BCP may activate

components of egg-laying behavior through actions on

abdominal ganglion neurons. Electrically stimulated bag
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cell discharges or infusions of bag cell peptides into the

ganglion alter the ongoing activities of abdominal

ganglion neurons. Stimulated bag cell discharges affect

at least seven different cell groups including gill and

siphon motoneurons (Schaefer and Brownell, 1986),

neurosecretory cells (Mayeri et al., 1979), and cardiac

motoneurons (Mayeri et al., 1979). Many of these

responses are reproduced by infusing bag cell peptides ELH

or a-BCP into the abdominal ganglion (Mayeri et al., 1985;

Sigvardt et al., 1986). The neuronal responses to ELH are

generally excitatory, have slow onsets (minutes), and long

durations (up to three hours), whereas the neuronal

responses to a-BCP are inhibitory, have more rapid onsets,

and are of short duration (minutes) (Sigvardt et al.,
1986). These infusion experiments indicate that bag cell

peptides may function as neurotransmitters or

neuromodulators.

ELH also appears to function as a hormone outside the

abdominal ganglion. The slow proteolytic degradation of

ELH allows it to diffuse outside the abdominal ganglion

after release from the bag cells (Mayeri et al., 1985)

where it enters the hemocoele. Two observations suggest

that ELH does function as a hormone. Injections of ELH

into intact animals produce several components of

egg-laying behavior including head weaving and egg
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deposition (Chiu et al., 1979), and low concentrations

(nM) of ELH can act directly on the isolated ovotestis to
cause egg release (Rothman et al., 1983b). Alpha bag cell

peptide, however, is not likely to function as a hormone
since it is rapidly degraded within the abdominal ganglion

(Rothman et al., 1983a; Sigvardt et al., 1986).

Bag cells mediate egg-laying behavior at least in part

through the release of neuropeptides that change the spike

activity of neurons in the abdominal ganglion and head

ganglia. Although many of the bag cell peptides and their

targets are identified it has been difficult to show a

direct connection between a peptide, its neuronal targets,

and a specific behavior. Studies involving feeding

(Sossin et al., 1987; Lloyd et al., 1988) and respiratory

behaviors (Schaefer and Brownell, 1986) have made some

progress in identifying the connections between

neuropeptides and specific behaviors. In the study of

respiratory behavior, gill and siphon motoneurons were

identified as targets of bag cell peptides and were shown

to be the neurons responsible for the change in gill and

siphon activity following a bag cell discharge . However,

in other studies, including one of gill activity

(Colebrook and Lukowiak, 1988), there was little

correlation between neuronal and behavioral responses.

One of the goals of my research is to determine if there
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is a connection between bag cell peptides and the

activities of vascular tissues.

The nervous system of Aplysia contains other

neuropeptides that may regulate behaviors such as feeding,

cardiac function, and vascular activity. These include

three peptides widely distributed in gastropods - Small

Cardioactive Peptides A (SCP) and B (SCPB), and FMRF-amide

(FMRF) - and several unique peptides found within the

abdominal ganglion white cells R3-14. Neural tissue of

Aplysia contains both SCP, and SCPB and has been used to

obtain the sequence of the SCP gene (Morris et al., 1982;

Mahon et al., 1985; Lloyd et al., 1987b).

Immunocytochemistry indicates that these peptides are

present in the gut and all major ganglia (Lloyd et al.,

1985a, 1988). Functionally, SCP peptides modulate the

activity of feeding musculature (Lloyd et al., 1984,

1988), stimulate cardiac activity (Cawthorpeet al., 1985;

Lloyd et al., 1985b), and alter the conductance of

membrane ion channels in siphon sensory neurons (Abrams et

al., 1984). In general the distribution and actions of

SCP and SCPB are widespread, therefore these peptides may

also affect the activity of vascular tissues.

FMRF also appears to have widespread distribution and

actions within Aplysia. FMRF has been purified from
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neural tissue of Aplysia (Lehman et al., 1984) and is

present within all major ganglia (Brown et al. 1985; Lloyd

et al., 1987a), the gill (Weiss et al., 1984), and

possibly the vasculature (Schaefer et al., 1985). The

gene for FMRF was also identified and sequenced (Schaefer

et al., 1985). Functionally, FMRF can modulate the

activity of central neurons (Abrams et al., 1984; Ocorr

and Byrne, 1985; Belardetti et al., 1987), inhibit

contractions of the gut (Austin et al., 1983), stimulate

gill contractions (Weiss et al., 1984), modulate feeding

behavior (Lloyd et al., 1987a), and possibly dilate

vessels (Stone and Mayeri, 1981; Rothman et al., 1985).

One of the goals of my research is to clarify the actions

of FMRF and SCPs on vascular tissues in Aplysia.

Individual nerve cells and small groups of nerve cells

also contain other peptides which may be unique to

Aplysia. Peptides produced by abdominal ganglion cells

R3-14 are of special interest for my research since

processes from these neurons innervate the vasculature

(Price et al., 1984; Rittenhouse and Price, 1986a).

Researchers have isolated and sequenced a neuropeptide

precursor protein from the R3-14 neurons. The structure

of the precursor protein indicates that R3-14 cells may

produce three to six peptides (Newcomb and Scheller,

1987). Two of these peptides have been isolated and
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sequenced, an 11 amino acid peptide called Peptide II

(Rothman et al. 1985), and a 43 amino acid peptide called

Histidine-Rich Basic Peptide (HRBP) (Campanelli and

Scheller, 1987). HRBP can alter activity of the heart and

gut, but peptide II has no known biological activity and

neither peptide affects arterial contractions. Other

investigators have isolated peptide fractions from either

R3-14 cell bodies or nerve terminals that are biologically

active on vascular tissue (Gibson et al., 1982; Yamagishi

et al., 1984; Knock and McAdoo, 1987).
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The Cardiovascular System of Aplysia

To study the actions of neuropeptides in Apiysia it is

necessary to choose a system with quantifiable activity

that is affected by neuropeptides. Although the vascular,

excretory, and respiratory systems are all probable

targets of neuropeptides (Brownell, 1983; Schaefer and

Brownell, 1986), the vascular system seemed to be the best

system to study for three reasons. First, behavioral

changes that involve sudden changes in tissue activity

(such as egg production) are likely to be accompanied by

changes in metabolic activity of the affected tissues.

The vasculature, which supplies nutrients and oxygen to

these tissues, should respond in such a manner as to

increase blood flow to active tissues and decrease flow to

inactive tissues. Second, since neuropeptides affect

vertebrate vascular systems, invertebrate vascular systems

with a similar organization may also be affected by

neuropeptides. Lastly, the vascular system of Aplysia is

attractive for study because it is regulated by a small

set of motoneurons (for review see Koester and Koch, 1987)

whose activity can be related to vascular tissue activity.

This allows simultaneous monitoring of the actions of

peptides at two levels - on the neurons controlling the

vasculature and on the vascular tissue itself.
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The cardiovascular system of Aplysia is under

multineuronal control. Although it is classified as an
open circulatory system, blood flows through veins from

the gill and kidney into the heart where it is pumped out
into three major arteries - the abdominal artery (AbA),

gastroesophageal artery (GeA), and anterior aorta (AA)

(see Fig 1). The AbA supplies blood to reproductive and

digestive tissues (ovotestis and hepatopancreas), the GeA

supplies blood mainly to anterior digestive structures
(esophagus and crop), and the AA supplies blood to the

buccal mass, foot, all CNS ganglia, and to distal
reproductive structures (hermaphroditic duct and penis).

From sinuses at the ends of the arterial system blood

flows into the haemocoele and then returns through the

gill and kidney into the heart (Eales, 1921; Mayeri et

al., 1974). Vasomotor neurons located in the abdominal

ganglion innervate the three major arteries (Mayeri et

al., 1974; Sawada et al., 1981a). Figure 2 shows the

relative positions of these cells within the ganglion.
These cells regulate blood flow to digestive,
reproductive, and other organ systems by constricting

vascular muscles (Mayeri et al., 1974; Koch et al., 1984).

The organization of the vascular system and its

innervation provide two routes for peptides to affect
blood flow: as neurotransmitters affecting vasomotor
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neuron activity in the abdominal ganglion or as hormones

acting directly on vascular tissue.

The GeA and AbA are innervated by three vasomotor

neurons (LBVC123), by the motoneuron L7, and by a

peptidergic cell R14. All three LBc cells can increase

the tension of arterial muscle and are assumed to be

functionally equivalent except that LB,, innervates only

the AbA (Mayeri et al., 1974). Biochemical and

pharmacological evidence indicates that the LB, neurons

are cholinergic (Liebeswar et al., 1975) and none of them

are known to contain neuropeptides.

Vasomotor neurons LBC1,2,, are members of the LB cell

cluster and can be individually identified according to
their position, color, and effects on target tissues. Bag

cell afterdischarges excite some LB cells (Mayeri et al.,

1979) so it has been suggested that peptides released from

bag cells may also affect the activity of vascular tissues
through LBW,, neurons (Brownell, 1983; Scheller et al.,

1984). This idea must be tested using an innervated

preparation since LB, neurons cannot be identified in

isolated ganglia. It is considerably more difficult to
record long term neuronal activity from an innervated

preparation so the effects of bag cell peptides or other
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endogenous peptides on the vasomotor neurons are not

known.

The vasculature is affected by other neurons including

motoneuron L7 and neurosecretory cell R14 which may

modulate the input of other vascular motoneurons. Neuron

L7 innervates several visceral tissues including the gill,

mantle (Kupfermann and Kandel, 1969), auricle, and AbA

(Alevizos et al., 1989). Cell R14 innervates the GeA and

AA and may also innervate the AbA (Rittenhouse and Price,

1986a,b). The effects of R14, unlike those of LB, neurons

or L7, may be mediated by neurohormones released into the

vasculature from R14 terminals in the efferent gill vein

(just before the auricle). This idea is supported by

studies in which peptide fractions isolated from either

R3-14 somas or nerve terminals affected the tension of

some vessels (Gibson et al., 1982; Yamagishi et al., 1984;

Knock and McAdoo, 1987).

The AA is also innervated by the peptidergic neuron

R14 (Price et al., 1984; Rittenhouse and Price, 1986a),

but is innervated by a different set of motoneurons than

the GeA or AbA. The AA is innervated by one excitatory

motoneuron, RD,,,, and two inhibitory motoneurons, RD,,,,,,,2,

whose cell bodies are located within the abdominal

ganglion (Sawada et al., 1981a). According to
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pharmacological evidence (Sawada et al., 1982, 1984) the

transmitter of the RD,,, neuron is serotonin whereas the

transmitter of the RD,,,,, neurons is acetylcholine (Price et

al., 1984). Activation of these neurons can increase

(RD.,) or decrease (RD,,,) the tension in AA muscle fibers

(Sawada et al., 1981a). Activation of R14 enhances

contractions of the AA, and the application of glycine
onto AA muscle mimics this effect (Sawada et al., 1981b).

This pharmacological evidnece and biochemical evidence

indicating that R14 contains glycine (Iliffe et al.,
1977), suggests that the transmitter mediating this effect
is glycine. R14 probably contains neuropeptides that also

affect the contractility of the AA (Gibson et al., 1982).

The vascular tissues of Aplysia are controlled by at

least five different neurons which release

neurotransmitters or neuropeptides. Since two of these

cells, R14 and L7, also control nonvascular tissues it was
necessary to choose a well defined behavior in which to

study the function of neuropeptides in vascular

regulation.

Egg-laying behavior of Aplysia was selected as the

behavior in which to study the actions of neuropeptides

for three reasons: (1) bag cell peptides are involved in
mediating egg-laying behavior, (2) LBvc cells are targets
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of bag cell peptides, and (3) bag cell peptides can be

released in a near-natural manner in experimental

preparations of the animal. During egg-laying, feeding

activity is suppressed (Strumwasser et al., 1980; Mackey

and Carew, 1983) while the activity of reproductive

structures is increased (Coggeshall, 1970; Rothman et al.,

1983b). It is reasonable to hypothesize that changes in

the activity of these tissues might be accompanied by

changes in oxygen and energy consumption. The vascular

system should respond by increasing blood flow to active

(reproductive) tissues and decreasing flow to inactive

(digestive) tissues. Metabolically mediated changes in

circulation have been described in vertebrates and it is

reasonable to expect that the same mechanism should exist,

at least to some degree, in molluscs.

If circulatory rerouting of blood flow is a discrete
phenomenon in Aplysia, and if arterial vasoconstriction is
the mechanism of such rerouting, then either or both of
two regulatory systems could be involved: a neural pathway

that abruptly alters flow by motoneuron mediated

vasoconstriction or relaxation, or hormonal pathways where

vascular tension is modulated by bag cell or other

circulating peptide factors.
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Control of Vertebrate Vasculature

Neurotransmitters, neuropeptides, and hormones all

appear to play roles in the control of circulation in
vertebrates. The activity of vertebrate vasoconstrictor
(VVC) neurons is more determinate than that of Aplysia LB,

neurons. Unlike the LB, cells the VVC neurons have an

activity (spiking) pattern that is correlated with the

function of the vessels they innervate. Therefore VVC

neurons that innervate vessels with similar functions have

similar activity patterns. These activity patterns have

been used to divide VVC neurons into three types, those

innervating vessels of skin, muscle, or visceral organs

(for review see Janig, 1988).

Biochemical and immunohistochemical evidence indicates

that VVC neurons utilize a complex set of transmitters.

Typically they contain one of the neurotransmitters

noradrenaline or acetylcholine (ACh) and may also contain

one or more of the neuropeptides, neuropeptide Y (NY),

vasoactive intestinal peptide (VIP), Substance P, and

calcitonin gene-related peptide (CGRP) (Lundberg and

Tatemoto, 1982; Lundberg and Hokfelt, 1983; Brain et al.,

1985; Matsuyama et al., 1985). In some cases

neurotransmitters and neuropeptides coexist in the same

VVC terminals. NY and noradrenaline for example are
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colocalized in some vascular nerve terminals and act as

cotransmitters causing vasoconstriction (Lundberg et al.,
1985; Matsuyama et al., 1985; Pernow et al., 1986). VIP

and ACh may also be coreleased from the same nerve

terminals causing vasodilation (Lundberg et al., 1982).

Typically noradrenaline and NY are potent vasoconstrictors

whereas ACh, VIP, Substance P, and CGRP are vasodilators.

Vertebrate vasculature is also affected by hormonal

agents including noradrenaline, serotonin, kinins,
vasopressin, oxytocin, and atrial natriuretic factor
(Hirst and Neild, 1980; Vanhoutte et al., 1986; Ganong,

1987). Noradrenaline, in addition to acting as a
neurotransmitter can also enter the blood stream causing

hormonally mediated vasoconstriction (Hirst and Neild,

1980; Hirst et al., 1985; Van Helden, 1987). Serotonin is

released locally by platelet cells and causes
vasoconstriction. Other hormonal agents including kinins

from plasma cells and atrial natriuretic peptide from the
heart have vasodilatory actions.

Many of the vascular smooth muscle cell responses,

including those to CGRP and Substance P, require the

presence of the underlying endothelial cells. Studies

suggest these cells produce at least two important factors

in response to hormonal and neurotransmitter agents,
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endothelium-derived relaxing factor (EDRF) and

endothelium-derived contracting factor (EDCF)(Vanhoutte et

al., 1986). These endothelium-derived factors then affect

the associated vascular smooth muscle resulting in

vasodilation or vasoconstriction. EDRF is believed to be

nitric oxide (Palmer et al., 1987) and EDCF is probably

the peptide Endothelin (Yanagisawa et al., 1988).

The role of the endothelium in the response of

vascular smooth muscle to a neurotransmitter,

neuropeptide, or hormone is variable. The response is at

least partially dependent upon the species of animal, its
developmental state, the anatomical location of the muscle

tissue, and whether or not the experiments are done in

vivo or in vitro. In one example, two different arterial
responses to noradrenaline can occur depending upon the

method of noradrenaline application. The two responses

are possible because there are two different noradrenaline

receptor types (Hirst and Neild, 1980).

Although the hormonal and neuronal mechanisms that

control vasculature function in vertebrates are similar to
their counterparts in invertebrates like Aplysia, it is
difficult to describe the functions of a single VVC neuron
since it is not easy to record or stimulate the activity
of a single VVC neuron. It is also unlikely that one cell
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within a VVC population would have a detectable affect on

blood flow resistance (Janig, 1988). Therefore, it is
difficult to evaluate the actions of neuropeptides on
vasomotor neurons in vertebrates. Studies of the vascular

system of invertebrate model systems like Aplysia may

provide a more detailed understanding of the mechanisms of

vascular regulation in both invertebrate and vertebrate

animals.
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Summary

The regulation of vertebrate and invertebrate vascular

systems appears to involve the integrated actions of

hormones, neuromodulators, and vasomotor

neurotransmitters. Although we know some of the

individual factors that control vascular function, we do
not understand how these factors combine to produce a

physiological response in the context of a long-lasting
behavior. This knowledge will be difficult to obtain but
it is most likely to come first from an invertebrate model
system such as Aplysia since it is easier to define and

monitor the activities of individual vasomotor neurons,

and to regulate the release of neuronal and hormonal

agents. It is expected that the principles of vascular
regulation are similar for all animals so that information
derived from invertebrate studies will influence future
work on invertebrates and vertebrates. The purpose of

this thesis, therefore, is to quantitatively define the
actions of several neurotransmitters and neuropeptides

involved in regulating the activity of vascular tissues in
Apllysia. My strategy has been to investigate the actions

of chemical messengers at two levels, on the vasomotor

neurons innervating the vasculature and on the vascular

muscle itself. The first section (Chapter II) describes
the responses of the vasculature to the release of
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neuropeptides from the bag cell neuroendocrine system.

The next section (Chapter III) describes the quantified

responses of identified vasomotor neurons to neuropeptides

released from the bag cells, and to exogenous molluscan

neuropeptides infused into the abdominal ganglion. The

last chapter describes the responses of isolated segments

of the anterior and gastroesophageal arteries to

endogenous neurotransmitters and neuropeptides.
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Figure 1

Schematic diagram showing the major components of the

circulatory system of Aplysia. Blood flows out of the

heart under the force of gill, auricle, and ventricle
contractions and passes to the tissues through three major

arteries, and various smaller arterial branches such as

the genital artery, and collects in the hemocoele. Blood

then returns to the heart through the gill and kidney
veins. Regions of arterial muscle which are innervated by

vasomotor neurons are indicated by the solid region in the

arteries.
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Figure 2

Schematic diagram of the abdominal ganglion of Agl sia

showing the positions of nerve cells involved in
regulating vascular tissues including: the bag cells, LB,,
and RD,, vasomotor neurons, peptidergic cell R14, and

nonvascular marker cells (R2 and L11).



Figure 2



32

References

Abrams, TW; VF Castellucci; JS Camardo; ER Kandel; and PE
Lloyd. 1984. Two endogenous neuropeptides modulate the
gill and siphon withdrawal reflex in Aplysia by
presynaptic facilitation involving cAMP-dependent
closure of a serotonin-sensitive potassium channel.
Proc. Natl. Acad. Sci. USA 81:7956-7960.

Alevizos, A; CH Bailey; M Chen; and J Koester. 1989.
Innervation of vascular and cardiac muscle of Aplysia
by multimodal motoneuron L7. J. Neurophysiol. 61:1053-
1063.

Andrews, PC; K Brayton; and JE Dixon. 1987. Precursors to
regulatory peptides: their proteolytic processing.
Experientia 43:784-790.

Arch, S and T Smock. 1977. Egg-laying behavior in Aplysia
californica. Behav. Biol. 19:45-54.

Austin, T; S Weiss; and K Lukowiak. 1983. FMRFamide
effects on spontaneous and induced contractions of the
anterior gizzard in Aplysia. Can. J. Physiol.
Pharmacol. 61:949-953.

Barnes, PJ. 1988. Neuropeptides and airway smooth muscle.
Pharmac. Ther. 36:119-129.

Belardetti, F; ER Kandel and SA Siegelbaum. 1987. Neuronal
inhibition by the peptide FMRFamide involves opening
of S K+ channels. Nature 325:153-156.

Bloom, FE. 1985. Neuropeptides and other mediators in the
central nervous system. J. Immunol. 135:743s-745s.

Brain, SD; TJ Williams; JR Tippins; HR Morris; and I
Maclntyre. 1985. Calcitonin gene-related peptide is a
potent vasodilator. Nature 313:54-56.

Branton, WD; S. Arch; T Smock; and E Mayeri. 1978.
Evidence for mediation of a neuronal interaction by a
behaviorally active peptide. Proc. Natl. Acad. Sci.
U.S.A. 75:5732-5736.

Brown, RO; D Gusman; AI Basbaum and E Mayeri. 1985.
Identification of Aplysia neurons containing
immunoreactive FMRFamide. Neuropeptides 6:517-526.



33

Brownell, PH. 1983. Neuroendocrine mechanisms of
visceromotor behavior in Aplysia. In: Molluscan
Neuroendocrinology, ed. J Lever, H.H. Boer, pp
256-263. North Holland, Amsterdam.

Campanelli, JT and RH Scheller. 1987. Histidine-rich basic
peptide: a cardioactive neuropeptide from Aplysia
neurons R3-14. J. Neurophysiol. 37:1201-1209.

Cawthorpe, DRL; J Rosenberg; WF Colmers; and K Lukowiak.
1985. The effects of small cardioactive peptide B on
the isolated heart and gill of Aplysia californica.
Can. J. Physiol. Pharm. 63:918-924.

Chiu, AY; MW Hunkapiller; E Heller; DK Stuart; LE Hood;
and F Strumwasser. 1979. Purification and primary
structure of the neuropeptide egg-laying hormone of
Aplysia californica. Proc. Natl. Acad. Sci. USA
76:6656-666

Clark, JT; PS Kalra; and SP Kalra. 1985. Neuropeptide Y
stimulates feeding but inhibits sexual behavior in
rats. Endocrinology 117:2435-2442.

Coggeshall, RE. 1970. A cytological analysis of the bag
cell control of egg laying in Aplvsia. J. Morphol.
132:461-469.

Colebrook, E and K Lukowiak. 1988. Learning by the Aplysia
model system: lack of correlation between gill and
gill neurone responses. J. Exp. Biol. 135:411-429.

Deschenes, RJ; LJ Lorenz; RS Haren; BA Roos; KJ Collier;
and JE Dixon. 1984. Cloning and sequence analysis of
cDNA encoding rat preprocholecystokinin. Proc. Natl.
Acad. Sci. USA 81:726-730.

Douglass, J; 0 Civelli; and E Herbert. 1984. Polyprotein
gene expression: generation of diversity of
neuroendocrine peptides. Ann. Rev. Biochem.
53:665-715.

Eales, NB. 1921. Apllysia. Liverpool: Liverpool Marine
Biol. Comm. Memoirs No. 24 p.183-266.

Ganong, WF. 1987. Review of Medical Physiology. 13th
edition. Lange Medical Publications. Appleton &
Lange. San Mateo, California.



34

Gibson, D; CY Lin; and DJ McAdoo. 1982. A second
neuroactive substance from R3-14 neurons:
characterization and effects on anterior aorta of
Aplysia. Soc. Neuosci. Abstr. 8:691.

Greenberg, MJ and DA Price. 1983. Invertebrate
neuropeptides: native and naturalized. Ann. Rev.
Physiol. 45:271-288.

Gubler, U; AO Chua; BJ Hoffman; KJ Collier; and J Eng.
1984. Cloned cDNA to cholecystokinin mRNA predicts an
identical preprocholecystokinin in pig brain and gut.
Proc. Natl. Acad. Sci. USA 81:4307-4310.

Hirst, GDS and TO Neild. 1980. Evidence for two
populations of excitatory receptors for noradrenaline
on arterial smooth muscle. Nature 283:767-768.

Hirst, GDS; S De Gleria; and DF van Helden. 1985.
Neuromuscular transmission in arterioles. Experientia
41:874-879.

Hokfelt, T; 0 Johansson; A Ljungdahl; JM Lundberg; and M
Schultzberg. 1980. Peptidergic neurons. Nature
284:515-521.

Hokfelt, T; 0 Johansson; and M Goldstein. 1984. Chemical
anatomy of the brain. Science 225:1326-1334.

Hokfelt, T; D Millhorn; K Seroogy; Y Tsuruo; S
Ceccatelli;B Lindh; B Meister; T Melander; M
Schalling; T Bartfai; and L Terenius. 1987.
Coexistence of peptides with classical
neurotransmitters. Experientia 43:768-780.

Iliffe, TM; DJ McAdoo, CB Beyer; and B Haber. 1977. Amino
acid concentrations in the Aplysia nervous system:
neurons with high glycine concentrations. J.
Neurochem. 28:1037-1042.

Janig, W. 1988. Pre- and postganglionic vasoconstrictor
neurons: differentiation, types, and discharge
properties. Ann. Rev. Physiol. 50:525-539.

Joosse, J. 1986. Neuropeptides: peripheral and central
messengers of the brain. Comparative Endocrinology:
Developments and Directions. CL Ralph ed. Alan R Liss
Inc.

Kandel, ER. 1976. Cellular Basis of Behavior. WH Freeman &
Co. San Francisco.



35

Knock, SL and DJ McAdoo. 1987. Partial purification of
peptides which cause contraction of Aplysia muscles.
Soc. Neurosci. Abstr. 13:1075.

Koch, UT; J Koester; and KR Weiss. 1984. Neuronal
mediation of cardiovascular effects of food arousal in
Aplysia. J. Neurophysiol. 51:126-135.

Koester, J and UT Koch. 1987. Neural control of the
circulatory system of Aplvsia. Experientia 43:972-980.

Kow, L-M and DW Pfaff. 1988. Neuromodulatory actions of
peptides. Ann. Rev. Pharmacol. Toxicol. 28:163-188.

Krieger, DT. 1983. Brain peptides: what where and why.
Science 222:975-985.

Kupfermann, I. 1967. Stimulation of egg laying: possible
neuroendocrine function of bag cells of abdominal
ganglion of Aplysia californica Nature 216:814-815.

Kupfermann, I and ER Kandel. 1969. Neuronal controls of a
behavioral response mediated by the abdominal ganglion
of Aplysia. Science 164:847-850.

Kupfermann, I and ER Kandel. 1970. Electrophysiological
properties and functional interconnections of two
symmetrical neurosecretory clusters (bag cells) in
abdominal ganglion of Aplysia. J. Neurophysiol.
33:865-876.

Lehman, HK; DA Price; and MJ Greenberg. 1984. The
FMRFamide-like neuropeptide of Aplysia is FMRFamide.
Biol. Bull. 167:460-466.

Liebeswar, G; JE Goldman; J Koester; and E Mayeri. 1975.
Neural control of circulation in Aplysia. III.
Neurotransmitters. J. Neurophysiol. 38:767-779.

Lloyd, PE; I Kupfermann; and KR Weiss. 1984. Evidence for
parallel actions of a molluscan neuropeptide and
serotonin in mediating arousal in Aplysia. Proc. Natl.
Acad. Sci. USA 81:2934-2937.

Lloyd, PE; AC Mahon; I Kupfermann; JL Cohen; RH Scheller;
and KR Weiss. 1985a. Biochemical and immunocytological
localization of molluscan small cardioactive peptides
in the nervous system of Aplysia californica. J.
Neurosci. 5:1851-1861.



36

Lloyd, PE; I Kupfermann; and KR Weiss. 1985b. Two
endogenous neuropeptides (SCPA and SCPB) produce a
cAMP-mediated stimulation of cardiac activity in
Aplysia. J. Comp. Physiol. 156:659-667.

Lloyd, PE; M Frankfurt; P Stevens; I Kupfermann; and KR
Weiss. 1987a. Biochemical and immunocytological
localization of the neuropeptides FMRFamide, SCPAI
SCPB, to neurons involved in the regulation of feeding
in Aplysia. J. Neurosci. 7:1123-1132.

Lloyd, PE; I Kupfermann; and KR Weiss. 1987b. Sequence of
small cardioactive peptide A: a second member of a
class of neuropeptides in Aplysia. Peptides 8:179-184.

Lloyd, PE; I Kupfermann; and KR Weiss. 1988. Central
peptidergic neurons regulate gut motility in Aplysia.
J. Neurophysiol. 59:1613-1626.

Lundberg, JM and K Tatemoto. 1982. Pancreatic polypeptide
family (APP, BPP, NPY AND PYY) in relation to
sympathetic vasoconstriction resistant to
alpha-adrenoceptor blockade. Acta. Physiol. Scand.
116:393-402.

Lundberg, JM; A Anggard; J Fahrenkrug; G Lundgren; and B
Holmstedt. 1982. Corelease of VIP and acetylcholine in
relation to blood flow and salivary secretion in cat
submandibular salivary gland. Acta. Physiol. Scand.
115:525-528.

Lundberg, JM and T Hokfelt. 1983. Coexistence of peptides
and classical neurotransmitters. Trends Neurosci.
6:325-333.

Lundberg, JM; J Pernow; K Tatemoto; and C Dahlof. 1985.
Pre- and postjunctional effects of NPY on sympathetic
control of rat femoral artery. Acta. Physiol. Scand.
123:511-513.

Lundberg, JM and T. Hokfelt. 1986. Multiple co-existence
of peptides and classical transmitters in peripheral
autonomic and sensory neurons - functional and
pharmacological implications. Prog. Brain Res.
68:241-262.

Lynch, DR and SH Snyder. 1986. Neuropeptides: multiple
molecular forms, metabolic pathways, and receptors.
Ann. Rev. Biochem. 55:773-799.



37

Mackey, S and TJ Carew. 1983. Locomotion in Aplysia:
triggering by serotonin and modulation by bag cell
extract. J. Neurosci. 3:1469-1477.

Mahon, AC; PE Lloyd; KR Weiss; I Kupfermann; and RH
Scheller. 1985. The small cardioactive peptides A and
B of Aplysia are derived from a common precursor
molecule. Proc. Natl. Acad. Sci. 82:3925-3929.

Matsuyama, T; S Shiosaka; A Wanaka; S Yoneda; K Kimura; T
Hayakawa; PC Emson; and M Tohyama. 1985. Fine
structure of peptidergic and catecholaminergic nerve
fibers in the anterior cerebral artery and their
interrelationship: an immunoelectron microscopic
study. J. Comp. Neurol. 235:268-276.

Mayeri, E; J Koester; I Kupfermann; G Liebeswar; and ER
Kandel. 1974. Neural control of circulation in
Aplysia. I. motoneurons. J. Neurophysiol. 37:458-475.

Mayeri, E; P Brownell; and WD Branton. 1979. Multiple
prolonged actions of neuroendocrine bag cells on
neurons in Aplysia. II. Effects on beating pacemaker
and silent neurons. J. Neurophysiol. 42:1185-1197.

Mayeri, E; BS Rothman; PH Brownell; WD Branton; and L
Padgett. 1985. Nonsynaptic characteristics of
neurotransmission mediated by egg-laying hormone in
the abdominal ganglion of Aplysia. J. Neurosci.
5:2060-2077.

Morris, HR; M Panico; A Karplus; PE Lloyd; and B Riniker.
1982. Elucidation by FAB-MS of the structure of a new
cardioactive peptide from Aplysia. Nature 300:643-645.

Newcomb, R and RH Scheller. 1987. Proteolytic processing
of the Aplysia egg-laying hormone and R3-14
neuropeptide precursors. J. Neurosci. 7:854-863.

Nicoll, RA; GR Siggins; N Ling; FE Bloom; and R Guillemin.
1977. Neuronal actions of endorphins and enkephalins
among brain regions: a comparative microiontophoretic
study. PNAS 74:2584.

Nicoll, RA; C Schenker; and SE Leeman. 1980a. Substance P
as a transmitter candidate. Ann. Rev. Neurosci.
3:227-268.

Nicoll, RA; BE Alger; and CE Jahr. 1980b. Enkephalin
blocks inhibitory pathways in vertebrate CNS. Nature
257:238-240.



38

Ocorr, KA and JH Byrne. 1985. Membrane responses and
changes in CAMP in Aplysia sensory neurons produced by
serotonin, tryptamine, FMRFamide and small
cardioactive peptide B (SCPB). Neurosci. Lett.
55:113-118.

O'shea, M and M Schaffer. 1985. Neuropeptide function: the
invertebrate contribution. Ann. Rev. Neurosci.
8:171-198.

Palmer, RMJ; AG Ferrige; and S Moncada. 1987. Nitric oxide
release accounts for the biological activity of
endothelium-derived relaxing factor. Nature
327:524-526.

Parrott, RF; RP Heavens; and BA Baldwin. 1986. Stimulation
of feeding in the satiated pig by
intracerebroventricular injection of neuropeptide Y.
Physiol. Behav. 36:523-525.

Pelletier, G; HW Steinbusch; and A Verhofstad. 1981.
Immunoreactive Substance P and serotonin present in
the same dense core vesicles. Nature 293:71-72.

Pernow, J; A Saria; and JM Lundberg. 1986. Mechanisms
underlying pre- and postjunctional effects of
neuropeptide Y in sympathetic vascular control. Acta.
Physiol. Scand. 126:239-249.

Pinsker, HM and FE Dudek. 1977. Bag cell control of egg
laying in freely behaving Aplysia. Science
197:490-493.

Price, CH; W Fowle; and AR Rittenhouse. 1984. Anatomy and
innervation of the anterior aorta of Aplysia and the
ultrastructure of specialized neuromuscular junctions
of vascular smooth muscle. J. Comp. Neurol.
222:366-382.

Rittenhouse, AR and CH Price. 1986a. Electrophysiological
and anatomical identification of the peripheral axons
and target tissues of Aplysia neurons R3-14 and their
status as multifunctional, multimessenger neurons. J.
Neurosci. 6:2071-2084.

Rittenhouse, AR and CH Price. 1986b. Anatomical and
electrophysiological study of multitransmitter neuron
R14 of Aplysia. J. Comp. Neurol. 247:447-456.



39

Rothman, BS; E Mayeri; RO Brown; PM Yuan; and JE Shively.
1983a. Primary structure and neuronal effects of
alpha-bag cell peptide, a second candidate
neurotransmitter encoded by a single gene in bag cell
neurons of Aplysia. Proc. Natl. Acad. Sci.
80:5753-5757.

Rothman, BS; G Weir; and FE Dudek. 1983b. Egg-laying
hormone: direct action on the ovotestis of Aplysia.
Gen. Comp. Endocrin. 52:134-141.

Rothman, BS; KA Sigvardt; DH Hawke; RO Brown; JE Shively;
and E Mayeri. 1985. Identification and primary
structural analysis of peptide II, an end-product of
precursor processing in cells R3-R14 of Aplysia.
Peptides 6:1113-1118.

Sawada, M; JE Blankenship; and DJ McAdoo. 1981a. Neural
control of a molluscan blood vessel, anterior aorta of
Aplysia. J. Neurophysiol. 46:967-986.

Sawada, M; DJ McAdoo; J Blankenship; and CH Price. 1981b.
Modulation of arterial muscle contraction by glycine
and neuron R14. Brain Res. 207:486-490.

Sawada, M; N Hara; M Ichinose; and T Mseno. 1982.
Excitatory and inhibitory effects of acetylcholine on
the anterior aorta muscle of Aplysia. J. Neurosci.
Res. 7:179-192.

Sawada, M; M Ichinose; J Ito; T Maeno; and DJ McAdoo.
1984. Effects of 5-hydroxytryptamine of membrane
potential, contractility, accumulation of cyclic AMP,
and Ca 2+ movements in anterior aorta and ventricle of
Aplysia. J. Neurophysiol. 51:361-373.

Schaefer, M; MR Picciotto; T Kreiner; R Kaldany; R
Taussig; and RH Scheller. 1985. Aplysia neurons
express a gene encoding multiple FMRFamide
neuropeptides. Cell 41:457-467.

Schaefer, M; PH Brownell. 1986. Modulation of a
respiratory motor program by peptide-secreting neurons
in Aplysia. J. Neurobiol. 17:121-126.

Scheller, RH; JF Jackson; LB McAllister; BS Rothman; E
Mayeri; and R Axel. 1983. A single gene encodes
multiple neuropeptides mediating a stereotyped
behavior. Cell 32:7-22.



40

Scheller, RH; R-R Kaldany; T Kreiner; AC Mahon; JR Nambu;
M Schaefer; and R Taussig. 1984. Neuropeptides:
mediators of behavior in Aplysia. Science
225:1300-1308.

Schwartz, JP and E Costa. 1986. Hybridization approaches
to the study of neuropeptides. Ann. Rev. Neurosci.
9:277-304.

Sigvardt, KA; BS Rothman; RO Brown; and E Mayeri. 1986.
The bag cells of Aplysia as a multitransmitter system:
identification of alpha bag cell peptide as a second
neurotransmitter. J. Neurosci. 6:803-813.

Sossin, WS; MD Kirk; and RH Scheller. 1987. Peptidergic
modulation of neuronal circuitry controlling feeding
in Aplysia. J. Neurosci. 7:671-681.

Stjarne, L and JM Lundberg. 1984. Neuropeptide Y (NPY)
depresses the secretion of 3H-noradrenaline and the
contractile response evoked by field stimulation in
rat deferens. Acta Physiol. Scand. 120:477-479.

Stone, LS and E Mayeri. 1981. Multiple actions of
FMRF-amide on identified neurons in the abdominal
ganglion of Aplysia. Soc. Neurosci Abstr. 7:636.

Strumwasser, F; LK Kaczmareck; AY Chiu; E Heller; KR
Jennings; and DP Viele. 1980. Peptides controlling
behavior in Aplysia. In: Peptides: integrators of cell
and tissue function. Bloom, FE (ed). Raven Press, New
York.

Stuart, DK; AY Chiu; and F Strumwasser. 1980.
Neurosecretion of egg-laying hormone and other
peptides from electrically active bag cell neurons of
Aplysia. J. Neurophysiol. 43:488-498.

Van Helden, DF. 1987. Pre- and postsynaptic mechanisms in
neuromuscular and neurovascular transmission.
Neurosci. Lett. Supp. 27:S34-35.

Vanhoutte, PM; GM Rubanyi; VM Miller; and DS Houston.
1986. Modulation of vascular smooth muscle contraction
by the endothelium. Ann. Rev. Physiol. 48:307-320.

Vincent, J-D and JL Barker. 1979. Substance P: evidence
for diverse roles in neuronal function from cultured
mouse spinal neurons. Science 205:1409-1412.



41

Weiss, S; JI Goldberg; KS Chohan; WK Stell; GI Drummond;
and K Lukowiak. 1984. Evidence for FMRF-amide as a
neurotransmitter in the gill of Aplysia californica.
J. Neurosci. 4:1994-2000.

Yamagishi, H; CY Lin; and DJ McAdoo. 1984. Effects of a
peptide from Aplysia neurons R3-14 on potential
targets. Soc. Neurosci. Abstr. 10:694.

Yanagisawa, M; H Kurihara; S Kimura; Y Tomobe; M
Kobayashi; Y Mitsui; Y Yazak; K Goto; T Masaki. 1988.
A novel potent vasoconstrictor peptide produced by
vascular endothelial cells. Nature 332:411-415.



42

Differential Hormonal Action of the Bag Cell Neurons

on the Arterial System of Aplysia

Authors: Scott H. Ligman and Philip H. Brownell

Publication: Journal of Comparative Physiology A

Volume 157, pages 31-37. 1985.



43

Differential Hormonal Action of the Bag Cell Neurons

on the Arterial System of ARlysia

Chapter II.

Introduction

Egg-laying in Aplysia californica is associated with a

complex, stereotyped sequence of physiological and

behavioral processes that culminate in deposition of an

egg string (Kupfermann, 1967; Arch and Smock, 1977). The

environmental factors that initiate this sequence are

unknown but one of the earliest physiological events to

occur is a burst of impulse activity in the neuroendocrine

bag cell system of the abdominal ganglion (Kupfermann and

Kandel, 1970; Pinsker and Dudek, 1977). Activation of the

bag cell neurons triggers the release of several peptide

transmitters which are encoded by a single bag cell gene

(Scheller et al., 1983). One of these peptides, the egg-

laying hormone (ELH), functions both as a neurotransmitter

in the abdominal ganglion (Mayeri and Rothman, 1981;

Mayeri et al., 1985) and as a conventional hormone that

acts on the ovotestis to stimulate egg-release (Rothman et

al., 1983b). To further describe the functions of ELH and

other bag cell peptides in initiating egg-laying

behaviors, it has been useful to study semi-intact
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preparations of the visceral organ systems innervated by

the abdominal ganglion (Brownell, 1983). In these

dissected preparations it is possible to trigger a
"natural" release of bag cell transmitters by stimulating
impulse activity in the bag cells, and to observe the
effects of this neuroendocrine event on central neurons

and organ systems involved in egg-laying. In the present

study we used this approach to examine the effects of bag

cell activation on the arterial system in Aplysia.

The isolated arterial preparation presents a unique

opportunity to examine the adaptiveness of bag cell

actions with respect to egg-laying behavior. The three

major arteries of Aplysia conduct blood to different organ

systems, (Eales, 1921; Kandel, 1979). Some of these

organs (ovotestis, oviduct) show increased activities

during egg-laying (Coggeshall, 1970; Rothman et al.,

1983b), while others (ingestive organs, locomotory

structures) appear to be suppressed (Strumwasser et al.,

1980; Mackey and Carew, 1983). Thus it is reasonable to

hypothesize that circulation to these organs should change

as the animal begins egg-laying, and that arterial
vasoconstriction may play a role in the rerouting process.

We examined this possibility by stimulating bag cell

activity in a dissected preparation where the contractile
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activities of arterial vasoconstrictor muscles could be
monitored directly. Our results indicate that discharges

of the bag cell neuroendocrine system, similar to that
which occurs just before egg-laying in intact animals

(Pinsker and Dudek, 1977), causes long-lasting (>1 hr)

contractile activity in two of the three major arteries in
Aplysia. The pattern of induced vasoconstriction appears

to provide a simple mechanism for facilitating blood flow

to the reproductive organs during egg-laying.
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Materials and Methods

Animals

The animals used in this study were sexually mature

specimens (300-800g) obtained from Sea Life Supply (Sand

City, CA) or Marine Specimens Unlimited (Pacific

Palisades, CA). They were maintained in a recirculating

natural seawater system (12-15°C, 16L:8D photoperiod) and

fed daily with lettuce.

Physiological Recordings

Only animals showing normal tactile reflexes and

locomotory activity were used in this study. To minimize

premature activation of the bag cell neurons during

dissection, animals were injected with isotonic MgCl2

(approx. 25% of body volume), placed in seawater, and

cooled to 5°C prior to dissection. Following incision of

the ventral body wall and removal of the digestive organs,

the branchial and pericardial organs were isolated along

with the abdominal ganglion and placed in buffered (10 mM

Tris, pH 7.8 with 0.1% glucose), artificial seawater

(ASW). The isolated organs were pinned in a recording

chamber (12 x 6.5 x 1.5 cm deep, tissue + fluid volume =

90 ml), and perfused at 2 ml/min with buffered ASW. The

abdominal ganglion was pinned to a raised Sylgard (Dow
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Chem) platform for visualization of neurons and
intracellular recording of their activities. In each

experiment two of the three major aortae in the animal

(the anterior, gastroesophageal and abdominal arteries)

were attached at their distal ends to separate tension

transducers (Cambridge Technology, Model 400) to monitor

axial contractions of the vessels. In some experiments

the transducer was attached across the base of the

abdominal artery, where it exits the heart, so that
contractions of vasoconstrictor muscles there (Mayeri et

al., 1974) could be monitored. After a 40-70 min

stabilization period, bag cell activity (monitored
throughout all experiments) was evoked by brief (1-2 sec)

trains of current pulses (1-20 mA, 0.5 msec duration)

applied locally to the left or right cluster. Normal

functioning of the bag cell system was confirmed by

recording the response of identified neuron R15 which is

known to be excited by the ELH peptide released from bag

cell neurons (Branton et al., 1978). When bag cell

activation failed to cause a sustained (>20 min) increase

(>1.5 fold) in R15 impulse activity, the experiment was

not included in our analysis. For both experimental and

control trials (Table 1) perfusion medium was recirculated
through the recording chamber after bag cell stimulation.



48

Quantification and Analysis of Vascular Responses

In the experiments summarized in Table 1, the

contractile activity of the anterior and gastroesophageal

arteries was quantified by summing the areas of

contractile peaks during 40 min intervals before and after

bag cell stimulation. In the experimental group (trials

in which electrical stimulation triggered bag cell

activation) contractile activity was measured during the

40 min period before bag cell stimulation and during a 40

min interval (BCA+25 min to BCA+65 min) after stimulation.

For control trials (electrical stimulation failed to evoke

bag cell activation) pre- and post-stimulus contractile

activity was measured over the same intervals as

experimental trials. This post-stimulus interval was

chosen to include the period of contractile activity

normally observed after bag cell activation. For both

experimental and control trials, the change in contractile

activity was calculated by subtracting pre-stimulus

activity from post-stimulus activity. Statistical tests

(Wilcoxon's signed-ranks, Fisher's exact) were used to

determine whether the observed change in vascular

activities were significantly different for experimental

and control groups.
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Results

Characteristics of the Vascular Response

Figure 3 shows an example of neuronal responses and

contractile activity induced by bag cell activation (BCA)

in an innervated preparation of the pericardial organs.

In this example, tension of the anterior aorta was

continuously monitored over an 80 min period during which

a bag cell discharge was evoked by localized stimulation

of the bag cell clusters. Before BCA the anterior aorta

showed infrequent longitudinal contractions of small

amplitude. Initiation of the bag cell discharge had no

immediate affect on this pattern but 25 min later tension

of the vessel gradually increased. At the same time, the

frequency and amplitude of periodic longitudinal (axial)

contractions of the artery also increased. In the

example shown in Figure 3, the increase in contractile

activity lasted 35 min (periodic contractions) to more

than 1 hr (tonic contraction).

In comparing the time course of the vascular response

with two neuronal responses known to be induced by bag

cells (long term excitation of R15 and a left lower

quadrant cell), we found that the neuronal responses

always began within a few minutes of BCA whereas the onset
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of vascular contractions was more delayed (mean time to

onset was about 30 min post BCA). We noted, however, that

the occurrence of neuronal responses was a good indicator

of a subsequent vascular response. This suggests that

neuronal and vascular responses may be mediated by the

same bag cell transmitter(s) which first act locally on

neurons within the ganglion then diffuse from the ganglion

and act directly on the vasculature.

Differential Actions of Bag Cells on Three Arteries

When contractile activities of the three major aortae

- the gastroesophageal, anterior, and abdominal arteries -

were compared in dissected preparations (with intact

innervation from the abdominal ganglion), we observed

differences in the way each artery responded to bag cell

activation. Examples of these responses from two

experiments (Al, A2) are shown in Figure 4. As in the

previous example (Fig 3), BCA caused a gradual increase in

tonic tension of the anterior artery, which was

accompanied by increases in both the frequency and

amplitude of periodic longitudinal contractions. The

gastroesophageal artery from the same preparation showed a

similar increase in periodic contractile activity but did

not display the tonic increase in tension which

characterized the anterior artery's response. The
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responses of both arteries began 30 to 40 min after BCA

and lasted from 30 to 90 min or longer. As shown in the

example of Figure 4B, electrical stimulation which failed
to evoke a bag cell discharge did not affect contractile
activity of the vessels.

In contrast to the gastroesophageal and anterior

arteries, the abdominal artery showed no detectable change

in contractile activity either along its axis or across

the band of vasoconstrictor muscle that surrounds the base

of this artery. This lack of response is shown in the

lower pair of traces in Figure 4A where tension across the

base of the abdominal artery is compared to axial tension

in the gastroesophageal artery following a bag cell

discharge. The gastroesophageal artery, which was

spontaneously active in this preparation, showed a large

increase in contractile activity that peaked within 1 hr

of BCA. The abdominal artery remained inactive throughout

the experiment. In other recordings where the tension

transducer was attached to the distal end of the abdominal

artery there was a similar lack of activity.

To demonstrate the dependence of arterial responses on

discharge of the bag cell neurons, we compared the

contractile activities of the three arteries in the
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presence and absence of bag cell activity. For these

experiments we stimulated the bag cell clusters with

trains of current pulses that sometimes did (experimental

trials) and sometimes did not (control trials) evoke

impulse activity in the bag cell neurons. As summarized

in Table 1, experimental trials showed a large increase in

the mean levels of contractile activity of the

gastroesophageal and anterior arteries; the abdominal

artery showed no measurable change in contractile activity

in five experimental and five control trials and is not

included in the table. Although there was considerable

variation in the magnitude of the anterior and

gastroesophageal responses, the smallest increase among

experimental trials was greater than the largest increase

in control trials. We also noted that the time delay

between onset of neuronal (R15) and vascular responses to

BCA varied among the experimental trials (15 to 45 min)

suggesting that the vascular responses were independent of

bag cell effects on vasomotor neurons. Control trials

usually showed no change in contractile (or neuronal)

activity following electrical stimulation of the bag cell

clusters. We conclude, therefore, that bag cell activity

stimulates long-lasting increases in contractile

activities of the anterior and gastroesophageal arteries

while the abdominal artery is unresponsive.
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Hormonal Mediation of Vascular Responses

All of the experiments described above were done using

semi-intact preparations of the pericardial organs and

vasculature innervated by the abdominal ganglion. Under

these conditions bag cells may have activated the vessels

directly through hormonal actions of transmitters released

into the recording chamber, or indirectly through

excitation of vasomotor neurons in the abdominal ganglion

that innervate these vessels (Mayeri et al., 1974; Sawada

et al., 1981). To determine the relative importance of

these two channels in mediating the vascular responses we

eliminated innervation of the arteries by cutting all

ganglionic nerves to the tissues. As shown in Figure 5,

stimulation of BCA in denervated preparations evoked the

same pattern of contractile activity observed in

innervated preparations. In particular, the denervated

anterior aorta showed both the tonic and periodic

contractions that characterize the response of the

innervated vessel (compare Figs 3 and 1) indicating that

vasomotor neurons do not mediate either phase of the

response. We confirmed this conclusion by excising bag

cell clusters from an abdominal ganglion and placing the

crushed clusters within a few millimeters of denervated

arteries. This treatment stimulated strong contractile

activity in the anterior and gastroesophageal arteries
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within 15 min but did not affect the abdominal artery.

This response was not mimicked by application of crushed

neural tissue that did not contain bag cells. These

results are consistent with the view that bag cell impulse
activity triggers the release of hormonal factors that act
directly on muscles of the anterior and gastroesophageal

arteries to increase their contractile activities for
prolonged periods.
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Discussion

The results of this study indicate that two of the
three major arteries conducting blood from the heart of
Aplysia, the gastroesophageal and anterior arteries,

respond to bag cell activation by contracting. The

anterior aorta contracts tonically and both arteries show
increased frequency and amplitude of periodic longitudinal
contractions. The third vessel, the abdominal artery,

does not appear to respond to bag cell activation. Under

the conditions of our experiments, contractile activity of
the responsive arteries usually began 15 to 60 min after

bag cell activation, and lasted 30 to 90 min or longer.
These vascular responses were mediated hormonally,

apparently by a transmitter released from bag cell

neurons.

Although the effects of vascular contraction on blood

flow through the anterior and gastroesophageal arteries

have not been determined, there are reasons to believe

this action will alter blood flow in the intact animal.
Visual inspection of the arteries indicates that vascular
contractions originate distally and progress toward the

heart as both diameter and length of the vessels decrease.

Such a pattern of contraction should force blood toward
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the heart and cristae aorta (this was confirmed by

injection of dyes into contracting vessels). Thus

contractile activity may not only resist further entry of
blood into an artery, but may also eject blood out of the
contracting vessel and back into circulation through

uncontracted vasculature.

The anatomical relationships of the three aortae (Fig

6) suggest that the vascular responses induced by bag

cells may cause a long-lasting and behaviorally

appropriate change in the pattern of circulation during

egg-laying. Vasoconstriction of the anterior and

gastroesophageal arteries should decrease blood flow

through these vessels and increase flow through the

unconstricted abdominal artery. Smaller arteries

(genital, dorsal, abdominal ganglion arteries) branching

from the base of the anterior artery should also receive

increased flow of blood when the anterior artery

contracts. Rerouting of blood flow in this manner would

be consistent with the expected changes in metabolic

activities of tissues served by these arteries during egg-

laying.

Bag cells initiate egg-laying by acting hormonally on

the ovotestis to cause egg release (Rothman et al., 1983b)
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and migration of eggs through the hermaphroditic duct

(Cobbs and Pinsker, 1982). The time course of this action
is comparable to the hormonal actions on vasculature that

we observed in this study. Feeding and locomotory

activities, on the other hand, are suppressed during egg-

laying. This suggests that tissues involved in these
activities may have a decreased metabolic rate and reduced

circulatory demand. The vascular response induced by the

bag cell neurons would accommodate such changes.

Rerouting of blood flow in conjunction with changes in

behavioral state has been demonstrated previously in

Aplysia. Koch and Koester (1982) have shown that feeding

arousal in Aplysia is associated with a two-fold increase

in heart rate and blood flow through the anterior artery
to feeding structures in the head. Individual bites in
the ingestion cycle are associated with alternating

increases in flow to anterior feeding structures (through
the anterior aorta) and to the hepatopancreas and

ovotestis (through the abdominal aorta). Unlike the bag

cell-induced response observed in our study however, the

changes in blood flow observed during feeding are mediated

by vasomotor neurons (Koch et al., 1984), and the time to

onset and duration of circulatory rerouting are much

shorter than those that are likely to occur during egg-
laying. In this regard, the arterial vasoconstrictor
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muscles that control blood flow in Aplysia appear to be

under two modes of regulation: (1) neuronal regulation

which acts on a short term basis (seconds to minutes) to

alter blood flow during periodic, rhythmic behaviors like
feeding and respiratory pumping (Mayeri et al., 1974), and

(2) hormonal regulation which is longer-lasting (>1 hr)
and operates during the expression of a complex behavior

(egg-laying).

While our experiments indicate that the bag cell

influence on vascular activity is mediated by a hormonal

mechanism, the transmitter and its cellular origin remain
to be determined. There are reasons to believe, however,

that the ELH peptide from bag cells is the active agent.

First, in these experiments we noted a consistent

relationship between the occurrence of vascular and

neuronal responses (R15 and LLQ responses, see Fig 3) that
are known to be mediated by ELH (Mayeri et al., 1985).

This relationship would be expected if ELH first acted on

target neurons in the abdominal ganglion and then diffused

out of the ganglion to act directly on the vasculature.

Second, in a preliminary study we observed that topical

application of ELH to the arteries induced contractile

activity in the anterior and gastroesophageal arteries

similar to that observed following bag cell activation.
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Third, of the several peptides released by bag cells
(Mayeri and Rothman, 1981), only ELH has been shown to act

as a peripheral hormone. Egg release from the ovotestis

is mediated by hormonal action of ELH on the ovotestis

(Coggeshall, 1970; Rothman et al., 1983b) and there are

indications that ELH acts hormonally to suppress feeding

(Stuart and Strumwasser, 1980; Ram, 1983). Two other bag

cell peptides, the acidic peptide and alpha bag cell

peptide, appear to be ineffective or inactivated soon
after release (Rothman et al., 1983a). Future studies

should determine the functions of ELH and other bag cell

peptides in mediating the vascular response.
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Summary

The peptide-secreting bag cell neurons of Aplysia

californica activate a long-lasting, complex behavior
called egg-laying. During egg-laying some organ systems

(reproductive) are more active than others (digestive)

suggesting that blood flow to these tissues may change in

accordance with their activities during egg-laying. To

examine this possibility we used a semi-intact preparation

of the three major arteries innervated by the abdominal
ganglion. We found that electrically stimulated bursts of
bag cell activity triggered a long-lasting (> 1 hr)
increase in contractile activity in two arteries, the
anterior and gastroesophageal, but did not affect

contractions of the third (abdominal) artery. The

arterial responses were not affected either in form or
duration by denervation of the arteries, suggesting that
the increase in contractile activity was mediated by

hormonal actions of bag cell transmitters on

vasoconstrictor muscles. In intact animals this
differential action on the arterial system may cause a
long-term decrease in blood flow to relatively inactive
tissues (digestive and locomotory organs) while increasing

circulation to tissues involved in egg production
(ovotestis and oviduct).
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Figure 3

Long-term contractile activity of vascular muscle

following bag cell discharge in the semi-intact
preparation. The upper trace records axial tension in the

anterior aorta over an 80 min period during which an

afterdischarge of bag cell impulse activity (lower trace)
was elicited by brief electrical stimulation (arrow). The

two middle traces show simultaneous intracellular

recordings from two ganglionic neurons, R15 and a left

lower quadrant (LLQ) cell, that are excited by bag cells.
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Figure 4

Differential actions of bag cells on vasocontractile
activity of three major arteries. A. The two upper traces

(Al) show axial tension in the anterior and
gastroesophageal arteries from one preparation over a 2 hr

period during which bag cell activity (not shown) was

evoked by localized electrical stimulation (at arrow).
The two lower traces (A2) show similar recordings (same

time scale) from gastroesophageal and abdominal arteries

in another preparation. Bag cell activation induced

long-term increases in contractile activity of anterior
and gastroesophageal arteries without affecting the

abdominal artery. B. By itself, strong electrical
stimulation (arrow) of the ganglion did not affect
contractile activities of responsive vessels unless the
stimulus also evoked a bag cell discharge.
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Figure 5

Bag cell activation of contractile activity in a
denervated preparation of the anterior aorta. Same

recording procedure as in Figure 3 except all nerves from

the abdominal ganglion to peripheral tissues have been

cut. The form and duration of the vascular response to

bag cell activity (bar) was unaltered by denervation of
the vessel. Neuronal response is indicated by an increase

in the spike rate for R15 from an average of 31 spikes/min

during the pre-stimulus interval to 65 spikes/min during
the post-stimulus interval.
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Figure 6

Differential hormonal action of bag cell neurons on

the three major arteries in Aplysia may facilitate
circulation to reproductive organs during egg-laying.

Stippling indicates regions of the anterior and
gastroesophageal arteries that contract following bag cell
activation. Egg laying hormone (ELH) from bag cells may

mediate this response (diagram from Eales, 1921).
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Table 1. Bag cell effects on vascular activity.

Artery Treatment n Contractile activity*

average range

Gastroesophageal BCAb 10 34.0 10.0 - 73.9

Gastroesophageal control 5 (-)0.7 (-)4.5 - 1.9

Anterior BCA 5 16.7 4.5 - 52.8

Anterior control 5 1.0 0.0 - 2.4

a expressed as increase above baseline activity in mg
(tension) x min.

b bag cell activation.

Wilcoxon's signed ranks test, comparing contractile
activity in experimentals and controls, gave P < 0.01 for
gastroesophageal and anterior arteries. Fisher's exact
test, comparing the number of experimentals and controls
that responded (using 4 X mean of the controls as the
response threshold) gave P < 0.005 for both anterior and
gastroesophageal arteries.
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Effects of Bag Cell Peptides and Endogenous Neuropeptides

SCPB and FMRFamide on Vasomotor neurons in Aplysia

Chapter III

Introduction

In the past decade our understanding of chemical

signalling within nervous systems and the physiological

mechanisms of simple behaviors has been altered by the

realization that neuropeptide transmitters have unusually

diverse structures and modes of action. At least 30

different peptide transmitters have now been identified in

neural and non-neural tissues (for review see Kreiger,

1983; Bloom, 1985). These peptides vary in size from

single amino acids to oligomeric peptides of several

thousand Daltons molecular weight. Some of these

peptides, like substance P, act briefly (<1 sec) and

appear to function like conventional neurotransmitters

(Nicoll et al., 1980). Others (ACTH, gamma-MSH, beta-

endorphin) have structures similar to hormones and act as

neurohormones, functioning for minutes or hours. This

diversity of transmitter structure and function raises new

questions about their specific role in regulating complex

organs and behaviors.
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We are studying the actions of multiple transmitters

on neural and muscular tissues that control a relatively
simple motor system, circulation, that shows long-term

changes in its behavior (Ligman and Brownell, 1985. The

vascular system consists of a two chambered heart, three

major vessels through which blood flows to major organs,

and gill and kidney veins which return blood to the heart
(Eales, 1921; Kandel, 1979). The three main vessels, the

abdominal, gastroesophageal, and anterior arteries, are
innervated by a small number of neurons whose cell bodies

are located in the abdominal ganglion (for review see

Koester and Koch, 1987). The abdominal artery is

innervated by three vasoconstrictor neurons LBVe1,2,3, and

the gastroesophageal artery is innervated by two

vasoconstrictor neurons LBVC1,2. These cells are readily

identified by their relative position, shape, and color.

The neuronal circuit regulating the vasculature of
A 'a californica is a useful model for studying
neuropeptide functions. Many of the large

peptide-containing nerve cells of the abdominal ganglion

are readily identified and their activities are easily
recorded for several hours. One group of peptidergic

cells, the bag cell neurons, synthesize and release at
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least two biologically active peptides: egg-laying hormone

(ELH) and Alpha Bag Cell peptide (a-BCP) (Arch, 1972; Loh

et al., 1975; Stuart et al., 1980; Rothman et al., 1983).

These peptides modulate the activities of most of the

larger abdominal ganglion neurons (Mayeri et al., 1985;

Sigvardt et al., 1986), some of which are involved in the

initiation and coordination of motor patterns associated
with egg-laying behavior (Kupfermann, 1970; Pinsker and

Dudek, 1977; Sossin et al., 1987). Using this model

system it has also been possible to study the effects of
endogenous neuropeptides on motor neurons controlling

visceral functions such as respiration (Schaefer and
Brownell, 1986).

In addition to the bag cell peptides other
identifiable neurons in the abdominal ganglion contain

other neuropeptides including small cardioactive peptides

SCP,,B and FMRFamide (FMRF) . SCP and SCPB have been

identified in all major ganglia of Aplysia and appear to
have widespread behavioral actions including modulation of

feeding musculature (Lloyd et al., 1984, 1987),

stimulation of cardiac activity (Lloyd et al., 1985).

FMRF is found within the CNS and gill tissue (Weiss et

al., 1984; Brown et al., 1985); it affects gill movements
(Weiss et al., 1984) and contractions of the anterior
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gizzard (Austin et al., 1983)). The widespread

distribution of these peptides and their range of
activities suggests they are important regulators in
Aplysia but their role in controlling visceral functions
is incompletely understood.

in a previous investigation we showed that stimulated

discharges of the bag cell neurons, similar to that which
occurs just before egg-laying in intact animals, caused a

long-lasting increase in the contractile activity of two
of the major arteries (Ligman and Brownell, 1985).

Activation of the arteries was presumably mediated by

hormonal factors released from the bag cells or elsewhere

in the abdominal ganglion since denervation of the

arteries did not alter the response. These observations

raise questions concerning the functions of vasomotor

neurons in regulating activities of the arteries,
especially for long periods. Long-term excitation or

inhibition of vasomotor activity could alter the
effectiveness of synaptic inputs to vasomotor neurons and

thereby change the responsiveness of vascular tissues to

phasic regulation by the central nervous system (Koch et

al., 1984). Other endogenous neuropeptides such as SCP

and FMRFamide may also function as modulators of this

circuit. To determine the functional significance of
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multiple transmitters acting on the vascular motor system

we have quantified the responses of central motoneurons to

several peptidergic neuromodulators from Aplysia.
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Materials and Methods

Animals

Animals used in this study were sexually mature

Aplysia californica (300-800 g) obtained from Marine

Specimens Unlimited (Pacific Pallisades, CA) or Sea Life

Supply (Sand City, CA). They were maintained in a

recirculating, natural seawater system (12-1500, 16L:8D),

fed daily with lettuce, and isolated for at least 24 hrs

before experimentation.

Dissection and Recording Setup

To minimize the disruption of neuronal activity during

dissection, animals were injected with isotonic MgCl2

(approx. 25% of body weight), placed in seawater, and

cooled to 5°C before dissection. After cooling, the

digestive organs were removed through an incision in the

ventral body wall, and the branchial and pericardial

organs with intact innervation were removed along with the

abdominal ganglion and placed in saline. In 20% of the

experiments with elicited bag cell bursts the cephalic

ganglia and pleural abdominal connectives were left intact

and removed along with the abdominal ganglion. The saline

used in these experiments (pH 7.8) contained artificial

sea water plus 11 mM glucose, 5 mM Hepes or 10 mM Tris,
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Eagles minimum essential amino acids (Gibco, without

glutamine) and nonessential amino acids (0.2X), and

vitamins (0.5X)(Gibco).

The dissected preparation was pinned in a recording

chamber (12 x 6.5 x 1.5 cm deep, tissue + fluid volume =

90 ml) and continually perfused at 2-4 ml/min with cold
aerated saline, resulting in a bath temperature of
17-20°C. The abdominal ganglion was pinned to a raised

Sylgard (Dow Chem) platform for visualization of neurons
and intracellular recording. Bag cell activity was
monitored throughout each experiment by intracellular

recording or by extracellular bipolar recording electrode

near a bag cell cluster. In some experiments one or two

major aortae (abdominal or gastroesophageal) were attached

to a tension transducer (Cambridge Technology model 400)

to monitor contractions of the vessels. Vasomotor neurons

(LB,,,,,,,) were identified by depolarizing an individual

neuron through an intracellular electrode and confirming

vessel contraction visually. Vasomotor neuron activity

was recorded continuously in all experiments.
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Bag Cell Afterdischarge

After a 30-60 min stabilization period, bag cell

activity was evoked by brief (1-2 sec) trains of current

pulses (1-20 mA, 0.5 msec duration) applied

extracellularly to either the right or left bag cell

cluster. Bag cell and vasomotor neuron spike activities

were monitored with intracellular electrodes for at least

20 min before and 30 min following bag cell activation.

Peptide Infusions

Test solutions (peptides or saline) were infused into

the abdominal ganglion through a cannula (PE 260 pulled

over heat to form a 50-200 pm diameter tip) in the caudal

artery into which a smaller catheter (PE 20) was inserted

to provide a liquid tight but removable connection. The

test solution was loaded into the catheter and infused

into the ganglion through the cannula with a microliter

syringe. Solutions were infused at approximately 3 pL/min

until 5-7 µL had been infused. This volume is sufficient

to fill the vascular space of the abdominal ganglion

completely (Mayeri et al., 1985). Control infusions

(saline plus inhibitors) were done in each experiment to

test for changes in neuronal activity due to the saline

solution or changes in vascular pressure from infusions.

Saline infusions (1-3 times) were also done before we
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changed peptides to ensure the former peptide was cleared

from the ganglion. During these infusion experiments we

recorded the activity of vasomotor neurons, arteries, and

bag cells for at least 15 min before and 20 min after each
infusion.

Peptides were dissolved in filtered (0.2 µm) saline
containing 0.25 mg/ml each of trypsin inhibitor (Sigma),

ovomucoid inhibitor (Worthington), and bacitracin (Sigma).

These were added to reduce peptide degradation. Peptides

used in this study were egg-laying hormone (donated by

Drs. E. Mayeri and B. Rothman, U.C.S.F.), c-BCP, FMRF-NH

and SCPB (Peninsula).

Ouantification of Data
To determine the effects of various treatments, we

compared the spike rates of vasomotor neurons and

contractile activities of arteries during the 15-20 min

before each treatment (control) with the spike rates and

contractile activities during the 20-30 min after each

treatment (experimental).

For all vasomotor neuron responses, the neuronal spike

rates were normalized within each experiment before

comparison. This was done by determining the average
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spike rate for the 15 min period before treatment

(control) and subtracting this average pre-treatment rate

from the spike rates at one min intervals for 15 min
before and at least 20 min after each treatment. These

normalized data were then used to generate a composite

graph of spike rates for each treatment.

Arterial contractions were monitored in 60% of the

peptide infusion experiments but showed no detectable

change after any of the peptide infusions and were

therefore not analyzed further. The responses of arteries

to bag cell discharges have been described previously

(Ligman and Brownell, 1985).
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Results

The vasomotor neurons we recorded in these experiments

showed more variability in their spontaneous spike rates

than described by previous investigators (Mayeri et al.,
1974). We found some vasoconstrictors cells with little

or no spontaneous impulse ("spike") activity, and others

with tonic or bursting patterns of discharge suggesting

that these cells do not constitute a homogenous motor

pool. Nevertheless all LB neurons which constricted the

gastroesophageal and abdominal arteries are referred to

here as LB,,,,, cells and those that contracted only the

abdominal artery are referred to as LBvc, cells for lack of

any other rigorous criteria for distinguishing between
these cells. Variability was evident both between neurons

and within a single neuron over the duration of an

experiment. All cells also showed brief periods of
nonspiking and bursting. Spontaneous rates were

unaffected, however, by the infusion of saline into the
abdominal ganglion (Fig 9A).

Actions of Bag Cell Afterdischarge

LB, neurons typically showed a biphasic response to

bag cell afterdischarges (BCA). Baseline spike rates,

which varied from 0 to 80 spikes per min, frequently
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declined during the first few min post BCA then increased

and remained elevated for up to 90 min. Individual
responses of LBv, neurons varied from strong excitatory

responses lasting several tens of min or hours to mild

inhibitory responses lasting a few minutes. This

variation is shown in the examples in Figure 7. In the
first example the spike rate of LBVC1,2 increased from a

pre-BCA average of 18 spikes per minute (spm) (SD 2.5) to

a post-BCA average of 50 spm (SD 9.0). In the second

example the average pre-BCA spike rate of a different LBv,

1,2 decreased from 7.0 spm (SD 3.5) to a post-BCA average of

2.0 spm (SD 2.5). This variation in response was common,

but did not appear to correlate with BCA duration or
intensity.

Figure 8A shows the normalized data for all LB,-BCA

experiments (Fig 8A, n=30). For this analysis we averaged

the spike rates of 30 LBc neurons over the 20 min before

and 50 min after the initiation of BCB. The averaged

results show that LB,,s undergo a biphasic response with

initial inhibition during the 0 to 5 min interval
immediately followed by increased spike frequency for at

least 20 min thereafter. This biphasic response may

result from the combined actions of two or more

transmitters.
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Since our data included some LB, neurons which did not

show a change in spike rate in response to BCA while other

LBW,, cells did, we reanalyzed the data in an attempt to

account for the variation. The biphasic nature of the bag

cell effects were more evident when spontaneously active

cells were analyzed separately from cells that were silent
prior to BCA. We reasoned that cells with high

pre-treatment spike rates may not respond well to

excitatory stimulation while cells with low pre-treatment

rates would show little or no inhibitory response. To

test this assumption we classified neurons as having

either'low pre-treatment rates (less than 25 spm) or high

pre-treatment rates (greater than 25 spm) and compared the

responses of these two groups (Fig 8B). LB", neurons with

low baseline rates showed a larger long-term (>50 min)

increase in average spike rate than those with high

baseline rates. Also the early inhibitory phase of the

response was clearer in spontaneously active neurons. It
is evident that the affect of BCAs of LB, neurons is
biphasic and that the characteristics of the individual

response were partly dependent on the pattern of

spontaneous activity.
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Egg-laying behavior, synthesis of bag cell peptides,

and the ability of bag cell extracts to induce egg-laying
(Strumwasser et al., 1969; Berry, 1982) are seasonally

variable, suggesting that the effects of BCA on LB,s might

also be cyclic. To test for seasonal variation we divided

our data into two groups, experiments that were done

during the six months of greatest activity in the field
(months 6-11) and those done during the six months of

least reproductive activity (months 12-5). The comparison

(Fig 8C) indicates there was some difference between the

two seasons, with LBvc cells showing a larger inhibitory

and excitatory response during the reproductive than the

non-reproductive season. We also found that a bag cell

discharge was relatively difficult to elicit during the

non-reproductive season. This often required strong

electrical stimulation of the bag cells which sometimes

resulted in non-selective actions that mildly inhibited

LB, cells prior to or during the onset of a BCA. This

non-specific inhibition is evident in the spike rate at
"0" time (BCA initiation) in Figure 8C.

The biphasic characteristics of the LB, response and

its variability from mostly excitatory to mostly

inhibitory suggested that two or more transmitters may be

mediating this response. Bag cells are known to release
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several peptides during an afterdischarge (Stuart et al.,

1980, Scheller et al., 1983) one of which, a-BCP,

generally inhibits abdominal ganglion neurons (Sigvardt et

al., 1986) and another, ELH, that generally excites
abdominal ganglion neurons (Mayeri et al., 1985). We

investigated this possibility for the LB, cells by
infusing a-BCP and ELH directly into the abdominal

ganglion through its arterial vasculature while recording
the activities of vasomotor neurons, bag cells,

gastroesophageal and abdominal arteries.

Actions of a-BCP

Infusion of a-BCP inhibited LBW,, neurons in a dose-

dependent manner as indicated by the decrease in

spontaneous spike activity following the infusion of this

peptide (Fig 9A) while saline control injections had no

effect. The spike amplitude and spike undershoot

increased about 5% at 10 M. These changes in spike shape

are consistent with an increase in mean membrane

conductance suggesting that a-BCP may cause its inhibitory

effects by reducing a depolarizing conductance such as

resting sodium conductance.

The averaged responses of LBc neurons to infusions of

a-BCP at 1 µM (n=17), 10 pM (n=18), and 100 µM (n=11)
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concentrations is shown in Figure 9B. All vasomotor

neurons showed a dose-dependent inhibition of spontaneous

spike activity beginning one minute from the start of an
infusion and lasting 5 to 30 min. The inhibition was

largely reversible with spike rates returning to their
pre-infusion rates within 10 to 20 min of the infusion.
Contractile activity of the arteries innervated by LB,,
neurons was monitored in 45% of the experiments (GeA n=6,

AbA n=5). There was no detectable change in arterial

tension in response to a-BCP induced inhibition of the LB,,

cells indicating that spontaneous tonic activity of these
cells is not expressed as tonic tension in the arteries.

Actions of ELH

ELH had an excitatory effect on LBc neurons although

the duration and intensity of the response does not appear

to account fully for the excitation observed following a
BCA. Infusion of ELH at 1 and 10 µM into the ganglionic

artery caused a transient increase of the spike rate of
vasomotor neuron LB,, (Fig 10A). Spike rate increased 50%

for the 1 µM infusion and 45% for the 10 pM infusion.

Both ELH infusions appeared to depolarize the vasomotor

neuron and there was about a 3% decrease in spike

amplitude indicating an average membrane conductance

increase for the cell. In other examples (not shown)
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vasomotor neurons showed little or no change in spike

rate.

Averaged data from 5 to 11 vasomotor neurons at each

of three ELH concentrations (Fig 10B) show that ELH

infusion excites vasomotor neurons. The response was not

entirely concentration dependent since the increase in

spike rate was lowest for 100 µM ELH. Spike rates

typically increased within 2 to 3 min of the infusion,
persisted for 6 to 10 min, and returned to their
pre-treatment levels within 10 min.

The contractile activity of the arteries innervated by
LB,, cells was monitored in 45% of the experiments (GeA

n=4, AbA n=3) but none of the arteries showed a detectable

change in tension in response to ELH infusion.

Actions of Other Endogenous Peptides

LB, responses to SCPB and FMRF infusions were also

tested since these peptides are present throughout the CNS

of Aplysia and have been shown to be involved in

regulating some behaviors. SCPB infusion strongly excited

all vasomotor neurons tested. In Figure 11A, for example,

the spike rate of LBc,,, increased 1 to 5 fold in response

to SCPB. The increased spike frequency may result from an
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SCP induced depolarization of the vasomotor neuron which

is visible in both infusions. A plot of the normalized

data from all SCP infusions (3-6 at each concentration) is
shown in Figure 11B. At all SCPB concentrations the

average spike rate increased, with 10 µM producing the

largest response. LB, cells typically responded within 2

min of the infusion of 1 µM or 10 pM but did not respond

until 5 min at 100 µM. The duration of the response was

10 to 15 min for 1 pM and 10 µM, but was longer for 100

µM, lasting 20 to 30 min. The contractile activity of the

GeA or AbA was monitored in approximately 30% of the

experiments (GeA n=2, AbA n=2) but we did not detect any

change in contractile activity associated with SCPB

infusions.

FMRF infusions into the abdominal ganglion inhibited

vasomotor neurons. In the example shown in Figure 12A the

spike pattern of LB,,,, was irregular but FMRF infusions

still temporarily inhibited the cell. FMRF, like a-BCP,

appeared to hyperpolarize vasomotor neurons suggesting

that it may directly affect the membrane conductance of

LB. neurons. Normalized data from 4 to 5 experiments at

each concentration (Fig 6B) shows the inhibition was

concentration dependent. At low concentrations (1 µM, 10

µM) the inhibition was temporary (7-10 min) whereas at a
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high concentration (100 µM) the inhibition was largely
irreversible (>25 min). Vasomotor neurons treated with

100 µM FMRF did show some increase in spike rates after

30-40 min but none returned to their pre-infusion rates
even after two saline infusions. Contractions of arteries

innervated by these cells were monitored in 45% of the

FMRF infusions (GeA n=2, AbA n=3) but there were no

detectable changes in contractile activity.
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Discussion

This study shows that vasomotor neurons in the
abdominal ganglion of Aplysia are affected by several

neuropeptide transmitters commonly found within molluscan

nervous systems. The "natural" release of peptidergic

transmitters (a-BCP and ELH) during stimulated bag cell

discharge caused an initial inhibitory response in the LB,

cells lasting several minutes followed by a long-term

excitatory response lasting tens of minutes. These bag

cell-induced effects were mimicked by infusion of a-BCP

(short-term inhibition) and ELH (longer term excitation)
directly into the ganglionic artery indicating that this
system of peptide application is a reasonably

physiological method for the assay of neuropeptide

actions. At least two other neuropeptides, SCPb and FMRF,

also strongly affected LB,, neurons suggesting that these

neurons may be sensitive targets of a complex set of

transmitters whose integrated actions subtly influence

vascular functions of this animal.

The effects of all peptides we tested were dose-

dependent and reversible with two exceptions: ELH and SCPb

showed a smaller response at 100 µM concentrations than at

10 µM and the effects of 100 pM FMRF were not reversible
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even after several flushes of the ganglion with saline.
Attenuation of the response to ELH at 100 µM levels may be

attributed to LB, desensitization since higher doses

always followed exposure to lower doses that maximally

excite the response. Mayeri et al. (1985) indicate that
the levels of ELH and a-BCP normally released in the

ganglion by a bag cell discharge range form 0.5 to 1 µM,

suggesting that the very high doses used in some of our

trials would be greater that the concentration necessary
to maximally activate the response. Infusion of a-BCP,

ELH, FMRF, or SCPB at 1 pM concentrations (within presumed

physiological ranges) do produce spike rate changes in

vasomotor neurons.

The responses of vasomotor neurons to bag cell bursts

and arterial infusions of peptides differed in their

duration and response latency. Response latency was

longer for bag cell burst experiments than for peptide
infusions. Vasomotor neurons typically responded within 1

to 2 min of the start of a peptide infusion but did not

respond until 5 to 6 min after the initiation of a bag
cell afterdischarge. We did not detect any difference

between the responses of LB,,,,, and LB,,, neurons to bag

cell afterdischarges or peptide infusions.
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The overall variability observed in the LB,, responses

to bag cell afterdischarges may arise from at least two

sources: variation in baseline spike rate of LBc neurons,
and seasonal variation. Vasomotor neurons with high

baseline spike rates (>25 spm) were capable of greater

inhibitory and smaller excitatory responses than cells

with low (<25 spm) baseline activity (Fig 8B). Seasonal

variation in LBW, responses was attributed to changes in

the potency of bag cell afterdischarges which are known to

be reduced during the non-reproductive season (Berry,

1982). Bag cells are also more refractory during the non-

reproductive season and frequently require strong

electrical shocks to elicit the afterdischarge. This

stronger stimulus intensity may produce some non-specific

synaptic inputs to the vasomotor neurons which temporarily

inhibit the cells just prior to the start of an
afterdischarge. Taken together, however, these potential

sources of variation do not account for the extreme

differences in response we occasionally observed (Fig 7).

It is more likely that the absence of an excitation or
inhibition is due to variations in the amounts of a-BCP
and ELH released by the bag cell neurons. Such variations

in transmitter release would represent yet another

mechanism for increasing the complexity of neuronal

responses.
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For all of these experiments we assayed the effects of

neuropeptides by infusing them directly into the

ganglionic artery supplying the abdominal ganglion. This

procedure has the advantage that all of the cells in the
ganglion are exposed to the transmitter at a known

concentration but has the disadvantage that the precise

site of action within the neuronal circuitry cannot be
determined. Neuropeptides could affect the activity of
vasomotor neurons directly by altering membrane

conductances of these cells or indirectly by altering the
activity of interneurons or sensory neurons that make

synaptic connections with vasomotor neurons. The smooth

onset of the motoneuron responses and the observation that

spike amplitude changes during peptide-induced excitation

or inhibition suggests that at least some of the
transmitter effect is mediated by direct action on the
motoneurons. The overall affect of these peptides on

motoneuron output is likely to be the result of an
integration of direct and indirect actions.

Neuropeptides have been shown to act at multiple sites

in other tissues of Aplysia. Lukowiak and Colmers (1987)

suggest that changes in the gill withdrawal reflex in
response to arginine vasotocin and SCPB are mediated by
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central sensory neurons and peripheral neurons, whereas

the gill motor neurons are not affected. In a model of

the feeding system proposed by Sossin et al. (1987), FMRF

and SCPB have effects at three levels: on interneurons,

motoneurons, and peripheral feeding musculature.

Although several peptides strongly excite or inhibit
LB,, vasomotor neurons the neuronal response was not

accompanied by tension changes in the arteries they

innervate. This is due in part to the high spike
frequencies required to elicit arterial contraction by
these motoneurons, and by the tendency of the motoneuron -

muscle synapse to fatigue with sustained activity. These

properties suggest that the neuronal regulation of

vascular tension is primarily phasic. Koch et al. (1984)

found that it was necessary for LB,, neurons to discharge

in short bursts with peak frequencies of 400-600 spikes

per minute before a change in blood flow through a

corresponding artery could be detected. This spike rate

is much greater than any of the spontaneous or peptide-

induced responses we observed in this study, in which peak

frequency rarely exceeded 165 spikes per min. Therefore,

we concluded that these tonic, long term actions of

neuropeptides on the vasomotor neurons probably have no

direct effect on circulation in the intact animal.
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The lack of a direct effect on arterial contractions
does not mean that the neuropeptide-induced changes in

vasomotor neuron activity is without physiological
significance. Long-term excitation or inhibition of these
motoneurons should increase or decrease the sensitivity of

this pathway to synaptic inputs. At this level of
regulation, however, neuropeptide transmitters are likely

to affect only phasic regulation of vascular activity
since none of the LB,, neurons we examined were capable of

driving sustained (>1 min) contractions of arterial
muscle. Tonic regulation, such as that observed following

bag cell discharge (Ligman and Brownell, 1985), and

presumably that which occurs in association with other

complex behaviors of Aplysia, are more likely the result

of direct hormonal actions on the vasculature.
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Figure 7

Variability in long-term spike activity of vasomotor
neurons following bag cell afterdischarge. The two upper

traces show intracellular recordings of LB,, neurons from

independent experiments in which a bag cell afterdischarge

was elicited (arrow) by brief (1-2 sec) trains of
electrical pulses applied to the bag cell clusters.
Bottom trace shows bag cell activity recorded from an

intracellular electrode (from the same experiment as the

second LB,, recording). Normally, LBv, neurons showed long-

term excitatory responses to BCA (top trace) but

occasionally the response was weak or inhibitory (middle

trace).
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Figure 8

Effects of bag cell afterdischarges (BCA) on the

normalized spike rates of LB,, neurons. Upper graph shows

the effects of BCA on the spike rates of all (n=30) LB,,
neurons. Middle graph compares the effects of BCA on LB,,

neurons with low (<25 spm, n=15) and high (>25 spm, n=15)

pre-BCA spike rates. The bottom graph compares BCA

effects on LB,, neurons assayed during the reproductive

(n=16) and non-reproductive (n=14) seasons.
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Figure 9

Responses of LB, neurons to infusions of a-BCP into

the ganglionic artery. A. Intracellular recording of
spike activity from an LBW,, ,,2 during vascular infusion of a

control saline (top trace) and saline plus µM
concentrations of a-BCP (lower traces). Control and test

salines were infused at 3 µL/min for roughly 2.5 min

(between arrows). B. Composite graph showing the average

normalized spike rates of LBc neurons during the infusion

of a-BCP (time 0) at 1 µM (n=17), 10 µM (n=18), and 100 µM

(n=11) concentrations.
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Figure 10

Effects of the ganglionic infusion of ELH on the
spontaneous impulse activity of LB,, neurons. A.

Intracellular recordings of the spike activity in an LBVC1,,

neuron during the temporary (2.5 min) infusion (between

arrows) of ELH. B. Plot of the average spike activity of
LB,, neurons following infusions (time 0) of ELH at 1 µM

(n=5), 10 pM (n=9), and 100 µM (n=11) concentrations.
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Figure 11

Responses of LB,, neurons to ganglionic infusion of

SCPB. A. SCPB caused sustained (5-10 min) excitation of

LB,,, that outlasted the brief (2.5 min) period of infusion

(between arrows). In these examples a strong burst of

synaptic inhibition terminated the responses. B. Graph

showing average spike rates of LBv, neurons following the

infusion (time 0) of SCPB at 1 pM (n=4), 10 pM (n=6), and

100 µM (n=2) concentrations.
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Figure 12

Effects of ganglionic infusions of FMRF-amide on the

spike activity of LBc vasomotor neurons. A. Intracellular
recordings of the spike activity from an LB,,,,, neuron

during the temporary (2.5 min) infusion (between arrows)

of FMRF-amide. B. Graph of the average spike rates of LB,

neurons in response to the infusion (time 0) of three
concentrations of FMRF-amide.
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Effects of Endogenous Neurotransmitters and Neuropeptides

on the Anterior Aorta and Gastroesophageal Artery

of Aplysia californica

Chapter IV

Introduction

We have been studying the neuronal and hormonal

mechanism controlling the arterial system in Aplysia
californica. The pattern of blood flow through the

animal's circulatory system is controlled by three major

arteries that conduct blood from the heart to separate
tissues. The gastroesophageal artery carries blood to the

esophagus and stomach, the abdominal artery carries it to
the hepatopancreas and ovotestis, and the anterior artery
supplies most of the reproductive organs, the head, and

the body wall (Eales, 1921). Blood flow through these

arteries is controlled by longitudinal and circular
muscles that are innervated by at least seven motoneurons

whose cell bodies are located in the abdominal ganglion

(for review see Koester and Koch, 1987). Some of these

vasomotor neurons contribute to the cyclic changes in

vascular resistance that occurs during feeding (Koch et
al., 1984). The vasoconstrictor muscles may also be

affected by humoral factors released from neurosecretory
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terminals within the heart and veins (Knock and McAdoo,

1987) and from the neuroendocrine bag cell neurons (Ligman

and Brownell, 1985). The purpose of this study was to

assess the responsiveness of the arteries to several

identified neurotransmitters and neuropeptides in Apysia.

We were especially interested in the effects of

neuropeptides secreted from bag cell neurons since a burst

discharge of these cells induces long term changes in the

contractile activity of the arteries. Bag cell neurons

trigger egg-laying behavior in Aplysia and it is
reasonable to hypothesize that this complex behavior is

associated with changes in the pattern of blood flow.

The primary components of the vascular system of

Aplysia are a two chambered heart, three major arteries,

and efferent gill and kidney veins which return blood from

the hemocoel to the heart (Eales, 1921; Kandel, 1979).

The abdominal artery (AbA) is innervated by three

cholinergic vasoconstrictor neurons (LB,1,2,,) (Liebeswar et

al., 1975) and by motoneuron L7 whose transmitter is not

identified (Alevizos et al., 1989). The gastroesophageal

artery (GeA) is also innervated by vasoconstrictor neurons

(LBVC,,,) but is not innervated by L7. The anterior artery
(AA) is innervated by three motoneurons. Two of these

cells (RDAAI1,2)cause vasodilation and are probably

cholinergic, and one (RD,$) causes vasoconstriction and may
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be serotonergic or cholinergic (Sawada et al., 1981, 1982,

1984). The vasculature is also innervated by peptidergic

cells R3-14 (Rittenhouse and Price, 1986a, 1986b). The

innervation pattern of two of these cells, R6 and R14,

suggests they are especially important in vascular

function. R6 innervates the artery supplying blood to the

abdominal ganglion (ganglionic artery), and R14 innervates

many vascular tissues including the GeA and AA.

The vascular system of Apl sia is innervated by at

least 13 different neurons, most of which have weak or

phasic effects on vascular muscle tension. Other factors,

perhaps circulating hormonal transmitters, may also affect

vascular muscle tension but these have not been

identified.

The cell bodies of R3-14 neurons contain an unusually

high concentration of free glycine (Price and McAdoo,

1981) and as many as six peptides (Newcomb and Scheller,

1987) which may function as neurotransmitters. Two of

these peptides, peptide II (Rothman et al., 1985) and

Histidine-rich Basic Peptide (HRBP) (Campanelli and

Scheller, 1987), have been isolated and sequenced, but

only HRBP appears to act on circulatory tissues.

Recently, Knock and McAdoo (1987) extracted a peptide from

gill vein tissue innervated by R3-14 terminals that caused
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only HRBP appears to act on circulatory tissues.

Recently, Knock and McAdoo (1987) extracted a peptide from

gill vein tissue innervated by R3-14 terminals that caused

both tonic and phasic contractions of the GeA. Thus while

the anatomy of innervation suggests that R3-14 regulate

vascular tissues, possibly by releasing both conventional

transmitters and neuropeptides, the specific actions of

these cells and their chemical transmitters are
undetermined.

Aplysia vasculature is also affected by the
neuropeptide FMRF and possibly by neurotransmitters

released by bag cell neurons during bursts of spike

activity. The abdominal aorta is immunoreactive for FMRF

(Alevizos et al., 1989), and FMRF blocks the excitatory

effects of LB,, cells and causes a sustained relaxation of

the GeA (Rothman et al., 1985). This indicates that FMRF

controls vascular dilation. In a previous study (Ligman

and Brownell, 1985) we found that activation of the
peptide-secreting bag cells initiated a bout of phasic
contractions of the GeA and AA without effecting the AbA.

Thus, bag cell peptides, or other factors activated by bag

cell discharge, appear to function in long-term control of
vascular activity.
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Although there has been some electrophysiological,

anatomical, and biochemical research into the role of

transmitters in vascular control of Aplysia, there has

been no systematic screening of endogenous

neurotransmitters and neuropeptides for their ability to

alter vascular activity, and most substances which affect

vascular activity have not been quantitatively or

qualitatively evaluated. To further understand the

mechanisms of vasculature regulation in this animal it

would be useful to determine which endogenous transmitters

affect the vasculature, and what these effects are. In

this study we quantified the effects of endogenous

neurotransmitters and neuropeptides on isolated segments

of the AA and GeA, the two arteries which conduct blood to

reproductive and digestive tissues respectively. Our aim

was to detect which of the many candidate transmitters had

significant effect on artery tension and whether

transmitters showed differential actions on these

arteries.
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Materials and Methods

Animals and Dissection

Animals used in this study were sexually mature

Aplysia californica (300-800 g) obtained from Marine

Specimens Unlimited (Pacific Palisades, CA) or Sea Life

Supply (Sand City, CA). They were kept in a recirculating

natural seawater system (12-15°C, 16L:8D photoperiod) and

fed lettuce daily. Animals were injected with isotonic

MgCl2 (approx. 25% of body volume) and cooled to 5°C before

dissection to minimize neuronal and muscular activity. An

incision was made in the ventral body wall to remove

segments of the major arteries. The GeA was transected at

its distal end where it attaches to the crop and at its

proximal end at the heart. The AA was transected at its

distal end at the dorsal artery and at the proximal end

where it attaches to the crista aortae.

Experimental Setup

Artery segments (2-4 cm) were suspended vertically in

a chamber containing saline by attaching the proximal end

to a stationary hook and the distal end to a tension

transducer (Fig 13). The tension transducer therefore

detected contractions of longitudinal muscle. Resting

tension of artery segments was adjusted to 10-30 mg. The
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artery segments were continuously perfused externally (170

µl/min) with aerated saline. Mineral oil was slowly added

to the top of the chamber, being careful not to interrupt

the perfusion stream along the artery, until all but the

bottom 50 mm of the artery was surrounded by mineral oil.

The mineral oil reduced the perfusion volume to a thin

aqueous layer surrounding the artery. This continuous

flow superfusion technique allows small volumes of

transmitters to be tested and eliminates artifacts induced
by washing (Ferreira and De Souza Costa, 1976).

After a 30-60 min control period, test substances were

introduced into the perfusion stream through a sample

injection valve and the arterial response was viewed on a

chart recorder and recorded on magnetic tape. Increasing

concentrations of transmitter samples (80 µl) were run at

10 min intervals or when the arterial tension returned to

pretreatment levels. Since the artery segment was

continually perfused, the artery was exposed to the

transmitter for approximately 35 seconds. Blank samples

(saline only) were run before and after each transmitter

series to ensure there was no residual transmitter in the
tubing system. No more than three transmitters were

tested on an individual artery and their order was

essentially random. We tested AAs, inactive GeAs, and
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active GeAs to determine whether transmitter effects

varied with artery type or pretreatment activity. All

experiments were done at room temperature (19-21°C.).

Saline and Transmitter Solutions

The perfusion saline (pH 7.8) consisted of artificial

sea water plus, glucose (11 mM), Tris (10 mM), Eagles

minimum essential medium amino acids (Gibco, without

glutamine) and nonessential amino acids (0.2X), and

vitamins (Gibco, 0.5X). FMRF, a-BCP (1-8), ELH, and SCPb

were obtained from Peninsula Laboratories. Acetylcholine,

serotonin, and beta-aspartyl-glycine were purchased from

Sigma Chemical. All transmitters were dissolved in

artificial sea water and stored frozen as 1 mM stock

solutions. Samples of 20-500 pl were thawed and diluted

in saline just before use. The concentration range tested

varied with the specific transmitter but usually ranged

from 0.01 to 100 pM with samples at 3X, 7X, and lOX

concentrations.

Quantification of Arterial Responses

Data analysis was performed in three stages. Arterial

responses were first examined to determine whether the

artery responded or not. Transmitter concentrations which

did cause a response were designated (+) and those that
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did not were designated (0). We then used this quantal

data (+ or 0) to generate dose-response curves.

Statistical analysis (probit analysis) was used on

these data to determine the transmitter concentration at

which 50% of the arteries responded (ED50). The arterial
responses at the ED50 for each transmitter were then

analyzed quantitatively by comparing the contractile

activity during the three minutes before (control) and
after (experimental) transmitter applications. We chose a

three min interval because most transmitters had maximal

effects within this period. Contractile activity was
measured by summing the areas (mm x time) between the

arterial tension and the baseline tension (the lowest
tension recorded). Contractile areas were transformed to

log values and tested with an analysis of variance (a

0.05) to determine whether any of the transmitters had a

significant effect on contractile activity. The

activities of all three artery types were significantly
altered by transmitter applications.

We then normalized the contractile areas by expressing

the areas as an activity ratio (log experimental/log
control) and used Fisher's least significant difference
test to determine which transmitters had unique effects.
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These data are presented in Tables 2 and 3.

Extraction of Endogenous Peptides

Peptides were extracted from efferent gill vein and

esophagus tissue using a modification of the procedure of

Knock and McAdoo (personal communication). Tissues were

removed from animals and stored at -20°C. Tissues of 2-6

animals were pooled and homogenized in acetone:water:HCl

(200:12:1 total volume about four times the tissue

volume). The homogenate was centrifuged at 15000 X g for

20 minutes at 20°C, supernatant was removed and saved, and

the pellet was homogenized and centrifuged two more times.

All supernatants were pooled and cold (1°C) acetone (six X

supernatant volume) was added to precipitate proteins.

The sample was centrifuged at 12000 X g for 20 minutes at

4°C to pellet the proteins. The pellet was resuspended in

4 mis of 0.13% heptafluorobutyric acid in water and

processed through a Waters CN Sep-pak cartridge to remove

salts and neurotransmitters. The resulting solution was

lyophilized and stored at -20°C until bioassayed. Using

these methods we obtained a total of 0.301 mg dry material

from the efferent gill veins of six animals and 0.318 mg

from the esophagi of two animals.
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Results

Spontaneous Activity of Arteries

Following dissection and preparation, the artery

segments were in one of two states - active or inactive.

Active arteries showed spontaneous phasic contractions at

regular intervals and "inactive" arteries showed tonic

tension but no phasic activity. The AA was not

spontaneously active in any of the preparations (n = 50),

whereas the GeA was spontaneously active in 59 of the 127

experiments. The GeA was sometimes active at the start of

the experiment but gradually became inactive within 20-40

minutes. The spontaneous activity of the GeA was

comparable to that observed in the arteries of semi-intact

preparations (Ligman and Brownell, 1985). Only those

arteries which were either inactive or spontaneously

active at regular intervals were used for experimentation.

If the activity of an artery became irregular during an

experiment, its response was excluded form our analysis.

Effects of Neurotransmitters

Isolated arteries (AA and GeA) responded similarly to

brief (35 sec) perfusion of ACh and 5HT but the response

thresholds were 10-100 times lower for 5HT than for ACh.

Examples of the tension changes of isolated arteries
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perfused with 5HT or ACh are shown in Figure 14. At their

ED50 concentrations (lowest in each pair) 5HT and ACh

typically increased tension of the AA (Fig 14A) and

decreased tension of the GeA (Fig 14B,C).

Responses to higher concentrations of 5HT (0.03-100

µM) were complex compared to the monotonic responses

induced by high ACh concentrations (3 pM-100 µM). Above

700 nM, 5HT caused an initial increase in tension of the

AA followed by a rapid decrease in tension, a series of
phasic contractions, and return to baseline tension. This

complex response occurred in about 50% of the trials when

the 5HT concentration was 300 nM or greater.

High 5HT concentrations also generated complex

responses in some inactive and spontaneously active GeAs.

In approximately 60% of inactive GeAs a brief (1 min)

relaxation of tension was followed by an increase in tonic
tension and occasionally a brief series of phasic

contractions. In spontaneously active GeAs 5HT normally

caused only a brief interruption of artery contractions,
but in 50% of the trials when the concentration was 1 µM

or greater, the interruption was followed by a short-term

increase in the frequency of spontaneous contractions.
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Perfusion of the arteries with ACh usually produced a

monophasic increase or decrease in artery tension. The AA

typically gave a single contraction in response to ACh,

sometimes (30% of trials) followed by a small decrease in

tonic tension. Lower concentrations of ACh (0.03-10 µM)

temporarily decreased the tension of both inactive and

spontaneously active GeAs, whereas high concentrations (30

pM-100 µM) caused a single large contraction followed by a

slight decrease in tonic tension. The polarity of the GeA

response changed abruptly in the 10-30 pM range. At 10 µM

70% of inactive GeAs showed only decreased tension, at 30

pM 86% showed an increase in tension. This effect was

also observed in some spontaneously active GeAs but was

difficult to quantify since small tension changes were

concealed by spontaneous activity.

The percent of arteries responding to progressively

higher concentrations of 5HT or ACh increased in a graded

manner (Fig 14D). Although the AA and GeA were affected

by 5HT and ACh both artery types had a lower response

threshold to 5HT than to ACh. From these dose response

curves we estimate the response thresholds of the AA to be

7 nM for 5HT and 700 nM for ACh. The response thresholds

for inactive GeAs were similar, we estimated them to be 10

nM for 5HT and 1 pM for ACh. The difference in 5HT and
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ACh sensitivity was not as noticeable for spontaneously

active GeAs as it was for the other artery types. We

estimated the thresholds for active arteries to be 15 nM

for 5HT and 180 nM for ACh. However, the response curves

suggest that active GeAs were more sensitive to 5HT since

the percent of arteries responding to 5HT increased more

rapidly than for ACh, and the transmitter concentration

necessary to elicit 100% response was lower for 5HT (:570

nM) than for ACh (?l µM).

Artery Responses to Peptides

Isolated artery segments also responded in a dose

dependent manner to perfusions of endogenous neuropeptides

a-BCP, SCPb, and FMRF (Fig 15). Perfusions of a-BCP

increased the contractile activity of the arteries for

relatively long periods (5-40 min) whereas SCPb and FMRF

generally relaxed the arteries for shorter periods.

AA responses to a-BCP consistently showed a rapid

sustained increase in tonic tension followed by a series

of phasic contractions and gradual return to baseline

tension. In the examples given in Figure 15A, the

increased tension lasted 8 min at 7 µM and 11 min at 70

µM. Alpha bag cell peptide also produced long-term

increases in the contractile activity of both inactive



129

GeAs (Fig 15B) and spontaneously active GeAs (Fig 15C).

a-BCP initiated a long-term (5-30 min) bout of phasic

contractions in inactive GeAs or a long term (5-30 min)

increase in the frequency of contractions in spontaneously

active GeAs while tonic tension was largely unaffected.

In several instances a-BCP (70 or 100 µM) perfusions

stimulated bouts of contractions lasting longer than an
hour.

Perfusion of neuropeptides SCPb and FMRF gave similar

responses for both the AA and GeA but these effects were

clearly different from those of a-BCP. SCPb and FMRF

typically caused a rapid relaxation of AA tension. In 65%

of the SCPb trials the relaxation was followed by a series

of phasic contractions similar to those observed in the

5HT responses. In 25% of the FMRF responses the

relaxation was followed by a brief increase in tonic

tension. The effects of FMRF are also different from

those of SCPb since they were usually longer term, lasting

up to five min at 10 µM.

The tonic tension of inactive GeAs initially decreased

in response to SCPb and FMRF but was followed by an

increase in both tonic tension and phasic contractions.

This biphasic response occurred in 60% of the SCPb trials
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and 75% of the FMRF trials, and occurred at all
concentrations tested. Spontaneous contractions of the

GeA were briefly inhibited by SCPb and FMRF. FMRF reduced

the frequency of phasic contractions, whereas SCPb also

reduced tonic tension. In 45% of the SCPb responses and

20% of the FMRF responses the inhibition was followed by a

brief (2-60 sec.) increase in the frequency of phasic
contractions.

The quantal dose response curves for a-BCP, SCPb, and

FMRF (Fig 15D) indicate that all arteries were dose
responsive to increasing peptide concentrations and were

least responsive to a-BCP.

The AA was most responsive to SCPb and least responsive

to a-BCP. Even at high a-BCP concentrations (30 µM, 70

µM) no more than 80% of the arteries responded and at 100

µM the number of arteries responding actually decreased.

All AAs did respond to FMRF and SCPb at concentrations of 7

pM or greater.

Inactive GeAs responded to SCPb and FMRF at low nM

concentrations but responded to a-BCP only at pM

concentrations. All arteries eventually responded as the

FMRF concentration increased but only 65% responded to SCPb
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or a-BCP. The number of arteries responding to SCPb

actually decreased as the concentration was increased to

µM levels. This decreased response did not occur in

spontaneously active GeAs.

Spontaneously active GeAs had similar sensitivities to

SCPb and FMRF. The response curves for FMRF and SCPb were

very similar but were different from the a-BCP curve.

With 3 µM SCPb or FMRF, all of the arteries responded

whereas only 65% responded to a-BCP even at its highest

concentration.

Effects of ELH and BAG

Arteries were also tested for responses to synthetic

ELH and 13-Asp-Gly. ELH was tested since it is released by

bag cells (Mayeri et al., 1985) and the endogenous peptide

B-Asp-Gly was tested because it is abundant within the

nervous system and its function in Aplysia is not known

(McCaman and Stetzler, 1984). Test concentrations ranged

from 10 nM to 1 µM for ELH and 10 nM to 100 pM for

13-Asp-Gly. We tested 5-6 arteries at each concentration

but did not observe any changes in contractile activity

for either of these peptides.
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Effects of Extracted Peptides

Peptide extracts from efferent gill vein and esophagus

tissues were also tested on the AA (n=5) and GeA (n=5).

We tested extracts of efferent gill tissue because it is
innervated by R3-14 cells which contain neuropeptides

believed to function in vascular control. Esophagus

tissue extract was used as a control since it is
apparently not innervated by R3-14 cells.

Efferent gill vein (EGV) extract increased the

contractile activity of both the AA and GeA (Fig 16). It

produced a single phasic contraction of the AA and a rapid

tonic contraction of the GeA followed by a series of
phasic contractions. This response was similar to that

obtained from a-BCP perfusions. The esophagus (Esp)

extract caused a decrease in the tension of the AA and an

increase in the tonic tension and frequency of phasic

contractions of the GeA similar to that obtained from EGV

extract. None of the arteries responded to Esp extract

below a concentration of 1.0. At 1.0, 60% of the arteries

responded and at 10.0, all of the arteries responded.

Only one of the arteries responded to EGV extract below

0.1. At 0.1 80% of the arteries responded and at 1.0,

100% of the arteries responded.
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Quantitative Analysis of Responses

Quantitative analysis of the AA responses to

transmitter perfusions are shown in Table 2. At their

ED50 concentrations, SCPb and FMRF decreased the

contractile activity of the AA 30%, whereas 5HT, ACh, and

a-BCP increased the contractile activity 25-400%.

Statistical analysis of the responses (Table 3) shows that

the magnitude of the effects at the ED50 were not

significantly different for either SCPb and FMRF, or 5HT

and ACH, but the effects of a-BCP were unique. The

transmitters can therefore be arranged in three groups:

those that decreased contractile activity by as much as

80% (SCPb, FMRF), those that increased contractile activity

by up to 100% (5HT, ACh) and those that increased

contractile activity by more than 100% (a-BCP).

Statistical analysis of the responses of inactive GeAs
(Table 3) at the ED50 concentrations indicates there was

no significant difference between the effects of 5HT, ACh,

SCPb, and FMRF, but the effects of a-BCP were again

different from the other transmitters. The transmitters

can therefore be divided into two groups, those that

inhibited (5HT, ACh, SCPb, FMRF) and those that excited

(a-BCP) contractile activity.
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Quantitative analysis of the responses of active GeAs

to transmitters at their ED50 concentrations (Table 2)
demonstrates that all transmitters except a-BCP typically

produced a decrease in contractile activity. SCP, and FMRF

depressed the activity by 30-60%, whereas 5HT and ACh

depressed it by 10-20%. Despite this difference at their
ED50s, the effects of 5HT were not significantly different
from those of FMRF or ACh, and the effects of SCPb were not

significantly different from those of FMRF (Table 3).
However, the effects of a-BCP were again significantly

different from the other transmitters. The transmitters

effects on spontaneously active GeAs can therefore be

arranged into three groups: those that decreased

contractile activity by up to 40% (ACh, 5HT, FMRF), those

that decreased activity by more than 40% (SCP, FMRF), and

those that increased activity (a-BCP).
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Discussion

The results of this study indicate that the major
arterial vasculature of Aplysia is responsive to a variety
of molluscan transmitters. Conventional neurotransmitters

(ACh, 5HT) and several endogenous peptides produce

different patters of contractile activity when perfused
over isolated segments of the anterior (AA) and

gastroesophageal arteries (GeA). Generally, the responses

to neurotransmitters were brief and simple (1-3 min) while

the responses to neuropeptides were longer lasting (1-15

min) and frequently had both tonic and phasic components.

Additionally, some of the members of both transmitter

types stimulated different contraction patterns in the AA

compared to the GeA.

Differential Actions of Neurotransmitters

The pattern of arterial contractions obtained in

response.to ACh and 5HT perfusions were very concentration

dependent. At the ED50 concentrations their effects were

very similar but as the sample concentrations increased

the responses became more dissimilar. The GeA's response

to ACh samples, for example, was inhibitory at low µM

concentrations but abruptly changed to an excitatory

response at high pM concentrations. This abrupt change in
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response may be due to multiple ACh receptor types (Sawada

et al., 1982) and could provide another mechanism for

vascular regulation. These data are consistent with

previous experiments by others (Sawada et al., 1984) in

which low concentrations of 5HT (10 nM) produced a single

contraction of the AA and higher concentrations (above 1

µM) stimulated phasic contractions. Our statistical
analysis, however, indicated that the effects of 5HT and

ACh were not significantly different. This contradiction

is understandable though when we consider that the

statistical analysis evaluated the responses at only one

concentration, the ED50. As shown in Figure 14, the

response thresholds and contractile patterns of the AA and

GeA were clearly different for 5HT and ACh concentrations

above the ED50 values.

LB, and RD,,,,, motoneurons apparently release ACh whereas

RD., motoneurons probably release 5HT (Liebeswar et al.,

1975; Sawada et al., 1982, 1984). Our results indicate

ACh could be the transmitter released by LB, neurons since

low µM concentrations contracted the GeA. The actions of

RD,, and RD., neurons could be accounted for by the release

of ACh and 5HT respectively, since the AA was inhibited by

ACh and contracted in response to 5HT.
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Actions of Neuropeptides

Vascular tissues of Aplysia responded to the perfusion

of at least three neuropeptides. SCPb and FMRF decreased,

and a-BCP increased, the contractile activity of all

artery types.

Previous studies of FMRF actions show that low

concentrations (500 nM) block the excitatory effects of

LB,c motor neurons (Alevizos et al., 1989) and high

concentrations (1 µM) inhibit spontaneous contractions of

the GeA (Rothman et al., 1985). We also found that FMRF

inhibited spontaneous contractions of the GeA but at

concentrations as low as 70 nM suggesting that it is

important in vascular function. Although FMRF stimulates

cill contractions (Weiss et al., 1984) and modulates

feeding behavior (Lloyd et al., 1987) its role in

controlling vascular tissues is unclear. None of the

identified neurons which innervate the vasculature contain

FMRF, but at least part of the vasculature is

immunoreactive for FMRF (Alevizos et al., 1989). This

immunoreactivity along with our results suggest that FMRF

is an important transmitter which mediates vasodilation.

This effect may be important in the regulation of blood

flow during feeding.
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SCPb is involved in modulating the activity of feeding
musculature (Lloyd et al., 1988) but unlike FMRF, SCPb has

not been detected immunocytologically in any major

vessels. Our results show that low concentrations of SCPb

(70 nM) decrease vascular tension in all three artery

types. SCPb may be localized to small vessels which have

not been examined for SCPb immunoreactivity.

Arterial responses to a-BCP were significantly

different from those of any other transmitter. The

responses were typically excitatory and long-lasting

whereas those of the other neuropeptides were inhibitory.

Previous work has shown that a-BCP is rapidly degraded

after release (Sigvardt et al., 1986) so it is unlikely to
have hormonal actions. Therefore the physiological

significance of a-BCP actions is not clear. Nevertheless,

the contractile pattern stimulated by a-BCP is of interest
since it is similar to the pattern of contractile activity

observed following bag cell discharges in the semi-intact

preparation (Ligman and Brownell, 1985).

The contractile activities of vascular tissues were
also altered by protein fractions extracted from efferent
gill vein and esophagus tissue. We expected the esophagus

tissue extract to effect arterial tension since the
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esophagus contains a large amount (387 pmol/g) of SCPa and

SCPb (Lloyd et al., 1988). The effects of esophagus tissue

extract and SCPb perfusion were similar for the AA but

different for the GeA. A response is not surprising since

the extract contains a mixture of proteins in addition to

SCP, some of which may alter the response to SCP or have

direct effects themselves. The difference in responses of

the AA and GeA, however, was not expected but is important

since it indicates there are basic biochemical differences

between these arteries.

Previous investigators have isolated and sequenced two

peptides from R3-14 cell bodies but neither affected

vascular contractions (Rothman et al., 1985; Campanelli

and Scheller, 1987). Other investigators, however, have

isolated peptide fractions from R3-14 cell bodies or

terminals which both decrease and increase vascular

activity (Gibson, et al., 1982; Yamagishiet al., 1984;

Knock and McAdoo, 1987). Like Knock and McAdoo, we also

found that the EGV extract increased the contractile

activity of the GeA but we also found that it increased

the contractile activity of the AA. Although our results

and those of previous studies demonstrate that efferent

gill vein tissue contains additional vascular regulatory

substances it will be necessary to identify the components
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of these extracts to determine their precise function.

Artery Specific Spontaneous Activity

Isolated AA and GeA arteries showed significant

differences in spontaneous contractile activity similar to

that observed in more intact preparations (Ligman and

Brownell, 1985). The GeA maintained a tonic tension in

all preparations but also showed spontaneous phasic

contractions in approximately half of the preparations.

The AA also maintained a baseline tonic tension but did

not contract spontaneously. This difference in

spontaneous activity might cyclically divert blood flow

through inactive arteries. The spontaneous contractions

could thus be a physiologically important means of

controlling blood flow independently from neuronal

control.

This pharmacological study shows that the vasculature

of Aplysia is affected by several native neuropeptides and

neurotransmitters, some of these (5HT, ACh, FMRF, and

efferent gill vein peptides) may be important regulators

of blood flow. These data also demonstrate that a single

transmitter can have different effects on seemingly

similar arteries. The specialization within the vascular

system was apparent both in the responses to transmitters
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and in the spontaneous activities of the arteries. The

differential actions of a single transmitter on one or
more arteries could be an important mechanism for

directing blood flow to specific organ systems during

different behavioral and physiological conditions.
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Figure 13

Continuous superfusion apparatus for monitoring

contractile activity of isolated arterial segments.
Mineral oil reduced the perfusion volume to a thin layer
into which solutions containing known concentrations of

transmitters were introduced through a sample injection

valve. Contractile activity of the artery segment was

monitored by an isometric force transducer.
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Figure 14

Actions of 5HT and ACh on the contractile activity of

anterior aorta (AA) and gastroesophageal artery (GeA)

segments. The six traces (A-C) show tension changes in

response to 30-40 sec exposures (bars below traces) of 5HT

or ACh at the ED50 and lOX ED50 concentrations. D. Dose

response curves showing percent of arteries responding to

5HT and ACh perfusions.
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Figure 15

Effects of the neuropeptides a-BCP, SCPb, and FMRF on

anterior aorta (AA) and gastroesophageal artery (GeA)

segments. Traces (A-C) show tension changes in response

to 30-40 sec perfusions (bars below traces) of

neuropeptides at the ED50 and lOX ED50 concentrations. D.

Dose response curves showing the percent of arteries

responding to neuropeptide perfusions at various

concentrations.
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Figure 15
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Figure 16

Contractile responses of the anterior aorta (AA) and

gastroesophageal artery (GeA) induced by brief (30-40 sec)

perfusions (at bars) of efferent gill vein (EGV) and

esophagus (Esp) tissue extracts. Test sample

concentrations were calculated so the sample volume (80

µL) contained 10, 1.0, 0.1, or 0.01% by weight of the

peptide extract from a single animal.
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Table 2 - Quantitative Analysis of Isolated
Artery Responses

artery treatment ED50

average
activity
ratio A/Ba variance

AA 5HT 0.03 pM 1.256 0.070 5
AA ACh 3 4M 1.243 0.269 5
AA SCPb 0.1 µM 0.695 0.022 5
AA FMRF 1 µM 0.676 0.230 5
AA a-BCP 7 µM 3.921 2.320 5

GEa 5HT 0.03 pM 0.783 0.012 5
GEa ACh 0.3 µM 0.901 0.001 5
GEa SCPb 0.3 µM 0.480 0.011 5
GEa FMRF 0.3 µM 0.596 0.025 5
GEa a-BCP 10 µM 1.543 0.042 5

GEi 5HT 0.03 pM 0.823 0.014 5
GEi ACh 3 pM 0.681 0.010 5
GEi SCPb 1 µM 0.610 0.044 5
GEi FMRF 0.1 µM 0.996 0.220 5
GEi a-BCP 10 µM 9.431 5.306 5

a ratio of the average contractile activity during the
three minutes before (B) and after (A) the start of a
transmitter perfusion.

N
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Table 3. Statistical Analysis of Transmitter Effects on
Contractile Activities of Isolated Arteries

Anterior Aorta

a-BCP FMRF SCPb ACh
5HT S S S NS
ACh S S S
SCPb S NS
FMRF S

Gastroesophageal Artery - active

a-BCP FMRF SCPb ACh
5HT S NS S NS
ACh S S S
SCPb S NS
FMRF S

Gastroesophageal Artery - inactive

a-BCP FMRF SCPb ACh
5HT S NS NS NS
ACh S NS NS
SCPb S NS
FMRF S

S = the response of the artery was significantly
different for this transmitter at the 0.05 level using the
Fisher Least Significant Difference Test.

NS = arterial response was not significantly different for
this transmitter at the 0.05 level. Contractile activities
at the ED50 concentrations were compared using the
Fisher's least significant difference test to determine
whether an individual transmitter had a different effect
than the other transmitters on the activity of a given
artery type.
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General Discussion

Chapter V

The functional significance of regulating
physiological processes with a complex array of chemical

transmitters, many of which are peptides secreted from

neurons, has been a lively topic of discussion and

research for more than a decade. Much of this discussion

and study has centered on vertebrates, their complex

nervous systems, and the behaviors they express. In this

thesis I used a relatively simple motor system, the

vascular system, in a relatively simple animal, Aplysia,

and focused my research on transmitter substances which

are endogenous to this animal.

The vascular system of Aplysia is anatomically simple

and innervated by a small number of neurons but appears to

be controlled at two levels by a complex set of

transmitters. Chapter II of this thesis showed that

arterial tissues undergo long-term activation in response

to a hormonal agent released during the discharge of the

neuroendocrine bag cells. Chapter III shows that bag cell

discharges and infusions of endogenous neuropeptides

modulate the activities of LBv, vasomotor neurons while

arterial contraction patterns are unaffected. Chapter IV
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demonstrates that endogenous neuropeptides can cause long-

term changes in the activity pattern of isolated arteries
similar to that observed following a bag cell discharge.
I have incorporated the information presented in this

thesis into a model of the vascular control pathways (Fig

17) in which neurotransmitters and neuropeptides act as

neuromodulators and function in short-term phasic control,

whereas neuropeptides also act as neurohormones and

function in long-term tonic control.

A primary finding of my research is that vascular

tissues are responsive to at least one neuropeptidergic
system, the bag cell neurons. Vascular muscles undergo

prolonged changes in contractile state when bag cells

discharge, and the pattern of vasoconstriction produced is

likely to alter blood circulation in the intact animal.
This finding indicates that animals with open circulatory
systems, such as those of molluscs, possess mechanisms for

regulating the route of blood flow through tissues.
Although the hormonal substance that produces long-term

vasoconstriction of the arteries was not identified here,
my study of the vascular motor system suggests new ways in

which the basic components of a motor system - the

motoneurons and the effector organs they innervate - can

produce complex patterns of response when acted upon by a
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small set of transmitters. In this section I describe
some of the specific findings of my research and their
broader implications.

My findings confirm two previous studies in which

vascular regulation was shown to be an important component

of behavioral changes in Ap1ysia. Koch et al. (1982,

1984) found that during feeding vascular resistance

alternately varies in the anterior and abdominal arteries
in synchrony with the protraction and retraction phases of
the bite cycle. LB,, vasomotor neurons are responsible for

a large part of the alternating resistance which occurs on
a phasic (seconds long) time scale. As reported here (Fig

3, this thesis), I found that stimulated bag cell
afterdischarges, similar to that which occurs during egg-
laying behavior, initiate tonic long-term contractions of
the AA and bouts of phasic contractions of the GeA. As

shown in Figure 6, the major arteries of Aplysia and their
branches are arranged such that vasoconstrictions of the

GeA and distal regions of the AA may force blood into the

most proximal branch of the AA, the genital artery. The

genital artery conducts blood to the oviduct which is
highly active during egg-laying. This same pattern of

vasoconstriction would reduce blood flow to much of the

digestive system and possibly also the organs served by
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the distal AA - the body wall, head and penis. The third

major artery, the abdominal artery, was unaffected by bag

cell activation suggesting that the organs it serves, the

hepatic gland and ovotestis, may also receive an increased

blood flow during egg-laying.

To further understand vascular control processes in

this animal I attempted to identify the mechanism

responsible for bag cell-associated arterial activation by

examining the effects of bag cell peptides and other

endogenous transmitters at two levels - on LB,, neurons and

on isolated segments of the anterior and gastroesophageal

arteries. These studies (Chapter III) showed that bag

cell afterdischarges ordinarily excited LB, neurons for

prolonged periods after a brief and weak inhibition at the

onset of the afterdischarge. This biphasic response is

accounted for by the actions of two bag cell peptides, a-

BCP and ELH, which are simultaneously released from bag

cell neurons. Infusions of a-BCP directly into the

ganglionic artery inhibit LB,, cells, whereas ELH excited

these neurons for several tens of minutes.

Additionally, I found that ganglionic infusions of SCPb

(Fig 11) and FMRF (Fig 12) strongly affected LBc activity.

Although the effects of these peptides were even stronger
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than those of bag cell peptides, none of the peptides I
tested excited the vasomotor neurons enough to cause

contractions of arterial musculature. It is unlikely,
therefore, that neuronal actions of these peptidergic
transmitters could cause sustained activation of arterial
tissues such as those observed following bag cell
discharge. Instead, the excitation of motoneurons is more

likely to modulate the effectiveness of neural pathways

which synapse on the LBW neurons and therefore influence

phasic changes in blood flow regulated by the nervous
system. The vasomotor neurons of A sia, like those of
vertebrates (for review see Janig, 1988), function

primarily in short term regulation of blood flow. The LB,,

vasomotor neurons contract arterial muscle sufficiently to

change blood flow only when they spike in a high frequency

burst (Koch et al., 1984). Thus while vasomotor neurons

can mediate powerful episodic control over arterial blood

flow they appear incapable of providing long term

regulation of vascular activity. In this regard only
direct hormonal actions of neuropeptides on arterial

muscles are likely to account for sustained changes in the
pattern of circulation.

To identify substances that act as neurohormones I

assayed the effects of several endogenous
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neurotransmitters and neuropeptides on isolated segments

of arteries. All the neurotransmitters and most of the

neuropeptides I assayed had some affect on the vasculature

indicating that this is a highly regulated tissue as in
vertebrates. It was notable that the effects of
conventional transmitters, ACh and 5HT, were generally of

short duration compared to the effects of all
neuropeptides tested (Fig 14). The responses of these

arteries to perfusions of neuropeptides and

neurotransmitter were different. a-BCP stimulated a tonic

contraction of the AA but stimulated phasic contractions
of the GeA. Esophagus tissue extract inhibited the AA but

stimulated phasic contractions of the GeA. Although the

GeA and AA appear structurally similar, there must be

artery-specific biochemical mechanisms to account for the

difference in spontaneous activities and transmitter
responses. Ajimal and Ram (1981) found a similar response

specialization in the gastrointestinal tract of Aplysia.
Contractions of the esophagus and posterior gizzard were

inhibited by 5HT, whereas in the rectum 5HT caused tonic

contractions. Some of these transmitters could act

hormonally in intact animals to alter the contractile
state of vascular muscle and overall blood circulation.
At least one of these peptides, FMRF (Alevizos et al.,

1989) is present in the arterial tissue itself and may be
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released directly onto vascular muscle by unidentified

nerve cells.

It is interesting to note that the actions of
neuropeptide transmitters at the neural and target tissue
levels were not always synergistic. For example, a-BCP

strongly inhibits LB,, neurons but stimulates long-term

contractile activity when perfused over the arteries.

From a functional standpoint a-BCP would thus be expected

to attenuate the neuronal regulation (phasic) of the

vasculature as it activates long-term increases in
vascular activity through its hormonal actions.

Similarly, SCPb, which excites LB,, neurons and inhibits

arterial contractions, would facilitate phasic control

through neuronal pathways while generally relaxing

arterial tension. Finally, FMRF, which affects its

neuronal and effector targets in the same manner, causing

inhibition of LB, cells and relaxation of the GeA would

induce generalized vasodilation. In this way, a small
number of neuropeptide transmitters, with the ability to

act centrally as neuromodulators and peripherally as

circulating neurohormones, can produce a complex array of

vascular activities from a relatively simple motor system.
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The complexity of blood flow regulation in Aplysia is

further enriched by intrinsic differences in spontaneous
activities and responses to transmitters of the AA and

GeA. For example, the AA showed no spontaneous

contractions in any of my experiments whereas the GeA

showed spontaneous phasic contractions in almost half of

the experiments. In the intact animal this spontaneous

activity may shunt blood flow to other inactive arteries.

Control of the vascular system of Aplysia is also an

outcome of the specialized arrangement of muscle fibers

found within the arteries. The walls of the GeA and AA

have largely longitudinal muscle distributed along their
lengths whereas the AbA has mostly circular muscle which

is concentrated into a circular cuff forming a sphincter
(Mayeri et al., 1974). Muscles of the AA could function

to divert blood to other major vessels or to smaller
arteries that branch from the AA. The band of circular

muscles of the AbA, however, probably functions only to

divert blood to other arteries.

This thesis demonstrates that mechanisms necessary to

regulate blood flow in open circulatory systems, such as

that in Aplysia, can be obtained with a small number of

neurons and transmitters acting on different levels within
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and outside of the central nervous system. It is
reasonable to expect that further studies of blood flow
regulation in invertebrates will provide simple models for
understanding the functional significance of multiple
transmitter systems in behavioral and regulatory
physiology.
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Figure 17

Schematic representation of the actions of

neurotransmitters and neuropeptides on the vascular system

of Aplysia. Within the central nervous system (CNS)

peptidergic neuroendocrine cells act on motoneurons (MN)

to modulate the effectiveness of neural pathways, thus

altering phasic regulation of vascular target tissues.
Neuroendocrine cells also secrete neuropeptides into the

circulation where they act hormonally on the arteries,
tonically altering their activity.
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Figure 17
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