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The giant neurons R3-14 in the parietovisceral ganglion of 
Aplysia, originally proposed to be a homogeneous group of neu- 
roendocrine cells, are likely candidates for a multifunctional and 
multiple messenger status. The studies reported here suggest 
that individual R3-14 giant neurons not only innervate specific 
target tissues but appear to operate more autonomously than 
previously thought. Identified members of the group were traced 
into peripheral tissues by electrophysiological, autoradiograph- 
ic, and intracellular cobalt staining techniques. Five neurons 
(numbered R6, R7, R8, Rll, and R14) were identified on the 
basis of their unique patterns of axonal projections. R6 inner- 
vates the ganglionic artery and pericardial area; R7 and R8, the 
heart; Rll, the kidney; and R14, a large number of vascular 
tissues. The wide distribution of R3-14 terminals innervating a 
variety of vascular tissues indicates that several general and 
local aspects of circulatory physiology are likely to be regulated 
by these neurons. R3-14 contain the free amino acid glycine, a 
putative neuromodulator that potentiates cardiac and vascular 
smooth muscle contraction and several small peptides of un- 
known, but probably neurohormonal, function. A model is pro- 
posed in which R3-14 release glycine to modulate local (e.g., 
hemolymph pressure and distribution) cardiovascular perfor- 
mance and, indirectly, metabolic homeostasis as well. 

Many invertebrate neurons can be identified by their size, color, 
and location within the nervous system, as well as by their 
endogenous spike activity and synaptic input. In the parieto- 
visceral ganglion (PVG) of the mollusc Aplysia, for example, 
perhaps 5% of its neurons in the PVG have been used for single- 
cell level studies on the neural organization underlying defined 
behavior, learning, neurochemistry, and expression of genetic 
information. The functions of many of the other PVG cells are 
not known because it has been difficult, in many cases, to trace 
peripheral axons. Intracellular stains often travel only short dis- 
tances in these large neurons (Winlow and Kandel, 1976) and 
electrophysiological tracing can be a tedious task with low re- 
turn. These factors have limited study of the most distinctive 
group of giant cells in Aplysia, the 12 “white cells” (numbered 
R3-14) in the PVG, neurons whose peptide synthesis, endog- 
enous electrical activity, and general morphology have been 
described, but whose function(s) are largely unknown (Cog- 
geshall, 1967; Coggeshall et al., 1966; Frazier et al., 1967; Gainer 
and Wolberg, 1974; Loh and Gainer, 1975a, b; Nambu et al., 
1983). 
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Neurons R3-14 have been designated as neurosecretory cells, 
based on several biochemical and morphological criteria (ref- 
erences cited above) and, more recently, genetic evidence (Nam- 
bu and Scheller, 1983; Nambu et al., 1983) that they are pep- 
tidergic neurons, but no function has yet been identified for R3- 
14 peptide( There is, however, evidence in support of glycine 
as a chemical messenger in R3-14. These neurons possess high 
concentrations of free glycine in their soma (Iliffe et al., 1977; 
Price et al., 1978a) and are supplied by a rapid and selective 
uptake system (McAdoo et al., 1978; Price et al., 1978b). Once 
taken up, glycine undergoes both rapid anterograde (Price et al., 
1979) and retrograde (Carlson et al., 1984) axonal transport. 
Glycine transported toward terminals is sequestered in the large 
dense core vesicles that characterize these neurons (Price and 
McAdoo, 198 1). Neuron R 14 forms specialized neuromuscular 
junctions on vascular smooth muscle of the anterior aorta (Price 
et al., 1984). Bath application of glycine and electrical stimu- 
lation of R 14 augments the strength of ongoing contractions of 
this longitudinal vascular muscle, induced by putative seroto- 
nergic motoneurons (Sawada et al., 198 la, b; 1984a, b). 

It is probable that R14 (and R3-13 as well) are multitrans- 
mitter neurons using glycine and one or more peptides to act 
on vascular and other target tissues. Anatomical and electro- 
physiological studies have demonstrated that R3-14 have sparse 
connections within the CNS, and knowledge of their peripheral 
targets is critical for further study of their function. Some of the 
projection areas for the group as a whole were determined by 
visual tracing and morphological study of the distinctively white 
R3-14 axons (Price and McAdoo, 1979). Aside from the R14 
projection to the anterior aorta, however, no other target of 
individual neurons has been identified. 

We now report the mapping of distal processes of several 
identified members of the R3-14 group, using a modification 
of the intracellular cobalt technique, as well as electrophysiology 
and autoradiography. In addition to detailed studies on R14 
(Rittenhouse and Price, in press), we have identified four other 
cells on the basis of their ganglionic location and unique pe- 
ripheral projections. Some of this work has been reported in 
abstract form (Rittenhouse and Price, 1982). 

Material and Methods 
Two species, Aplysiu culifornicu (Alacrity Marine Biologicals) and A. 
brusiliunu (collected in South Texas), were used in this study. The an- 
imals were maintained in circulating seawater (17°C) and fed dried and 
locally collected fresh seaweed. Electrophysiological maps were made 
using freshly dissected preparations consisting of the parietovisceral 
ganglion and a large portion of visceral tissue, including the major 
vessels, heart, kidney, and pericardial area. A sketch of each preparation, 
including the location of obvious white fibers, was made prior to each 
experiment. 

Individual R3-14 neuronal soma were penetrated with glass micro- 
electrodes ( 1 O-20 MQ) filled with 3 M potassium acetate and connected 
to an electrometer (WPI M4A). Extracellular potentials were recorded 
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Figure 1. Light micrographs of R3- 
14 fibers in freshly dissected prepa- 
rations. A, In this light micrograph of 
the pericardial area, the heart has been 
removed to reveal the efferent vein 
El% The white color of the R3-14 
ftbers ( WF) and varicosities (arrows) 
makes them easily discernible from 
other less-white axons and tissues and 
from large spherical fat globules cf) 
that are associated with vascular tis- 
sues. R3-14 fibers travel from the 
branchial nerve (BiV) through the 
branchial ganglion (bg) to branch into 
several peripheral nerves. Here, R3- 
14 fibers are most prominent travel- 
ing in the left efferent vein nerve (Zevn), 
which branches onto the pericardial 
floor CPFL kidnev surface (Kl. into the 
efferent vein (iI’), and‘ into cross 
muscles (cm), muscles that span the 
lumen of hemolymph vessels. Bar, 2.5 
mm. B, An R6 axon travels on the 
outer surface of the ganglionic artery 
(GA) to arborize extensively at its 
junction with the anterior aorta (A). 
Also shown are white fibers (arrow) 
belonging to R 14 that have branched 
off the pericardial nerve (PCN) to 
travel onto the digestive gland sheath. 
Bar, 5 pm. C, R14 axons branch ex- 
tensively on the outer surface of the 
anterior aorta at its junction with the 
dorsal artery. Varicdsities (arrow) can 
be discriminated from large fat glob- 
ules v). Bar, 2 mm. 
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from nerves with suction electrodes and preamplified (Tektronix AM 
502). Intracellular and extracellular signals were amplified and displayed 
on a Tektronix 5103N oscilloscope and recorded on a Gould chart 
recorder. Somal and axonal spikes were matched 1: 1 during either au- 
torhythmic activity or spiking induced by passing current across the 
soma (Grass SD9 stimulator). Antidromic stimulation through the suc- 
tion electrodes was used to verify that we were recording from the 
peripheral axons of single cells and not through a multicellular pathway. 

Intracellular injections of cobalt 
We modified a cobalt staining technique (Brogan and Ritman, 198 1) to 
visualize distal axonal arborizations of individual cells. Several metals 
and stains, including CoCl,, NiCl,, and Lucifer Yellow were tried, but 
they traveled only short distances (~5 mm in most cases). We found, 
however, that cobalt hexamine chloride {CoZ+(NH,)},Cl, entered R3- 
14 neurons in large quantities, did not clog the microelectrode, and was 
transported at a rapid rate, enabling the long (>20 mm) pathways of 
R3-14 axons to be labeled. 

Microelectrodes were pulled to 15 MQ on a vertical micropipette 
puller (Kopl), filled with 200 mM cobaltic hexamine chloride (made up 

in distilled water), and beveled to a resistance of about 5 MQ on a 
homemade beveler. The electrode was mounted in an electrode holder 
modified for pressure injecction. A level of pressure, supplied from a 
nitrogen tank and controlled by a valve system, was applied until a drop 
of Co2+ appeared at the tip of the electrode. This “high” pressure was 
noted (1 O-20 psi) and turned off. 

A neuron (in the preparation described above) was penetrated with 
the cobalt electrode and negative current of 5-10 nA passed to help 
create a tight seal around the electrode, to both secure the electrode in 
the cell and minimize cobalt leakage. A cell was considered healthy if 
the resting potential was at least -20 mV (it was usually near -40 mV) 
and action potential at least 40 mV amplitude (range 40-80 mv). In- 
jection of cobalt was initiated by slowly increasing nitrogen pressure 
toward the “high” level noted earlier. Several discrete high-pressure 
pulses of several minutes’ duration were then applied. The soma visibly 
swelled, and its opaque white color turned to a translucent orange when 
successful injections were made. For the remainder of the incubation/ 
axonal transport period, constant low pressure (3-5 psi) was applied for 
slow, continued injection, and resting potential and electrical activity 
were monitored. 
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Figure 3. Intracellular recordings of spontaneous activity of individual R3-14 neurons from one preparation. Individual R3-14 neurons in the 
PVG often have different firing patterns: They may be silent (D), beating (E), or bursting (i?). Only neuron R14 is identified here; other cells, in 
positions shown, are lettered. Stippled structure emerging from the ganglion is the ganglionic artery. BN, branchial nerve. Vertical bar, 60 mV, 
time. 4 sec. 

Preparations were superfused with a complete seawater medium (Price 
et al., 1979) for injection/incubation periods up to 24 hr. Cobalt was 
then precipitated with 5% ammonium sulfide and the tissue fixed in 
10% formaldehyde (4 hr). After dehydration with ethanol and clearing 
with methyl salicylate, soma, axons, and finer peripheral processes could 
be visualized (gray to black in color) for up to 20 mm distal to the soma. 
Reconstructions of cell fills were made from both freehand sketches 

and micrographs taken through a dissection microscope before the stain 
faded (usually after about 7 d). 

Autoradiography 
Along with the cobalt fills and electrophysiology, LM and EM autora- 
diography were used to reveal the finest axonal branches and identify 
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Table 1. Areas of projection of the five peripheral nerves that arise from the branchial ganglion 

Area of projection 

Junction of 
renobranchial Efferent Efferent Afferent Pericardial 

Nerves vein and heart renal vein branchial vein branchial vein Kidney surface floor Kidney 

Gill 1 x x 
Gill 2 x x x 
Kidney x 

REV x x x x 

LEV x x x 

x indicates presence of nerves in area listed as determined from visual, anatomical, and electrophysiological methods; blank mdlcates no or very infrequent Innervation; 
data derived from studies on more than 100 animals, although not all locations were determined in all cases. Abbrewations: LEV, left efferent vein nerve; REV, right 
efferent vem nerve. 

specific target cells. The basis for this approach was that the R3-14 
soma, axons, and terminals possess rapid, high-affinity uptake and ax- 
onal transport systems for glycine (McAdoo et al., 1978; Price et al., 
1979). Low concentrations of 3H-glycine can thus be used to label these 
neurons. A method was used in which terminal areas were directly 
bathed in ‘H-glycine. 

In the direct incubations of target tissues of R3-14 in )H-glycine, 
tissues were preincubated 30 min in medium containing 40 mg/liter of 
the protein synthesis inhibitor anisomycin (Ambron et al., 1975; Schwartz 
et al., 1971). This reduced general tissue labeling, thus enhancing the 
labeling of R3-14, since they take up large quantities of free ‘H-glycine 
not destined for protein synthesis (Lin and McAdoo, 1984). The prep- 
aration was then incubated for about 30 min in a ‘H-glycine (1 PM, 50- 

100 $X/ml, 44 Ci/mmol; New England Nuclear) plus anisomycin me- 
dium. The tissue in both chambers was then repeatedly washed with 
seawater prior to fixation (4 hr, 4°C) in either 3% glutaraldehyde or a 
mixture of 4% glutaraldehyde/2% formaldehyde (made from paraform- 
aldehyde). Fixatives were dissolved in 0.1 M cacodylate buffer containing 
0.7 hi sucrose and 0.7 mM CaCI,. Tissue was rinsed several times with 
buffer, postfixed in I or 2% osmium tetroxide for 1 hr, dehydrated, and 
embedded in a 1: 1 mixture of Epon 8 12 and Araldite 6005 epoxy resins. 

Thick (OS-l.0 pm) sections were cut on an ultramicrotome and 
mounted on slides. Sections were coated by dipping in Ilford L-4 emul- 
sion diluted with 2% glycerol for light microscopy. Sections were ex- 
posed (4°C) for up to 40 weeks, developed in Dektol, fixed in 30% 
sodium thiosulfate, and stained with II toluidine blue. Thin sections 

(gold interference color) were placed on copper grids, coated with emul- 
sion (Ilford L-4), and exposed (4°C) for up to 24 weeks. Grains were 
developed with D-19, sections stained with 1% lead citrate for 30 min, 
and viewed in a JEOL 11 B electron microscope. 

Results 

General anatomy and visual observations 
The large size and distinctive opaque-white color of R3-R14 
soma, axons, fine processes, and varicosities differentiate them 
from other axons in nerves and peripheral tissues (Fig. 1) and 
provide a striking representation of the overall field of projec- 
tion. Visual tracing (by eye and through a dissecting microscope) 
reveals that most axons from R3-14 travel as a group caudally 
in the branchial nerve through the branchial ganglion and then 
arborize ihto five branch nerves in the pericardial region (Fig. 
2, Table 1). Within these branch nerves, R3-14 axons enter the 
renal and branchial veins and associated musculature; the heart 
and the muscle layers that surround it; and the ventral surface 
of the kidney (processes were occasionally seen on the dorsal 
surface of the kidney as well). Visual observations indicate that 
R3-14 axons branch extensively at the junctions that small, 
secondary renal and branchial veins make with the major re- 
nobranchial vein. 

4sec 

2Osec 

Figure 4. Intracellular records of changes in firing patterns of individual R3-14 neurons. a, Spontaneous activity in two ventral R3-13 neurons 
recorded simultaneously. One cell (upper truce) is bursting, while the other is beating irregularly. b, Dorsal cell changing from a bursting to a beating 
pattern. c, Neuron R 14 frequently shows long sequences ofrhythmic firing interrupted by transient hyperpolarizations and a subsequent repolarization 
and gradual resumption of beating. Vertical bar, 60 mV. 
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Table 2. Electrophysiological (E) and cell fill (CF)” experiments performed to trace R3-14 neurons 
into peripheral nerves and target tissues 

Targets 

Identifiable cells 

R6 RI R8 

Other 
R3-14 

Rll R14 neurons 

Nerves 

Branchial 
Efferent vein 
Gill 1 
Auricular 
Genital 
Kidney 
Pericardial 
Spermathecal 
Vulvar 

Tissues 

Heart 
Kidney 
Anterior aorta 
Gastroesophageal aorta 
Dorsal artery 
Ganglionic artery 
Pericardial wall 
Pericardial floor 
Branchial ganglion 
Efferent branchial vein 
Efferent renal vein 
Cross muscle in veins 
Digestive gland sheath 
Bag cells 

E, CF E E E E, CF E, CF 
E, CF E E E E, CF E, CF 

CF 
E E 

E, CF 
CF CF 

E, CF 
E, CF 
E, CF 

E E 
E E 

E, CF 
E, CF 
E, CF 
E, CF 
E, CF 

E, CF E E, CF E, CF 
E, CF E, CF E, CF 

CF E 
E 
E 

E, CF 
CF CF 

y Cobalt hexamine chloride. 

White axons were also observed on the inner wall of the heart 
in the auricular nerve, a branch of the pericardial nerve that 
travels across the pericardium and enters the auricle. Shortly 
after entering the auricle it divides, sending one branch laterally 
along the major horizontal muscle bundle, which subdivides 
into processes that permeate vertical muscle bundles. The sec- 
ond branch travels vertically along the major muscle bundle 
and then crosses the basal portion of the auriculoventricular 
valve and into the dense part of the ventricle. In this area, which 
is the putative site of the heart’s pacemaker (Kuwasawa, 1967; 
Mayeri et al., 1974), the nerve branches into finer processes. 
Fine white processes were seen less frequently in the ventricular 
nerve. 

In addition to the branchial nerve processes, other nerves 
from the ganglion contain white fibers, most of which (on the 
basis of cobalt fills and electrophysiology) are from neuron R 14 
(Table 2). These axons frequently end at the junctions of the 
anterior aorta and the ganglionic, dorsal, genital (in 25% of 
animals examined), and opaline gland (5% of animals) arteries. 
No R14 axons were seen along the anterior aorta rostra1 to the 
dorsal artery, however. 

Varicosities of white to light blue color and of varying sizes 
were seen along axons in most of the nerves and tissues men- 
tioned above (Fig. 2). The most consistent locations of plexuses 
of varicosities were (1) the axonal core and sheath of the bran- 
chial nerve; (2) the thick muscle mass associated with the bran- 
chial ganglion; and (3) the heart (around its base and on the 
outer surface of the auricle). 

Electrophysiology 
Electrophysiological techniques were used, first, to study the 
endogenous firing patterns of R3-14, both individually and as 
a group. In all, 85 animals were studied at different times of the 
year over a 4 year period. R3-14 demonstrate spontaneous firing 
patterns that suggest more autonomy in their electrical activity 
than previously described (Coggeshall, 1967; Coggeshall et al., 
1966; Frazier et al., 1967). Since R3-14 do not appear to be 
electrically coupled (Kupfermann and Kandel, 1970), it is per- 
haps not surprising that individuals within a ganglion vary their 
firing (with silent, beating, and bursting) patterns (Fig. 3). Most 
often, the majority of the group displays the beating pattern, 
but spiking rates themselves vary over time and with wide dif- 
ferences in frequency of firing (range 0. l-l .O Hz). The most 
pronounced variation occurs when some R3-14 individuals are 
bursting (Fig. 3), with significant differences in burst length and 
rate and length of the interburst interval. Individual neuron R 14, 
generally regarded as a silent cell (Frazier et al., 1967; Sawada 
et al., 198 lb), can be silent when the others are beating, but 
usually shows a bursting pattern when the majority of the R3- 
13 neurons are also bursting. In addition, individuals may alter 
their firing pattern (Fig. 4) over short periods (seconds to min- 
utes) or stay constant over several hours. 

This variety in spontaneous firing does not appear to be an 
artifact due to injury potentials for three reasons. First, the 
resting membrane potentials were normal (-40 mV) on with- 
drawal of the electrode from the soma. Second, there were no 
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GA 

Figure 5. Drawings of cobaltic hexamine chloride cell fills of single neurons of the R3-14 group. See Materials and Methods section for details 
of technique. a, Dorsal white cell that arborizes and forms varicosities in the branchial ganglion area; b, ventral white cell that branches in the 
same area as a; c, R 14 projects to several targets, including the dorsal artery (DA), ganglionic artery (GA), pericardial wall, and branchial ganglion 
area as shown in this fill; d, identified cell R6 projects axons to the left bag cell cluster, ganglionic artery, and branchial ganglion area (also see Fig. 
6); e, ventral neuron (probably Rl 1) sends axons into the left efferent vein nerve (LJXN). Cobalt dye apparently leaked or was transferred into 
a contiguous ventral R3-13 neuron (dotted line);J unidentified R3-13 cell that projects to the junction of the heart and gill vein. In this preparation, 
another R3-13 cell filled as in e, suggesting that neurons within the R3-13 group may be dye coupled. Bars, 1 mm. Abbreviations: BN, branchial 
nerve; DGS, digestive gland sheath; GPN, genitopericardial nerve; OPM, osphradium. 

obvious changes in extracellular recordings on penetration of 
different R3-14 neurons. Third, particular firing patterns were 
generally stable for hours (up to 8 hr of continuous recording), 
which would be unlikely in neurons induced to fire because of 
injury. 

Extracellular recording verifies that most of the white fibers 
viewed under the dissecting microscope are R3-14 processes. 
One exception was white axons found in nerves (genital, peri- 
cardial, spermathecal nerves) and target tissues (digestive gland 
sheath) that have projections from R 14. Most of these non-Rf 
14 white fibers belonged to another “white cell,” R 15 (Ritten- 
house and Price, 1985). The possibility exists that additional 
white-colored fibers belong to other, unidentified neurons, pos- 
sibly other PVG ventral surface white cells. 

Each of the 12 neurons of the R3-14 group sends a single 

large axon into the branchial nerve, which passes through the 
branchial ganglion, and then branches into several peripheral 
nerves as described above (Figs. 1,2,5). We recorded 1: 1 match- 
ups of R3-14 soma action potentials with extracellular spikes 
in many nerves and tissues (Table 2). The most distal projection 
of the group appears to be an area caudal to the heart that is 
the junction of the efferent renal vein and afferent branchial 
vein. 

Cobalt cell fills 
Cell fills using cobaltic hexamine chloride confirmed and ex- 
panded our electrophysiological data. The distal processes and 
terminals of many cells were well stained up to 15 mm from 
the soma. In each case (n = 44), a single axon from each R3- 
14 neuron entered the branchial nerve. Ellipsoid-shaped swell- 
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60mV 

I 5lJv 
.5sec 

Figure 6. Drawings of two examples of cobalt-filled R6 neurons. Identification of this cell was possible due to its consistent projection to the 
junction of the ganglionic artery and anterior aorta (AA), where it arborizes extensively. A major axon in the branchial nerve (BN) arborizes near 
the terminus of the nerve and sends branches into the muscle layer at the base of the heart. Electrophysiological tracings (upper truce, soma 
recording; lower truce, extracellular recording) of R6 axons in these areas corroborate cell fill data. Horizontal bar, 2 mm. 

ings (en passant varicosities) occurred irregularly along the course 
of these large axons-up to 30 Mm diameter (Price and McAdoo, 
1979). In addition, axonal branch processes occasionally pro- 
jected into the nerve sheath and ended in varicosities (Fig. 5). 
As observed using electrophysiology, the cobalt-filled primary 
axons of R3-14 projected through the branchial ganglion and 
branched extensively into fine intertwining processes in the thick 
muscle layers surrounding the branchial ganglion and efferent 
branchial vein. 

Numerous en passant and apparent terminal varicosities filled 
with cobalt in the branchial ganglion region. The varicosities 
and branching may be the cause of most cobalt cell fills ending 
in the region (Fig. 5, b-d), but it is also possible that some of 
the axons terminate here. Several filled neurons were labeled 
considerably further (Fig. 5, a, e, f) and showed a continued, 
though less extensive, generation of smaller axons. 

Identification of individual R3-14 neurons and their targets 
Since the R3-13 soma are difficult to distinguish from each 
other (R14 is physically separated; Fig. 2), we used a compen- 
dium of information to establish the identity of several cells 
and confirmed that their projections are consistently predictable 
among animals. The nomenclature suggested by Frazier et al. 
(1967) and Winlow and Kandel(1976) was used to number the 
following cells: 

R6: Soma location. It is the most medial and caudal of R3- 
14 group on dorsal surface. 

Intraganglionic processes (cobalt fills; n = 8). In addition 
to its primary axon, which exits the branchial nerve, a second 
ends near the left bag cell cluster. 

Peripheral processes (electrophysiology, n = 5; cobalt fills, 
n = 8). The primary axon projects the length of the branchial 
nerve and forms a cuff of branch axons that encircle the bran- 
chial nerve near its terminus at the branchial ganglion. Other 
branch axons continue on into the pericardial area. As the 
primary axon exits the parietovisceral ganglion, a branch re- 

verses direction, leaves the branchial nerve, and terminates 
at the junction of the ganglionic artery and the anterior aorta 
(Fig. 6). 

R7 and RS: Soma location. These two contiguous cells are 
difficult to distinguish from each other but lie just medial and 
rostra1 to the giant cell R2 on the dorsal surface (Fig. 7). 

Peripheralprocesses (electrophysiology, n = 1). Axons from 
these two cells were found in the auricular nerve inside the 
heart (R7 arrives in this nerve via the branchial and one or 
both of the efferent vein nerves, but the pathway of R8 was 
not determined). 

Autoradiography. The heart was incubated directly in 3H- 
glycine (Fig. 8) to verify the presence of glycine-containing 
neurons, relying on the capacity for direct uptake by R3-14 
axons and terminals (Price et al., 1979b). Intensely labeled 
axons occurred singly (Fig. 8~) or within small nerves, in- 
cluding the auricular nerve (Fig. 8a), in the auricle, ventricle, 
and auriculoventticular (AV) valve regions of the heart after 
direct incubation in 3H-glycine. Significantly, within muscle 
bundles of the ventricle and AV valve, dense accumulations 
ofgrains were observed contiguous with individual fibers. The 
heart muscle cells and many other axons were poorly labeled, 
indicating that a specific population (presumably members of 
the R3-14 group) rapidly took up and sequestered the 3H- 
glycine. The labeled axons in the heart are likely to be those 
of R7 and R8 since no other R3-14 axons were found in the 
heart from repeated attempts to match up soma and axon 
spikes electrophysiologically. 

R 11: Soma location. This neuron is slightly (but consistently) 
larger than the others of the R3-13 group and is found on the 
ventral surface, the most mediocaudal cell of the group. 

Peripheral processes (electrophysiology, n = 3). The pri- 
mary axon projects to the base of the heart (via the left efferent 
vein nerve) and ramifies over the surface of the kidney (Fig. 
9). 
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Figure 7. Electrophysiological tracing of individual neurons R7 and R8. Both cells have axons in the vertical (a) and horizontal (b) branches of 
the auricular nerve (AUN). These axons do not travel in the AUN from the ganglion (PVG) but join the nerve inside the heart. This was shown 
by cutting the AUN (at large arrowhead) just proximal to the heart and still observing axonal spikes (cells R7 and R8) in the a and b branches 
within the heart. Instead, R7 projects axons into both the left (LEW) efferent vein nerve and right (REW) efferent vein nerves (see Fig. 2) that 
then merge with the auricular nerve at the base of the heart. The pathway of R8 was not determined but is likely to be similar. Visually, white 
fibers characteristic of R7 and R8 travel into the pacemaker area of the heart (c), where they branch into fine processes. Abbreviations: A V V&e, 
auriculoventricular valve; BN, branchial nerve; LE VN, left efferent vein nerve; PVG, parietovisceral ganglion; RECK, right efferent vein nerve; 
VEN, ventricular nerve. 

R14: Soma locution. This cell is well separated from the re- 
mainder of the dorsal group, at the most lateral and caudal 
edge of the ganglion. 

Zntragunglionic processes. R 14 consistently has a large var- 

icosity in the left caudal ganglion. It sends processes into the 
right bag cell cluster. 

Peripheralprocesses (electrophysiology, n = 25; cobalt fills, 
n = 19). Numerous primary axons project to almost all the 
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Figure 8. Autoradiographic studies demonstrate that axons, presum- 
ably belonging to neurons R7 and R8, are present in the interlaced 
muscle trabeculae of the auricle, which take up ‘H-glycine. A, The 
auricular nerve travels along the same identifiable muscle trabecula 
(Mr) in every preparation examined. In this unstained section, only 
selected axons in the auricular nerve are heavily labeled, as are processes 
within the trabecula (arrows). Bar, 50 pm. B, Glycine-containing axons 
are distributed in a different pattern in other randomly selected muscle 

major vascular tissues in the viscera (Fig. 10). 
Autoradiography. The somal uptake and axonal transport 

of ‘H-glycine permitted the use of autoradiography to confirm 
the presence of R3-14 axons in several target tissues: the 
anterior aorta, dorsal artery, and digestive gland sheath (not 
shown). 

Discussion 

Functional homogeneity and multitransmitter status of R3-14 
The anatomical, neurochemical, and functional homogeneity of 
the R3-14 “white cells” has been assumed since they were first 
identified as putative neurosecretory cells (Coggeshall et al., 1966; 
Frazier et al., 1967). The basis for their neuroendocrine status 
was formulated from anatomical evidence of large, secretory- 
type vesicles and blind endings in neurohemal areas at central 
(Frazier et al., 1967) and peripheral sites (Price and McAdoo, 
1979). There is biochemical evidence for the synthesis in R3- 
14 of large quantities of small peptides that are packaged into 
vesicles (Loh et al., 1977) and that may be released as neuro- 
hormones (Aswad, 1978; Gainer and Wolberg, 1974; Loh and 
Gainer, 1975a, b; Loh et al., 1977). The propeptide, whose DNA 
has been cloned by recombinant DNA procedures (Nambu et 
al., 1983), has cleavage sites that yield three peptides. While 
functions for the peptides in R3-14 remain unresolved (Nambu 
et al., 1983), it is now apparent that the free amino acid glycine 
is used by R3-14 to modulate vascular muscle contractions 
(Sawada et al., 1981b, 1984b). An exclusive neurosecretory sta- 
tus is therefore unlikely. 

Our electrical monitoring and anatomical studies of the R3- 
14 group corroborate the above studies, which indicate that R3- 
14 are not simply a homogeneous group of neuroendocrine cells. 
First, individuals are not electrotonically coupled and they have 
autonomous firing patterns. Second, individual cells are iden- 
tifiable on the basis of ganglionic position and processes and 
peripheral projections. Further, the R3-14 group projects many 
fibers to vascular and vascular-associated tissues, and individual 
cells consistently send processes to specific subsets of these pe- 
ripheral tissues. Third, potential neurohemal release sites for 
R3-14 are identified, reinforcing the idea that these cells have 
a neuroendocrine function in addition to their neuromodulation 
of cardiovascular tissues. 

Our studies (over several years) of spontaneous cell firing of 
individuals within the R3-14 group indicate that individual cells 
are more autonomous than previously supposed (Frazier et al., 
1967). There is no physiological evidence for the electrical cou- 
pling of R3-14 (Kupfermann and Kandel, 1970). Homogeneous 
neuroendocrine cells are often coupled to bring about synchro- 
nous release of hormones, as is the case in the Aplysia bag cells 
(Blankenship and Haskins, 1979; Kupfermann and Kandel, 1970) 
and other gastropod neurosecretory cells (Benjamin and Rose, 
1984; Kits and Bos, 1982). Coordination via common afferents 
among R3-14 is certainly possible, but has not been observed 
(Coggeshall, 1967; Frazier et al., 1967). Electrophysiological 
monitoring of soma activity has revealed varied patterns of 

t 

trabeculae (MT). Few glycinergic processes are found within the muscle 
bundle. Instead small, dense, punctate accumulations of silver grains 
(arrows) are located around the outer edge. One such accumulation of 
silver grains (in brackets) is shown enlarged in the right inset. On close 
inspection, glial cells containing dense bodies (asterisk) can be discrim- 
inated from silver grain accumulations. Bar, 100 pm; inset bar, 5 pm. 
C, This electron microscope autoradiograph ofa putative R7/R8 labeled 
axon (ax), located on the periphery of a muscle trabecula, contains a 
dense accumulation of silver grains. A glial support cell containing an 
electron-dense body (asterisk) encircles the axon. Bar, 0.2 pm. Abbre- 
viations: dcv, dense core vesicle; ecm, extracellular matrix; g, glial cell. 
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electrical activity among the R3-14 cells in a given ganglion 
that are not synchronized, since some cells are silent, others 
beat, and still others show bursting patterns. This may be the 
result of differences in endogenous rhythm production or sen- 
sitivities to neurotransmitters released by different afferent in- 
puts. Generalizations from study of the group as a whole, such 
as the observation that ACh hyperpolarizes R3-14 (Frazier et 
al., 1967) may not hold for all neurotransmitters nor for the 
responsiveness of individual neurons. We recently found, for 
example, that the neuropeptide neurotensin inhibited sponta- 
neous activity in R14, excited a silent R6, and had no effect on 
two other R3-13 cells in the same ganglion (unpublished ob- 
servations). 

While individuals of the R3-14 group do share certain elec- 
trical and biochemical characteristics, each possesses a specific 
set of targets. For example, R6 forms a sphincterlike cuff of 
axons around the ganglionic artery, Rl 1 splays out an array of 
axons on the kidney, and R14 projects many branches seemingly 
over much of the surface of the digestive gland sheath. Moto- 
neurons in the PVG are also grouped in clusters and share 
remarkably similar electrical characteristics (Koester and Kandel, 
1977; Frazier et al., 1967), but within a cluster, individuals may 
innervate different organs or may have opposing actions on a 
shared target. Certain neurons from the LD cluster, for example, 
excite, while others inhibit, the heart, and still other cells excite 

Figure 9. Electrophysiological trac- 
ing of identified neuron R 11. This cell 
follows a direct path to the kidney, 
where it branches extensively over its 
surface. All fibers drawn were visible 
in the dissecting microscope. Many 
other branches, such as the one 
marked with the asterisk, were found 
electrophysiologically (upper truce, 
Rl 1 soma recording; lower truce, ex- 
tracellular recording) but were not 
discernible visually. Abbreviations: 
R4, anterior aorta; BN, branchial 
nerve; LE VN, left efferent vein nerve. 
Time bars, 2 set unless otherwise 

.2sec noted. 

the siphon and gill (Koester et al., 1973, 1974; Mayeri et al., 
1974). 

Similar to neurohemal release sites seen in other invertebrates 
(Beltz and Kravitz, 1983; Cooke, 1966; Swindale and Benjamin, 
1976; Wendelaar Bonga, 1970), three prominent plexuses of 
varicosities were revealed with our cobalt studies: (1) in the 
sheath of the branchial nerve; (2) near the branchial ganglion; 
and (3) on the floor of the pericardial coelom at the distal end 
of the heart. Ultrastructural studies of these three areas confirm 
our cobalt data. R3-14 axons are known to end blindly in the 
sheaths of the parietovisceral ganglion and branchial nerve (Cog- 
geshall et al., 1966; Frazier et al., 1967; Price and McAdoo, 
1979). In addition, R3-14 form blind endings in loose connec- 
tive tissue and near small hemolymph vessels and lacunae (Price 
and McAdoo, 1979; Price et al., 1984). These varicose endings 
are especially common in the pericardial region (Price and 
McAdoo, 1979). 

Other R3-14 peripheral processes, however, project not to 
neurohemal areas but to vascular smooth muscle targets, with 
individual members of the group displaying distinct patterns of 
innervation. Cell R14, for example, possesses an impressive 
array of axons that innervate smooth muscle in major hemo- 
lymph vessels, the pericardial area, and the digestive gland sheath 
(Rittenhouse, 1985). Identified neurons R6-8 and 11 (and pre- 
sumably the remainder of the R3-13 group) individually project 
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Figure 10. An individual cobalt fill and selected electrophysiological tracings of the axons of identified cell R14. R14 processes travel to most 
vascular and vascular-related tissues that the R3-14 group as a whole innervates (see Fig. 2), including (a) ventricular nerve, (b) digestive gland 
sheath, and (c) gastroesophageal aorta. Upper bar (Rl4 soma record), 40 mV, lower bar (peripheral axon), 25 PV. 
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to fewer target tissues than R14, but each neuron consistently 
innervates specific (sometimes overlapping) sets of vascular- 
related tissues, including the heart, kidney, and hemolymph 
vessels. 

Ultrastructural studies of selected R14 targets confirm the 
cobalt studies. Putative R 14 processes form specialized synaptic 
contact with smooth muscle cells (Price et al., 1984; Ritten- 
house, 1985) in areas where cell fills indicate extensive branching 
and varicose swellings. Further, axons and putative R3-14 ter- 
minals were observed in ultrastructural studies of areas of the 
heart and other blood vessels where white fibers were seen vi- 
sually. Therefore, we feel confident that at sites of extensive 
arborization individual R3-14 neurons are forming synaptic 
contacts with cells-primarily muscle cells-within the target 
tissue. 

Possible multifunctional roles of R3-14 in circulatory 
physiology of Aplysia 
Given the remarkably wide distribution of R3-14 terminal fields 
in a variety of vascular tissues, several general and local aspects 
of circulatory physiology are likely to be regulated by these 
neurons. Individual neurons, such as those identified in this 
report, may act to modulate specific vascular muscle groups 
locally, while the group as a whole may function as a coordinated 
unit to produce general regulatory effects on vascular physiology. 

How might R3-14 act in this circulatory system, both as a 
coordinated group and as individuals innervating specific tar- 
gets? First, the distribution of R3-14 axons and terminals sug- 
gests their significant involvement in hemodynamics. The group 
innervates several major tissues controlling hemolymph pres- 
sure and flow, namely, the heart, gill vein, and major aortae. 
The degree of arborization and specific patterns of axons that 
individual R3-14 neurons display on specific target sites may 
be correlated with their degree of control of those targets. The 
overlap of innervation at many sites by R3- 14 individuals (e.g., 
R6 and 14 both innervate the ganglionic artery; R6, 7, 11, and 
14, the floor of the pericardium; and R7 and 8, the heart) may 
reflect the need for a well-coordinated exertion of R3- 14 action 
at some sites. 

More limited but highly specific hemodynamic effects may 
be exerted by individual cells acting at restricted sites. There is 
clear evidence, for example, that electrical activity in one iden- 
tified neuron, R 14, enhances smooth muscle contractions evoked 
by two putative serotonergic motoneurons (designated RDaae) 
in the anterior aorta (Sawada et al., 198 la, b). R14 forms spe- 
cialized neuromuscular junctions on longitudinal muscle in the 
outer muscle layers of the anterior aorta and dorsal artery (Price 
et al., 1984). Bath or localized application of glycine produces 
the same enhancement of muscle contraction as does electrical 
activity in R14. The mechanism by which glycine acts to aug- 
ment contraction is not clear, but both depolarization of the 
muscle membrane and calcium fluxes may be involved (Sawada 
et al., 1981a, 1984a, b). 

Similar modulatory effects have been observed at other R3- 
14 target sites at which glycine may also be released to augment 
basic motoneuron control. On the digestive gland sheath (A. R. 
Rittenhouse, unpublished observations), gastroesophageal aorta 
(Gibson, personal communication), and the heart (Sawada et 
al., 1984a), glycine acts as a positive modulator of smooth mus- 
cle contractions. If further study reveals that electrical activity 
in R7, 8, and 14 can elicit modulation similar to the action of 
glycine on these vascular targets, it may be generally the case 
that R3-14 neurons regulate regionally important changes in 
hemolymph pressure and flow throughout the body. Permuta- 
tions in patterns of firing as well as intratissue distribution of 
each individual of the R3-14 group would thus result in fine 
modulation of the distribution and flow of hemolymph through- 
out a large portion of the animal. 

The putative neurohormonal role of the R3-14 peptides in 
homeostasis cannot be overlooked, though very little physio- 
logical data on the peptide exist. Yamagishi et al. (1984) found 
that iontophoresis of extracts of a purified R3-14 peptide frac- 
tion onto vascular smooth muscle elicits muscle contraction of 
the gastroesophageal aorta but not the anterior aorta. The pep- 
tides may therefore function in a transmitterlike capacity by 
acting in concert with glycine, at least on some targets, to mod- 
ulate smooth muscle contraction. Also, plexuses of R3-14 var- 
icosities found at the distal end of the heart and the branchial 
ganglion area may release peptides into the pericardial fluid that 
flows directly into the kidney. These plexuses of varicosities 
resemble neurohemal release areas seen in other molluscs such 
as Octopus (Martin, 1968), Archachatina (Baxter and Nisbett, 
1963), Lymnaea (Simpson, 1969; Wendelaar Bonga, 1970), He- 
lix (Cottrell and Osborne, 1969), and Helisoma (Dillaman et 
al., 1976; Khan and Saleuddin, 1979a, b). 
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