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Nervous systems consist of diverse populations of 
neurons that are anatomically and functionally distinct. 
The diversity of neurons and the precision with which 
they are interconnected suggest that specific genes or 
sets of genes are activated in some neurons but not ex- 
pressed in others. Experimentally, this problem may be 
considered at two levels. First, what is the total number 
of genes expressed in the brain, and how are they 
distributed among the different populations of neurons? 
Second, can we identify specific genes expressed in in- 
dividual neurons and relate the expression of these 
genes to the unique functional properties of these 
neurons? 

A number of investigators have attempted to deter- 
mine how many genes are expressed in the brain. Re- 
cent data suggest that the mRNA population from the 
entire mammalian brain may be far more diverse than 
mRNA populations present in homogeneous popula- 
tions of cells in other, nonneural tissues (Chikaraishi 
1979; Van Ness et al. 1979; Chaudhari and Hahn 
1983). The brain, however, consists of a large number 
of heterogeneous cells or cell groupings that are an- 
atomically or biochemically distinct. This immediately 
raises the question as to whether the complexity of 
brain mRNA populations is a reflection of a large 
number of diverse cell types, each expressing a small 
number of unique neuron-specific sequences. On the 
other hand, this complexity may result from a novel re- 
quirement that all neurons express a significantly 
greater number of different mRNAs than nonneural 
cells. The examination of the pattern of gene expression 
in individual neurons may allow the distinction between 
these alternatives. 

How does one begin to characterize the genes ex- 
pressed in individual neurons in nervous systems com- 
posed of from 102 to 10 ~2 cells? In a direct approach, it 
is now possible to identify and clone specific gene se- 
quences expressed in individual neurons and attempt to 
relate the activation of specific genes to the unique 
functions of individual neurons. A second, indirect ap- 
proach involves the isolation of genes whose transcrip- 
tion is restricted to the nervous system. The site of ex- 
pression of these genes can then be explored by in situ 
hybridization to mRNA in tissue sections through the 
developing and adult nervous systems. 

The simple nervous system of the invertebrate 
Aplysia californica, a marine snail, is particularly suit- 
able for analyzing specific gene expression because it 
contains only about 20,000 central nerve cells, which 
are collected into four pairs of symmetric ganglia and a 
single asymmetric abdominal ganglion. Moreover, sev- 
eral of the neurons in these ganglia may be recognized 

by highly reproducible characteristics such as size, 
shape, position, pigmentation, and function (for re- 
view, see Kandel 1979). This numerical simplification 
has made it possible to relate the function of particular 
cells to specific patterns of behavior and may permit us 
to attribute neuronal function to the expression of 
specific genes. In addition to being few in number, 
neurons in Aplysia can be quite large, up to 1 mm in 
diameter. Most of these large cells are polyploid and 
contain as much as 2 #g of DNA, more than 105 times 
the content of the haploid genome (Coggeshall et al. 
1971; Lasek and Dower 1971). Furthermore, our data 
indicate that mRNA content is proportional to cell size 
such that the largest of cells contains up to 5 ng of 
mRNA. 

It is therefore possible to dissect out single neurons 
and examine the activity of individual genes in a single 
cell. We have constructed both a genomic library from 
sperm DNA and a library of eDNA clones from the ab- 
dominal ganglion of Aplysia and have screened these 
libraries with probes synthesized from the mRNA of in- 
dividual neurons. These procedures now permit the 
identification of genes whose expression is restricted to 
unique and identified nerve cells of known function. At 
the limit, with the largest neurons, screening for 
prevalent sequences can be performed with the eDNA 
synthesized from a single cell. When these procedures 
are applied to nerve cells that express prevalent gene 
products such as peptidergic neurons, clones encoding 
multiple behavioral neuropeptides can be isolated. In 
this manner, we have isolated the genes enc6ding a set 
of egg laying neuropeptides and, more recently, a gene 
that encodes a peptide involved in water balance. 

Cloning Genes from Clusters of Neurons: 
The Egg Laying Peptides 

We have previously described a useful experimental 
system in Aplysia for examining the structure, expres- 
sion, and modulation of genes that code for a peptide of 
known behavioral function, the egg laying hormone, 
ELH (Scheller et al. 1982, 1983a; L.B. McAllister et 
al., in prep.). The choice of this system for our initial 
attempts at gene cloning in the Aplysia nervous system 
was dictated by two considerations. First, ELH is ex- 
pressed in abundance in an anatomically defined cluster 
of identical neurons. Second, the neuronal cluster is 
sufficiently large to permit us to obtain adequate quanti- 
ties of this mRNA to serve as probe in gene-isolation 
experiments. 

The neuroactive peptide ELH is released from a pair 
of symmetric and homogeneous clusters of neurons, the 
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bag cells, that are attached to the abdominal ganglion 
(for reviews, see Kandel 1970; Kupfermann 1972; 
Blankenship 1980; Strumwasser et al. 1980). Each 
cluster contains about 400 nerve cells, all of which are 
interconnected electrically and have similar electro- 
physiologic properties. During the animal's reproduc- 
tive period, about half of the protein formed in the bag 
cells is ELH, a 36-amino-acid basic peptide of known 
sequence (Chiu et al. 1979). The bag cells release sev- 
eral additional peptides along with ELH. The release of 
these peptides produces a characteristic and stereotyped 
behavioral repertoire consisting first of a cessation of 
walking, an inhibition of feeding, and increases in both 
the respiratory and heart rates, followed by head wav- 
ing and egg laying. 

ELH acts directly on smooth muscle follicles of the 
ovotestis to initiate egg laying in a manner analogous to 
the action of  oxytocin on myeloepithelial cells in 
vertebrates (Dudek and Tobe 1979; Rothman et al. 
1982). ELH also excites and inhibits identified neurons 
in the abdominal and buccal ganglia (Branton et al. 
1978; Mayeri and Rothman 1982; Stuart and Strum- 
wasser 1980). Thus, ELH is similar in many respects to 
neuroactive peptides recently characterized in the mam- 
malian brain that act as a neurotransmitter on nerve 
cells and as a hormone on nonneuronal targets. 

We have determined the nucleotide sequence of the 
ELH gene expressed in the bag cell cluster. The details 
of  the isolation of this gene and its sequence have been 
described previously (Scheller et al. 1982, 1983a). 
Here we emphasize a few points that emerge from an 
examination of the gene sequence. First, the gene con- 
mining ELH encodes a 30-kD protein, whereas ELH 
itself is only 4.4 kD. Thus, ELH is synthesized as part 
of a larger precursor, and its release requires cleavage 
at pairs of basic residues that flank the 36-amino-acid 
ELH sequence. The precursor, however, contains sev- 
eral additional pairs of basic residues that may serve as 
cleavage sites flanking putative neuroactive peptides. A 
schematic of  the protein sequence, along with potential 
cleavage sites, is shown in Figure 1. Three small pep- 

tides--the ix- and B-bag cell factors and the acidic 
peptide--have been isolated from extracts of bag cells 
and appear to be coordinately released with ELH. Each 
of  these peptides is encoded in the ELH precursor and 
is bounded by cleavage sites. Furthermore, a role for at 
least two of these peptides as neurotransmitters altering 
the activity of specific neurons within the abdominal 
ganglion has been demonstrated (B.S. Rothman and E. 
Mayeri, unpubl.). 

What are the physiologic functions of  these peptides? 
The entire array of behaviors associated with egg lay- 
ing can be elicited by excitation of  the bag cells. ELH 
alone, however, cannot elicit the full array of behaviors 
(S. Mackey and T. Carew; B.S. Rothman and E. May- 
eri; both pers. comm.), indicating that additional fac- 
tors produced by the bag cells are essential in mediating 
this behavioral repertoire. Our data on the structure of  
the ELH gene has suggested a mechanism that provides 
for the coordinate pattern of  behaviors associated with 
egg laying (Scheller et al. 1983). The ELH gene ex- 
presses a polyprotein precursor that contains ELH 
along with several additional neuropeptides. It is 
therefore tempting to suggest that the behavioral reper- 
toire is mediated by a small set of peptides encoded by 
a single gene, expressed in a single polyprotein, which 
is processed and packaged as a unit, facilitating the 
coordinate release of these peptides. Thus, a single 
genetic unit may encode the information dictating a 
complex behavioral repertoire. 

Second, the ELH gene is one member of a small 
multigene family. We have identified two genes, ex- 
pressed in the atrial gland, that are 90% homologous to 
the ELH gene but have diverged at essential sites to 
generate a unique, nonoverlapping set of  peptides. 
These two genes encode the A and B peptides, which 
themselves are neurotransmitters capable of  either 
directly or indirectly initiating the excitation of the bag 
cells and the release of ELH. These three members of  a 
multigene family are expressed in a tissue-specific man- 
ner. The A and B peptide precursors are synthesized in 
the atrial gland but not the bag cells, whereas the ELH 
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Figure 1. Schematic comparing the precursors encoding the ELH, ~x-, and/~- peptides, deduced from the nucleotide sequences 
of the peptide genes. Each of the three proteins is initiated by a methionine, followed by a hydrophobic i,.gion (1~). (S) Location 
of a cysteine residue. ( I1 ) Putative site of cleavage of the signal sequence. Lines above the sequence ( I ) represent potential cleavages 
at single arginine residues. ($) Potential or known cleavage at dibasic, tribasic, or tetrabasic residue; if carboxyterminal amidation 
is believed to occur, an NH2 appears above the arrow. (1~) A/B peptide homology; (ml) ELH homology; (El) acidic peptide 
homology. ( ) Sequenced, noncoding regions; ( . . . . . .  ) regions not sequenced. (Reprinted, with permission, from Scheller 
et al. 1983.) 
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precursor is expressed in the bag cells but not the atrial 
gland. 

Finally, we have used in sittt hybridization to mRNA 
in sections through the entire nervous system to ask 
whether the bag cells and atrial gland are the sole sites 
of expression of this gene family (L.B. McAllister et 
al., in prep.). We observe that, in addition to the pri- 
mary cluster of bag cell neurons expressing the egg lay- 
ing genes, there exists a network of at least 20 other 
ELH-producing cells in the small central nervous sys- 
tem of Aplysia. One example of ELH gene expression 
in two cells among the 2000 cells of the pleural gan- 
glion is shown in Figure 2. 

At present we do not understand the physiologic 
significance of this extensive network of cells. We do 
not know whether they participate in the egg laying 
process or whether they carry out completely indepen- 
dent physiologic functions. However, the results indi- 
cate that the release of ELH is not restricted to the bag 
cells. Rather, ELH is synthesized at several additional 
loci in the Aplysia nervous system. Thus, ELH may 
serve a more significant role as neurotransmitter than 
has been previously appreciated. 

These three observations serve to illustrate one im- 
portant point concerning the generation of diversity. A 
small, multigene family encodes a series of polypro- 

Figure 2. In situ hybridization to mRNA of cells of the 
pleural ganglion, showing a high density of grains in the 
cytoplasm of a single neuron. The hybridization probe derives 
from a clone encoding the ELH gene (Fig. 1) and was nick- 
translated to a specific activity of 5 x l0 s cpm with 
[125I]dCTP" 

teins, each containing the information capable of 
generating multiple, small neuroactive peptides that are 
expressed in several different neurons. This multiplici- 
ty has suggested combinatorial mechanisms that may be 
important in generating the diversity observed in the 
nervous system. The number of possible combinations 
of egg laying peptides is made even greater by the fact 
that these peptides are encoded by a small family of 
genes in which each member has diverged to generate 
new peptides. Furthermore, these genes encode poly- 
proteins with the ability to generate a large number of 
additional combinations of peptides merely by altering 
the pathway of processing in different cell types or in 
the same cell in respOnse to different stimuli. Further- 
more, these peptides are expressed by a network of in- 
variant neurons, suggesting the possibility that they 
may be used by different cells to effect different func- 
tions. The purpose of this diversity might be to activate 
different patterns of behavior by modulating the activity 
of different combinations of neurons or target organs. 

Cloning Genes Expressed in Individual Neurons: 
The R15 Peptide 

The egg laying peptides provide an example of the 
relationship between genes expressed in a cluster of 
identified neurons and a specific behavior. In Aplysia, 
physiologic processes may be controlled by single iden- 
tiffed neurons. The analysis of the pattern of gene ex- 
pression in single neurons may therefore permit us to 
relate the function of individual neurons to the activity 
of specific genes. We have recently developed pro- 
cedures that permit the isolation of genes whose expres- 
sion may be restricted to a single neuron. These pro- 
cedures have enabled us to clone a gene expressed in a 
single neuron, RI5, which regulates water balance in 
Aplysia. 

The autonomously bursting neuron, R15 (Fig. 3), 
synthesizes a protein hormone that, by analogy with the 
antidiuretic hormone of vertebrates, may control the 
resorption of Na § (Kupfermann and Weiss 1976). In 
hypotonic sea water, the animal gains water, which 
apsets its internal osmolality. Compensating for this ef- 
fect, the hypotonic sea water is sensed by an organ 
called the osphradium, which acts via a cluster of sen- 
sory neurons to inhibit the burst firing of R15 (Jahan- 
Parwar et al. 1969; Stinnakre and Tauc 1969). This 
may inhibit hormone release, diminish Na § resorption, 
and in this way restore water balance. What is the 
nature of the peptide released by R15? What is its 
target, and what are its physiologic effects? These ques- 
tions may be addressed by cloning the gene encoding 
the RI5 peptide, deducing its amino acid sequence, and 
ultimately synthesizing the peptide to determine its 
physiologic effects. 

In initial experiments, we compared the pattern of 
proteins synthesized by R15 with those of several other 
peptidergic neurons within the abdominal ganglion. 
Abdominal ganglia were exposed to [35S]methionine 
for 24 hours, and individual neurons were isolated and 
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Figure 3. The abdominal ganglion of Aplysia californica. (Reprinted, with permission, from Kandel 1976.) 

subjected to SDS-polyacrylamide gel electrophoresis. 
The autoradiograph shown in Figure 4 shows the pat- 
terns of proteins synthesized in single cells. If  we con- 
centrate on the low-molecular-weight peptides, we 
observe that neurons R3 through R14 display identical 
profiles. The neurons L2, L3, L5, and L6 also appear 
to comprise a group with a distinct profile, whereas 
RI5, L4, and LI 1 each possess unique low-molecular- 
weight protein species not present in the other neurons 
examined. At steady state, the low-molecular-weight 
peptides of RI5 seem to account for only about 5% of 
the total proteins synthesized in this cell. Previous 
studies using shorter labeling periods, however, have 
demonstrated that about 30% of the protein in this cell 
appears as a single, 12.5-kD precursor from which 
shorter peptides are generated (Loh and Gainer 1975; 
Strumwasser and Wilson 1976; Aswad 1978). This 
precursor, thought to contain the water balance peptide, 
is therefore likely to be encoded by an abundant 
mRNA. 

To isolate the R15 peptide gene, we first constructed 
a library of cDNA clones from poly (A) § mRNA from 
the entire abdominal ganglion. This library, which con- 
sists of 1.3 x 106 independent clones, was constructed 
utilizing a highly efficient bacteriophage X gtl0 cloning 
system developed by T. St. John and R. Davis (un- 
publ.). The neuron R15 comprises about 1% of the 
mass of the abdominal ganglion. If the mRNA encoding 
the water balance peptide comprises 10% of the mRNA 
in RI5, then 0.1% of the mRNA in the ganglion should 
encode this specific peptide. Thus, 1 out of 1000 clones 
within the library should contain the peptide sequence. 
We screened 20,000 independent cDNA clones in dup- 
licate with two highly radioactive cDNA probes, one 
prepared from the mRNA of R15, which should contain 
the sequence for the peptide, and one prepared from the 
cholinergic neuron R2, which should not contain the se- 
quence for the RI5 peptide. Both R2 and R15 are large 
cells, and sufficient cDNA for these experiments can be 
prepared from as few as five neurons. By comparing 
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Figure 4. Analysis of proteins synthesized in 
individual neurons. Isolated abdominal ganglia 25.7 
were incubated with [35S]methionine for 24 hr. 
Single neurons were dissected, solubilized in 
SDS under reducing conditions, and subjected 
tO SDS-polyacrylamide gel electrophoresis and 18.4 
autoradiography (Laemmli 1970). On the left 
are shown the sizes (x  10 -3) of molecular- 12.3 
weight standards electrophoresed in an adjacent 
gel lane. Above each lane is noted the cell in 6.2 
which the proteins were synthesized. 
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the hybridization of 20,000 individual clones with R15 
and R2 cDNA, we were able to isolate five clones that 
reproducibly hybridize with cDNA from R15 but not 
R2. An example of the results of this differential screen 
are shown in Figure 5. 

R15-specific clones were picked, plaque-purified, 
and the DNAs were characterized by restriction en- 
donuclease mapping. All five clones contain identical 
sequences but extend variable distances at their 5 '  ter- 
mini. The variability in length results from incomplete 
reverse transcription during cDNA synthesis. The 
largest of  these five clones is 700 nucleotides in length. 
We utilized this clone as a probe in Northern blotting 
experiments to determine the size of  the mRNA from 
which this clone was originally synthesized. Northern 
blotting to mRNA of the abdominal ganglion reveals a 
single hybridizing species 3.5 kb in length (Fig. 6). We 
therefore rescreened the library and obtained a 3.5-kb 
clone, which is likely to be full length. 

The frequency with which this sequence is identified 
in differential screens suggests that it is an abundant se- 
quence in neuron R15 but is not present in abundance in 
neuron R2. Dot-blotting experiments further suggest 
that this sequence is not expressed in any other neuron 
within the abdominal ganglion. RNA was prepared 
from neurons R15, R14, and R2, and collections of 
right- and left-upper-quadrant peptidergic neurons. Hy- 
bridization with the RI5 clone is only observed with 
RNA from neuron RI5 (Fig. 7). In a separate experi- 
ment, we observed no hybridization to RNA from the 
entire abdominal ganglion from which neuron Rl5 had 
been removed. 

As a control, we have also isolated a cDNA clone 
that hybridizes strongly to RNA from the right-upper- 
quadrant neurons (R3-R8) as well as from neuron R14 
but shows no hybridization to RNA from R2, R15, or 
the left-upper-quadrant cluster (Fig. 7). This clone is 
likely to encode the abundant set of  low-molecular- 
weight proteins shared by neurons R3-R14 (Fig. 4) and 
may encode a cardioactive peptide characterized in 
detail by Scbeller et al. (1983b). 

The unique cell-specific pattern of expression of the 
R15 clone, together with its abundance in RI5 mRNA 
populations, suggests that it encodes the major water 
balance peptide. However, this is not yet proven. The 
sequence of this peptide is unknown and antibodies are 
unavailable. We are currently determining the nucle- 
otide sequence of the 3.5-kb cloned DNA. From this 
sequence we may deduce the amino acid sequence of 
the protein precursor and the smaller peptides contained 
within it. The peptides may then be synthesized and 
their physiologic activities determined. 

Gene Diversity: Rare and Abundant Genes 

Recent data suggest that the mRNA population from 
the entire mammalian brain may be far more diverse 
than the mRNA populations present within homo- 
geneous populations of  cells in other tissues. The abun- 
dance of these brain-specific RNAs suggests two ex- 
treme models of  their distribution: Either all brain 
mRNA species are equally represented at low frequen- 
cy in all neurons, or they are present in small popula- 
tions of neurons in high abundance. By examining the 
pattern of  gene expression in individual, identified 
neurons, we can directly test the second of these two 
alternatives. 

We have compared the genes expressed in a set of 
three cholinergic neurons in the abdominal ganglion, 
R2, LI  1, and L10, by the differential screening pro- 
cedure described earlier. This allows an initial estimate 
of the diversity among moderately prevalent sequences 
in functionally distinct neurons sharing the same clas- 
sical transmitter. For example, R2 is a giant cell that 
comprises 5 % of the mass of the ganglion. Thus, in a 
randomly selected collection of 50,000 eDNA clones 
from the abdominal ganglion library, 5% or 2500 
would be expected to derive from R2. If  R2 did in fact 
contain a unique message present at a level of about 
1%, one would expect that 25 clones would be present 
among the 50,000, which would give a differential 
signal when compared with probe from L l l  and L10 
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Figure 5. Isolation of neuron-specific cDNA clones by dif- 
ferential screening. Recombinant phage from the abdominal 
ganglion eDNA library were plated at low density and screen- 
ed. Replicate filters were hybridized with 32p-labeled eDNA 
prepared from R2 and RI5 RNA by oligo(dT)-primed reverse 
transcription. Shown are autoradiographs of the replicate 
filters following hybridization (A). The boxed areas are 
enlarged below (B). (~)  Location of a RI5 peptide clone that 
hybridized to cDNA prepared from RIS, but not R2, RNA. 

mRNA. Moreover, if R2 possessed more than one 
unique, but abundant transcript, many times more than 
25 such clones would be detected. 

In preliminary experiments, we have observed 
transcripts that do distinguish R2 and L l l  from one 
another. In screening 50,000 clones from the ab- 
dominal ganglion library, of  which 50-60% reacted 
with our eDNA probes, we found one clone expressed 
in R2 but not L l l  and another expressed in the latter 
neuron but not the former. In addition, we found a sec- 
ond clone expressed at much higher levels in R2 than in 
L11. We estimate that these clones represent mRNAs 
present at a level of about 0.1-2.0% of the total, so that 
they are moderately abundant species. Although these 
mRNAs show a clear differential distribution between 
the cells from which the cDNA probes were made, 
preliminary results suggest they may be present in other 
neurons in the ganglia as well. 

Thus, preliminary studies of a small number of cells 
suggest that the diversity among individual neurons and 
the apparent complexity ascribed to neuronal mRNA 

Figure 6. Determination of the size of the mRNA encoding 
the R15 peptide. Abdominal ganglion poly(A) + RNA was 
electrophoresed, blotted onto nitrocellulose, and hybridized 
with the cloned R15-specific eDNA labeled by nick transla- 
tion. Sizes shown on the left (kb) indicate the migration of E. 
coli rRNA molecules coelectrophoresed with the ganglion 
RNA. 

may be reflected in the differential synthesis of relative- 
ly abundant mRNAs in different neurons sharing the 
same transmitter. Furthermore, the detection of quan- 
titative differences in the level of certain mRNAs be- 
tween cholinergic neurons suggests that neuronal diver- 
sity may in part be explained by overlapping sets of 
gene products differentially expressed in different cells. 
This "combinatorial" model represents an intermediate 
case between the two extreme models of mRNA dis- 
tribution discussed earlier. We emphasize, however, 
that our annealing conditions will only allow us to 
detect clones expressed at a level of 0.1% or higher in 
the cell from which the eDNA was prepared. It is still 
possible that Aplysia neurons are further distinguished 
by qualitative differences in the expression of relatively 
low-abundance genes. To test this possibility, it will be 
necessary to construct cDNA libraries from individual 
neurons, permitting the detection of  low-level RNA 
transcripts, which would be present at vanishingly low 
frequencies in a library constructed from the entire 
ganglion. 

CONCLUSIONS 

We have examined genes expressed in single neurons 
of  the mollusc Aplysia and have attempted to relate the 
expression of  specific genes to the function of  in- 
dividual neurons. From an analysis of genes active in a 
small number of cells, it is also possible to make some 
preliminary statements on the pattern of gene expres- 
sion in the nervous system as a whole. 

First, are unique genes expressed in specific 
neurons? The peptidergic neuron RI5 expresses a pre- 
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Figure 7. Tissue-specific expression of the peptide genes. 
RNAs extracted from two R2, two RI5, eight R3-8 (RU), and 
eight L2, L3, L4, L6 (LU) neurons, and E. coil tRNA (C) 
were dot-blotted onto nitrocellulose and hybridized with 32p_ 
labeled cloned cDNA encoding the RI5 (RI5-B.I) or RI4 
(RU-9.1) peptide. 

dominant mRNA thought to encode a peptide regulating 
Na + and water balance. At current levels of  detection, 
the gene encoding this mRNA is neuron specific; it is 
expressed in R15 but not in any other neurons of the 
abdominal ganglion. In addition to this neuron-specific 
gene, we have isolated a gene whose expression ap- 
pears to be restricted to a small group of neurons within 
the ganglion. This gene, which may encode a cardioac- 
tive peptide, is expressed in R14 and also expressed in 
the peptidergic cells clustered in the right-upper 
quadrant of  the ganglion. An even more extensive 
distribution is observed for the expression of the family 
of genes encoding the egg laying peptides. At least one 
member of this small, multigene family is expressed in 
the bag cell cluster, the atrial gland, and a network of at 
least 20 individual neurons expressed in four of the five 
ganglia of the nervous system. 

What may the functional significance of these diverse 
tissue-specific patterns of  gene expression be? In a 
cluster of identical neurons, such as the bag cells, in 
which the cells are electrically interconnected, a single 
excitation causes each cell in the cluster to fire and 
release an identical collection of gene products. Thus, a 
cluster of identical cells may be required, as in other 
organs, to meet the quantitative demands for a specific 
gene product, which in this case is a set of peptides. 
Anatomically dispersed cells expressing common gene 
products, such as the ELH-producing cells distributed 
throughout four ganglia as well as RI4 and the right- 
upper-quadrant neurons expressing the cardioactive 
peptide, may function quite differently. If  these dis- 
persed cells receive different input, then the same pep- 
tide may be released at different times by different cells 
in several different anatomic locations, perhaps in com- 
bination with different companion peptides, to effect 
several distinct physiologic or behavioral processes. 

What do we learn about the function of specific neu- 
rons from an analysis of the genes they express? From 
the nucleotide sequence of  the ELH gene, we have 
demonstrated that this gene encodes not a single pep- 
tide, ELH, but several additional neuroactive peptides 
released from the bag cells that are active as 
neurotransmitters on cells of the abdominal ganglion. 
We have previously suggested that the entire repertoire 
of egg laying behaviors may be mediated by a set of 
neuropeptides encoded by a single gene. We anticipate 
that the nucleotide sequence of  the R15 peptide will 

allow us to explore the physiologic processes involved 
in water balance since at present the amino acid se- 
quence of the active peptide is unknown and its cellular 
targets or mode of action have not been determined. 

What seems to be emerging from the analysis of  pep- 
tidergic neurons and peptide genes in Aplysia is that 
neurons may use combinatorial mechanisms at several 
levels to account, at least in part, for the diversity re- 
quired in the nervous system. The existence of  multiple 
genes that encode polyproteins containing several 
neuroactive peptides expressed in diverse cells, if ex- 
ploited, could greatly expand the informational content 
of the genome. 

The peptidergic neurons expressing ELH, the car- 
dioactive peptide, and the R15 peptide are distinguished 
by the expression of unique, prevalent mRNA species 
encoding different peptides. A different pattern is 
emerging from the analysis of  functionally distinct 
neurons that share the transmitter acetylcholine. In 
preliminary experiments we have detected prevalent 
transcripts expressed in different cholinergic cells. 
These transcripts, however, appear to be expressed in 
other neurons in the abdominal ganglion. The diversity 
of  these neurons may therefore result not from the ex- 
pression of  genes unique to individual cells, but from 
unique but overlapping patterns of  gene expression in 
functionally distinct neurons. 
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