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Modulation of an NCAM-Related
Adhesion Molecule with Long-
Term Synaptic Plasticity in Aplysia

Mark Mayford, Ari Barzilai, Flavio Keller,*
Samuel Schacher, Eric R. Kandel

A form of learning in the marine mollusk Aplysia, long-term sensitization of the gill- and
siphon-withdrawal reflex, results in the formation of new synaptic connections between the
presynaptic siphon sensory neurons and their target cells. These structural changes can be
mimicked, when the cells are maintained in culture, by application of serotonin, an endogenous
facilitating neurotransmitter in Aplysia. A group of cell surface proteins, designated Aplysia cell
adhesion molecules (apCAM'’s) was down-regulated in the sensory neurons in response to
serotonin. The deduced amino acid sequence obtained from complementary DNA clones
indicated that the apCAM's are a family of proteins that seem to arise from a single gene. The
apCAM'’s are members of the immunoglobulin class of cell adhesion molecules and resemble
two neural cell adhesion molecules, NCAM and fasciclin |I. In addition to regulating newly
synthesized apCAM, serotonin also altered the amount of preexisting apCAM on the cell
surface of the presynaptic sensory neurons. By contrast, the apCAM on the surface of the
postsynaptic motor neuron was not modulated by serotonin. This rapid, transmitter-mediated
down-regulation of a cell adhesion molecule in the sensory neurons may be one of the early
molecular changes in long-term synaptic facilitation.

One mechanism for storing long-term
memory in neurons is by the formation of
new synaptic connections. For example,
studies of the gill- and siphon-withdrawal
reflex of the mollusk Aplysia californica show
that, after long-term sensitization, there is
an increase in the number of synaptic con-
nections made by identified siphon sensory
neurons on their target cells, such as the gill
motor neuron L7 (I). These changes last
several weeks and parallel the behavioral
changes produced by the training. Similar-
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ly, stimuli that produce long-term potenti-
ation (LTP) in the hippocampus of verte-
brates produce changes in the structure and
distribution of synapses between the pre-
and postsynaptic cells (2).

In Aplysia, these structural changes can be
studied in identified neurons maintained in
dissociated cell culture (3, 4). Individual sen-
sory and motor neurons form functional syn-
aptic connections in culture that undergo
long-term synaptic facilitation in response to
repeated applications of serotonin (5-HT), an



endogenous facilitating neurotransmitter in
Aplysia (5, 6). In addition, 5-HT produces
structural changes in the presynaptic sensory
neuron in vitro that are similar to those
produced in the intact animal by sensitization
training (7). Thus, the formation of new
synaptic connections may contribute to the
maintenance of long-term facilitation.

Paralleling the results of behavioral ex-
periments, inhibitors of either protein or
RNA synthesis block long-term, but not
short-term, facilitation when applied dur-
ing, or shortly after, exposure to 5-HT (5).
To study the molecular changes that under-
lie long-term facilitation, Barzilai and co-
workers used quantitative two-dimensional
gel electrophoresis and found that 5-HT
produced an increase in [**SJmethionine
incorporation into ten protein spots (E, to
E,o) and a decrease in labeling of five spots
(D, to D5) (8). The change in these pro-
teins was rapid and transient, with peak
increases or decreases occurring within 15
to 60 minutes and returning to baseline
values by 3 hours. The changes in labeling
of these proteins may reflect either an alter-
ation in the amount of their mRNA, the
rate of its translation, or a change in the
half-life of the protein itself.

We have now characterized four of the
five proteins that decrease in labeling in
response to 5-HT. This group of proteins,
D, to D, (8), ranges in molecular size from
100 to 140 kilodaltons (kD) (Fig. 1, A and
B). Analogs of adenosine 3’,5'-monophos-
phate (cyclic AMP), which is activated by
5-HT and can produce long-term facilita-
tion and the accompanying structural
changes (9), also down-regulate D, to D, in
the sensory neurons (Fig. 1C and Table 1).
Moreover, the down-regulation of D, to D,
produced by 5-HT can be enhanced by the
addition of 3-isobutyl-1-methylxanthine
(IBMX), an inhibitor of cyclic AMP phos-
phodiesterase. As is the case with the long-
term structural and functional changes, the
down-regulation induced by 5-HT and by
cyclic AMP is blocked by actinomycin D,
an inhibitor of RNA synthesis (Fig. 1B and
Table 1). The four proteins are related;
they show similar peptide maps and each
protein cross-reacts with two monoclonal
antibodies (MADb’s), 4E8 and 3D9, pro-
duced against membranes from the Aplysia
central nervous system (CNS) (10). The
four proteins that are immunoprecipitated
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by MAb 4E8 comigrate on two-dimensional
gels with proteins D, to D, (Fig. 1A). The
MADb’s define a group of Aplysia glycopro-
teins that are specific to the nervous system
and found on the surface of neurites and
growth cones of cultured neurons (10).
Cloning and characterization of ap-
CAM. To characterize these proteins struc-

turally, we used the MAb’s to obtain cDNA -

clones coding for proteins in the D, to D,
group. An Aplysia CNS cDNA library con-

" structed in the expression vector Agtll was

screened with MAb 4E8. One immunoreac-
tive plaque was obtained and used to probe a
randomly primed cDNA library. Three in-
dependent clones (d12, d15, and d19) were
obtained that contained open reading frames
capable of coding for proteins of 84, 88, and
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102 kD, respectively (Fig. 2A). Each open
reading frame coded for two sequénces,
which were identical to amino acid se-
quences obtained from protein spot D, and
from protein isolated with the use of MAb
4E8. This confirms that the cDNA’s code for
proteins in the D, to D, group and that
MAD 4ES8 reacts with this group of proteins.

An analysis of the clones indicates that
they encode three related proteins that can
be divided into shared as well as distinctive
domains (Fig. 2B). In all three predicted
proteins, the 734 amino acids at the amino
terminus are identical; and the proteins
begin with a typical hydrophobic signal
peptide sequence that predicts a glutamine
amino terminus for the mature proteins
(11). The signal peptide sequence is fol-

Table 1. Down-regulation of apCAM expression by 5-HT and 8-(4-chlorophenylthio) (CFT)—cyclic
AMP. Aplysia californica pleural sensory clusters were dissected and labeled with [33S)methionine
for 30 minutes (except for 20 uM 5-HT plus 100 uM IBMX, which was labeled for 60 minutes), and
proteins were resolved by two-dimensional gel electrophoresis as in Fig. 1. Data are expressed as
the ratio of the amount of the protein (D,, D,, D, or D,) in the test situation to the amount in control
conditions (mean * SEM), calculated as in (8).

Condition (m}l'l',‘t‘:s) D, D, D, D, n
5-HT (5 pM) 30 0.75 +0.08** 0.67 = 0.1* 0.68 = 0.09*** 0.70 = 0.11* 8
5-HT (5 uM), 30 1.07 £007t 1.44 =050t 0.94 +0.06t 1.07 +0.07t 4
actinomycin D
(100 pg/ml)
5-HT (20 uM), 60 063 +=0.12* 037 +0.22* 0.37 £ 0.11*** 0.32 + 0.10*** 5
IBMX (100 pM)
CFT-cAMP (100 pM), 120 0.66 = 0.11* 0.10 £ 0.11*** 0.62 + 0.12* 0.69 = 0.10* 4
IBMX (100 pM)
CFT-cAMP (100 pM), 120 1.17 £ 0.14t 093 = 030t 1.05 = 0.16t 1.10 = 0.26t 4
IBMX (100 pM),
actinomycin D
(100 pg/ml)
*P < 0.05; *P < 0.02; P < 0.01. t Not significant.
Fig. 1. Effect of 5-HT on A
proteins D, to D,. (A) Pleu- kD kD
ral sensory clusters from 140- i ; 140-
Aplysia californica were ~ 120- " 120~ -
dissected and labeled with 100~ h SRR 100- i
[®SS]methionine for 18 80— 80—
hours as described (8),
and the °S-labeled pro- :
teins that react with MAb's 50~ 50- g

4E8 and 3D9 were immu-
noaffinity-purified (70). The
labeled, immunoaffinity-pu-

I I
44 48

Isoelectric point

| 1 ] I
44 438 5.2 5:6
Isoelectric point

[ ]
b2 56

rified proteins were mixed B Cont.+ SHT+ C  cAMP+ 5-HT +
with unlabeled pleural sen- Cont. 5-HT act. act. Cont. IBMX Cont. IBMX

sory cluster proteins and - LR s <& 3

resolved on a high resolu- p ‘} £ _— e - s

tion two-dimensional poly- - - - N B T

acrylamide gel (8). The gel 3

was silver-stained to visual-

ize total protein (left) and the 35S-labeled proteins were visualized by autoradiography (right). (B and
C) Pleural sensory clusters were dissected and labeled with [35S]methionine under various experi-
mental conditions. The proteins were then resolved on high-resolution two-dimensional gels (8); only
the region of the gel containing proteins D, to D is shown. (B) Serotonin (5 wM) for 30 minutes; 5-HT
(5 wM) plus actinomycin D (100 pg/ml) for 30 minutes. This concentration of actinomycin D blocks
more than 95 percent of RNA synthesis in Aplysia sensory neurons (5). (C) CFT-cAMP (100 pM) for
2 hours; 20 pM 5-HT plus 100 1M IBMX for 60 minutes.
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420 Fig. 2. Deduced amino acid sequence. of apCAM. (A) An oligo(dT)-

480 primed cDNA library was constructed in the expression vector agt11
Eco RI-Not | (Promega) with mRNA isolated from the CNS of Aplysia

540 californica (31). The library was screened for plaques that cross-
reacted with MAb’s 4E8 and 3D9 (70). From approximately 500,000

600 recombinants, a single immunoreactive plaque was isolated that cross-

660 reacted with both MAb 4E8 and 3D9. The cDNA insert from this clone
was used to probe a randomly primed Aplysia CNS cDNA library

720 constructed in the plasmid vector pBluescript || SK+ (Stratagene). The
three resulting clones were sequenced on both strands with the
standard dideoxy technique (Sequenase, USB). The three cDNA se-
quences were invariant over the 2252 nucleotides at the 5’ end except

780 for two positions that did not change the coded amino acid (GenBank
accession numbers M89648 through M89650). Short stretches of
hydrophobic amino acids that encode the signal peptide, the trans-

840 membrane domain, and a GPI attachment signal are underlined. The
conserved cysteine residues in the five Ig domains are indicated with

900 arrows. Two peptide sequences obtained from protein D, and from

protein purified with MAb 4E8 are boxed. Abbreviations for the amino
acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G,

Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (B) A schematic representation of the
domain organization of the three apCAM clones. |g, immunoglobulin type c2 domain; Fn, fibronectin type Ill domain; GPI, glycosylphosphoinositol
attachment signal; TM, transmembrane domain; CYTO, cytoplasmic domain; PEST, PEST sequence (22).

lowed in each of the three clones by five
immunoglobulin (Ig) domains of the C-2
type. These domains are characterized by
conserved cysteine residues separated by 40
to 60 amino acids (12). The Ig domains are
followed by two fibronectin type III do-
mains (FnlIll) (13). Because the overall
structure is similar to that of Ig-related cell
adhesion molecules, we have designated
these molecules collectively as apCAM’s,
for Aplysia cell adhesion molecules.

The three apCAM clones diverge in
sequence after the second Fnlll domain.
Clone d19 contains the longest open read-
ing frame and encodes a protein with an
acidic region consisting of a short stretch of
amino acids rich in glutamate immediately
after the second Fnlll domain. This is
followed by a stretch of 22 hydrophobic
amino acids characteristic of a transmem-
brane domain, and a 117-amino acid puta-
tive cytoplasmic domain at the carboxyl
terminus.

The clones with the two shorter open
reading frames (d12 and d15) lack trans-
membrane and cytoplasmic domains. The
d15 open reading frame contains, and d12
lacks, the glutamate-rich region. Both pre-
dicted proteins terminate in a short stretch
of hydrophobic amino acids characteristic
of proteins attached to the membrane via
a glycosylphosphoinositol (GPI) linkage
(14). Consistent with this observation,
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Fig. 3. Structure of the apCAM gene. (A) North-
ern blot analysis of total Aplysia RNA (15 pg)
isolated from central nervous system (CNS),
hepatopancreas (HP), buccal muscle (BM),
body wall (BW), and ovotestis (OT). The RNA
was isolated by the guanidinium isothiocyanate
method and resolved on agarose formaldehyde
gels. Blots were probed with 32P-labeled cDNA
fragments from the Ig region (nucleotides 1 to
1311) of apCAM. Filters were reprobed with

cDNA fragments corresponding to the cytoplasmic domain of clone d19 (2536 to 2900) (Cyt) or the
putative GPI signal region (2291 to 2426 of clone d12) (GPl). All filters were washed at high
stringency [0.2x SSC, 0.1 percent SDS, 65°C] before exposure to x-ray film. (B) Southern blot
analysis. Aplysia chromosomal DNA (10 pg) was digested with Bgl Il (Bg), Eco Rl (E), or Pvu I (P)
and resolved on agarose gels. Blots were probed with a 32P-labeled cDNA probe from the third Ig
domain (704 to 915), which is common to all three clones. Filters were washed as in (A).

bacterial phosphotidyl inositol-specific
phospholipase C, which specifically cleaves
GPl-linked proteins, released the 100-kD
form of apCAM from CNS membranes
(15). When deglycosylated, this form of
apCAM can be resolved into two bands on
SDS-polyacrylamide gels (16). This result
suggests that D, actually contains two pro-
tein species and that the released material
represents GPI-linked proteins encoded by
transcripts specific for clones d12 and d15.

A Northern blot analysis of Aplysia
RNA revealed two bands of 9.5 and 11.5
kilobases (kb), which were specific for ner-
vous tissue (Fig. 3A). Rehybridization of
the Northern blot with probes specific for
the cytoplasmic domain of clone d19 and
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for the GPI region of d12 and d15 indicated
that the 9.5-kb mRNA contains the cyto-
plasmic domain sequences and the 11.5-kb
band contains the two GPI forms. The
finding of two rather than three bands
presumably reflects the fact that clones d12
and d15 differ by only 144 nucleotides, and
therefore their respective mRNA’s would
not be separable on the gels in Fig. 3A, and
the 11.5-kb band is likely to contain both
species. Moreover, the finding that the
longer transcripts encode the smaller GPI-
linked proteins may reflect the presence of
additional untranslated sequences in these
transcripts.

It is unclear how these three transcripts
give rise to the four protein spots detected



on two-dimensional gels. D, may represent
two protein species, while the.remaining
three apCAM species (116 to 140 kD) may
arise from differences in posttranslational
modification of the protein encoded by
clone d19. Alternatively, they may arise
from transcripts for which we have not yet
obtained ¢cDNA clones and that are not
resolved on Northern blots.

The sequence and overall structural ar-

2 I

(2]

rangement of the three apCAM cDNA
clones suggest that the different transcripts
arise by alternative splicing of a single gene.
To test this possibility, we probed a South-
ern blot of Aplysia chromosomal DNA with
a 204-bp Hha I fragment (nucleotides 704
to 915), which is within the third Ig do-
main and therefore identical in all three
clones. We detected a single major band in
blots screened at high stringency (Fig. 3B).
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Consistent with alternative splicing of a
single gene, the 5’ untranslated regions of
the three clones are identical, and clones
d15 and d12 share stretches of identical
sequence in their 3’ untranslated regions.
These results are consistent with a single
gene coding for the multiple apCAM tran-
scripts.

The apCAM gene appears to be tran-
scribed only in the CNS in the adult (Fig.
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Fig. 4. Comparison of apCAM, rat NCAM, and Drosophila fasciclin Il (Fascll). B
(A) The amino acid sequence of apCAM was aligned to rat NCAM and
Drosophila fascilin Il with the align function of DNA STAR (UW GCG). The
apCAM clone d19 showed a 26 percent amino acid identity with rat NCAM
and 24 percent identity with fasciclin II. The alignment was modified slightly by
hand, and the cytoplasmic domains were aligned separately from the extra-
cellular portion of the molecules. Amino acid identities are indicated by
blackened squares. The conserved cysteine residue in the five Ig domains are
indicated with arrows. The PEST sequences (bottom) in the cytoplasmic
domain are indicated with scores calculated with the PEST-find algorithm (22).
(B) Schematic representation of neural Ig molecules. The arrangement of Ig
and Fnlll domains of neural Ig molecules (79) and apCAM.
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3A), consistent with the distribution of
apCAM protein (10). This restricted distri-
bution in the adult differs from the general
distribution during embryogenesis, where
apCAM or apCAM-like protein is detected
throughout the blastula stages of develop-
ment (17). With the emergence of the

A

0 hour

SN - 5-HT

SN +5-HT

SN + 5-HT (WGA)

MN + 5-HT

nervous system, apCAM disappears from all
cells except neurons. In the nervous sys-
tem, apCAM is expressed only on neurons
and not on glial cells (10), and in particular
on both the sensory and motor neurons of
the gill-withdrawal reflex (see below). In
the sensory neurons it is present in neurite

1 hour

processes and is enriched at synaptic vari-
cosities (10, 18). '

The arrangement of Ig and Fnlll do-
mains in the apCAM’s is similar to that of
other glycoproteins expressed on the surface
of developing axons, such as NCAM, L1,
and TAG-1 in vertebrates and fasciclin 11

B

101 SN MN
@ 4E8 WGA 4E8
c
3
e
]
3
T -0 N.S. N.S.
:;-5 W -5-HT
£ 20 0 +5-HT
2
&

.30] P=00014

Fig. 5. Cell culture and fluorescent immunocy-
tochemistry. (A) Mechanosensory cells from
the pleural ganglion of adult animals and motor
cell L7 from juvenile animals were plated and
maintained in culture for 5 days as described
(3, 4). Each culture dish contained either a
single L7 motor cell or four to six sensory cells
Neurons were stained for 20 minutes with FITC-
labeled MAb 4ES8, for 45 minutes with FITC-
labeled Fab’ fragments of 4E8, or for 75 min-
utes with FITC-labeled WGA. Staining proce-
dures were as described (10). Cultures were
examined for epifluorescent staining with a
Nikon Diaphot microscope and a Dage 66 SIT
camera connected to a Dell computer with PC
vision Plus frame grabber. All images were
stored on a Storage Dimension Optical Disc for
analyses. Immediately after the cells were
viewed, each culture was treated with either
control solution (L15 plus artificial seawater) or
2.5 pM 5-HT in control solution for 1 hour.
Cultures were rinsed and the same view areas
were reexamined by using computer-aided su-
perimposition of the live Nomarski optics image
of the area with the previous image of the same
area. Intensity of the fluorescent excitation of
the cells, gain, and black levels were kept at the
same manual setting for recording both imag-
es. Low levels of illumination were used to
prevent photobleaching (pixel intensity range
was 10 to 90 for both experimental and control,
maximum in arbitrary units is 255). The intensity
of staining is shown in pseudocolor (red is
highest intensity and blue is lowest). (B) Sum-
mary of 5-HT effects on cell surface proteins.
Four to six areas of neuritic outgrowth were
examined on each motor cell (MN) and in each
sensory cell (SN) culture for two to three cells
selected at random. Each culture provided a
single value for the change in the intensity of
staining. The change in the intensity of the
staining was obtained by averaging the peak
intensity of staining before and after experimen-
tal treatment in six 25-pm? regions selected at
random from each view area. Thus, for each
culture, 24 to 36 unit areas were compared

before and after treatment. For each view area, the image used for analysis was obtained by subtracting the background (to correct for slight changes
in illumination from one time period to the next) and then was automatically computer enhanced. The high value was normalized to that obtained before

treatment. N.S., not significantly different.
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and neuroglian in invertebrates (19). These
molecules mediate cell-cell adhesion as well
as axon growth and guidance (20, 21). The
observation that MAb’s to apCAM cause
defasciculated growth of cultured Aplysia
neurons (10) is consistent with the protein
functioning as a cell adhesion molecule.

When compared to the sequences of
Ig-related cell adhesion molecules, apCAM
shows the greatest overall similarity to
NCAM and fasciclin II. Although the
overall amino acid identity between opti-
mally aligned sequences is only 26 percent
and 24 percent, respectively, the general
arrangement of the five Ig domains and the
two Fnlll domains is the same in all three
molecules (Fig. 4). Also, all three mole-
cules have forms that are GPI-anchored as
well as forms that contain a transmembrane
domain with conserved PEST sequences in
the cytoplasmic region of the transmem-
brane form (Fig. 4). The PEST sequence is
found in proteins with high turnover rates
and is postulated to be involved in protein
degradation (22). A conserved PEST se-
quence is also found in the cytoplasmic
domain of the developmentally regulated
cell surface molecules Notch and Xotch
(23). Although it is not possible to assign
unequivocally the functional homolog of
apCAM among the Ig class of cell adhesion
molecules, it is likely that apCAM,
NCAM, and fasciclin II derive from a
common ancestral gene.

Functional studies of apCAM. The
5-HT-induced down-regulation of apCAM
(8) (Fig. 1) is achieved by a decrease in the
amount of newly synthesized protein. To
function in synaptic restructuring and
growth, apCAM would need to be altered
on the surface of neurites. To examine
regulation of preexisting apCAM protein,
we incubated fluorescein isothiocyanate
(FITC)-labeled MAb 4E8 with cultured
sensory neurons and measured the amount
of fluorescence before and 1 hour after onset
of 5-HT treatment (Fig. 5). In cultured
sensory neurons, 5-HT produced a decrease
of 20 = 4 percent (n = 7) in the peak
surface fluorescence compared to control
cultures, which showed a decrease of 3 = 3
percent (n = 7; P < 0.002; two-tailed t
test). A similar decrease in immunofluores-
cence was seen when we used monovalent
Fab' fragments of MAb 4E8 (16 £+ 1%;n =
4; P < 0.005, two-tailed t test). We also
tested the postsynaptic gill and siphon mo-
tor neuron L7 for apCAM regulation. Al-
though the motor neuron responds in vivo
to 5-HT, there was no change in the
amount of surface apCAM immunofluores-
cence within 1 hour of exposure to 5-HT.
Thus, the redistribution of surface apCAM
induced by 5-HT is specific to the presyn-
aptic sensory neuron.

To assess the molecular specificity of this

Fig. 6. Defasciculation of A
regenerating neurites of
sensory cells by MAb 4E8
to apCAM. Fluorescent mi-
crographs of neurites re-
generated from the axon
stump (*) from 3-day-old
sensory cells after intracel-
lular injection of 5(6)-car-
boxyfluorescein (4). Cells
were treated with antibod-
ies for 24 hours prior to
injection. (A) IgG control.
(B) MAb 4E8 (10). To
quantitate differences in
the pattern of growth, we
counted the number of
neurites intersecting a cir-
cle with a radius of 250 pm
from the axon stump. Bar,
125 pm.

response, we repeated the experiment on
sensory neurons using FITC-conjugated
wheat germ agglutinin (WGA) to stain
neurite glycoproteins generally. We found
no significant change in the amount of
WGA-FITC bound to neurites 1 hour after
5-HT treatment (Fig. 5). This result sug-
gests that 5-HT produces a selective effect
on the distribution of apCAM protein in
sensory neurons. However, Bailey and co-
workers use a higher resolution method and
can detect a slight decrease in surface
WGA after treatment with 5-HT (18).
Thus, it is likely that some surface proteins
other than apCAM are also internalized in
response to 5-HT.

The 5-HT-induced decrease in fluores-
cent labeling of sensory neurons could re-
sult from a redistribution of the protein,
from release of the FITC-tagged MAb from
the cell membrane, or from an internaliza-
tion of the apCAM-MAb complex similar
to that of receptor-mediated endocytosis
(24). To distinguish among these possibili-
ties, Bailey and co-workers (18) explored
the alternative mechanisms of apCAM
down-regulation with electron microscopy.

To examine the functional role of the
down-regulation of apCAM on the growth
of sensory neurons, we determined the ef-
fect of antibody to apCAM on sensory
neurons in culture. In the absence of anti-
body, isolated Aplysia sensory neurons in
culture grow out thick processes consisting
of fascicles: bundles of fibers containing five
to ten fine-diameter axons (4). In the pres-
ence of MAb 4E8, the bundles defascicu-
late, and the individual processes grow out
alone (Fig. 6) (10). Treatment of control
cultures of sensory neurons for 24 hours
with MAb 4E8 caused a doubling in the
number of neurite branch points in the
treated cultures over that in control cul-
tures (7.3 %= 1.4 branches in control and
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15.1 + 2.2 branches in treated cultures; n
= 10, P < 0.01, two-tailed ¢ test). The
increase in branch points could result either
from defasciculated growth or an actual
stimulation of new neurite outgrowth in the
presence of the antibody. This result is
consistent with apCAM functioning in
neuronal growth and remodeling.

Regulation of learning-related growth
by cell adhesion molecules. During devel-
opment, cell adhesion molecules mediate
mechanical interactions between cells and
contribute to axon growth and guidance in
the nervous system (20, 21). For these
purposes cell adhesion molecules are regu-
lated over a time course of hours to days.
Our data indicate that a cell adhesion
molecule can also be modulated in the adult
animal and that this modulation is triggered
by neurotransmitters that mediate synaptic
plasticity and synaptic reorganization. This
modulation occurs in at least two ways: (i)
down-regulation of the preexisting cell ad-
hesion molecules on the surface of neurites
and (ii) a decrease in the amount of newly
synthesized apCAM protein in the cell
body. The apCAM modulation is rapid,
occurring within 1 hour after the addition
of 5-HT. Finally, the down-regulation of
newly synthesized protein appears to be
mediated by cyclic AMP.

Functional studies of NCAM, the mol-
ecule to which apCAM shows the greatest
similarity, indicated that the rate of adhe-
sion of membrane surfaces varies as a third-
or fourth-order function of the NCAM
concentration (25). Thus, a twofold in-
crease in the amount of NCAM on the cell
surface produces a 30-fold increase in the
rate of adhesion. Indeed, small changes in
the amounts of NCAM can have significant
effects on neurite outgrowth. When rat
cerebellar neurons are plated on monolayers
of cells expressing varying amounts of
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NCAM, the extent of neurite outgrowth
depends on the amount of substrate
NCAM. Above a certain threshold, a 30 to
40 percent increase in substrate NCAM
results in a twofold increase in neurite
outgrowth (26).

In Aplysia, 5-HT produces a decrease in
the amount of apCAM on the surface of the
sensory neuron without producing a con-
comitant decrease in apCAM on its sub-
strate, the postsynaptic motor neuron. As a
result, 5-HT leads to a change in the
relative amount of apCAM expression on
neurite and substrate that is similar to that
seen in the vertebrate studies with NCAM.
If the amount of apCAM on the surface of
the sensory and motor neurons is close to
the threshold needed for adhesion, then the
shift in the relative amounts of apCAM
might contribute to the outgrowth of sen-
sory neurites on the motor neurons and the
formation of new synaptic structures by
these neurons. A parallel is found in the
developing vertebrate neuromuscular junc-
tion, where a presynaptic decrease in
NCAM function, through the addition of
polysialic acid, leads to enhanced neurite
outgrowth onto the postsynaptic target
27).

How cell adhesion molecules influence
neurite growth is unclear. Although there
appears to be no simple relation between
the amount of cell adhesion and growth
(28), the loss of a cell adhesion molecule
may lead to unrestricted growth in colorec-
tal cancers (29). Moreover, in the develop-
ing nervous system, the down-regulation of
NCAM precedes the migration of neural
crest cells (30). Thus, the reduction of
apCAM in the sensory neurons may relieve
an inhibition on growth, specifically on the
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movement of neurites of the sensory neu-
rons on their motor neuron substrate.

In Aplysia, exposure of stable sensory-
motor cocultures to 5-HT, a procedure that
decreases within 1 hour the expression of
the NCAM-like cell adhesion molecule
apCAM in the presynaptic neurons, results
in an increased number of synaptic varicos-
ities 24 hours later (7). Bailey and co-
workers (18) examined the mechanism of
the surface apCAM modulation and found
a 50 percent loss of apCAM protein from
the cell surface via endocytosis. The iso-
forms of apCAM that are down-regulated at
the cell surface and the identity of the
second messenger systems mediating this
regulation remain to be determined.
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