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ABSTRACT The neural cell adhesion molecule N-CAM is
a sialic acid-rich, cell surface glycoprotein that mediates cell
adhesion by a homophilic mechanism. Its binding function has
been implicated in both morphogenesis and histogenesis; dur-
ing development it changes in amount at the cell surface and
perinatally it undergoes a decrease in sialic acid content (em-
bryonic -* adult conversion) with an increase in binding effi-
cacy. In the present study, salient aspects of the structure and
the mutual binding specificities of N-CAMs from a variety of
vertebrate species were examined to determine whether (N-
CAM)-mediated adhesion mechanisms have been conserved
during evolution. N-CAM immunoreactivity was detected in a
series of polypeptides of characteristic molecular weight ex-
tracted from brain tissues of all vertebrate species tested, in-
cluding mammals, birds, reptiles, amphibia, and bony and
cartilaginous fish. Adhesion mediated by N-CAM occurred
across species lines as indicated by the co-aggregation of chick-
en and mouse neural cells. By using a quantitative membrane
vesicle aggregation assay, the efficacy of cross-species brain
membrane vesicle adhesion in various pairings (chicken-
mouse, chicken-frog, mouse-frog) was found to be similar to
the efficacy of intra-species adhesion. Effective cross-species
aggregation of brain membrane vesicles also occurred in em-
bryonic-embryonic, adult-adult, and embryonic-adult pair-
ings. In a control experiment, embryonic chicken liver mem-
brane vesicles (which do not contain N-CAM) did not co-ag-
gregate with embryonic chicken brain membrane vesicles.
Cross-species co-aggregation could be inhibited by Fab' frag-
ments of antibodies to N-CAM and was most effectively inhib-
ited in the presence of mixtures made from the Fab' fragments
of specific antibodies prepared against the N-CAMs from each
of the animal species constituting a co-aggregating pair. These
results suggest that, in accord with the proposed role of N-
CAM as a regulator of morphogenesis, both the specificity of
the binding region of the molecule and its basic chemical struc-
ture have been highly conserved during evolution.

The histologic differences and differences in form that dis-
tinguish vertebrate species probably result from covariant al-
terations (1) during evolution in the relative rates of two or
more of the primary morphogenetic processes of cell adhe-
sion, cell migration, cell proliferation, cell differentiation,
and cell death. Work on cell adhesion molecules or CAMs
(2, 3) provides one opportunity to test the hypothesis (1) that
pattern formation may be mediated in part through the regu-
latory effects on other primary processes of a relatively
small number of CAMs of different specificities, provided
that their adhesive efficacies could be graded over a wide
range by various forms of surface modulation (3), including
differential expression and chemical modification. This hy-
pothesis suggests that major changes in vertebrate form at-
tributable to adhesion would most likely have arisen by alter-

ations during evolution of various regulatory genes for
CAMs rather than by major changes in the structure and
specificity of the CAMs themselves.

Previous studies have indicated that N-CAM, the neural
cell adhesion molecule, mediates cell-cell adhesion in chick-
en (4-6), rodent (7, 8), human (9), and frog (10) neural tis-
sues. The importance of N-CAM in morphogenesis is sug-
gested by sequential changes in its distribution during early
development (11, 12). N-CAM undergoes alterations in prev-
alence at the cell surface during critical periods of primary
and secondary induction in a fashion that is spatio-temporal-
ly coordinated with changes in the prevalence and distribu-
tion of another non-neural adhesion molecule, liver CAM (L-
CAM) (12). These observations raise the possibility that em-
bryonic induction and CAM modulation may be causally
linked (1).
N-CAM is also involved in later histogenetic processes

(3), including highly patterned events such as the formation
of the retinotectal projection (10). During this developmental
epoch, N-CAM converts from a sialic acid-rich embryonic
(E) form having a microheterogeneous electrophoretic distri-
bution to several adult (A) forms, which contain approxi-
mately one-third as much sialic acid and which migrate on
NaDodSO4 gel electrophoresis as discrete components ofMr
180,000, 150,000, and 120,000 (13-15). E -+ A conversion
occurs gradually, is exhibited to varying degrees and at vary-
ing rates in different brain regions (16), and is delayed in the
cerebellum of the neurological mutant staggerer (14). The
possible functional significance of these changes is suggest-
ed by analyses (6) of the rates of vesicle aggregation that
indicate that the efficacy ofN-CAM to N-CAM (homophilic)
binding is inversely related to the sialic acid content of the
participating molecules. The predominance of modulation
mechanisms and the distribution patterns of N-CAM raise
the question whether N-CAM specificity is conserved in ver-
tebrate evolution.

In the present study, an estimate of the degree of conser-
vation of N-CAM structure and function was made across a
wide range of vertebrate species by employing a series of
immunological, electrophoretic, and aggregation assays. The
two main findings are (i) N-CAM polypeptides of character-
istic electrophoretic behavior and immunological cross-reac-
tivity can be detected in descendants of early vertebrates
such as the shark and in all higher species tested and (ii)
within the sensitivity range of present assays, cross-species
aggregation of membrane vesicles containing N-CAMs pre-
pared from mouse, chicken, and frog brains occurs as readily
as intra-species vesicle aggregation.

MATERIALS AND METHODS
Animals. White Leghorn chickens and BALB/c and NCS

mice were obtained from a variety of sources. Adult frogs

Abbreviations: CAM, cell adhesion molecule; N-CAM, neural
CAM; L-CAM, liver CAM; E and A, embryonic and adult forms of
N-CAM.
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and stage 55 tadpoles (Xenopus laevis) were obtained from
Nasco (Fort Atkinson, WI). Other species were obtained
from the JBJ Pet Shop (New York).

Antibodies. Rabbit anti-chicken N-CAM (17), anti-mouse
N-CAM (7), and anti-frog N-CAM (10) IgG and Fab' frag-
ments (18) were prepared following published procedures.

Cross-Species Cell Adhesion. Embryonic mouse (16 day)
and embryonic chicken (9 day) cells were prepared by using
0.002% trypsin in the presence of 1 mM EDTA (19). Mouse
cells, labeled with diacetyl fluorescein (19), and chicken
cells, labeled with rhodamine isothiocyanate (20), were co-
incubated (4 x 107 cells from each species in 1.5 ml of mini-
mal essential medium for suspension culture, 30 min, 370C,
90 rpm) in the presence of either 1 mg of nonimmune Fab' or
a mixture of 500 ,ug each of anti-(mouse N-CAM) and anti-
(chicken N-CAM) Fab'.

Quantitative Measurement of Membrane Vesicle Aggrega-
tion. To prepare brain membrane vesicles, brains in calcium/
magnesium-free medium (17)/Trasylol (Mobay Chemical,
New York) (200 units/ml)/deoxyribonuclease I (Worthing-
ton) (0.5 mg/ml) were homogenized using a Polytron (Brink-
mann) (five 2-sec bursts at setting 5) followed by a tight-fit-
ting steel Dounce homogenizer (10 strokes). The homoge-
nate was mixed with 2 vol of 70% (wt/vol) sucrose, layered
in the bottom of SW27 ultracentrifuge tubes (Beckman),
overlaid with 42%, 26%, and 10% sucrose in phosphate-buff-
ered saline, pH 7.4 (Pi/NaCl), and centrifuged 2 hr at 40C, at
25,000 rpm. The turbid material at the 26%/42% sucrose in-
terface was collected, washed, and resuspended in Pi/NaCl.
Liver membrane vesicles were prepared as described (21)
and material at the 37%/41% and 41%/45% sucrose inter-
faces was pooled.
Membrane vesicle aggregation experiments were per-

formed and monitored as described (6) with the following
exceptions: (i) vesicles were passed through 0.6-,um pore-
size filters (Nucleopore) before each experiment and (it) the
experiment shown in Fig. 3B was done in L-CAM assay buffer
(21) containing Ca2 , which is required for the aggregation of
the liver membrane vesicles. Rates of membrane vesicle ag-
gregation varied <10o between duplicate experiments.

RESULTS
In addition to criteria previously established (7, 9, 17), in the
present studies we used several means to test for evolution-
ary conservation of N-CAM structure and function: (i) im-
mune cross-reactivity among a broad range of species de-
tected by using polyclonal anti-(N-CAM) antibodies, (ii) sim-
ilar electrophoretic migration patterns of the adult forms of
N-CAM from these species, and (iii) (N-CAM)-mediated ad-
hesion between cells of different species followed by quanti-
tative assessment of the relative efficacy of cross-species
and intra-species aggregation of membrane vesicles.

Conservation of Characteristic N-CAM Antigenic Determi-
nants and Electrophoretic Patterns Among Vertebrates. N-
CAM was originally isolated from chicken neural tissue and
several monoclonal antibodies were prepared that recog-
nized the molecule. One of the antibodies, 15G8, was used to
immunoaffinity purify N-CAM from human (9), rodent (7),
and frog (10) brains. The following members of subphylum
vertebrata were surveyed for the existence of N-CAM im-
munoreactive material using a mixture of rabbit antibodies to
mouse, chicken, and frog N-CAM to maximize potential
cross-reactivity: human, mouse, rat (class Mammalia);
chicken, canary (class Aves); turtle, snake, lizard (class
Reptilia); frog, salamander, newt (class Amphibia); goldfish,
blue fish (class Osteichthyes); and shark (class Chondrich-
thyes). Immunoblot analysis of these adult brain extracts in-
dicated that some or all of the characteristic (13-15) adult-
form N-CAM polypeptides (Mr 180,000, 150,000, and
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FIG. 1. Polypeptides of characteristic molecular weight from a
variety of species react with anti-(N-CAM) antibodies. Nonidet P-40
extracts (100 ,ug protein) of crude brain membrane vesicles were
prepared from adults of the indicated species and analyzed by im-
munoblotting using a mixture of rabbit anti-mouse, chicken, and
frog N-CAM antibodies (50 ,ug each), and the bound antibodies were
detected as described (16). The migration of reference proteins is
indicated by their Mr x lo-3. The leftmost lane shows that a typical
brain extract (in this case, salamander) is composed of many pro-
teins detectable by amido black staining. The right lanes are autora-
diographs showing the polypeptides that react with anti-(N-CAM)
antibodies. Note that the only polypeptides recognized by the anti-
bodies corresponded in molecular weight to the characteristic adult-
form N-CAM polypeptides (Mr 180,000, 150,000, and 120,000).

120,000) were present in all of the species tested. Results
from several representative species are shown in Fig. 1. In
every case, the Mr 180,000 polypeptide was predominant.
These polypeptides were also detected by immunoblot anal-
ysis using monoclonal antibody 15G8 (7, 14, 16), although
the relative intensities of the components differed from those
obtained with rabbit anti-(N-CAM) antibodies (data not
shown).
N-CAM Mediates Cross-Species Neural Cell Adhesion. To

determine qualitatively whether cross-species neural cell ad-
hesion occurs and is mediated by N-CAM, fluorescein-la-
beled mouse brain cells and rhodamine-labeled chicken brain
cells were co-incubated in the presence of non-immune Fab'
fragments or a mixture of Fab' fragments prepared against
mouse N-CAM and chicken N-CAM. A comparison of Fig. 2
a (phase contrast), b (fluorescein epifluorescence), and c
(rhodamine epifluorescence) clearly indicates that compos-
ite aggregates containing both mouse and chicken cells were
formed in the presence of non-immune Fab'. In the presence
of the mixture of anti-(N-CAM) Fab' fragments, however,
no aggregation occurred (Fig. 2d). Dramatic examples of co-
aggregation were also obtained when mouse and chicken
cells were first allowed to self-aggregate before being used in
a cross-species adhesion experiment. During co-incubation,
large aggregates formed (Fig. 2e), which contained blocks of
both mouse (Fig. 2f) and chicken (Fig. 2g) cells.
Although these results provided qualitative evidence that

mouse and chicken neural cells can co-aggregate by an (N-
CAM)-dependent mechanism, the relative affinity of
mouse-chicken, mouse-mouse, and chicken-chicken cell
interactions could not readily be compared by these meth-
ods. To evaluate the degree of cross-reactivity in N-CAM
binding among species, a quantitative co-aggregation assay
was therefore devised.

Quantitative Measurement of Co-Aggregation. In a previ-
ous study (6), we devised a quantitative vesicle aggregation
assay in which rates of aggregation of native membrane vesi-
cles and reconstituted lipid vesicles containing purified N-
CAM were monitored and then expressed in terms of accu-
mulation of vesicle aggregates larger than a given threshold

Proc. NatL Acad Sci. USA 81 (1984)
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FIG. 2. Co-aggregation between mouse and chicken brain cells.

Co-aggregates formed in the presence of non-immune Fab' (a and e,
phase-contrast microscopy) and were composed of both mouse cells
(b and f, fluorescein optics) and chicken cells (c and g, rhodamine
optics). In the presence of anti-(N-CAM) Fab', no aggregation oc-
curred (d, phase-contrast microscopy). The dashed white lines indi-
cate the contours of co-aggregates determined by comparison of
these fields with a and e. (x80.)

(1.5 Am3). Analyses of plots of the superthreshold aggregate
accumulation revealed two key properties of these vesicle
preparations: (i) there was an apparent lag before the com-
mencement of aggregation probably because the earliest ag-
gregation events do not generate superthreshold particles
and (it) following this lag, the accumulation of superthresh-
old particles proceeded at a rate proportional to the second
power of the initial vesicle concentration.
The quantitative co-aggregation assay devised for the pre-

sent work takes advantage of the apparent second-order de-
pendence on vesicle concentration of the rate of super-
threshold aggregate formation, using it to discriminate be-
tween pairs of vesicle preparations that co-aggregate and
those that do not. For example, if two vesicle preparations
that do not co-aggregate are mixed, the rate of aggregation of
the mixture will simply be the sum of the rates of aggregation
of each component as if those rates had been estimated in
separate tubes at similar dilutions. On the other hand, mixing
of two vesicle preparations from different species that fully
co-aggregate should yield results that are no different than
those obtained after mixing two aliquots of a vesicle prepara-
tion from one species-i.e., doubling the vesicle concentra-
tion by adding two equal aliquots of vesicles will quadruple
the initial rate of vesicle aggregation.

Prior to a co-aggregation experiment, dilutions of each
vesicle preparation were tested to determine the concentra-
tion that yielded a plateau level of aggregation of about 200
nl/ml of superthreshold particles. To assess the degree of co-
aggregation, the aggregation of five samples was compared:
the predetermined dilution of each preparation as described
above, one-half that concentration for each preparation,
and,- finally, a mixture of the lower concentrations of each
preparation. This assay readily distinguishes between pairs
of membrane vesicle preparations that do co-aggregate (e.g.,
embryonic and adult chicken brains; Fig. 3A) and those that
do not (e.g., embryonic chicken brain and liver; Fig. 3B).

Cross-Species Co-Aggregation of Brain Membrane Vesicles.
To evaluate whether the efficacy of the cross-species bind-
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FIG. 3. Assay demonstrating co-aggregation and independent
aggregation between mixed membrane vesicles. The time course of
membrane vesicle aggregation was analyzed, and in each panel, the
bold curve represents the aggregation of a mixture of two different
vesicle preparations, whereas the other four curves are controls rep-
resenting the aggregation of different concentrations of the individ-
ual preparations. Vesicle concentrations are expressed below in ,4g
of protein per ml (22). (A) Co-aggregation of embryonic (E) and adult
(Ad) chicken brain membrane vesicles. - , E, 37 ,ug/ml; -A ,
Ad, 30 ,4g/ml; --o--, E, 74 pg/ml; --A--, Ad, 60 A&g/ml; and *, E, 37
gg/ml plus Ad, 30 ug/ml. (B) Independent aggregation of embryonic
chicken brain (B) and liver (L) membrane vesicles. - , B, 40
,ug/ml;-A-, L, 260ug/mil; ----B, 80,4g/ml;--A--, L, 520Ag/ml;
and *, B, 40 ,ug/ml plus L, 260 ,ug/ml. Note that the aggregation of
the mixture of aliquots of embryonic and adult chicken brain mem-
brane vesicles in A (m) is comparable to the aggregation of a double
aliquot of each individual preparation (--0--, --A--), indicating effec-
tive co-aggregation. In contrast, the aggregation of the mixture of
aliquots of embryonic chicken brain and liver membrane vesicles in
B (m) is only comparable to the sum of the aggregation of single
aliquots of each individual preparation (---, A), indicating in-
dependent aggregation.

ing between chicken and mouse neural cells obtained in the
qualitative experiment shown in Fig. 2 was comparable to
the efficacy of their intra-species binding, the co-aggregation
of membrane vesicles prepared from chicken and mouse
brains was analyzed (Fig. 4). The experiments indicated that
mouse and chicken brain membrane vesicles co-aggregated
as effectively as they self-aggregated. The degree of co-ag-
gregation was found to be similar when the membrane vesi-
cles were derived from embryonic chicken and embryonic
mouse (Fig. 4A), embryonic chicken and adult mouse (Fig.
4B), or adult chicken and adult mouse (Fig. 4C). These re-
sults are consistent with previous studies (6), which showed
that the loss of sialic acid from N-CAM that occurs during
development increases the rate ofN-CAM to N-CAM inter-
actions but does not alter the specificity of binding.

Cross-species co-aggregation of brain membrane vesicles
is not limited to the chicken-mouse pair. Co-aggregation
was equally effective in several additional pairings with frog
brain membrane vesicles. These included embryonic
mouse-tadpole (Fig. 5A) and embryonic chicken-tadpole,
adult frog-embryonic chicken, adult frog-adult chicken, and
adult frog-adult mouse (data not shown).
Anti-(N-CAM) Fab' Fragments Inhibit Cross-Species Ag-

gregation. Fab' fragments of antibodies against purified N-
CAM from mouse, chicken, and frog inhibited the rate of
within-species aggregation of vesicles from embryonic
mouse, embryonic chicken, and tadpole brains, respective-
ly, >90% at very low titers [as low as 7 /ig of anti-(mouse N-
CAM) Fab' vs. 30 Aug of embryonic mouse brain vesicle
membrane protein]. Significant functional cross-reactivity
was also observed in certain antibody-vesicle pairings; for
example, anti-(chicken N-CAM) Fab' fragments blocked the
aggregation of embryonic mouse brain vesicles at a titer only

Neurobiology: Hoffman et aL
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FIG. 4. Co-aggregation of embryonic and adult chicken and
mouse brain membrane vesicles. Assay conditions as in Fig. 3. (A)
Co-aggregation of embryonic chicken (EC) and embryonic mouse

(EM) brain membrane vesicles. -a--, EC, 38 j&g/ml; -A-, EM,
41 jug/ml; --o--, EC, 76 /Ag/ml; --A--, EM, 82 j&g/ml; and *, EC, 38
,ug/ml plus EM, 41 Ag/ml. (B) Co-aggregation of embryonic chicken
(EC) and adult mouse (AM) brain membrane vesicles. 0---, EC, 37
,ug/ml; - A-, AM, 32 ,ug/ml; --o--, EC, 74 ,ug/ml; --A--, AM, 64
,ug/ml; andm, EC, 37 jug/ml plus AM, 32 ,ug/ml. (C) Co-aggregation
of adult chicken (AC) and adult mouse (AM) brain membrane vesi-
cles. -a--, AC, 35 ,ug/ml; -A-, AM, 30 ,ug/ml; --o--, AC, 70
,ug/ml; --A--, AM, 60 tg/ml; and *, AC, 35 Ag/ml plus AM, 30
,zg/ml. Note that, in A-C, the aggregation of the mixture of aliquots
from two brain membrane vesicle preparations (m) is comparable to
the aggregation of a double aliquot of either individual preparation
(--v--, --A--), indicating effective co-aggregation.

four times that required for the inhibition of embryonic
chicken brain vesicle aggregation. On the other hand, there
was little functional cross-reactivity observed with antibod-
ies to mouse N-CAM and to frog N-CAM. The concentration
of anti-(frog N-CAM) antibodies necessary to inhibit embry-
onic mouse brain vesicle aggregation was at least 50-fold
higher than the concentration necessary to inhibit equally
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FIG. 5. Co-aggregation of embryonic mouse (EM) and tadpole
(T) brain membrane vesicles and inhibition by anti-(N-CAM) Fab'
fragments. Assay conditions as in Fig. 3. (A) Demonstration of co-

aggregation. -0---, EM, 37 ,g/ml; -A-, T, 32 ,tg/ml; --o--, EM,
74 ,ug/ml; --A--, T, 64 ,ug/ml; and *, EM, 37 ,ug/ml plus T, 32 tug/ml.
Note that the aggregation of the mixture of aliquots of embryonic
mouse and tadpole brain membrane vesicles (m) is comparable to the
aggregation of a double aliquot of each individual preparation (--a--,
--A--), indicating effective co-aggregation. (B) Inhibition by non-

cross-reactive anti-(N-CAM) Fab' fragments. Each curve represents
the time course of co-aggregation of embryonic mouse brain mem-
brane vesicles (37 ,ug/ml protein) plus tadpole brain membrane vesi-
cles (32 ,ug/ml protein) in the presence of the following Fab' frag-
ments: m, normal rabbit, 140 /Lg/ml; A, anti-(frog N-CAM), 140
,ug/ml; *, anti-(mouse N-CAM), 140 tug/ml; and a, anti-(frog N-
CAM), 70 Ag/ml plus anti-(mouse N-CAM), 70 tug/ml. Note that,
although the total Fab' concentration is identical in each case, aggre-
gation is more effectively inhibited by a mixture of antibodies to
mouse and frog N-CAM (a) than by either antibody alone (e, A).

tadpole brain vesicle aggregation; anti-(mouse N-CAM) anti-
bodies were similarly ineffective in inhibiting tadpole brain
vesicle aggregation.

This lack of cross-species functional inhibition was used to
test further the previous conclusion (3, 5, 6) that the mecha-
nism of (N-CAM)-mediated aggregation is homophilic-i.e.,
N-CAM to N-CAM. If co-aggregation of embryonic mouse-
tadpole brain vesicles is mediated by cross-species interac-
tions, then antibodies to mouse N-CAM should inhibit
mouse-mouse aggregation events and should partially inhib-
it mouse-tadpole aggregation events but should have almost
no effect on tadpole-tadpole aggregation events. The re-
verse should hold for anti-(frog N-CAM) antibodies. It fol-
lows, then, that to inhibit mouse-tadpole co-aggregation
most effectively, it would be necessary to include antibodies
to both mouse and frog N-CAM to inhibit mouse-mouse
vesicle aggregation and tadpole-tadpole vesicle aggregation,
and, above all, to inhibit mouse-tadpole vesicle aggregation
optimally by perturbing both sides of the cross-species and
the intra-species N-CAM to N-CAM bonds. The observed
inhibitions of embryonic mouse-tadpole brain vesicle aggre-
gation by antibodies to mouse and frog N-CAM were found
to fit this model (Fig. 5B). Each antibody alone inhibited ag-
gregation only partially; in contrast, a mixture containing
one-half as much of each antibody completely inhibited ag-
gregation.

DISCUSSION
A number of observations made in both the present and pre-
vious studies indicate a high degree of conservation of N-
CAM structure among various species. (i) N-CAM from em-
bryonic human (9), mouse (7), rat (7), chicken (17), and frog
(unpublished data) migrated on NaDodSO4 gels in a broad
zone of apparent Mr 200,000-250,000. Their microheterogen-
eous appearance upon electrophoresis and their recognition
by monoclonal antibody 15G8 suggest that embryonic N-
CAMs from all of these species contain unusual sialic acid-
rich oligosaccharides. (it) N-CAMs from adult organisms of
all vertebrate species tested (from shark through human)
showed three distinct components of M, 180,000, 150,000,
and 120,000. (iii) N-CAM has been found to convert from the
embryonic to adult forms during the period of brain histogen-
esis in several different species (ref. 16; unpublished data).
(iv) Amino acid compositions ofN-CAMs from different spe-
cies are similar (7, 9, 17). (v) Antigenic cross-reactivity is
observed between N-CAMs from different species. (Vi) As
shown here, in addition to mediating the self-aggregation of
brain membrane vesicles from chicken, mouse, and frog, N-
CAM mediates cross-species aggregation between any pair
of these species with equal efficacy. These results suggest
that the tertiary structure and binding specificity of the do-
main of N-CAM involved in cell adhesion have been highly
conserved during evolution. The actual degree of conserva-
tion of N-CAM primary structure and of its post-translation-
al modifications remains to be determined by more precise
structural studies and gene cloning techniques (23).
The existence of tissue-specific cross-species cell aggrega-

tion was observed many years ago (24), but its significance
could not be assessed in detail because the molecular mecha-
nisms underlying the adhesion had not been analyzed. The
current observation that mouse and chicken neural cells co-
aggregate by an (N-CAM)-dependent mechanism led us to
design a quantitative assay to compare the relative efficacy
of intra-species vs. cross-species adhesion. By using this as-
say, which was based on previous studies (6), it was deter-
mined that membrane vesicles from any pair of mouse,
chicken, and frog brains co-aggregated as effectively as they
self-aggregated, whereas control membrane vesicles from
embryonic chicken brain and liver did not co-aggregate.

Proc. Natl. Acad Sci. USA 81 (1984)
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Cross-species co-aggregation occurred equally effectively
with embryonic membranes, adult membranes, or mixtures
of embryonic and adult membranes, in accord with previous
results indicating that the E -* A conversion in N-CAM
structure increases the rate of membrane vesicle aggregation
but does not alter its specificity.
When mouse and chicken neural cells were coincubated,

co-aggregates formed that frequently contained clumps of
two to four cells from the same species (Fig. 2 b and c). At
present, we cannot distinguish whether this effect is due to
occasional incomplete dissociation of the parent tissue, to
species-specific adhesive mechanisms mediated by mole-
cules other than N-CAM, or to a higher intra-species N-
CAM binding affinity. More sensitive assays than the vesicle
co-aggregation assay might, in fact, reveal fine differences in
cross-species aggregation that were not detected in the pre-
sent studies.
The current observation that cross-species vesicle aggre-

gation is most effectively inhibited when antibodies against
N-CAM from both species are present further supports the
conclusion that N-CAM mediates adhesion by a homophilic
mechanism-i.e., N-CAM on one cell binds to N-CAM on a
second cell (6). In view of the symmetry requirements of ho-
mophilic binding and the impossibility of mirror symmetry in
proteins made of L-amino acids, it would seem that two dif-
ferent complementary sites or subsites ought to exist within
each N-CAM binding domain to mediate N-CAM to N-CAM
interactions. Mutations altering either of these sites would,
by symmetry, affect binding of the complementary site;
those that diminished binding would therefore be particular-
ly deleterious. The observed conservation of the specificity
of N-CAM homophilic binding suggests that the structure of
each of these complementary binding sites has been evolu-
tionarily conserved.

Characteristic N-CAM polypeptides appeared in all of the
vertebrate species examined here, including the cartilagi-
nous fish, suggesting that (N-CAM)-like precursors were
present on ancestor species arising at least 470 million years
ago (25). The fact that mouse and frog N-CAMs can bind
effectively to each other even though the ancestors of these
species diverged about 400 million years ago (25) indicates
that the conservation of N-CAM function is almost equally
ancient. Such observations do not rule out the possibility
that N-CAM analogues exist in invertebrate species that
arose much earlier; indeed, in view of the relatively ancient
origin of neural tissue, we expect such molecules to be
found.
The results of the present study are consistent with the

idea that (N-CAM)-mediated morphogenetic events are fun-
damental in developmental regulation and suggest that over
relatively long periods of evolutionary time little variation in
the specificity of those regions of N-CAM that mediate bind-
ing and cell adhesion has occurred. In view of occasional
large differences in morphology within nervous systems of
the same and different animal classes, this, in turn, suggests

that differences in schedules of CAM gene expression (1)
and CAM modulation (3) are likely to be found both within
and across different vertebrate classes, accounting in part
for their differences in form.
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