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Neuron-Glia Adhesion Is Inhibited by Antibodies to 

Neural Determinants 

Abstract. Suspensions of embryonic chick neuronal cells adhered to monolayers of 
glial cells, but few neurons bound to control monolayers ofjibroblastic cells from 
meninges or skin. Neuronal cell-glial cell adhesion was inhibited by prior incubation 
of the neurons with Fab' fragments of antibodies to neuronal membranes. In 
contrast, antibodies to the neural cell adhesion molecule (N-CAM) did not inhibit the 
binding. These results suggest that a specific adhesive mechanism between neurons 
and glial cells exists and that it is mediated by CAM's that differ from those so far 
identified. 

Interactions between neuronal and gli- 
a1 cells are believed to be of fundamental 
importance both in the development of 
the nervous system and in the mechani- 
cal and biochemical support of adult 
neural tissue (I).  Neurites migrate over 
great distances by mechanisms that are 
believed to be dependent on glial cells 
for guidance and support (2), but the 
mechanisms responsible for these phe- 
nomena remain unknown. For  example, 
Muller fibers in the retina and Bergmann 
glial fibers in the cerebellum have a long 
fibrous morphology spanning several cell 
layers and are closely associated with 
what appear to  be migrating neurons (I).  
The search for molecules that might me- 
diate such neuronal-glial interactions re- 
quires a specific assay, the development 
of which is reported below. 

Previous studies on cell adhesion have 
concentrated mainly on homotypic cell 
adhesion, that is, the binding between 
similar or identical cells. For  example, 
cell aggregation studies (3) have resulted 
in the isolation of distinct cell surface 
glycoproteins of different specificities 
called neural cell adhesion molecule (N- 
CAM) and liver cell adhesion molecule 

(L-CAM); these molecules mediate, re- 
spectively, homotypic adhesion between 
neuronal cells and between liver cells 
(4). The study of the molecular basis of 
cell-cell adhesion between differing cell 
types (heterotypic cell adhesion) cannot, 
however, be accomplished unambig- 
uously in vitro with an aggregation assay 
but must rely on techniques in which 
specifically identified cells of each type 
interact in a pairwise manner (5-8). 
Moreover, the methodology must ensure 
that such interactions be potentially dis- 
tinguishable at  the molecular level from 
homotypic interactions among cells of 
each type. 

The binding of cells in suspension to 
cells in a monolayer has been used to 
measure adhesion between homologous 
and heterologous cell types (6, 8). In the 
case of N-CAM in particular, both ho- 
motypic (neuron-neuron) and heterotyp- 
ic (neuron-myotube) forms of cell adhe- 
sion have been observed; in both cases, 
adhesion was specifically inhibited by 
Fab' fragments of antibodies to  N-CAM 
(4, 8). The relevance of such assays as  
models for physiological cell-cell adhe- 
sion has been demonstrated by a number 

of studies on N-CAM adhesion in more 
complicated experimental systems in- 
cluding histogenesis of the retina, neuro- 
nal fasciculation, and nerve-muscle ad- 
hesion (8, 9). In our present study, we 
have used such a heterotypic cell-cell 
binding assay to investigate the initial 
adhesion between neuronal and non- 
neuronal cells, focusing particularly on 
neuron-glia binding. Neuronal cells were 
found to bind specifically to  glial cells 
and antibodies to  neuronal cell surface 
determinants inhibited neuron-glia adhe- 
sion. 

Single cell suspensions of neuronal 
cells were prepared from embryonic 
chick brain and retinal tissue in media 
free of c a 2 +  and ~ g ~ +  ions. The major- 
ity of these cells (85 to 90 percent) were 
identified as  neurons on the basis that 
they contain N-CAM (4), a nerve-specif- 
ic protein in cells from these chick tis- 
sues (10). Flat nonneuronal cells were 
purified from cell suspensions of neural 
tissues by their ability to adhere prefer- 
entially to collagen-coated substrates 
(11). These flat cells were obtained in 
culture free of neuronal cells, had a 
morphology that was typical of glial cells 
but different from fibroblasts (Fig. 1, a 
and c) (7, 111, and were not recognized 
by indirect immunofluorescence with the 
use of either monoclonal o r  polyclonal 
antibodies to  N-CAM. Moreover, we 
have raised a monoclonal antibody that 
recognizes these flat cells in culture; it 
did not stain neurons and fibroblasts, 
and it stained astroglial-like cells in tis- 
sue sections by indirect immunofluores- 
cence (12). These results strongly sup- 
port the suggestion of others that the flat 
nonneuronal cells obtained from brain by 
similar procedures (11) are astroglia. It 
should be noted, however, that no com- 
pletely satisfactory set of criteria is cur- 
rently available for the recognition of 
chick astroglia in culture. 

The extent of binding of fluorescently 
labeled neuronal cells in suspension to 
monolayers of forebrain glial cells during 
a 25-minute incubation period was much 
greater than the rate of binding to mono- 
layers of fibroblasts (Fig. 1). N o  signifi- 
cant difference was detected in the adhe- 
sive specificity of neurons from brain or 
retina to  monolayers of forebrain glia 
(Table 1 ,  upper part). Embryonic glial 
cells from several parts of the central 
nervous system bound neurons in signifi- 
cant numbers. In contrast, other types of 
cells in monolayers, including those from 
the meninges, bound few cells. Neuronal 
cell binding was routinely performed in 
the absence of Ca2+ and the level of 
binding to glial cell monolayers was not 
significantly higher in the presence of 
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Ca2+ (Table 1). These results confirm 
studies from other laboratories on bind- 
ing between neuronal and astroglial cells 
from the brain (7) and suggest that a 
specific adhesive mechanism exists me- 
diating binding between neuronal and 
glial cells. The binding of about 2 percent 
of the neurons added at high input levels 
was found to be significant and was 
comparable to values observed in other 
heterotypic adhesions (8). 

Previous studies on cell-cell adhesion 
have demonstrated the value of Fab' 
fragments of specific antibodies pre- 
pared against cell surface molecules in 
inhibiting cell-cell adhesion, in defining 
cell-cell binding specificities, and in puri- 
fying glycoproteins involved in cell-cell 
adhesion (3, 13). To obtain antibodies 
that might be specifically useful in the 
study of neuron-glia adhesion, we immu- 
nized rabbits with membranes purified 
from chick embryo brains; and the Fab' 

Fab' fragments prepared from serums of CAM) that blocked N-CAM-mediated 
nonimmune rabbits (Table 1, lower part). adhesion in neuronal cell aggregation as- 
Although some (but not all) antiserums says, their activity in our experiments 
to neuronal membranes were found to could not be attributed to anti-N-CAM. 
contain antibodies to N-CAM (anti-N- Moreover, a mixture of anti-N-CAM 

Table I. Binding of neuronal cells to cells in monolayers; N.D., not done. 

Heterotypic binding between Number of cells In- 
bound to monolaver hibi- 

Fab' present tion 

Cell in Neural during binding* 
cell in -Ca2+ 

by 
monolayer +Ca2+ Fab' 

suspension (%I 

Forebrain glia 
Forebrain glia 
Hindbrain glia 
Retinal glia 
Skin fibroblast 
Meninges 

Forebrain glia 
Forebrain glia 
Forebrain glia 
Forebrain glia 

Brain 
Retinal 
Retinal 
Retinal 
Retinal 
Retinal 

Brain 
Brain 
Brain 
Brain 

None 
None 
None 
None 
None 
None 

Nonimmune 110 
Anti-N-CAM 118 
Anti-brain 52 
Anti-(brain extract 55 

depleted of N-CAM)? 

121 
129 
131 

N.D. 
27 
13 

N.D. 
N.D. 0 
N.D. 53 
N.D. 50 

fragments from the antiserums of the 'Binding was measured in duplicate samples to 1 mm2 of the monolayer and the average of those numbers is 
animals were then tested in our cell-cell shown. SME-medium was used for Ca2 -free medium and Eagle's minimal essential medium with Earle's 

salts was used for Ca2'-containing medium. Meninges were dissected from 10-day chick embryo brains, assay. When incubated with trypsinized, and cultured on collagen-coated tissue culture dishes. These cultures were free of neurons and 
neurons, these Fab' fragments inhibited had a fibroblastic morphology (see legend to Fig. 1). Monovalent Fab' fragments were prepared from the IgG 

fraction of rabbit serum, and antibody to purified N-CAM was prepared as described (4). Polyspecific 
binding of neurons to monolayers of glial antibody (anti-brain) was obtained by biweekly ~njection of rabbits with membranes (10 mg of protein) from 

10-day chick embryo brains, and rabbits were bled weekly after the third injection. As shown in the lower part ' lower pa*)' Binding of of the table, neurons were first incubated in I ml of medium containing I mg of Fab' for IS minutes at 4°C. 
neur0nal cells was not inhibited with These results were compiled from eight individual experiments. *See text. 

Fig. I .  Adhesion of neuronal cells to glia and fibroblasts. The suspension cell to monolayer cell binding assay (6.8) was used to measure binding 
between different cell types. Neurons in suspension (5 x lo6) were added to a confluent monolayer of cells (35-mm dish) in 5 ml (final volume) of 
Eagle's minimal essential medium with Spinner salts containing deoxyribonuclease I (20 &ml) (SME-medium) and incubated (with rotation at 50 
revlmin) for 25 minutes at 25°C. Unbound cells were removed by five successive washings in phosphate-buffered saline (PBS). (a) Phase and (b) 
fluorescence micrographs of forebrain neuronal cells bound to a monolayer of forebrain glial cells. (c) Phase and (d) fluorescence micrographs of 
forebrain neuronal cells bound to a monolayer of skin fibroblasts (x260). Suspensions of neurons were prepared from 10-day chick embryo 
tissues by trypsinization in the absence of Ca2+ and labeled with fluorescein diacetate (6). Flat nonneuronal cells were isolated from 10-day chick 
embryo neural tissues (brains were prepared free of meninges) that were dissected in Hepes-buffered calcium-free medium containing 
deoxyribonuclease I (100 CLg/ml) (CMF), incubated at 37OC in CMF containing 0.1 percent trypsin and I mM EDTA for 45-minutes at 70 revlmin 
and centrifuged at 2000 revlmin in a clinical centrifuge for 3 minutes. The pellet was resuspended in 5 ml of Dulbecco's modified Eagle's medium 
(DMEM) containing 10 percent fetal calf serum and D-glucose (5 giter),  and triturated 20 times with a Pasteur pipette. The cell suspension was 
layered on 8 ml of PBS containing 3.5 percent bovine serum albumin and centrifuged at 2000 revlmin for 3 minutes. The pellet was washed twice 
in DMEM, resuspended at approximately lo6 cells per milliliter in DMEM supplemented with 25 percent conditioned medium, and transferred to 
tissue culture dishes that were coated with collagen (8). The cell suspension was incubated for 4 hours at 37°C with intermittent rotation (15 
seconds every 6 minutes) at 90 revlmin. These conditions allowed neurons to aggregrate in suspension, while the glia adhered to and spread on the 
collagen-coated substrate. After 4 hours the medium was removed, the dishes were gently washed twice with PBS, and fresh medium was applied 
to the dishes. After 3 days, the medium was removed (conditioned medium) and replaced with fresh DMEM. Fibroblasts were prepared from the 
skin of 10-day chick embryos by trypsinization as described above for brain tissue and cultured in DMEM on collagen-coated tissue culture 
dishes. Cell-cell binding experiments were performed with secondary cultures of cells on 35-mm Costar dishes. Secondary cultures were 
prepared by trypsinization of primary monolayers (0.25 percent trypsin, containing0.02 percent EDTA and collagenase at I mg/ml) for 10 minutes 
at 37°C. Cells were washed in fresh DMEM and grown on 35-mm collagen-coated dishes in DMEM. 
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Fab' fragments from different rabbits, 
which strongly inhibited neuron-neuron 
interaction (4), did not inhibit adhesion 
(Table 1, lower part), suggesting that the 
N-CAM present on the surface of these 
neurons is not involved in neuron-glia 
adhesion. 

Although it is possible that inhibition 
by the Fab' fragments from antiserums 
to brain membranes is due to nonspecific 
coating of the cell surface, this is an 
unlikely explanation because anti-N- 
CAM Fab' fragments had no effect on 
the adhesion, and N-CAM represents 
approximately 1 percent of the neuronal 
cell surface protein (4). 

To address further the possibility that 
some form of N-CAM might be involved 
in neuron-glia adhesion, rabbits were im- 
munized with a soluble fraction from 
brain membranes from which N-CAM 
antigens had been removed by affinity 
chromatography (4). The IgG fraction 
that was purified from these rabbit anti- 
serums recognized several proteins from 
brain membranes but did not recognize 
N-CAM by immunoblotting techniques 
(14). Preincubation of neurons with Fab' 
fragments from these antibodies reduced 
the number of neurons bound to mono- 
layers of glial cells by 50 percent (Table 
1). These results support the suggestion 
that N-CAM is not involved in adhesion 
between these neuronal and glial cells. 
Instead, it appears that antibodies 
against other neuronal cell surface mole- 
cules are responsible for the inhibition of 
neuron-glia adhesion. The identification 
and isolation of these molecules should 
permit a more detailed analysis of their 
relation to N-CAM, allow us to defini- 
tively exclude N-CAM as a ligand, and 
also permit the analysis of specific inter- 
acting molecules on the glial cell surface. 

Although it is possible that the cells 
that specifically bind to monolayers of 
glial cells might represent a minor popu- 
lation of nonneuronal cells, this possibili- 
ty seems unlikely because greater than 
85 percent of the small round cells bound 
to the monolayer were N-CAM-positive 
by indirect immunofluorescence, indi- 
cating that they are neuronal cells and 
not glial cells. In view of the fact that N- 
CAM has not been seen on the surface of 
glial cells in culture, the possibility that 
glia-glia adhesion contributes in a major 
fashion to the counts of bound cells is 
unlikely. 

In summary, adhesion was measured 
between embryonic chick neuronal and 
glial cells, each of which was identified 
by a different specific monoclonal anti- 
body. Polyspecific rabbit antibodies to 
neuronal cell determinants have been 
obtained that block calcium-independent 
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adhesion between neuronal and glial 
cells in vitro. The inhibitory activity of 
these antibodies cannot be attributed to 
the presence of anti-N-CAM. The results 
indicate that a specific mechanism medi- 
ates adhesion between neuronal and glial 
cells and suggest that neuronal cell sur- 
face antigens different from N-CAM are 
responsible for heterotypic cell-cell ad- 
hesion. This hypothesis could be tested 
by identifying specific cell surface mole- 
cules that neutralize the ability of Fab' 
fragments against brain membranes to 
inhibit neuron-glia adhesion. 
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In vivo Determination of the Pyridine Nucleotide Reduction 
Charge by Carbon-13 Nuclear Magnetic Resonance Spectroscopy 

Abstract. An  intracellular coenzyme has been observed by carbon-13 nuclear 
magnetic resonance spectroscopy. The pyridine nucleotides in Escherichia coli were 
specijically labeled with carbon-13 from the biosynthetic precursor, nicotinic acid. 
The intracellular redox status and metabolic transformations of the pyridine nucleo- 
tides were examined under a variety of conditions. A highly reduced nicotinamide 
adenine dinucleotide pool was observed under anaerobic conditions only in cells that 
were cultured aerobically on glycerol. 

Since the initial use of isotopic labeling 
in combination with nuclear magnetic 
resonance (NMR) detection to study glu- 
cose metabolism by yeast cells ( I ) ,  appli- 
cations of NMR for in vivo metabolic 
studies have been extended to a wide 
variety of microorganisms, cells, per- 
fused organs, and, most recently, intact 
animals (2). In general, the focus of these 
studies has been on metabolic regula- 
tion, since in most instances the path- 
ways involved have been established for 
some time. In I3c labeling studies, infor- 
mation pertinent to metabolic regulation 
may be obtained by direct observation of 
time-dependent signal intensities, direct 
observation of metabolic intermediates, 
and analysis of label distributions and 
multiplet intensities in the various 
metabolites (3) .  In parallel with the de- 
velopment of I3C NMR for in vivo meta- 
bolic analvsis, 3 1 ~  NMR has been shown , , 

to provide useful data on metabolic regu- 
lation in terms of intracellular pH and 
phosphonucleotide energy charge (4). Si- 

multaneous I3C and 3 1 ~  NMR detection 
appears to represent a very promising 
avenue for detailed studies of metabolic 
regulation in vivo (5). We report here the 
application of I3C labeling and NMR 
detection to the study of an intracellular 
coenzyme pool, the pyridine nucleo- 
tides. 

The redox status of the di- and triphos- 
phopyridine nucleotide pools is an im- 
portant regulatory parameter. Concen- 
trations of important metabolic interme- 
diates such as pyruvate-lactate, and met- 
abolic flux through critical branching 
steps have been proposed to be depen- 
dent on the redox status of these two 
pools (6). Anderson and von Meyenburg 
(7) have suggested a convenient quanti- 
tative characterization of the status of 
these pools as the catabolic reduction 
charge (CRC), [NADH]I([NADH] + 
[NAD+]), and the anabolic reduction 
charge (ARC), [NADPH]I([NADPH] + 
[NADP']), where NAD' is nicotin- 
amide adenine dinucleotide and NADP+ 
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