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The enkephalins are two naturally oc- 
curring pentapeptides, Tyr-Gly-Gly-Phe- 
Met (Met-enkephalin) and Tyr-Gly-Gly- 
Phe-Leu (Leu-enkephalin), with mor- 
phine-like activities (1, 2). Met-enkepha- 
lin and Leu-enkephalin interact with opi- 
ate receptors in brain membrane prepa- 
rations (3) and with specific cell surface 
receptors in cultured neuroblastoma 
cells (4, 5). These peptides have been 
widely implicated as having neurotrans- 
mitter or neuromodulator functions at 
the synaptic junction. 

Cultured neuroblastoma cells contain 
large numbers of opiate (enkephalin) re- 
ceptors and have been extremely useful 
in elucidating the cellular and molecular 
actions of opiates and opioid peptides (4, 
5). Neuroblastoma-glioma hybrid cells 
(strain NG108-15) and N4TG1 neuro- 
blastoma cells have about 100,000 and 
20,000 enkephalin-binding sites per cell, 
respectively (4, 5). The interaction of en- 
kephalin with receptors in neuroblasto- 
ma cells has been studied in detail by us- 
ing 125I-labeled derivatives of the meta- 
bolically stable enkephalin analog [D- 
Ala2, D-Leu5]enkephalin (5). 

Image-intensified fluorescence micros- 
copy has proved useful in visualizing the 
patterns and the mobility of receptors for 
epidermal growth factor, insulin, and a2- 
macroglobulin in intact cells (6). In the 
present studies, a bioactive, fluorescent 
analog of enkephalin was used to visual- 
ize enkephalin receptors in neuroblasto- 
ma cells. The receptors appeared to form 
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clusters on the cell surface, and no inter- 
nalization was detected. 

The Tyr-D-Ala-Gly-Phe-Leu-Lys-rho- 
damine was synthesized by conventional 
procedures, derivatization being achieved 
by reaction of the blocked hexapeptide 
with tetramethylrhodamine isothiocy- 
anate followed by removal of protecting 
groups; final purification was by thin- 
layer chromatography (7). The rhoda- 
mine peptide inhibits the binding of 
'25I-labeled[D-Ala2, D-Leu5]enkephalin 
to brain membrane preparations and 
NG108 cells with apparent IC50 values 
(2) of about 5.9 and 5.5 nM, respectively. 
Cells of strain NG108-15 were grown in 
Dulbecco's MEM containing HAT and 
10 percent FBS; whereas cells of strain 
N4TG1 were grown in Dulbecco's MEM 
containing only 10 percent FBS. At con- 
fluence, the cells were removed from the 
flask by incubating them with 1 mM 
EDTA for 5 minutes at 37?C. The detached 
cells were washed three times with 50 
mM tris-HCl, pH 7.7, containing 0.25M 
sucrose, 2 mM MgCl2, and 5 mM glu- 
cose; they were then suspended in the 
same buffer and incubated with the rho- 
damine-labeled enkephalin analog before 
being examined by fluorescence micros- 
copy (8). The cells were not fixed for 
these studies. The results with cells of 
strain NG108 are shown in Fig. 1. 

Many patchy areas of bright fluores- 
cence, spreading over the cell surface, 
were detected with 5 x 10-8M rhoda- 
mine derivative (Fig. 1A). These clus- 
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ters were not seen in the presence of 5 x 
10-6M [D-Ala2, Leu5]enkephalin (Fig. 
1B), or with other cell lines (for example, 
3T3 fibroblasts, KB epidermoides) that 
lack opiate receptors. Whereas enkepha- 
lin suppressed completely the appear- 
ance of clusters, a few clusters could be 
detected in the presence of high concen- 
trations (10-4M) of naloxone, and a 
slightly greater number were visible with 
10-4M morphine than with naloxone. 
These findings are consistent with the 
findings that both naloxone and mor- 
phine have very much lower affinities 
than enkephalin for receptors in neuro- 
blastoma cells, and that the affinity for 
morphine is lower than that for naloxone 
(4, 5). At 4?C no discrete clusters could 
be discerned, even after incubation for 2 
hours (Fig. 1C). In the presence of O.1M 
NaCl, only a few patches were detected 
(Fig. 1D), and the brightness and number 
of patches were diminished substantially 
(compared with Fig. IA). Very similar 
phenomena were observed with N4TG1 
cells (data not shown), except that there 
were fewer patches compared to NG108- 
15 cells. 

These results are consistent with the 
known characteristics of opiate recep- 
tors, and with our previous studies (5) of 
the interaction of 125I-labeled [D-Ala2, D- 
Leu5]enkephalin with receptors in neu- 
roblastoma cells. The binding was re- 
duced in the presence of sodium and at 
4?C, even after prolonged periods of in- 
cubation. The fluorescent clusters prob- 
ably represent the specific binding sites 
(receptors) for enkephalins. The non- 
specific binding of rhodamine-enkepha- 
lin, although weak, is uniformly distrib- 
uted over the cell, making it difficult to 
determine whether some enkephalin re- 
ceptors are distributed diffusely as well 
as in patches. We do not know whether 
the receptors occur naturally in patches 
or whether their distribution is altered as 
a result of binding; the binding (5) of en- 
kephalins to NG108 cells is a relatively 
slow process, even at-37?C, and the ap- 
pearance of patches coincides closely 
with the increase in binding as deter- 
mined with 12I5-labeled analogs. Thus a 
redistribution of occupied receptors into 
patches may occur more rapidly than 
binding, making the latter process rate- 
limiting. 

In contrast to epidermal growth factor 
(EGF) and insulin receptors on fibro- 
blasts (6), where fluorescence labeling 
shows that the receptors are initially dis- 
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Fig. 1. Rhodamine-enkephalin binding to 
NG108-15 cells. On the left, phase micro- 
graphs (x 1575); on the right, fluorescence mi- 
crographs of the same field. (A) Cells in- 
cubated for 40 minutes at 24?C with 5 x 
10-8M rhodamine derivative. (B) Cells in- 
cubated in the presence of 5 x 10-6M [D-Ala2, 
Leu5]enkephalin. (C) Cells incubated for 2 
hours at 4?C. (D) Cells incubated in the pres- 
ence of 0.1M NaCI at 24?C. 

es began to appear after 10 minutes and 
reached their maximum number after 40 
minutes at 24?C; no further changes were 
detected with longer incubations at 24?C 
or 37?C. Careful examination by focusing 
(Fig. 2) revealed that all of the patches 
were on the cell surface, and the charac- 
teristic saltatory motion of endocytic 
vesicles, seen with EGF- and insulin-la- 
beled receptors (6), was not observed in 
these studies. Furthermore, most of the 
patches disappeared if the cells were 
washed and incubated at 37?C three 
times with fresh medium to remove the 
ligand in the medium and allow the cell- 
bound enkephalin to dissociate. These 
results are consistent with the observa- 
tion (5) that more than 95 percent of 
the cell-bound 125I-labeled [D-Ala2, D- 

Leu5]enkephalin can dissociate from the 
cells even if the binding had taken place 
at 37?C during prolonged periods (9). 
Thus, it is likely that enkephalin re- 
ceptors in neuroblastoma cells probably 
occur as surface clusters that do not in- 
ternalize. 

The relevance of these clusters to the 
biological functions of enkephalin recep- 
tors is unclear. Several recent studies 
suggest that receptor cross-linking or ag- 
gregation may be important for hormonal 
action. Bivalent antibodies to the insulin 
receptor block insulin binding, bind to 
insulin receptors, and trigger many of the 
same biological responses caused by in- 
sulin (10, 11). Monovalent Fab' frag- 
ments are ineffective, but addition of 
antibodies to Fab' fragments to cross- 
link the Fab'-receptor complexes re- 
stores the insulin-like activity (10). Fur- 
thermore, under certain conditions biva- 
lent but not univalent antibodies against 
insulin or EGF can dramatically enhance 
the activity of very low concentrations of 

Fig. 2. Clusters of enkephalin-receptor com- 
plexes on the cell surface. The NG108-15 cells 
were incubated for 40 minutes at 24?C with 
5 x 10-8M rhodamine derivative. (A) Phase 
micrograph (x1890) and (B to D) three fluo- 
rescence micrographs of the same field with 
different levels of focusing on the cell surface. 
(B) The cell contains nonspecific binding of 
rhodamine-enkephalin as in Fig. 1. (C and D) 
By increasing the contrast on the TV monitor, 
the nonspecific binding is made undetectable. 
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these hormones in fibrobiasts (12, 13). A 
biologically inactive analog of EGF has 
been described which retains its ability 
to bind but does not induce aggregation 
of receptors (13). Bivalent antibodies to 
EGF restore both the bioactivity and the 
morphological cross-linking (patch for- 
mation) of this derivative toward that ob- 
served with the native hormone. These 
studies suggest that microaggregation of 
receptors into groups of two or more 
may be essential for the biological re- 
sponses of at least some hormones. 

Most opiate receptors probably occur 
in the membrane of the synapse (14), and 
the size of the synapse is about 0.5 p.m 
(15). It is possible that opiate receptors 
are densely distributed on postsynaptic 
membranes and that aggregation of the 
occupied receptors may be necessary for 
generating physiological effects. The flu- 
orescent analog described in the present 
study may be useful in studying the 
mechanisms of receptor redistribution 
(16) and in determining precisely the lo- 
calization of opiate receptors in the cen- 
tral and peripheral nervous systems. 
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Department of Molecular Biology, 
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8. Binding of the rhodamine enkephalin to NG108 
cells was visualized with an RCA silicon in- 
tensifier target TV camera (TC1030H) attached 
to a Zeiss Photomicroscope III equipped with 
epifluorescence. Video output was recorded on 
a Panasonic recorder (NV-8030) and displayed 
on a Hitachi TV monitor (VM-905AU), from 
which Polaroid photographs were taken. 

9. The presence of physiological concentrations of 
calcium ions in cells treated with or without 
EDTA does not alter the appearance of clusters 
or the absence of internalization. Because of the 
dramatic reduction in the binding of enkephalin 
in the presence of 100 mM Na+, the clusters can- 
not be detected. However, the nearly complete 
dissociation of cell-bound "25I-labeled [D-Ala2, 
D-Leu5]enkephalin indicates that no inter- 
nalization occurs in the presence of sodium ions 
(5). 
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Chemotaxis, the attraction of living 
protoplasm to a chemical substance, 
may help guide axons to their target tis- 
sues. Several studies in vitro (1-3) sug- 
gest that ,3 nerve growth factor (NGF), a 
protein known to enhance axonal out- 
growth from dorsal-root and sympathetic 
ganglia (4), is a chemotactic agent. These 
studies, however, leave unresolved the 
question of whether NGF actually guides 
axonal growth or simply enhances the 
survival or growth rate of axons that 
happen to be growing near the NGF 
source. We sought to distinguish be- 
tween these possibilities by continuously 
observing the growth cones of chick dor- 
sal-root axons that were exposed to a lo- 
calized source of NGF. We found that 
these axons turn and grow toward the 
NGF source within 21 minutes, even if 
the background concentration of NGF is 
sufficient to support survival and rapid 
axonal growth. 

Table 1. Turning response of dorsal-root gan- 
glion axons to NGF. 

Concentration of Number of axons 
NGF (BU/ml) Number of axons NGF (BU/ml) 

Back- Micro- Positive No 
ground pipette response* responset 

1 50 40 0 
1 1 0 40 
1 1 (+ BSAt) 0 5 
1 1 (+ FCS?) 0 5 
0 1 0 5 
1 2 5 0 

*Rate of turn, 3.3 ? 0.2 deg/min. tRate of turn, 
0.01 ? 0.14 deg/min. fBovine serum albumin 
(0.1 mg/ml) added. ?Fetal calf serum (2.5 Al/ml) 
added. 
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Lumbosacral dorsal-root ganglia from 
White Leghorn chick embryos 7 and 12 
days of age were excised and placed onto 
glass cover slips coated with a mixture 
of collagen and poly-L-lysine (25:1 by 
weight). The explants were incubated in 
air at 34?C in 35-mm plastic petri dishes 
with nutrient medium similar to Ham's 
F-12 except buffered with 1,4-pipera- 
zinediethanesulfonic acid (Pipes). The 
medium was supplemented with 5 to 10 
biological units (BU) of NGF per millili- 
ter (5, 6). After 24 hours, the cover slips 
were placed in an observation chamber 
(34?C) and were viewed with an inverted 
phase-contrast microscope (x750). 

A micropipette (tip diameter, 2 to 4 
pam) filled with NGF (1 to 50 BU per mil- 
liliter of perfusion medium) was used as 
a localized NGF source. The tip of the 
micropipette was placed about 25 p.m 
from the tip of a growth cone at approxi- 
mately 45? to the axon's longitudinal axis 
(Fig. la) and slightly above the surface of 
the medium. A separate perfusion sys- 
tem added perfusion medium to one side 
of the observation chamber while contin- 
uously removing medium from the oppo- 
site side with a vacuum line. This system 
produced a flow of medium (25 ml/hour) 
past the axon in a direction opposite to 
the initial direction of axonal growth. 
The NGF, flowing from the micropipette 
at the rate of 1 to 2 /l/hour, was carried 
along with this background flow, produc- 
ing a higher concentration of NGF on the 
side of the growth cone nearest the mi- 
cropipette (this was initially determined 
with methylene blue). 

Figure 1 shows a dramatic example of 
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Neuronal Chemotaxis: Chick Dorsal-Root Axons Turn Toward 

High Concentrations of Nerve Growth Factor 

Abstract. Micropipettes containing 2 to 50 biological units of 3 nerve growth fac- 
tor (NGF) were placed near growing axons of chick dorsal-root ganglion neurons in 
tissue culture. The axons turned and grew toward the NGF source within 21 minutes. 
This turning response to elevated concentrations of NGF appears to represent che- 
motactic guidance rather than a general enhancement of growth rate. 
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