
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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D-Leu5]enkephalin indicates that no inter- 
nalization occurs in the presence of sodium ions 
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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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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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the effect of an NGF concentration gra- 
dient on the direction of axonal growth. 
The five photographs were taken over a 
90-minute observation period during 
which successive repositionings of the 
NGF-filled micropipette resulted in an 
almost complete reversal of the axon's 
original direction of growth. Figure la 
shows the growth cone and the NGF- 
filled micropipette at the onset of per- 
fusion. As the growing axon gradually 
turned toward the NGF source, the mi- 

cropipette was moved to the position 
shown in Fig. Ib, and the growth cone 
grew toward the new position. Three 
subsequent repositionings (Fig. 1, c to e) 
resulted in a horseshoe-shaped pattern of 
axon growth (Fig. le). 

In order to accurately measure the 
turning response of the axon to NGF, 
similar experiments were performed in 
which observation periods of shorter du- 
ration (30 minutes) were used and the lat- 
eral displacement of the cone tip was 
measured. Lateral displacement was 
measured as the shortest distance be- 
tween the line described by the original 
axis of the axon and the new position of 
the growth cone. A lateral displacement 
of 20 gum within the 30 minutes of obser- 
vation was considered a positive re- 
sponse (Table 1). 

Dorsal-root axons bathed in a back- 
ground solution containing NGF (1 BU/ 
ml) were exposed to concentrated NGF 
(50 BU/ml) from a micropipette. All 40 
axons tested turned and grew toward the 
NGF source (Table 1), exhibiting a later- 
al displacement of 20 g.m in 9 to 21 min- 
utes. In control experiments in which the 
micropipette contained the same concen- 
tration of NGF as the background, the 
axons showed only small random dis- 
placements (5 /gm or less) toward or 
away from the micropipette and were 
scored as no response (Table 1). In ten of 
these control experiments, growth cones 
were observed for 2 hours. Lateral ax- 
onal displacements were less than 10 /um 
toward or away from the micropipette. 
No significant turning or lateral dis- 
placement was observed in these control 
axons even if the pipette was moved in 
the same pattern as for a positive re- 

Fig. 1. Sequential photographs of a dorsal- 
root growth cone bathed in NGF (1 BU/ml) 
and exposed to an NGF gradient created by 
outflow from a micropipette containing NGF 
at 50 BU/ml. Numbers indicate time in min- 
utes after the onset of perfusion by micro- 
pipette; dotted lines outline the micropipette 
in its successive placements. The growth rate 
for this axon was 72 /am/hour. After 90 min- 
utes, the axon had grown 108 /tm and had 
turned almost 160? relative to its original di- 
rection of growth. Scale bar, 10 ,um. 
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sponse. Thus the turning of the axon to- 
ward elevated concentrations of NGF is 
not a response to pipette movement or 
movement of fluid from the pipette. Nor 
is the turning response associated with 
an increase in rate of growth, since the 
control and experimental axons grew at 
almost identical rates (88 + 33 and 85 + 
39 pcm/hour, respectively). 

The turning response is not just a non- 
specific attraction of growing dorsal-root 
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axons to any protein source, since axons 
did not turn toward micropipettes con- 
taining bovine serum albumin or fetal 
calf serum (Table 1). But these axons are 
very sensitive to even low concentra- 
tions of NGF. We observed turning re- 
sponses (20-pm lateral displacements) of 
axons toward micropipettes containing 
as little as 2 BU of NGF per milliliter, 
which was only 1 BU/ml above the back- 
ground concentration (Table 1). How- 
ever, axons did not turn toward a micro- 
pipette containing 1 BU of NGF per mil- 
liliter when the background contained no 
NGF. 

In summary, chick dorsal-root axons 
rapidly (in 9 to 21 minutes) alter their di- 
rection of growth in response to an extra- 
cellular gradient of NGP. This response 
appears to result from chemotactic guid- 
ance rather than general enhancement of 
growth rate or survival. More extensive 
experiments are required to determine 
the relation between this chemotactic 
response and the previously observed 
growth of axons toward explants of tar- 
get tissues or sources of concentrated 
NGF in longer-term experiments (1-3, 7, 
8). 

Since all dorsal-root axons that were 
bathed in low background concentra- 
tions of NGF (1 BU/ml) responded to an 
NGF concentration gradient, the chemo- 
tactic response to NGF that we mea- 
sured does not account for the specificity 
with which different dorsal-root ganglion 
axons innervate different peripheral tar- 
get tissues. Perhaps the response of dif- 
ferent axons to NGF has quantitative dif- 
ferences too subtle to be detected. Al- 
so, other macromolecules analogous to 
NGF, or other mechanisms such as con- 
tact guidance (9), may help to guide 
axons and enable them to distinguish 
among different target tissues. 
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