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Abstract 

To investigate the distribution of nerve growth factor (NGF) receptors on peripheral and central 
axons, [lZ51]NGF was injected into the sciatic nerve or spinal cord of adult rats. Accumulation of 
[lZ51]NGF in lumbar dorsal root ganglia was monitored by gamma emission counting and radioau- 
tography. 

[lz51]NGF, injected endoneurially in small quantities, was taken into sensory axons by a saturable 
process and was transported retrogradely to their cell bodies at a maximal rate of 2.5 to 7.5 mm/hr. 
Because very little [ ‘““I]NGF reached peripheral terminals, the results were interpreted to indicate 
that receptors for NGF are present on nonterminal segments of sensory axons. The specificity and 
high affinity of NGF uptake were illustrated by observations that negligible amounts of gamma 
activity accumulated in lumbar dorsal root ganglia after comparable intraneural injection of [l’“I] 
cytochrome C or [1251]oxidized NGF. 

Similar techniques were used to demonstrate avid internalization and retrograde transport of 
[lz51]NGF by intraspinal axons arising from dorsal root ganglia. Following injection of [lZ51]NGF 
into lumbar or cervical regions of the spinal cord, neuronal perikarya were clearly labeled in 
radioautographs of lumbar dorsal root ganglia. 

Sites for NGF uptake on primary sensory neurons in the adult rat are not restricted to peripheral 
axon terminals but are extensively distributed along both peripheral and central axons. Receptors 
on axons provide a mechanism whereby NGF supplied by glia could influence neuronal maintenance 
or axonal regeneration. 

Nerve. growth factor (NGF) is necessary for the devel- 
opment and function of sensory neurons (Gorin and 
Johnson, 1979, 1980; Kessler and Black, 1980; Goedert 
et al., 1981; Schwartz et al., 1982; Otten and Lorez, 1983); 
NGF, or a similar molecule, is released by Schwann cells 
or other cells that are present within peripheral nerve 
trunks (Burnham et al., 1972; Riopelle et al., 1981; Rich- 
ardson and Ebendal, 1982). If NGF-like activity of en- 
doneurial origin is physiologically important (Varon and 
Bunge, 1978), receptors for NGF are to be expected in 
axonal membrane along the course of peripheral sensory 
fibers. In previous studies of axonal internalization and 
retrograde transport of [l’“I]NGF in uiuo (Hendry et al., 
1974; Stoeckel et al., 1975; Johnson et al., 1978; Dumas 
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et al., 1979), uptake has been demonstrated at or near 
peripheral sympathetic and sensory terminals, but the 
possible existence of receptors on more proximal axonal 
segments has not been examined systematically. In uitro, 
[““I]NGF has been shown by radioautography to bind to 
cell bodies, neurites, and neurite terminals of cultured 
sympathetic and dorsal root ganglion neurons (Kim et 
al., 1979; Carbonetto and Stach, 1982; Rohrer and Barde, 
1982). From observations of [‘“‘IINGF uptake and trans- 
port in adult rats, we conclude that specific receptors for 
NGF are found on peripheral sensory axons within the 
sciatic nerve and also on spinal axons of primary sensory 
neurons. 

Materials and Methods 

Preparation of [12”I]NGF. NGF was prepared from 
submandibular glands of male Swiss-Webster mice 
(Jackson Laboratories) according to the method of Mob- 
ley et al. (1976) with substitution of a continuous gra- 
dient of NaCl concentration for the last elution (Chap- 
man et al., 1981). In bioassay with dissociated chick 
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sensory neurons (Riopelle and Cameron, 1981), maximal 
neurite outgrowth was obtained at approximately 70 pg/ 
ml of NGF. For radioiodination (Sutter et al., 1979), a 
mixture of NaI (5 &i, Amersham Searle), NGF (5 pg), 
hydrogen peroxide (5 ~1 of a 0.003% solution at 0 and 30 
min), and phosphate buffer (0.1 M, pH 7.4 to a total 
volume of 50 ~1) were incubated for 1 hr at room 
temperature. Fifty microliters of cold 0.4% acetic acid 
and 200 to 400 ~1 of acetate buffer (0.5 M, pH 4.0) with 
bovine serum albumin (1 mg/ml) and protamine sulfate 
(1 mg/ml) were then added, and the mixture was dialyzed 
for 36 to 48 hr against two or three changes of 0.05 M 
acetate buffer (pH 4.0). The efficiency of labeling was 50 
to 65%, and after dialysis >95% of gamma activity was 
precipitable with 10% trichloroacetic acid. Six prepara- 
tions of [lZ51]NGF from two batches of NGF were used 
with final concentrations of 10 to 38 ng/pl and specific 
activities of 34 to 84 cpm/pg (approximately 30 to 80 
&i/pg). For dose-response curves, [lz51]NGF was diluted 
with saline or mixed with unlabeled NGF, and final 
concentrations were verified with gamma counting. Cy- 
tochrome C (Sigma Chemical Co.) and NGF with two 
oxidized tryptophan residues (Cohen et al., 1980) were 
also radioiodinated by the lactoperoxidase technique. 
The final concentrations and specific activities were 12 
ng/pl and 18 cpm/pg for [1’51]cytochrome C and 11 ng/ 
~1 and 14 cpm/pg for [1251]oxidized NGF. Iodinated pro- 
teins were injected within 2 weeks of preparation. 

Irzjections. Female Sprague-Dawley rats weighing 150 
to 200 gm (Charles River Breeding Labs) were anesthe- 
tized with pentobarbital, and the sciatic nerve was ex- 
posed in the thigh. Through a glass micropipette con- 
nected to a Hamilton syringe and filled with mineral oil 
(Beitz and King, 1976), 1 ~1 of a given solution was 
injected into the sciatic nerve near the origin of the nerve 
to biceps femoris. In control experiments, injection was, 
if necessary, further distal, and the sciatic nerve was 
crushed with jeweller’s forceps either at the site of injec- 
tion or 1.0 to 2.0 cm proximally. In two instances, the 
tibial, peroneal, sural, and biceps branches of the sciatic 
nerve were all cut at the time of injection to prevent 
[““IINGF from reaching sensory axon terminals. 

For intraspinal injections, laminectomies were per- 
formed with microsurgical technique at high cervical or 
high lumbar levels. After subdural injection of paraffin 
oil to prevent extravasation in the CSF, [lz51]NGF (or 
another ‘““I-protein) was injected in two to four sites to 
a total volume of 2 to 4 ~1. 

Counting of gamma activity. Four to 24 hr after injec- 
tion of [‘““IINGF, rats were anesthetized and perfused 
with 4% formaldehyde, 0.5% glutaraldehyde in phos- 
phate buffer. The fourth and fifth lumbar dorsal root 
ganglia (L4 and L5 DRG), identified by reference to the 
sacrum, were removed, and their gamma emission was 
counted in an LKB-Wallac 1270 Rackgamma counter. 

SDS-polyacrylamide gel electrophoresis. Twelve L4 or 
L5 DRG, collected 10 hr after intraneural administration 
of [‘““IINGF, were homogenized in an aqueous solution 
of 1% SDS and 2% /3-mercaptoethanol. The homogenate 
was concentrated to 0.3 ml by evaporation, heated to 
100°C for 5 min, and centrifuged. Fifty-microliter ali- 
quots of the supernatant were electrophoresed with a 

discontinuous buffer system (Laemmli, 1970) and resolv- 
ing gel containing 12% polyacrylamide and 0.1% SDS. 
Each lane of the gel was cut into lo-mm slices which 
were counted individually. 

Radioautography. Selected DRG were fixed, osmicated, 
dehydrated, and embedded in plastic. Sections, 1 pm 
thick, were dipped in Kodak NTB-2 emulsion, stored in 
lightproof boxes for 1 month, developed with Kodak D- 
19 solution, stained with toluidine blue, and mounted in 
glycerine. 

Results 

One hour after injection of [lz51]NGF (1 ~1, 8 ng) into 
the sciatic nerve, 97% of the activity within the nerve 
was contained in a segment 1 cm long; at 12 hr, 96% of 
the intraneural activity (35% of the injected activity) 
was recovered in a 3.5 cm segment of nerve (Fig. 1). 
These data delineate limits for diffusion of [1251]NGF 
within the nerve. 

Eight or more hours after injection of [lz51]NGF into 
the sciatic nerve, significant gamma activity was con- 
sistently detected in ipsilateral L4 and L5 DRG (Fig. 2a). 
Small and variable amounts of gamma activity were also 
counted in L3 and L6 ganglia, but none was found in the 
lumbar spinal cord. Neither crushing the nerve at the 
site of injection nor isolating the nerve from its periph- 
eral connections by sectioning distal branches changed 
the accumulation of activity in L4 and L5 DRG. Nerve 
crush 1.5 to 2.0 cm proximal to the injection site com- 
pletely prevented gamma activity from reaching lumbar 
DRG (Table I); crush 1.0 cm proximal blocked 90% of 
gamma activity from accumulating in L4 and L5 DRG. 
After injection of comparable amounts of [1251]cyto- 
chrome C or [12”I]oxidized NGF, gamma activity in lum- 
bar DRG was not significantly higher than background 
(Table I). These control experiments exclude diffusion 
along the nerve, hematogenous spread, and nonspecific 
uptake as spurious causes of labeling in DRG of experi- 
mental rats. 

To determine the rate of transport of [lz51]NGF in the 
sciatic nerve, rats were sacrificed 4, 8, 12, 18, and 24 hr 
after intraneural injection in the thigh (Fig. 2b). No 
activity reached L4 and L5 DRG in 4 hr; counts were 
maximal at 12 to 18 hr and fell by 24 hr. Given that the 
injection site was 3.5 cm from the 14 ganglion and that 
[lz51]NGF diffused 0.5 to 1.5 cm proximally, the rate of 
transport was estimated at 2.5 to 7.5 mm/hr for the 
fastest particles. 

In another group of rats, a dose-response curve was 
obtained by injecting different quantities (0.1 to 74 ng in 
1 ~1) of [l”‘I]NGF into the sciatic nerve and counting 
activity in L4 and L5 DRG after 11 hr (Fig. 2~). Double 
reciprocal analysis of data (inverse of accumulation ver- 
sus inverse of injection) indicated a saturable process 
with maximal accumulation per DRG of 29 pg (1.1 fmol) 
and half-maximal uptake at 4 ng (0.2 pmol) (Fig. 2d). 
The true maximal accumulation is, perhaps, slightly 
higher because accumulation was 38 pg in one series of 
rats injected with freshly dialyzed [lz51]NGF. The 
amounts of NGF injected were insufficient to study 
probable additional uptake at lower affinity (Dumas et 
al., 1979). 
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I ACTIVITY IN SCIATIC NERVE 

CENTIMETERS FROM INJECTION SITE 

Figure 1. Activity in segments, 5 mm long, of the sciatic nerve 12 hr after 
injection of [““I]NGF (1 ~1, 8 ng, 500,000 cpm) into nerve in upper thigh. 0, 
mean value per segment in two injected nerves; 0, mean total activity in L4 and 
L5 DRG. Thirty-seven percent of injected activity was recovered in the nerve 
and two DRG at 12 hr. Very high counts near the site of injection indicate the 
extent of diffusion; negligible counts in distal segments show lack of anterograde 
axonal transport; moderate counts in proximal segments and DRG are compatible 
with retrograde axonal transport. 

After SDS-polyacrylamide gel electrophoresis, 77% of 
the recovered gamma activity migrated in the penulti- 
mate slice before the front as did a standard molecule of 
molecular weight = 14,400 (cu-lactalbumin). This infor- 
mation is compatible with previous evidence that NGF 
is transported retrogradely in an intact form (Hendry et 
al., 1974; Stoeckel et al., 1975; Johnson et al., 1978; 
Dumas et al., 1979). 

In radioautographs of L4 and L5 DRG, label was 
concentrated in neurons rather than non-neuronal cells 
or the extracellular space. Neurons of all sizes were 
labeled and, in some ganglia, more than a third of neu- 
rons contained 10 or more grains. 

Uptake from lumbar spinal cord. Very little [lz51]NGF 
diffused into L4 and L5 spinal roots after lumbar intra- 
spinal injection. In one such rat, 10 hr after injection, 
the total activity in a 1 cm segment of the spinal cord at 
the site of injection was 218,000 cpm, and the average 
activities in consecutive 5mm segments of the L4 and 
L5 roots were 1721, 543, 240, 255, and 386 cpm. Thus, 
injection of [ ““I]NGF into the lumbar spinal cord did 
not result in a large pool of activity in the lumbar spinal 
roots. 

After intraspinal injection, as after intraneural injec- 
tion,[““I]NGF was consistently recovered from L4 and 
L5 DRG (Fig. 3~2). In radioautographs, activity was con- 
centrated in neurons. Accumulation was prevented if 
dorsal roots were crushed or avulsed at the time of 
injection (Table I). Twelve hours after injection of [lz51] 
cytochrome C, the mean activity in L4 and L5 DRG 
averaged 8 cpm above background. 

The time course of accumulation of [1251]NGF in lum- 

bar DRG after injection into the lumbar spinal cord (Fig. 
3b) showed insignificant activity at 4 hr, peak counts at 
12 hr, and some loss from the ganglia by 24 hr. As the 
L4 and L5 dorsal roots are 2.5 to 3.0 cm long, these data 
are compatible with maximal retrograde axonal transport 
at 3.1 to 7.5 mm/hr. 

A dose-response curve (Fig. 3~) and double reciprocal 
plotting of data (Fig. 3d) again suggested saturable up- 
take with maximal accumulation of 14 pg (0.5 fmol)/ 
DRG and half-maximal uptake with 14 ng (0.5 pmol). 

Uptake from high spinal levels. In a total of 11 rats 
(Table II), [‘251]NGF f rom four preparations was injected 
into the dorsal columns and dorsal column nuclei at the 
craniocervical junction. Subsequently, mean accumula- 
tion per lumbar DRG was 0.5 to 1.3 pg in the four groups. 
In radioautographs of DRG in one well labeled animal, 
approximately 6% of neurons were labeled (Fig. 4). 
Counts in lumbar DRG after cervical injection of [lz51] 
cytochrome C did not exceed background. 

Following injection of [lz51]NGF into the midthoracic 
spinal cord (32 ng in 3 yl), the accumulation per lumbar 
DRG (0.8 f 0.1 pg) was similar to that after cervical 
injection of the same batch of [1251]NGF. The uptake was 
unchanged by deliberate injury to the spinal cord im- 
mediately rostra1 to the site of injection. 

Discussion 

NGF uptake by peripheral axons. NGF receptors are 
deduced to be present along the course of normal sensory 
axons in the sciatic nerve because the intraneuronal 
accumulation of [lz51]NGF injected into the endoneurium 
cannot be entirely explained by diffusion to peripheral 
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Figure 2. a, Diagram illustrating experiments in which [““IINGF was injected 
into the sciatic nerve in the upper thigh and gamma activity was subsequently 
counted in L4 and L5 DRG. b, Accumulation of NGF in L4 or L5 DRG of rats 
sacrificed 0 to 24 hr after injection of [l*“I]NGF (1 ~1, 11 ng) into sciatic nerve in 
upper thigh. The mean + SEM for 12 ganglia (6 nerves) is expressed as a 
percentage of the accumulation at 12 hr. c, Accumulation of NGF in L4 or L5 
DRG of rats sacrificed 11 hr after injection of 0.3 to 74 ng of [‘251]NGF (1 ~1) 
into sciatic nerve in upper thigh. A mixture of labeled and unlabeled NGF was 
used for the highest concentration; serial dilutions of [““IINGF were used for all 
other points. Data are the mean + SEM (picograms per DRG) for 12 to 16 ganglia 
and 6 to 8 nerves. d, Double reciprocal plot of data in c. The reciprocal of the y  
intercept = the maximal amount of [““IINGF accumulated per DRG by high 
affinity system = 29 pg (1.1 fmol). The reciprocal of the x intercept = the amount 
of injected [““IINGF yielding half-maximal saturation = 4 ng (0.2 pmol). 

TABLE I 
Comparison of mean accumulation per DRG in one experimental group 

and three control groups after intraneural injection, and in one 
experimental group and two control groups after intraspinal injection 

Activity in L4 and L5 DRG was counted 12 to 24 hr after injection 

Injection into Injection into 
Sciatic Nerve Lumbar Spinal Cord 

Injection Accumulation Injection Accumulation 

cp‘pm cpm/DRG cpm Cp?l/DRG 

[““I]NGF 500,000 1071 700,000 409 
[““I]NGF with nerve 500,000 3 1,800,OOO 6 

or root crush 
[““I] Cytochrome C 400,000 5 800,000 8 
[““I]Oxidized NGF 300,000 3 

receptors or by injury of axons at the time of injection. 
Indeed, it was originally reported (Hendry et al., 1974), 
although not subsequently emphasized, that intact ter- 
minals are not necessary for NGF internalization by 

sympathetic axons. NGF receptors were specific in their 
recognition of injected molecules and in their distribution 
among types of axons. [‘251]Cytochrome C and [12”1] 
oxidized NGF were not taken up at high affinity as was 
[““IINGF; somatic motor axons did not internalize and 
transport [12”I]NGF as did sensory axons (and, presum- 
ably, sympathetic axons). Although [‘2”I]NGF accumu- 
lated in large and small neurons in DRG, it is not known 
whether axonal membrane on all dorsal root ganglion 
neurons is equally responsive to NGF. The maximal rate 
of retrograde axonal transport of NGF in sensory axons 
was found to be slightly slower than previously calculated 
(Stoeckel et al., 1975) but similar to that for NGF in 
sympathetic axons (Hendry et al., 1974) and for other 
proteins in general (Grafstein and Forman, 1980). 

Quantitative considerations. The amounts of NGF ac- 
cumulating in sensory ganglia after intraneural injection 
and in sympathetic ganglia after intraocular injection 
are similar, as are the amounts of injected NGF necessary 
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Figure 3. a, Diagram illustrating experiments in which [““IINGF was injected 
into lumbar spinal cord and gamma activity was subsequently counted in L4 and 
L5 DRG. b, Accumulation of NGF in L4 or L5 DRG in rats sacrificed 0 to 24 hr 
after injection of [l’“I]NGF into the lumbar spinal cord. Two preparations of 
[““I]NGF were injected: 0, 40 ng in 4 ~1; 0, 100 ng in 3 ~1. The mean f  SEM for 
16 ganglia (4 rats) is expressed as a percentage of the accumulation at 12 hr. c, 
Accumulation of NGF in L4 or L5 DRG in rats sacrificed 12 hr after injection of 
[““IINGF (4 ~1) into the lumbar spinal cord. 0, Three different batches of [‘*‘I] 
NGF were used. Data are the mean f  SEM (picograms of [i2”I]NGF per DRG) 
for 16 ganglia (4 rats). A mixture of labeled and unlabeled NGF was used for the 
highest concentration; serial dilutions of [l”I]NGF were used for all other points. 
d, Double reciprocal plot of data in c. The reciprocal of the y  intercept = the 
maximal amount of [‘*“I]NGF accumulated per DRG by high affinity system = 
14 pg (0.5 fmol). The reciprocal of the x intercept = the amount of injected [“‘I] 
NGF yielding half-maximal saturation = 14 ng (0.5 pmol). 

TABLE II 
Cervical injection of [““IJNGF 

Results of four experiments (11 rats) in which [““I]NGF was injected 
into the dorsal columns and dorsal column nuclei at the bulbospinal 
junction. Gamma activity in L4 and L5 was consistently above back- 
ground levels. 

Hours to 
Sacrifice Accumulation 

w 111 
20 2 
32 3 
42 2 
53 2 

18 
24 
24 
24 

pg/DRG f SI:M 
0.6 f 0.1 
0.6 f 0.1 
0.8 k 0.1 
1.3 f 0.2 

for half-maximal uptake (Johnson et al., 1978). The 
maximal accumulation and half-saturation point of the 
dose-response curve are assumed to reflect the density 
and affinity of axonal receptors for NGF (Dumas et al., 
1979). The density of receptors in the sciatic nerve can 
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be very approximately estimated at lO,OOO/mm length of 
each sensory axon if it is assumed that [lz51]NGF reach- 
ing the L4 or L5 DRG is taken up by 6000 axons over a 
lo-mm segment of nerve, that each receptor internalizes 
one molecule of NGF only, and that recycling of receptors 
is negligible during a few hours. The dissociation equilib- 
rium constant (Kd) of axonal receptors cannot be calcu- 
lated precisely from these data because the concentration 
of [12”I]NGF at the axonal membrane after endoneurial 
injection is unknown. It remains to be proved that NGF 
receptors with Kd in the order of lo-” M are present on 
adult rat axons as on embryonic chick neurons (Sutter 
et al., 1979; Riopelle et al., 1980). 

The finding of NGF receptors along the course of 
peripheral sensory axons suggests that NGF released by 
endoneurial cells might have local paracrine effects. 
However, the amount of injected [12”I]NGF yielding half- 
saturable uptake in sensory axons (4 ng) is two orders of 
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Fig wre 4. Light- and dark .field radioautographs of L5 DRG in 
x 106 cm n) into dorsal colu .mn I nuclei and hieh ten Jica 1 dors #al 
(scale bk- = 10 pm). 

magnitude greater than the estimated content of NGF- 
like activity per centimeter length of normal rat sciatic 
nerve (Ebendal and Richardson, 1983). Quantitative 
analysis of endogenous ligand-receptor interactions 
awaits knowledge of the distribution of NGF-like activity 
within the endoneurium and the deployment of NGF 
receptors on axonal membrane of nodal and internodal 
segments. 

NGF uptake by spinal axons. Previous evidence that 
receptors for NGF are present within the central nervous 
system (Frazier et al., 1974; Schwab et al., 1979) is 
corroborated by the finding of labeled neurons in ra- 
dioautographs of lumbar DRG after cervical injection of 
[1251]NGF (Fig. 4). In other words, ensheathment by 
Schwann cells is not a necessary condition for the 
manifestation of NGF receptors. The apparent difference 
in affinities of NGF uptake from the lumbar spinal cord 
and the sciatic nerve is probably due to a larger volume 
of diffusion in the spinal cord rather than to different 
dissociation equilibrium constants for spinal and periph- 
eral receptors. Sites for NGF internalization could be on 
terminal or nonterminal regions of spinal axons, and 
their density per unit area of axon membrane in the 

a rat sacrificed 24 hr after injection of [‘*“I]NGF (2 ~1, 53 ng, 4.5 
columns. Labeling in one neuron is well above backgroun d level 

spinal cord could be equal or less to that in peripheral 
nerves. The function of NGF receptors in the mainte- 
nance and regeneration (Richardson et al., 1982) of sen- 
sory axons in the spinal cord is unknown. 
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