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Introduction 

In the early 1950s, Levi-Montalcini and Hamburger discovered a fac- 
tor produced by a mouse sarcoma which induced neurite outgrowth from 
sympathetic and dorsal root ganglion cells. On the basis of its activity, 
this substance was named nerve growth factor (NGF). NGF was shown to 
be a polypeptide, and much has been learned of its protein structure and 
physiological actions in the 30 years which have elapsed since its discov- 
ery, 1,2 It is acknowledged that NGF plays an essential role in the develop- 
ment of the sympathetic and sensory nervous systems, both in terms of 
promoting neuronal survival and possibly in chemotactically directing 
axons towards appropriate target tissues. NGF (referring to the/3 subunit 
of the 7 S NGF complex) can be prepared in milligram quantities from the 
submaxillary glands of adult male mice by a variety of previously reported 
methods.a, 4 

An important breakthrough in attempting to understand the mecha- 
nism of action of NGF has been the identification of specific cell surface 
receptors for this hormone. In the early 1970s, several investigators pre- 
pared high specific activity, radioiodinated derivatives of NGF which 
retained biological activity and were able to show specific binding of 
[125I]NGF to cells which respond to the hormone. This chapter describes 
methods both for the iodination of NGF and for assaying NGF receptors 
by reversible binding techniques. The procedures presented are ones cur- 
rently in use in this laboratory. Alternative methods employed by other 
investigators will be mentioned but will not be presented in detail. For a 
complete discussion of NGF receptors, the reader is referred to some 
recent reviews on this subject) ,6 

J H. Thoenen and Y.-A. Barde, Physiol. Reo. 60, 1284 (1980). 
2 B. A. Yankner and E. M. Shooter, Annu. Rev. Biochem. 51, 845 (1982). 
3 L. E. Burton, W. Wilson, and E. M. Shooter, J. Biol. Chem. 253, 7807 (1978). 
4 W. C. Mobley, A. Schenker, and E. M. Shooter, Biochemistry 15, 5543 (1976). 
5 R. A. Bradshaw, N. V. Costrini, C. J. Morgan, J. F. Tait, and S. A. Weinman, Prog. Clin. 

Biol. Res. 79, 271 (1982). 
6 R. D. Vale, C. E. Chandler, A. Sutter, and E. M. Shooter, Recept, Recognition, Set, B (in 
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Iodination 

In 1973, Herrup and Shooter 7 prepared an iodinated derivative of NGF 
using a lactoperoxidase labeling technique. As many as 4 mol of iodine 
could be successfully incorporated per mole of NGF without a loss of 
biological activity. The lactoperoxidase labeling procedure for NGF was 
subsequently modified by Sutter e t  a l .  8 and is the preparation currently 
being used in this laboratory. This iodination results in the incorporation 
of 0.5 mol of iodine per mole of NGF, and the [125I]NGF product binds 
with high specificity to cell surface receptors on a number of cell types. 

The reaction is carried out at room temperature in an iodination hood 
in a 10 x 75-mm glass tube. Reagents are added in the following order: 

1. 0.1 M potassium phosphate solution, pH 7.4 (40.5 ml of 0.1 M 
KzHPO4 and 9.5 ml of 0.1 M KHzPO4) 

2. 3 mCi Na125I (10 mCi/ml) 
3. 50/zg NGF (generally 50/xl from a 1 mg/ml NGF solution in 0.02% 

acetic acid) 
4. 150 ng lactoperoxidase (Sigma) (15/zl from a 30 tzg/ml stock solu- 

tion) 
5. 15/zl of a 0.003% H202 solution (prepared by a 10,000 fold dilution 

from a 30% stock solution just prior to use) 

The total reaction volume is 200 tzl, and the volume of 0.1 M phos- 
phate buffer can be adjusted to accommodate changes in volumes of the 
other reactants. Generally, 30/~1 of Na125I (corresponding to 3 mCi) and 
50/xl of a 1 mg/ml NGF solution are added. In this case, the total volume 
is increased to 200/xl by adding 90/zl of phosphate buffer. 

After each addition, reactants are gently mixed. When the reaction 
mixture is complete, the tube is then capped and left at room temperature 
for 30 min. At this point, a fresh 10,000-fold dilution of a 30% H202 stock 
is made and an additional 15/xl of this 0.003% solution is added. 

After a further 30 min incubation (60 min reaction time in total), the 
reaction is stopped by the addition of 200/zl of 0.4% acetic acid followed 
by 600/A of 0.01 M sodium acetate, pH 4 (90 ml of 0.01 M sodium acetate 
and 410 ml of 0.01 M acetic acid) containing 0.5 M NaC1 and 1 mg/ml 
bovine serum albumin (iodination buffer). Triplicate 10-/zl aliquots are 
removed from the iodinated mixture and added to 1 ml samples of iodin- 

7 K. Herrup and E. M. Shooter, Proc. Natl. Acad. Sci. U.S.A. 70, 3884 (1973). 
8 A. Sutter, R. J. Riopelle, R. M. Harris-Warrick, and E. M. Shooter, J. Biol. Chem. 254, 

5972 (1979). 
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ation buffer for a later determination of trichloroacetic acid (TCA) precip- 
itability. 

In order to remove some of the unincorporated 1251, the reaction mix- 
ture is dialyzed overnight. Dialysis membrane (Spectropore, Scientific 
Products, molecular weight cutoff--3500), presoaked in iodination buffer, 
is cut so that it is one layer thick. It is placed on top of the iodination tube 
and secured in place either with a tight-fitting plastic cap which had its top 
cut away with a razor blade or with a section of tight-fitting tygone tubing. 
The tube is inverted, and the dialysis membrane is immersed in 200 ml of 
0.01 M acetate buffer, pH 4, 0.5 M NaCI (without bovine serum albumin). 
The solution in changed after 3 hr, and dialysis is continued overnight. In 
order to determine recovery of NGF after dialysis, triplicate 10/zl sam- 
ples are transferred to 1 ml of iodination buffer for subsequent determina- 
tions of TCA precipitability. 

In order to minimize levels of nonspecific [nSI]NGF binding during the 
receptor binding assay, the dialyzed [~25I]NGF is filtered through Centriflo 
CF 50A filters (Amicon, 2100 CF 50A) to remove aggregated molecules of 
[125I]NGF. This step reduces nonspecific binding by as much as a factor of 
I0. Excess adsorption of [nSI]NGF to the filter can be avoided by pre- 
soaking the Centriflo filters for 24 hr at 4 ° in iodination buffer containing 1 
mg/ml protamine sulfate. The Centriflo filter is placed in a plastic support 
(Amicon, CSIA) which fits on top of a standard 50-ml plastic tissue cul- 
ture centrifuge tube and is dried by centrifugation at 2000 rpm for 10 min 
in a clinical centrifuge. The filter and support are then placed over another 
50 ml centrifuge tube, the dialyzed [125I]NGF is added to the bottom of the 
filter and the solution is passed through the filter by centrifugation as 
described above. The solution is collected from the bottom of the tube, 
the volume measured, and triplicate 10/zl samples of the [nSI]NGF solu- 
tion are aliquoted into 1 ml samples of iodination buffer for TCA precipi- 
tability determinations. 

TCA precipitabiity from samples of [nSI]NGF removed (1) prior to 
dialysis, (2) after dialysis, and (3) after centrifugation through the Cen- 
triflo filter is determined at this stage. Initially, as mentioned above, 10-/zl 
aliquots are added to 1 ml of iodination buffer. These samples are then 
further diluted by adding 10/zl of the above solution to 490/zl of iodination 
buffer, followed by the addition of 500 /xl of 20% TCA. Samples are 
vortexed, incubated on ice for 20 min, and centrifuged for 10 min at 2500 
rpm in a clinical centrifuge. One-half volume of the supernatants (500/xl) 
is removed to a new tube. The pellet plus the remaining one-half volume 
supernatant and the one-half volume supernatant samples are counted 
separately in a gamma counter and triplicate samples are averaged. The 
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TABLE I 
IODINAT1ON OF NERVE GROWTH FACTOR a 

cpm in pellet cpm in supernatant Total cpm TCA precipitable (%) 

Predialysis 295300 57400 352700 83.7 
Postdialysis 285300 8000 293400 97.3 
Filtered 117200 4600 121900 96.2 

a Nerve growth factor was iodinated according to the method described in the text. This 
table shows the recovery of [~zSI]NGF at various stages in the preparation. The specific 
activity of this particular preparation was 59 cpm/pg and the final concentration of 
[125I]NGF was 19.9/zg/ml. 

one-half volume supernatant counts are subtracted from pellet plus one- 
half volume supernatant samples, and the one-half volume supernatant 
counts are doubled to yield final radioactivity in the pellets and superna- 
rants, respectively. 

Using these values of TCA precipitability, it is possible to calculate 
the specific activity and recovery of the [~25I]NGF preparation (see Table 
I). Specific activity is determined by multiplying the TCA precipitable 
radioactive counts in the predialysis sample by 104 (dilution correction) 
and dividing by 5 × 10 7 pg NGF (the starting material added). The final 
concentration of [~25I]NGF can be determined by comparing the differ- 
ence in TCA precipitable counts in the predialysis sample versus the 
filtered [~25I]NGF by the following ratio: 

TCA ppt cpm after filtration 
Final [JzSI]NGF Conc. (/zg/ml) = TCA ppt cpm before dialysis × 50/xg/ml 

Table I summarizes the results of an [125I]NGF preparation. Incorpo- 
ration of 1251 into TCA precipitable NGF generally is between 75 and 90%. 
The majority of the [125I]NGF (90%) is recovered from dialysis; however, 
approximately 50% of [~25I]NGF is lost during centrifugation through the 
Centriflo filter, the step included to reduce nonspecific binding of 
[125I]NGF during the receptor binding assay. Recoveries of [125I]NGF off 
the Centriflo filter can be improved by washing the filter, after the initial 
centrifugation step, with 0.5 ml of iodination buffer containing 0.1% Tri- 
ton X-100 and centrifuging as before (P. Grob and M. Bothwell, unpub- 
lished observations). This step is reported to increase the recovery of 
[125I]NGF to 90%, and the Triton X-100 is diluted to such an extent in a 
typical [~25I]NGF binding assay that it does not interfere with this assay. 
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FIt~. 1. Comparison of the binding affinities of [1251]NGF and unlabled NGF. Dorsal root 
ganglia cells (2.8 x 106/ml) were incubated at 37 ° for 45 min with various concentrations of 
[t2SI]NGF (O) (specific activity 58 cpm/pg), or with 0.3 ng/ml of [I25I]NGF and increasing 
concentrations of unlabeled NGF (O). Triplicate 100-txl aliquots were assayed for 
[125I]NGF binding as described in the text. Bars indicate the standard derivation of the mean. 
Reproduced with permission from Sutter et al. 8 

The final [125I]NGF preparation has TCA precipitability greater than 
90%, final concentrations in the range of 20-30/xg/ml and specific activi- 
ties between 50 and 80 cpm/pg. As shown in Fig. l, the binding properties 
of unlabeled and I25I-labeled NGF to cell surface receptors are very simi- 
lar. [~25I]NGF also exhibits biological activity which is identical to the 
unlabeled hormone, as determined by assaying NGF-induced neurite out- 
growth in dorsal root ganglion cells. [125I]NGF is stored at 4 ° and shows 
optimum specific binding activity within a week after iodination. For best 
results, it is recommended that [125I]NGF be used within 2 weeks of 
preparation. 

A variety of other preparations of iodinated NGF have also been 
described. These include labeling procedures involving chloramine T, 9 a 
Bolton and Hunter succinimide ester reagent,l° and more recently, a solid 
phase iodination procedure using Enzymo beads, ll Tait et  al. 12 have pre- 
pared [125I]NGF with very high specific activity (4-6 mol iodine/mol of 

9 W. A. Frazier, L. F. Boyd, and R. A. Bradshaw, J. Biol. Chem.  249, 5513 (1974). 
1o S. P. Banerjee, P. Cuatrecasas, and S. H. Snyder, J. Biol. Chem. 251, 5680 (1976). 
~1 S. E. Buxser, D. J. Kelleher, L. Watson, P. Puma, and G. L. Johnson, J. Biol. Chem. 258, 

3741 (1983). 
12 j .  F. Tait, S. A. Weinman, and R. A. Bradshaw. J. Biol. Chem. 256, 11086 (1981). 
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NGF dimer) using a lactoperoxidase catalyzed reaction. This highly ra- 
dioactive preparation enabled these investigators to examine dissociation 
of NGF from its receptor at very low ligand concentrations under dilution 
conditions. The preparation of [125I]NGF described here allows one to 
measure reliabily binding of [125I]NGF to a number of cell types at concen- 
trations as low as 10 pM. 

Determining NGF Receptor Binding 

In order to successfully assay NGF receptors on cell surfaces, one 
must (I) prepare NGF labeled with ~zsI to high specific activity in order 
that receptors with high affinity (KD on the order of 50 pM) and low site 
numbers (a few thousand per cell or less) can be detected, (2) have a 
reasonably pure cell population with which to study so that heteroge- 
neous binding cannot be attributed to the presence of a variety of cell 
types, and (3) have an assay system which is rapid and reliable and will 
yield accurate values for the affinities and numbers of receptors in the 
preparation being studied. The preparation of a [125I]NGF derivative has 
already been discussed. The following section will describe methods for 
preparing cells for binding assays and determining the levels of specific 
[125I]NGF binding to these cells. In addition, procedures are discussed 
which distinguish two populations of NGF receptors on the basis of their 
steady-state binding, dissociation kinetics, trypsin sensitivity, and Triton 
X-100 solubility. 

Cell Preparation 

Sympathetic and sensory neurons are primary target tissues for NGF. 
The age of chick embryonic dorsal root ganglia used for binding studies is 
important, since ganglia obtained from older embryos lose their respon- 
siveness to NGF, a change which occurs concomitantly with a decrease in 
their levels of NGF receptors. 13 Unlike sensory ganglia, no significant 
difference in NGF receptor numbers or affinities was detected in chick 
lumbar sympathetic ganglia between embryonic days 6.5 to 20. TM 

Dorsal root ganglia are prepared from 8-day-old chick embryos by the 
following procedure. 8 Dorsal root ganglia are dissected and placed in 
Ca2+,Mg2+-free phosphate buffered saline (CMF-PBS: 137 mM NaCI, 
2.68 mM KC1, 1.5 mM KHEHPO4, 0.65 mM NazHPO4,pH 7.4). In order to 
facilitate dissociation, ganglia (200-1000) are incubated in 5 ml of CMF- 
PBS containing 0.012% trypsin (Worthington) and 0.0012% DNase I 
(Worthington) for 10 min at 37 °. Soybean trypsin inhibitor (Worthington) 

13 K. Herrup and E. M. Shooter, J. Cell Biol 67, 118 (1975). 
14 E. W. Godfrey and E. M. Shooter, unpublished observations (1980). 
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and fetal calf serum are then added to final concentrations of 150/zg/ml 
and 10%, respectively. Dissociation is achieved by gentle trituration 
through a 5-ml pipet. The cell suspension is filtered then through a Swin- 
nex 13 filter holder loaded with three layer of 40/.tm nylon mesh (Tetko 
Inc. #HC3-48). An enriched neuronal population (80-90%) can be ob- 
tained by preplating the cell suspension on 35 cm 2 tissue culture plates 
and incubating at 37 ° in an incubator with an atmosphere of 88% air/12% 
COz for 60 min. Nonneuronal cells such as glia and fibroblasts adhere to 
the dish, and medium containing the less adherent neurons is removed. 
Nonneuronal cells have receptors for NGF but do not display the high 
affinity receptor found on sensory neurons. 15 Next, neurons are centri- 
fuged (500 g, 5 min) and resuspended in PBS containing Ca 2+ and Mg 2÷ 
(0.9 mM CaC12, 0.5 mM MgCI2 added to the previously mentioned CMF- 
PBS solution) along with 1 mg/ml each of glucose and bovine serum 
albumin. This PBS solution containing glucose and bovine serum albumin 
shall be referred to as "binding buffer." This procedure yields 40,000 cells 
per dorsal root ganglion while between 30 and 40 ganglia can be success- 
fully dissected from each egg. 

Godfrey and Shooter 14 modified the above procedure for obtaining a 
cell dissociate from chick lumbar sympathetic ganglia. After dissection, 
ganglia are kept in ice cold CMF-PBS containing 1 mg/ml glucose, then 
cleaned of adhering connective tissue with forceps. Ganglia are then ex- 
posed to 0.01% trypsin (0.1% for embryos older than 11 days) and 0.001% 
DNase I in CMF-PBS for 10 min at 37 °. Fetal calf serum (5%) and soybean 
trypsin inhibitor (80/.~g/ml) are added, and the ganglia are triturated (30- 
40 times) with a 9-in. pasteur pipet. The cell suspension is then filtered 
through nylon mesh as described above. The yield of cells increases from 
10,000 per ganglion on day 8 to 40,000 per ganglion at day 14, then falls to 
14,000 per ganglion at day 20. Cell viability is about 95%. 

Because dissecting tissue from animals is time consuming and material 
is scarce, a number of laboratories have begun to study the characteristics 
of NGF receptors on cell lines which can be grown continuously in cul- 
ture. The PC12 cell line, derived from a rat pheochromocytoma, 16 the 
A875 cell line, derived from a human melanoma, 17 and some cell lines 
derived from neuroblastomas, ~8 all contain NGF receptors. The affinities 

15 A. Sutter, R. J. Riopelle, R. M. Harris-Warrick, and E. M. Shooter, in "Transmembrane 
Signalling" (M. Bilensky, R. J. Collier, D. F, Steiner, and C. F. Fox, eds.), p. 659. Alan 
R. Liss, Inc., New York, 1979. 

~6 A. S. Tischler and L. A. Greene, Nature (London) 258, 341 (1975). 
J7 R. N. Fabricant, J. E. De Larco, and G. J. Todaro, Proc. Natl. Acad. Sci. U.S.A. 74, 565 

(1977). 
18 K. H. Sonnenfeld and D. N. Ishii, J. Neurosci. Res. 8, 375 (1982). 
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TABLE II 
NGF RECEPTORS ON VARIOUS CELL TYPES 

Presence of two 
receptor species 

Equilibrium 
Steady- dissociation 

state Kinetic constant 
Cell type analysis analysis (M) Receptor site per cell 

Chick embryonic 
dorsal root 
ganglia 
(day 8) a.b 

Chick embryonic 
sympathetic 
ganglia 
(day 9) c 

PCI2 pheo- 
chromoytoma 
cell line d,e 

A875 melanoma 
cell lines 

Neuroblastoma 
cell linesg 

SH-SY5Y 
MC-IXC 

Yes Yes Site I: 2.3 × 10 H Site I: 3,000 
Site II: 1.7 × 10 9 Site If: 45,000 

Yes Yes Site I: 3.3 × 10 H Site I: 4,000 
Yes Yes Site 1I: 1.7 x 10 9 Site I1: 47,000 
Yes Yes Site 1: 3.0 × 10 TM Site I: 4,000 

Site II: 1.8 × 10 -9 Site 1I: 38,000 

Yes Yes Site I: 5.0 x 10 -H Site 1: 2,500 
Site II: 1.0 x 10 9 Site I1: 50,000 

No Yes Site I: 2 x 10 -t0 Site I: 15,000 
Site I1: 2 x 10 -t0 Site II: 45,000 

No No Site II I × 10 -9 Site 1I: 500,000-700,000 

No No Site 1: 4.9 x 10 -H Site I: 700 
Yes Yes Site 1: not determined Site I: not determined 

Site II: 1.7 × 109 Site 1I: 250,000 

,, A. Sutter, R. J. Riopelle, R. M. Harris-Warrick, and E. M. Shooter, J. Biol. Chem. 254, 5972 
(1979). 

b E. J. Olender, B. J. Wagner, and R. W. Stack, J. Neurochem. 37, 436 (1981). 
' E. W. Godfrey and E. M. Shooter, unpublished results (1980). 
d G. E. Landreth, D. A. Estell, and E. M. Shooter, unpublished results (1981). 
e A. L. Schechter and M. A. Bothwell, Cell 24, 867 (1981). 
Y F. N. Fabricant, J. E. De Larco, and G. J. Todaro, Proc. Natl. Acad. Sci. U.S.A. 74, 565 (1977). 
g K. H. Sonnenfeld and D. N. Ishii, J. Neurosci. Res. 8, 375 (1982). 

a n d  n u m b e r s  o f  N G F  r e c e p t o r s  o n  v a r i o u s  ce l l  t y p e s  a r e  l i s t ed  in T a b l e  I I ,  

Al l  o f  t h e s e  c o n t i n o u s  ce l l  l i nes  a r e  d e r i v e d  f r o m  t u m o r s  o f  t i s s u e s  o f  

n e u r a l  c r e s t  o r ig in .  T h e  P C I 2  a n d  n e u r o b l a s t o m a  ce l l  l i nes  r e s p o n d  to  

N G F  b y  ~ r o d u c i n g  n e u r i t e s .  T h e  A 8 7 5  ce l l  l ine  d o e s  n o t  e x h i b i t  th is  

c l a s s i c  r e s p o n s e  to  N G F ,  b u t  N G F  d o e s  c a u s e  an  i n c r e a s e  in ce l l  n u m b e r ,  

p o s s i b l y  i m p l i c a t i n g  N G F  as  a s u r v i v a l  o r  p r o l i f e r a t i v e  f a c t o r  f o r  t h e s e  

m e l a n o m a  ce l l s .  O n e  p o t e n t i a l l y  u s e f u l  a t t r i b u t e  o f  t h e  A875  ce l l  l ine  is t h e  

l a rge  n u m b e r  o f  r e c e p t o r s  w h i c h  a r e  p r e s e n t  as  s h o w n  in T a b l e  I I .  
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Our laboratory has primarily studied receptors on the PC12 and A875 
cell lines. PC12 cells are grown in 100-cm z Falcon dishes in Dulbecco's 
modified Eagle's medium (DMEM) containing 10% fetal calf serum and 
5% horse serum (both obtained from Grand Island Biological Company) 
at 37 ° in an atmosphere of 88% air/12% COz. A875 melanoma cells are 
grown in 75-cm 2 Falcon flasks in DMEM containing 10% fetal calf serum 
at 37 ° in an atmosphere of 88% air/12% CO2. These cells are removed for 
passage at confluency with an incubation in 5 ml of CMF-PBS containing 
1 mM ethylenediamine tetraacetic acid (EDTA) for 5 min at 37 °. 

Binding of [125I]NGF to PC12 or A875 cells is easily performed in cell 
suspensions. PC12 cells are first washed twice on the dish with 10 ml of 
PBS containing I mg/ml each of glucose and bovine serum albumin (bind- 
ing buffer). Cells are then removed by trituration with 10 ml of binding 
buffer, counted in a hemocytometer, and used immediately. A875 cells 
are removed by incubation with 5 ml of CMF-PBS containing 1 mM 
EDTA for 5 min at 37 °. Cells are centrifuged (500 g, 5 min) and resus- 
pended in 10 ml of binding buffer and washed twice more in this manner 
before being counted in a hemocytometer and used for experimentation. 
Since the A875 cell line is derived from a melanoma of human origin, 
certain precautions are used when handling them. Gloves are always 
used, and material which comes in contact with these cells is treated with 
detergent and autoclaved. 

It should be mentioned that many dynamic properties of the receptor 
may be different for cells in suspension as opposed to cells attached to a 
substratum. For example, down regulation of the receptor in PC12 cells, 
presumably a reflection in part of the internalization and degradation of 
the receptor, occurs more rapidly in attached than suspended cells. The 
inclusion of fetal calf serum as opposed to bovine serum albumin in the 
medium may similarly affect regulation of NGF receptors. 

Assaying NGF Binding 

In order to assay [IzsI]NGF binding, a cell suspension is prepared in an 
appropriate physiological buffer, either the phosphate-buffered saline pre- 
viously described or Krebs-Ringer solution (137.3 mM NaCI, 4.74 mM 
KC1, 2.56 mM CaCI2, 1.18 mM KHzPO4, 1.18 mM MgSO4) buffered with 
10 mM 4-(-2-hydroxylethyl)-l-piperazineethanesulfonic acid (Hepes) to 
pH 7.4. Bovine serum albumin (1 mg/ml) is added to the buffer to mini- 
mize nonspecific adsorption of [125I]NGF, and plastic as opposed to glass 
tubes are used for all incubations for the same reasons. Glucose (1 mg/ml) 
is present to maintain cell viability. [~25I]NGF binding is sensitive to the 
pH of the medium (Fig. 2). Maximal binding to PC12 cells is achieved at 
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FIG. 2. Effect on pH on the binding of [125I]NGF to PC12 cells. PC12 cells (1.2 × 106/ml) 
were incubated at the indicated pH in Krebs-Ringer solution containing 1 mg/ml each of 
glucose and bovine serum albumin and 10 mM Hepes. [125I]NGF was then added at a final 
concentration of 50 pM (A) or 500 pM (B) and after 45 min at 23 °, total, nonspecific and 
slowly dissociating binding were assayed as described in the text. Values for specific total 
(©) and slowly dissociating binding (0) are the means of triplicate determinations. Bars 
indicate standard deviations. 

about 6.5 and falls to about 40% of the maximal level at pH 8.5. Our 
assays are performed at the physiological pH of 7.4 A cell concentration 
of  1 × 106/ml is generally adequate to assay [~25I]NGF binding with rea- 
sonable confidence. 

To measure [125I]NGF binding, [~25I]NGF bound to cells must be sepa- 
rated from that which is free in solution. It is important that this separa- 
tion be efficient and rapid so that [125I]NGF bound to sites with rapidly 
dissociating kinetics can be accurately measured. Such a separation can 
be achieved by centrifuging a suspension of cells containing [IzSI]NGF 
through a solution of  0.15 M sucrose in binding buffer. After a given 
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incubation period, 100-/zl aliquots of the cell suspension (in triplicate) are 
layered gently over 200 ttl of the 0.15 M sucrose solution in 400-/zl micro- 
fuge tubes which had their caps previously removed. Thereafter, the 
tubes are centrifuged for 30 sec at 10,000 g in a model B Beckman micro- 
fuge. Cells require only about 2 sec to pellet to the bottom of the tube, 
thus enabling [125I]NGF receptor complexes with short half-lifes to be 
detected. The microfuge tubes are then frozen in a dry ice/ethanol bath 
and placed in a block with a horizontal slit which allows one to cut the 
plastic tubes with a razor blade just above the cell pellet. The bottom of 
the tubes, containing cell-bound [125I]NGF, and the tops of the tubes, 
containing free [~25I]NGF, are counted separately in a gamma counter. To 
measure nonspecific binding, cells are incubated with [~25I]NGF in the 
presence of an excess amount of unlabeled NGF (generally 10/zg/ml). The 
concentration of unlabeled NGF should be at least 100- to 200-fold above 
the Kd of the lower affinity NGF receptor. Nonspecific binding generally 
accounts for less than 10% of the total binding. This assay also works well 
for measuring binding of [~25I]NGF to membrane preparations. 19 A longer 
centrigugation time is required, however (minimum of 1 min), in order to 
completely pellet the membranes, and this time may depend upon the 
membrane preparation which is employed. Assay procedures for detect- 
ing solubilized receptors have also been described for superior cervical 
ganglia cells 2° and more recently for PC12 and A875 cells. H 

In interpreting data, it is important to consider the conditions under 
which one assays NGF receptor binding. After initial binding, N G F -  
receptor complexes could become internalized, relocalized on the cell 
surface, phosphorylated or covalent crosslinked, as have been observed 
for other hormone-receptor complexes. Such events might alter the bind- 
ing properties of the receptor. Furthermore, internalization of the N G F -  
receptor complex, which is known to occur, places the complex in an 
environment in which bound [~25I]NGF is no longer in equilibrium with 
free [~25I]NGF in the medium. One must carefully consider such a situa- 
tion if one wishes to examine binding data by analysis which presumes the 
ligand and receptor to be in a reversible equilibrium. In order to exclude 
the influence of internalization, experiments can be performed at 4 ° a 
temperature at which endocytosis does not occur. Furthermore, internal- 
ization may affect steady-state levels of [1zSI]NGF binding to a greater 
extent with longer incubations with the ligand. If binding of [125I]NGF to 
PCI2 cells is followed at 37 °, maximum binding is achieved after 30 min 

19 R. J. Riopelle, M. Klearman, and A. Sutter, Brain Res. 199, 63 (1980). 
20 N. V. Costrini and R. A. Bradshaw, Proc. Natl. Acad. Sci. U.S.A. 76, 3242 (1979). 
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and remains at a steady state for the next 60 min. Thereafter, binding 
begins to decrease such that by 10 hr, its level drops to 25% of the 
previous maximum. 2~ This decrease in binding is the result of a loss of cell 
surface receptors due to internalization and is accompanied by the degra- 
dation of [1zSI]NGF in lysosomes and subsequent release of [125I]mono- 
iodotyrosine into the medium. Lysosomal degradation, but not inter- 
nalization, can be blocked by the addition of primary amines such as 
methylamine or chloroquine which are capable of raising the intralyso- 
somal pH. The decrease in receptor number after incubation with hor- 
mone has been termed "down regulation." This process has been ob- 
served for a number of hormone-receptor systems. However, even 
before a decrease in binding is observed, a portion of the cell-associated 
NGF is most likely internalized, and therefore the total binding measured 
is a composite of both membrane bound and intracellular [~zSI]NGF. 

Detection of Two Discrete Receptor Species 

Analogous to many hormone-receptor systems, NGF binds to two 
receptor species which can be distinguished on the basis of (I) equilibrium 
binding, (2) dissociation kinetics, (3) proteolytic sensitivity, (4) pH sensi- 
tivity, and (5) Triton X-100 solubility. Understanding the roles and possi- 
ble interrelationships of the two NGF receptors subtypes is a topic of 
great interest. In this section, methods are described which allow one to 
distinguish [125I]NGF binding to these two receptor populations. 

Steady-State Binding Analysis. There are a variety of techniques 
which are useful for evaluating reversible binding interactions between a 
ligand and its receptor. A general assumption is that this reaction obeys 
second-order chemical kinetics, so that equilibrium binding can be de- 
scribed on the basis of the association and dissociation kinetics of the 
ligand and receptor. A common procedure to characterize receptor bind- 
ing is to perform saturation or competition experiments over a range of 
ligand concentrations and to determine the amount of bound and free 
ligand at each concentration of ligand used. It is important that the separa- 
tion of bound versus free ligand be made accurately and that the ligand 
and receptor indeed be at equilibrium at the time of the assay in order to 
avoid erroneous interpretations. 

The relationships between bound versus free ligand can be analyzed 
by a number of linear transformations,22 the most popular one being Scat- 
chard analysis. 23 By plotting the bound/free ratio on the ordinate versus 

21 p. G. Layer and E. M. Shooter, J. Biol. Chem. 258, 3012 (1983). 
z2 j. M. Boeynaems and J. E. Dumont, J. Cyclic Nucleotide Res. 1, 123 0975). 
23 G. Schatchard, Ann. N.Y.  Acad. Sci. 51, 660 (1949). 
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FIG. 3. Scatchard analysis of equilibrium of [125I]NGF to 8-day-old chick embryo sensory 
ganglion cells. Cells (0.6 x 106/ml) were incubated at 37 ° for 45 rain with various concentra- 
tions of  [125I]NGF (3 p M  to 3.7 ml,/). Triplicate determinations of binding were made at each 
point as described in the text, nonspecific binding was subtracted, and the data were trans- 
formed into a Scatchard plot. Binding data for the low affinity region are expanded in the 
insert. Reproduced with permission from Sutter et al .  s 

the concentration of bound ligand on the abscissa, one can derive infor- 
mation on the affinity of the receptor as well as the number of receptors 
present in the preparation. One should be wary of even this simple form of 
data analysis, as there are a number of artifacts which can arise and lead 
to improper interpretations, 24,25 especially if Scatchard plots are not linear 
as discussed below. 

Scatchard analysis for several ligand-receptor interactions, including 
NGF receptors (see Fig. 3), reveals curvilinear rather than linear plots 
and can therefore not be explained by a ligand interacting with a single 
population of noncooperative receptors. A number of different models 
have been evoked to explain nonlinear Scatchard plots including multiple 
receptor species, receptor cooperativity, interaction of ligand dimers 
(which could pertain to NGF since it is a dimer of two identical 13,000 
molecular weight subunits) with a homogeneous class of receptors, and 
receptor interactions with a membrane bound effector molecule which 
can modulate receptor affinity. 22'26'27 Nonlinear curve-fitting computer 

24 j. G. Norby, P. Ottolenghi, and J. Jensen, Anal. Biochem. 102, 318 (1980). 
25 I. M. Klotz, Science 217, 1247 (1982). 
z6 D. Rodbard and H. A. Feldman, this series, Vol. 36, p. 3. 
27 C. De Lisi and R. Chabay, Cell Biophys. 1, 117 (1979). 
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programs have been used to model complex ligand-receptor interactions, 
thereby allowing one to compare the fit predicted by a particular model 
with the binding data. A discussion of these methods is beyond the scope 
of this article, but detailed information on this topic is available in a 
number of articles and reviews.ZS-31 It is often difficult, if not impossible, 
to distinguish between models based upon equilibrium binding alone; 
however, the combination of equilibrium binding analysis with kinetic 
studies can provide valuable information of the mechanisms involved in 
ligand-receptor interactions. 

Sutter et al. 8 observed curvilinear Scatchard plots for [125I]NGF bind- 
ing to dorsal root ganglion cells (Fig. 3). Kinetic analysis revealed that this 
complex binding was due to the presence of two binding species rather 
than to one receptor interacting in a negatively cooperative manner. One 
binding site was a high affinity, low capacity receptor (Kd = 23 pM; sites 
per cell = 3000), and the other a low affinity, high capacity receptor (Kd = 
1700 pM; sites per cell = 45,000). The two receptor species were also 
observed at 2 ° as well as 37 °, indicating that such a result was not an 
artifact of internalization. As shown in Table II, two classes of NGF 
receptors have been distinguished on other cell types as well. 

Kinet ic  Analys is .  The two receptor subtypes can also be distinguished 
on the basis of their dissociation kinetics. If [~25I]NGF is bound to cells 
and an excess (500- to 1000-fold) of unlabeled NGF is added, a portion of 
the [lZSI]NGF dissociates within seconds while the remainder of the 
[I25I]NGF dissociates much more slowly (tv2 of dissociation = 10 and 30 
min for chick dorsal root ganglion and PC12 cells, respectively) (Fig. 4). 
The rapidly and slowly dissociating populations correspond to NGF 
bound to the low and high affinity receptor species, respectively. The 
precise ratio of rapidly to slowly dissociating cell-bound [125I]NGF de- 
pends upon the concentration of [125I]NGF used. Low concentrations of 
ligand will bind primarily to high affinity sites which exhibit slow dissocia- 
tion kinetics. With increasing concentrations of [I25I]NGF, more rapidly 
dissociating binding will be observed as lower affinity receptors become 
occupied. 

Determining the amount of [IZSI]NGF bound to rapidly and slowly 
dissociating receptors can be facilitated by performing the dissociation 
experiment with excess unlabeled NGF at 4 ° instead of 37 °. As shown in 

28 R. D. Vale, A. DeLean, R. J. Lefkowitz, and J. M. Stadel, Mol. Pharmacol. 22, 619 
(1982). 

29 A. De Lean and D. Rodbard, in "The Receptors: A Comprehensive Treatise" (R. D. 
O'Brien, ed.), Vol. 1, p. 143. Plenum, New York, 1979. 

3o D. Hunston, Anal. Biochem. 63, 99 (1975). 
31 H. A. Feldman, Anal. Biochem. 48, 317 (1972). 
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FIG. 4. Dissociation kinetics of [125I]NGF bound to PC12 cells. PC12 cells (1 x 106/ml) 
were incubated with 615 pM [~I]NGF for 45 rain at 37 °. Binding was assayed at this time as 
described in the text. Dissociation of cell-bound [t25I]NGF was then followed after the 
addition of 500 nM unlabeled NGF at 37 ° (O) or 4 ° (O). Triplicate determinations were made 
at each time point, and results are expressed as the percentage of the initial specific binding 
prior to dissociation. The line through the data points of the 37 ° dissociation is the best fit 
provided by linear regression. 

Fig. 4, at 4 °, [125I]NGF -dissociates  comple te ly  f rom rapidly dissociat ing 
sites, whe rea s  in con t ras t  to the exper imen t  pe r fo rmed  at 37 °, [125I]NGF 
remains  s tably  b o u n d  to s lowly dissociat ing receptors  for  a per iod o f  at 
least 30 min. The  in tercept  o f  the line o f  s lowly dissociat ing [125I]NGF 
binding at 37 ° to the ord ina te  is approx imate ly  the same value as the 
binding remaining  af ter  a 30 min dissocia t ion with unlabeled ligand at 4 °. 
Thus ,  by  adding  a mixture  o f  cells and [125I]NGF to a 500- to 1000-fold 
excess  o f  unlabeled  N G F  (general ly 10 /~g/ml) for  30 min at 4 °, it is 
possible  to se lec t ively  d issocia te  [125I]NGF f rom rapidly dissociat ing re- 
cep to r s  and the reby  obta in  an es t imate  o f  [125I]NGF bound  to s lowly 
dissocia t ing sites. By  subtrac t ing s lowly dissociat ing binding f rom total 
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binding, both corrected for nonspecific binding, one can calculate the 
amount of binding to the rapidly dissociating receptor subtype. As shown 
in Fig. 2, the proportion of slowly and rapidly dissociating binding de- 
pends upon the pH of the medium, with the ratio of slowly to rapidly 
dissociating binding being greater at more alkaline pH. 

The assay for slowly dissociating binding is standardly performed as 
follows. After a given incubation of cells with [125I]NGF, a 400-/21 aliquot 
of the cell suspension is removed and added to l0 kd of a 0.5 mg/ml 
solution of unlabeled NGF in the bottom of a plastic 12 × 75-mm plastic 
tube on ice. After a 30 min incubation at 4 °, three 100-/21 aliquots are 
layered over a 0.15 M sucrose solution and centrifuged as described previ- 
ously. Nonspecific binding is subtracted from the radioactivity to yield 
specific slowly dissociating [125I]NGF binding. The simplicity of this assay 
allows one to examine ratios of rapidly and slowly dissociating [125I]NGF 
binding for a large number of samples. 

If the initial incubation of [125I]NGF with cells is performed at 37 °, 
some of slowly dissociating binding is in fact due to internalization of 
[125I]NGF. It is not known or agreed upon how much internalized NGF 
contributes to the slowly -dissociating binding component; however, it is 
clear that slowly dissociating binding cannot be entirely explained by 
internalization since this component is also observed if the initial 
[125I]NGF incubation is performed at 4 ° or if metabolic inhibitors are 
included in the medium. Furthermore, after a 30 min incubation at 37 °, the 
majority of [I2~I]NGF released from slowly dissociating sites is TCA pre- 
cipitable, indicating that it has not been degraded in lysosomes. It is thus 
reasonable to conclude that slowly dissociating binding does reflect a 
property of a cell-surface NGF receptor. 

Trypsin Sensitivity. The two classes of NGF receptors on PC12 cells 
can also be distinguished from one another by their resistance to trypsin 
at shown in Fig. 5. 3z If trypsin is incubated with PC12 cells prior to the 
addition of [125I]NGF, 90-100% of the receptors binding activity is abol- 
ished (not shown). However, if [125I]NGF is added first to the cells and 
trypsin is then added, one observes that some cell-bound [~ESI]NGF is 
resistant to trypsin degradation. Trypsin releases the majority of bound 
[125I]NGF within 5 min, after which time very little of the remaining cell- 
associated ligand can be removed. The trypsin-resistant [125I]NGF corre- 
sponds to ligand associated with the slowly dissociating receptor. If the 
dissociation with excess unlabeled NGF is performed after trypsin treat- 
ment, no further [I25I]NGF is released. Similarly, if trypsinization is per- 
formed after dissociating [125I]NGF bound to rapidly dissociating recep- 

32 G. E. Landreth and E. M. Shooter, Proc. Natl. Acad. Sci. U.S.A. 77, 4751 (1980). 
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FIG. 5. Comparison of high affinity and trypsin-resistant [125I]NGF binding. PC12 cells 
were preincubated for 30 min at 37 ° with 170 pM [125I]NGF, the suspension was cooled to 
0.5 °, and total specific binding was determined (solid bar). Half of the sample received 180 
pM unlabeled NGF prior to incubation for 30 min at 0.5 °. The amount of remaining bound 
[125I]NGF was determined (open bar, 1 st incubation). Trypsin was then added to this sample 
at a final concentration of 0.5 mg/ml and the incubation was continued for an additional 30 
min at 0.5 ° before the remaining bound [125I]NGF was measured (open bar, 2nd incubation). 
With the second sample (striped bars), the order of addition was rev ersed :  the  ce l l s  first 

recieived trypsin as described above and at the end of 30 min, the amount of bound 
[125I]NGF was determined. Soybean trypsin inhibitor was added to a final concentration of 
0.5 mg/ml followed by unlabeled NGF; after 30 min at 0.5;dg;, bound [t2~I]NGF was mea- 
sured. [125I]NGF binding is expressed as pg bound per 106 cells. Reproduced with permission 
from Landreth and Shooter. 32 

tors, the remaining slowly dissociating [125I]NGF can not be degraded. 
Although some of the trypsin-resistant [125I]NGF may be internalized, it 
also represents a property of the NGF-s lowly  dissociating receptor com- 
plex at the cell surface, since trypsin-resistant NGF binding is observed if 
the initial [125I]NGF incubation is performed at 4 °. 

It is not clear how ligand binding converts NGF receptors from a 
trypsin-sensitive to a resistant state. NGF itself is relatively refractory to 
inactivation by trypsin, so the trypsin sensitivity of the [125I]NGF-recep- 
tor complex appears to reside with the receptor. It is possible that NGF 
induces a conformational change in the receptor which protects it from 
proteolysis or that some NGF-receptor complexes are localized in the 
membrane in such a fashion (possibly as receptor aggregates) so as to 
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protect them from attack by trypsin. Another possibility is that the recep- 
tor contains only one protease susceptible site at or near the ligand bind- 
ing site and that NGF binding competes with trypsin for access to this 
site. Thus, NGF bound to rapidly dissociating receptor will dissociate 
after a short period of time and will not protect the receptor from pro- 
teolytic attack, while NGF which is more stably associated with the 
slowly dissociating receptor will sterically block access of proteolytic 
enzymes to the protease-sensitive site on the receptor. 

Trypsin-resistant [125I]NGF binding can be routinely assayed in the 
following manner. [12SI]NGF is first incubated with cells for a given period 
of time. Then, a 400-/zl aliquot of the cell suspension is added to 20/zl of a 
10 mg/ml solution of trypsin (final concentration = 0.5 mg/ml) in the 
bottom of a 12 x 75-mm plastic tube and incubated for 30 min on ice. If 
there are broken cells in the preparation, trypsin can release a tangle of 
DNA from nuclei, but this DNA can be degraded by adding, along with 
the trypsin, 2/xl of a 10 mg/m| solution of DNase I (final concentration = 
50/~g/ml). After the trypsin treatment, residual [125I]NGF binding is as- 
sayed as described in detail previously. Nonspecific binding is subtracted 
from these radioactive counts. It is convenient to conduct parallel deter- 
mination of slowly dissociating and trypsin-resistant binding since both 
are incubated for the same amount of time prior to being assayed. 

Triton X-IO0 Solubility. Slowly and rapidly dissociating NGF recep- 
tors are also solubilized to a different extent by the detergent Triton X- 
100, as was first observed by Schechter and Bothwell. 33 Rapidly dissociat- 
ing receptor binding can be completely solubilized by 0.5% Triton X-100 
in 0.3 M sucrose, 3 mM MgCI2, 20 mM Tris-HCl, pH 7.4, while between 
40 and 100% of [125I]NGF bound to slowly dissociating receptors is insolu- 
ble in this Triton X-100 solution. The Triton X-100 insoluble material of 
PC12 cells consists of nuclei and an array of cytoskeletal elements as 
judged by electron microscopy. Histories, actin, myosin, and tubulin are 
prominent proteins seen in electrophoretic analysis of Triton X-100 ex- 
tracted cells. Since cytoskeletal elements are prominent consituents of 
Triton X-100 insoluble material, it has been suggested that [I25I]NGF bind- 
ing which is insoluble in Triton X-100 may reflect an association of the 
receptor with the cytoskeleton. Definitive evidence of a linkage of the 
receptor to cytoskeletal proteins nonetheless remains to be demonstrated. 

Triton X-100 insoluble [125I]NGF binding can be assayed in one of two 
ways. The first method is to centrifuge PC12 cells and [IZSI]NGF (500 g, 5 
min), and to resuspend the cells in an equal volume of the Triton X-100/ 
sucrose solution described above with 1 mM phenylmethylsulfonyl fluo- 
ride (PMSF) followed by an incubation on ice for 5 min. Then, triplicate 

33 A. L.  Schechter  and M. A. Bothwell,  Cell 24, 867 (1981). 
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100-/zl samples are laid over the sucrose solution and centrifuged as de- 
scribed for the standard binding assay. Alternatively, 100-/zl aliquots of 
cells and [125I]NGF can be directly layered over 200/zl of the 0.5% Triton 
X-100, 0.3 M sucrose, 3 mM MgC12, 20 mM Tris-HC1, pH 7.4, solution 
instead of the 0.15 M sucrose solution and centrifuged in an identical 
fashion. As cells pass into the Triton X-100 solution, they are rapidly 
solubilized and material which is insoluble in this detergent and is suffi- 
ciently large to pellet to the bottom of the tube is considered Triton X-I00 
insoluble. Nonspecific binding samples are also centrifuged through the 
Triton X-100 solution and generally about 60-75% of the nonspecifically 
bound [~25I]NGF is insoluble after the centrifugation through the detergent 
solution. The two methods for determining Triton X-100 insoluble NGF 
binding provide similar results, although the rapid procedure yields some- 
what higher levels of Triton X-100 insoluble binding. The rapid procedure 
is preferred as it limits problems such as proteolysis of cytoskeletons or 
receptors after detergent extraction as well as rebinding of [125I]NGF to 
low affinity sites on the exposed cytoskeleton. 

Conclusions 

The preparation of a radiolabeled derivative of NGF along with a rapid 
method for determining the amount of cell-bound ligand have allowed the 
detection of NGF receptors on a number of cell types. Binding experi- 
ments have provided a good deal of information on these receptors. For 
example, the receptor population in many types of cells is heterogeneous, 
and various methods have been devised to distinguish the two receptor 
subtypes. Other techniques such as covalent crosslinking of [125I]NGF to 
its receptor have recently provided new information on the receptor(s) 34,35 
and are useful approaches that complement studies which employ revers- 
ible binding techniques. Furthermore, purification of the receptor, which 
has recently been described, 36 will provide more detailed knowledge of 
the biochemistry of the receptor which will hopefully assist in elucidating 
the mechanism whereby these receptors generate intracellular signals. 
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[4] Assays for  Ca lc i ton in  R e c e p t o r s  

By A N N E  P. TEITELBAUM, ROBERT A.  NISSENSON, and 
CLAUDE O.  ARNAUD 

Twenty years after the discovery of calcitonin, 1 its role in mineral 
homeostasis is still unclear. Calcitonin, which is secreted from the C cells 
of the thyroid in response to elevated serum calcium, 2 inhibits bone re- 
sorption and stimulates renal calcium excretion, 3 thereby reducing the 
calcium concentration in blood. These actions are counterregulatory to 
those of parathyroid hormone (PTH), which is secreted by the parathy- 
roid gland in response to hypocalcemia. PTH increases the calcium con- 
centration in blood by stimulating bone resorption and decreasing renal 
calcium excretion. However, it is generally acknowledged that the rela- 
tive contribution of calcitonin to this regulatory system may be small. 

The major target organs for calcitonin are bone and kidney. These 
tissues have specific, high-affinity receptors for both calcitonin and PTH 
that are coupled to activation of adenylate cyclase. Evidence indicates 
that these hormones act on different cell types in bone and kidney. Calci- 
tonin affects osteoclast-like cells (prepared by the sequential digestion 
method of Wong and Cohn4), whereas PTH affects osteoblast-like cells. 
The calcitonin receptors demonstrated in intact bone 5 and the calvarial 
membrane 6 have not yet been assigned to a particular cell type. 

The physiologic importance of calcitonin binding sites in other tissues 
is unclear. Cultured cell lines derived from human breast 7,8 and lung carci- 
nomas 9 exhibit high-affinity receptors for calcitonin that are coupled to 
cyclic AMP formation. Specific binding of calcitonin has also been ob- 

l p. F. Hirsch, E. F. Voelkel, and P. L. Munson, Science 146, 412 (1964). 
2 D. H. Copp, Recent Prog. Horm. Res. 20, 59 (1964). 
3A. E. Broadus, in "Endocrinology and Metabolism" (P. Felig, J. D. Baxter, A. E. 

Broadus, and L. A. Frohman, eds.), p. 982. McGraw-Hill, New York, 1982. 
4 G. Wong and D. V. Cohn, Nature (London) 252, 713 (1974). 
5 A. H. Tashjian, Jr., D. R. Wright, J. L. Ivey, and A. Pont, Recent Prog. Horm. Res. 34, 
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