
0270.6474/85/0510-2762$02.00/O The Journal of Neuroscience 
Copyright 0 Society for Neuroscience 
Prrnted in U.S.A. 

Vol. 5, No. 10, pp. 2762-2770 
October 1985 

Association of Nerve Growth Factor Receptors with the Triton X-100 
Cytoskeleton of PC12 Cells’ 

RONALD D. VALE, MICHAEL J. IGNATIUS, AND ERIC M. SHOOTER* 

Department of Neurobiology, Stanford University School of Medicine, Stanford, California 94305 

Abstract 

Triton X-100 solubilizes membranes of PC12 cells and 
leaves behind a nucleus and an array of cytoskeletal fila- 
ments. Nerve growth factor (NGF) receptors (10% of those 
found in intact cells) are associated with this Triton X-lOO- 
insoluble residue. Two classes of NGF receptors are found 
on PC12 cells which display rapid and slow dissociating 
kinetics. Although rapidly dissociating binding is predomi- 
nant (>75%) in intact cells, the majority of binding to the 
Triton X-100 cytoskeleton is slowly dissociating (~-75%). 
Rapidly dissociating NGF binding on intact cells can be 
converted to a slowly dissociating form by the plant lectin 
wheat germ agglutinin (WGA). This lectin also increases the 
number of receptors which associate with the Triton X-100 
cytoskeleton by more than lo-fold. ‘251-NGF bound to recep- 
tors can be visualized by light microscopy autoradiography 
in Triton X-1004nsoluble residues of cell bodies, as well as 
growth cones and neurites. The WGA-induced association 
with the cytoskeleton, however, is not specific for the NGF 
receptor, since >90% of cell surface glycoprotein receptors 
for WGA become associated with Triton X-1004nsoluble ma- 
terial at lectin concentrations greater than 33 Fg/ml. Concen- 
trations of WGA which change the Triton X-100 solubility of 
membrane glycoproteins are similar to those required to alter 
the kinetic state of the NGF receptor. Both events may be 
related to the crossbridging of cell surface proteins induced 
by this multivalent lectin. 

Plasma membrane proteins were once thought to diffuse freely in 
the plane of the lipid bilayer. However, a good deal of evidence has 
accumulated in recent years indicating that many membrane pro- 
teins associate with a subcortical cytoskeletal network (Branton et 
al., 1981; Mescher et al., 1981; Pober et al., 1981). This transmem- 
brane interaction has many important consequences for cellular 
function. Connections between the cytoskeleton and the membrane 
are important for controlling cell shape and locomotion (Hellewell 
and Taylor, 1979; Stossel, 1982) and may regulate many other 
dynamic membrane processes such as patching, capping, and 
internalization of cell surface antigens (Bourguignon and Singer, 
1977; Condeelis, 1979). Furthermore, cytoskeletal regulation of 
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membrane protein mobility (Schlessinger et al., 1976; Koppel et al., 
1981; Carraway et al., 1983) allows for the formation of specialized 
membrane domains, as demonstrated by the clustering of acetyl- 
choline receptors at synaptic junctions (Prives et al., 1982). In the 
erythrocyte, proteins responsible for linking membrane proteins to 
actin microfilaments have been identified and purified (Bennett, 
1982); however, in non-erythroid cells, the biochemistry of mem- 
brane-cytoskeletal interactions is still poorly understood. In the last 
few years, though, proteins similar in nature to erythroid spectrin 
and ankyrin have been identified in other cell types (Burridge et al., 
1982b), and novel proteins which may play a role in transmembrane 
linkage have also been found (Burridge et al., 1982a; Carraway et 
al., 1983). 

Nerve growth factor (NGF), a hormone which plays an essential 
role in neuronal development (Thoenen and Barde, 1980; Yankner 
and Shooter, 1982) interacts with specific cell surface receptors on 
a cultured pheochromocytoma cell line, PC12 (Herrup and Thoenen, 
1979; Landreth and Shooter, 1980). Receptor binding initiates a 
sequence of events which transforms PC12 cells into a cell pheno- 
type resembling a sympathetic neuron (Greene and Tischler, 1976). 
Two types of NGF receptors with high and low affinity have been 
identified on responsive cells (Sutter et al., 1979a; Landreth and 
Shooter, 1980). The two receptors can be easily distinguished by 
their dissociation kinetics, as lz51-NGF is released IO to 100 times 
more slowly from high affinity than from low affinity receptors. 
Previously, Schechter and Bothwell (1981) found that “%NGF, 
bound to slowly dissociating receptors, was resistant to Triton X- 
100 solubilization whereas rapidly dissociating binding was com- 
pletely solubilized. They proposed that an association of slowly 
dissociating receptors with the cytoskeleton was responsible for 
their Triton X-100 insolubility. 

Vale and Shooter (1982, 1983) later showed that rapidly disso- 
ciating NGF-receptor complexes could be converted to a slowly 
dissociating form by the lectin wheat germ agglutinin (WGA) (Vale 
and Shooter, 1982) or by anti-NGF antibodies (Vale and Shooter, 
1983). The change in the kinetic state of the receptor was accom- 
panied by a conversion of the NGF-receptor complex to a Triton X- 
1 OO-insoluble form. These results suggest that an association of the 
NGF receptor with the cytoskeleton is correlated with a particular 
binding state. Recent studies by Jesaitis et al. (1984) have also 
shown that the conversion of the N-formyl chemotactic peptide 
receptor to a slowly dissociating form on granulocytes occurs 
concomitantly with a transient association with the cytoskeleton. In 
the current study, we demonstrate that the Triton X-100.insoluble 
residue of PC12 cells contains NGF receptors capable of binding 
NGF. The slowly dissociating kinetic form of the receptor is primarily 
found in association with the Triton X-100 cytoskeleton, and the 
extent of ?NGF binding to the cytoskeletons can be greatly 
enhanced by prior treatment of the cells with WGA. 
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Materials and Methods 

Materials 

WGA and concanavalin A (Con A) were purchased from Vector Labora- 
tories. Triton X-100, lactoperoxidase, and DNase I (DN CL) were obtained 
from Sigma Chemical Co. Glucose oxidase was purchased from Calbiochem- 
Behring. NGF (the p subunit of the 7 S NGF complex) was purified as 
previously described (Mobley et al., 1976). 

Methods 

lodinations. NGF was radiolabeled with ‘? by a lactoperoxidase proce- 
dure to a specific activity of 50 to 90 cpm/pg as described by Sutter et al. 
(1979a). ‘*‘I-NGF was used within 3 weeks of its iodination. ?WGA (25 to 
30 cpm/pg) was prepared by the Sutter et al. (1979a) protocol except that 
250 wg, instead of 50 pg, of protein was used in the reaction mixture. 
lodrnation of PC12 cell surface proteins was performed according to the 
protocol of Hynes (1973) using a lactoperoxidase/glucose oxidase coupled 
reaction. Labeled cells were separated from free ? by four successive lo- 
set centrifugations at 10,000 X g in a microfuge with washes of Dulbecco’s 
phosphate-buffered saline (PBS) containing 10 mM KI and 1 mM phenylmeth- 
ylsulfonyl fluoride (PMSF). 

Cell culture and harvesting. PC12 cells were grown in loo-mm tissue 
culture dishes in Dulbecco’s modified Eagle’s medium (DMEM) containing 
10% fetal calf serum and 5% horse serum (DMEM + S) in an atmosphere 
of 88% air and 12% COz. For binding assays, dishes were washed twice 
with 10 ml of PBS containing 1 mg/ml each of glucose and bovine serum 
albuminin (BSA) (PBS/BSA/glucose) and were harvested by trituration in 10 
ml of the same buffer. The concentration of cells was estimated using a 
hemocytometer and was adjusted to between 1 and 2 X lo6 cells/ml. 
Experimentation began immediately after removal of cells from dishes. 

Preparation of Tfiton X-700 cytoskeletons. PC1 2 cells (2 X 1 06/ml unless 
indicated) were centrifuged (500 X g; 5 min) and resuspended with a 5- or 
1 O-ml plastic pipette in one-half of their original volume in 0.5% Triton X-l 00 
in 20 mM Tris-HCI, pH 7.4, 4 mM MgCh, 300 mM sucrose, and 1 mM PMSF 
(Triton X-100 extraction buffer) for 5 min at 4°C. This is the same buffer used 
by Ben Ze’ev et al. (1979) for extracting fibroblasts. Since cytoskeletal 
proteins are prominent components that remain after detergent extraction, 
we use the term “Triton X-l 00 cytoskeleton” In reference to cellular material 
that remains Insoluble after adding detergent and pellets at low centrifugal 
speeds. Triton X-100 cytoskeletons were washed twice in PBS/BSA by 
centnfugations at 1000 X g for 5 min at 4’C to remove the majority of the 
Triton X-l 00 detergent. The cytoskeleton pellet was then resuspended in its 
original volume with PBS/BSA for a final concentration of 2 X lo6 Triton X- 
100 cytoskeletons/ml. In the case of Triton X-100 cytoskeletons obtained 
from WGA-treated cells, WGA (50 pg/ml) was included in the buffer used to 
resuspend the cytoskeleton pellet. 

Enucleation of PC12 cells. PC12 cells were subcultured for 1 to 2 days 
in 25-cm’ flasks on extracellular matrix obtained from confluent bovine 
cornea1 endothelial cells. Enucleation was performed by first incubating cells 
with 8 pg/ml of cytochalasin in DMEM plus 10% calf serum with sufficient 
medium to fill the flask. The flasks were placed in a JA-10 rotor containing a 
200.ml water cushion (37°C) and were centrifuged at 7,000 to 11,000 X g 
for 15 min in a Beckman model J-21C centrifuge. The medium containing 
sheared nucleoplasts was aspirated, and cytoplasts were incubated with 5 
ml of Ca”, Mg’+-free PBS for 20 min at 37°C. Cytoplasts were removed by 
trituration and were centrifuged (500 X g; 5 min) and resuspended in binding 
buffer. This procedure results in >85% enucleation. In parallel with the 
preparation of cytoplasts, a control preparation of intact cells underwent the 
same treatment with the exception of cytochalasin B treatment. 

‘*‘/-NGF binding. lz51-NGF was added in PBS/BSA/glucose or PBS/BSA 
to cells and Triton X-100 cytoskeletons, respectively. All experiments were 
conducted in polyethylene tubes. After a given incubation, triplicate aliquots 
(100 ~1) were layered over 200 ~1 of 0.15 M sucrose in binding buffer in 400. 
~1 microfuge tubes and centrifuged for 30 set at 10,000 X g in a Microfuge. 
Bound and free “51-NGF were separated by freezing the Microfuge tube in a 
dry ice/ethanol bath and cutting it just above the cell pellet. Nonspecific ‘251- 
NGF binding was determined by incubating cells or cytoskeletons with ‘*Y 
NGF and 10 fig/ml of unlabeled NGF. Nonspecific binding was subtracted 
from the total bound radioactivity, and specific binding is reported for all 
experiments. Nonspecific binding to whole cells was generally less than 10% 
of the total. Triton X-100 cytoskeletons from WGA-treated and untreated 
cells drsplayed nonspecific bindings of 15% and 50%, respectively. Slowly 
dissociating binding was determined by removing 0.4 ml of the suspension 
of cells or cytoskeletons containing ‘?NGF to a tube containing 10 ~1 of a 

0.5.mg/ml solution of unlabeled NGF (final concentration of 8 pg/ml of 
unlabeled ligand) and incubating the sample on ice for 30 min. The amount 
of ?NGF that remains associated with the cells or cytoskeletons after 
dissociation was determined by the same centrifugation assay already 
described and was corrected for nonspecific binding. For intact cells, Triton 
X-100.insoluble binding was determined by centrifuging triplicate 100.~1 
aliquots through 200 ~1 of the previously described Triton X-100 extraction 
buffer for 30 set at 10,000 x g in a Microfuge. Radioactivity which pelleted 
was considered Triton X-100 insoluble and had Triton X-100.insoluble non- 
specific binding subtracted. 

Light microscopic auturadiography. Cells were grown for 8 days in 50 
rig/ml of NGF in DMEM + S on poly-L-lysine (1 mg/ml, type IV, Sigma)- 
coated polystyrene coverslips (Lux) in multiwell culture dishes (Lux). Cells 
were plated at a density of 2.5 X lo3 cells/cm* to minimize crowding of 
processes and cell bodies. On day 9 cells were washed three times for 1 hr 
with NGF-free DMEM + S to remove surface bound NGF. “51-NGF (1 nhn) in 
PBS/BSA/glucose was added in the presence or absence of WGA’(50 ;g/ 
ml) for 30 min at 37’C. Medium was then removed and 0.5% Triton x-Inn , - - 
extraction buffer with 1 mM PMSF was added at 4°C for 5 min, and then the 
cells were washed three times for 1 min in Triton X-loo-free extraction buffer. 
The extracted cells were fixed overnight in 1% paraformaldehyde, 2% 
glutaraldehyde and 5% sucrose in PBS. The following day the coverslips 
were washed three times in PBS/glucose and twice in distilled HZ0 just prior 
to dipping in emulsion. 

Autoradiographic procedures were essentially those described by Kooriwa 
and Leblond (1962). Coverslips were dipped into Kodak NTB2 nuclear 
emulsion, diluted 1 :l with distilled H20, and allowed to dry before beinn left -” ‘23 ‘-‘. 
to expose at 4°C for 17 days in the dark. The exposed coverslips were 
developed in Kodak D-19 developer for 2 min at 21°C, washed for 15 set in 
distilled H,O, fixed for 2 min in Kodak Rapid Fixer, and washed with filtered 
water for 15 min. The air-dried coversltps were mounted on glass slides with 
50% glycerine and viewed with a Zeiss Universal microscope under phase 
and brightfield optics at X 200 to 400 magnification. 

Scanning electron microscopy. Cells were grown and treated with NGF 
as before for light microscopy. On day 9, cells were extracted in 0.5% Triton 
X-l 00 extraction buffer for 5 min at 4°C washed three times in Triton-X-100 
minus extraction buffer, and fixed with 1% paraformaldehyde, 2% glutaral- 
dehyde and 5% sucrose in PBS. After 5 min fixation, cells were washed 
three times for 1 min in PBS/O.l% glucose, post-fixed in 2% osmium in 0.1 
M sodium phosphate (pH 7.4) for 30 min, rinsed three times more in PBS/ 
glucose, and then dehydrated through an acetone series. Coverslips with 
their overlay of extracted, fixed cells were critical point dried according to 
the method of Debault (1973) and then was coated with a loo-A-thick layer 
of gold in a sputtering device and viewed in an ISI- scanning electron 
microscope. 

Results 

Binding of ‘?NGF to PC12 Triton X-100 cytoskeletons. Schech- 
ter and Bothwell (1981) have shown that a portion of cell-bound lz51- 
NGF is not solubilized by Triton X-100. We have repeated this 
experiment and similarly found that about 15 to 20% of lz51-NGF 
binding pelleted with Triton X-lOOinsoluble material (Table I). We 
then investigated whether Triton X-100 cytoskeletons which were 
washed free of detergent and resuspended in PBS/BSA contain 
functional NGF receptors. NGF receptors in this Triton X-100insoC 
uble fraction would have to be attached to a very large structure in 
order for them to pellet at low centrifugal speeds (500 to 1000 x g 
for 5 min). Table I shows that Triton X-100 cytoskeletons prepared 
in this manner demonstrate 5 to 10% of the NGF binding activity of 
the cells from which they were derived. This value is 3- to 4-fold 
lower than if “51-NGF were first bound to cells prior to Triton X-100 
extraction. 

Pretreatment of PC1 2 cells with WGA increases the NGF binding 
activity associated with the Triton X-100 cytoskeleton. As previously 
shown (Vale and Shooter, 1982; Grob and Bothwell, 1983) this lectin 
decreases NGF binding by 50% when added prior to lz51-NGF, and 
the majority of this binding is not solubilized by Triton X-100. Table 
I also shows that Triton X-100 cytoskeletons prepared from WGA- 
treated cells contained almost IO-fold the amount of NGF binding 
activity as those derived from untreated cells. In fact, WGA-treated 
intact cells and Triton X-100 cytoskeletons derived from these cells 
displayed similar levels of NGF binding. Therefore, unlike WGA- 
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untreated cells, association of the receptor with the Triton X-100 
cytoskeleton was not influenced by prior NGF binding in the pres- 
ence of WGA. Receptor affinities were approximately the same in 
cells and Triton X-l 00 cytoskeletons (data not shown). lz51-NGF also 
bound to Triton X-l 00 cytoskeletons obtained from chick embryonic 
dorsal root ganglion cells and A875 cells, and binding, once again, 
was dramatically increased by pretreating these cells with WGA 
(data not shown). 

In order to cause maximal association of the NGF receptor with 
Triton X-100~insoluble material, WGA must be added to cells prior 
to detergent extraction. Table II shows that WGA addition to Triton 
X-lOOinsoluble pellets did not cause a significant increase in NGF 
binding activity, indicating that the lectin is not merely activating 
masked receptors. WGA caused some NGF binding activity to pellet 
from detergent-soluble supernatants, but such binding was an order 
of magnitude lower than that found on cytoskeletons derived from 
WGA-treated cells. This effect could be due to the precipitation of 
soluble NGF receptors or small receptor-cytoskeleton complexes by 
WGA, a multivalent lectin. Interestingly, WGA addition to a combi- 
nation of Triton X-lOOsoluble and -insoluble material caused a 
greater increase in pelletable binding than would be predicted on 
the basis of the lectin’s effects on Triton X-l OO-soluble and -insoluble 
fractions separately. This finding implies that WGA causes an as- 
sociation of soluble NGF receptors with the Triton X-100.insoluble 
cytoskeleton, possibly due to crosslinking. 

NGF receptors associated with the Triton X-100 cytoskeleton 

display slow dissociation kinetics. Two species of NGF receptors 
are found on PC12 cells: one a high affinity, slowly dissociating 
subtype and the other a low affinity, rapidly dissociating subtype 
(Landreth and Shooter, 1980). The two species can readily be 
distinguished, since ‘*%NGF bound to rapidly dissociating receptors 
is completely released within 15 min upon adding excess unlabeled 
NGF, whereas ligand remains stably bound to the slowly dissociating 
receptor in this same time period. Table I shows that with 500 PM 

‘251-NGF, approximately 25% of the total binding to whole cells was 
slowly dissociating. In contrast, under similar conditions, 70 to 100% 
of the total binding to Triton X-100 cytoskeletons was slowly disso- 
ciating. WGA increases the amount of slowly dissociating binding 
on cells by converting rapidly dissociating receptors into a slowly 
dissociating form which may or may not be exactly the same as the 
naturally occurring slow receptor (Vale and Shooter, 1982) and it 
also increases in proportion the binding of “51-NGF to the Triton X- 
100 cytoskeleton. Once again, this binding was primarily slowly 
dissociating. Thus, the association of NGF receptors with the Triton 
X-100 cytoskeleton is correlated with a high affinity, slowly disso- 
ciating binding state of the receptor for NGF. 

The time course of the appearance of rapidly and slowly disso- 
ciating binding in Triton X-100 cytoskeletons is shown in Figure 1. 
With WGA-pretreated preparations, maximum levels of rapidly dis- 
sociating binding were achieved after 5 min of ‘*%NGF incubation. 
In contrast, slowly dissociating binding developed more gradually, 
reaching a steady state after 30 to 60 min. For Triton X-100 cytoske- 

TABLE I 
Binding of %VGf to cells and Triton X-100 cytoskeletons 

PC12 cells (0.75 x 106/ml) were incubated with and without WGA (50 pg/ml) for 30 min at 37°C. These cell samples were divided into equal aliquots 

and centrifuged at 500 x g for 5 min. Cell pellets were then either resuspended in binding buffer or extracted with Triton X-100 extraction buffer for 5 min 
at 4°C. Cells or cytoskeletons were then centrifuged (1000 x g; 5 min at 4°C) and supernatants were removed. Pellets were washed twice and resuspended 
in their original volume of binding buffer. “?-NGF (580 PM) was added to cells or cytoskeletons for 45 min at 37°C and total, slowly dissociating, and Triton 

X-100.insoluble (in the case of intact cells) binding were measured. 

?NGF Bindlng 

Sample 

-WGA 

+WGA 

Centrifugate 

Cells 
Cytoskeletons 

Cells 
Cytoskeletons 

Total 
(fmol/l @cells) 

217f 5 

12f 2 

136+ 2 
112&20 

Slowly Dissociating 

fmol/l 06 
cells 

% Total 

57+ 1 26 

9+ 3 75 

103* 1 76 
80& 16 71 

Triton X-100 Insoluble 

fmol/l O6 cells % Total 

43 -e 8 20 

108 f 6 79 

TABLE II 

Maximal association of the NGF receptor with the Triton X-700 cytoskeleton requires WGA addition to cells prior to extraction 
PC12 cells (4 x 106/ml) were centrifuged and resuspended in Triton X-100 extraction buffer (in an equal volume) for 5 min at 4°C. Triton X-100 

cytoskeletons were centrifuged at 1000 x g for 5 min at 4°C and the supernatant was removed and saved (Supernatant). The pellet was resuspended in a 

volume equal to that of the supernatant of Triton X-100 extraction buffer (Pellet). Another sample (Pellet and Supernatant) underwent identical Triton X-100 
extraction; however, the pellet and supernatant were resuspended together instead of being separated after centrifugation. Triton X-100 Pellets, Supernatants 
and Pellets, plus Supernatants were divided equally and one-half received WGA (50 pg/ml) for 30 min at 23’C. All samples were then centrifuged (1000 X 

g for 5 min at 4°C) and the pellets were washed twice and resuspended in the original volume of PBS/BSA. An equal volume of ‘?NGF in PBS/BSA was 
added (final concentration, 600 PM ‘*‘I-NGF with 2 x 106/Triton X-100 cytoskeleton/ml) and incubated for 45 min at 37“C prior to assaying pelletable ‘? 
NGF binding in a Microfuge. Nonspecific ‘251-NGF binding was treated in the manner described above. ‘251-NGF binding is expressed in femtomoles bound 
to material from Pellets, Supernatants, or Pellets and Supernatants from 2 x 106/ml of Triton X-IOO-extracted cells. For comparison, it is also expressed as 

the percentage of NGF binding to 2 x 106/ml of Triton X-100 cytoskeletons derived from cells treated with 50 @g/ml of WGA for 30 min at 23°C prior to 
detergent extraction. 

‘=I-NGF Binding 

Sample 
-WGA +WGA 

fmol fmol 
(from 2 x 10’ ceils) 

% of WGA-pretreated Cells 
(from 2 X 10’ cells) 

% of WGA-pretreated Ceils 

Triton X-100 pellet 16.3 + 4.1 6 25.0 f 2.2 10 
Triton X-100 supernatant 0.3 + 0.2 1 7.7 + 1.5 3 
Triton X-l 00 pellet and supernatant 12.8 + 5.8 5 63.3 + 4.6 25 
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Figure 1, Time course of ‘?NGF binding 
to Triton X-100 cytoskeletons. Triton X-100 
cytoskeletons were prepared from PC12 
cells (1.5 x 106/ml) which were previously 
treated with (so/id symbols) or without 
~;eO;~~~$Ys) WGA (50 pg/ml) for 30 min 

I-NGF (610 PM) was added to 
Triton X-l 00 cytoskeletons, and at the indi- 
cated time total (0, 0), slowly dissociating 
(U, El), and rapidly dissociating (A, A) bind- 
ing were determlned. Error bars indicate 
standard deviations 

IO 20 30 40 50 60 

TIME 

letons prepared without WGA pretreatment, vi&ally all of the binding 
in this experiment was slowly dissociating. Binding to this receptor 
was again slower than that to the rapidly dissociating receptor in the 
presence of WGA. Thus, the time course of binding to the two 
receptor subtypes shows the same differences as those found in 
intact cells (Landreth and Shooter, 1980; Vale and Shooter, 1982). 
Since there is no plasma membrane, the time-dependent develop- 
ment of slowly dissociating binding in Triton X-100 cytoskeletons 
cannot be explained by internalization. 

Triton X-700 extraction of cell surface proteins. Is the association 
of the NGF receptor with the Triton X-100 cytoskeleton induced by 
WGA unique, or are other membrane proteins affected in a similar 
fashion? To answer this question, we labeled cell surface proteins 
in a general manner with lz51 using a lactoperoxidase-catalyzed 
reaction and then examined the Triton X-100 solubility of these 
labeled proteins. Figure 2 shows that 33% of the ‘251-labeled cell 
surface proteins of PC12 cells remained associated with the cyto- 
skeleton after Triton X-100 extraction. This value is more than 2-fold 
lower than the Triton X-100 insolubility of membrane proteins on 
cultured fibroblasts obtained by Ben Ze’ev et al. (1979). Despite the 
dramatic effects of WGA on the Triton X-100 solubility of the NGF 
receptor on PC12 cells, the lectin only increased by 7% the Triton 
X-100 insolubility of ‘“51-labeled cell surface proteins. Con A, a lectin 
which recognizes mannose residues, had an effect similar to that of 
WGA. 

Only a fraction of the total membrane-bound proteins contain 
carbohydrate moieties which will interact with WGA. Therefore, we 
investigated the Triton X-100 solubility of WGA receptors using an 
iodinated WGA derivative. lz51-WGA (0.1 rg/ml) was added to PC1 2 
cells along with increasing concentrations of unlabeled WGA, and 
samples were centrifuged through Triton X-100 extraction buffer to 
determine the detergent solubility of the bound ligand. Figure 3 
‘shows that, with 0.1 pg/ml of ‘251-WGA, 80% of the cell-bound ‘*? 
WGA was solubilized by Triton X-100. However, increasing the 
receptor occupancy of WGA receptors by adding unlabeled WGA 
resulted in a decrease in the Triton X-l 00 solubility of the cell-bound 
tracer ‘251-WGA. Greater than 90% detergent insolubility was 
achieved at WGA concentrations in excess of 33 pg/ml. The NGF- 
receptor complex is converted to a Triton X-IOO-insoluble form at 
similar WGA concentrations (data not shown). This result indicates 
that most WGA-binding glycoproteins are unattached to the cyto- 

l- 

60 

- 

I 

- 

1 

I. 

- 
Control WGA ConA 

figure 2. Triton X-100 solubility of lactoperoxidase-labeled cell surface 
proteins. PC12 cell surface proteins were labeled by lactoperoxidase as 
described under “Materials and Methods.” Labeled cells (diluted to 0.5 x 

106/ml) were incubated without lectins or with 50 fig/ml of either WGA or 
Con A for 30 min at 37°C. Cells were centrifuged (500 X g; 5 min), 
supernatants were removed, and cells were resuspended in Triton X-100 
extraction buffer for 5 min at 4’C. Radioactivity associated with the Triton X- 
100 cytoskeleton was assayed by centrifugation through 0.15 M sucrose 
buffer as described for lz51-NGF binding. Histograms show the percentage 
of radioactivity associated with the Triton X-l 00 cytoskeleton, and error bars 
Indicate standard deviations. 

skeleton but become associated with the Triton X-l 00 cytoskeleton 
by increasing the concentration of cell-bound WGA. The depend- 
ence upon WGA concentration for eliciting this effect suggests that 
this phenomenon may be the result of crosslinking cell surface 
proteins. 
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The Triton X-l 00 solubility of WGA receptors and the conversion 
of NGF receptors to a slowly dissociating state exhibited similar 
WGA dose response curves (Fig. 3). At 10 pg/ml of WGA, 80% of 
NGF receptors were in a slowly dissociating state, and the same 
proportion of WGA receptors was also Triton X-100 insoluble. These 
results suggest that the Triton X-100 insolubility of WGA receptors 
after lectin binding may in some way be related to the change in the 
binding properties of the NGF receptor. 

Composition of the Triton X-100 cytoskeleton. The morphology 
of the Triton X-lOOinsoluble material from PC12 cells was examined 
by scanning electron microscopy. Figure 4 shows a micrograph of 
PC12 cells, which have developed neurites after a g-day exposure 
to NGF, after detergent extraction. Membrane structure was lost, 
and left behind was a nuclear remnant and an array of cytoskeletal 
filaments. Similar morphologies of Triton X-100 cytoskeletons are 
found with other cell types as well (Ben-Ze’ev et al., 1979; Burridge 
et al., 1982a, b). A latticework of filaments was also observed along 
the neurites and in the growth cones, Higher magnification views 
show that the cytoskeleton of detergent-extracted PC1 2 cells forms 
a discrete boundary at what was once the plasma membrane. 

Approximately 65 to 75% of PC12 proteins were solubilized by 
Triton X-100. Some of the prominent proteins left behind in the Triton 
X-IOO-insoluble residue co-migrated in a polyarcylamide gel under 
denaturing and reducing conditions with the low molecular weight 
histones (M, = 16,000 and 18,000) histone HI (M, = 31,000), actin 
(M, = 43,000) tubulin (M, = 55,000), myosin (M, = 200,000), and 
some higher molecular weight proteins (M, = 200,000) which may 
be actin-associated proteins (data not shown). WGA treatment of 
cells did not affect the protein pattern of the Triton X-lOO-insoluble 
residue. 

Localization of NGF binding in the Triton X-100 cytoskeleton. 
Nuclear material is a prominent constituent of the Triton X-100 
cytoskeleton and could play a role in the association of the receptor 
with detergent-insoluble material. To investigate this possibility, Triton 
X-100 solubility of NGF binding to enucleated PC12 cells was 

0.1 I IO 

WGA (pg/ml) 

Figure 3. Concentration dependence of Triton X-100 insolubility of ‘? 
WGA binding and WGA-induced NGF receptor conversion. In one experiment 
(0) tracer “%WGA (0.1 pg/ml) was added to PC1 2 cells (1 06/ml) along with 
increasing concentrations of unlabeled WGA. Nonspecific “‘1-WGA binding 
was determined by adding 100 mM N-acetyl-o-glucosamine to the PBS/BSA/ 
glucose solution. After a 45.min incubation at 37°C total and Triton X-lOO- 
insoluble binding were assayed in the same manner described for ‘251-NGF 
binding. The percentage of Triton X-100insoluble ‘251-WGA binding of the 
total is indicated over a range of WGA concentrations (combination of 
labeled and unlabeled ligand). In a separate experiment (0) lz51-NGF (500 
PM) was added to PC12 cells for 30 min at 37°C. WGA was then added at 
the indicated concentration for an additional 30 min prior to assaying total 
and slowly dissociating binding. The percentage of slowly dissociating ‘? 
NGF binding of the total is expressed at each WGA concentration. 

examined. Nuclei were removed from PC12 cells by cytochalasin B 
treatment followed by centrifugation. Cytoplasts derived by this 
procedure are viable for 1 to 2 days and are capable of extending 
neurites in response to NGF treatment (Nicholls et al., 1981). Figure 
5 shows that cytoplasts bind ‘251-NGF, although to a lesser extent 
than intact cells. The lower level of binding is very likely due to 
partitioning of a portion of the plasma membrane to the nucleoplast 
as it pinches off during centrifugation. WGA converted ‘251-NGF 
binding to a slowly dissociating state both on cytoplasts and whole 
cells. Furthermore, 25% of the total binding to cytoplasts was Triton 
X-100 insoluble, and WGA increased this proportion to >80%. This 
result argues that the nucleus cannot be exclusively involved in the 
association of NGF receptors with Triton X-l OO-insoluble material. 

The distribution of NGF receptors in the Triton X-100 cytoskeleton 
of differentiated PC12 cells can be visualized by light microscopic 
autoradiography. In this experiment, differentiated PC12 cells 
(treated with NGF for several days to induce neurites) were incubated 
with ‘?NGF and co-treated with or without WGA. Intact cells treated 
this way were labeled to roughly the same extent regardless of the 
presence or absence of WGA (Fig. 6, A and C). However, when 
‘251-NGF/WGA-treated cells were extracted with Triton X-l 00, heavy 
labeling over neurites and growth cones was retained (Fig. 6D). 
Conversely, when ‘251-NGF was presented to cells without the si- 
multaneous addition of WGA, the resultant Triton X-loo-extracted 
cell ghosts were only lightly labeled in perinuclear regions, with little 
binding retained on the processes or growth cones (Fig. 6B). With 
longer exposure times it was possible to detect some cytoskeletal 
binding on the neurites and growth cones, confirming both the 
existence of high affinity receptors in these regions (Carbenetto and 
Stach, 1972; M. J. lgnatius and E. M. Shooter, unpublished obser- 
vations) and their association with the cytoskeleton, an association 
that is dramatically increased with WGA treatment. 

Discussion 

NGF receptors exist in two different binding states. Covalent 
crosslinking of 12?NGF to PC12 cell surfaces (Hosang and Shooter, 
1985) and selective trypsin sensitivity of binding (Landreth and 
Shooter, 1980; Schechter and Bothwell, 1981) indicate that slowly 
and rapidly dissociating bindings correlate with distinct structural or 
conformational receptor entities. This situation could arise with two 
discrete receptor proteins or a single protein capable of interconver- 
sion between two binding states. Evidence has been put forth in 
support of this latter hypothesis (Vale and Shooter, 1982, 1983; 
Buxser et al., 1983; Grob and Bothwell, 1983). From our results and 
those of Schechter and Bothwell (1981) one manifestation of the 
differences between the two receptor subtypes is their differential 
extraction by Triton X-l 00. 

Many findings indicate that the correlation between slowly disso- 
ciating and Triton X-100.insoluble NGF binding is more than coinci- 
dental. Agents which increase the proportion of slowly dissociating 
binding such as WGA (Vale and Shooter, 1982; Buxser et al., 1983; 
Grob and Bothwell, 1983) and anti-NGF antibodies (Vale and 
Shooter, 1983) also enhance the resistance of binding to detergent 
solubilization. In the instance of WGA, time courses of the increase 
in slowly dissociating and Triton X-lOOinsoluble binding after lectin 
addition are superimposable (Vale and Shooter 1982). Recently, 
Jesaitis et al. (1984) have also observed that formation of a slowly 
dissociating complex between the N-formyl chemotactic peptide 
and its receptor on human granulocytes is accompanied by a 
change in the detergent solubility of the ligand-receptor complex. 
These investigators have also suggested that an association of the 
receptor with the cytoskeleton is involved in modulation of its affinity 
and possibly in its subsequent internalization. 

Curiously, although present both in Triton X-100 cytoskeletons 
and whole cells, slowly dissociating binding is present in very low 
amounts in preparations of PC12 plasma membranes (Block and 
Bothwell, 1983). This result cannot be accounted for simply by 
receptor loss, since slowly dissociating binding can be regained by 
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Figure 5. Effects of WGA on ‘251-NGF binding to enucleated cells. PC12 
cytoplasts were obtained as described under “Materials and Methods.” ‘*51- 
NGF (1 nM) was added to cells (A) or cytoplasts (B) for 30 min at 37°C. Half 
of each sample then received WGA (50 fig/ml) for an additional 30 min prior 
to being assayed for total (Tdt), slowly dissociating (SD), and Triton X-100- 
insoluble (TX) binding. 

fusion of PC12 membranes with 3T3 cells which do not normally 
display NGF receptors (Block and Bothwell, 1983). Solubilized re- 
ceptors also release bound NGF exclusively by rapidly dissociating 
kinetics (Buxser et al., 1983). These results imply that some element 
in whole cells or Triton X-100 cytoskeletons confers a high affinity, 
slowly dissociating state to the NGF receptor. A prominent candidate 
for performing this role is the cytoskeleton or a cytoskeleton-asso- 
ciated protein. 

A number of membrane proteins have been reported to interact 
with cytoskeleton by various biochemical criteria (see Branton et al., 
1981; Mescher et al., 1981; Pober et al., 1981; Carraway et al., 
1983, for examples). Furthermore, an association between actin and 
intermediate filaments and the plasma membrane has been visual- 
ized by electron microscopy (Condeelis, 1979; Hubbard and Ma, 
1983). At present, it is prudent to mention that evidence of a linkage 
between the NGF receptors and cytoskeletal proteins is circumstan- 
tial. We have shown that NGF receptors are present in a detergent- 
insoluble structure composed of cytoskeletal proteins and a nuclear 
remnant that allows the receptor to be pelleted at very low centrifugal 
forces. This association is also found in enucleated cells, suggesting 
that the nucleus is not solely responsible for this phenomenon. Also, 
NGF receptors can be induced with WGA to associate with the 
Triton X-l 00.insoluble residue corresponding to neurites and growth 
cones, regions which consist primarily of cytoskeletal elements. 
Furthermore, in preliminary results, we found that NGF receptors are 
partially released from the detergent-insoluble residue by agents 
which disrupt the cytoskeleton such as 0.4 M KCI, IO-set sonication, 
and DNase I, an actin-depolymerizing agent. Cytochalasin B and 
colchicine had no effect, however. Nonetheless, the only way to 
convincingly demonstrate a linkage with the cytoskeleton is to 
document the co-sedimentation of the receptor with cytoskeletal 
proteins. In addition, our results do not rule out the possibility that 
the nucleus, in addition to the cytoskeleton, plays a role in the 
association of NGF receptor with the Triton X-100.insoluble residue, 
as has been previously proposed (Yankner and Shooter, 1979). 

How is the interaction of the receptor and the cytoskeleton 
regulated? One possibility is that NGF may promote an association 

between the receptor and cytoskeleton. In support of this notion, 
we found that Triton X-l 00 insolubility of the receptor is greater when 
it is occupied with NGF before extraction (Table I). Conversely, WGA 
treatment of cells causes a maximal association of the receptor with 
the cytoskeleton whether or not NGF is present prior to detergent 
extraction. Modulation of the association of membrane proteins with 
the cytoskeleton by lectins has also been reported by several 
investigators. Actin and myosin have been localized under lectin- 
induced patches and caps of membrane glycoproteins in lympho- 
cytes (Bourguignon and Singer, 1977) and Dictyostelium (Condeelis, 
1979). Also, Con A-induced interactions between two platelet gly- 
coproteins (Painter and Ginsberg, 1982) and three neutrophil cell 
surface proteins (Sheterline and Hopkins, 1981) and the cytoskeleton 
have been documented. Lectin-induced crosslinking of proteins 
appears important for this effect, since a succinylated Con A deriv- 
ative which is functionally monovalent does not change substantially 
the detergent solubility of such proteins. Antibody-induced cross- 
bridging of cell surface proteins such as surface IgG on lymphocytes 
(Flanagan and Koch, 1978; Woda and McFadden, 1983) also in- 
duces cytoskeletal attachment. We have observed a similar phenom- 
enon with anti-NGF antibodies which caused NGF-receptor com- 
plexes to co-sediment with the Triton X-lOO-insoluble residue (Vale 
and Shooter, 1983). This response was due to antibody-induced 
crosslinking since monovalent Fab fragment had no effect, 

The mechanism by which crosslinking of cell surface proteins 
causes their association with the cytoskeleton is unclear. Binding of 
a lectin to certain glycoproteins could cause a conformational 
change sufficient to induce a direct transmembrane interaction with 
the cytoskeleton; however, our results show that all receptors for 
WGA, not a subset, are rendered insoluble to Triton X-100 in a 
manner dependent upon the concentration of lectin added. This 
finding implies some sort of cooperative interaction between occu- 
pied WGA receptors which makes them detergent insoluble. Studies 
which observed attachments of only certain glycoproteins with the 
cytoskeleton by Con A may have been limited by the ability to detect 
only the most abundant lectin receptors (Sheterline and Hopkins, 
1981; Painter and Ginsberg, 1982). 

Three explanations are consistent with the results we have ob- 
tained. The first is that the restriction of lateral mobility of glycopro- 
teins by lectin-induced crosslinking (Schlessinger et al., 1977; Koppel 
et al., 1981) enhances their interaction with the underlying cytoske- 
letal network. An alternative possibility is that patches of crosslinked 
membrane proteins produce strong lipid-protein interactions suffi- 
cient to prevent detergent extraction of these membrane domains, 
In support of this view, Condeelis (1979) found that membrane in 
regions containing clustered Con A-receptor complexes is more 
resistant to disruption by Triton X-100. These areas also contain 
large amounts of attached actin and myosin which may contribute 
to the association of Con A receptors with detergent-insoluble 
material. The third hypothesis, which we favor, is that a subset 
(<20%) of the lectin receptors is associated with the cytoskeleton 
and that lectin addition serves to crosslink these proteins to others 
that are normally unrestrained in the lipid bilayer, thereby making all 
occupied lectin-binding proteins Triton X-100 insoluble. A similar 
conclusion concerning the mechanism of Con A-induced attachment 
of glycoproteins to the cytoskeleton was reached by Jung et al. 
(1984) who showed that Con A crossbridged unattached glycopro- 
teins to a glycoprotein which is strongly associated with the sub- 
membrane cytoskeleton. 

An interaction of the NGF receptor with the cytoskeleton could 
have several important consequences for the action of this hormone. 
Although the mechanism by which NGF affects the differentiated 
state of responsive cells is unknown, dose response curves indicate 
that these effects are mediated by high affinity, slowly dissociating 
receptors (Sutter et al., 197913). NGF also influences the cytoskeletal 
organization of PC12. Within 30 set after addition, NGF induces 
prominent cell surface ruffling (Connolly et al., 1979) whereas at 
later times, reorganization of microfilaments and microtubules oc- 
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Figure 6. Autoradrography of Tnton X-100~rnsoluble 12?-NGF brnding to drfferentrated PC12 cells. Cells were grown for 8 days in NGF. On day 9 cells 
were washed three times for I hr with NGF-free medium; then, ‘.*51-NGF (1 nM) was added in the presence or absence of WGA (50 pg/ml) for 30 min at 
37°C. The cells were then either left intact or extracted in 0.5% Tnton X-100 extractron buffer for 5 mm at 4°C and subsequently washed. (See scanning 
electron micrographs of Fig. 4, for structures that remain after rdentrcal treatment.) After fixation and processrng for autoradiography (see “Materials and 
Methods”), the Tnton X-100 cytoskeletons were photographed with brightfreld optics. Treatments were as follows: A, ?NGF alone; 8, ‘ZSI-NGF and Tnton 
X-100, C, ‘251-NGF and WGA; and D, ‘Z51-NGF WGA and Tnton X-100. WGA has no effect on the total labeling seen on Intact cells (A and C), whereas on , , 
extracted cells (B and D) WGA pretreatment results in the retention of heavy labeling over the cytoskeletal-rich neurites and growth cones (D) compared to 
only minimal pennuclear labeling seen without WGA (6). Scale bars, 10 pm. 

curs, culminating in the outgrowth of neurites. Furthermore, binding 
of NGF to receptors at growth cones redirects the orientation of 
these structures in a chemotactic fashion even in the absence of a 
connection with the cell body (Gundersen and Barrett, 1979; Seeley 
and Greene, 1983). Interaction between slowly dissociating recep- 
tors and the cytoskeleton may be involved in mediating these 
responses. 

Furthermore, NGF receptors undergo cell surface clustering and 
subsequent internalization (Levi et al., 1980), and several studies 
indicate that the slowly dissociating receptor is the species which 
becomes internalized (Yankner and Shooter, 1982; Bernd and 
Greene, 1983). Attachments between cell surface proteins and 
cytoskeletal filaments have been implicated in the internalization 
process (Salisbury et al., 1980). To obtain more detailed knowledge 
of the differences between rapidly and slowly dissociating receptors 
and their possible interactions with the subcortical cytoskeleton, it 
will be necessary to reconstitute such functions or interactions with 
isolated membranes or purified receptors (Puma et al., 1983) in 

liposomes. Such experiments may help in definrng some of the initial 
events in the mechanism of action of this hormone. 
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