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Identification of TrkA on living PC12 cells by atomic force microscopy
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Abstract

In neural cells, nerve growth factor (NGF) initiates its survival signal through the binding to its cell surface receptor tyrosine kinase A

(TrkA). Understanding the pattern of TrkA distribution and association in living cells can provide a fingerprint for the diagnostic comparison

with alterations underlying ligand–receptor dysfunction seen in various neurological diseases. In this study, we use the NGF–TrkA-specific

interaction as a probe to identify TrkA on living PC12 cell by atomic force microscopy (AFM). An NGF-modified AFM tip was used to

perform force volume (FV) imaging, generating a 2D force map to illustrate the distribution and association of TrkA on PC12 cell membrane.

It is found that TrkA is highly aggregated at local regions of the cell. This unique protein association may be required to promote its function

as a receptor of NGF. The methodology that we developed in this study can be adapted by other systems, thus providing a general tool for

investigating protein association in its natural environment.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

A vast array of living functions in biological systems are

mediated by ligand–receptor interactions. These interactions

are in turn governed by specific protein structures, associa-

tions and distributions. While X-ray crystallography, electron

microscopy and fluorescence microscopy are mature tools,

atomic force microscopy (AFM) provides an alternative

method in these studies. The major advantages of AFM over

the other tools are that no extensive sample preparation is

required and surface features of various biological samples

can be examined under physiological conditions. It is well

established that the AFM can be used to image living cells

under physiological conditions in a nondestructive manner

[1–13] and used tomonitor cell response to external stimuli in

real-time fashion [1,11–13]. However, protein species on cell

membranes cannot be identified by topographical images

alone, primarily due to the complexity of the rough cell

membrane surface that consists of numbers of cell surface

proteins and phospholipids. It is impossible for the AFM tip
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to search on the entire cell surface and identify the protein of

interest by shape alone.

In addition to topographical measurement, AFM can also

be operated at force mode, allowing the investigation of

biorecognition by measuring the specific binding force

between a biomolecular pair [14–26]. In our previous work,

we studied the specific interaction between a model

biomolecular pair, cholera toxin B oligomer (CTB) versus

its receptor ganglioside GM1. This was achieved by

monitoring the force versus separation curves in approach/

retraction cycles between a GM1 functionalized tip and a

CTB functionalized surface. We also used a GM1 function-

alized tip to generate force maps on a CTB-containing

surface that illustrated the CTB distribution [27]. With the

same methodology, in this study we utilize the ligand–

receptor specific interaction as a probe to search for and

identify target proteins on living cell membranes. Different

from a model surface, which is greatly simplified and

contained only interested species, cell membrane contains

diverse species. A ligand-modified AFM tip is used to

perform force mapping on cell surface, generating a 2D

image to demonstrate the strength of the interaction between

the ligand and the cell surface species at local regions. The
cta 1667 (2004) 15–25
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measured force is independent of surface topography, thus

highlighting the distribution of the receptors which possess

high affinity toward the ligand. The same strategy was

employed in the recent reports on the studies of cell surface

species and adhesion forces in living cells [8,28–31].

We choose to study the distribution of tyrosine kinase A

(TrkA) in the living PC12 cell, a typical nerve cell. TrkA is a

cell surface receptor of nerve growth factor (NGF), the best-

known member of the protein family of neurotrophins

involved in the development and maintenance of the

peripheral and central nervous system [32–36]. NGF is a

26 kDa dimeric polypeptide [37], roughly 6�2.5�1.5 nm in

size for each subunit [38] and binds two cell surface

receptors: high-affinity receptor TrkA (Kd~10
�11 M) and

low-affinity receptor p75 (Kd~10
�9 M) [37,39–41]. Binding

of NGF to TrkA leads to the formation of NGF–TrkA dimer

complex [33,42]. The protein kinase of each receptor

monomer then phosphorylates a distinct set of tyrosine

residues in the cytosolic portion of its dimer partner, which

is the beginning of the signaling cascade that induces

cellular proliferation, differentiation and survival. TrkA

contains an extracellular portion, a single hydrophobic

transmembrane a helix, and a cytosolic portion that includes

a region with protein tyrosine kinase activity [32–36]. Of the

five domains comprising the extracellular portion, the

immunoglobulin-like domain (TrkA-d5 domain) provides

the high-affinity binding site to NGF [33,36,42,43]. Since

the effects of NGF are directly dependent on binding of

NGF to TrkA, it is essential to understand TrkA association

and distribution on the cell in order to understand NGF

function in the nerve cell.
2. Materials and methods

2.1. Rat pheochromocytoma PC12 cell culture maintenance

and storage

Rat pheochromocytoma PC12 cells (American Type

Culture Collection, Manassas, VA) were cultured in BioCoat

collagen (type I rat tail) or poly-d-lysine and laminin (mouse)

coated flasks (Becton Dickinson Biosciences, Bedford, MA)

in media consisting of RPMI 1640 supplemented with 5%

newborn calf serum and 10% horse serum, l-glutamine,

glucose and pyruvate (GIBCOk Invitrogen Corporation,

Grand Island, NY) at 37 8C in humidified incubator with 5%

CO2. Cells were maintained by splitting them every 3 days.

To allowmounting in the AFM, eight-well glass culture slides

(coated with laminin or collagen) cut under sterile conditions

were overgrown with PC12 cells in the sterile polystyrene

Petri dishes (Becton Dickinson Biosciences).

2.2. Extraction of TrkA

PC12 cells grown as above were harvested by scraping

with a rubber policeman and washed with Hanks’ balanced
salts (Sigma, St. Louis, MO). Roughly 107 cells were

centrifuged at 450�g for 5 min. The collected cells were

extracted with 1 ml 0.1% octyl h-glucoside (Pierce Chemical

Co., Rockford, IL) in 25 mM diethanolamine pH 9.0 (Fair

Lawn, NJ), homogenized by 50 strokes in a Dulce homog-

enizer, and then sonicated with 50 3-s bursts and re-

centrifuged at 12,000�g for 3 min at 4 8C. The supernatant,
a crude membrane protein extraction, was analyzed by

Western blotting to confirm the presence of TrkA by primary

antibody (goat anti-rabbit-TrkA polyclonal; Southern Bio-

technology Associates Inc., Birmingham, AL). A protein

determination was done with Micro BCAkAssay (Pierce).

The crude soluble receptors were further purified by ion

exchange chromatography on a 1 ml HiTrapk Q XL

(Amersham Pharmacia, Uppsala, Sweden). Sample was

applied in a buffer of 0.01% beta-octylglucoside and 25

mM diethanolamine, pH 9 and eluted with a gradient of 0–

500 mM NaCl in the same buffer. TrkA, identified by

Western blots, was eluted at ~100 mM NaCl. The Pharmacia

fast protein liquid chromatography (FPLC) collected frac-

tions containing approximately 25% TrkA and 75% other

smaller membrane proteins were frozen in �20 8C for AFM

studies.

2.3. AFM tip functionalization with NGF

We functionalized NGF onto an AFM tip using

succinimidyl 3-2(2-pyridyldithio) propionate (SPDP:

Molecular Probes, Eugene, OR) as a cross-linker, as

reported by others [15,26], and as we routinely performed

in the lab [27,44,45]. In brief, a gold-coated AFM tip, pre-

cleaned by UV-ozone treatment using a tip cleaner (Bio-

Force Nanosciences Inc., Ames, IA), was immersed in a

1.64�10�4 M SPDP solution in DMF at room temperature

under N2, generating a monolayer of self-assembled SPDP

on to the tip via a thiol-gold linkage. The modified tip was

rinsed with DMF, and subsequently water, and then

immersed in a solution of 50 ng/ml of NGF (Sigma-

Aldrich) solution (in PBS buffer) overnight at room

temperature under N2 protection. The hydroxysuccinimidyl

group of SPDP, reactive toward amino acid groups on

proteins [15,26,27,44,45], cross-links the NGF onto the

AFM tip. The AFM tip was then thoroughly rinsed with

PBS buffer and deionized water to ensure the removal of

any loosely bound NGF molecule, and kept in pure water

until usage.

Functionalization of proteins on a gold-coated flat silicon

wafer surface was performed in a similar way, and the

successful modification of a monolayer of protein was

confirmed by the high-resolution AFM images of the proteins

in this study and our previous studies [27,44]. These proved

the effectiveness of the surface chemistry. To confirm that the

NGF molecules were chemically bound on the AFM tip and

they retained affinity towards the receptors, we performed

force measurements between the NGF-modified tip and

TrkA-modified substrate. The successful functionalization of
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the tip and the substrate is evident from the reproducible and

stable adhesion forces measured between the tip and the

sample at many local regions. In contrast, when force curves

were measured between a tip with chemically bound NGF

and a substrate with physically adsorbed TrkA, or vice versa,

initially frequently observed high adhesion force quickly

dropped to basal level in subsequent force measurement

cycles when the measurements were performed at the same

region, indicative of the detachment of the non-covalently

bound species. These experiments provided evidences of

successful tip functionalization.

2.4. Sample preparation and AFM imaging

For AFM mounting, the square (~15 mm) laminin- or

collagen-coated glass substrates overgrown with PC12 cells

were glued with epoxy resin onto magnetic steel stubs of the

same size. All measurements were performed within 2–4

days of seeding the slide.

All AFM measurements presented here were acquired at

room temperature using a multimode Nanoscope IIIa AFM

(Digital Instruments, Santa Barbara, CA), equipped with a J-

type scanner in a commercially available fluid cell without

O-rings. Hanks balanced salt solution (HBSS) was used as

the media. The AFM was operated in fluid tapping mode for

imaging using an oxide sharpened Si3N4 tip at a thermal

resonance frequency of 8–10 kHz. Although laminin- or

collagen-coated glass substrates were chosen to enhance cell

adhesion, the frequency of firm cell attachment was low (as

we commonly observed for PC12 cells), and it was evident

that loosely adhered cells could be moving around by the

AFM tip.

Force measurements were performed in fluid contact

mode. Triangular Si3N4 cantilevers with spring constant of

0.12 nN/nm were used for the study. As schematically

illustrated in Fig. 1, an NGF-modified tip was used to achieve

force volume (FV) images. As this tip scanned on cell surface,

force curves were obtained at each pixel. A total of

32�32=1024 force curves were collected to generate a force

map. When the NGF-modified tip scanned on TrkA, a strong

adhesion force is generated during tip retraction to indicate

the specific interaction. The FV image illustrates the peak

adhesion force along each curve at each pixel of the 2D

surface. The Z-scan rate of the measurements was 1 Hz, and

the Z-ramp size was typically chosen to be 500–800 nm.
Fig. 1. Scheme of identifying TrkA receptor on PC12 cell membrane using an N

identify TrkA.
To confirm the specificity of the force observed, control

experiments were carried out for the same measurements in

the presence of NGF (7 nM final concentration in the cell,

more than 100 times the Kd of 10
�11 M), blocking the TrkA

binding sites. After 30 min incubation with NGF solution,

the samples were scanned by NGF-modified AFM tip to

generate FV images. The same NGF concentration was

applied in the control experiments on the TrkA-modified

gold substrates.
3. Results

3.1. Morphology of living cells

Images of living cells were captured in HBSS media and

shown in Fig. 2. Fig. 2a shows a cell with a size of about 10

Am in diameter. The cell surface is uneven with a maximum

height of 1.2 Am (measured from the simultaneously acquired

height image, not shown). A dark line (arrow pointed)

appears across the cell, perhaps capturing the initial stage of

cell division. This cell is round in shape, and it is typical

among the cells we imaged. Some of the observed cells are

deviated from round shape, as shown in Fig. 2b. The shape

and average size of the cells measured from AFM are

consistent with the results of optical microscopic observation.

Only a small portion of the cells adhered firmly enough to a

collagen or laminin coated substrate to withstand the washing

steps during AFMmounting. These cells were chosen for our

study and can be continuously scanned up to 4 h without

detachment. The images revealed rugged cell surface, with a

surface roughness of 80 nm in average, which we ascribed to

the cytoskeleton under the softer cell membrane, the diverse

distribution and the morphology of various phospholipids

and cell surface proteins. However, the individual surface

features cannot be identified by topographic image alone.

3.2. Force measurements between an NGF-modified tip and

a TrkA-modified substrate

To study the specific interaction between NGF and TrkA,

they were chemically bound to a substrate and an AFM tip,

respectively, as described in the experimental section

(Section 2.3). We used the partially purified (~25%) protein

solution for the substrate modification. The functionaliza-
GF-modified AFM tip. NGF–TrkA specific interaction was employed to



Fig. 2. Phase images of living PC12 cells captured at fluid tapping mode. Image size of panel a is 15�15 Am2; image size of panel b is 11�11 Am2.
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tion of the gold surface was confirmed by images acquired

with a bare tip. As shown in Fig. 3a, a layer of protein

(bright spots, size ranges from 8 to 25 nm) uniformly and

fully covers the substrate, in contrast to the flat bare

substrate. The proteins were readily distinguished from the

substrate in the phase image (not shown), which was

captured simultaneously with the height image. The contrast

between protein and substrate is analogous to our previous

observations of pure proteins modified on a substrate in a

similar manner [27]. It is interesting to observe that some of

the proteins form pentamers and hexamers, leaving holes at
Fig. 3. (a) 3D height image of a substrate functionalized with partially purified (2

Am2 FV image acquired by an NGF-modified tip on the protein solution-functiona

in panel b. Solid lines correspond to tip approaching process, and the dotted lines

force as a function of the frequency of observed force, summarized from 405 no
the center. Though protein association might be different in

a living cell, this observation provides the essential

information of the tendency of protein aggregation. The

height of the protein layer was measured with respect to the

defect area. The most frequently measured heights are 1.5,

2.4, and 4.3 nm. This may be due to the different size and

orientation of distinct proteins. Occasionally, extremely high

features appear on the surface, corresponding to loosely

bound species on top of the monolayer.

NGF was chemically bound onto an AFM tip as

described above. Fig. 3b shows a FV image acquired
5% of TrkA) protein solution. The image size is 860�860 nm2. (b) A 1�1
lized surface. (c) Force curves collected at the sample data points as marked

correspond to tip retraction process. (d) Histogram of maximum adhesion

n-zero data points in the FV image (panel b).
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between an NGF-modified AFM tip and a surface modified

with TrkA-containing protein mixture. At each pixel on the

image, the tip approached and retracted from the surface to

complete a force curve measurement. The rupture force, the

maximum force at the moment of tip–sample detachment, is

taken as a measure of the specific interaction at any point

[14–26]. Due to the large volume of information recorded at

each pixel, the total number of pixels in a FV image

(32�32=1024) is much less than that in a regular topo-

graphic image (512�512=2.62�105) because of memory

limitation. Thus, the resolution of a FV image is relatively

low; however, the information of the tip–sample interaction

at each pixel is available. When the NGF-modified tip

approaches an area with TrkA, an excess adhesion force is

observed as a result of the specific NGF–TrkA interaction.

As the tip scanned on a 1�1 Am2 area, a total of 1024 force

curves were collected to generate the FV image. Each pixel

corresponds to an average area of 31�31 nm2. The bright–

dark contrast in a FV image reflects the relative strength of

the tip–sample interaction at any local region. Fig. 3c shows

three typical force curves collected at the marked locations

in Fig. 3b; the coloration of the pixel reflects the maximum

negative deflection of this curve. The adhesion forces in the

FV image fall in the range of 0–1.7 nN, among which 60%

of the force curves show no adhesive peak (the bright area,

e.g., (iii)), indicating the absence of TrkA. Some of the

forces are well above the noise and background level, for

example, a typical force of 0.08 nN at location (ii) with grey

contrast; or strong adhesion force indicated by dark pixels

(e.g., 1.44 nN at location (i)) ascribed to local concentration

of TrkA. A histogram of the frequency of observed adhesion

forces (the rest 40%) is normalized and shown in Fig. 3d,

with a maximum centered at 0.06 nN. Multiples of this force

also roughly appear as peaks in the histogram with rapidly

diminishing intensities. Thus, we infer that 0.06 nN

represents the force needed to rupture the binding between

the NGF–TrkA dimer complex as to be further analyzed in

Section 4.

In the control experiment, sufficient NGF solution was

introduced to the solution bathing the TrkA-modified

substrate prior to the force mapping. Fig. 4a shows the
Fig. 4. (a) A 1�1 Am2 FV image acquired by an NGF-modified tip after introducin

substrate. (b) Force curves randomly collected at the sample data points as cross-m

the frequency of observed force, summarized from 1024 data points in the FV im
corresponding FV image. Multiple force curves, randomly

picked across the surface (cross marks in Fig. 4a), were

shown in Fig. 4b. When compared to Fig. 3c, the adhesion

forces measured in Fig. 4b are negligible, indicating free

NGF is able to effectively abolish binding to the NGF-

modified on AFM tip. This provides strong evidence that

the strong adhesive peak in force curves measured between

an NGF-modified tip and a TrkA containing surface (Fig.

3c) are specific and biologically relevant. Though besides

TrkA, another NGF receptor, p75, exists on PC12 cell, its

binding affinity to NGF is significantly lower than TrkA

[6,39–41]. The use of TrkA-specific antibody in purification

also effectively excluded p75 in the protein solution. In our

experiments, the contribution from p75 is neglected.

Fig. 4c shows the histogram of all the adhesion forces

collected from Fig. 4a. More than 90% of the force curves

show no adhesive peak, whereas the highest detectable force

is 0.03 nN. Similar results have been achieved from other

samples. This force is used as a convenient estimate of the

maximum non-specific binding force, and any force higher

is considered to be indicative of NGF–TrkA-specific

interaction. Therefore the histogram in Fig. 3d indicates

34% of the surface was covered by TrkA proteins, slightly

higher than the 25% of TrkA in the extracted cell surface

protein solution presumably due to the variation in surface

adhesion among the different proteins.

Though the TrkA functionalized sample surface is

different and greatly simplified when compared to a cell

surface, it provides a model system to examine the NGF–

TrkA interaction and allowed us to further study the specific

interaction in living cells.

3.3. Force mapping on living PC12 cells

Fig. 5 shows a set of data obtained on the surface of a

living PC12 cell mapped with an NGF-modified AFM tip.

Fig. 5a and b are 10�10 Am2 height and FV images

collected simultaneously. Note that both the height image

and the FV image were collected at 32 pixels per line, due to

the limitation of memory space. While the height image

provides the surface morphological information, the FV
g sufficient NGF to the solution bathing the protein solution functionalized

arked in panel a. (c) Histogram of maximum adhesion force as a function of

age (panel b).



Fig. 5. (a) A 9.8�9.8 Am2 height image acquired by an NGF-modified tip on living PC12 cell with 32 pixels per line resolution. (b) FV image captured

simultaneously with the height image in panel a. (c) Force curves collected at the local region P vicinity, as marked in panels a and b, during tip retraction.
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image provides a force map based on the interaction

between the tip and the cell surface. The cell is about 1.6

Am in height, and 8.2�6.6 Am2 in size. Analogous to the

results acquired on the model surface (Fig. 3), the cell

exhibited a heterogeneous surface in the FV image (Fig. 5b).

For instance, at region P, the central pixel (P0) shows dark

contrast corresponding to strong adhesion force (Fig. 5c),

whereas the surrounding pixels (P1–P4) show relatively

light contrast indicating fairly weak adhesion forces.

Similar data were acquired on various cells. Fig. 6 shows

another set of data obtained on a separate cell mapped with

an NGF-modified AFM tip. Simultaneously collected 8�8

Am2 height and FV images are shown in Fig. 6a and b. The
Fig. 6. (a) A 8�8 Am2 height image acquired by an NGF-modified tip on liv

simultaneously with the height image in panel a. (c) Force curves collected at the

to tip approaching process, and the dotted lines correspond to tip retraction pro

during tip retraction.
cell is about 1.5 Am in height, and 13.5�7.0 Am2 in size.

Similarly, the cell exhibited a heterogeneous surface with

areas of no (A), weak (B), or strong (C) adhesion force.

Force curves from these three regions are given in Fig. 6c.

Region C shows an area with significantly dark contrast in

the FV image (Fig. 6b). Thus we focused our study at this

location. Four high-force pixels can be resolved in the FV

image, and each pixel corresponds to an average area of

250�250 nm2. The actual area per pixel may be larger due

to the cell surface roughness. The force curves are illustrated

in Fig. 6c, and peak adhesion forces of 2.87, 2.27, 1.21 and

1.13 nN were measured at the C1, C2, C3 and C4 pixels,

respectively.
ing PC12 cell with 32 pixels per line resolution. (b) FV image captured

sample data points A and B as denoted in panel b. Solid lines correspond

cess. The right panel shows force curves collected at the local region C
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To further resolve the forces at this location, higher

resolution 4�4 Am2 images were captured. Fig. 7a and b are

the height and FV images collected simultaneously. Region

M in this image corresponds to region C in Fig. 6. In this

image, each pixel has an approximate area of 125�125 nm2.

Sixteen force curves (Fig. 7d) were illustrated, correspond-

ing to 16 individual pixels at this local region. The

magnitude of the forces is the same as those shown in

Fig. 6 even though this image was acquired 40 min after the

image in Fig. 6. The reproduction of the force curves at the
Fig. 7. (a) A 4�4 Am2 height image acquired by an NGF-modified tip on liv

simultaneously with the height image in panel a. (c) Histograms of maximum adhes

data points in the FV image (panel b) shown as black columns, and Fig. 8b shown

in panels a and b. Region M is the same location as region C in Fig. 6. Solid lin
same region indicates the measured forces correspond to the

rupture forces of NGF–TrkA interaction instead of the

extraction of TrkA from the cell membrane. It provides

further evidence that the specific binding force is unique and

reproducible and can be used to identify and characterize

protein species on a living cell. The dark columns in Fig. 7c

show the histogram of the adhesion forces measured in the

FV image of Fig. 7b. Among all the force measurements

across the sample area, 38.6% shows non-adhesion force.

The most frequently observed force is 0.1 nN, with a broad
ing PC12 cell with 32 pixels per line resolution. (b) FV image captured

ion force as a function of the frequency of observed force, summarized from

as grey columns. (d) Force curves collected at the local region M, as marked

es: approaching; dotted lines: retraction.
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distribution in the magnitude of the rest rupture forces.

Among the 2.5% of pixels with forces above 0.7 nN, the

majority was collected at region M. The highest observed

force (e.g., 4.4 nN at M9 and 4.3 nN at M10) is

approximately 70 times higher than the specific binding

force of NGF–TrkA dimer complex (0.06 nN), as identified

on the model sample surface (Fig. 3). It is also 2.6 times of

the highest force measured in the model system (Fig. 3). The

above results imply: (1) the high forces measured on cell

correspond to multiple NGF–TrkA interactions, i.e., each

pixel contains numeral TrkA receptors (which is reasonable

when considering that each pixel is approximately 125�125

nm2); (2) TrkA receptors form aggregates, resulting in

multiple binding event at some local regions (e.g., region

M); (3) additional adhesion force may be generated, in

addition to the specific ligand–receptor interactions, due to

the nature of cell membrane.

There are many other factors than the specific binding

force that may contribute to the adhesion force measured at

each pixel. For example, the tip indentation to the soft cell

membrane may cause adhesion force; the cytoskeletal

structure and surface roughness can affect the adhesion force

by varying the surface homogeneity; NGF may weakly (non-

specific) interact with other species involved in cell mem-

brane. These forces and influences remain when sufficient

NGF solution (7 nM final concentration in the cell, more than

100 times the Kd of 10
�11 M) was introduced to the cell and

occupied all the available TrkA binding sites; however, the

NGF–TrkA specific interaction was excluded. Fig. 8a and b

show the results of this experiment. As can be seen from the

FV image, the adhesion forces were largely abrogated.

Multiple force curves were randomly selected from presen-

tation in Fig. 8c, and they clearly show no significant and

characteristic interactions of the type seen in Fig. 7d. The

histogram plotted based on 328 force curves collected on top

of the cell is shown as the grey columns in Fig. 7c. Only 23%

of the force curves show detectable adhesion forces. Among

all the cells that we studied in a similar way, the highest

detectable force in the control experiments is less than 0.44

nN.We consider the 0.44 nN adhesion force as the upper limit

of non-specific interaction in living cells. Note that the
Fig. 8. (a) A 9�9 Am2 height image of a PC12 cell acquired by an NGF-modified t

FV image captured simultaneously with the height image in panel a. (c) Force curv

and b.
surface roughness of cells with or without 30 min incubation

with NGF maintains the same level. This excludes the

possibility that the lack of high adhesion forces in the control

experiments is due to the change in cell surface convolution

in response to NGF injection. Thus the high adhesion forces

measured in Figs. 6 and 7 were generated from the TrkA–

NGF specific interaction.
4. Discussions

4.1. The strength of NGF–TrkA-specific interaction

In the model system, TrkA containing cell surface

proteins were chemically bound to a substrate. These TrkAs

were registered by the NGF-modified tip. As shown in the

histogram in Fig. 3d, 34% force curves show adhesion

forces above 0.03 nN, the level of non-specific interaction

as defined in the control experiment (Fig. 4). The most

probable adhesion force was measured to be 0.06 nN. The

periodic appearance of its multiples of forces as peaks in the

histogram allows us to tentatively consider 0.06 nN as the

specific binding force between NGF and TrkA dimer.

According to the SEM image of gold-coated Si3N4 tip, the

nominal tip radius is approximately 15 nm, which can

accommodate approximately 47 NGF molecules (the cross-

sectional area of NGF dimer is ~5�3 nm2) [38,42]. It is

reported that when NGF binds to TrkA, a dimer of NGF–

TrkA complexes forms, with an area of the extracellular

portion of 9.5�3.1 nm2 [42]. Because each pixel corre-

sponds to an average area of 976 nm2 on the force map, the

maximum number of dimer complexes involved in the tip–

sample interaction is estimated to be 33. Adhesion force as

high as 1.7 nN was observed. If we assume this force

correlates to the maximum number of NGF–TrkA inter-

action, the average rupture force of an NGF–TrkA dimer is

0.05 nN, which is in good agreement with the most probable

0.06 nN force observed in our model system. Indeed,

accurate measurement of the binding strength between a

biomolecular pair relies on the systematic study on the

relation between the rupture force and the tip withdrawal
ip after introducing NGF into the solution bathing PC12 cells for 30 min. (b)

es randomly collected at the sample data points as cross-marked in panels a
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rate because bond breaking is thermally activated [46].

However, the rupture forces measured at 1 Hz show broad

distribution (Figs. 3d and 7c) indicating the detection of

multiple binding events at local regions. Multiple binding

events are only detectable when sufficient interaction time is

provided (in terms of the tip withdrawal rate) to allow the

ligands on the AFM tip to adjust their orientations, diffuse to

the binding sites of the receptors and bind to the receptors

forming strong specific bonds [27]. In this case, the

measured rupture forces can provide a reasonable estimate

of the specific interaction for distinguishing the binding

species from the others. The specific binding force was

similarly measured between protein–ligand, antigen–anti-

body and complementary oligonucleotides in model systems

[14–26]. In our previous study, we quantified the specific

interaction between CTB and its receptor ganglioside GM1

is of 0.15 nN [27]. Typical specific binding force falls in the

range of 10�11 to 10�9 N. The 0.06 nN binding force

between NGF and TrkA dimer falls well within this range.

NGF–TrkA binding force in a living cell may be greater

than the force in our model system. The model system is

relatively rigid and not dynamic, and that the chemically

anchored TrkA molecules are fixed on the surface. On cell

membrane, the living cell presents TrkA in a conformation

designed to efficiently interact with NGF: its extracellular

binding domain pointing out, and the non-binding cytosolic

portion deeply inserted in the cell membrane. This natural

conformation of TrkA on cell membrane optimizes the

NGF–TrkA binding. As shown in the histogram in Fig. 7c,

the detectable forces are peaked at 0.1 nN with a broad

distribution in magnitude. Based on our estimation of 0.44

nN as an upper limit of non-specific interaction, we can’t

conclude that 0.1 nN represents the NGF–TrkA specific

binding force in living cells. In analogous AFM studies,

Lehenkari and Horton [28] estimated a binding force of

0.127 nN for the interaction between the F11 antibody and

the avh3 integrin dimer on freshly isolated rat osteoclasts;

Osada et al. [29] suggested a binding force of 0.05 nN

between lectin and GalNAc on the rat vomeronasal

epithelium; Gad et al. [8] reported the binding force between

concanavalin A and mannan on a yeast cell is in the range of

0.075–0.2 nN. The binding force between NGF and TrkA

dimer on a living cell might be higher than 0.06 nN, as

estimated in the model system, due to the favorable receptor

conformation on cell membrane as well as the more

deformable and complex membrane structure. However,

the comparison with the reported values of specific

interaction between various biomolecular pairs in living

cells allows us to infer that forces greater than 0.44 nN are

most likely corresponding to multiple binding events.

Besides TrkA, NGF has another cell membrane receptor,

p75. Its binding affinity is 100 times lower than TrkA, and

its population is three times higher [6,39–41]. When an

NGF-modified tip scans on cell membrane, both TrkA and

p75 give rise to adhesion force during tip retraction.

However, the adhesion force generated from NGF–p75
interaction is negligible when comparing with that from

NGF–TrkA interaction due to the low affinity of p75. It was

reported recently that the co-expression of TrkA and p75 is

required for the formation of high-affinity NGF-binding

sites, and they are presumably composed of p75–TrkA

heteromers [37,40,41]. Though our current study did not

address this issue, this may also be partly responsible for the

much greater forces seen on the living cells compared to the

model system, where p75 is absent. We expect to answer

this question by generating force maps using modified AFM

tips with TrkA-specific and p75-specific antibodies.

4.2. TrkA distribution

We have utilized the NGF–TrkA specific interaction to

probe TrkA distribution. While NGF is considered to induce

receptor dimerization as a first step for signal transduction

[47,48], our observation supports the report by Mischel et

al. [49], in which the freeze-fracture electron microscopic

analysis demonstrated that TrkA tends to form oligomers

even in the absence of NGF.

The FV imaging identifies 0.06 nN as the specific

interaction between the NGF and TrkA dimers in the model

system. If dimer is the dominant form of TrkA in the model

system, we expect to observe a narrow band in the histogram.

The broad distribution of the measured forces as shown in

Fig. 3d rules out this possibility. Forces above 0.06 nN,

especially the multiples of 0.06 nN, indicate the detection of

multiple binding events. Multiple binding events can only be

probed when multiple receptors are highly localized,

suggesting the existence of TrkA aggregates.

Analogous results were obtained on the living cell

membrane as demonstrated in Fig. 7c. According to the

0.44 nN upper limit of non-specific interaction, higher

forces on the force map (Fig. 7b) suggest the detection of

multiple binding events at local regions. The uneven

darkness of the TrkA containing pixels in Figs. 5b, 6b and

7b indicates TrkA must aggregate with distinct number at

individual pixel. This is consistent with the broad distribu-

tion of the measured forces in living cells in the histogram

(Fig. 7c), suggesting that the TrkA aggregates may vary in

size. For instance, region M in Fig. 7b shows the darkest

contrast in the force map, indicating numeral TrkAs highly

localize at the vicinity of bMQ. At this region, TrkA

distribution is further resolved, with pixels M4, M5, M8,

M9, M10 and M13 exhibiting the highest forces. These

forces are each distinct and reproducible, indicating that

placing the tip over each point provided access to different

numbers of TrkA molecules.

The height image (Fig. 7a) shows a distinct, elevated

surface feature at the same region. We speculate cell

membrane may be convoluted in this local area. When

TrkAs locally exist at this area, the convolution further

condenses the receptors resulting in a larger number of

receptors per unit area. Receptor proteins can migrate along

the cell surface [50] and the cell membrane is more
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deformable. In response to the NGF-modified tip approach-

ing, the cell membrane may conform to partially envelop the

tip, allowing TrkAs in the vicinity available for simulta-

neous binding to the ligands on the tip (Fig. 9). The multiple

ligand–receptor interactions lead to greater adhesion forces,

implying the higher level of receptor clustering in living

cells. In fact, the surface of the cell membrane is about 10

times rougher than the surface of the protein-modified

surface in our model system, causing an average of 6%

increase in surface area partially due to the membrane

convolution. It is thus reasonable to observe much higher

adhesion forces on the living cell membrane.

It should be noted that the effect of cell membrane

convolution is valid only when TrkA aggregates exist at the

local region. The total number of TrkA per PC12 cell is only

1.5�104 [39]. If the receptors are uniformly dispersed as

monomers on the membrane of the cell (in Figs. 6 and 7)

with a dimension of 13.5�7.0�1.5 Am3, the average area

per receptor is estimated to be 130�130 nm2, approximately

the area per pixel in the force map of Fig. 7b. If this is the

case, much less multiple binding events should be observ-

able due to the 15 nm nominal radius of the AFM tip even if

we count the membrane convolution. In fact, the same type

of strong adhesion force also appears at relatively flat

regions, and is lacking at other elevated regions. Therefore,

the cell membrane convolution does not downgrade our

conclusion of TrkA aggregation on the cell membrane.

When comparing the simultaneously captured height image

and force map (Figs. 5a and b, 6a and b, or 7a and b), it is

found that the distribution of TrkA aggregates is random

and is irrelevant to the cell membrane topography.

Our study suggests that receptor distribution on living

cell surface can be explicitly examined with a ligand-

modified AFM tip. It is expected, while FV images are

captured at smaller and smaller scales and focused on high

adhesion force region, the receptor aggregates can be more

carefully studied. Due to the simplicity and uniformity in the

local environment, we expect that the non-specific inter-

action can be greatly reduced and eventually individual

receptors will be pinpointed on the cell surface. Detachment

of PC12 cells from the substrate prevented us from

capturing higher resolution images. However, our work laid

the foundation of further exploring this novel methodology.
5. Conclusions

We have employed the NGF–TrkA specific interaction as

a probe to register TrkA distribution on living PC12 cell.

NGF–TrkA specific interaction was first studied in a model

system, where NGF was chemically bound to an AFM tip,

and partially purified TrkA was chemically bound onto a

substrate. Specific binding force between NGF–TrkA dimer

was quantified at 0.06 nN. TrkA in the protein mixture was

identified by an NGF-modified tip via the specific inter-

action. Similar but stronger interactions were observed on

living PC12 cells. Force maps generated by scanning an

NGF-modified AFM tip across the living cell illustrated the

distribution of TrkA. The distribution is heterogeneous, with

TrkA highly localized at certain regions. This aggregation is

consistent with its signaling function as an NGF receptor. It

is expected that force mapping at smaller scales will

eventually allow us to pinpoint the individual receptors

due to the greatly simplified surface environment at the local

cell membrane. Our methodology offers a general approach

for studying cell surface protein distribution in living cells in

a natural environment.
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