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The release of synaptogenic factors by the nerve terminal plays a central role in the aggregation of

neurotransmitter receptors at the postsynaptic membrane, a precisely timed and localized process

that is essential for the correct formation and functioning of the synapse. This process has been

difficult to re-capitulate in cell culture because present cell stimulation methods do not have

sufficient spatiotemporal control of the delivery of soluble signals. We cultured myotubes atop

nanofabricated planar apertures (2–8 mm diameter) to focally stimulate the muscle cell membrane

with neural agrin, a synaptogenic factor released by motor neurons during development. Focal

agrin delivery through the apertures after myotube fusion results in local aggregation of

acetylcholine receptors (AChRs) in the vicinity of the apertures, a process reminiscent of AChR

clustering at innervation sites. Since the apertures are spatially organized in microarrays, multiple

experiments can be run in parallel on one device. The technique has wide applicability in cell–cell

communication studies and cell-based bioassays.

Introduction

The formation of synapses, or synaptogenesis, is central to the

development of the organism.1 The synapse of the neuromus-

cular junction (NMJ), where a motor neuron innervates a

muscle fiber, has provided a convenient model for synaptic

development studies because of its experimental accessibility,

relatively large size, simple anatomy (generally each mature

muscle fiber is innervated by only one motor axon), and many

structural and functional similarities between the synapses of

the NMJ and those of the central nervous system.2,3 The

postsynaptic side of the NMJ consists of a high density of

acetylcholine receptors (AChRs) clustered on the muscle cell

membrane.4–7 The release of agrin8 by the axon terminal is a

key signal for AChR clustering.9,10 Unfortunately, experi-

mental manipulation of agrin (as well as other synaptogenic

molecules) in vivo is difficult because proper synapse function

is paramount to the correct development of the embryo

(e.g. agrin-deficient mutant mice die at the embryonic stage11).

Therefore, the effects of agrin have been most often studied

in vitro using cell cultures of myotubes. AChRs and their

associated synaptic components can be induced to form

clusters by artificially delivered agrin.6,9 In vitro studies of

the NMJ have been greatly facilitated by the availability of

muscle cell lines12 (e.g. C2C12 cells) that fuse and differentiate

into myotubes. C2C12 myotubes are characterized by expres-

sion of many muscle-specific genes13,14 (among them, AChR)

and AChR clustering behavior (both agrin-dependent and

agrin-independent behaviors15). However, for lack of methods

to apply agrin to a sub-cellular domain of the muscle cells,

most studies have relied on bathing the entire surface of the

myotubes with agrin-containing solution, which induces the

formation of multiple AChRs clusters at random (i.e. non-

physiological) locations.9 Therefore, bath application of agrin

does not realistically simulate the focal application of agrin by

the axon tip in vivo. Hence, several methods have been

developed to deliver agrin locally to cultured myotubes, e.g.

using co-cultures (of myotubes with neuronal explants5,16 or

with transfected cells that express agrin17,18) or immobilized

agrin (i.e. agrin-coated microbeads18,19 or agrin surface

micropatterns20,21). Unfortunately, none of these methods

allows for precisely specifying the concentration, location, and

timing of the agrin presentation. Hence it has been difficult to

re-capitulate the process of localized AChR aggregation.

Here we present a microdevice incorporating nanofabricated

apertures on a transparent membrane through which soluble

molecules can be focally delivered to individual cells with high

spatiotemporal precision. The apertures were defined using

electron beam nanolithography so as to obtain reproducibly

smooth shapes and diameters on the range 2–8 mm. The

experimenter specifies the starting time, the duration, and the

concentration of the stimulus. We have used the device to

induce and observe the first steps of neuromuscular synapto-

genesis – the clustering of AChRs – in cultured myotubes by

delivering agrin focally to a small area (a few mm2) on the cell

membrane.

Results

Device operation

A cross-section schematic of the device is depicted in Fig. 1a.

The devices were fabricated as shown previously22 using a
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combination of standard photolithography, silicon microma-

chining, and electron beam lithography (EBL),23 as schema-

tically shown in Supplementary Fig. 1.{ The cells are cultured

on a low-stress silicon nitride (LSN) membrane, which features

a circular aperture defined by EBL and chemical etching

(Fig. 1a, inset). The array configuration allows for the running

of multiple experiments in parallel on the same chip. We have

fabricated apertures with diameters less than 100 nm (data not

shown), but 2–8 mm diameter apertures gave the best results.

Each chip is sandwiched between (and sealed to) two square

reservoirs made of the transparent biocompatible elastomer

poly(dimethylsiloxane) (PDMS), which allows for independent

Fig. 1 Experimental protocol for focally delivering agrin to cultured myotubes. (a) Cross-section of a micron-scale aperture and a microwell on

the device. The picture shows an image of a finished wafer with nine identical device chips waiting to be broken into its individual units (black

arrows indicate etched lines that guide the cleaving of the wafer into its individual chips). The insets on the left and right show an epiluminescence

microscope image of a microwell and a scanning electron microscope image of an aperture, respectively. There are 16 microwell units (in a 4 6 4

square array) on each chip and each aperture is separated 2 mm from the neighboring one. (b) After the cell culture surface is coated with cell-

adhesive proteins, C2C12 cells suspended in ‘‘growth medium’’ are seeded on the surface. The phase contrast image shows cells immediately after

seeding. The aperture is visible as a bright spot in the middle of the transparent LSN membrane. (c) Once the cells spread and proliferate to about

90% confluence, the ‘‘growth medium’’ is replaced with ‘‘differentiation medium’’. (d) Over the next couple of days, the cells fuse with their

neighbors and differentiate into myotubes. (e) Finally, myotubes are exposed to agrin through the apertures by filling the microwells with agrin

solution, causing the AChRs to aggregate and form clusters around the apertures. The fluorescence image shows AChR clusters labeled with a

fluorescent conjugate of a-bungarotoxin. The dashed-line square indicates the boundaries of the suspended LSN membrane.
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fluidic access to both sides of the membrane. (A detailed

schematic of the fabrication is shown in Supplementary

Fig. 1.{)

After the culture surface (the ‘‘front side’’ of the chip) was

coated with extracellular matrix (ECM) proteins (collagen-I

and fibronectin; see Methods) (this process did not clog the

apertures), C2C12 mouse myoblast cells were seeded on the

surface. Fig. 1b shows a schematic depiction and a phase-

contrast image of the C2C12 cells right after cell seeding; an

8 mm diameter aperture is clearly visible in the image as a

bright spot in the middle of the LSN membrane. The cells

spread and proliferated normally as on glass or tissue culture

polystyrene controls. Once the cells grew to about 90%

confluence (y2 days, see Fig. 1c), the cell culture medium

was replaced with a ‘‘differentiation medium’’ containing a

lower concentration of all growth factors (see Methods),

which inhibits myoblast proliferation and promotes the cells

to fuse with each other and differentiate into myotubes.24

Once differentiation was complete (yday 8 of culture, see

Fig. 1d), agrin was delivered to the myotubes from under-

neath the cell culture surface through the apertures (for

y20 h) by filling the microwells (on the ‘‘back side’’ of the

chip) with the agrin solution, as illustrated in Fig. 1e. The

only fluidic connection between the two sides of the LSN

membrane was through the apertures, since the two fluid

volumes (i.e. cell culture medium on the front side and agrin

solution on the back side) were addressed through separate

PDMS chambers (see Methods). At the end of the agrin

exposure, the cells were fixed in paraformaldehyde and the

AChR clusters were visualized with a fluorescent conjugate

of a-bungarotoxin, which binds irreversibly to AChRs25,26

(see Methods). The fluorescence micrograph in Fig. 1e,

corresponding to the same region as in Fig. 1d, illustrates

that the AChR clusters (bright white specks, see arrows in

Fig. 1e) typically formed only around the location of the

aperture.

Clustering of AChRs around planar apertures

We used aperture diameters ranging from 2 mm to 8 mm to

focally deliver agrin for 20 h from underneath the cell culture

surface. We chose 20 h of exposure to agrin due to the

convenience of overnight incubations. Nevertheless, this kind

of long-term exposure is physiologically relevant, since agrin

has been shown to persist in the synaptic basal lamina.9

Controls were run in parallel on tissue culture polystyrene,

amorphous glass (i.e. cover slip), chemical vapor-deposited

(CVD) LSN, and CVD silicon dioxide substrates using the

same passages of cells. The myotubes in controls (glass

coverslips) were exposed to agrin by the addition of agrin to

the entire cell culture bath. Fig. 2a shows a fluorescence

micrograph of a representative area of a control. As expected

from previous studies, bath application of agrin (i.e. exposure

of the whole surface of each myotube to agrin) resulted

in AChR clusters randomly distributed over the entire

surface of the myotubes. In contrast, the AChR clusters

induced by the focal delivery of agrin through apertures were

notably localized around the apertures, with surrounding

regions devoid of clusters. Fig. 2b, c and d demonstrate

this localization around 2 mm, 4 mm and 8 mm diameter

apertures (their locations indicated by small white circles),

respectively.

In the majority of experiments, AChR aggregation occurred

only along the one or two myotubes nearest to the aperture

(and not on adjacent myotubes that did not contact

the aperture rim), suggesting that the myotube(s) above the

aperture had effectively ‘‘sealed’’ the aperture. However, the

clusters were never confined only to the aperture area and in

some experiments (e.g. Fig. 2d) none of the clusters overlapped

with the aperture.

We used simple image filtering and thresholding algorithms

(local background subtraction) to isolate the pixels corre-

sponding to AChR clusters (see Methods). The fluorescence

intensity after bungarotoxin staining was used as a measure of

AChR density to quantitatively characterize the AChR

clustering process. Each pixel in the image was assigned an

‘‘AChR mass’’ equal to its grayscale intensity above the local

threshold, resulting in zero mass for pixels away from AChR

clusters and having values below the threshold. Next, we found

the position of the ‘‘center of mass’’ (CM) of all the pixels.

Fig. 3a shows an example of a thresholded image (original

image in Fig. 2d) with the aperture and CM at the indicated

positions. (For controls, the center of the image is used instead

of the location of the aperture.) To characterize the AChR

mass distribution, we divided the image into concentric

ring sections (10 mm width) around the CM (around the

center of the image for controls) as depicted in Fig. 3a and

calculated the AChR mass per unit area (termed ‘‘average

AChR mass’’) for each ring. Fig. 3b shows the radial

distributions of average AChR mass as a function of distance

to the CM, RCM, for a representative control and one for each

of the three aperture diameters tested (D = 2, 4, and 8 mm; for

reference, the graphs correspond to the images in Fig. 2). The

distances from the CM to the aperture and to the image

edge are indicated with dotted and dashed vertical lines,

respectively.

On average, the CM was offset with respect to the aperture

by 25 ¡ 13 mm (number of samples, n = 38) with no

clear correlation with the aperture diameter. (The random

orientation and multi-layering of the myotubes in these

cultures made it difficult to quantitatively correlate the

direction of the offset with the orientation of the myotube;

on the images where the orientation of the myotube was

clearly discernible, the offset always appeared to be in the

direction of the myotube’s long axis.) As expected, the

average AChR mass distribution for the control culture

(Fig. 3b, top graph) shows an essentially flat profile because

myotubes were homogeneously exposed to agrin. In contrast,

the AChR mass distribution corresponding to focal agrin

exposure (Fig. 3b, bottom three graphs) quantitatively

illustrates the dramatic localization of the clusters. We also

measured the ‘‘AChR spread’’ (arbitrarily defined as the radius

of the circle enclosing 90% of all the pixels’ cumulative mass

around the CM), termed S90, corresponding to focal agrin

stimulation with D = 2 mm and 4 mm apertures. As shown in

Fig. 4, the average spread was 50 ¡ 25 mm (n = 17) and 58 ¡

25 mm (n = 20) for the 2 mm and 4 mm diameter apertures,

respectively.
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Discussion

Since real-time observation of the clustering process is difficult

with the devices, we presently cannot describe the dynamics of

AChR cluster formation upon focal stimulation, i.e. we cannot

discern whether AChR cluster formation starts at the aperture

location (addressed in ongoing studies) or whether the

distribution stabilizes with time. It is conceivable that the cells

display an inherent bias for clustering AChRs towards nearby

sites of pre-existing agrin-independent AChR clusters,

although in controls AChR clusters do appear at random

locations. In the absence of real-time visualization of the

AChR clustering dynamics, we may attribute the observed

offset between the aperture and the AChR CM to more than

one potential mechanism: 1) inhomogeneities in agrin’s

diffusion path due to uneven cell membrane and extracellular

matrix topologies; 2) changes in myotube shape during the

period of agrin exposure (that would change both agrin’s

diffusion path and the position of the already formed clusters

relative to the aperture); 3) collective migration of AChR

clusters on the membrane surface.19 Consistent with the last

two mechanisms, in control conditions (agrin bath) we were

able to observe, by time-lapse fluorescence microscopy, that

the distribution of AChR clusters changes with time (see

Supplementary movie{), possibly reflecting the dynamic

nature of the cytoskeleton to which the clusters are anchored.19

On a few occasions, we have observed AChR clusters spread

on an area that spanned several myotube widths around the

aperture (Supplementary Fig. 2{), which we attribute to

extensive leakage of agrin occurring (in those occasions only)

due to a poor seal between the aperture and the cell(s) covering

it; even in those occasions, the larger AChR distribution was

not radially symmetric around the aperture, which indicates

some interplay with other mechanisms that do introduce an

offset. In addition, the agrin-induced AChR cluster distribu-

tion may be partially broadened by intracellular diffusion of

second messengers within the myotube following activation of

agrin’s receptor. For simplicity, in the studies reported here we

did not take precautions to ensure a good seal, but it is possible

that agrin exposure (and the resulting AChR clustering) could

be spatially restricted further by applying negative pressure to

the agrin reservoir (a procedure commonly used in patch-

clamp electrophysiological recordings to facilitate a tight seal

between a pipette aperture and the cell membrane27) and/or by

applying agrin for shorter durations (exposures as short as

5 min are sufficient to induce clustering over the next 20 h,

data not shown).

In conclusion, we have successfully implemented a method

for focally delivering a soluble signaling factor to cultured cells

through a nanofabricated planar aperture on a transparent

membrane. The apertures were nanolithographically defined

so as to obtain reproducibly smooth shapes and diameters on

the range 2–8 mm. We have used the method to locally induce

AChR clustering on myotubes with soluble agrin, which

represents an attempt to mimic the presence of an axon

terminal during the early stages of synaptogenesis. Given the

20 h long exposures to agrin, the tight localization of the

AChR clusters around the apertures suggests that the cells

effectively seal the aperture rim (with occasional exceptions as

noted above), limiting the diffusion path and preventing free

flow through the aperture. The device allows for great control

over various experimental parameters – such as the concentra-

tion, time of onset, duration, and spatial extent of the stimulus

– that could not be controlled previously. The apertures are

configured in 4 6 4 microarrays, allowing for up to 16

experiments on one device simultaneously. For more complex

Fig. 2 Fluorescence microscopy images of AChR clusters on myotubes after agrin has been applied (a) globally and (b–d) focally. On all images,

AChR clusters are visible as bright white specks on the dimmer outlines of the myotubes. (a) Control, where agrin was present in the entire cell

culture bath. (b–d) AChR cluster localization around apertures of diameter (b) D = 2 mm (two apertures visible), (c) D = 4 mm, and (d) D = 8 mm.
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experiments (e.g. to address synaptic competition using two or

more apertures), each aperture and microwell can be addressed

separately by using a microfluidic channel network instead of

our crude reservoir.22 The method has a wide applicability for

modulating cellular microenvironments in cell biology studies

and biotechnology assays.

Materials and methods

Device fabrication

The fabrication protocol is based on a previous design.22

Briefly, a 3 inch silicon wafer was deposited with a 300 nm

thick layer of LSN by low-pressure chemical vapor deposition

and coated on the polished side (‘‘front side’’) with 100 nm

thick layer of gold by metal evaporation. Gold alignment

marks were patterned by photolithography, which served as

points of reference for the correct alignment during the

subsequent fabrication steps. Using EBL of a poly(methyl

methacrylate) resist layer, apertures were etched through the

LSN layer on the front side of the wafer. Since the EBL

process is software-controlled (unlike photolithography, which

requires the fabrication of photomasks that are used to project

a pattern), the location and diameter of each aperture on the

chip can be straightforwardly and quickly changed. Next, the

LSN was selectively removed from 760 mm wide square areas

(‘‘windows’’) in the unpolished side (‘‘back side’’) of the wafer

by photolithography followed by RIE. Proper alignment of the

back-side windows and the front-side apertures was achieved

using an infrared mask aligner that allows for visualizing

features through the wafer. The wafer was then immersed in a

5 M KOH bath at 80 uC, which anisotropically etched

inverted-pyramid pits (termed ‘‘microwells’’) in the window

areas, until the pits reached the front-side LSN layer. This

process created an array of suspended LSN membranes

(300 nm thick, 220 mm wide squares) with an aperture at the

center of each membrane. Because of the optical transparency

Fig. 3 Quantitative image analysis of AChR cluster distribution. (a)

An example (for reference, extracted from Fig. 2d) illustrating the

partitioning of the image in concentric ring sections (10 mm width,

dotted-line circles) used to calculate the position of the ‘‘center of

mass’’ (CM) with respect to the aperture and to find the radius around

the CM that encloses 90% of all AChRs or ‘‘90% spread’’ (S90) (see

text). (b) Spatial distribution of AChR mass around the CM for a

representative control (global agrin exposure) and three representative

focal agrin exposure experiments with aperture diameters, D = 2, 4,

and 8 mm. Each bar represents the AChR mass per unit area

(normalized to the maximum value) inside a concentric region of

radius RCM. The positions of the aperture and of the closest edge of the

image with respect to the CM are indicated with dotted and dashed

vertical lines, respectively. The S90 radius is indicated with a dotted–

dashed line. In the global-exposure control, the AChR distribution

radial profile is essentially flat. The distribution profiles corresponding

to focal-exposure experiments, on the other hand, demonstrate a

distinct localization of AChR clusters near (albeit not symmetrically

around) the aperture.

Fig. 4 Radial spread of relative AChR mass (S90, radius encompass-

ing 90% of the AChRs) around the CM for focal agrin exposure

through apertures of diameter D = 2 mm (filled diamonds, left) and

4 mm (filled squares, right) apertures. The hollow diamond and square

symbols represent the average values for D = 2 mm and D = 4 mm,

respectively, with the error bars indicating the standard deviation.
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of the thin LSN membranes, various types of microscopy as

well as photometric and fluorescence-based techniques can be

implemented. The etched horizontal and vertical guide lines

between the chips (as indicated with black arrows on the image

in Fig. 1a) made the task of breaking the wafer into its

individual chips straightforward. Each chip was a 12 mm 6
12 mm square with 0.4 mm thickness and had 16 microwells

in a 4 6 4 square array (2 mm periodicity).

Fabrication and assembly of PDMS reservoirs

For each chip, two reservoirs were fabricated from PDMS

(Sylgard 184; Dow Corning) using soft lithographic methods.28

First, using SU-8 negative photoresist (MicroChem Corp.)

and high-resolution acetate film photomasks (Publication

Services, University of Washington), master mold patterns

were formed on a silicon wafer by photolithography.23 Each

pattern was 100 mm tall (over the wafer surface) and

consisted of a 9 mm 6 9 mm square connected at the center

of each side to a 2 mm 6 3.5 mm rectangle. These rectangles

projected out and connected to a thin 16 mm 6 16 mm

square outline, which was concentric with the smaller square.

Next, the patterns were replicated into a 3 mm thick layer of

PDMS and cut out into individual square reservoirs with

16 mm 6 16 mm outer and 9 mm 6 9 mm inner dimensions.

Each device chip was sandwiched and sealed between two

PDMS reservoirs, molded sides facing out, using uncured

PDMS as glue. When the molded side of a reservoir was sealed

against a smooth surface, such as of a petri dish or glass slide,

the rectangles embossed in the PDMS surface created

microfluidic channels connecting the outside to the inside of

the reservoir, enabling fluid exchange. The use of PDMS to

create the fluidic interface provides flexibility to change

the fluidics design independently of the silicon chip design.

This modularity increases the functionality of our device

and enables the user to mix and match different chips and

PDMS fluidic modules.

Biocompatibility of the device

The biocompatibility of our device with the cell cultures was

investigated as described in a previous study.22 Briefly,

mouse fibroblasts (NIH/3T3), Chinese hamster ovary cells

(CHO-K1), human embryonic kidney cells (HEK293), and

mouse myoblasts (C2C12) were seeded and cultured on the

LSN membranes of the devices. All cell cultures were

incubated in a water-jacketed CO2 incubator with HEPA

filtration at 37 uC under a humidified atmosphere of either

5% CO2 and 95% air or 10% CO2 and 90% air (depending on

cell type) in their respective culture media for at least several

days. All cell cultures were grown to at least 90% confluence.

All cell types tested attached, spread and proliferated

normally and were morphologically indistinguishable

from the controls growing on glass or tissue culture

polystyrene.

Surface treatment and protein coating

After the assembly of the PDMS reservoirs to the device chips,

the devices were treated in oxygen plasma (20 s in 1 Torr of O2

at 300 W) in order to oxidize the surfaces (which renders them

hydrophilic).29,30 This process enabled us to fill the microwells

without introducing any air bubbles and also enhanced the

adsorption of proteins to the surfaces. The assembled devices

were sterilized for 30 min under UV light. The LSN surface on

the front side of the device chip was treated in succession with

poly-D-lysine (PDL) (M.W. 70–150 kDa; Sigma–Aldrich

Corp., MO) (100 mg ml21 in sterile deionized (DI) H2O for

1 h at room temperature (RT)), collagen-I (rat tail; BD

Biosciences) (1 mg ml21 in DI H2O for 4 h at RT), and

fibronectin (Life Technologies, MD) (100 mg ml21 in

phosphate-buffered saline (PBS), overnight at RT) solutions.

Special precautions must be taken to avoid air bubbles trapped

inside the microwell, which often blocks the aperture. Bubble-

related problems were avoided by filling the microwells while

their surfaces were very hydrophilic immediately after the

oxygen plasma treatment (which was done prior to the ECM

protein coating). This protocol ensured complete wetting of

the silicon surfaces of the microwells without the introduction

of air bubbles.

Culturing of C2C12 myotubes

C2C12 mouse myoblasts purchased from American Type

Culture Collection (ATCC) were seeded in tissue culture flasks

in ‘‘growth medium’’ (GM). GM consisted of Dulbecco’s

Modified Eagle’s Medium (DMEM; GIBCO/Invitrogen

Corporation) supplemented with 20% fetal bovine serum

(FBS) (GIBCO/Invitrogen) and inoculated with 1% penicil-

lin–streptomycin solution (GIBCO/Invitrogen). The cells were

incubated in a water-jacketed CO2 incubator with HEPA

filtration at 37 uC under a humidified atmosphere of 10% CO2

and 90% air until the cells grew to 90% surface confluence. The

cells were trypsinized, re-suspended in GM, seeded into the

reservoir on the ‘‘front side’’ of the device at about 45% initial

confluence, and incubated. When the cells became 90%

confluent on the device surface, the GM was replaced with

‘‘differentiation medium’’ (DM). The composition of DM

differed from that of GM in that DM contained 2% horse

serum (ATCC) instead of 20% FBS. Thus, DM contained a

reduced concentration of growth factors, which halted pro-

liferation and induced muscle cell fusion and differentiation.24

Once a day, half of the cell culture medium was replaced with

an equal volume of fresh medium. Control cultures were

grown on tissue culture dishes, on glass surfaces, and on device

chips with CVD LSN and CVD silicon dioxide coatings.

Agrin exposure and observation of AChR clusters

Once the myoblasts had differentiated into myotubes, the

PDMS reservoir on the back (microwell) side of the device was

filled with a 2 mg ml21 solution of C-terminal fragment of

neural agrin (recombinant rat agrin (C-Ag3,4,8), M.W.

y90 kDa; R&D Systems, Inc.) (prepared by diluting a

10 mg ml21 stock solution of agrin in PBS with DM) and

incubated for 20 h. The controls were exposed to the same

agrin solution throughout the culture bath. All myotube

cultures were fixed in paraformaldehyde (4% (w/v) in PBS) for

15 min at 37 uC and incubated in a solution of fluorescently

labeled a-bungarotoxin (Alexa Fluor1 488 conjugate;
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Molecular Probes/Invitrogen) (1 mg ml21 in PBS) at 37 uC for

2 h to label the AChRs. Both PDMS reservoirs were rinsed

and filled with PBS. The phase-contrast and fluorescence

images were acquired on a Nikon Eclipse TE2000-U inverted

microscope (Nikon Corporation) with a Hamamatsu ORCA-

HR digital camera (Hamamatsu Photonics) controlled by the

image acquisition, processing, and analysis software

MetaMorph (Version 6.2r4; Universal Imaging Corp.) running

on a PC.

Image processing and analysis

First, we used MetaMorph to clean the background of each of

our fluorescence images utilizing a combination of Fast

Fourier Transform (FFT) and ‘‘Flatten Background’’ com-

mands as necessary. The remainder of image processing and

analysis was performed in the programming language

MATLAB (The MathWorks). Next, the pixels corresponding

to AChR clusters were isolated using simple thresholding

algorithms. We assigned a ‘‘mass’’ to each pixel in the AChR

cluster areas equal to the intensity of that pixel in the original

(non-thresholded) image; we assigned a mass of zero to all the

pixels not belonging to AChR clusters. Next, we calculated the

coordinates of the ‘‘center of mass’’ (CM) of the AChRs,

(CMx,CMy) = S (mi 6 ri)/S mi where mi is the intensity of

pixel i and ri is the coordinate vector (xi,yi) of pixel i. This

simple calculation served as an objective quantitative assess-

ment of how close, on average, the AChRs were with respect to

the aperture.
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