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ABSTRACT

Nicotinic receptors (nAchRs) are responsible for fast excitatory signaling by the neurotransmitter acetylcholine (Ach). They are present on the
postsynaptic membrane at neuromuscular junctions (NMJs) and also at brain synapses. r-Bungarotoxin (r-BTX), a high-affinity nAchR antagonist,
inhibits Ach binding and neurotransmission.1,2 Here we demonstrate biotinylated r-BTX, bound to native mouse diaphragm nAchRs, can be
quantified and visualized ex vivo using streptavidin-conjugated quantum dots. This approach provides a novel methodology for the direct
assessment of the presence and mobility of neurotransmitter receptors in native tissue.

Nicotinic acetylcholine receptors (nAchRs) are a well-
studied class of ligand-gated ion channels. They are
members of the ionotropic receptor Cys-loop superfamily3

and are closely related to γ-amino butyric acid receptor type
A (GABAA) and glycine receptors; additionally, they are
distant cousins to both serotonin (5HT-3) and glutamate
(GluR) receptors. nAchRs are pentameric transmembrane
proteins that consist of subunits surrounding a cation pore.
Subunits are classified as R(1–10), �(1–5), δ, and γ (or ε in
adult physiology) and found in both muscle tissues and
neuronal tissues. Each subunit has high sequence identity
with homologous subunits that combine to form an array of
receptor subtypes throughout an organism. These receptors
are further categorized as homopentamers or heteropentamers
based upon their subunit organization.2,4 In vertebrates, dense
clusters of nAchRs are found in the Torpedo electric organ
and in skeletal muscle such as diaphragm tissue.5 The muscle
type nAchRs are composed of an R2�γδ stoichiometry of

subunits. Together, these subunits create a cation pore
through which ion flux2 occurs after acetylcholine binding.

Antibody and toxin-labeling studies show that muscle-type
nAchRs are clustered at the peaks of the highly folded
postsynaptic muscle membrane. In the disorder myasthenia
gravis (MG), nAchR antibodies induce a loss of these
clusters, thereby producing muscle paralysis and, if untreated,
death. Functioning nAchRs are also lost when targeted by
certain neurotoxins such as R-bungarotoxin (R-BTX). R-BTX,
a 74 amino acid peptide from the snake Bungarus multi-
cinctus, has subnanomolar affinity for nAchRs and blocks
neuromuscular transmission by preventing binding at the
R-subunit interface with the δ and γ subunits.2 Another
venom component, �-bungarotoxin, acts presynaptically to
trigger massive Ach release and subsequent depletion.6 The
R-BTX peptide has been used as a high-affinity ligand to
label nAchRs for imaging and quantitation. Fluorescent and
radiolabeled R-BTX conjugates are typically used;7–11 how-
ever, biotinylation is also an option, as binding to target
receptors can be detected with an avidin-linked probe.11,12

Coupling of biotin and avidin, or streptavidin, yields an
interaction with femtomolar affinity and a long half-life in
solution. Common avidin probes include streptavidin-
Alexafluor dye conjugates. Recent advances in probe devel-
opment have generated streptavidin-quantum dot (strep-
tavidin-QD) conjugates that may be even more suitable for
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biological applications given their multiplexing capabilities
and resistance to photobleaching.13–17

Although both live and fixed cells have been labeled with
QD conjugates, tissue labeling with QDs has been limited
to fixed sections17–25 and illumination tracking during surgical
procedures.26–31 We present QD labeling of nAchRs at NMJs
in mature ex vivo mouse diaphragm. The neuroreceptors
were targeted with the R-BTX conjugate, biotinylated R-BTX
(bio-R-BTX), and used streptavidin-QD655s to visualize
the bound bio-R-BTX in the whole mount tissue.

To examine R-BTX affinity in ex vivo tissue, mouse
diaphragm was dissected and treated with glycine solution
for one hour. The tissue was then incubated overnight in
blocking solution at 4 °C. Following overnight blocking, the
tissue was treated with blocking solution containing increas-
ing concentrations of bio-R-BTX for approximately 10 min.
Overnight incubation in blocking solution containing
streptavidin-QD655s (Invitrogen, Inc.) occurred after toxin
exposure. Tissue sections were mounted and imaged using
invert confocal microscopy, LSM510 Meta (Zeiss, Inc.)
Figure 1 illustrates the resulting saturation binding curve
using the bio-R-BTX and streptavidin-QD655 labeling
protocol. The observed bio-R-BTX affinity, KD of ap-
proximately 200 fM, indicates that R-BTX has a much higher
affinity for nAchRs at NMJ synapses than previously
observed by Stephenson and co-workers.1 This finding may
indicate that receptors within ex vivo tissue retain higher
affinity for the R-BTX antagonist than homogenized recep-
tors extracted under denaturing conditions. The ability of
R-BTX to bind nAchRs with subpicomolar affinity enables
the antagonist to be used as a highly specific probe for QD
labeling and imaging to study neuromuscular synapses.

To further analyze bio-R-BTX and streptavidin-QD655
efficacy as a probe for nAchRs, we performed time-
dependence experiments with unfixed mouse diaphragms.

The first experiment was to determine whether length of bio-
R-BTX exposure affected visualization with streptavidin-
QD655 (Figures 2, 4A). We treated the tissue as previously
described and exposed the tissue to bio-R-BTX for intervals
of 10, 60, 180, 360 (Figure 2) and 720 (Figure 4A) min.
Additionally, we coincubated the tissue with a nAchR
�-antibody and secondary-Alexafluor488 antibody conjugate
(Sigma, Inc.) to demonstrate probe specificity. A second
experiment analyzed whether receptor viability remained in
ex vivo tissue after seven days in blocking conditions prior
to labeling with the bio-R-BTX and streptavidin-QD655
probe (Figure 3). Figure 2 illustrates that bio-R-BTX binds
rapidly in fresh ex vivo tissue, where essentially full labeling
was achieved at 10 min. Additionally, we observed that
binding was highly specific, as demonstrated by colocaliza-
tion between the streptavidin-QD655 fluorescence, labeling
bio-R-BTX, and that of the Alexafluor488 antibody conju-
gate, labeling anti-nAchR subunit antibodies. This further
substantiates the affinity determined in Figure 1, as noted
by the lack of dissociation present at 720 min of exposure
(Figure 4A). We also see that binding is equivalent between
Figures 2 and 3 at each R-BTX incubation time. These data
suggest that the nAchR remains viable over time when
maintained in an ex vivo environment, which has potential
relevance for production of sample archives for comparative
analyses.

Next we performed analyses using streptavidin-Alexa-
fluor555 (Invitrogen, Inc.) (Figure 4C,D) in place of
streptavidin-QD655 (Figure 4A,B) to compare QD labeling
efficacy versus a commonly used organic fluorophore.10,32

Figure 1. Bio-R-BTX saturation binding curve detected with
streptavidin-QDs at NMJ synapses. Tissue was blocked and treated
with dilutions of bio-R-BTX for 10 min and labeled with
streptavidin-QD655s overnight at 4 °C. Data are the mean of three
experiments ( SEM, with individual points assayed in triplicate
for each experiment. KD is 198 ( 43 fM; Bmax is 89.93 ( 4.163%,
and the Hill slope is 1.402 ( 0.3884. R-BTX binds nAchRs with
subpicomolar affinity, approximately 1000-fold greater binding
affinity than denatured nAchR assays.

Figure 2. Time-dependence labeling of NMJs with bio-R-BTX after
overnight blocking solution incubation. Images represent tissue
incubated with 10 nM bio-R-BTX following blocking protocol and
nAchRs detected with streptavidin-QD655 conjugates at (A) 10,
(B) 60, (C) 180, and (D) 360 min. Experiments were run in triplicate
with each piece imaged at least three times. R-BTX binding is
detected in all sections and all time intervals with
streptavidin-QD655s.
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Mouse diaphragms were exposed to bio-R-BTX for 720 min,
and then labeled overnight in either streptavidin-QD655 or
streptavidin-Alexafluor555 conjugates. Although both QDs
and Alexafluors label NMJ synapses, imaging revealed that
the QDs appear much brighter than their fluorophore
counterparts. Quantitative analysis of the relative intensities
of streptavidin-QD655 versus streptavidin-Alexafluor555
conjugates (Figure 4E,F) present statistically significant
differences in intensity between the fluorescent probes (0.001
< P < 0.01, analysis of variance). The QDs exhibit a higher
signal-to-noise ratio in tissue samples than fluorescent dyes
and adequately label neural targets within an ex vivo system.
This is particularly significant in that our experiments are
reported at concentrations of bio-R-BTX that are 10 times
lower than concentrations needed for Alexafluor labeling.
To further verify the bio-R-BTX and streptavidin-QD655
labeling system utility, nAchR R-BTX binding sites were
blocked with unconjugated R-BTX using a concentration of
R-BTX 10 times in excess of the bio-R-BTX used for
detecting the NMJ nAchRs. Figure 5 illustrates that labeling
at the R-BTX site is blocked by the presence of R-BTX prior
to introduction of the biotinylated conjugate. These findings
also indicate that bio-R-BTX does not displace R-BTX within
the exposure period and that the labeling is specific to the
R-BTX binding site (BBS) sequence, a 13-aa sequence found
on the R-subunit of the nAchR.8,11,33

An additional assessment of the bio-R-BTX and strep-
tavidin-QD655 probe examined QD photostability relative to
the Alexafluor dyes. Resistance to photobleaching is a known
characteristic of QDs.7–10 Figure 6A1–A5 demonstrate pho-
tobleaching resistance of QDs versus the secondary antibody

Alexafluor488 conjugate (Figure 6A1–A5) and relative to
streptavidin-Alexafluor555s (Figure 6B1–B5) within ex vivo
tissue. The tissue was imaged using an LSM510 Meta
inverted confocal microscope (Zeiss, Inc.) and exposed to
continuous excitation for approximately 30 min. As time
progressed, the Alexafluor conjugates, Alexafluor488 and
Alexafluor555, photobleached rapidly in ex vivo tissue under
continuous excitation. QDs, however, retained their photo-
stability throughout continuous excitation, as illustrated in
Figure 6A1–A5. There is significant reduction in Alex-
afluor488 intensity at 180 s and no reduction in QD intensity
at the same time interval (Figure 6A2). After 720 s of
continuous fluorescence excitation in tissue, QDs maintain
their brightness, whereas Alexafluor488 is effectively pho-

Figure 3. Time-dependence labeling of NMJs with bio-R-BTX after
seven-day blocking solution incubation. Tissue was incubated with
10 nM bio-R-BTX and nAchRs were detected with strep-
tavidin-QD655 conjugates at (A) 10, (B) 60, (C) 180, and (D)
360 min following seven-day blocking protocol. Each time interval
was imaged at least three times. QD detection is unaffected by
extended blocking solution incubation prior to R-BTX labeling.

Figure 4. Comparative analyses between streptavidin-QD655s and
streptavidin-Alexafluor555s detection of bio-R-BTX at NMJ
synapses. All tissue was blocked and exposed to 10 nM bio-R-
BTX, or blocking solution, for 12 h, and treated with streptavidin-
QD655 or Alexafluor555 conjugates overnight at 4 °C. Images
represent a compilation of three experiments. (A,C) 12 h 10 nM
bio-R-BTX and primary antibody incubation. (B,D) Controls
incubated in blocking solution with primary antibody only. nAchRs
detected with 10 nM fluorescent probe (A) streptavidin-QD655,
(C) streptavidin-Alexafluor555. Alexafluor488 colocalization (A,C)
with streptavidin-QD655s (A) and streptavidin-Alexafluor555s
(C) indicates effective labeling of nAchRs. Absence of bio-R-BTX
(B,D) results in a lack of labeling by both streptavidin-QD655s
(B) and streptavidin-Alexafluor555s (D). Relative fluorescence
intensity(E,F)revealsstatisticalsignificancebetweenstreptavidin-QD655
and streptavidin-Alexafluor555 fluorescence (0.001 < P < 0.01,
analysis of variance, values are the means ( SEM).
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tobleached. Figure 6C further supports that QDs lose minimal
intensity over time during repeated excitation. We measured
photobleaching resistance for both fluorophores and QDs
relative to fluorescein isothiocyanate (FITC) by spin-casting
(a solvent evaporation technique that deposits fluorescent
probes directly onto a spinning surface) each fluorescent
probe and exposing the cast to continuous excitation on a
Zeiss Axiovert 200 M inverted widefield microscope (Zeiss,
Inc.) with Metamorph (MDS, Inc.) for 30 min. The trends
in Figure 6C affirm the photobleaching data obtained using
the mouse diaphragms and suggest that QDs are a suitable
fluorescent probe for targeting neuroreceptors in ex vivo
tissue.

Saturation binding analysis revealed that R-BTX has 1000-
fold higher affinity for native nAchRs than previously
reported.1 This indicates that it is a highly specific ligand
that may be used in conjunction with a recombinant BBS to
study neural targets lacking suitable high-affinity probes.8,11

Bio-R-BTX was shown to maintain high affinity for nAchRs
over time. R-BTX also blocked nAchR detection by bio-R-
BTX when exposed to muscle tissue. Our findings addition-
ally indicate that streptavidin-QD655s are photostable
fluorescent probes suitable for detecting nAchRs in ex vivo
tissue using bio-R-BTX.

QDs exhibit traits that are not seen with organic
fluorophores, such as near 100% quantum yield.34 Their
incorporation into biological experiments has required surface
modification for biocompatibility. Reduction of nonspecific

binding to cell membranes have included modifications such
as micelle encapsulation,35 pegilation,36 selinization,37 coating
in amphiphilic polymers,38,39 and addition of biologically
active molecules such as proteins,17,40,41 peptides,42–44 small
molecules,45–47 and antibodies48–51 to the surface of the QDs.
Results of these surface modifications to QDs have included
successes in cell culture labeling.17–21,26,36,52–58 The Ting
laboratory recently reported use of streptavidin-QD conju-
gates through biotin ligase biotinylation of tagged cyan
fluorescent protein and epidermal growth factor receptors in
HeLa cell cultures and R-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA) receptors in neurons.43 Their
results demonstrated the utility of biotin-streptavidin QD
coupling for targeting neuroreceptors and neurons. Our
findings further support biological suitability and provide
evidence for QD use in other tissues and neural targets.

Biological applications for QDs include live cell-trafficking
assays for neural target studies, which require high probe
specificity and photostability within unfixed conditions.
Preliminary evidence demonstrates suitability of this ap-
proach for labeling nAchRs in the brain following ICV
injection of bio-R-BTX (Orndorff and Rosenthal, unpublished
findings). Furthermore, our results demonstrate ex vivo
labeling efficacy of neuromuscular synapses with QDs.

Methods and Materials. All experiments were per-
formed using C57BL/6 inbred mice between 8 and 10 weeks
of age and sacrificed in accordance to IACUC standards and
procedure protocols.

Labeling Assays. Blocking Protocol. Dissected mouse
diaphragm was obtained and washed in 1× phosphate-
buffered saline (PBS) solution for approximately 1 h on ice.
The tissue was then divided into equal portions and incubated
in 100 mM glycine in 1× PBS (pH 7.3) for 1 h on ice.
Overnight incubation at 4 °C followed in blocking solution
consisting of 1× PBS (pH 7.3), 5% normal goat serum, 3%
bovine serum albumin, 0.2% Triton X-100, and 0.01%
thimerosal.

The tissue was then briefly washed in 1× PBS solution.
Mouse diaphragm sections were exposed to R-BTX for the
experimental time interval (10, 60, 180, 360, or 720 min)
incubation at 4 °C in blocking solution consisting of 1× PBS
(pH 7.3), 5% normal goat serum, 3% bovine serum albumin,
0.01% thimerosal, nAchR �-subunit rat-anti-nAchR primary
antibody (1:5000) (Sigma, Inc.), and 10 nM bio-R-BTX
(Invitrogen, Inc.); the control sections were exposed to the
same conditions without the bio-R-BTX.

The tissue sections were briefly washed in 1× PBS
solution. Overnight incubation at 4 °C followed with
Alexafluor488-rabbit-antirat secondary antibody conjugate
(1:5000) 10 nM streptavidin-QD655 conjugates in blocking
solution. The procedure was repeated in parallel with 10 nM
streptavidin-Alexafluor555 conjugates in blocking solution
with the remaining tissue sections. The tissue sections were
then washed in 1× PBS three times for 10 min on ice and
mounted using AquaMount antiphotobleaching solution for

Figure 5. NMJ synapses pretreated with 100 nM R-BTX exhibit
neither streptavidin-QD655 nor streptavidin-Alexafluor555 label-
ing after 10 nM bio-R-BTX incubation. Tissue was incubated with
100 nM R-BTX overnight, then treated with 10 nM bio-R-BTX
for 12 h. Images are representative of three experiments. Presence
of bio-R-BTX labeling was not detected after streptavidin-QD655
and Alexafluor555 treatment overnight. Alexafluor488 labeling at
the nAchR �-subunit is unaffected by R-BTX pretreatment. This
indicatesthatbothstreptavidin-QD655andstreptavidin-Alexafluor555
labeling is specific to the BBS.
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imaging. The labeling protocol was repeated for 10, 60, 180,
and 360 min with tissue that was incubated in blocking
solution at 4 °C for seven days.
r-Bungarotoxin Affinity Assay. Saturation binding curves

were generated using dissected tissue, treated as previously
described, and incubated with dilutions of bio-R-BTX for
10 min at 4 °C. The tissue sections were incubated overnight
in 10 nM streptavidin-QD655s, washed 3× for 10 min, and
mounted with AquaMount. Mouse diaphragm sections were
additionally exposed to 100 nM R-BTX in blocking solution
overnight (approximately 12 h) at 4 °C as pretreatment to
determine affinity. Tissue was treated as before with 10 nM
bio-R-BTX and primary antibody (1:5000) and labeled with
streptavidin-QD655 and streptavidin-Alexafluor555. All
tissue was imaged using an inverted confocal microscope
(Zeiss, Inc.) and analyzed using Metamorph software (MDS,
Inc.). Data was analyzed and saturation binding curves were
generated using Prism (GraphPad Prism Software, Inc.).

Photobleaching Assays. Samples were prepared as before,
with exposure to bio-R-BTX for 10 min. The samples were
mounted without AquaMount. Following sample preparations,
each was imaged as before. Each conjugate was also
spin-cast, dropped onto a spinning surface for solvent evap-

oration, and imaged using a Zeiss Axiovert 200 M wide-field
microscope with Metamorph. FITC was run as a standard.
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