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�7 nicotinic acetylcholine receptors (nAChRs) modulate network activity in the CNS. Thus, functional regulation of �7 nAChRs could
influence the flow of information through various brain nuclei. It is hypothesized here that these receptors are amenable to modulation
by tyrosine phosphorylation. In both Xenopus oocytes and rat hippocampal interneurons, brief exposure to a broad-spectrum protein
tyrosine kinase inhibitor, genistein, specifically and reversibly potentiated �7 nAChR-mediated responses, whereas a protein tyrosine
phosphatase inhibitor, pervanadate, caused depression. Potentiation was associated with an increased expression of surface �7 subunits
and was not accompanied by detectable changes in receptor open probability, implying that the increased function results from an
increased number of �7 nAChRs. Soluble N-ethylmaleimide-sensitive factor attachment protein receptor-mediated exocytosis was
shown to be a plausible mechanism for the rapid delivery of additional �7 nAChRs to the plasma membrane. Direct phosphorylation/
dephosphorylation of �7 subunits was unlikely because mutation of all three cytoplasmic tyrosine residues did not prevent the genistein-
mediated facilitation. Overall, these data are consistent with the hypothesis that the number of functional cell surface �7 nAChRs is
controlled indirectly via processes involving tyrosine phosphorylation.
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Introduction
Remodeling of neuronal circuitry may be a mechanism through
which addictive drugs, such as nicotine, exert their long-term
behavioral effects (Mansvelder and McGehee, 2002). The nature
of such modifications are, at present, unknown; however,
changes in the number and/or function of nicotinic acetylcholine
receptors (nAChRs) that occurs during and after chronic nico-
tine treatment (Marks et al., 1983; Schwartz and Kellar, 1983)
could lead to an alteration in synaptic transmission. �7 subunit-
containing nAChRs on hippocampal GABAergic neurons are
functionally upregulated after 1– 4 d of exposure to nicotine
(Kawai and Berg, 2001). Because activation of these receptors
regulates the level of inhibition in the hippocampus (Alkondon et
al., 1997a; Jones and Yakel, 1997; Frazier et al., 1998a,b), drug-
induced changes in receptor function could alter the flow of in-
formation through this network. �7 nAChRs are regulated by a
variety of cellular mechanisms including phosphorylation. A di-
rect role for cellular serine/threonine phosphorylation was dem-
onstrated from the finding that calmodulin (CaM) kinase II in-
hibition could attenuate a use-dependent rundown of these
receptors (Liu and Berg, 1999). However, the precise mechanism

linking phosphorylation and receptor function remains un-
known, especially because the �7 subunit does not seem to be a
substrate for direct CaM kinase II phosphorylation (Moss et al.,
1996).

At the neuromuscular junction (NMJ), another form of pro-
tein phosphorylation of tyrosine residues is involved in a variety
of functional roles (Mei and Si, 1995). Inhibition of tyrosine
phosphorylation prevents the agrin-mediated tyrosine phos-
phorylation of the muscle nAChR � subunit and receptor clus-
tering (Wallace et al., 1991). In addition, tyrosine phosphoryla-
tion of these receptors leads to an increase in the rate of receptor
desensitization, implying that the functional properties of ligand-
gated ion channels can be regulated by this type of covalent mod-
ification (Hopfield et al., 1988). Less is known about the effects of
tyrosine phosphorylation on neuronal-type nAChRs. Inhibition
of protein tyrosine kinases (PTKs) in chick ciliary ganglion neu-
rons causes a slow downregulation in the number of �3 subunit-
containing receptors but has little effect on �7 nAChRs (De Kon-
inck and Cooper, 1995; Haselbeck and Berg, 1996). Conversely,
long-term treatment of hippocampal neurons with neuregulin,
which activates receptor PTKs, produces a robust increase in the
number of �-bungarotoxin (�BTX)-binding sites and a concom-
itant increase in �7 receptor-mediated currents (Liu et al., 2001).
In addition, the neurotrophin family of receptor tyrosine kinase
ligands seems to be important for maintenance of �7 receptor
clusters on hippocampal GABAergic interneurons (Kawai et al.,
2002) and can induce �7 mRNA transcription in PC12 cells
(Hendersen et al., 1994). Collectively, these data imply that �7
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receptors may be under the influence of tyrosine phosphoryla-
tion, which can lead to changes in receptor number and function.
Recently, it has become clear that tyrosine phosphorylation can
very rapidly modulate receptor function (Davis et al., 2001).
Therefore, in the present study, we have examined the acute ef-
fects of tyrosine kinases and protein tyrosine phosphatases
(PTPs) on �7 receptor function in Xenopus oocytes and hip-
pocampal neurons.

Materials and Methods
Chemicals
All salts and drugs were obtained from Sigma (St. Louis, MO), unless
stated otherwise. Activated pervanadate solution was prepared freshly for
each experiment and made by mixing a stock solution of vanadate with
H2O2 in an equal molar ratio. Genistein and daidzein were dissolved in
0.1% DMSO. The src kinase inhibitor PP2 and botulinum toxin (BoNT)
A were obtained from Calbiochem (La Jolla, CA). Chlorisondamine was
a gift from Novartis Pharmaceuticals (Summit, NJ).

Xenopus oocyte preparation and cDNA injection
The Xenopus oocyte culture was described in detail previously (Quick
and Lester, 1994). Briefly, portions of oocyte-containing ovaries were
removed surgically from anesthetized toads, defolliculated using collage-
nase A (Boehringer Mannheim, Indianapolis, IN), and maintained at
18°C in medium containing ND96 (in mM: 96 NaCl, 2 KCl, 1 MgCl2, and
5 HEPES, pH 7.4), 1.8 mM CaCl2, 50 �g/ml gentamicin, and 5% horse
serum. Subunit cRNAs were synthesized in vitro (Message Machine; Am-
bion, Austin TX) from linearized plasmid templates of rat cDNA clones
containing the appropriate polymerase promoter. RNA was aliquoted in
DEPC-treated water and stored at �70°C until use. Oocytes were in-
jected with 150 –300 ng of �7 subunit RNA. For heteromeric nAChRs, �
and � subunits were injected in 1:1 ratios (25 ng each). In the case of
NMDA receptors, NR1a and NR2b subunits were injected in a 1:2.5 ratio
(135–360 ng). The NMDA receptor subunit constructs were generously
provided by Dr. S. F. Treynelis (Emory University, Atlanta, GA) and Dr.
S. Heinemann (Salk Institute, La Jolla, CA). cRNA for the cystic fibrosis
transmembrane conductance regulator (CFTR) and dynamin (wild type
or mutant) was injected at 4 and 15 ng per oocyte, respectively. These
latter constructs were kindly provided by Dr. K. Kirk (University of Ala-
bama at Birmingham).

Electrophysiology in oocytes
Whole-cell currents were measured at room temperature, 2–10 d after
RNA injection, using a GeneClamp 500 amplifier (Axon Instruments,
Foster City, CA) in a standard two-microelectrode voltage-clamp con-
figuration. Electrodes were filled with 3 mM KCl and had a resistance of
0.5–2.0 M�. Oocytes were clamped between �40 and �65 mV and
superfused continuously in ND96 containing 1.8 mM CaCl2. All drugs
were applied in this solution. ACh and (�)-nicotine tartrate (nicotine)
were prepared from frozen stock solutions (100 mM). Atropine (1 �M)
was included in the superfusion solution to block any endogenous mus-
carinic responses. Solutions were gravity fed via a six-way manual valve
(Rainin Instruments, Woburn, MA) to the oocyte in the recording cham-
ber. Solution exchange considerations were discussed by Fenster et al.
(1997). There was no attempt to correct for non-instantaneous agonist
application (Papke and Thinschmidt, 1998). All currents were recorded
on a Pentium-based computer with AxoScope software (Axon Instru-
ments) after 50 –100 Hz low-pass filtering at a digitization frequency of
200 Hz. Peak currents at EC50 concentrations were typically in the range
of 100 nA to 2 �A, although currents as small as 5 nA could be resolved
accurately and larger currents were common during dose–response ex-
periments (see Fig. 5).

Site-directed mutagenesis
For site-directed mutagenesis, the PCR method was used. Nicotinic re-
ceptor �7 genes were inserted in pCDNA3, and T7 and SP6 promoter
primers were used with specific primers to generate point mutations. The
sequences of mutagenic primers for various �7 tyrosine residues were as
follows: �7-Y317F, forward, 5�-GTGCTGAGATTTCACCACCATG-3�;

reverse, 5�-CATGGTGGTGAAATCTCAGCAC-3�; �7-Y386F, forward,
5�-CAACCTGCTCTTCATTGGCTTC-3�; reverse, 5�-GAAGCCAATGAA-
GAGCAGGTTG-3�; �7-Y446F, forward 5�-GGAGGTCCGCTTCATCGC-
CAAC-3�; reverse, 5�-GTTGGCGATGAAGCGGACCTCC-3�.

PCR conditions were adjusted (e.g., annealing temperature and exten-
sion time) to get specific PCR products. Fifty microliters of PCR con-
sisted of 50 pM primer, 1 �g of template DNA, 5 �l of 10� reaction
buffer, deoxynucleotide triphosphate mixture (200 �M each), nuclease-
free using double-distilled H2O (ddH2O) , and 2 �l of Pfu polymerase
(Promega, Madison, WI). PCR products were run on 1–1.2% Tris-
acetate EDTA agarose gels and extracted using a Qiaquick gel purifica-
tion kit (Qiagen, Valencia, CA). Purified PCR products were used for
another round of PCR or subcloned into pCDNA3 vector using appro-
priate restriction enzyme sites. Ligation reactions were performed at
12°C with T4 DNA ligase (Promega). Mutations were confirmed by DNA
sequencing at the University of Alabama at Birmingham sequencing
facility.

Rat hippocampal slice preparation and recording
After decapitation under halothane-induced anesthesia, brains were re-
moved from 10- to 25-d-old rats and placed into ice-cold artificial CSF
(ACSF) (in mM: 125 NaCl, 2.5 KCl; 1.25 NaH2PO4, 25 NaHCO3, 11
D-glucose, 1 MgCl2, and 2 CaCl2; bubbled with 95% O2/5% CO2). Coro-
nal brain slices (200 –300 �m thick) containing the hippocampus were
prepared using a vibratome and maintained in a holding chamber at
room temperature. For recording, brain slices were transferred to a chamber
mounted on the fixed stage of an upright microscope and superfused con-
tinuously with ACSF. Neurons (three to four cell layers deep) were readily
visualized on a video monitor through a differential interference contrast
optics/infrared-sensitive camera. Whole-cell patch-clamp recordings were
obtained using 2–5 M�patch pipettes filled with an intracellular solution (in
mM: 130 Cs-methanesuphonate, 10 CsCl, 10 EGTA, 10 HEPES, 2 N-(2,6-
dimethylphenylcarbamoylmethyl)triethylammonium bromide (QX-314),
and 2 Mg-ATP). Series resistance was compensated �80% on-line. Currents
were low-pass filtered at 1 Hz and digitized at 4 Hz using an Axopatch-1D
amplifier and pClamp software on a Pentium-based computer. Drugs were
applied either via the bath or directly to single cells using localized pressure
ejection. All experiments were performed in the presence of 200 nM TTX.

Surface biotinylation and immunoblotting
Biotinylation experiments were performed essentially as described pre-
viously (Qian et al., 1997; Davis et al., 1998). Oocytes were rinsed in
ND96 and incubated with 2 ml of a solution containing 1 mg/ml sulfo-
NHS biotin (Pierce, Rockford, IL) in ND96/Ca/Mg for 20 min at 4°C
with gentle shaking. The biotinylation solution was removed by two
washes in ND96/Ca/Mg plus 100 mM glycine and quenched in this solu-
tion by incubating the oocytes at 4°C for 45 min with gentle shaking. The
oocytes were homogenized with 1 ml radioimmunoprecipitation assay
(RIPA) buffer (100 mM Tris-Cl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 �g/ml leupeptin, 1
�g/ml aprotinin, and 250 �M PMSF). The homogenates were centrifuged
at 20,000 � g at 4°C for 60 min. The supernatant fractions (300 �l) were
incubated with an equal volume of Immunopure Immobilized Mono-
meric Avidin beads (Pierce) for 60 min. The beads were washed three
times with RIPA buffer, and adsorbed proteins were eluted with SDS
sample buffer (62.5 mM Tris-Cl, pH 6.8, 2% SDS, and 100 mM

�-mercaptoethanol) at room temperature for 30 min. Analysis was per-
formed on aliquots of the supernatant fraction after adsorption and cen-
trifugation (nonbiotinylated, intracellular fraction) and of the bead elu-
ate (biotinylated, surface fraction). Western blotting was performed
using anti-nicotinic receptor polyclonal antibodies at a 1:200 dilution
(Santa Cruz Biotechnology, Santa Cruz, CA). Monoclonal anti-actin an-
tibodies (1:1000 dilution; Sigma) were used to verify that the impermeant
biotinylating reagent was not labeling intracellular proteins.

�BTX binding
125I-labeled �BTX-binding assays in oocytes. Surface saturation binding
assays were performed on intact oocytes as described previously (Fenster
et al., 1999). Briefly, oocytes were removed from incubation media and
rinsed in ND96 plus Ca 2� for several minutes. Individual oocytes were
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next placed into single wells of a 96-well plate containing 40 �l of ND96
plus Ca 2�. Stocks (5�) of 125I-labeled �BTX ([ 125I]�BTX) (Amersham
Biosciences, Arlington Heights, IL) were prepared by dilution in ND96
plus Ca 2�. The assay (60 min at room temperature) was initiated with
the addition of 10 �l of 5� [ 125I]�BTX to the well, followed by gentle
mixing for several seconds. The assay was terminated by drawing the
oocyte into the cut end of a pipette tip along with 4 �l of assay solution.
The oocyte was then pipetted sequentially into four different 2.5 ml wells
containing ice-cold ND96 plus Ca 2�, solubilized in 1% SDS, and
counted for radioactivity. Nonspecific binding was determined by the
addition of 1 �M unlabeled �BTX to the assay; nonspecific binding was
subtracted from total binding to determine receptor-specific binding.

[125I]�BTX-binding assays in neurons. Primary hippocampal neuron
cultures were prepared from embryonic day 18 rat embryos. Briefly, the
embryos were decapitated rapidly in accordance with protocols ap-
proved by the Animal Care and Use Committee at the University of
Southern California. Hippocampi were dissected out and placed in ice-
cold HBSS using ddH2O (in g/L: 0.14 CaCl2, 0.4 KCl, 0.06 KH2PO4, 0.1
MgCl2, 0.1 MgSO4, 8 NaCl, 0.35 NaHCO3, and 0.09 Na2HPO4, pH 7.4).
Hippocampi were cut into 2 mm pieces after careful removal of menin-
ges. The small pieces were transferred to 5 ml of warmed HBSS with 100
U of papain and incubated at 37°C for 45 min. Tissue was triturated using
warm culture medium (Neurobasal medium, B27 supplement, and 0.5
mM L-glutamine). Neurons were plated onto poly-L-lysine-coated 24-
well dishes at a density of �1 � 10 5 cells per well. Approximately 1 h after
plating, neurons were observed to attach to the bottom of the plate, and
the medium was changed to warm fresh medium. Neurons were fed
every 3– 4 d by replacing one-half the medium with fresh medium.

Binding to surface �7 receptors was performed as described previously
(Ridley et al., 2001). The cultures were washed three times for 5 min with
warm culture medium. Total binding was determined by adding
[ 125I]�BTX (10 nM final concentration) to the cultures for 2 h at 25°C.
Nonspecific binding was determined from cultures additionally treated
with 1 �M unlabeled �BTX. Similar nonspecific binding results were
obtained from assays using 300 �M methyllycaconitine or 5 mM choline
(data not shown). To terminate the assay, the cultures were washed three
times for 1 min in PBS and solubilized in 0.005% SDS. Aliquots from the
same well were counted for radioactivity and used to determine protein
concentration. All measurements were made in triplicate.

Binding to �7 receptors in whole-cell lysates was performed as de-
scribed previously (Peng et al., 1997). Culture medium was replaced by
ice-cold homogenization buffer (in mM: 150 NaCl, 5 KCl, 1.8 CaCl2, 1.3
MgCl2, and 33 Tris, pH 7.4). Neurons were dislodged mechanically from
the plate, homogenized, and centrifuged at 45,000 � g for 10 min at 4°C,
and the crude membrane pellet was resuspended in PBS. Total binding
was determined by incubating the suspension with [ 125I]�BTX (10 nM

final concentration) overnight at 4°C. Unbound label was removed by
repelleting the suspension, followed by washing three times in PBS. Non-
specific binding was determined from suspensions additionally treated
with 1 �M unlabeled �BTX. All measurements were made in triplicate.

Data analysis
Concentration–response curves were fit with logistic expressions to esti-
mate EC50 values. All data are expressed as the mean � SEM. For statis-
tical comparisons of mean data, weighted-means t tests were performed.
Significance was determined at p 	 0.05.

Results
Tyrosine kinase and phosphatase inhibitors differentially
modulate �7 nAChR function in oocytes
To test whether tyrosine phosphorylation modulates the func-
tion of nAChRs, the effects of both PTK and PTP inhibitors were
studied on �7 receptor-mediated currents in Xenopus oocytes.
After stable responses to 100 �M ACh were obtained, the broad-
spectrum tyrosine kinase inhibitor genistein (10 �M) was intro-
duced into the recording chamber, and �7 currents were moni-
tored after a 5 min incubation. Figure 1 shows that, at this
concentration of genistein, �7 currents were potentiated twofold.

The half-maximally effective concentration (EC50) of genistein
was 12 �M (Fig. 1B), a value consistent with its ability to inhibit
tyrosine phosphorylation (Akiyama et al., 1987). The inactive
analog of genistein, daidzein (10 �M), was without effect (Fig.
1C). It may be expected that inhibition of tyrosine phosphoryla-
tion would only be effective in inducing functional changes if it
occurred in the presence of ongoing tyrosine dephosphorylation.
In line with this idea, a 5 min incubation with the protein tyrosine
phosphatase inhibitor pervanadate (10 �M) reduced the ampli-
tude of �7 receptor-mediated currents (Fig. 1). However, because
pervanadate may not be entirely selective for tyrosine phospha-
tases (Herzig and Neumann, 2000), its actions may be explained
by enhanced phosphorylation at serine/threonine residues. In
further support of a role for tyrosine phosphorylation, insulin (10
�M), which activates its own receptor tyrosine kinase, mimicked
the effect of pervanadate, producing a significant reduction of �7
responses (Fig. 1C). To test whether nonreceptor tyrosine kinases
are implicated in this form of nAChR modulation, a high con-
centration of PP2 (10 �M), which inhibits the src family of PTKs
(Hanke et al., 1996), was applied to oocytes for 5 min. Unlike
genistein, this inhibitor failed to potentiate �7 currents (Fig. 1C).
The effect of genistein was essentially reversible after a 5 min

Figure 1. �7 nAChR function is modulated by inhibitors of tyrosine kinases and tyrosine
phosphatases. A, Representative examples of ACh-induced �7 currents before, during, and
after 5 min applications of 10 �M genistein (top traces) and 10 �M pervanadate (bottom
traces). B, Plot showing the concentration dependence of potentiation of currents by genistein.
C, Summary histogram illustrating the mean effects of inhibition or activation of PTKs and PTPs
on �7 currents. The concentrations of drugs were as follows: genistein, 10 �M; pervanadate, 10
�M; insulin, 5 �M; daidzein, 10 �M; PP2, 10 �M.
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washout period (95 � 10% control) (Fig. 2A), although recovery
from pervanadate was less complete (recovery at 15 min, 75 �
9%). Overall, these data suggest that tyrosine dephosphorylation
enhances �7 receptor responses, whereas tyrosine phosphoryla-
tion leads to a reduction in function.

A series of control experiments was then performed to dem-
onstrate that the genistein-induced enhancement of ACh cur-
rents most likely resulted from kinase inhibition and was specific
to �7 receptors. �7 receptor-mediated responses can be potenti-
ated by a number of allosteric compounds including Ca 2� (Eisele
et al., 1993), cholinesterase inhibitors (Pereira et al., 1993), and
ivermectin (Krause et al., 1998). To eliminate the possibility that
genistein was acting through one of these (or other) positive al-
losteric sites, ACh and genistein were coapplied for brief (�5 s)
periods. The data show that, under this protocol, genistein was
unable to potentiate ACh currents (Fig. 2B), implying that the
potentiation likely resulted from a slower inhibition of intracel-
lular PTKs.

The ACh-induced current through �7 receptors could con-
ceivably contain a component that is mediated by Ca 2� influx
and subsequent stimulation of an endogenous Cl� conductance
in oocytes (Barish, 1983; Seguela et al., 1993). Thus, the effects of
manipulation of tyrosine kinases/phosphatases could be manifest
as an altered Cl� current rather than the directly evoked �7 cur-

rent. Two approaches were taken to eliminate any Cl� compo-
nent of the response. First, the Cl� current was pharmacologi-
cally blocked using flufenamic acid (FFA) (White and Aylwin,
1990). At near maximal concentrations (100 �M), FFA partially
blocked the �7 receptor-mediated response: the ACh-induced
current was reduced by 32 � 6% (n 
 3). Although the block
could have resulted from inhibition of the Cl� conductance, a
direct action on the nAChR is also possible (Zwart et al., 1995).
More importantly, in the presence of this blocker, genistein was
still able to potentiate the �7 responses (data not shown). A sec-
ond set of experiments was designed to circumvent any nonspe-
cific actions of the pharmacological agents. Nondesensitizing
GABA� receptors (Amin and Weiss, 1994) were coexpressed with
�7 subunits, and the reversal potential for GABA�-mediated cur-
rents was determined from a voltage ramp (�60 to �20 mV) in
the presence and absence of GABA (1 �M). The mean reversal
potential was estimated as �26 � 2 mV (n 
 5), which should
reflect ECl because the GABA� receptor fluxes only Cl� under
these conditions (Cutting et al., 1991). In each oocyte, clamped at
the GABA� reversal potential determined for that cell, the appli-
cation of genistein still caused potentiation of nicotine-induced
�7 responses (data not shown). Together, these results suggest
that the enhancement of nAChR responses results directly from
potentiation of �7 receptor-mediated currents.

To test whether the genistein-induced modulation of �7 cur-
rents was specific to particular nAChRs, common heteromeric
receptor subtypes, �4�2 and �3�4, were also expressed in oo-
cytes. Genistein (10 �M) had no effect on �4�2 receptors. It
produced a small inhibition of �3�4 receptors (Fig. 3), as re-
ported previously for putative �3�4* receptors (the asterisk in-
dicates other, unknown subunits) in autonomic neurons
(Glushakov et al., 1999; Wang et al., 2004), implying that the
potentiating effects attributable to interference with tyrosine
phosphorylation, at least over this short time period, were spe-
cific for the �7 subunit.

Native �7 subunit-containing receptors in the hippocampus
are functionally regulated by tyrosine kinase inhibition
Although the data above indicate that �7 nAChRs are amenable
to modulation, it may be a peculiarity of Xenopus oocytes. In
order for such a mechanism to have physiological relevance, it
must be applicable to receptors in CNS tissue. The hippocampus
is an ideal structure to examine this question, because �7 recep-
tors are highly expressed in this region (Seguela et al., 1993).
Whole-cell patch-clamp recordings were made from hippocam-
pal interneurons in the stratum radiatum (Alkondon et al.,
1997a; Jones and Yakel, 1997; Frazier et al., 1998a), in response to
brief (50 ms) pressure applications of the �7-selective agonist
choline (10 mM) (Papke et al., 1996; Alkondon et al., 1997b).
Choline-induced fast-activated inward currents in the majority
of interneurons tested (Fig. 4A). The �7 responses showed a
10 –20% “rundown” over the course of a 30 min experiment (Fig.
4B, open symbols) (Alkondon et al., 1994). However, superim-
posed on the rundown was a �20 – 40% potentiation when 10
�M genistein was included in the perfusion media (Fig. 4B). The
effects of genistein were reversible (Fig. 4C). Thus, although the
potentiation was smaller than that observed in oocytes, it was
qualitatively similar, implying that tyrosine kinase inhibition can
augment native �7 nAChR responses. Likewise, in the presence of
pervanadate (10 �M), choline-induced currents were reduced by
�30 – 40% compared with control (Fig. 4A,B).

Figure 2. Potentiation is rapid, reversible, and does not result from a direct interaction of
genistein with �7 nAChRs. A, Plots showing the time courses of the onset of and recovery from
the effects of genistein. Solid lines represent single exponents fitted to the data. �on and �off are
the exponential time constants for onset and recovery, respectively. B, Plot illustrating (open
symbols) the lack of effect of coapplication of 10 �M genistein (filled bars) and ACh (open bars)
on the peak amplitude of �7 receptor-mediated currents. Applications were at 5 min intervals.
Inset, Example traces of ACh-induced responses in the absence and presence of genistein.
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Upregulation is associated with a change in the maximal
�7 response
As a first approximation in determining the nature of the change
in �7 nAChRs, ACh concentration–response curves were con-
structed in the presence and absence of genistein (10 �M).
Genistein caused potentiation across a wide range of agonist con-
centrations (Fig. 5). In particular, potentiation was evident at
near-maximal concentrations of agonist (1.3-fold extrapolated
from the fitted data), with an associated small, albeit significant,
decrease in the EC50 value (Fig. 5A). Although changes in con-
centration–response curves are notoriously difficult to interpret
in terms of receptor mechanism (Colquhoun, 1998), and not-
withstanding underestimation of true peak �7 responses because
of slow agonist exchange (Papke and Thinschmidt, 1998), the
increase in the maximal response is consistent with the hypothe-

sis that genistein causes potentiation through changes in either
the number and/or properties (i.e., single-channel conductance,
open probability) of the receptor.

Parallel changes in surface receptor number accompany the
functional potentiation of �7 nAChRs
Two experiments were conducted to test whether an increase in
�7 receptor number could underlie the increase in �7 receptor
function. The first approach was to examine the relative amount
of surface-specific protein expression. To verify that we could
detect specific �7 immunoreactivity, protein extracts from oo-
cytes expressing nAChRs were subjected to immunoblotting un-
der various conditions (Fig. 6A). An immunoreactive band of
�55 kDa was present in extracts immunoblotted with anti-�7
receptor antibody. No immunoreactivity was detected when the
primary antibody was omitted in oocytes expressing �4�2 recep-
tors or when the �7 antibody was preadsorbed with an �7 block-
ing peptide. This �7 antibody was then used in surface biotinyla-

Figure 3. The action of genistein is specific to �7 nAChRs. The effects of genistein (10 �M)
treatment on ACh-induced currents in oocytes expressing either �4�2 (A) or �3�4 (B) recep-
tors are shown. C, Histogram of the mean effects of genistein on these two classes of receptors.

Figure 4. Native �7 nAChRs are regulated by tyrosine kinases and phosphatases. A, Exam-
ple traces showing responses of hippocampal stratum radiatum interneurons to local pressure
application of choline (10 mM), before and during administration of 10 �M genistein (top) or 10
�M pervanadate. B, Time course of the effects of genistein and pervanadate on choline-induced
peak currents. Drugs were administered continuously via the bath starting at t 
 0 min. In the
control condition (open symbols), slices were superfused with control ACSF only. C, Histogram
illustrating the reversibility of a 5 min application of genistein in a separate series of experi-
ments. The holding potential of neurons was �70 mV.

3716 • J. Neurosci., April 6, 2005 • 25(14):3712–3723 Cho et al. • Regulation of �7 Receptors by Phosphorylation



tion experiments. Under control conditions, in untreated oocytes
expressing �7 receptors for 5 d, there were approximately equal
numbers of both nonbiotinylated and biotinylated �7 popula-
tions, implying that �50% of �7 protein is found on the cell
surface (Fig. 6B). Two control experiments supported these find-
ings: (1) the intracellular cytoskeletal protein actin was not la-
beled by the impermeant biotinylating reagent, suggesting that
only surface proteins were being labeled; (2) immunoreactive
bands were not seen in uninjected oocytes immunoblotted with
�7 antibody (data not shown). However, in the presence of
genistein (10 �M), there was an increase in the biotinylated frac-
tion and an associated decrease in the nonbiotinylated fraction,
consistent with the idea that genistein increases the number of
surface �7 nAChRs (Fig. 6B). Assuming that there is no change in
the total number of receptors and that �7 subunits reflect fully
assembled receptors (see below), these data imply that the actions
of genistein result in the net redistribution of receptors from an
intracellular pool to the surface. From comparison of the biotin-
ylated fractions, in the presence and absence of genistein, the
relative increase in plasma membrane �7 subunits was estimated
at 60%.

To confirm these findings and provide additional quantifica-
tion, surface receptors were probed using [ 125I]�BTX, a ligand

that only binds to correctly assembled and functional �7 nAChRs
(Rakhilin et al., 1999). Specific [ 125I]�BTX binding to intact oo-
cytes was measured across a range of ligand concentrations in the
presence and absence of genistein (10 �M). Genistein increased
maximal surface binding (Bmax) by 86%, with an insignificant
increase in the EC50 value for binding from 0.8 to 1.2 nM (Fig.
6C). Together, the results of the biotinylation and the binding
experiments provide evidence that the twofold functional up-
regulation of �7 nAChRs can be mostly, if not totally, accounted
for by an increase in the number of surface receptors. Finally, the
possibility that an alteration in surface receptor number under-
lies the potentiation of choline-mediated currents in hippocam-
pal neurons (Fig. 4) was explored using [ 125I]�BTX binding to
hippocampal neuron primary cultures. The results from these
experiments show that genistein, but not the inactive analog
daidzein, increased the fraction of receptors on the cell surface
without changing the total number of receptors (Fig. 6D), imply-
ing that the mechanism of receptor regulation involves a true
movement of receptors between intracellular and surface pools.
Indeed, with equal distribution of receptors under control con-
ditions, the twofold increase represents a complete shift of
[ 125I]�BTX-binding sites to the plasma membrane.

Figure 5. A, Concentration–response curves for ACh before and after treatment with 10 �M

genistein. All data points were normalized to the response induced by 100 �M ACh alone. B,
Representative traces showing that genistein-mediated potentiation was present over a wide
range of ACh concentrations (30 –3000 �M). Responses at concentrations of 30 and 300 �M

ACh were from the same oocyte, whereas those at 3 mM ACh were from a different cell.

Figure 6. Surface expression of �7 receptors is increased by genistein. A, �7 inmmunore-
activity in oocytes. Data are from 10 oocytes per lane. Immunoblotting conditions for each lane
are listed below the gel. B, The effects of genistein on nAChR surface expression. �7-expressing
oocytes were left untreated or treated for 5 min before surface biotinylation with 10 �M

genistein. Representative immunoblot shows �7 immunoreactivity in surface biotinylated (B)
and nonbiotinylated (NB) fractions. Data from three such experiments for biotinylated (filled
bars) and nonbiotinylated (open bars) fractions are quantified in the graph from densitometry
measurements and plotted relative to total �7 immunoreactivity. Experimental conditions that
resulted in a significant change ( p 	 0.05) from control values are denoted by the asterisk. C,
Specific binding of �BTX to the surface of intact oocytes (n 
 5 per concentration) in the
absence (open symbols) and presence (filled symbols) of 10 �M genistein. Specific binding was
obtained by subtracting background during competition with either ACh (300 �M) or choline
(10 mM). D, Specific �BTX binding to hippocampal cells showing both surface and total binding
for each of three conditions: control, genistein (gen; 10 �M), daidzein (daid; 10 �M).
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Genistein treatment does not alter the open probability of
�7 nAChRs
Although the observed increase in the number of surface recep-
tors can fully account for changes in the absolute amplitude of �7
receptor-mediated currents, it does not explain the apparent shift
in the EC50 value (Fig. 4). Increases in both agonist affinity (bind-
ing) and/or efficacy (gating) could underlie the decrease in the
EC50 value (Colquhoun, 1998). Changes in either binding and/or
gating would result in an increase in the open probability of the
channel at a given nonsaturating concentration of agonist. Thus,
experiments were designed to estimate changes in channel open
probability using the open nAChR channel blocker chlorison-
damine (Neely and Lingle, 1986). The most straightforward pre-
diction is that, if potentiation results from an increase in open
probability, then the chlorisondamine block should be greater in
the presence compared with the absence of genistein at a constant
agonist concentration. Stable responses were obtained at 5 min
intervals using a low concentration of ACh (30 �M); then, ACh
and chlorisondamine (5 �M) were coapplied, during which suc-
cessive currents declined in a use-dependent manner (Fig. 7A).
The extent of channel block was estimated from the ratio of the
ACh responses immediately before and after the chlorisondam-
ine treatment (blocking index). The data reveal that both the
development and the extent of block by chlorisondamine were
equal under these two conditions (Fig. 7A,B), implying that the
augmentation of �7 currents by genistein does not involve a mea-
surable change in open probability using this type of assay. To
demonstrate that chlorisondamine would be able to detect such
changes, it was also examined under conditions that are known to
alter channel open probability (i.e., at different concentrations of
agonist). In this case, chlorisondamine-induced block was
greater at 300 �M compared with 30 �M ACh, as would be ex-
pected for the increase in open-channel probability at the higher
agonist concentration (Fig. 7C).

Increased expression of �7 receptors is driven by exocytosis
Assuming that the genistein-induced functional potentiation of
�7 receptors results from additional receptors on the plasma
membrane, then the rapid time course of this process (Fig. 2A)
limits the mechanisms through which it could occur (e.g., protein
synthesis or receptor assembly). Moreover, our data support the
hypothesis that it involves trafficking of functional �BTX-labeled
nAChRs between intracellular and surface pools (Fig. 6). It was
reasoned that an increased number of �7 nAChRs on the plasma
membrane could result from either a decreased rate of turnover
(endocytosis) or an increase in the delivery of nAChRs-
containing vesicles to the membrane (exocytosis).

To test whether inhibition of tyrosine kinase activity can de-
crease the rate of endocytosis of �7 nAChRs, the classical
clathrin-mediated pathway was examined (Brodin et al., 2000).
This pathway can be disrupted by the dominant-negative mutant
of dynamin, dynamin K44A (McNiven et al., 2000). As a control,
the CFTR channel, known to be regulated by changes in endocy-
tosis (Bradbury et al., 1999), was coexpressed with either wild-
type dynamin or dynamin K44A in oocytes. Consistent with pre-
vious studies, the basal expression of CFTR channels, assessed
using a cAMP mixture (1 mM IBMX, 20 �M forskolin, and 100 �M

dibutyryl-cAMP), was significantly larger in the presence of dy-
namin K44A compared with wild-type dynamin (Fig. 8A,B).
However, unlike CFTR, the basal expression of nAChRs was not
appreciably altered when �7 subunits were coexpressed with
K44A dynamin (Fig. 8C). Moreover, their potentiation by
genistein was also unaffected in the presence of either wild-type

or mutant dynamin (Fig. 8D). These data are consistent with
other studies showing that �7 receptors do not undergo rapid
endocytosis (Drisdel et al., 2004). Additional experiments were
performed because �7 nAChRs are found within membrane lipid
rafts and thus may be internalized independent of dynamin
(Bruses et al., 2001). Specifically, it was tested whether methyl-�-
cyclodextrin (M�C), which disrupts these rafts by extracting cho-

Figure 7. The open probability of �7 nAChRs is not affected by tyrosine kinase inhibition. A,
Examples showing the inhibition of �7 responses during coapplication of ACh (30 �M) and
chlorisondamine (5 �M) in the absence (top traces) or continuous presence (bottom traces) of
10 �M genistein. The mean ratio of the ACh-induced response immediately after coapplication
compared with the response before coapplication with chlorisondamine (blocking index) is
plotted as a function of the ACh concentration in the histogram (B). C, Test of the usefulness of
chlorisondamine to detect changes in open probability. The difference in the blocking index
resulting from coapplication of both 30 and 300 �M ACh and 5 �M chlorisondamine is plotted as
a histogram.
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lesterol, could interfere with the potentiation. However, similar
to dynamin K44A, M�C had no effect on genistein-induced �7
currents (Fig. 8E,F). Together, these observations demonstrate
that the functional enhancement of �7 nAChRs does not occur by
slowing their rate of removal from the plasma membrane.

Regulated exocytosis is a common pathway that many cells

use to rapidly deliver ligand-gated channels to the plasma mem-
brane (Malinow and Malenka, 2002). To explore whether �7
receptors can be trafficked to the membrane using this pathway,
oocytes were injected, 5–7 h before measurement, with BoNT-A
(50 ng/oocyte), which cleaves the soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE) protein
SNAP25, thus preventing exocytosis (Montecucco and Schiavo,
1995). Control experiments were performed based on the known
upregulation of NMDA receptors by insulin, a process dependent
on SNARE-mediated exocytosis (Skeberdis et al., 2001). Figure 9,
A and B, confirmed that the augmentation of NMDA receptor
function by insulin (5 �M; 10 min) could be completely inhibited
by BoNT-A pretreament. Likewise, the potentiation of �7
nAChR-mediated responses by genistein could be impaired by
�70% in the presence of toxin (Fig. 9C,D). By showing that
exocytosis is likely involved in the effects of genistein, these data
provide strong support linking the functional upregulation of �7
receptors with the increased number of nAChRs on the cell
surface.

Figure 8. Endocytosis is not involved in upregulation of �7 receptors. A, Representative
currents induced by application of a cAMP agonist mixture for 2 min in oocytes coexpressing
CFTR with either wild-type (wt) or K44A dynamin. The holding potential was �50 mV. B,
Histogram of the mean CFTR-mediated currents induced by the cAMP agonist mixture. C, His-
togram of the mean currents induced by ACh (100 �M) in oocytes coexpressing �7 nAChRs with
either wild-type or K44A dynamin. The holding potential was �65 mV. D, Histogram showing
the effect of genistein (10 �M) on �7 receptor-mediated responses in oocytes expressing either
wild-type or K44A dynamin. E, Representative examples of the genistein-mediated potentia-
tion of �7 currents after M�C pretreatment (10 �M; 60 –90 min). F, Histogram illustrating the
effects of M�C pretreatment.

Figure 9. SNARE-mediated exocytosis is involved in the augmentation of �7 nAChRs by
genistein. A, Examples of currents induced by the coagonists NMDA (300 �M) and glycine (10
�M) in oocytes expressing NR1a and NR2b subunits before and after exposure to insulin (5 �M;
10 min) 5–7 h after injection of vehicle (control; left two traces) or with 50 ng of BoNT-A (right
two traces). B, Histogram illustrating the effects of BoNT-A on the insulin-mediated potentia-
tion of NMDA receptors. C, Examples of currents induced by ACh (100 �M) in oocytes expressing
�7 subunits before and after exposure to genistein (10 �M; 5 min) 5–7 h after injection of
vehicle (control; left two traces) or with 1 ng of BoNT-A (right two traces). D, Histogram illus-
trating the effects of BoNT-A on the genistein-mediated potentiation of �7 nAChRs.
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Protein kinases and phosphatases need to be in close proxim-
ity to receptors to effectively regulate function, and as such they
are often colocalized through accessory proteins tethered to the
actin cytoskeleton (Davis et al., 2001; Sheng, 2001). Moreover,
breakdown of filamentous actin has known effects on �7 nAChRs
(Liu and Berg, 1999). To test whether an intact cytoskeleton was
necessary for the functional regulation of �7 nAChRs, oocytes
were pretreated (5–10 min) with the actin depolymerizing agent
cytochalasin D (cyt D; 10 �M) and then subsequently exposed to
genistein in the continued presence of cyt D (Fig. 10). A 5–10 min
treatment with cyt D reduced basal �7 receptor-mediated re-
sponses, as shown previously (Liu and Berg, 1999), but did not
prevent the twofold potentiation by genistein. These data imply
that the effects of tyrosine kinase inhibition are likely indepen-
dent of the cytoskeleton.

Increased function does not require direct dephosphorylation
of �7 subunits
The large intracellular loop between transmembrane domains 3
and 4 of rat �7 subunits contains three tyrosine residues. One
mechanism through which the number and function of surface
�7 receptors could be augmented is via direct dephosphorylation
of one or more of these residues. If this was the case, then elimi-
nation of these residues should produce an �7 receptor on the cell
surface that is already maximally effective and incapable of fur-
ther enhancement through genistein treatment. A series of mu-
tant �7 receptors was generated in which each of the tyrosine
residues was changed to a phenylalanine, either individually or
together (triple mutant). All of these �7 constructs were func-
tionally expressed in oocytes and assessed for sensitivity to
genistein. In all cases, genistein treatement led to enhancement of
nicotinic responses that was of a similar magnitude to wild-type
�7 nAChRs (Fig. 11). These observations imply that dephosphor-
ylation of the �7 subunit is not a necessary step in the potentia-
tion of receptor function and that other steps involving tyrosine
dephosphorylation of intermediate proteins are required.

Discussion
Many types of ion channels are functionally modified by tyrosine
phosphorylation (Davis et al., 2001). Here, it is reported that the
ligand-gated �7 nAChR is susceptible to regulation through
PTKs and PTPs. The evidence is based on the following findings:
(1) that the PTK inhibitor genistein specifically and rapidly
causes a functional upregulation of �7 nAChRs expressed heter-
ologously in Xenopus oocytes and natively in hippocampal inter-
neurons; and (2) that either stimulation of the insulin receptor, a
membrane PTK, or inhibition of PTPs by pervanadate depresses
�7 receptor function. These data imply that the function of �7
nAChRs is augmented under conditions favoring protein ty-
rosine dephosphorylation. The increase in �7 function was ac-
companied by an increase in the number of �7 subunits/�BTX-
binding sites on the plasma membrane and a concomitant
decrease in the intracellular receptor pool, consistent with the
idea that tyrosine phosphorylation can regulate the steady-state
surface distribution. Altered trafficking of receptors to the mem-
brane through SNARE-mediated exocytosis may essentially ex-
plain the increase.

Modes of �7 nAChR regulation by tyrosine phosphorylation
To effect a change in the maximal response generated by a pop-
ulation of ion channels (Fig. 4), one or more of three factors
controlling channel activity must be altered: (1) the total number
of functional channels (n); (2) the receptor open probability (Po);

or (3) the single-channel conductance (i). The overall whole-cell
response ( I) is determined by their product (Belardetti and
Sieglebaum, 1988); hence, I 
 n Po i (Eq. 1). In the current study,
we explicitly assessed the contribution of both n and Po, inferring
any change in i from Equation 1.

The relative fraction of surface channels was estimated from
two independent assays, biotinylation/immunoblotting and ra-
diolabeled binding. Results from both sets of experiments are
consistent with the suggestion that genistein treatment causes an

Figure 10. The actin cytoskeleton is not involved in the genistein-induced regulation of �7
nAChRs. A, Histogram showing the mean effects of cyt D pretreament on genistein-induced
potentiation of �7 receptor-mediated responses. B, Examples traces of �7 receptor-mediated
currents induced by ACh (100 �M) in control medium 5–10 min after cyt D (10 �M) treatment,
5 min after coapplication of cyt D and genistein (10 �M), and after wash.
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increase in the number of plasma membrane �7 nAChRs, with
the �BTX-binding studies providing quantitative evidence that
the change in n is sufficient to account for the twofold change in
function. Although there is no direct support that the change in
response amplitude is attributable to the “new” surface nAChRs,
it is reassuring to note that disruption of vesicle exocytosis (pre-
sumably the supply of the new nAChRs) essentially (�70%) pre-
vented the functional change. However, it is difficult to eliminate
the possibility that (some of) the increased response results from
the conversion of nonfunctional to functional preexisting surface
�7 nAChRs, as proposed for other nAChRs (Margiotta et al.,
1987). In addition, it is not possible to dismiss alterations in �7
nAChR properties (Po and i). First, the small but significant de-
crease in the EC50 value, if not compromised by receptor desen-
sitization, implies a change in Po. This could be reflected by in-
creased agonist binding affinity and/or channel gating, processes
that are difficult to separate experimentally (Colquhoun, 1998).
The lack of a genistein-induced change in inhibition attributable
to the open-channel blocker chlorisondamine implies that an
increase in Po does not underlie �7 receptor modulation, al-
though our chlorisondamine assay may not be sensitive enough
to detect small changes in Po. Finally, although an increase in i
could contribute to increased function, this seems unlikely for
two reasons. First, there have been no reports of modulation of
this receptor property (Du and Role, 2001; Conroy et al., 2003).
Second, when regulation of function occurs, it is often accompa-
nied by parallel changes in number (e.g., nicotine-induced
changes in the functional density of �7 currents in neurons can be
accounted for by altered surface receptor number) (Molinari et
al., 1998; Kawai and Berg, 2001; Liu et al., 2001). Extrapolating
the results from the oocyte expression system to hippocampal
neurons is not as straightforward, because although the data are
generally consistent, the twofold change in surface �BTX sites is
not mirrored by an equivalent change in function.

Cellular mechanisms of �7 nAChR regulation
Long-term treatment of neuronal cells with ligands for receptor
PTKs (neuregulins, brain-derived neurotrophic factor) can en-
hance both the number (�BTX-binding sites/clusters) and func-
tion of �7 nAChRs in hippocampal cells (Liu et al., 2001; Kawai et
al., 2002). A cytosine-rich form of neuregulin causes changes in

nAChR subunit mRNAs and channel function, including �7, in
sympathetic neurons (Yang et al., 1998). Collectively, these data
argue that PTK activation enhances the expression of functional
�7 receptors, possibly through mechanisms involving gene tran-
scription. Our data contrast with these results in two ways: (1)
PTK inhibition, not activation, causes upregulation of these
channels; and (2) the effects are both rapid and transient.

Studies on other types of receptors, however, demonstrate
multiple modes of tyrosine phosphorylation-dependent regula-
tion. NMDA receptors are upregulated rapidly by stimulation of
both receptor and nonreceptor PTKs (Wang and Salter, 1994; Liu
et al., 1995; Chen and Leonard, 1996; Kohr and Seeburg, 1996).
Conversely, and similar to results reported here, tyrosine phos-
phorylation of structurally related GABAA receptors can lead to a
transient functional inhibition (Castel et al., 2000), implying that
PTK activation may exert differential forms of receptor regula-
tion. For NMDA receptors, the tyrosine phosphorylation-
induced signaling pathway ultimately results in the SNARE-
mediated exocytotic delivery of receptors to the surface
(Skeberdis et al., 2001). The cellular processes that control the
number of functional membrane �7 nAChRs are not fully under-
stood. The normal delivery of �7 receptors from intracellular
pools to the surface is clearly an important but not well defined
process (Dineley and Patrick, 2000), and it is likely that, at least
for this nAChR subtype, trafficking may depend on neuron-
specific factors involved in the membrane targeting of proteins
(Kassner and Berg, 1997; Sweileh et al., 2000). Indeed, during
assembly in the endoplasmic reticulum, palmitoylation at cys-
teine residues in the intracellular loop of the �7 subunit is critical
for surface receptor expression and fails to occur in certain non-
neuronal cells (Drisdel et al., 2004). Unlike the current results in
hippocampal neurons, Kawai and Berg (2001) did not find evi-
dence for an extensive intracellular reserve of �7 nAChRs in cor-
tical cells, and nicotine-induced upregulation of surface recep-
tors required de novo synthesis of nAChRs. Regardless of the exact
nature of regulation, receptors are most likely delivered to the
plasma membrane via vesicular exocytosis.

In the present study, given that interference with SNARE-
mediated vesicle fusion, but not endocytosis, mostly prevented
the genistein-mediated increase in functional �7 nAChRs, it is
concluded that pharmacological manipulation of PTKs and PTPs
specifically alters the net rate of exocytosis of �7 nAChR-
containing vesicles. Furthermore, because the effects are rapid
and reversible, such an interpretation implies a constitutive and
modifiable recycling of receptors between intracellular and sur-
face pools. A dynamic cycling of �7 nAChRs has not yet been
described and seems incompatible with the relatively slow turn-
over rate of these receptors, at least in PC12 cells (Drisdel et al.,
2004). Likewise in the present study, the basal expression of �7
nAChRs is insensitive to impairment of the canonical endocy-
totic pathway, although it remains possible that after reversal of
PTK inhibition, the newly inserted receptors are subject to a rapid
endocytotic turnover. Interestingly, tyrosine phosphorylation of
K� channels promotes internalization through an endocytotic
mechanism, whereas, and similar to �7 nAChRs, tyrosine de-
phosphorylation facilitates their exocytotic delivery to the mem-
brane (Sterling et al., 2002, 2003). As an alternative, the effects of
PTK inhibition could operate independently of a slower basal
cycling of nAChRs, perhaps by inducing the exocytosis of vesicles
containing receptors that are not normally destined for the
plasma membrane. A rapid and inducible exocytotic trafficking
of �7 nAChRs may allow cholinergic synapses to experience
rapid changes in transmission efficacy similar to changes in

Figure 11. The effects of genistein do not involve tyrosine residues on �7 subunits. A his-
togram comparing the potentiation by genistein (10 �M) of mutant �7 subunits to wild-type
�7 subunits is shown. Mutant subunits contained either a single point mutation at each of the
three tyrosine residues (Y317, Y386, and Y442) or a triple mutation of all three residues (triple
mutant). Each subunit, mutants and wild type, were expressed separately in oocytes and tested
after a 5 min incubation with genistein.
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AMPA receptors at glutamatergic synapses (Sheng and Kim,
2002).

The observation that the effects of genistein on �7 nAChRs
does not depend on dephosphorylation/phosphorylation of the
�7 subunit per se implies that some other protein(s) is the target
of the PTKs and PTPs. At the NMJ, despite strong evidence that
muscle nAChR subunits can be phosphorylated at tyrosine resi-
dues, this is not necessary for agrin/rapsin-mediated clustering of
receptors, a process that is directly associated with PTK activation
(Qu et al., 1996; Meyer and Wallace, 1998). Likewise the insulin-
mediated increase surface NMDA receptors does not require ty-
rosine phosphorylation of NMDA subunits (Skeberdis et al., 2001),
suggesting that PTK-dependent trafficking of a variety of receptors
occurs via intermediate proteins (Balasubramanian and Huganir,
1999). Given the complexity of protein interactions during the pro-
cess of vesicle exocytosis (Sudhof, 2004), there are many potential
targets for tyrosine phosphorylation/dephosphorylation.

The finding that genistein-induced potentiation is restricted
to �7 nAChRs is puzzling because exocytosis is likely to be a
ubiquitous mechanism for delivery of receptors to the plasma
membrane. However, as discussed above, the expression of �7
channels requires complex and probably specific posttransla-
tional processing (Drisdel et al., 2004). In further support of a
unique regulation of �7 nAChRs, it has been shown recently that
coexpression of the gene hRIC3 (resistant to inhibitors of cho-
linesterase) produces a twofold increase in �7 receptor function,
while causing a downregulation of other nAChR subtypes (Ha-
levi et al., 2003).
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