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ABSTRACT

The modulation of neurotransmitter receptors by various sub-
stances can reflect important physiological mechanisms in-
volved in the regulation of neural function. Furthermore, such
substances, in particular specific allosteric modulators, can
reveal promising therapeutic targets for diseases of the nervous
system. From this perspective, we investigated the effects of
the steroid hormone estradiol on human neuronal nicotinic
acetylcholine receptors expressed either in Xenopus laevis oo-
cytes or human embryonic kidney cells. Acetylcholine-evoked
currents were potentiated both by pre- and coapplications of
estradiol in a4B82 and a4 4 receptors, but not in 382 or a334
receptors. The reversible potentiation of a4-containing recep-

tors could be induced within seconds in X. laevis oocytes and
at micromolar concentrations of estradiol. The potentiation was
greatest for responses evoked by low concentrations of ace-
tylcholine, resulting in an apparent increase of receptor affinity.
At the single channel level, estradiol potentiation resulted from
an increase in opening probability. Finally, the use of functional
chimeric or truncated a4 subunits demonstrated that a site at
the C-terminal tail of the a4 subunit is required for estradiol
potentiation. These results suggest the presence of a specific
site at the human nicotinic acetylcholine receptor a4 subunit
through which estradiol can cause an allosteric potentiation of
acetylcholine-evoked responses.

Nicotinic acetylcholine receptors (nAChRs) are members of
a large, structurally related ligand-gated ion channel (LGIC)
superfamily including y-aminobutyric acid,, glycine, and se-
rotonin receptors (Ortells and Lunt, 1995). Like all members
of the LGIC superfamily, nAChRs are transmembrane pro-
teins formed by the assembly of five homologous subunits
arranged quasi-symmetrically around a central axis corre-
sponding to the receptor’s ion channel. Each subunit has a
large extracellular N-terminal segment, four transmembrane
domains (1-4), and a small extracellular C-terminal tail. The
ACh binding site is at the interface between two subunits in
the N-terminal extracellular region (Changeux et al., 1998).
The physiological and pharmacological properties of different
nAChRs are determined principally by their specific subunit
combination (Colquhoun and Patrick, 1997). To date, 17
nAChR subunits have been identified («1-10, B1-4, §, €, and
7). Neuronal nAChRs are widely expressed throughout dif-
ferent structures of the nervous system and can be formed
from a wide repertoire of subunits («2—-10 and B2—-4). More
than 10 neuronal subunit combinations have been identified
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in vivo, although about twice that number can form func-
tional receptors in vitro. The most abundant and well docu-
mented nAChR types of the central nervous system (CNS)
include the homomeric a7 nAChR (five a7 subunits) and the
heteromeric o432 (two a4 and three B2 subunits) (Changeux
et al.,, 1998). Several other subunit combinations are ex-
pressed to a lesser degree in the CNS, although the a3B4
nAChR subtype is also expressed at a high level in the
peripheral nervous system, where it is thought to mediate
synaptic transmission.

NAChRs of the CNS mediate the cognitive effects of nico-
tinic agonists such as memory and attention enhancement
and are implicated in the addictive properties of tobacco.
They have also been critically implicated in several brain
pathologies (LLéna and Changeux, 1998). a7 nAChRs have
been proposed as candidates in the pathogenesis of schizo-
phrenia and mutations of either the a4 or B2 nAChR sub-
units can cause a particular form of genetic epilepsy (Wei-
land et al., 2000; Phillips et al., 2001). Furthermore, certain
neurodegenerative disease such as Alzheimer’s are charac-
terized by a significant depletion of a482 nAChRs (Court et
al., 2001).

The implication of these receptors in such pathologies gives
some insight into the complexities of neuronal nAChRs phys-
iological roles. Neuronal nAChRs are not only targets of the

ABBREVIATIONS: nAChR, nicotinic acetylcholine receptor; LGIC, ligand-gated ion channel; ACh, acetylcholine; CNS, central nervous system; E,
17B-estradiol, estradiol; PCR, polymerase chain reaction; BAPTA, 1,2-bis(2-aminophenoxy)ethane-N,N,N’',N’-tetraacetic acid; HEK, human

embryonic kidney; H, high-affinity component; L, low-affinity component.
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natural agonist ACh but also a number of endogenous mod-
ulators that can increase or decrease the activating effect of
ACh. Of particular interest are the allosteric modulators,
which can alter nAChR function by direct receptor interac-
tion (Buisson and Bertrand, 1998). For example, Lynx1, a
protein expressed in murine brains, was shown to bind to
nAChRs and potentiate their function (Miwa et al., 1999).
Several divalent ions have been shown to potentiate nAChR
function. Initial experiments revealed nAChR potentiation
by Ca®* and identified an extracellular binding site for Ca®*
on the a7 subunit (Eiselé et al., 1993; Galzi et al., 1996). More
recently, potentiation of ACh-induced currents by Mg2Z*,
Pb2*, Zn?*, and Cd®" has been described for certain types of
nAChRs (Zwart et al., 1995; Palma et al., 1998; Hsaio et al.,
2001).

Allosteric potentiation of nAChRs has also been suggested
as a promising therapeutic strategy for diseases character-
ized by decreased nicotinic function (Léna and Changeux,
1998). Of potential relevance has been the discovery that the
anticholinesterase drug galantamine, used in the treatment
of Alzheimer’s, may also be an allosteric potentiator of «432
nAChRs, although the precise mechanism of action remains
to be elucidated (Coyle and Kershaw, 2001).

Steroid hormones and their metabolites represent a large
family of molecules with varying allosteric modulatory effects
on nAChRs as well as other members of the LGIC superfam-
ily (Buisson and Bertrand, 1999; Rupprecht and Holsboer,
1999). In certain cases, these modulations undoubtedly rep-
resent physiological regulatory mechanisms because many
steroids are locally synthesized in the brain (Compagnone
and Mellon, 2000). They also are of great pharmaceutical
interest because the highly liposoluble steroid molecules eas-
ily penetrate into the CN'S (Pardridge et al., 1980). Almost all
steroids tested to date on nAChRs have mainly inhibitory
effects (Valera et al., 1992; Ke and Lukas, 1996; Paradiso et
al., 2000). However, recent reports have described potentiat-
ing effects of 17B-estradiol (E) on human nAChR function
(Buisson et al., 1998; Paradiso et al., 2001), which present an
intriguing and so far unique example of positive modulation
of the neuronal nAChR by an endogenous steroid that this
study has further investigated.

Our results demonstrate a positive modulation of certain
human neuronal nicotinic receptor subtypes expressed either
in Xenopus laevis oocytes or in human embryonic kidney cells
by E. We further analyzed the kinetics, concentration depen-
dence, and structural requirements involved. Our results
suggest that E is an allosteric modulator that can potentiate
human o482 nAChR function by interacting with a specific
site on the a4 subunit.

Materials and Methods

Oocyte Preparation and cDNA Injection. X. laevis oocytes
were isolated and prepared as described previously (Bertrand et al.,
1991). The oocytes were injected intranuclearly with 2 ng of expres-
sion vector cDNA and maintained at 18°C in Barth’s medium [88 mM
NaCl, 1 mM KCl, 24 mM NaHCO,;, 10 mM HEPES, 0.82 mM
MgSO,, 0.33 mM Ca(NO,),, 0.41 mM CaCl,, pH 7.4 adjusted with
NaOH] supplemented with antibiotics (20 pg/ml kanamycin, 100
units/ml penicillin, 100 pg/ml streptomycin, and 250 ng/ml ampho-
tericin B). To improve cell survival and minimize possible contami-
nation, each oocyte was placed in one well of a 96-well microtiter
plate (Nunc, Naperville, CT).

Drugs and Solutions. Drugs and chemicals were purchased from
Sigma Chemical (St. Louis, MO) or Fluka Chemical (Ronkonkoma,
NY). E used was a water-soluble form of 173-estradiol encapsulated
in 2-hydroxypropyl-B-cyclodextrin (45 mg of E/g). Application of B-cy-
clodextrin alone up to 2.5 mg/ml (equivalent to 4 times the highest
concentration of E used) had no detectable effect on ACh currents in
oocytes expressing a4f32 nAChRs, either in coapplication or 20-s
preapplication. All recordings were performed in OR2 bath solution
(82.5 mM NaCl, 2.5 mM KCl, 5 mM HEPES, 2.5 mM CaCl,, 1 mM
MgCl,, pH 7.4 adjusted with NaOH) supplemented with 0.5 uM
atropine to block possible endogenous muscarinic responses.

cDNA Construction. Chimeric and mutant a3/a4 subunits were
generated using a PCR-based method described previously (Curtis et
al., 2000). A3(202)a4 and «a4(202)a3 cDNAs were constructed
through two successive PCRs (conditions identical to Curtis et al.,
2000) by using the following primers: «3-F (5'-AGCTTATGGCTCT-
GGCCGTCTC-3"); «3(202)a4-R (5'-CATAGGTGATGTCGGGGTA-
GATCTCC-3"); a3(202)a4-F (complementary to a3(202)a4-R); a4-R
(5'-CGCACTTCCTAGATCATGCCAGCC-3"); a4-F (5'-TCGATCTA-
GAGCCCGCGAGGTG-3"); a4(202)a3-R (5'-GTGATGTCGGGGTA-
GATCTCG-3"); a4(202)a3-F (complementary to a4(202)a3-R); and
a3-R  (5'-GCAAGGCAGGCACACAGCTTAG). The a4(588)stop
c¢DNA was constructed using one PCR (conditions identical to first
PCR described in Curtis et al., 2000) and the following primers:
a4-F and a4(588)stop-R (5'-CTACTAGGGCGGTAGGAAGAGGC-3").
a3(202)a4, a4(202)a3, and a4(588)stop cDNAs were cloned into pCR
3.1 or pRc/CMV expression vectors (Invitrogen, Carlsbad, CA).

Electrophysiological Recordings. Perfusion solution was fed
by gravity at a rate of ~6 ml/min. The oocytes were superfused
continuously with OR2 and solution exchange was controlled by
computer-driven electromagnetic valves. Electrophysiological re-
cordings were made 2 to 4 days after injection by using a two-
electrode voltage clamp (GeneClamp amplifier; Axon Instruments,
Foster City, CA). Electrodes made from borosilicate glass were filled
with a filtered solution of 3 M KCl. Holding potential was —100 mV.
All experiments were performed at 18°C.

Cell line, Culture, and Recordings. Human embryonic kidney
cells (293 cells) transfected with plasmids containing the human a4
and B2 ¢cDNAs (K177 cell line) were maintained in culture according
to the method described previously (Buisson et al., 1996). Cells were
plated onto 35-mm Petri dishes 2 to 5 days before recording. During
electrophysiological experiments, cells were placed in a medium
containing 120 mM NaCl, 5 mM KCl, 2 mM MgCl,, 2 mM CaCl,, 25
mM glucose, 10 mM HEPES, and 0.5 uM atropine, adjusted to pH 7.4
with NaOH. Pipettes were pulled from borosilicate glass, filled with
120 mM KF, 10 mM KC1, 5 mM NaCl, 2 mM MgCl,, 10 mM HEPES,
and 10 mM BAPTA, adjusted to pH 7.4 with KOH, and mounted on
the head-stage of an Axopatch 200B amplifier (Axon Instruments).
Drugs were applied using a liquid filament system based on a theta
tube mounted on a piezoquartz actuator (Physics Instruments, Wald-
brunn, Germany).

Data Analysis and Computation. Data were captured on-line
by an analog-to-digital converter (National Instruments, Austin, TX)
and stored on the hard disk of Macintosh for later analysis. Values
for currents correspond to peak response currents. Curve fitting was
done using a least-squares minimization algorithm (SIMPLEX).
Time courses for potentiation in oocytes were fitted with the func-
tion: I = a X (0.65 X e Y™ + 0.35 X e "¥?) + b, where I is current,
a and b are scaling factors, and 71 and 72 are time constants.
Dose-response curves were calculated using the empirical two-com-
ponent Hill equation: I = {a / [1 + (EC;o0H /x)™]} + {1 —a /[1 +
(EC;50L / x)"]}, where I is the fraction of activated current, a is the
proportion of high-affinity component (H), EC;,H and EC;yL are the
concentration of half-activation for high- and low-affinity (L) compo-
nents, ny and ny, are the respective Hill constants of each component,
and x is the agonist concentration. Unless otherwise indicated, val-
ues are stated as mean = S.E.M.
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Results

Estradiol Potentiates Human nAChRs Containing
Human a4 Subunit. Progesterone modulation of nAChRs
has been shown to be dependent on ACh concentration
(Valera et al., 1992). To compare E effect on different nAChR
subtypes, the I,.,,. was determined for voltage-clamped oo-
cytes, expressing o482, a44, a3B2, or a334 human nAChRs.
Oocytes were superfused with 1 mM ACh and evoked cur-
rents were in the 10-puA range (I, = 15.8 + 2.3 pA for a4 2,
27.4 + 7.1 pA for a4p4, 17.1 = 1.2 pA for o382, and 29.3 *
9 pA for a3B4; n = 11, 5, 4, and 4, respectively). To best
assess E effects, low ACh concentrations evoking less than
10% of the saturating current were used. ACh test pulses
were applied for 5 s before, and immediately after a 20-s
pulse of 30 uM E for each receptor type (Fig. 1A). As shown
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Fig. 1. E potentiates human nAChRs containing the a4 subunit ex-
pressed in X. laevis oocytes. A, typical current traces for human «4p2,
adpB4, a3B2, and a3pB4 nAChRs expressed in X. laevis oocytes. ACh-
evoked currents were recorded before and immediately after a 20-s pre-
application of 30 uM E. E alone acts as a very weak partial agonist at the
a4B4 nAChR (inset, arrow) and has no detectable effect on the other
nAChR types tested. B, average modulation of ACh-evoked currents by a
20-s preapplication of 30 uM E for human nAChR subtypes and corre-
sponding ACh concentrations shown in A. Values are from 11, 5, 4, and 4
oocytes, respectively.
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in this figure, E potentiated ACh responses in oocytes ex-
pressing a4-containing receptors (Fig. 1B). ACh responses
from oocytes expressing a4f2 receptors were significantly
potentiated (after E, ACh currents 342 = 50% of control for
n = 11; Fig. 1B). a4 34 receptors were also potentiated, but to
a lesser degree (199 + 12%; n = 5). Conversely, E failed to
potentiate ACh responses in oocytes expressing a3-contain-
ing receptors. The a3B2 receptors were inhibited (88 + 2%j;
n = 4) and a3B4 receptors were not significantly affected
(104 * 2%; n = 4). For all nAChR types tested, the effects of
E were reversible; ACh responses evoked 2 min after E pre-
pulses were equivalent to the initial ACh control currents
(99 *= 3%; n = 12; data not shown). Because E potentiates
both «@4B2 and a4pB4, but not a3B2 or a3B4 nAChRs, the
positive modulation can be attributed to the a4 subunit.

To investigate the possible involvement of endogenous oo-
cyte E receptors in the potentiation process, we also applied
the biologically inactive 17« stereoisomer of E by using the
same protocol. In four of four oocytes expressing the o432
nAChR, potentiation of 1 uM ACh evoked responses by a 30
uM, 20-s 17a-estradiol prepulse was equivalent to the poten-
tiation seen with 17B-estradiol (in these four cells, 17a-estra-
diol-potentiated responses were 251 = 65% of control com-
pared with 226 + 53% for 17B-estradiol; data not shown).
Furthermore the effects E alone were evaluated on oocytes
expressing all receptor types tested. Twenty-second applica-
tions of up to 300 uM E did not generate detectable currents
in any a4pB2-, a332-, or a3B4-expressing oocytes. However, in
all a4 B4-expressing oocytes tested, 20 s 30 uM E superfusion
resulted in small, but significant currents (68 = 31.7nA; n =
5), representing 2.5 = 1.2% of maximal ACh current.

Estradiol Potentiates 482 nAChRs Rapidly. To de-
termine the rapidity with which E modulated the o432 re-
ceptor, 1 uM ACh-evoked responses were preceded by 30 uM
E pulses of 1, 3, 10, or 20 s, and compared with the control
responses (i.e., preceded by 0-s E) in three oocytes (Fig. 2A).
A plot of the relative response as a function of the duration of
E preapplication could be fit by a biexponential function with
time constants 71 and 72 of 1 and 10 s, respectively. E applied
during an ACh pulse also potentiated evoked responses
within seconds; oocytes expressing a4B2 were superfused
with 50 nM ACh for 50 s. This gave rise to small currents,
almost deprived of desensitization, which could be potenti-
ated by a coapplication of 30 uM E (Fig. 2B). The time course
of coapplication potentiation onset was comparable with that
of prepulse potentiation (The dashed curve in Fig. 2B is
equivalent to the function curve in Fig. 2A, although with
different scaling factors). The t5, of maximal potentiation as
predicted by the time course function is 1.23 s. This is quite
rapid and comparable with the time course of low-concentra-
tion ACh activation. However, the time course of drug-recep-
tor interaction can be considerably increased when studied in
oocyte systems, due to large cell size and access restriction in
experimental conditions (Madeja et al., 1997). Accordingly, E
potentiation of «4B2 nAChRs expressed in HEK 293 was
considerably faster. The rise time of potentiation for a 10 uM
E concentration jump during a long 10 uM ACh pulse was
20.8 = 3.9 ms (n = 5; Fig. 20).

Estradiol Potentiates «42 by Increasing Apparent
ACh Affinity. To best evaluate E potency in inducing o432
potentiation, E dose-response profiles were determined for
different ACh concentrations (Fig. 3A). The results demon-
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strated that the degree of relative potentiation of an ACh
current by preapplication of E was dependent on both the
ACh concentration and the E concentration. Responses
evoked by low concentrations of ACh were highly potentiated
by E preapplications and increasing E concentrations had
considerably greater effect (Fig. 3A, left). Conversely, re-
sponses evoked by high concentrations of ACh were only
marginally potentiated by E and increasing E concentrations
have relatively little effect (Fig. 3A, right). Illustrating this,
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Fig. 2. E potentiates a«4B2 expressed in X. laevis oocytes within seconds.
A, E potentiation of ACh current plotted against duration of steroid
preapplication. Currents evoked by 1 uM ACh were recorded after 1-, 3-,
10-, and 20-s preapplications of E in a4B32 expressing X. laevis oocytes
(inset; also shown is initial evoked current before preapplications). E
potentiation is time-dependent and can be fitted by the exponential
function under Materials and Methods, where 71 = 1 s and 72 = 10 s.
Values from three oocytes. B, in a single X. laevis oocyte expressing o432
nAChRs, application of 50 nM ACh for 50 s elicited a stable, slowly
desensitizing current (thin trace). Coapplication of 30 uM E for 20 s
caused rapid potentiation (thick trace superimposed on control trace).
Dashed line shows the exponential function from A, with modified scaling
constants, for comparison. C, concentration jump of E during a long ACh
pulse (10 M, top line) in human embryonic kidney cells expressing a432.
Chart paper recording (left) illustrates experimental protocol. Enlarge-
ment (right) of the E concentration jump (10 uM; 400 ms) illustrates the
fast rising time for E potentiation (=25 ms).

E potentiation of 100 nM ACh responses ranged from 198 *=
47% for 3 uM E to 646 = 178% for 100 uhM E (n = 5). E
potentiation of 100 uM ACh responses ranged from 105 + 4%
for 3 uM E to 108 = 7% for 100 uM E (n = 5). These
dose-response profiles could be fitted with one-component
empirical Hill curves with calculated EC,, values (that is, E
concentrations necessary for half-maximal potentiation) of
33.2, 13.9, 6.8, and 2.9 uM for ACh 0.1, 1, 10, and 100 pM,
respectively (data not shown). Shown in Fig. 3B is the dose-
response relationship of E potentiation at 1 ulM ACh. Accord-
ingly, a fixed concentration of 30 uM E applied before varying
concentrations of ACh modified the ACh dose-response rela-
tionship of the a4pB2 receptor (Fig. 3C). Overall, the mean
ACh concentration evoking half-maximal current in o432
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Fig. 3. E increases apparent affinity of a4B2 receptors in X. laevis
oocytes. A, typical current traces for a4 B2 expressed in X. laevis oocytes.
Currents evoked by 0.1, 1, 10, and 100 uM ACh were recorded before and
after 20-s preapplication of 3, 10, 30, and 100 uM E. B, E dose-dependent
potentiation of ACh responses. Relative potentiation of currents evoked
by 1 uM ACh was plotted as a function of E concentration. This dose-
response profile could be fitted with an empirical Hill equation with an
EC;, of 13.9 uM E. Values are from five oocytes. C, ACh dose-response
curves: control (O) and after 20-s preapplication of 30 uM E (A). Curves
are best fits obtained with the two-component empirical Hill equations by
using values given in Table 1. Values are from 11 oocytes.
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expressing oocytes was nearly 3 times smaller subsequent to
E application (11.3 = 5.5 versus 33.6 = 14.8 uM). However,
in agreement with the work of Covernton and Connolly
(2000) and our lab (Buisson and Bertrand, 2001; Phillips et
al., 2001), o432 dose-response relationships, both before after
E potentiation, were best fit by two-component Hill equa-
tions. Values for the two components [high- (H) and low
(L)-affinity components] are given in Table 1. The modifica-
tion of the a4B2 dose-response relationship by E was best
described by both a ~2-fold decrease in the EC;, values of
both components and a ~2-fold increase in the relative con-
tribution of the high-affinity component. Furthermore, calcu-
lated I,,,,, was not significantly different before and after E
application (E conditioned [, 104 = 4% of control).

Estradiol Increases Probability of Opening of a4$2
nAChRs Expressed in HEK Cells. The observed macro-
scopic current increases could most readily be explained ei-
ther by an increase in unitary channel conductance, an in-
crease in mean open time, and/or an increase of opening
probability. To investigate these possibilities, single channel
events of @432 nAChRs were studied in transfected HEK 293
cells. Single channel openings were recorded during a 500-ms
application of 100 nM ACh before and after a 10-s 30 uM
exposure to E (Fig. 4). Single channel conductance was not
significantly different before (40.8 + 1.5 pS) or after E appli-
cation (40.3 = 1.3 pS; n = 5). However, a significant increase
in channel openings was observed after E preapplication
(Fig. 4A). Quantification, from the all points amplitude his-
togram (Fig. 4B), of the probability of opening in control and
after E exposure yielded values 0f 0.33 = 0.19 and 0.61 + 0.3,
respectively (n = 5). In these experiments, a4B2 activity
diminishes with ACh exposure due to fast run down (Buisson
et al., 1996). This would explain the diminished activity
during washout after E exposure (Fig. 4A) and suggest that
the increase of the probability of opening by E is underesti-
mated.

C-Terminal Fragment of 4 Subunit Is Sufficient and
Necessary for E Potentiation. Given that a4 subunits
confer potentiation and «3 subunits do not, chimeric subunits
were created by fusing the extracellular N-terminal moiety of
the a3 subunit with the C-terminal moiety of the a4 subunit
[«3(202)a4; Fig. 5]. The reverse chimera was also constructed
[«4(202)a3] and oocytes coinjected with either chimeric sub-
unit cDNA combined with the B2 subunit cDNA-expressed
receptors responsive to ACh [I, = 88 * 2.6 uA for

max

a3(202)a4B2 and 10 = 2.2 pA for a4(202)a3pB2; n = 5 and 3,
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[«4(588)stop] was created lacking the five C-terminal amino
acids (WLAGMI) directly C terminal to the fourth transmem-
brane domain. Oocytes coinjected with a4(588)stop and B2
c¢DNA also expressed ACh-responsive receptors (I, = 9.7 =
2.9 pA; n = 7). Responses of a3(202)a4 32 receptors to 3 uM
ACh (evoking less than 10% of I,,,,) were potentiated after a
20-s pulse of 30 uM E (after E, ACh currents 159 + 5% of
control for n = 5) (Fig. 5). Conversely, «4(202)a3B32 receptor
responses to 3 uM ACh (also <10% of I,,,,,.) were inhibited by
E (88 = 3% of control for n = 3). Similarly, «4(588)stopB2
receptor responses to 300 nM ACh (<10% of I ,,) were
inhibited after a 20-s pulse of 30 uM E (90 = 8% of control for
n = 7). These observations demonstrate that the extracellu-
lar C-terminal tail of the a4 subunit is necessary for E po-
tentiation. Nonetheless, although the 382 and «4(202)a332
nAChRs are inhibited to a similar degree (88 = 2 and 88 +
3%, respectively), the potentiation observed in a3(202)a432
nAChRs (159 *+ 5%) is considerably smaller than that ob-
served in a4B2 nAChRs (342 = 50%). As for a4B2, ECy,
values for both the high- and low-affinity components of a
two-component a3(202)a4B32 ACh dose-response curve were
diminished by E preapplication (Table 1; Fig. 6). Further-
more, the decrease of mean ACh concentration evoking half-
maximal current induced by a 20-s 30 uM E preapplication
was of similar magnitude (from 53.6 = 6.9 to 20.6 = 4.7 uM
ACh).

However, as evidenced by significant reduction of high
ACh concentration responses by E, the E-modulated dose-
response curve (triangles) had an I, ,, 66 = 10% that of the
control ACh curve. This would suggest that E simultaneously
increases the apparent affinity of the «3(202)a4B82 receptor
while acting as a noncompetitive inhibitor. In comparison E
preapplication did not significantly alter mean ACh concen-
trations evoking half-maximal current for the «3p32,
a4(202)a3B2, or a4(588)stopB2 receptors [from 41.8 = 4.9 to
41.3 *+ 4.6 uM ACh for a3B2; 32.7 + 15.8 to 31 = 13.3 uM
ACh for «3(202)a4B2; and 2.1 = 0.5 uM to 1.8 += 0.3 uM for
a4(588)stopp2]. I, was comparably reduced for both «332
and a4(202)a3B2receptors [E reduced I,,,, by 12 = 1% for
a3B2 and by 11 = 5% for a3(202)a4B2] and slightly more
inhibited in a4(588)stopB2 receptors (E reduced I, by 17 =
12%). The ACh concentration dependence of E modulation is
more apparent when plotting the ratio of 30 uM E-modulated
ACh current to control ACh current as a function of ACh
concentration (Fig. 7). A sigmoid relationship between the
degree E potentiation for a4B2 and «3(202)a4B2 receptors

respectively]. Furthermore, an @4 subunit mutant and corresponding ACh concentration is observed. For both
TABLE 1
Properties of different receptor types before and after E modulation
Subunit
Combination EC5,H” EC50,L* nyg ny, % (H) % (L) ~10% 1,0 Iax
after 30 uM E
adp2 1.43 = 0.82 40.3 = 10.2 1.3+ .2 14=+.3 14 =11 86 + 11 100% 100%
0.76 = 0.24 189 + 29 15+ .2 1.1+.1 26 £ 14 74+ 14 342 = 50% 104 + 4%
a3p2 13919 136 = 35 16 *+.1 15+ .2 56 £ 8 44 £ 8 100% 100%
13.9 £ 1.9 136 £ 35 16 .1 1.5+ .2 56 £ 8 44 £ 8 88 £ 2% 82 £ 5%
a4(202)a3 32 3.45 = 1.26 67.7*+17.9 1.3+ .2 13+.1 37 11 63 = 11 100% 100%
3.45 + 1.26 67.7+17.9 1.3+ .2 13+.1 37+ 11 63 =11 88 + 3% 92 = 3%
a3(202)a4 B2 7.35 £ 0.60 742 *+ 1.1 09+.1 1.1+.1 19 £ 4 814 100% 100%
1.27 £ 0.21 41.6 £ 8.9 1+.1 13+ .2 27+ 6 736 159 = 5% 66 = 10%
a4(588)stopB2 1.65 = 0.23 47.3 + 3.6 12+ .2 1.6 = .2 90 £5 10 =5 100% 100%
1.65 £ 0.23 473 £ 3.6 1.2+ .2 1.6 = .2 90 =5 10+5 90 = 8% 89 = 5%

“ Values for ECj, values are in micromolar ACh.
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these receptors, this relationship follows a sigmoid curve
with the greatest potentiation seen at lower concentrations of
ACh (Fig. 7, top). In contrast, the slight inhibition of re-
sponses to ACh by 30 uM E seen in «332, a4(202)a3B2, and
a4(588)stopB2 receptors is proportionally similar at all ACh
concentrations tested.

Discussion

Our results describe a potentiating effect of E on human
a4 B2 function that is reversible, rapid in onset, dependent on
ACh concentration, and occurs in the micromolar range.
Combinations of different subunits reveal that the presence
of human a4 subunit is necessary for E potentiation, because
only a4 subunit containing combinations are potentiated.
Our results confirm recent reports of E potentiation of the
human @482 nAChR (Buisson et al., 1998; Paradiso et al.,
2001), as well as previous findings showing inhibition of «384
nAChRs by micromolar concentrations of E (Ke and Lukas,
1996). Previous reports have also demonstrated inhibition of
the homomeric a7 nAChRs by E (Buisson et al., 1998). Con-
sequently, of the predominant species of nAChR expressed in
human brain, only a482 would seem to be potentiated by E.
Although the B-subunit does not seem to determine modula-
tion type, it is interesting to note that B4-containing recep-
tors seem less susceptible to the effects of E, whether poten-
tiating (a4) or inhibitory (a3), compared with B2-containing
receptors.

The potentiation of a4-containing nAChRs by E is rela-
tively specific, because many other endogenous steroids, in-

A control

30uM E

washout

80 control

40

number of events 0

Fig. 4. Effects of E on a4p2 elementary events. A, single channel currents
recorded in an outside out patch obtained from a K177 cell. ACh (1 uM;
300 ms; horizontal bar) was delivered once every 20 s; 30 uM E was
preapplied during 20 s. Because of a strong run down (Buisson et al.,
1996), the channel activity almost completely disappeared during wash-
out. B, point amplitude histograms computed at a 0.2-pA resolution from
ACh-evoked currents (100 nM ACh; 500 ms) recorded in another outside
out patch in control (left) and after a 20-s preapplication of 30 uM E
(right). Data were fitted by the sum of three Gaussian functions with
mean values of 0, —3.9, and —7.8 pA in control and after E. The variance
was adjusted at 0.5 for the three Gaussians.

cluding both progesterone and testosterone, have previously
been shown to inhibit the «4B82 nAChR, also in the micromo-
lar range, and cholesterol and pregnenolone had no effect
(Valera et al., 1992; Buisson et al., 1998; Paradiso et al.,
2001). Our data are highly suggestive of direct allosteric
modulation by E of the nAChR. The speed and reversibility of
the effect are consistent with allosteric modulation, because
second-messenger- and gene expression-mediated phenom-
ena have generally been described in a time frame of minutes
to hours (Rupprecht and Holsboer, 1999). Although several
seconds are required to achieve maximal E potentiation in
oocytes, our results with HEK 293 cells suggest this may be
due in part to oocyte properties and that potentiating inter-
action of E with the «482 nAChR actually occurs on a milli-
second time scale. Observed in HEK 293 cells, this is compa-
rable with the time scale of ion exchange (Buisson et al.,
1996). In comparison, G protein-dependent E potentiation of
kainate currents in acutely dissociated neurons had a ¢5, of
several minutes (Gu and Moss, 1996). Interestingly, the
speed of potentiation onset in a4B2-expressing oocytes was

03(202)04B2 3uMACh _5_ 3 uMACh
: V

| I 1] | ‘é
o
=]

04(202)03p2 3UMACh _s 3 uMACh
<
o
g

04(588)stopf32 300 M ACh 5300 nM ACh

400 nA

5s

Fig. 5. E potentiates ACh-evoked responses in a4(202)a3B2 receptors and
inhibits ACh-evoked responses in a3(202)a432 and «4(588)stopB2 recep-
tors expressed in X. laevis oocytes. Left, schematic illustration of trans-
membrane topology of the «a3(202)ad (top), a4(202)a3 (middle), and
a4(588)stop (bottom) chimeric subunits. Light shading corresponds to an
a3 subunit segment and dark shading to 4. Right, typical current traces
for the corresponding chimeric nAChR by ACh concentrations evoking
less than 10% of I, before and after 20-s preapplication of 30 uM E.
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similar to the speed of E activation in a434 expressing oo-
cytes (compare Fig. 2 with Fig. 1), suggesting that analogous
or related mechanisms may be involved. Furthermore, the
similar potentiation by both 17B-estradiol and the biologi-
cally inactive 17a-estradiol makes it unlikely that specific E
receptors located either at the cell membrane or cytoplasm
are involved. Finally, in six outside out patches from HEK
293 cells, repetitive potentiation of single channel activity by
E (up to 3 times) could be observed in the absence of either
GTP or ATP (data not shown), which would argue against the
implication of a second messenger pathway.

In support of the relevance of an allosteric model are
the modifications observed in the dose-response profiles and
the small yet detectable activation of «4B4 receptors by
E. The action of a positive allosteric modulator, according to
the allosteric model (Edelstein et al., 1996), would reduce the
equilibrium constant (L value, which describes the equilib-
rium between a basal and active state). A reduction of L
value would lead to an increase of leak currents in the ab-
sence of ACh and a higher apparent affinity and response
cooperativity in the presence of ACh. In oocytes expressing
a4B4 nAChRs, we do indeed observe a very small increase of
the leak currents. Presumably this is best observed in the
a4B4 receptor because these nAChR types have a lower ini-
tial L value. The modifications of the two-component dose-
response Hill curves for the various nAChRs are further
compatible with predictions from an allosteric model that
would include a high- and low-affinity state. Although a
physical basis of the recently described two components has
not been definitively demonstrated, it has been suggested
that these components may correspond to distinct functional
receptor types (Covernton and Connolly, 2000; Buisson and
Bertrand, 2001). Under this assumption, E seems to predom-
inantly potentiate the high-affinity component of both the

03(202)a4 2 04(202)a3p2
100 100 )
108 [ACh, M] 102 108 [ACh, M] 102
o3p2 04(588)stopi2
100 100 —
5 5 1
E E
R R
0 0~ Ao o T o |
108 TACh, M] 102 108 [ACh, M] 102

Fig. 6. E modification of ACh dose-response relationships for a3B2 or
receptors constituted of a3a4 chimeric and B2 subunits expressed in X.
laevis oocytes. ACh dose-response curves [control (O) and after 20-s
preapplication of 30 uM E(A)] for «3(202)a4p2, a4(202)a3B2 receptor,
a3B2, and a4(588)stopB2. Dashed curve at top [«3(202)a432] represents
normalized dose-response curve after modulation. Curves are best fits
obtained with two-component empirical Hill equations. Values are given
in Table 1. Values from five, three, four, and eight oocytes for
a3(202)a4 B2, ad(202)a3B2, a3B2, and a4(588)stopB2, respectively.
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a4B2 and a3(202)a432 nAChRs in a manner consistent with
a positive allosteric modulator (decrease of EC;,, increase of
both ny and relative contribution of component). In contrast,
the observed effect of E on the «a4(202)a3B2 and
a4(588)stopB2 nAChRs was purely inhibitory, comparable
with that observed for «382 nAChRs. A striking feature of
the a4(588)stopB2 nAChR ACh dose-response relationship
was that although the EC;, values and Hill constants of both
the high- and low-affinity components were roughly equiva-
lent to those observed for w482, the relative contribution of
the high-affinity component was greater for the
a4(588)stopB2 nAChRs, suggesting that removal of the a4
WLAGMI C-terminal tail favored a high-affinity configura-
tion. Despite presenting a majority of high-affinity receptors,
a4(588)stopB2 nAChRs were inhibited by E at all ACh con-
centrations tested. These results, in conjunction with the
observed potentiation of the «3(202)a432 nAChRs and inhi-
bition of the «4(202)a3B2 nAChRs, are in accordance with
those of Paradiso et al. (2001), which implicate the WLAGMI
C-terminal tail of the @4 subunit in E potentiation.
Paradiso et al. (2001) further presented evidence suggest-
ing that this region constitutes a binding site for E. Our

0402 03(202)04p2
400
[} [0}
2] w
c c
¢ 100 g
S S
1l—8- T -6—2 10—8 -2
[ACh, M] [ACh, M]
a3p2 o4(202)a3p2
100 m})é@ .
g100 Wﬁm_r 8 XY
[ c
Q [}
o [eX
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2 thes ;%
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Fig. 7. The C-terminal moiety of the human &4 subunit is sufficient and
necessary for an ACh concentration-dependent E potentiation of ACh-
evoked responses. E potentiation/inhibition is plotted as a function of
ACh concentration (dashed lines indicate 100% response). «a-332,
a4(202)a3B2, and a4(588)stopp2 values could be fitted with horizontal
lines at 88, 93, and 90%, respectively. a-482 and a3(202)a4 B2 values were
fitted with the Hill equation I =P — p/ (1 + (EC;,/ [ACh])"H). For a42,
P =3.75,p = 1.75, EC,, = 8 uM, and ny = 0.95. For a3(202)a4B2, P =
2.2,p = 1.5, EC5, = 5 uM, and ny = 0.95. Values from 11, 5, 4, 3, and 8
oocytes for a4f2, a3(202)a4B2, a3B2, a4(202)a3B2, and a4(588)stopB2,
respectively.
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results cannot distinguish between this possibility and the
alternative that E is indirectly involved in the allosteric
coupling. However, in further support of the possibility of
direct interaction, it should be noted that this region is im-
mediately adjacent to the highly hydrophobic fourth trans-
membrane domain that, lying at the lipid-protein interface
(Blanton et al., 1999), is compatible with direct interaction
with the hydrophobic E. Moreover, related steroid molecules
such as cholesterol and promegestone have been shown to
bind to residues of the fourth transmembrane domain of the
Torpedo californica nAChR «a subunit (Blanton et al., 1998;
Corbin et al., 1998). Finally, a functional correlate can be
suggested by previous studies demonstrating that point mu-
tations within the fourth transmembrane domain can alter
probability of opening of mouse muscle nAChRs (Bouzat et
al., 2000).

Despite the potentiating effects of E on the «4B82 and
a3(202)a4B2 nAChRs, the similar maximum currents ob-
served before and after E modulation for a4B2 nAChRs and
in particular the surprising E inhibition of I,  in
a3(202)a4B2 nAChRs suggest that the positive allosteric
modulation observed in these receptors is concomitant to a
noncompetitive inhibition by E. Interestingly, analysis of E
modulation of the a3a4 chimeras indicates that although the
site responsible for potentiation can be isolated to the C-
terminal moiety [the affinity shift for 482 and «3(202)a4 32
being equivalent], E inhibition, which we observe to a vary-
ing degree for all nAChR types tested, does not seem depen-
dent on a discrete portion of the receptor. Of particular in-
terest is the small but significant inhibition observed with
the «4(588)stopB2 nAChR, demonstrating that despite the
absence of the critical WLAGMI tail, E still interacts with
this receptor. Because noncompetitive inhibition of several
different nAChR subtypes and even other LGICs has been
reported for several steroids related to E such as progester-
one or testosterone (Valera et al., 1992; Ke and Lukas, 1996;
Paradiso et al., 2000), the mechanisms of inhibition may be
similar and could involve several sites in a relatively nonspe-
cific manner. In contrast, the nAChR potentiating effect of E
seems to be very specific, requiring E and a discrete portion
of the human a4 subunit and can apparently occur concom-
itantly to E inhibition. Thus, alternative sites to the
WLAGMI C-terminal sequence may be present on nAChRs
where E interaction would cause a receptor inhibition.

Considering the C-terminal WLAGMI fragment necessary
for E potentiation, an intriguing observation concerns rat
nAChRs. Alternative splicing of the rat a4 subunit (a4-1 and
a4-2) results in two variants of the rat «482 nAChR (Con-
nolly et al., 1992). The a4-1 and a4-2 splice variant sequences
are identical except for the last three amino acids changing a
WLAAC C-terminal tail to WLAGMI. Rat a4-182 nAChRs
have previously been shown to be inhibited by E (Paradiso et
al., 2000), yet our observations would suggest that the rela-
tively minor splice variation found in «4-232 nAChRs (widely
expressed in rat brain and described previously as pharma-
cologically indistinguishable from «4-132; Connolly et al.,
1992) could confer the capability of E potentiation to these
receptors.

The potentiating effects of E on the human «482 nAChR
occur in the micromolar range. Although, these concentra-
tions are comparable with those of other steroid modulators
of the nAChR, they are higher than what is commonly ac-

cepted to be physiological serum concentrations of E (i.e., the
nanomolar range). Furthermore, studies on both rodent and
human brains suggest that average E concentrations in brain
tissues approximate the serum values (Backstrom et al.,
1976; Bixo et al., 1986). However, these studies do not ex-
clude the possibility of localized areas of high E concentra-
tions in restricted brain areas. Because all enzymes required
for E synthesis have been isolated from brain tissue (Mellon
and Compagnone, 1999) and high activities of P450 aro-
matase have been demonstrated in prenatal brainstem struc-
tures, which are also areas of high nAChR densities (Lephart
et al., 1996), it can even be postulated that localized synthe-
sis of this steroid could produce micromolar concentrations,
although no explicit evidence yet supports this hypothesis.
In conclusion, our results confirm a steroid potentiation of
the human o482 nAChR, which, to our knowledge, is the only
potentiation by a steroid molecule described for a member of
the LGIC superfamily other than the y-aminobutyric acidy.
Furthermore, observations in both oocytes and HEK cells
support an allosteric mechanism of potentiation. In accor-
dance with recent results (Paradiso et al., 2001), our results
also demonstrate that the structural requirements confer-
ring potentiation capacity are relatively minor, suggesting a
very specific interaction between steroid and a discrete re-
ceptor area. In contrast, steroid inhibition of nAChRs would
seem not only to involve other receptor areas but also to be
less specific, perhaps implicating multiple sites. The physio-
logical relevance of the effects we describe remains to be
elucidated, given the seemingly high E concentrations re-
quired. However, the specific presence of the amino acid
fragment necessary for potentiation in the human 4 subunit
as well the splice variation of precisely this fragment de-
scribed for rat strongly support a functional basis of our
observations. Our hypotheses include the possibility of high,
localized synaptic E expression or perhaps the existence of a
structurally similar neurosteroid with equivalent potentiat-
ing effects. Finally, our results present the major human
nAChR of the CNS as a potential therapeutic target for
highly specific positive nicotinic allosteric modulators.
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