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ABSTRACT

Peptides related to the N-terminal region of calcitonin gene-
related peptide (CGRP) were tested for their ability to modulate
neuronal nicotinic acetylcholine receptors (NAChRs) of rat cul-
tured chromaffin cells under whole cell patch-clamp conditions.
Although CGRP,_, and CGRP,_, depressed responses medi-
ated by nAChRs, CGRP,_g, CGRP,_5, or CGRP,_, rapidly and
reversibly potentiated submaximal nicotine currents while spar-
ing maximal currents. CGRP,_; was inactive. The threshold
concentration for the enhancing effect of CGRP,_g was 0.1 uM.
CGRP,_s or CGRP,_, were less effective than CGRP,_g. Co-
application of CGRP,_g and of the allosteric potentiator phy-
sostigmine (0.5 uM) gave additive effects on nicotine currents.
CGRP,_g did not enhance responses generated by muscle-
type nicotinic receptors of cultured myoblasts or by y-ami-

nobutyric acid, receptors expressed by human embryonic kid-
ney cells. Molecular dynamics (MD) simulations suggested that
CGRP,_; exhibited a relatively rigid ring structure imparted by
the disulfide bridge between Cys, and Cys,. The circular di-
chroism (CD) spectrum recorded from the same peptide was in
agreement with this result. Shorter peptides, missing such a
bridge, exhibited propensity for a-helix configuration. Replac-
ing Cys, with Ala yielded CGRP,_,,, a fragment with partial
a-helix structure and ability to enhance nicotine currents. CD
measurements on CGRP,_g were compatible with these MD
structural findings. Short terminal fragments of CGRP represent
a novel class of substances with selective, rapid, and reversible
potentiation of NnAChRs.

Neuronal nicotinic acetylcholine receptors (nAChRs) be-
long to a family of ACh-gated cationic channels consisting of
different subtypes with distinct anatomical distribution in
the vertebrate central and peripheral nervous systems (for
reviews, see Role and Berg, 1996; Gotti et al., 1997; Lind-
strom, 1997; Paterson and Nordberg, 2000). Current interest
in nAChRs has been prompted by their apparent involve-
ment in a large number of neuropsychiatric disorders such as
Alzheimer’s disease, Parkinson’s disease, epilepsy, and
schizophrenia (for a recent review, see Paterson and Nord-
berg, 2000). Despite their different causes and pathogeneses,
these diseases share a common neurochemical deficit: loss or
dysfunction of nAChRs. Hence, the identification of chemi-
cals that can selectively potentiate responses mediated by
nAChRs is clearly a major goal to develop potential thera-
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peutic drugs. So far, two main classes of compounds have
been used for this purpose: cholinesterase inhibitors, which
prevent breakdown of endogenous ACh and thus lead to a
build up of this transmitter at the receptor level (Maelicke
and Albuquerque, 2000), and allosterically potentiating li-
gands (APLs) of nAChRs, which enhance ACh interaction
with its receptors (Maelicke et al., 1997; Krause et al., 1998).
Although these substances have been shown to induce clini-
cal benefit (Maltby et al., 1994; Nordberg et al., 1998; Sjoberg
et al., 1998), either approach has some pitfalls. First, these
compounds are not entirely selective for nAChRs. Second,
their use may lead to receptor desensitization caused by
persistent activation of nAChRs. Third, some agents, such as
APLs, possess a relatively narrow range of pharmacological
effectiveness and can actually block nAChRs if used at doses
not much higher than the potentiating ones.

Using nAChRs of rat chromaffin cells as a model system,
we have reported that the 1 to 7 N-terminal fragment of

ABBREVIATIONS: nAChR, neuronal nicotinic acetylcholine receptor; ACh, acetylcholine; APL, allosterically potentiating ligand; CGRP,_,, 1 to x
N-terminal fragment of calcitonin gene-related peptide, where x is 3, 4, 5, 6, or 7; HEK, human embryonic kidney; GABA, y-aminobutyric acid;
BAPTA, 1,2-bis(2-aminophenoxy)ethane-N,N,N’',N’-tetraacetic acid; CGRP,_;5, N-terminal fragment of calcitonin gene-related peptide in which
Cys, is replaced by Ala; CGRP,_;, N-terminal fragment of calcitonin gene-related peptide missing Ser,; CD, circular dichroism; TFE, trifluorethanol;

Rg, radius of gyration; MD, molecular dynamics.
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calcitonin gene-related peptide (CGRP,_,) behaves as a po-
tent antagonist of nAChRs (Giniatullin et al., 1999). The
composition of rat chromaffin cell nAChRs is not clear, al-
though in bovine chromaffin cells, a3(a5)B4 subunits are the
main constituents (Campos-Caro et al., 1997). It is notewor-
thy that rat chromaffin cells do not possess a7 receptors as
indicated by their lack of a-bungarotoxin-sensitive binding
sites and absence of a-bungarotoxin antagonism of fast
nAChR-mediated responses (Khiroug et al., 1997; Di An-
gelantonio et al., 2000). Because in the adrenal medulla
CGRP is present in nerve fibers (Costa et al., 1994; Heym et
al., 1995) and in the chromaffin cells themselves (Kuramoto
et al., 1987), modulation of nAChRs by the native peptide
(and perhaps even by its fragments in case of any significant
cleavage by peptidases) might be of physiological signifi-
cance.

In the attempt to identify the minimal amino acid sequence
retaining this antagonist action, we decided to investigate
the effects of shorter fragments of this peptide, namely,
CGRP,_g, CGRP, 5, CGRP,_,, and CGRP,_;. To our sur-
prise, some of these compounds exhibited a powerful poten-
tiating action on nAChRs. The present report thus comprises
a functional characterization of this unexpected phenomenon
and molecular dynamics studies of these peptides to identify
some structural requirements that may impart either poten-
tiating or antagonist properties to these molecules. The MD
calculations were supported by circular dichroism measure-
ments. Our structural investigation led to the synthesis of a
substituted peptide endowed with receptor-potentiating ef-
fects.

Experimental Procedures
Cell Preparation for Electrophysiology

Adrenal medulla were removed from 25- to 35-day-old rats (anes-
thetized with slowly rising levels of CO,) and rinsed in a medium, pH
7.2, containing 137 mM NaCl, 3 mM KCl, 0.7 mM Na,HPO,, 25 mM
HEPES, 10 mM glucose, and 350 units/ml penicillin and streptomy-
cin. Chromaffin cells were dissociated by treating adrenal tissue
fragments and cultured at 37°C for 1 to 2 days under a 5% CO,-
containing atmosphere as described previously (Khiroug et al., 1998;
Di Angelantonio et al., 2000). 128 cells in culture were prepared as
described by Irintchev et al. (1997). HEK 293 cells were transfected
with «1p2y2 GABA, receptors as previously reported (Granja et al.,
1998).

Patch-Clamp Recording

Cell-containing culture dishes (used at 0-3 days from plating)
were mounted on the stage of an inverted Nikon Diaphot microscope
and superfused (5—10 ml/min) with control saline solution containing
135 mM NaCl, 3.5 mM KCIl, 1 mM MgCl,, 2 mM CaCl,, 15 mM
glucose, and 10 mM HEPES (pH adjusted to 7.4 with NaOH; osmo-
larity, 285 mOsM). Patch pipettes pulled from thin glass had 5- to
6-M(Q resistance when filled with 120 mM CsCl, 20 mM HEPES, 1
mM MgCl,, 3 mM Mg,ATP;, and 10 mM BAPTA (240 mOsM). The
pH of the pipette solution was always adjusted to 7.2 with CsOH.
Unless otherwise indicated, cells were voltage clamped at —70 mV.
After obtaining whole cell configuration, a 10-min period of stabili-
zation normally elapsed before membrane currents were recorded,
filtered at 1 kHz, and acquired on the hard disk of a PC by means of
pCLAMP 6.04 software (Axon Instruments, Foster City, CA).

Drugs and Application Method

A series of peptides related to the N-terminal sequence of CGRP
were custom synthesized by Neosystem (Strasbourg, France). These

are listed in Fig. 1 and include CGRP, ; and its derivatives
CGRP,_;, (in which Cys; was replaced by Ala) and CGRP,_; (with
missing Ser;), CGRP,_s, CGRP,_;, CGRP,_,, and CGRP,_;. nAChRs
of chromaffin cells are particularly prone to desensitization, which
develops with a fast time constant of 110 + 20 ms (Khiroug et al.,
1998), thus ruling out attainment of steady-state responses with
applications of nicotine lasting even 1 s only. This property makes it
very difficult to use standard methods for agonist application to
construct dose-response curves under equilibrium conditions and to
express meaningful quantitative values in terms of drug receptor
occupancy on intact cells. To circumvent this problem, agonists were
usually delivered by pressure application (10-20 psi) from glass
micropipettes positioned about 15 to 25 um away from the recorded
cell (Giniatullin et al., 2000). We have recently reported, with exper-
imental and theoretical data, an approach to quantify the pressure
application method in terms of actual drug concentration applied to
single cells (Di Angelantonio and Nistri, 2001). For this purpose, we
compared, on the same cells, the inward currents generated by
applying nicotine via a pressure pipette or via a PC-controlled rapid
solution exchanger (BioLogic, Strasbourg, France) consisting of a

CGRP1-7: Ser-Cys-Asn-Thr-Ala-Thr-Cys
| |

CGRP1-7A: Ser-Cys-Asn-Thr-Ala-Thr-Ala
CGRP1-6: Ser-Cys-Asn-Thr-Ala-Thr

CGRP2-7: C|ys-Asn—Thr—AIa—Thr—Cyls

CGRP1-5: Ser-Cys-Asn-Thr-Ala

CGRP1-4: Ser-Cys-Asn-Thr

CGRP1-3: Ser-Cys-Asn

Fig. 1. Linear amino acid structure of the peptides CGRP,_, (note disul-
fide bond), CGRP,_,,, CGRP, ,, CGRP, 4, CGRP, ;, CGRP,_,, and
CGRP,_,.



multibarrelled array of glass tubes (1 mm o.d.) rapidly rotating to
generate a stream of solution to the recorded cell. With the rapid
solution system, the shortest application time was 1 s, to avoid
significant dilution of the agonist concentration inside the glass
tubes by their capillarity backfilling from the bath (this problem does
not apply to pressure pipettes with narrow orifices of about 3 um in
diameter). We then compared equiamplitude peak responses induced
with the two different application methods whenever they were
reproducible and without fading (indicative of desensitization). We
observed that with the typical puffer pipette concentration (100 uM
nicotine), the largest agonist concentration reaching the cell mem-
brane was 92 uM and was attained after 117 ms. For shorter nicotine
pulses (usually in the 5~100-ms range), a standard pulse lasting, for
example, 20 ms would yield 42 uM concentration at membrane level
30 ms later (corresponding to the peak of nicotine current). Interme-
diate pulses generated an average 2.3-fold agonist dilution, a value
close to the nearly 3-fold dilution calculated with a different method
based on changes in junction potentials in the absence of cells (Gin-
iatullin et al., 1996). These results indicate that, to obtain reliable
responses due to nAChR activity, the pressure application method
was a simple approach yielding responses in which receptor desen-
sitization was minimized.

Parallel tests were also performed to validate the effects of pep-
tides on responses to puffer-applied agonists by repeating experi-
ments with the rapid superfusion system. In this case nicotine and
the peptide fragment were rapidly coapplied via glass barrels and
gave results analogous to those found with the puffer application of
nicotine (see Results; Fig. 2). Note that the limited number of barrels
that the rotating head assembly could carry restricted the number of
drug concentrations in combination with the agonist to be tested on
each cell. This method was therefore unsuitable to explore, in quan-
titative manner, a broad concentration range of test compounds.
Conversely, fast superfusion of antagonists or modulators (which per
se did not have any agonist activity) was a convenient approach to
apply such substances (within a small range of known concentra-
tions), whereas agonists were applied via puffer pipettes.
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Electrophysiological Data Analysis

Data are presented as mean = S.E.M. (n is number of cells) with
statistical significance assessed with Wilcoxon test (for nonparamet-
ric data) or paired ¢ test (for normally distributed data). A value of
P = 0.05 was accepted as indicative of a statistically significant
difference. Dose-response curves were fitted with a standard logistic
equation (Sokolova et al., 2001); zero for the fit was set when there
was no agonist or current.

Circular Dichroism Spectroscopy

CD spectra were obtained at 20°C under a constant flow of nitro-
gen by a Jasco J715 spectropolarimeter, which was calibrated with
an aqueous solution of ammonium D-camphorsulfate. Experimental
measurements were carried out in aqueous or aqueous/trifluoroetha-
nol (TFE) solutions by using a 1-mm path-length cuvette. CD spectra
of the free peptides were recorded in the UV region (190-250 nm).
Peptide concentration was around 0.3 mg/ml. Spectra represent the
average of four scans. CD intensities are expressed as mean residue
ellipticities (degree cm? - mol ') calculated by 6 = 6/lcn, where 6 is
the ellipticity observed (degrees), [ is the pathlength of the cuvette
(cm), c is the peptide concentration (M), and n is the number of amino
acids in the peptide.

Computational Methods

Structural Models. We examined four CGRP terminal frag-
ments (Fig. 1): 1) CGRP,_,, in which Cys, and Cys; form a disulfide
bridge; 2) CGRP,_,, which is the same as CGRP,_; except that Ala
replaced Cys;; 3) CGRP,_g; and 4) CGRP,_;. The initial structural
model of CGRP,_; was built through a systematic search of the
Protein Data Bank for a protein containing a ring of six amino acids
closed up by a disulfide bridge. We selected the X-ray structure of
progastricsin (Moore et al., 1995; entry 1HTR, www.rcsb.org/pdb/
index.html, because its residues Cys,;-Gln,g-Ser,;-Gln,g-Ala,q-
Cyss, form a six-membered disulfide ring. These residues were found
to display a very good Ramachandran plot (Ramachandran and
Saiekharan, 1968), indicative of a highly plausible spatial conforma-
tion of this protein. To build the CGRP,_; model, we replaced Gln,g,

CGRP,¢ 1uM
+ Nic 20 uM
Fig. 2. Effect of CGRP,_g4 on nicotine-
evoked currents. A, top, submaximal
currents induced by a short, nonsat-
urating nicotine pulse (20 ms) are po-
tentiated by this peptide fragment,
100 pA whereas maximal currents (200-ms
CGRP1-6 TuM —'J nicotine pulse) are not affected (bot-
+ Nic 200 uM 1s tom). B, current response to superfu-

sion of 20 uM nicotine together with
CGRP,_g (1 uM) is enhanced with re-
spect to control (top), whereas maxi-
mum response to 200 uM nicotine is
unaffected by 1 uM CGRP,_g¢ (bottom).
C, time course of the CGRP,_g4 action
on nAChR: currents elicited by nico-
tine are rapidly potentiated and this
effect is reversible after 45 to 60 s of
washout. D, dose-response curve (ex-
pressed as pulse duration versus re-
sponse) for nicotine in control and in
the presence of CGRP,_4 (1 uM); the
plot in the presence of the peptide is
shifted to the left in a parallel manner
without altering maximal responses
(n = 5-12). Currents are normalized
with respect to response to 20-ms
pulse in control solution and fitted
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60 90 120 150
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Ser,;, Gln,g, and Ala,q with Asn, Thr, Ala, and Thr, respectively. A
Ser residue was attached to Cys,s; NH3* and COO™ terminal groups
were added. The initial models of CGRP;_;,, CGRP, 4, or CGRP,_4
were constructed as follows. A linear structure (i.e., backbone dihe-
dral angles ® = ¥ = 180°) was first constructed. A simulated an-
nealing procedure similar to that of Daura et al. (1998) was then
performed in three steps: 1) for each peptide molecular dynamics
simulations at 1000 K temperature were first carried out for 10 ps; 2)
eight structurally different conformers, selected from this simula-
tion, were cooled from 600°K to 0.5°K in 1.5 ns; and 3) the lowest-
energy models were finally used for the molecular dynamics simu-
lation in water.

The computational setup was the same as the one described in the
section below, except that no periodic boundary conditions and no
cutoff for electrostatic interactions were used. The four CGRP ter-
minal fragments simulated in a water cubic box of about 30 A® were
further studied as indicated below.

Computational Setup. The AMBER (Cornell et al., 1995; http:/
www.amber.ucsf.edu/amber/) or TIP3P (Jorgensen et al., 1983) force
fields were used to describe the interatomic potential energy func-
tions of peptides or water, respectively. The dielectric constant was
set to 1. The time-step integration of the Newton equation of motion
was set to 1.5 fs. Temperature (298°K) and pressure (1 bar) were
kept constant by coupling the peptide/water systems to a Berendsen
bath algorithm (Berendsen et al., 1984) with 1.0-ps relaxation time.
van der Waals interactions were truncated up to a spherical, residue-
based cut-off of 12 A. Periodic boundary conditions (Allen and Til-
desley, 1987) were imposed to avoid problems due to the small
dimensions of the system. Electrostatic interactions were calculated
using the Ewald particle mesh method (Essmann at al., 1995).

Molecular Dynamics Calculations. The simulation procedure
was carried out as follows. First, the solvent underwent energy
minimization and was equilibrated (with a molecular dynamics pro-
cess) with the peptide for 30 ps at constant volume. Subsequently,
the entire system was heated from 0° to 298°K for 0.12 ns at 1 bar
pressure. Finally, 10-ns molecular dynamics simulations at 298°K
temperature and 1 bar pressure were performed. All calculations
were carried out with the SANDER module of the AMBERS suite of
programs running on a four-processor SGI Origin 200 parallel ma-
chine (SGI, Mountain View, CA). Ten-nanosecond simulation for
each peptide required approximately 20 days of calculations.

Calculated Properties. Data for the last 9 ns of molecular dy-
namics simulations were collected for analysis. The radius of gyra-
tion (Gy) of the peptide backbone atoms was calculated, taking as a
reference the atom position at 1 ns. Gy was calculated as

where nr is the number of residues, N is the number of steps (about
2000) for which averages were calculated, r; is the position vector of
all backbone atoms at step 7, and r is the position vector of the mass
center.

Ramachandran plots were calculated using the Procheck program
(Laskowski et al., 1993; http:/www.biochem.ucl.ac.uk/~roman/pro-
check/procheck.html). a-Helix conformations were assigned based on
the ® and iy backbone torsion angles.

Results

Potentiation of Nicotine-Evoked Responses by CGRP,_¢

Figure 2A shows inward currents generated by nicotine
(applied via brief pressure pulses from a 0.1 mM pipette
concentration to minimize rapid desensitization; Khiroug et
al., 1997) from a chromaffin cell in culture. When a 20-ms
pulse was delivered in the presence of CGRP,_g4 (1 uM; ap-

plied by rapid superfusion), the inward current was unex-
pectedly potentiated (53%; Fig. 2A, top). This phenomenon
was not associated with any direct action of CGRP,_4 on
resting conductance or baseline current, indicating that this
substance did not have agonist activity on nAChRs or non-
specific actions on membrane leak channels. On the same
cell, CGRP, 4 (1 uM) was ineffective on 200-ms pulse nico-
tine currents (Fig. 2A, bottom), which were large enough to
reach the responsiveness plateau (Giniatullin et al., 1999).
Figure 2B shows effects observed when nicotine or nicotine
plus CGRP,_g4 were both applied via the fast superfusion
system. Again, the inward current induced by 20 uM nicotine
was potentiated by coapplied CGRP,_g4 (1 uM; 39% potenti-
ation), whereas the maximal current elicited by 200 pM
nicotine was unaffected by the peptide. On average, CGRP;_4
enhanced currents to 20 uM nicotine by 33 = 8% (n = 5; P <
0.05). Previous experiments have indicated that semilog
plots of pressure pulse/current responses were linear within
the 10- to 50-ms application range and corresponded very
closely to those produced by superfusing 20 to 100 uM nico-
tine (Di Angelantonio and Nistri, 2001), suggesting the upper
and lower concentration limits reached with puffer applica-
tion.

The CGRP,_;4 effect was manifested already with the first
nicotine response elicited just 5 s after starting peptide su-
perfusion, and was reversible after 1 min of washout (Fig. 2C;
n = 11). The rapid action of CGRP,_g was also confirmed by
the fact that, when coapplied with nicotine, it immediately
increased nicotine currents as long as the responses were
submaximal (Fig. 2B).

Further tests were performed to characterize the action of
CGRP,_4 (1 uM). Figure 2D shows that the plot relating
inward current amplitude to the amount of nicotine (ex-
pressed as millisecond application; Giniatullin et al., 1999)
with plateau value at 100-ms pulse (n = 5-12 cells). When
comparable applications were repeated in the presence of 1
uM CGRP,_4 (15-s preapplication), inward currents induced
by 5- to 30-ms nicotine pulses were significantly (P < 0.05)
potentiated, whereas responses induced by 50- to 200-ms
pulses were unaffected. Thus, the plot was shifted to the left
in an apparently parallel manner while retaining analogous
maximum response. CGRP;_4 (1 uM) thus enhanced nicotine
responses at approximately mid-point of the curve (20 ms) by
31 = 7% (n = 30). These data, therefore, demonstrate that
the potentiating action of CGRP,_4 was dependent on the
amount of agonist delivered to the cell.

Figure 3A shows the concentration dependence (0.05-100
uM range) of CGRP;_ 4 effects on nAChRs activated by a fixed
dose of nicotine (20 ms; 0.1 mM): potentiation had threshold
at 0.1 uM (5 = 7%; n = 7; P < 0.05) and reached an apparent
maximum at 50 uM (56 * 6%; n = 5; P < 0.05). Note that, as
indicated by Fig. 2D, this “dose” of puffer-applied nicotine
induced membrane current amplitudes approximately one-
half of the apparent maximum (Di Angelantonio and Nistri,
2001). The CGRP,_g4 potentiating action was also present
when cytisine rather than nicotine was the test agonist (20
ms; 0.1 mM; Fig. 3B), as also indicated by the superimposed
plots for the potentiation by CGRP,_g toward nicotine- or
cytisine-evoked currents (Fig. 3B, inset). The slope values for
the nicotine or cytisine plots of Fig. 3, A and B, were 1.1 =
0.02 and 1.02 * 0.02, respectively. These results thus dem-
onstrate that nAChR facilitation by CGRP,_4 was agonist-



independent. The CGRP,_g4-potentiating action was indepen-
dent also from membrane potential, as shown in Fig. 3C, in
which average current responses from six cells held at —40,
—70, or —100 mV are compared.

Although these experiments showed an interesting poten-
tiating action of CGRP,_ g4, they did not clarify whether this
was specific for nAChRs. To this end we studied whether this
peptide possessed similar effects also on muscle-type nico-
tinic receptors of I28 cells in culture (these are primary
myoblasts; Irintchev et al., 1997; Wernig et al., 2000). On
these cells (clamped at —60 mV holding potential) superfu-
sion of nicotine (0.1 mM, which was the EC;, concentration)
evoked average responses of 1.06 = 0.22 nA peak (n = 7),
readily reversible after washout. When nicotine was applied
in the continuous presence of 1 uM CGRP,_g4 (preapplied for
2 min), evoked currents did not change in amplitude (1.09 +
0.24 nA, which corresponded to 101 * 2% of controls; n = 7;
data not shown). Further tests were conducted to find out
whether distinct ionotropic receptors gated by other trans-
mitters, for instance, GABA, could also be affected by
CGRP,_¢ (1 uM). For this purpose, we recorded inward cur-
rents generated by 3-ms application of 1 mM GABA to HEK
293 cells (n = 6) expressing «l1B2y2 GABA, receptors
(Granja et al., 1998). CGRP,_g4 did not change (101 = 1%)
responses to GABA, indicating that its action was not present
on muscle-type AChRs and was not generalized to ionotropic
neuronal receptors.

Interaction between CGRP,_g and CGRP,_,

The potentiation by CGRP,_ is in sharp contrast with the
depression of nicotine-evoked currents induced by CGRP;
(Giniatullin et al., 1999). Loss of a single amino acid thus
transformed the biological activity of the peptide fragment.
Which of the two effects on nAChRs would prevail if these
compounds were applied simultaneously? This issue was
tested in experiments similar to those reported in Fig. 3D.

>
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The average potentiation due to CGRP,_g was 31 = 7% (n =
30) and the mean depression due to CGRP;_, was 42 = 11%
(n = 17). Coapplication of 0.5 uM CGRP,_g plus 1 puM
CGRP,_; depressed (by 34 = 3%; n = 5) the 20-ms nicotine-
induced submaximal currents, whereas coapplication of the
same peptides at equimolar concentration (1 uM) left nico-
tine responses unchanged (99 = 4%; n = 9). When 1 uM
CGRP,_g plus 0.5 uM CGRP,_, was applied, the nicotine
currents were significantly enhanced by 16 = 6% (n = 5).
These results suggest that these peptide fragments were
apparently equipotent in exerting their modulatory action,
although of diametrically opposite direction.

Effect of CGRP,_;, CGRP,_,, or CGRP,_; Fragments

How conserved is the enhancing action of CGRP,_g4? This
question was addressed by studying the effects of the shorter
fragments CGRP,_5, CGRP,_,, or CGRP,_;. Figure 4A shows
that CGRP,_; significantly potentiated 20-ms nicotine-in-
duced currents in a concentration-dependent manner. How-
ever, this facilitation was less pronounced than the one ex-
erted by CGRP, 4. In fact, although CGRP,_g (1 uM)
potentiated by 31 = 7% (n = 30), CGRP,_5 (1 uM) potentiated
by 20 = 4% only (n = 8). To obtain a comparable degree of
potentiation (26 * 4%) it was necessary to use a 10-fold
higher concentration of CGRP,_; (10 uM; n = 5). Further
increases in CGRP;_; concentrations (50-100 uM) did not
augment the extent of potentiation (Fig. 4A).

The fragment CGRP,_, (1 uM) also displayed a slight, yet
significant, potentiating effect (8 = 1%; n = 14), whereas at
10 uM concentration, it significantly potentiated by 18 + 3%
(n = 6). CGRP,_; (1 or 10 uM) did not alter nicotine-induced
currents (0 = 1%; n = 7). These data are summarized in Fig.
4B, in which the action of the various CGRP fragments is
compared with the one of the native peptide (all compounds
tested at 1 uM concentration).

Fig. 3. Analysis of the mechanism of
action of CGRP,_g. A, nicotine current
potentiation (0.1 mM; 20 ms) at differ-
ent CGRP, 4 concentrations; the
threshold for potentiation is 0.1 uM; the
same behavior is shown in B with cy-
tisine as test agonist (0.1 mM; 20 ms).
Abscissa: CGRP,_¢ concentrations (log
units); ordinate: current ratio in
CGRPy_g (Lyiccarp OF Lepicarp) OVer
the one in control solution (I,;. or I,).
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Inset, superimposed plots for nicotine
and cytisine responses, indicating simi-
lar shape. C, histograms demonstrating
the equi-amplitude increase in 20-ms
nicotine-evoked currents (expressed as
percentage of control) at the three hold-
ing membrane potentials indicated be-
low columns. Each column is signifi-
cantly different from control (¥, P <
0.05; n = 7). D, comparison of the action
of CGRP,_g or CGRP,_; or a mixture of
the two on 20-ms nicotine currents.
Note that the potentiation due to
CGRP,_g is canceled by the competitive
antagonism exerted by CGRP,_; when
the two peptides are applied together.
All responses are expressed as ratio of
nicotine-evoked currents in the pres-
ence of the peptides with respect to con-
trol (n = 6).
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Comparison between CGRP,_g and a Typical Allosterically
Potentiating Ligand

The unusual action by CGRP;_g on nAChRs raised the
possibility that this substance might belong to the category of
APLs. These drugs bind to a discrete site of nAChRs from
which they allosterically up- or down-regulate the action of
nicotinic agonists (Maelicke et al., 1997; Changeux and Edel-
stein, 1998; Maelicke and Albuquerque, 2000). APLs often
produce a biphasic action such that, in low doses, they facil-
itate agonist responses, whereas in higher doses they depress
them. One example of an APL is physostigmine that at the
concentration of 0.5 uM maximally enhances nAChRs via
allosteric modulation, whereas at higher concentrations, it
actually inhibits them (Maelicke et al., 1997). In the present
investigation, we first tested whether this action of phy-
sostigmine was also present on native nAChRs of chromaffin
cells. To this end, nicotine (20-ms pulse) was applied in the
presence of either a small (0.5 uM) or a high (5 uM) concen-
tration of physostigmine. Figure 5A shows sample traces
demonstrating that 0.5 uM physostigmine potentiated nico-
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Fig. 4. Effect of CGRP,_;, CGRP,_,, and CGRP,_; fragments on nAChRs.
A, concentration dependence of potentiation of nicotine currents by
CGRP,_;. B, histograms summarizing the action of different fragments of
CGRP (all compounds applied at 1 uM concentration) on nicotine-medi-
ated responses. The efficacy of CGRP,_; is less than the one observed with
the 1 to 6 fragment. CGRP,_, maintains a slight potentiating effect,
whereas CGRP,_ is inactive. For comparison, data corresponding to the
antagonism exerted by CGRP and CGRP,_, are reported. Responses are
expressed as ratios of currents in the presence of CGRP or its fragment
(Iogrp) With respect to controls.

tine-induced responses (on average 28 *= 5%; n 14),
whereas 5 uM depressed them (on average 48 + 2%; n = 4).
Figure 5B shows the nicotine dose-response curve in control
solution or in the presence of 0.5 uM physostigmine (n =
4-14 cells). Physostigmine shifted the plot to the left, which
attained a larger (85 * 5%) maximal response (P < 0.01).
These data confirm that physostigmine acted on nAChRs of
chromaffin cells with a pharmacological profile typical of an
APL and quite distinct from that of CGRP,_g (Fig. 2). These
observations led us to study whether CGRP, 4 and phy-
sostigmine had distinct action on nAChRs. For this purpose,
on a sample of five cells, standard responses induced by
20-ms nicotine were first potentiated, by the same degree, by
CGRP,_¢ (1 uM) or physostigmine (0.5 uM) applied sepa-
rately (21 = 4 or 20 = 6% potentiation, respectively; Fig. 5C).
We then coadministered these two substances while testing
currents produced by 20-ms nicotine puffs. In the latter case,
the potentiation was 37 = 6%, which is a value near the sum
of the two individual effects (Fig. 5C).

Conversely, when the physostigmine concentration was
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Fig. 5. Interaction between CGRP,_4 and physostigmine (Phys). A, on the
same cell, a small concentration (0.5 uM) of physostigmine potentiates
nicotine-induced currents (0.1 mM; 20 ms), whereas a higher one de-
presses them (5 uM). B, nicotine dose-response curve (0.1 mM) in control
and in the presence of physostigmine (0.5 uM; n = 4—14). Physostigmine
potentiates all nicotine-mediated responses, including the maximal one.
C, histograms summarizing the action on 20-ms nicotine-induced cur-
rents by CGRP;_4 (1 uM) or physostigmine (0.5 puM) applied either
separately or simultaneously. Asterisks indicate level of significance (n =
5). D, Histograms showing the depressant action of physostigmine (5 uM)
on nicotine-evoked responses and the opposing action by subsequent
application of CGRP,_4 (1 uM; n = 4). Responses to nicotine are ex-
pressed as ratio between the current in the presence of the drug (I) and
in control solution (I

control)-



higher (5 uM), nicotine-induced currents became 23 + 1% of
the control amplitude (Fig. 5D). In this case, adding CGRP,_¢4
(1 uM) could partly counteract the inhibition caused by phy-
sostigmine because the nicotine-evoked responses were 79 *+
1% of the control amplitude (Fig. 5D; n = 4). These results
indicate that the action of CGRP; 4 on nAChRs took place
whether these were enhanced or inhibited by physostigmine.

Effect of CGRP,_,, or CGRP,_, Fragments

Why did deletion of a single amino acid from CGRP;_,
convert a depressant action into a potentiating one? Inspec-
tion of the primary amino acid sequences in Fig. 1 shows that
absence of Cys from position 7 removed the disulfide bridge
linking two cysteines in position 2 and 7. Assuming that
removal of the disulfide bridge by deleting Cys,-mediated
switching of CGRP,_, from receptor antagonist to receptor
enhancer, we predicted that a seven amino acid chain similar
to the one of CGRP,_, but lacking a cyclic structure should
yield an AChR-potentiating peptide. This hypothesis was
tested by replacing Cys,; with Ala, thus yielding a new frag-
ment termed CGRP,_;, (Fig. 1). Figure 6A shows that
CGRP,_;, potentiated (+18%) the nicotine (20 ms)-evoked
current, and that this effect was reversible after 1 min of
washout. The time course of the CGRP; ,, action on nico-
tine-induced responses is depicted in Fig. 6B: this potentia-
tion was rapid in onset, reached apparent steady-state con-
ditions (maximum potentiation = 17 * 4%; n = 8), and was
readily reversible during washout. Figure 6C shows the nic-
otine dose-response curve in control solution and in the pres-
ence of 1 uM CGRP;_,, (15-s preapplication; n = 4—8 cells).
In the presence of this peptide inward currents induced by 5-
to 50-ms nicotine pulses were significantly (P < 0.05) poten-
tiated, whereas responses induced by 100- to 200-ms pulses
were unaffected. Thus, the plot was shifted to the left in an
apparently parallel manner but retained analogous maxi-
mum response.
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Further insight into the structure-activity relation of these
peptides was sought by deleting Ser; from CGRP,_,, thus
converting this peptide into a shorter fragment, which nev-
ertheless retained the disulfide bridge (Fig. 1). Figure 6D
shows that 1 uM CGRP,,_,, reversibly depressed (by 43%) the
current response to 20-ms nicotine. The plot of Fig. 6E indi-
cates that the depressant action by CGRP,_, toward 20-ms
nicotine currents was concentration-dependent (within the
0.1-10 uM range). Hence, the CGRP,_, retained (albeit
weakly) the depressant action of the longer compound
CGRP,_; because at 1 uM concentration, CGRP,_; and
CGRP,_, inhibited nicotine currents by 45 += 5% (Fig. 4B)
and 32 = 8% (n = 6; Fig. 6E), respectively.

Structural Determinants of Peptides in Solution

A major goal of our work was to relate the structural
properties of the peptides in solution to their modulatory
properties on nAChRs. To this end, we have performed a
combination of circular dichroism measurements, which can
provide insights into the relative preponderance of various
secondary structures for each peptide in solution (Im-
pellizzeri et al., 1998, and references therein), and molecular
dynamics, which can provide atomic structural models.

CD Spectra of CGRP,_; and CGRP,_g. The CD spectra
of CGRP,_; and CGRP,_g in aqueous salt solution (contain-
ing 25 mM phosphate buffer and 4 mM NaCl at pH 7.4) were
significantly different, suggesting underlying dissimilarities
in their structure (Fig. 7). Indeed, the spectrum of CGRP; 4
(Fig. 7a) showing a negative band peak at 198 nm is diag-
nostic of an essentially “disordered” conformation; its CD
intensity at 220 nm was very low. In contrast, a negative
band at 204 nm characterized the spectrum of CGRP,_, (Fig.
7c) with a hump around 220 nm; the band was indicative of
some structural organization. Further data were obtained by
recording the CD spectra of the two peptides in 50% TFE/
water solution. The spectrum of CGRP, 4 was largely af-
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ts out (right). B, time course of CGRP,_,
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responses. Note rapid onset of the po-
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response curve (doses expressed as
pulse duration, ms) in control solution

and in the presence of 1 uM CGRP;_,,

(n = 4-8 cells). The plot is shifted to

P<0.05

o
o

30 60 90 120 150 1
Time, (s)

o

D

Nic 20 ms
v

m

-

CGRP,_; 1uM
Nic 20 ms
v

.

Nic 20 ms
\%

o
o

lmt: + CGRP2. 7/|n|c

10 100
Pulse Duration, (ms)

the left in an apparently parallel man-
ner without significantly changing
maximal response. Asterisks indicate
P < 0.05. D, example of reversible de-
pression by CGRP,,_, (1 uM) of inward
currents induced by 20-ms nicotine. E,
log plot of CGRP,_,, concentration ver-
sus response ratio of currents ob-
served in CGRP,_, solution over con-
trol. Data are from six cells.

o1
______]100pA o1

1s

1 10

[CGRP, 7] (uM)



50 Di Angelantonio et al.

fected (Fig. 7b) as the negative band was shifted to 202 nm
and development of a negative hump around 220 nm ap-
peared. Conversely, the conformation of CGRP,_, in solution
was only slightly changed by switching to the TFE/water
medium (Fig. 7d).

The CD spectrum of an a-helix is characterized by two
minima at 222 and 206 nm, and a maximum at 193 nm in
solution (Impellizzeri et al., 1998). Thus, any increase in
ellipticity absolute values observed at 222 nm when passing
from water to a semihydrophobic solvent (50% water/TFE)
should indicate larger a-helical content of the test samples.
Because the random coil conformation generates a very low
signal at 222 nm, CGRP;_g4 has some propensity for helix
formation.

Molecular Dynamics Studies. In this section the struc-
tural properties of the four peptides CGRP,_,, CGRP, g,
CGRP,_;, and CGRP,_,, were investigated in aqueous solu-
tion through computer simulations.

CGRP,_,. Figure 8A shows the structure of this peptide in
aqueous solution. A six amino acid ring results from the
disulfide bridge (yellow sticks) between Cys, and Cys;. An
inner ring hydrogen bond (Fig. 8A, dashed line) between the
backbone carbonyl of Thr, and the backbone amide of Cys,
was found throughout all dynamics simulation (the distance
d between [O(Thr,)-NH(Cys,)] was 2.4 = 0.3 A). The confor-
mation of CGRP,_, backbone was relatively rigid (Rg =
0.75 = 0.03 A). Some flexibility was observed on the plane
orthogonal to the inner hydrogen bond. Water molecules
were not found within the ring. All side chains and carbonyl
oxygen atoms were outwardly directed away from the ring.

CGRP,_g An H-bond between Ser; backbone carbonyl ox-
ygen and the Thr4 NH group (Fig. 8B, thick dashed line) was
formed after few nanoseconds. Two additional hydrogen
bonds [O(Cys,)-NH(Thrgs) and O(Ser,)-NH(Alay)] seemed
weaker (Fig. 8B, thinner dashed lines) as they broke and
immediately reformed several times during the dynamics.
The resulting backbone geometry in terms of torsion angles
was that of an «-helix (Brandsen and Tooze, 1993). The
molecular shape was rather flexible (Rg = 0.64 + 0.05 A).

CGRP, ;. As observed with CGRP,_g, the Ser; backbone
carbonyl oxygen formed a stable hydrogen bond (Fig. 8C,
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Fig. 7. CD spectra of CGRP,_4 and CGRP,_; at 20°C. Record of CGRP,_g4
in phosphate buffer (a), record of CGRP,_ ¢ in phosphate buffer/TFE
(50/50%) (b), record of CGRP,_,; in phosphate buffer (c), and record of
CGRP,_; in phosphate buffer/TFE (50/50%) (d).

thick dashed line) with Ala, (d[O(Ser,)-NH(Alay)] = 2.8 + 1.5
A) after few nanoseconds and a further, albeit weak, hydro-
gen bond (Fig. 8C, thin dashed line) with Thr,. Consequently,
CGRP,_5 similarly adopted a rather flexible shape (Rg =
0.66 = 0.04 A).

CGRP, ,,. The hydrogen bond between O(Cys,) and
NH(Thr,) (d[0(Cys,)-NH(Thr,)] = 3.2 + 0.4 A; Fig. 8D, thick
line) stabilized the Cys,-Thrg backbone structure. An addi-
tional, weak hydrogen bond (Fig. 8D, thin line) between Asn,
carbonyl oxygen and Ala, formed and broke several times
during simulations. Thus, although the Cys,-Ala, backbone
adopted an «-helix conformation, the N-terminal residue
(Ser;) turned away from the main peptide structure to inter-
act with water. The resulting backbone geometry was rather
flexible (R = 0.59 + 0.04 A).

In conclusion, simulation data highlighted that the AChR-
depressant CGRP;_, possessed a ring structure stabilized by
a hydrogen bond, whereas the AChR-enhancing peptides
preferentially displayed a flexible shape, in which «-helix
structural elements could be formed and broken during the
dynamics.

Comparison of Peptide Structures. The ring structure
of CGRP,_, set it apart from the other peptides tested in the
present study. Instead, CGRP, g4, ; 5, or ;_;, conserved the
common structural motif of the a-helix disclosed by molecu-
lar dynamics simulations. However, all these structures
turned out to be highly flexible, because most of the H-bond
interactions stabilizing the a-helical structure were formed
and broken several times during the dynamics.

The spatial alignment of CGRP,_g and CGRP,_; (Fig. 9A)
suggests that the CGRP,_g structure (blue) was rather sim-
ilar to that of CGRP,_; (yellow), with only a significant dif-
ference in peptide length. By fitting CGRP,_; alongside with
the corresponding five amino acids of CGRP,_g, it became
clear that CGRP,_; had a more extended conformation along
the a-helical axis (Fig. 9A), possibly because of the lower
number of hydrogen bonds between its backbone atoms.
CGRP,_4 (blue) and CGRP,_,, (magenta) were also rather
similar (Fig. 9B): their structures differed only for the con-
formation assumed by their N-terminal residues, which in
the case of CGRP,_g was constrained to the backbone by the
two hydrogen bonds.

Discussion

The principal finding of the present study is the novel,
relatively potent modulation by CGRP,_4 (and its deriva-
tives) of neuronal nAChRs on rat chromaffin cells: this phe-
nomenon was manifested as a rapid onset and agonist-sur-
mountable potentiation of inward currents evoked by pulse
applications of nicotine. Such a potentiation of nicotinic re-
ceptors suggests that CGRP,_g4 and its derivatives are proto-
types of a new class of molecules capable of enhancing re-
sponses mediated by this class of nAChRs. Further work
should be directed to analyze whether the potentiating activ-
ity of CGRP,_g (and related compounds) on chromaffin cell
nAChRs will be present also on other types of nAChRs com-
monly found on mammalian central neurons.

Characteristics of Action of CGRP, ; on Nicotine-
Mediated Responses. When CGRP; 4 was superfused onto
a chromaffin cell, it evoked no direct change in baseline
current or input conductance but it strongly potentiated in-



ward currents induced by nicotine. Potentiation was not use-
dependent and was present even with the first response to
nicotine in CGRP,_g4 solution, suggesting that this peptide
fragment could have bound nAChRs in the absence of their
agonist. The action of CGRP,_g was voltage- and agonist-
independent, because responses to cytisine or nicotine were
equally increased at various membrane potentials. Note that
the slope value for the facilitating action by CGRP, 4 was
very near 1, suggesting that, within the sensitivity limits of
the present technique, there was no apparent heterogeneity
of nAChR potentiation or uneven distribution of the peptide.
When CGRP, 4 was tested on 128 cells, it did not modify
responses mediated by muscle nicotinic receptors, indicating
specificity of action toward nAChRs present on chromaffin
cells. Future work will be necessary to explore the sensitivity
of other classes of nAChRs present in the central nervous
system to this peptide. It is clear, however, that CGRP,_g was
not a nonspecific modulator of ionotropic neuronal receptors
because GABA, receptors were insensitive to it. Therefore,
the observed enhancing effects of CGRP fragments were not
caused by their interaction with voltage-gated Ca®* or Na™
because cells were routinely voltage clamped at —70 mV, a
value very far from the voltage threshold for activating those
conductances.
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Discrete Changes in Amino Acid Composition of N-
Terminal Sequence of CGRP Induced Different Effects
on nAChRs. It was interesting to observe that equimolar
concentrations of CGRP,_g and CGRP,_; (Giniatullin et al.,
1999), coapplied to the same cell, left nicotine-induced sub-
maximal currents unchanged. This observation suggests that
a discrete change in the amino acid sequence, consisting of a
single amino acid deletion, could transform an antagonist
into a potentiating substance. It seemed thus useful to test
whether further reduction in the amino acid sequence length
might influence the type of effect on nAChRs. This approach
should also help to identify the minimal structure for recep-
tor modulation and to outline some structural characteristics
of the peptide molecules that could be exploited with molec-
ular dynamics studies to unveil analogies or differences in
spatial conformation.

Deleting one amino acid from the COO~ end of the
CGRP,_g sequence clearly yields a compound (CGRP_j) still
endowed with potentiating activity on nAChRs (although
with reduced potency). Even the CGRP,_, fragment retained
a slight, yet significant potentiation, which was lost with
CGRP,_;. This realization was further examined by analyz-
ing the tridimensional structure of these peptides.

B

Fig. 8. Schematic conformations of the four peptides in aqueous solution as obtained with molecular dynamics calculations. Hydrogen atoms are not
displayed for sake of clarity. Hydrogen bonds are indicated as dashed lines of different thickness according to the strength of the bond. CGRP,_, (A),
CGRP,_g4 (B), CGRP,_; (C), and CGRP,_,, (D). Atoms are colored using the following code: oxygen (red), nitrogen (blue) carbon (green) and sulfide

(yellow).
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Structure-Function Studies of CGRP Fragments. In-
spection of the linear sequence of the CGRP fragments re-
vealed one major difference between CGRP,_; and CGRP_g,
namely, the presence of a disulfide bridge between Cys, and
Cys,;, which determined the closed ring structure of
CGRP,_,. The presence of the disulfide bridge was probably
responsible for producing the depressant effect because the
shorter fragment CGRP,,_, (retaining Cys, and Cys,) induced
antagonism of nicotine responses.

CGRP,_g, which was obtained by deleting Cys,, was a more
flexible molecule with more freedom to assume various spa-
tial conformations. This realization prompted us to imple-
ment further approaches: 1) the synthesis of a seven amino
acid peptide analogous to CGRP,_,, except that the terminal
Cys, was replaced by Ala and was thus devoid of the disulfide
bridge. This new compound, termed CGRP;_,, was observed
to behave similarly to its shorter length counterpart
CGRP,_4 in potentiating nAChRs, although with somewhat
reduced potency. 2) CD spectra of two representative pep-
tides (CGRP,_; and CGRP,_g) were performed to reveal the
presence of secondary structure organization. The CD spec-
tra suggest that the two structures were different, and that
CGRP,_; was more rigid than CGRP,_g. The latter peptide
assumed mostly a random coil conformation. 3) Molecular
dynamics simulations were used as a tool to unveil the fold-
ing of these novel compounds. In addition, this method
should aid detection of conformational analogs, which may
provide a structural base for grouping substances so far
associated merely by their pharmacological action. Further-
more, understanding the molecular structure of these pep-
tides should help to understand their potential target sites on
nAChRs for which substances that are even more powerful
might be synthesized in the future.

MD simulations indicated that the ring structure of
CGRP,_; was stabilized by an inner ring hydrogen bond. This
interaction ensured a rather rigid structure, in agreement
with CD results. This rather rigid structure was presumably
responsible for blocking agonist binding to nAChRs and was
indeed the molecular determinant of the antagonist activity
of the native CGRP itself (Giniatullin et al., 1999).

A B

CGRP,_4, CGRP,_5, and CGRP,_, turned out to be struc-
turally similar and preferentially adopted a flexible struc-
ture, partly with an a-helix conformation. Most of the H-bond
interactions stabilizing the secondary structure motif were
lost and reformed within the time scale investigated.

Our molecular modeling suggests a larger propensity for
helix formation than the one indicated by CD measurements
performed on one of these peptides (CGRP;_g). This discrep-
ancy may be ascribed to the different time scales investigated
because MD simulations analyzed nanosecond domains,
whereas CD spectra obtained averaged structures over 50 to
200 s. Thus, the MD sampling might have been predomi-
nantly oriented to a certain conformation present in water
solution: a highly flexible a-helix. A small amount of such a
conformation (10 to 15%) is indeed compatible with the CD
results (Reed and Reed, 1997).

On the basis of CD data the propensity of CGRP,_4 for
a-helix formation increased when the solvent was changed
from water to a semihydrophobic one (TFE/water). This re-
sult suggests that at the level of the nAChR binding site,
which is expected to be a low dielectric medium, the popula-
tion of a-helix structures might become relevant for biological
responses. Therefore, the helical conformations of CGRP,_g,
CGRP, 5, and CGRP,_,,, obtained with MD simulations,
may be of special interest to interpret peptide-receptor inter-
actions. Perhaps this conformation is important for enhanc-
ing the action of the agonist on nAChRs but is itself devoid of
any direct activity on the agonist binding site. However, due
to limited sampling of MD simulations, it is difficult to relate
detailed structural properties of these peptides to their affin-
ity toward nAChRs.

Insights into Mechanism of Action of CGRP, .
Whereas the present structure-function studies suggested
some properties that may account for the receptor-modulat-
ing activity of these peptides, the precise mechanisms re-
sponsible for these effects remain unclear. This is partly due
to methodological considerations because the use of nonequi-
librium responses to nicotine and the puffer application pro-
tocol (to minimize receptor desensitization) precluded strictly
quantitative pharmacological data to analyze in detail the

Fig. 9. Spatial alignment of
CGRP_g, 15, Or 1_74 backbones. A,
comparison of CGRP,_ 4 backbone
(blue) with the one of CGRP,_j (yel-
low). B, comparison of CGRP, g4
backbone (blue) with the one of
CGRP,_;, (magenta).



nature of the CGRP, 4 potentiating action. Recent work,
however, has indicated that the amount of agonist delivered
by 10- to 50-ms puffer application closely corresponds to
superfusing 20 to 100 uM nicotine (Di Angelantonio and
Nistri, 2001), thus providing a relatively narrow range of
agonist concentrations eliciting responses sensitive to
CGRP,_.

Even with the interpretation constraints imposed by using
nonequilibrium responses to brief pulses of nicotine, it was
apparent that CGRP;_4 preferentially potentiated small over
large responses to nicotine. In fact, the graph plotting the
fractional response amplitude versus the amount of nicotine
showed a leftward shift (with unchanged maximum re-
sponse) in the presence of CGRP,_4. Thus, this peptide in-
creased the sensitivity of nAChRs to their agonist nicotine
without changing the agonist efficacy on them.

On muscle-type nicotinic receptors two ligand binding
sites, formed at «-y and «-0 interfaces, differ in their affini-
ties for agonists and competitive antagonists (Sine et al.,
1995). On nAChRs distinct binding sites can bind certain
neurotoxins that, nevertheless, share a similar mechanism of
competitive antagonism (Harvey et al., 1997). It is currently
unknown, on nAChRs, whether different agonists can bind to
discrete sites of the receptor and activate it. It might be
possible that CGRP,_g4 operated by binding to one of these
sites and thus facilitated the action of the agonist nicotine.
This hypothetical mode of action, however, should be consid-
ered in the light of inactivity of CGRP; 4 alone on native
nAChRs, indicating that the CGRP,_g-sensitive site could not
activate nicotinic channels in the absence of nicotine (or
cytisine). This possibility will therefore require future exper-
iments based on recombinant receptors with identified sub-
unit binding sites.

Another possibility is that CGRP;_g might have acted as an
APL on nAChRs (Changeux and Edelstein, 1998). When used
at submicromolar concentration APLs facilitate nicotine-in-
duced responses even if generated by desensitized receptors,
whereas a 10 times higher dose depresses nAChR-mediated
responses (Maelicke et al., 1997; Maelicke and Albuquerque,
2000). This property was confirmed in the present study with
physostigmine, which enhanced nicotine currents at 0.5 uM
and depressed them at 5 uM concentration. Note also that,
for either potentiation or depression, the maximum of the
nicotine dose-response curve was significantly changed, un-
like the observations with CGRP derivatives, which could not
increase the maximum responses and therefore could not
reverse receptor desensitization associated with large mem-
brane currents. Coapplication of enhancing concentrations of
physostigmine and CGRP;_g4 led to linear summation of the
individual effects, whereas CGRP,_g could partly reverse the
depression by a large concentration of physostigmine. Taken
together, these data indicate pharmacologically different ef-
fects by CGRP,_g and physostigmine on nicotine-induced cur-
rents and suggest functionally distinct sites of action for
CGRP,_4 and physostigmine.
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