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Desensitization of neuronal nicotinic receptors of human
neuroblastoma SH-SYSY cells during short or long exposure
to nicotine
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1 Neuronal nicotinic ACh receptors (nAChRs) readily desensitize in the presence of an agonist.
However, when the agonist is applied for minutes, hours or days, it is unclear how extensive
desensitization is, how long it persists after agonist removal and whether nAChRs consequently
change their pharmacological properties.

2 These issues were explored with electrophysiological studies of native receptors of voltage-clamped
human neuroblastoma SH-SYSY cells. Puffer pulses of nicotine (1 mM)-evoked inward currents partly
antagonized by methyllycaconitine (MLA; 10nM) or a-conotoxin MII (MII; 10nM), suggesting
contribution by o7 and o3 subunit containing receptors, respectively. Nicotine-evoked currents
desensitized with 150 ms time constant and fully recovered after a few s washout.

3 Although the current induced by 10min application of nicotine (10 uM) decayed to baseline
indicating complete desensitization, puffer applications of maximally effective doses of nicotine still
generated small responses (22% of control). Similar responses to puffer-applied nicotine were
observed when nicotine was chronically incubated for 8 or 48 h. On nicotine washout, cells recovered
their response amplitude within 5min and then increased it (about 50% of untreated controls) after
30 min without altering response kinetics or sensitivity to MLA and MIL.

4 The present results suggest that native nAChRs of SH-SYS5Y cells preserved a degree of
responsiveness during chronic application of nicotine, and that they rapidly recovered on washout to
generate larger responses without changes in kinetics or pharmacology. These data indicate strong
compensatory mechanisms to retain nicotinic receptor function during long-term exposure to nicotine.
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Introduction

Although nicotinic acetylcholine receptors (nAChRs) were the
subject of the first analytical study of receptor desensitization
(Katz & Thesleff, 1957), this process remains incompletely
understood in terms of molecular changes underlying the
receptor transition to the desensitized state (Quick & Lester,
2002; Lester et al., 2004). Since brain nAChRs are important
for physiological neurotransmission (Wonnacott, 1997; Jones
et al., 1999; Paterson & Nordberg, 2000; Dajas-Bailador &
Wonnacott, 2004) and are subjected to operational modifica-
tion in a number of neurodegenerative diseases (Maelicke
et al., 2000; Paterson & Nordberg, 2000; Picciotto & Zoli,
2002), it seems useful to clarify how desensitization might
shape receptor properties over short and long terms.

One salient aspect of desensitization of neuronal nAChRs is
its time course (Giniatullin et al., 2005). The initial work by
Katz & Thesleff (1957) on muscle nAChRs described a process
with fast onset, complete suppression of receptor responses
and rapid recovery after wash. This scheme is suitable to
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account for physiological processes when, owing to repeated
neuronal activity, a rapid build up of ACh might be expected
to take place to evoke nAChR desensitization transiently
(Lester & Dani, 1995). Nevertheless, how much sustained
agonist exposure can affect nAChR function remains unclear
despite a plethora of studies on this subject. This issue is
relevant to understand changes in nAChRs due to tobacco
smoking, the basis for nicotine tolerance and withdrawal,
or the consequences of chronic treatments with nicotinic
cholinomimetics (Picciotto & Zoli, 2002).

Using a variety of models including expression systems for
recombinant nAChRs, most molecular biology and biochem-
ical investigations have indicated upregulation of neuronal
nAChRs after hours or days of exposure to nicotine (Peng
etal., 1997; Ke et al., 1998; Wang et al., 1998; Warpman et al.,
1998; Fenster et al., 1999; Buisson & Bertrand, 2001; Kawai &
Berg, 2001; Ridley et al., 2001). To reach such a conclusion,
protocols normally involved long incubation in nicotine-
containing solution and subsequent washout with control
buffer. Curiously though, very few studies have directly
addressed the question of what happens to nAChRs in the
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continuous chronic presence of nicotine, whether they can
somehow preserve a certain degree of responsiveness, and how
rapidly receptors can regain their full sensitivity after agonist
washout. For instance, 0.1 uM nicotine applied for >8h to
o452 receptors expressed in HEK293 cells leaves a small
residual response with good recovery on washout (Buisson &
Bertrand, 2001), while a limited radioactive Rb™ flux due to
o452 and a4p4 receptor activity has been found in expression
systems following 1h exposure to nicotine (Gentry et al.,
2003). These data point to the need to study how native
nAChRs modify their responsiveness during chronic agonist
application, the time course of these changes and of any
subsequent recovery.

SH-SYS5Y cells are human neuroblastoma elements posses-
sing native nAChRs (Peng et al., 1997, Ke et al., 1998;
Warpman et al., 1998) containing combinations of o3, o5, o7
and 2, f4 subunits analogous to those normally found on
autonomic ganglion neurons. For such reason SH-SYS5Y cells
have frequently been used as a model to investigate long-term
alterations in nAChRs in the presence of cholinergic ligands
(Peng et al., 1997, Warpman et al., 1998; Ridley et al., 2001).
Nevertheless, there are no electrophysiological studies addres-
sing this issue at single cell level.

Using SH-SYSY cells, the present patch clamp study
focused on the function of nAChRs under conditions known
to induce their long-term perturbation. We wished to explore
two main questions: (1) whether sustained agonist application
led to complete loss of receptor sensitivity and how efficiently
such receptors might recover from it; (2) to understand
whether chronic agonist application led to compensatory
changes in receptor function.

Methods
Cell culture

Human neuroblastoma SH-SYSY cells, kindly provided by Dr
C. Gotti (CNR Institute of Neuroscience, Milan, Italy), were
maintained in culture in RPMI medium supplemented with
10% fetal calf serum, penicillin/streptomycin at 37°C in a 5%
C0O,/95% O, sterile atmosphere. For the experiments, cells
were plated on 35mm polylysine (Smgml~')-coated dishes.
Chronic treatment with 10 uM nicotine was started by adding
this drug to the culture medium on the second day of
cell culture, and lasted 8 or 48h with regular medium
replacements.

Electrophysiological recording

In control experiments SH-SYS5Y cells were continuously
superfused with standard solution containing (in mM): NaCl
152, KCl 5, MgCl, 1, CaCl, 2, glucose 10, HEPES 10; pH was
adjusted to 7.4 with NaOH. This concentration of extracellular
Ca®>" appears to be optimal to observe reliable nicotine-
induced currents on SH-SYS5Y cells and their parent chro-
malffin cells (Gerzanich et al., 1995; Khiroug et al., 1997, Wang
et al., 1998). Fast nicotinic currents were routinely induced
with pressure application (20 psi; varying duration) of 1 mMm
nicotine with the puffer pipette placed 30-50 um away from the
patched cell (Di Angelantonio & Nistri, 2001). Nicotine and
receptor antagonists were also applied by a fast superfusion

system (Rapid Solution Changer RSC-200, BioLogic Science
Instruments, Grenoble, France; Sokolova et al., 2004). For
construction of dose-response plots nicotine concentrations
were applied sequentially at 1-5 min interval (5 min for 1 mm
nicotine).

To ensure reproducibility of results across cell populations
either acutely (10 min) or chronically (8 or 48 h) treated with
bath-applied nicotine, protocols to measure agonist or
antagonist sensitivity, desensitization (and recovery from it)
were standardized in terms of test doses of the puffer-applied
agonist delivered at fixed time interval. To quantify recovery
of AChR-mediated responses after chronic application of
nicotine, we first recorded cells (without superfusing them) in
the culturing medium containing 10 uM nicotine and measured
their response to the standard nicotine puffer delivery.
Thereafter, we continued to apply standard test pulses at fixed
intervals after replacing the culture medium with control
solution. Control cells were left in standard medium for the
same time as those treated with chronic application of nicotine
and patch clamped to provide reference data.

Patch pipettes had a resistance of 3-5MQ when filled (in
mM) with CsClI 130; HEPES 20; MgCl, 1, Mg,ATP; 3; EGTA
10; pH was adjusted to 7.2 with CsOH. Cells were voltage
clamped at —70mV. Currents were filtered at 1kHz and
acquired with pCLAMP 8.0 software (Axon Instruments,
Foster City, CA, U.S.A.).

All chemicals, including enzymes for cell culture, were
from Sigma (Milan, Italy); culture mediums were obtained
from Gibco BRL (Life Technologies, Milan, Italy), while
a-conotoxin MII (MII) was from Tocris (Bristol, U.K.).

Data analysis

All data are presented as mean+s.e.m. (n=number of cells)
with statistical significance assessed with paired z-test (for
parametric data) or Mann-Whitney rank sum test (for
nonparametric data). For concentration response curves a
sigmoid function from Origin software (version 6.0) was used
(Sokolova et al., 2004). A value of P<0.05 was accepted as
indicative of statistically significant difference.

Results

Pharmacological properties of nAChRs in control
conditions

The initial experiments characterized the pharmacological
properties of nAChRs in untreated SH-SYS5Y cells. Super-
fusion of nicotine (2s pulse) produced inward currents
as shown in the examples of Figure la (inset) which peaked
and decayed before the end of the drug application. The
concentration—peak amplitude response curve had 43 uM ECs,
value and 1.7 Hill coefficient (Figure 1a). At 1 mM concentra-
tion, nicotine produced a maximal current of —169+14pA
(n=26) which fell rapidly to baseline and was followed by
a rebound current on wash, presumably indicating a degree
of open channel block by large concentrations of agonist
(Maconochie & Knight, 1992; Drapeau & Legendre, 2001;
Uteshev et al., 2002).

Since the rapid current decay was presumably due to
receptor desensitization, we performed additional control
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Figure 1 Properties of native nAChRs expressed on SH-SYSY cells. (a) Concentration—response curve for nicotine on control cells
(n =28 cells). Insets show typical currents evoked by 100 uM or 1 mM concentrations applied by superfusion. Note rebound current at
the end of 1 mM nicotine application. (b) 1 mM nicotine puffer pulse-response curve (n=26 cells). Insets demonstrate averaged
currents induced by 50 or 200 ms pulses with rebound current after the 200 ms application. (c) Examples of currents elicited by 50 ms
nicotine pulse at different membrane potentials as indicated in the scheme below with voltage steps from —70 mV holding potential.
(d) Current—voltage (I-V)) relation for nicotine pulse (50 ms) responses recorded from control cells (n=7).

experiments to find out if nicotine, focally applied to the
recorded cell via a puffer pipette, yielded a different response
profile. Varying the puffer pulse duration allowed construction
of pulse-response curves (Di Angelantonio & Nistri, 2001) as
shown in Figure 1b with a maximal response of —159+15pA
(n=178) produced by 50ms pulses. Even though the 50ms
current responses decayed to baseline with a monoexponential
time constant (t=150+13ms; n=19), this phenomenon
probably comprised a mixture of processes including receptor
deactivation as well as fast desensitization. The latter was
likely a major contributor to these responses because, at least
on chromaffin cells (parents of SH-SY5Y cells), desensitization
is rather fast (Maconochie & Knight, 1992). Furthermore, the
response to a second 50ms pulse of nicotine applied shortly
after was readily inhibited (see example in Figure 2a),
indicating that desensitization was occurring within this time
frame. In keeping with a role of desensitization in currents
evoked even by relatively short pulses of nicotine, is the
observation that longer (2s) pulses produced fading currents
during the agonist application with a time constant value
(t=148+26ms; n=10) very similar to the one after 50ms
pulses. Note that responses to long pulses were followed by a
rebound current (see inset to Figure 1b for the 200 ms pulse of
nicotine) in accordance with the data obtained with 1 mM
application of nicotine via rapid superfusion (Figure 1a, inset).
The reversal potential for nicotine-evoked currents was
6.8+2.0mV (see Figure 1c and d).

By varying the time between pulses, it was possible to
measure recovery from desensitization. As the shortest interval
which could be used for pulse delivery without overlapping
current responses was 1 s, at this time point the second current

had already recovered to 61+7% of the first one (n=7),
indicating prompt reattainment of nAChR-mediated responses
despite their virtually complete current decay (Figure 2a).

Antagonist sensitivity of nAChRs was tested with methyl-
lycaconitine (MLA) or MII (selective antagonists of ;- or os-
containing subunits, respectively; Dwoskin & Crooks, 2001;
Nicke et al., 2004), which are expressed by SH-SYSY cells
(Lukas et al., 1990; Peng et al., 1997, Wang et al., 1998;
Warpman et al., 1998). Either drug applied at 10nM
concentration for 5-10min was moderately effective in
blocking nicotine-induced currents (Figure 2b). As shown in
Figure 2, a high concentration (100uM) of dihydro-f-
erythroidine (DHPE; at this concentration lacking subunit-
specific effects) largely blocked nicotine-induced currents
(n=15). At 1 uM concentration DHSE (a specific antagonist
of a4f2 and «3f2 receptors; Dwoskin & Crooks, 2001) did not
produce any change in the current amplitude (95+1%, n=>5,
Figure 2b, dashed line column).

Overall, these data suggest, under our experimental condi-
tions, potent expression of nAChRs which underwent rapid,
strong desensitization with quick recovery. nAChRs were
probably heterogeneous in view of the limited block of
subunit-selective antagonists.

Desensitization produced by continuous application
of nicotine

In these experiments, 10 uM nicotine was continuously super-
fused (10min) to produce desensitization of nAChRs, while
responsiveness of these receptors was assessed with 50 ms
puffer applications of 1 mM nicotine (see Figure 3a, left). As
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Figure 2 Recovery from desensitization and antagonist sensitivity
of nAChRs on control SH-SYSY cells. (a) Quantification of
recovery from desensitization investigated with paired-pulse proto-
col on untreated cells. Ordinate provides amplitude of second
response in each pair as per cent of the first one (n =38 cells). Insets
show typical pairs of currents induced by 50 ms pulses of nicotine
(arrowheads) applied at different time intervals. (b) Top, examples
of averaged currents evoked by 50 ms pulses of nicotine before or
during antagonist application. To aid comparison records are
superimposed. Bottom, histograms with average data on antagonist
sensitivity indicating that nAChRs of control cells have limited
sensitivity to MLA (selective o, antagonist; n=11), MII (selective
os/os antagonist; n=8) and DHPE (that at 1 uM concentration is
preferentially selective for f2-containing receptors; n=175). A large
concentration (100 uM) of DHPE, which exerts broad spectrum
nAChR antagonism, strongly decreases nicotine responses (n=75).
**P<0.01; *P<0.05.

shown in the example of Figure 3a (right), nicotine (10 uM;
filled bar) produced first a peak current (—163 pA), which then
gradually decayed with a noisy baseline (presumably repre-
senting multiple channel openings; Maconochie & Knight,
1992). In seven out of 10 cells the current evoked by bath-
applied nicotine decayed completely, while in the remaining
three cells a very small residual current could be recorded up to
the end of the 10 min application (—4.0+0.6 pA). Figure 3b
presents averaged data on the development of desensitization
to puffer pulses of nicotine in the continuous presence of bath-
applied nicotine. The depression of nicotine-mediated re-
sponses followed a biexponential time course (first-time
constant 1, =642s; second-time constant 7,=96430s;
n=10), which left a puffer pulse current amounting to
6+2% of control at 490s from the start of bath application
of nicotine. The biphasic nature of desensitization accords with
previous reports of fast and slow nAChR desensitization
(Maconochie & Knight, 1992; Khiroug et al., 1997). Recovery
of puffer currents from nicotine (10 uM)-induced desensitiza-
tion had gradual onset (see sample trace in Figure 3c) and

biphasic time course (Figure 3d; t1,=14+6s and
17,=277+120s; n="7-10 cells) to attain a mean amplitude
value of —170+ I8 pA.

Desensitization produced by chronic application
of nicotine

The next series of experiments was designed for two purposes.
First, to find out if, during rather prolonged exposure to
nicotine, nAChRs preserved a degree of response. This issue
was explored by measuring if there was any significant fast
inward current elicited by pulses (50 ms) of nicotine. Second, it
seemed interesting to study whether, after prolonged nicotine-
dependent desensitization, nAChRs could recover their full
sensitivity.

SH-SY5Y cells were chronically treated with nicotine
(10 uMm) for either 8 or 48h, then patch-clamped and tested
without washing out the nicotine-containing culture medium
(control cells were plated and time matched like nicotine-
treated cells). The majority of patched cells (90%) surprisingly
responded to nicotine pulses with inward currents (see one
example in Figure 4a, top) of —25+3pA amplitude (n=26)
for 8 h nicotine pretreatment, or —22+ 5 pA amplitude (n = 24)
for 48 h nicotine pretreatment. Thus, responses to test pulses
of nicotine had the same amplitude regardless of the length of
nicotine exposure (10min, 8 h or 48 h; see solid columns in
Figure 4b). The residual response was blocked (48 +9%; n=6)
by DHpE (100 uM). Likewise, MLA inhibited (28 +7%; n="7)
this response as much as MII did (25+8%; n=38). When cells
were treated for 48 h with 1 mM nicotine, there was no response
to 50 ms puffer pulses of nicotine (n="7).

Standard solution was then used to washout the nicotine-
containing culture medium for at least 30min, and the
amplitude of the responses to repeated test puffer pulses of
nicotine (50 ms, 1 mM) was measured. Cells regained quickly
their ability to generate robust inward currents as exemplified
in Figure 4a, bottom. On average, after washing for 30 min,
nicotine was applied for 8 or 48 h; the amplitude of responses
to nicotine pulses was significantly larger (P <0.05) than that
of the nicotine currents of untreated cells (Figure 4b, dashed
columns). Note, however, that the t value of current decay
after 50 ms nicotine pulses was 156+ 16ms (n=12), that is
virtually the same as in untreated controls. When cells were
exposed for 48h to 1 mM nicotine (i.e. protocol used by Peng
et al., 1997; Ke et al., 1998; Wang et al., 1998), and then
washed for 30 min with standard solution, the amplitude of
their responses to nicotine pulses was —201+20 pA (n=32),
a value similar to the peak amplitude (—225+20pA, n=20)
recorded with a similar protocol based on the use of 10 uM
nicotine exposure. Continuous presence of nicotine, therefore,
produced upregulation of nicotinic receptors of SH-SYSY cells
in accordance with previous biochemical studies of the same
cells (Peng et al., 1997; Ridley et al., 2001).

Figure 4c shows that the return of strong nAChR sensitivity
following chronic desensitization was relatively fast, so that
90s after the start of nicotine washout from the culture, the
current amplitude (filled symbols) was already 50% of the
value reached at steady state (30 min washout period). The
increased amplitude of nicotine currents was not associated
with a change in the leak current (open symbols in Figure 4c).
Figure 4d plots the nicotine current amplitude as a function
of increasing pulse duration after 8h treatment with 10 uM
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Figure 3 Desensitization properties of nAChRs to short-term nicotine application. (a) Left, current recorded in response to
nicotine pulse (50 ms; arrowhead) in control conditions; right, sustained current evoked by superfusion (filled horizontal bar) of
10 uM nicotine during which test pulses of 1 mM nicotine (50 ms) are applied. The first test pulse is applied after 10s from the start of
10 uM nicotine and then repeated at 1 min interval. The current evoked by continuous application of nicotine gradually fades back to
baseline (not shown). (b) Plot of inhibition of responses to test pulses of nicotine applied every 60 s starting 10s from the beginning
of sustained 10 uM nicotine application (n = 12). (c) Rapid return of responses to pulses of nicotine at the end of 10 uM nicotine bath
application. The first pulse of nicotine is applied 10s after washout of bath-applied nicotine. Different cell from (a). (d) Time course
of return of nicotine pulse (50 ms)-induced currents during washout after 10 min nicotine application (10 uM); n="7-10.

nicotine or time-matched controls. It is clear that the two plots
differed in the maximum amplitude.

We then tested if nAChRs upregulated by chronic nicotine
treatment changed their functional properties. The reversal
potential (6.7+1.8mV; n=5) of 8h treated cells was not
significantly different from that of control cells, suggesting that
the larger responses were not due to increased driving force for
the ionic currents. Once the maximal enhancement of current
amplitude had reached steady-state level, the 7 value for
current decay with 2s pulses of nicotine was 139+ 12ms
(n=9), a result similar to the one of control-untreated cells.
Recovery from desensitization induced by paired pulses of test
nicotine applications was also very similar to the recovery of
untreated cells (63+7% at 1s interval; n=06; P>0.05 versus
control). When we tested the sensitivity of upregulated
receptors to antagonists, the blocking action by MLA, MII
or DHpE (Figure 5a and b) was not significantly different
from the one observed on control cells (see Figure 2b). Thus,
long-term pretreatment with 10 M nicotine did not apparently
lead to preferential upregulation of subunits sensitive to MLA,
MII or DHE.

Discussion

The principal finding of the present study is the electro-
physiological demonstration that nAChRs of SH-SYS5Y cells

readily desensitized, yet preserved a small degree of respon-
siveness even in the continuous presence of chronically applied
nicotine. On agonist washout, upregulation of nAChR
function appeared with no change in sensitivity to subunit-
selective antagonists.

AChR profile of SH-SY5Y cells

These cells have been extensively used in previous studies
concerned with nAChR changes due to long-term treatment
with an agonist (Peng et al., 1997, Warpman et al., 1998;
Ridley et al., 2001), though, to date, no single-cell electro-
physiological data have been provided. Such cells express
native nAChR subunits (a3, 5, o7 and 2, f4; Peng et al.,
1997; Ke et al., 1998; Warpman et al., 1998) commonly found
on mammalian neurons, making them a suitable model to
examine the properties of neuronal AChRs which, on the vast
majority of neurons, are a heterogeneous population. Ad-
ditionally, because nAChR upregulation largely depends on
the type of expression system used (Kuryatov et al., 1997;
Paterson & Nordberg, 2000; Nelson et al., 2003) and the
amount of expressed receptors before applying nicotine
(Nashmi et al., 2003), studying native receptors offers certain
experimental advantages. Finally, because nAChR plasticity
might depend on the trafficking and coupling of various
subunits (Nelson et al., 2003; Sallette et al., 2004; Darsow
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Figure 5 Antagonist sensitivity of upregulated nAChRs. (a) After
washout of 8h nicotine (10 uM) application, typical currents are
recorded in response to test pulses of nicotine (50ms) in control
solution or in the presence of 10nM MLA, 10nM MII, or 100 uM
DHJE. (b) Histograms to quantify the extent of antagonist block of
nicotine test pulses after 8 h nicotine (10 uM) treatment; **P <0.01;
*P<0.05; n="7-20.

et al, 2005), investigating native neurons provides an
important complement to more molecularly oriented studies
of recombinant receptors, which can rarely replicate the native

receptor population. Of course, one limitation of studies based
on heterogeneous, native receptors is the difficulty to quantify
the precise contribution by various receptor subunits to the
overall changes in agonist responses.

In the present functional study on native receptors, the
nicotine ECs, value was 43 uM, in keeping with the contribu-
tion by a heterogeneous receptor population to the observed
current, and near the ECs, values for «3- or «7-containing
receptors in such cells (Peng et al., 1997). We obtained
comparable pharmacological results with either fast super-
fusion or puffer application of nicotine in accordance with
previous studies (Di Angelantonio & Nistri, 2001), suggesting
the suitability of puffer agonist applications to investigate
nAChRs on these cells because of ease and rapidity of agonist
delivery. A fraction of nAChRs probably included «7 ones in
view of the partial blocking action of low concentrations of
MLA, while a small fraction comprised a3-containing recep-
tors sensitive to the MII (the toxin-sensitive o6 subunit is not
apparently expressed by SH-SYSY cells; Peng et al., 1997; Ke
et al., 1998; Warpman et al., 1998). Since a low concentration
of DHPE could not significantly affect nicotine-induced
currents, it seems likely that «352 (or o4f2) receptors highly
sensitive to DHSE (Dwoskin & Crooks, 2001) were a very
small minority of the global, functional nAChR population.
Nicotinic currents reversed near 0 mV, thus confirming that
their open channels had the permeability expected for nAChRs
(Jones et al., 1999).
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Desensitization properties of nAChRs

Desensitization of nicotine-evoked currents developed rapidly
with fast recovery. The speed of these processes might have
outlined a preferential role of «3 subunit containing receptors
(Quick & Lester, 2002), although our results with MII did not
support this notion. A complementary protocol to study
desensitization (Katz & Thesleff, 1957) relied on continuously
applied, low (i.e. several times less than the ECs, value)
concentration (10 uM) of nicotine that generated an initial
current with subsequent decay to baseline. However, testing
receptor sensitivity with a large dose of nicotine demonstrated
that cells exposed to nicotine for 10min retained a small
response and recovered after washout. Perhaps these receptors
belonged to the o352 type which has been found to generate
incomplete desensitization when expressed in oocytes (Fenster
et al., 1997).

nAChR sensitivity during chronic exposure to nicotine

Our goal was to understand whether chronic nicotine
application could functionally upregulate native nAChRs. To
this end it seemed necessary to understand first if nAChRs
were fully desensitized by long agonist exposure, because some
theories state that strong desensitization is a necessary
requirement for upregulation, though this remains controver-
sial (see Paterson & Nordberg, 2000; Buisson & Bertrand,
2002) and there are no electrophysiological data concerning
nAChRs of SH-SYSY cells under such conditions. As far as
other nAChRs are concerned, there are limited functional data
for «3f2 and a4f2 receptors expressed in oocytes (Hsu et al.,
1996), and «4[52 receptors expressed in HEK293 cells (Buisson
& Bertrand, 2001), all showing small residual responses
following long-term exposure to agonist.

One interesting observation of the present study was that
a small, yet clearly measurable response to nicotine remained
in SH-SYS5Y cells treated for 8 or 48h with 10 uM nicotine
with pharmacological characteristics analogous to control
responses. This result suggests that there was a small number
of receptors less prone to desensitization (Fenster et al., 1997,
Olale et al., 1997; Paterson & Nordberg, 2000). Note, however,
that with chronic application of a large concentration (1 mMm)
of nicotine no residual current was apparent, in keeping with
the cyclic model of receptor operation comprising multiple
desensitized states with their occurrence probability dependent
on the agonist concentration (Katz & Thesleff, 1957; Paradiso
& Steinbach, 2003). Washing out the chronically applied
nicotine solution was not followed by an outward shift in leak
current. This observation is not incompatible with the
possibility that some nAChRs can be persistently activated
by ambient ACh (Lester, 2004): if some nAChRs were
tonically active, their number was just too small to contribute
to the cell conductance at rest.

Upregulation of nAChRs

After long-term exposure to nicotine and subsequent washout,
previous radioactive ligand-binding studies have shown very
large upregulation of many AChR subtypes including o4/2
and o34 (Fenster et al., 1999; Gentry et al., 2003), «3f2
(Wang et al., 1998) and o7 (Molinari et al., 1998; Kawai &
Berg, 2001) ones in various cells, comprising SH-SY5Y ones

(Warpman et al., 1998; Ridley et al., 2001). There are,
however, considerable discrepancies concerning the subtype
predominantly enhanced. Furthermore, nAChRs of expression
systems are more strongly upregulated than the same native
receptors (Wang et al., 1998) and most of the upregulated
subunits are intracellular (Peng et al., 1997). Since there is no
change in mRNA of SH-SYSY cells for any receptor subunit
after chronic treatment with nicotine (Peng et al., 1997; Ke
et al., 1998), it is likely that post-transcriptional mechanisms
govern upregulation of nAChRs.

Functional studies give results not readily reconciled with
binding data. In fact, population studies of intracellular Ca>*
levels in SH-SYSY cells have shown that chronic nicotine
treatment actually decreases responses to nicotine itself (Ridley
et al., 2002). Likewise, radioactive Rb™ fluxes mediated by
nAChRs of analogous cells are largely and persistently
depressed (Ke et al., 1998). In either case measured responses
are, however, a function of changes in membrane potential
that was not controlled. Electrophysiological investigations
with recombinant nAChRs expressed by single cells at
constant membrane potential do show receptor upregulation
after chronic nicotine administration (Molinari et al., 1998;
Buisson & Bertrand, 2001), though the extent of enhancement
is clearly less than the one found with binding experiments.

The present study is, therefore, the first electrophysiological
report that native nAChRs of single SH-SYSY cells were equi-
effectively upregulated by a long-lasting application of 10 uM
or ImM nicotine. Since these concentrations of nicotine
evoked very different activation of nAChRs, yet similar degree
of desensitization, we suggest that desensitization was an
important contributor to receptor upregulation. Our observa-
tions are therefore in accordance with current theories stating
that ‘the rationale behind nAChR upregulation is thought to
lie in their rapid desensitization and consequent inactivation
following chronic agonist exposure, putatively resulting in a
deficit in cholinergic function, which is then counteracted by
an increase in receptor number’ (Paterson & Nordberg, 2000).
Upregulation merely increased the maximum amplitude of the
nicotine dose-response plot without altering sensitivity to
antagonists (indicating that there was no preferential increase
in certain receptor subunits), the current kinetics, desensitiza-
tion time constant, or reversal potential.

Mechanisms underlying nAChR upregulation

To date, mechanistic interpretations of receptor upregulation
stem from recombinant receptor studies. Thus, as far as «42
nAChRs are concerned, one theory predicts that, in control
conditions, receptors exist in two interconvertible states (one
with high affinity for nicotine, and the other one with low
affinity for nicotine). Chronic exposure to nicotine would
stabilize a large fraction of receptors in the high-affinity state
(without neosynthesis of new receptors); consequently, upre-
gulated receptors show higher single channel conductance and
mediate larger responses (Buisson & Bertrand, 2002; Vallejo
et al., 2005). Another hypothesis proposes that chronically
applied nicotine converts pre-existing pools of immature
nAChR subunits into high-affinity receptors by favouring
specific intersubunit interactions to generate a distinct receptor
stoichiometry (with lower ratio between o and f subunits)
producing larger responses to agonists (Nelson et al., 2003;
Sallette et al., 2004). In the case of a7 receptors, upregulation is
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suggested to be due to overexpression of surface receptors
(without changes in their opening probability) mediated by
phosphorylation (Cho et al., 2005). In all these cases, it is
apparent that enhanced receptor activity is caused by post-
translational mechanisms.

Our present data on a heterogeneous population of native
receptors show that there was a simple upward shift in the
nicotine dose-response curve without change in sensitivity to
subunit-selective antagonists. The simplest interpretation is
that the effect was due to a larger surface number of functional
nAChRs after chronic exposure to nicotine without prefer-
ential enhancement of receptor subtypes.
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