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Differential effects of chronic drug treatment on «3* and «7

nicotinic receptor binding sites, in hippocampal neurones and
SH-SYSY cells
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1 The aim of this study was to compare the effects of chronic treatment (for 4 or 7 days) with
nicotinic drugs and 20 mM KCI on numbers of surface o7 nicotinic AChR, identified by ['*I]-«
bungarotoxin (a-Bgt) binding, in primary hippocampal cultures and SH-SY5Y cells. Numbers of o3*
nicotinic AChR were also examined in SH-SY5Y cells, using [?’H]-epibatidine, which is predicted to
label the total cellular population of predominantly «3f2* nicotinic AChR under the conditions
used.

2 All the nicotinic agonists examined, the antagonists d-tubocurarine and methyllycaconitine, and
KCl, upregulated ['"*I]-« Bgt binding sites by 20—-60% in hippocampal neurones and, where
examined, SH-SYS5Y cells.

3 Upregulation of ['*I]-a-Bgt binding sites by KCIl was prevented by co-incubation with the L-type
Ca?* channel blocker verapamil or the Ca’*-calmodulin dependent kinase II (CaM-kinase II)
inhibitor KN-62. Upregulation of ['*I]-a-Bgt binding sites by nicotine or 3,[(4-dimethylamino)
cinnamylidene] anabaseine maleate (DMAC) was insensitive to these agents.
4 [*H]-Epibatidine binding sites in SH-SY5Y cells were not affected by KCI but were upregulated
in a verapamil-insensitive manner by nicotine and DMAC. KN-62 itself provoked a 2 fold increase
in [*H]-epibatidine binding. The inactive analogue KN-04 had no effect, suggesting that CaM-kinase
II plays a role in regulating numbers of «3* nicotinic AChR.
5 These data indicate that numbers of «3* and «7 nicotinic AChR are modulated differently.
Nicotinic agonists and KCI upregulate 7 nicotinic AChR through distinct cellular mechanisms, the
latter involving L-type Ca®" channels and CaM-kinase II. In contrast, «3* nicotinic AChR are not
upregulated by KCI. This difference may reflect the distinct physiological roles proposed for o7
nicotinic AChR.
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Introduction

The density of high affinity [*H]-nicotine binding sites is
increased in brain tissue from tobacco smokers, examined
postmortem, compared with age-matched non-smoking con-
trols (Benwell er al., 1988; Breese et al., 1997). This
upregulation of nicotinic acetylcholine receptors (AChR) is
attributed to chronic exposure to nicotine present in tobacco
smoke, as comparable changes in nicotinic binding site density
have been observed in the brains of rodents after chronic
nicotine treatment in vivo (Wonnacott, 1990; Flores et al., 1992;
Rowell & Li, 1997). High affinity binding of [*H]-nicotine (and
[’H]-cytisine) has been correlated with nicotinic AChR
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comprised of a4 and 2 subunits (Flores et al., 1992; Zoli et
al., 1998). Upregulation of the 42 nicotinic AChR subtype
has also been demonstrated in vitro, in stably transfected cell
lines (Peng et al., 1994a; Bencherrif et al., 1995; Zhang et al.,
1995; Gopalakrishnan et al., 1997, Whiteaker et al., 1998). Both
in vivo and in cell lines the upregulation of high affinity [*H]-
nicotine binding sites by nicotine reflects an increase in the
number of high affinity binding sites (B,,.x) With no change in
affinity (Kp; Wonnacott, 1990; Gopalakrishnan et al., 1997)
and is not accompanied by an increase in subunit mRNA,
indicating that upregulation occurs through a post-transcrip-
tional mechanism (Marks et al., 1992; Peng et al., 1994a;
Bencherif et al., 1995; Zhang et al., 1995).

Other subtypes of neuronal nicotinic AChR are also
upregulated by chronic nicotine treatment. ['**I]-a-Bungar-
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otoxin (x-Bgt) labels a nicotinic site that is correlated with the
o7 subunit in rodent brain (Séguéla et al., 1993; Barrantes et
al., 1995; Orr-Urtreger et al., 1997). Chronic nicotine
treatment regimes in vivo upregulate ['**[]-a-Bgt binding sites
in some brain regions, although this response is less robust
than that observed for [*H]-nicotine binding sites and requires
higher nicotine concentrations that may not be relevant to
human smokers (Wonnacott, 1990; Pauly er al., 1991). As
with the upregulation of «42 nicotinic AChR, no change in
o7 subunit mRNA was found (Marks et al., 1992). More
recently, we reported the upregulation of ['*I]-a-Bgt binding
sites in vitro: primary hippocampal cultures treated with
nicotine for a few days showed a small but significant
increase in the number of cell surface ['*°I]-a-Bgt binding sites
(Barrantes et al., 1995), and this result has been reproduced
in SH-SYSY cells (Peng et al, 1997) and in cell lines
transfected with the o7 subunit (Quik et al., 1996; Molinari et
al., 1998). De Koninck & Cooper (1995) observed that
upregulation of o7 nicotinic AChR in sympathetic neurones
was evoked by chronic KCl depolarization. In contrast to
nicotine-evoked upregulation, this response was accompanied
by a corresponding increase in the level of o7 subunit
mRNA, compared to control. KCl-evoked upregulation was
proposed to result from Ca®" influx through L-type Ca®*
channels and activation of a Ca®"-calmodulin dependent
kinase (CaM-kinase II) pathway (De Koninck & Cooper,
1995).

In the present study we have compared the effects of
chronic treatment with nicotinic ligands and KCl depolariza-
tion on ['*I]-a-Bgt binding sites in hippocampal cultures and
in the neuroblastoma SH-SYS5Y cell line. We have also
examined the effects of the nicotinic agonist 3,[(4-dimethyla-
mino) cinnamylidene] anabaseine maleate (DMAC), a
functionally o7-selective agonist (Hunter et al., 1994; De
Fiebre et al., 1995). At o7 nicotinic AChR expressed in
Xenopus oocytes, DMAC is a potent agonist, whilst it
behaves as a weak partial agonist with little efficacy at other
nicotinic AChR subtypes (De Fiebre et al., 1995). In
addition, the SH-SYS5Y cell line, which expresses mRNA
for 3, a5, a7, f2 and p4 subunits (Lukas et al., 1993; Peng et
al., 1994b), has allowed comparison of the effects of drug
treatments on «3* nicotinic AChR, identified by [*H]-
epibatidine binding. This radioligand is membrane permeable
and will label both plasma membrane bound and intracellular
a3* nicotinic AChR. The concentration of [*H]-epibatidine
used in this study is predicted to label predominantly «352*
nicotinic AChR (Wang et al., 1996); only those «3-containing
receptors that also incorporate the 2 subunit are reported to
be upregulated by nicotine (Wang et al., 1998). We show that
nicotinic agonists and KCI upregulate «7 nicotinic AChR via
distinct mechanisms, whereas o3* nicotinic AChR are not
responsive to KCI treatment. Preliminary accounts of some
of this work have been given (Rogers & Wonnacott, 1997,
Ridley & Wonnacott, 1998).

Methods
Drugs and reagents

Tissue culture media, serum and plasticware were from Gibco
BRL (Paisley, Renfrewshire, Scotland). Media supplements,

biochemicals, (—)-nicotine hydrogen tartrate, DMPP (1, 1-
dimethyl-4-phenylpiperazinium iodide), (+)-verapamil hydro-
chloride, methyllycaconitine (MLA) and «-Bgt were from
Sigma Co. (Poole, Dorset, U.K.). KN-62, 1-[N, O-bis-(5-
isoquinolinesulphonyl)- N-methyl-L-tyrosyl]-4-phenylpipera-
zine, was purchased from Calbiochem-Novabiochem Cor-
poration (Nottingham, U.K.); KN-04, N-[1-[N-methyl-p-(5-
isoquinolinesulphonyl)-benzyl]-2-(4-phenylpiperazine)ethyl]-5-
isoquinolinesulphonamide, was from AMS Biotechnology
Ltd. (Witney, Oxon, U.K.); (+)-anatoxin-a-fumarate was
purchased from Tocris Cookson (Avonmouth, U.K.).
DMAC, 3,[(4-dimethylamino) cinnamylidene] anabaseine
maleate, was synthesized by Organon Laboratories Ltd.,
Newhouse, Lanarkshire. Optiphase Safe scintillant was
purchased from Fisons Chemicals (Loughborough, U.K.).

[PH]-MLA (25 Ci mmol~"') was from Tocris Cookson Ltd.
(Avonmouth, U.K.). (+)-[’H]-Epibatidine (33.8 Ci mmol ")
was obtained from Dupont-NEN Ltd. (Stevenage, U.K).
(—)-N-methyl-?H]-nicotine (75 Ci mmol~') and ['*I]-Nal
were obtained from Amersham International (Aylesbury,
U.K.). a-Bgt was iodinated by the chloramine-T method to a
specific activity of 700 Ci mmol~' and stored in 10 mM
phosphate, pH 7.5 at 4°C for up to 4 weeks.

Cell culture

Primary hippocampal cultures High density hippocampal
neuronal cultures were prepared as previously described
(Barrantes et al., 1995). Hippocampi from E18 foetal rats were
dissociated and plated in polyethyleneimmine-coated
24 x 16 mm well Falcon plates at high density (1.5 x 10° cells
per well). Initially cultures were grown in the presence of serum-
supplemented (10% foetal calf serum, FCS) chemically defined
Dulbecco’s Modified Eagle Medium (DMEM; glucose
(4.5 g 17" : Nutrient Mixture F12 (Ham) (3: 1), supplemented
with L-glutamine (2 mMm), penicillin (50 iu ml~"), streptomycin
(50 pug ml~"), human transferrin (100 ug ml~"), putrescine
(100 uM), insulin (5 ug ml~"), progesterone (20 nM), sodium
selenite (30 nm)) for 2 h, to ensure attachment of neuronal
cells. After 2 h the medium was replaced with serum-free
chemically defined medium and the neurones were allowed to
mature for 3 days (Barrantes et al., 1995). Cultures were fed
every 4 days by replacing half of the medium in the wells with
fresh chemically defined medium. Drug dilutions were applied
to mature cultures for either 4 or 7 days.

SH-SY5Y cells Stock cultures of SH-SY5Y human neuro-
blastoma cells were routinely maintained in a DMEM:Ham’s
F12 (1:1) modified medium containing 1% non-essential
amino-acids (NEAAs) and supplemented with FCS (15%),
glutamine (2 mM), penicillin (50 iu ml~") and streptomycin
(50 ug ml~"). Cultures were seeded into 75 cm? flasks
containing 20 ml of supplemented medium and maintained
at 37°C in 5% CO,/humidified air. Stock cultures were
passaged 1:4 weekly and fed twice weekly. For binding
assays, SH-SYSY cells were subcultured in 24 well plates at a
seeding density of 2x10° cells per well adapted from
Vaughan et al. (1993). Once confluent, cultures were treated
with drugs for 4 days before assaying.

Drug treatment Initial experiments were performed on
hippocampal neurones chronically treated with a number
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of drugs, alone or in combination, for 7 days. Subse-
quently a 4 day drug exposure was employed for both the
primary hippocampal and SH-SYSY cultures. Nicotine,
KCl and verapamil were made up freshly in either
‘conditioned’ chemically defined medium for hippocampal
cultures or in DMEM:Ham’s F12 supplemented medium
for SH-SY5Y cells on day 1 of drug treatment. KN-62,
KN-04 and DMAC were made up in dimethylsulphoxide
(DMSO) in stock solutions of 10 mM; the final concentra-
tion of DMSO did not exceed 0.1%. Chronic exposure to
this concentration of DMSO had no effect on subsequent
ligand binding assays. After 4 or 7 days of drug treatment,
cultures were assayed for binding of either ['*I]-a-Bgt
(hippocampal and SH-SYS5Y cultures) or [*H]-epibatidine
(SH-SYSY cultures).

Radioligand binding assays

['#1]-a-Bgt binding to hippocampal and SH-SY5Y cultures

Surface ['*I]--Bgt binding sites on hippocampal cultures
grown in the presence or absence of drugs for either 4 or
7 days in 24x16 mm culture wells were measured
essentially as described by Barrantes et al. (1995). In
brief, on the day of assay, cultures were washed for
3x 10 min with warm medium, then incubated for 3 h at
37°C before a final wash with warm medium to remove
all traces of drugs from the cultures. Fresh chemically
defined medium containing 0.01% bovine serum albumin
(BSA) (200 ul) was added and non-specific binding was
defined by pre-incubation of culture wells (in triplicate)
with 2 uM o-Bgt for 60 min at 25°C. Total binding was
determined in parallel cultures pre-incubated without o-
Bgt. Then ['*I]-x-Bgt (final concentration 10 nM) was
added to all culture wells and the incubation continued
for a further 2 h at 25°C. The cultures were subsequently
washed three times with 1 ml warm phosphate buffered
saline (mMm): PBS; 150 NaCl, 8 K,HPO,4, 2 KH,PO,,
pH 7.4, 37°C. They were then solubilized in 0.1 M NaOH
(200 pul; 16 h at 4°C), counted for radioactivity (Packard
Cobra II Auto Ultra y counter) and assayed for protein
(Markwell et al., 1978). Radioactivity bound per well was
directly related to the protein content of the same well.

[’H ]-Epibatidine binding to SH-SY5Y cultures The cellular
population of [*H]-epibatidine binding sites was monitored
in SH-SYS5Y cells in situ, in 24-well plates, based on the
protocol of Whiteaker er al. (1998). Cultures were washed
as above and incubated with 1 ml SH-SYS5Y medium
containing [*H]-epibatidine (500 pM) for 2h at 25°C.
Non-specific binding was defined in parallel cultures in
the presence of 1 mM nicotine. The cultures were
subsequently washed as above and solubilized in 800 ul
0.1M NaOH (16 h at 4°C). An aliquot (500 ul) was
added to 5 ml Optiphase Safe scintillant (Fisons Chemi-
cals, Loughborough, U.K.) and counted for radioactivity
in a Packard Tri-Carb liquid scintillation counter 1600
spectrometer (counting efficiency 45%) and a 200 ul
aliquot was assayed for protein (Markwell et al., 1978).

Competition binding assays with DMAC DMAC was
assessed in competition binding assays, using ['*°I]-a-Bgt,
[FH]-MLA, [*H]-epibatidine and [*H]-nicotine binding to rat

brain P2 membranes, as described by Davies et al. (1999). In
brief, for ['*’I]-a-Bgt binding sites, rat brain P2 membranes
were diluted in assay buffer (phosphate buffer supplemented
with 0.1% (w v~') BSA) and incubated with ['*I]-a-Bgt (final
concentration 1 nM) and a range of dilutions of the
competing drug, DMAC or unlabelled o-Bgt, for 3 h at
37°C. Then, samples were diluted with 0.5 ml ice cold
phosphate buffered saline (mMm): (PBS Na,HPO,4 20, KH,PO4
5, NaCl 150, pH 7.4), centrifuged at 12,000 xg (2 min),
resuspended in 1.25 ml of ice cold PBS and re-centrifuged
(12,000 x g for 2 min). The supernatant fraction was removed
and the radioactivity contained in the pellets was determined
using a Packard Cobra Il gamma-counter to detect bound
['**1]-o-Bgt.

Competition binding assays with [*H]-MLA, [*H]-epibati-
dine and [*H]-nicotine were as follows: rat brain P2
membranes were diluted in assay buffer (Krebs Ringer-Tris
N-[2-hydroxyethyl]piperazine- N[2-ethane-sulphonic acid]
(HEPES) buffer composed of (mm): NaCl 118, KCI 4.8,
CaCl, 2.5, HEPES 20, Tris 200, phenylmethylsulphonyl
fluoride 0.1, 0.01% sodium azide, pH 7.4) to give the desired
protein content (typically 1.0 mg ml~' protein). In [*H]-
MLA competition binding assays, samples were supplemen-
ted with 0.1% (w v~") BSA to reduce non-specific binding.
Samples (250 ul) were incubated with either [*'H]-MLA, [*H]-
epibatidine or [*H]-nicotine (final concentration 1 nMm,
200 pM and 10 nM respectively) and a range of dilutions
of the competing drug, DMAC, for 2 h at 37°C for [*H]-
MLA, and 2.5 h at 20°C or 30 min at 20°C, followed by 1 h
at 4°C, for [*H]-epibatidine and [*H]-nicotine respectively.
Non-specific binding was determined in the presence of
unlabelled MLA (1 uM) or nicotine (1 mM). After incuba-
tion, samples were diluted with 4 ml of ice cold PBS at 4°C
and rapidly filtered through Whatman GFA/E glass filters
(Gelman Sciences), pre-soaked in 0.3% polyethyleneimmine
for 3 h to reduce non-specific binding, using a Brandel Cell
Harvester. Filters were washed twice with 4 ml of ice cold
PBS at 4°C. Bound radioactivity was determined in a
Packard Tri-Carb 1600 scintillation spectrometer (counting
efficiency 45%).

Determination of I1Csy and K; 1Csy values were calculated by
fitting data points from competition assays to the Hill
equation, using the non-linear least squares curve fitting
facility of Sigma Plot version 2.0 for Windows:

% Bound = 100%/1 + ([Ligand] /ICs0)"" (1)

where ny is the Hill number, [Ligand] is the concentration of
the competing ligand, and ICsy is the concentration of
competing ligand that displaces 50% of specific radioligand
binding. The affinity constant (K;) values were derived from
ICsy values according to the method of Cheng & Prusoff
(1973):

K; =1Cs/(1 + [Ligand]/Kp) (2)

where [Ligand] is the concentration of radioligand and K, is
the equilibrium displacement binding constant. K values of
I nm for [I]--Bgt and [*H]-MLA, 10.2 pM for [*H]-
epibatidine and 10 nM for [*H]-nicotine were assumed
(Whiteaker et al., 1998; Davies et al., 1999; Sharples et al.,
2000).
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Results

Upregulation of ['*I]-o. Bgt binding sites in hippocampal
cultures

Pharmacological characterization: effects of nicotinic agonists,
antagonists and KCI Hippocampal cultures were grown in
the presence of various nicotinic drugs for 7 days, and surface
['*I]-2-Bgt binding sites were assayed in situ. Chronic
exposure to agonists increased the number of [*I]-a-Bgt
binding sites by between 20 and 60% above control (Figure
la). The upregulation of ['*I]-a-Bgt binding sites in response
to exposure to (—)nicotine was concentration-dependent:
whereas 1 yuM nicotine had no influence on binding site
density, 10 uM nicotine produced an increase of 30+3%
(n=27). Higher concentrations of nicotine (100 uM) were
toxic to the cells within 7 days. (4)-Anatoxin-a also
provoked a concentration-dependent effect, with 1 uM and
10 uM anatoxin-a upregulating ['*I]-z-Bgt binding sites by
234+4% (m=5) and 56+6% (n=16) respectively. Cytisine
(20 um) and DMPP (10 uMm) also produced significant
increases in binding site density (Figure 1la). The values
obtained for upregulation of ['*I]-a-Bgt binding sites
represent a real increase in numbers of surface o7 nicotinic
AChR, rather than reflecting a change in cell density, as
binding site density was calculated in terms of protein,
determined in parallel for each culture well assayed (see
Methods).

Hippocampal cultures were also treated for 7 days with
nicotinic antagonists, with or without agonist present.

1251

(10 um) also upregulated the number of ['*’I]-a-Bgt binding
sites, by 20 and 26% respectively (Figure 1b). The
upregulation produced by 100 nM MLA appeared to be
maximal, as no further increase was seen following 7 days’
exposure to 10 uM MLA (data not shown). To investigate
whether agonist and antagonist effects were additive,
cultures were exposed to 10 uM nicotine plus 100 nMm MLA
for 7 days. The 23% increase in ['*I]-a-Bgt binding (Figure
1b) was not significantly different from that seen with MLA
alone. Similarly, there was a lack of additivity when cultures
were exposed to 10 uM anatoxin-a plus 100 nMm MLA
(Figure 1b).

To determine if general depolarization has any influence on
the numbers of surface ['*’I]-a-Bgt binding sites, cultures were
exposed for 7 days to medium in which the KCI
concentration was increased from 5 to 20 mM. This produced
a 72+10% (n=18) increase in the number of ['*I]-a-Bgt
binding sites, whereas a corresponding increase in NaCl to
produce the same change in osmolarity had no significant
effect (Figure 1a). Higher concentrations of KCI (>30 mMm)
were toxic to the primary cultures. Concomitant treatment
with anatoxin-a and KCl did not increase the number of
['*°I]-«-Bgt binding sites above that achieved with either agent
alone (Figure lc, n=4).

The drug exposure time for hippocampal cultures was
shortened to 4 days with nicotine or KCI (Table 1). In
control cultures there was no increase in the density of ['*1]-
o-Bgt binding sites between 4 and 7 days. Nicotine and KCl
produced similar increases in numbers of ['*I]-a-Bgt binding
sites after 4 days, compared to those seen after 7 days.
Therefore subsequent experiments used a 4 day drug

Methyllycaconitine (MLA; 100 nM) and d-tubocurarine exposure protocol.
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Figure 1 The effect of chronic drug treatment on numbers of ['*°I]-a-Bgt binding sites in hippocampal cultures. Hippocampal

cultures from E18 rat foetuses were treated for 7 days with (a) nicotinic agonists or salts, (b) nicotinic antagonists in the presence or
absence of agonist, or (¢) KCl and agonist separately and in combination. Following extensive washing, as described in Methods,
binding assays for surface ['*’I]-a-Bgt binding sites were carried out on cells in situ. Specific ['*°I]-a-Bgt binding to control cells,
cultured in parallel in the absence of drug, was taken to be 100%. Results are expressed as mean+s.c.mean of at least four
independent cultures, each culture was treated and assayed in triplicate for each drug condition. *Significantly different from
control, P<0.05, (one way ANOVA). NS, not significantly different.
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Table 1 Upregulation of ['*’I]-a-Bgt and [*H]-epibatidine binding sites in rat hippocampal or SH-SYS5Y cultures treated with either

nicotine (10 uM), DMAC (10 um) or KCI (20 mm) for 4 or 7 days

Type of cells
in culture

(duration of drug Control

Radioligand treatment, days) (fmol mg protein—")

['*°T]-a-Bgt Hippocampal 92+ 14
(4 days) (n=14)

Hippocampal 92+5
(7 days) (n=24)

SH-SYS5Y 2542
(4 days) (n=14)

[*H]-epibatidine SH-SY5Y 69+4
(4 days) (n=43)

20 mm KCI
(% control)

10 pm Nicotine
(% control)

10 um DMAC
(% control)

125+3% 126+ 1% 176+ 14%
(n=6)* (n=3)* (n=9)*
130+3% n.d. 172410%
(n="27)* (n=18)*
1374 5% 120+ 6% 151+ 10%
(n=13)* (n=4)* (n="9)*
136+ 6% 143+8% 107+ 5%
(n=15)* (n=13)* (n=13)

Values are given as mean+s.e.mean (n=number of independent experiments); *Significantly different from control, P<0.05, (one way

ANOVA); n.d. not determined.

We also examined the effects of DMAC, a novel agonist
with putative o7-selectivity (De Fiebre et al., 1995). The
ability of DMAC to displace the binding of ['*I]-a-Bgt, [*H]-
MLA, [*H]-nicotine and [*H]-epibatidine from rat brain
membranes was assessed in competition binding assays
(Table 2). DMAC was 4—5 times more potent at displacing
[*H]-epibatidine and [*H]-nicotine binding than at displacing
the a7-selective radioligands ['*I]-¢-Bgt and [’H]-MLA. When
applied to hippocampal cultures for 4 days, DMAC elicited a
concentration dependent upregulation of ['*°I]-x-Bgt binding
sites: 1 uM DMAC had no effect whereas 10 um DMAC
increased ['*’I]-a-Bgt binding by 264+ 1% above control levels
(n=3, significantly different from control, P<0.05, one way
ANOVA). This is similar to the degree of upregulation
produced by 10 uM nicotine after either 4 or 7 days of
treatment (Table 1).

Mechanisms of nicotinic agonist- and KCl-evoked upregulation
of ['*I]-a-Bgt binding sites in hippocampal cultures To
investigate whether the upregulation induced by nicotine
(10 M) and KCI1 (20 mM) might arise through a common
pathway, further experiments were performed in the
presence of inhibitors of putative intermediate steps. The
effect of verapamil, an L-type Ca?* channel blocker, was
examined to determine if depolarization-induced Ca** entry
might play a role in the upregulation of hippocampal ['*°I]-
o-Bgt binding sites. Exposure of hippocampal cultures to
5 uM verapamil alone for 4 days had no significant effect
on numbers of binding sites, but verapamil prevented the
upregulation elicited by chronic treatment with KCI
(Figure 2a).

To determine whether upregulation involves a CaM-kinase
II pathway, cultures were incubated with either 10 uM
nicotine or 20 mM KCI in the absence or presence of KN-
62 (Figure 2b), a sclective CaM-kinase II inhibitor
(Tokumisto et al., 1990). KN-62 itself had no significant
effect on the level of [*°I]-a-Bgt binding to these cultures
(113.1+8.8% of control). KCI upregulated ['*I]-a-Bgt
binding sites by 67.1+27.9% above control, and this was
totally abolished by co-incubation with KN-62 (101.7+2.6%
of control). In contrast, nicotine-induced upregulation was
not blocked at all in the presence of 5 umM KN-62; the
number of ['®I]-x-Bgt binding sites was 294+9% above
control after treatment with nicotine plus KN-62, compared

Table 2 Potency of DMAC in competition assays for
nicotinic radioligand binding to rat brain membranes

K; for DMAC
Radioligand (nm)*
['*°T]-a-Bgt 426+85
[*H]-MLA 393+ 62
[*H]-nicotine 103+6
[*H]-epibatidine 73+6

*Values are the mean +s.e.mean of at least four independent
assays.

with a 25+3% increase produced by nicotine alone (Figure
2b). These results suggest that nicotine and KCIl evoke
upregulation of [**I]-a-Bgt binding sites in hippocampal
neurones through different cellular mechanisms. Studies on
primary hippocampal cultures are severely limited by the
paucity of material available, and inherent variability
between different cultures. To circumvent these limitations,
the SH-SYS5Y neuroblastoma cell line was chosen for further
studies.

Upregulation of nicotinic AChR binding sites in
SH-SY5Y cells

Upregulation of ['*I]-a-Bgt binding sites in SH-SY5Y
cells In the absence of drugs, SH-SYSY cells expressed
25 fmol of ["*I]-a-Bgt binding sites mg protein—' (Table 1).
Nicotine (10 um), DMAC (10 um) and KCI (20 mM), applied
for 4 days, increased the number of ['*’I]-a-Bgt binding sites
by 37, 20, and 51% respectively (Table 1). These values
closely parallel the magnitude of changes in ['*I]-a-Bgt
binding sites observed in hippocampal cultures (Table 1).

The effects of verapamil and KN-62 on KCl-evoked
upregulation of ['*I]-a-Bgt binding sites in SH-SY5Y cells
accord with those seen in primary hippocampal cultures: the
upregulation produced by KCI was blocked in the presence of
these drugs (Figure 3a). However, neither verapamil nor KN-
62 affected the increase in [*’I]-a-Bgt binding sites in response
to chronic nicotine treatment (Figure 3b).

Upregulation of [*H J-epibatidine binding sites in SH-SY5Y
cells In addition to ['*I]-a-Bgt binding sites, SH-SY5Y cells
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Figure 2 The effects of verapamil and KN-62 on the upregulation of ['**I]-a-Bgt binding sites in hippocampal cultures. Cultures
were treated for 4 days with 20 mm KCI or 10 puM nicotine, in the presence or absence of (a) 5 uM verapamil or (b) 5 um KN-62.
Controls with no drug treatment were cultured in parallel. Specific ['**I]-a-Bgt binding to cells in situ was determined as described in
Methods, and binding to control cultures was taken to be 100%. Results are expressed as mean+s.e.mean of at least four
independent cultures, each culture was treated and assayed in triplicate for each drug condition. *Significantly different from
control, P<0.05, (one way ANOVA).
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Figure 3 The upregulation of ['**I]-a-Bgt binding sites in SH-SYS5Y cells treated with (a) KCl or (b) nicotine, and the effects of
verapamil and KN-62. SH-SYS5Y cells were cultured for 4 days with 20 mm KCl, 10 uM nicotine or no addition (control), in the
presence or absence of 5 uM verapamil or 5 um KN-62. Specific ['*I]-a-Bgt binding to cells in situ was determined as described in

Methods, and binding to control cultures was taken to be 100%. Results are expressed as mean+s.e.mean of at least four
independent cultures, each culture was treated and assayed in triplicate for each drug condition. *Significantly different from

control, P<0.05, (one way ANOVA).

also express o3* nicotinic AChR that can be labelled by [*H]-
epibatidine (Peng et al., 1997). Cultures were assayed in situ
with 500 pM [*H]-epibatidine: this concentration of radio-
ligand is predicted to predominantly measure «32* nicotinic
AChR (Wang et al., 1996). In the absence of drugs, SH-
SY5Y cultures expressed 69 fmoles [*H]-epibatidine binding
sites mg protein~' (Table 1). Chronic nicotine (10 uM)
treatment of SH-SYS5Y cultures for 4 days upregulated
[*H]-epibatidine binding sites by 36%. DMAC (10 um)
produced a comparable upregulation of [*H]-epibatidine
binding sites of 43% (Table 1; Figure 4). These responses
are similar in magnitude to the changes provoked in surface
['*I]-a-Bgt binding sites. In contrast, KCl depolarization
(20 mM for 4 days) failed to increase the number of [*H]-
epibatidine binding sites (Table 1 and Figure 4a,d).

Verapamil, applied to SH-SYSY cultures for 4 days in the
presence of agonist or KCI, failed to prevent the agonist-
induced upregulation of [*H]-epibatidine binding sites (Figure
4a,b,c). Verapamil alone had no effect on the numbers of
binding sites. In contrast, KN-62 applied to SH-SY5Y
cultures for 4 days in the absence of agonist or KCI
produced a marked upregulation of [*H]-epibatidine binding
sites, to approximately 150% above control (Figure 4d.e.f).
To determine if this was a specific effect, the inactive
analogue of KN-62, KN-04, was examined. KN-04 alone
had no effect on the number of [*H]-epibatidine binding sites,
when compared to the control condition, and KN-04 did not
diminish agonist-evoked upregulation (Figure 4d.e.f). This
suggests that KN-62 elicits the up-regulation of «3* nicotinic
AChR through inhibition of CaM-kinase II.
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Figure 4 The upregulation of [*H]-epibatidine binding sites in SH-SYS5Y cells treated with (a, d) KCI, (b, ) nicotine and (c, f)
DMAC, and the effects of verapamil, KN-62 and KN-04. SH-SYSY cells were cultured for 4 days with 20 mm KCl, 10 uM nicotine,

10 um DMAC or no addition (control), in the presence or absence of (a, b, ¢) 5 uM verapamil or (d, e, f) 5 um KN-62 or 5 um KN-
04. Specific [*H]-epibatidine binding to cells in situ was determined as described in Methods, and binding to control cultures was
taken to be 100%. Results are expressed as mean+s.e.mean of at least four independent cultures, each culture was treated and
assayed in triplicate for each drug condition. *Significantly different from control, P<0.05, (one way ANOVA).

Discussion

In agreement with previous reports, this study has
demonstrated that chronic exposure to nicotinic agonists,
antagonists and KCI upregulates the numbers of ['*I]-a-Bgt
binding sites in primary cultures of hippocampal neurones
and in SH-SYSY cells. However, the key novel finding of
the present study is that the underlying mechanisms differ

between agonist- and KCl-induced upregulation: only the
latter is blocked by the L-type Ca?" channel blocker
verapamil and the CaM-kinase II inhibitor KN-62. «3*
Nicotinic AChR in SH-SYSY cells, characterized by [*H]-
epibatidine binding, differ from o7 nicotinic AChR, labelled
by ['*I]-a-Bgt, in their insensitivity to KCI treatment,
although KN-62 itself was found to upregulate [*H]-
epibatidine binding sites.
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Upregulation of a7 nicotinic AChR

All the nicotinic agonists examined upregulated [*°1]-a-Bgt
binding sites in hippocampal neurones (Figure 1) or SH-SYSY
cells (Table 1) after 4 or 7 days of drug treatment. Previously,
nicotine has been shown to upregulate [**I]-a-Bgt binding
sites without a change in K, or subunit mRNA levels (Quik et
al., 1996; Peng et al., 1997, Molinari et al., 1998). As the
present binding assays with this large polypeptide toxin were
carried out on cells in situ, only the surface population of
receptors was labelled. Moreover, the fact that o«-Bgt binds
with high affinity to all states of the receptor makes the
equation of the increased density of binding sites with
increased receptor number unequivocal. However, the possi-
bility of internalization of «-Bgt-receptor complexes during
the assay has not been ruled out (Ke et al., 1998). The level of
upregulation provoked by nicotine (about 30%) is consistent
with previous reports for endogenously expressed o7 nicotinic
AChR (Barrantes et al., 1995; Peng et al., 1997), and is similar
to the magnitude of increases reported after in vivo
administration of nicotine (Pauly ez al., 1991). Upregulation
produced by nicotine and anatoxin-a was concentration
dependent, with 1 uM anatoxin-a evoking increases in
numbers of binding sites comparable to the changes produced
by 10 uM nicotine. This is consistent with the 10 fold greater
potency of anatoxin-a, compared with nicotine, for o7
nicotinic AChR (MacAllan et al., 1988; Alkondon &
Albuquerque 1993). DMPP (10 uM) also upregulated ['*°1]-a-
Bgt binding sites in hippocampal neurones, to a similar extent
as 10 uM nicotine. As the quaternary nitrogen of DMPP
should render it cell impermeable, this result argues that the
upregulation of ['*°I]-«-Bgt binding to hippocampal neurones
is triggered by agonist acting at the cell surface. A similar
conclusion for the upregulation of «7 nicotinic AChR in SH-
SYSY cells was reached using carbamoylcholine (Peng et al.,
1997).

The anabaseine derivative DMAC was comparable to
nicotine in its concentration dependence for upregulating
['*I]-a-Bgt binding sites. DMAC is a putative o7-selective
agonist, reported to have higher affinity for ['*I]-a-Bgt
binding sites than for [’H]-nicotine binding sites in brain
membranes (De Fiebre et al., 1995). In our hands, DMAC
(synthesized as the maleate salt) was 10 fold less potent at o7
binding sites than previously reported (Table 2). Nevertheless,
there was only a 4 fold difference in potency of DMAC
between o7 sites and high affinity agonist binding sites
(predominantly «4f2 subtype) in rat brain membranes.
Nicotine, in contrast, is more than 200 times less potent at
['**1]-o-Bgt sites than at [*H]-nicotine sites (De Fiebre er al.,
1995; Macallan et al., 1988). Therefore we might have
expected chronic treatment with 1 uM DMAC to upregulate
[**1]-a-Bgt binding sites, as well as the higher concentration
of drug tested. Indeed, the related compound 3-(2, 4)-
dimethoxybenzylidene anabaseine (GTS-21) upregulated het-
erologously expressed o7 binding sites to a similar extent as
nicotine but with greater potency (Molinari et al., 1998).

The ability of nicotinic AChR antagonists to either elicit or
prevent upregulation is less consistent between studies, and
between receptor subtypes. We previously found antagonists
to have little, if any, ability to upregulate 42 nicotinic
AChR in the MI0 transfected cell line, and only d-
tubocurarine showed any tendency to inhibit agonist-induced

upregulation of «42 binding sites (Whiteaker et al., 1998). In
SH-SYS5Y cells, Peng et al. (1997) reported that millimolar
concentrations of d-tubocurarine, dihydro-f-erythroidine and
mecamylamine did not upregulate either a3 or a7 subtypes,
and did not prevent the nicotine-induced upregulation of o3,
but partially blocked the upregulation of «7 nicotinic AChR
in response to 0.5 mM nicotine. These observations led to the
tentative suggestion that upregulation of o3 and «7 nicotinic
AChR may proceed by different mechanisms, the latter
requiring receptor activation by agonists (Peng et al., 1997).
This view is not supported by the present findings, where d-
tubocurarine and MLA both upregulated ['*1]-a-Bgt binding
sites in hippocampal neurones. Antagonist-induced upregula-
tion was not additive with that produced by agonists (Figure
1b). Upregulation of ['"*I]-a-Bgt binding sites by the
antagonists d-tubocurarine and mecamylamine (but not by
hexamethonium or dihydro-f-erythroidine) was first reported
for adrenal medullary chromaffin cells (Quik et al., 1987).
Molinari et al. (1998) described the upregulation of ['*I]-a-
Bgt binding sites by high concentrations of MLA in HEK
293 cells stably expressing «7 nicotinic AChR. Taken
together, the consensus from these studies is that at least
certain antagonists, notably d-tubocurarine and MLA, can
induce the upregulation of ['*I]-a-Bgt binding sites. This
suggests that binding to (or near) the agonist binding site,
rather than activation of the receptor, is sufficient to trigger
upregulation of o7 nicotinic AChR, perhaps by stabilizing a
particular conformation of the receptor.

Exposure to 20 mM KCI for 4 or 7 days increased the
surface binding of ['*I]-a-Bgt to hippocampal neurones and
SH-SYS5Y cells. This is in agreement with previous reports for
sympathetic neurones (De Koninck & Cooper, 1995) and for
GH,4C, cells transfected with human o7 (Quik ez al., 1996).
The latter study confirmed that the increase in ['*I]-a-Bgt
binding after treatment of cells for 3 days with 50 mm KCl
was due to an increase in binding site density, rather than a
change in affinity. In the present study, the KCl-evoked
upregulation of ['**I]-a-Bgt binding sites was sensitive to both
the L-type Ca?* channel blocker verapamil and the CaM-
kinase II inhibitor KN-62 (Figures 2 and 3) consistent with
findings for sympathetic neurones (De Koninck & Cooper,
1995). The key observation that verapamil and KN-62 did
not prevent nicotine-induced upregulation of ['*I]-x-Bgt sites
indicates that KCl and nicotine upregulate o7 nicotinic
AChR by different mechanisms.

There is a well established role for sustained Ca** entry via
L-type Ca** channels and activation of CaM-kinase II in gene
activation, via phosphorylation of transcription factors and
regulation of immediate early genes (Greenberg et al., 1992;
Ghosh & Greenberg, 1995). Indeed De Koninck & Cooper
(1995) found that an increase in o7 gene expression paralleled
the increase in surface ['*I]-a-Bgt binding sites in sympathetic
neurones treated with KCI. Thus it is plausible that KCl
upregulates ['*’I]-a-Bgt binding sites through activation of L-
type Ca>" channels and the subsequent activation of CaM-
kinase II, leading to an increase in «7 subunit gene
transcription. In contrast, Peng et al. (1994b) found no
change in «7 mRNA in SH-SYS5Y cells after treatment with
1 mM nicotine for 4 days. Therefore nicotine appears to
upregulate ['*°I]-a-Bgt binding sites through a post-transcrip-
tional mechanism, independent of voltage-operated Ca**
channels and CaM-kinase II. However, KCI- and nicotinic

2+
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agonist-evoked increases in ['*°I]-z-Bgt sites were not additive
in hippocampal neurones, suggesting that some common
downstream event may limit surface expression.

Upregulation of a.3* nicotinic AChR

SH-SYS5Y cells enabled us to compare the upregulation of
a3* nicotinic AChR, identified by [’H]-epibatidine binding.
o3* Nicotinic AChR are heterogeneous in these -cells,
potentially comprising: «3f42, «3$4, «30562, «30564 and
a305624 subunit combinations. Based on immunodepletion
experiments, 56% of a3* nicotinic AChR were found to also
include the 2 subunit (Wang et al., 1996), and only those
a3* receptors that incorporate the [2 subunit were
upregulated by nicotine (Wang et al., 1998). 2* and fp4*
receptors can be distinguished by their affinities for [*H]-
epibatidine: 4 confers a lower affinity (Kp 7 nM), whereas
p2-containing o3* receptors equate with a higher affinity (Kp
150 pM) component of [*H]-epibatidine binding to SH-SY5Y
cells (Wang et al., 1996). By using a modest concentration of
this radioligand (500 pM) in our binding assays, we have
presumably measured predominantly 2* nicotinic AChR.
Nicotine (10 uMm 4 days) consistently produced a 40%
increase in [*H]-epibatidine binding to intact cells (Figure 4);
this is lower than the 3 fold increase reported by Wang et al.
(1998) but may be a reflection on the lower concentrations of
nicotine used in this study compared to the concentration
(1 mM) used by Wang et al. (1998). DMAC (10 um) and
nicotine (10 uM) upregulated [*H]-epibatidine binding sites to
a similar extent. The «7-selectivity ascribed to DMAC comes
from its full agonism at o7 nicotinic AChR expressed in
Xenopus oocytes, whereas it behaves as a weak partial agonist
with little efficacy at other nicotinic AChR subtypes (De
Fiebre et al., 1995). Grottick et al. (2000) recently reported
that DMAC failed to mimic behavioural effects of nicotine
ascribed to f2* nicotinic AChR, consistent with DMAC
being functionally selective for 7 nicotinic AChR. However,
chronic treatment of SH-SYS5Y cells with DMAC yielded
changes in «3* binding site density that are comparable to
those produced by nicotine. Thus DMAC is capable of
upregulating both ['*I]-a-Bgt sites and [?’H]-epibatidine sites
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