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TC-2559 excites dopaminergic neurones in the ventral tegmental
area by stimulating a4f2-like nicotinic acetylcholine receptors
in anaesthetised rats

*12yYun Wang, '“John L. Sherwood, 'Colin P. Miles, 'Gary Whiffin & '*David Lodge
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1 The in vivo effects of a selective partial agonist for neuronal nicotinic acetylcholine receptor
(nAChRs) o242 subtype, TC-2559, characterised recently in in vitro preparations, have been profiled.
The brain bioavailability of TC-2559 and its effects on the spontaneous firing and bursting properties
of the dopaminergic (DAergic) neurones recorded extracellularly in the ventral tegmental area (VTA)
were studied following systemic administration in anaesthetised rats.

2 Cumulative doses of TC-2559 (0.021-1.36 mgkg™", i.v.) increased both the firing and bursting
activities of VTA DA neurones. The effect of bolus doses of TC-2559 of 0.66 or 1.32mgkg™", i.v., was
approximately equivalent to that of 0.0665mgkg™", i.v. nicotine.

3 The excitation evoked by both nicotine and TC-2559 was fully reversed by DHSE (0.39-
0.77mgkg", i.v.), an a4B2-subtype-preferring nicotinic antagonist, and application of nicotine after
DH}E failed to evoke any excitation. MLA (0.23mgkg™", i.v.), an a7 selective antagonist, failed to
alter TC-2559-evoked excitation and bursting activities, and a novel o7 agonist (PSAB-OFP;
0.23mgkg™", i.v.) was also without effect.

4 The present results indicated that TC-2559 fully mimics nicotine by increasing both the excitability
and bursting behaviour of VTA DA neurones, effects that are predominantly due to activation of
o4f2-like nAChRs.

5 TC-2559 has been demonstrated to be a useful in vivo pharmacological tool for studying the 42

subtype of nicotinic receptor.
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Introduction

Neuronal nicotinic acetylcholine receptors (nAChRs) are ion
channels composed of five transmembrane subunits. To date,
there are 12 types of neuronal nAChRs subunits, identified
and classified as 22-210 and 24 (McGehee & Role, 1995).
They form two types of nAChRs, hetero-pentameric structures
assembled with various o« and f subunits combinations, or
homo-pentamers of o subunits, for example of the a7 type. In
the mammalian brain, «42 and «7 subtype neuronal nAChRs
are most highly represented and distributed, with other
subtype receptors containing, for example, o3, o5, 06, 3 and
P4 localised in distinct brain regions (see Picciotto et al., 2001).

The midbrain dopaminergic (DAergic) nuclei, including the
ventral tegmental area (VTA), are important in reinforcement,
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motility and associative motor learning (Berke & Hyman,
2000). Neuronal nAChRs are densely distributed in the VTA
(Clarke et al., 1984; 1985), indicating their possible regulation
of dopamine (DA) function in both normal and disease
conditions. Activation of nAChRs by nicotine increases VTA
DA neuronal activity both in vivo (Grenhoff et al., 1986;
Erhardt et al., 2002; Schilstrom et al., 2003) and in vitro
(Calabresi et al., 1989; Pidoplichko et al., 1997; Fisher et al.,
1998; Grillner & Svensson, 2000; Chen et al., 2003). Nicotine
also induces an increased bursting discharge pattern of the
VTA DA neurones (Grenhoff ez al., 1986; Schilstrom et al.,
2003). This pattern of neuronal activity per se is believed to be
an important determinant of the extracellular levels of released
dopamine (DA) (Gonon, 1988; Chergui et al., 1994; 1996;
Kitai et al., 1999; see Balfour et al., 2000 for full discussion).
Systemic application of nicotine indeed induced DA release
in the striatum and nucleus accumbens (Nisell ef al., 1994a, b;
Pontieri et al., 1996; Schilstrom et al., 1998; Fu et al., 2000),
brain regions which are thought to contribute to the
locomotor-stimulating and reinforcing actions of nicotine
(see Stolerman et al., 1995; Balfour et al., 2000).
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The identity of the subtype(s) of nAChRs involved in
nicotine-evoked excitation of DAergic neurones in the VTA,
however, remains unclear, largely due to lack of selective
pharmacological tools for different subtypes of nAChRs. TC-
2559, a neuronal nicotinic receptor agonist (Bencherif et al.,
2000), has been recently profiled and characterised in vitro as a
selective 2432 subtype partial agonist (Chen et al., 2003). An
in vitro electrophysiology study using brain slice prepara-
tions also showed that TC-2559 increased VTA DA neuronal
activity in a dose-dependent manner (Chen et al., 2003).
Recent evidence from studies using genetically modified mice
has implicated both o4- and f2-containing nAChRs as a major
mediator of the nicotinic action in the DAergic system
(Picciotto et al., 1998; Klink et al., 2001; Marubio et al., 2003).

We have profiled TC-2559 along with other nicotinic
agonists and antagonists in in vivo studies in anaesthetised
rats. The data support its selectivity as an o4f2-like nAChR
agonist (Chen et al., 2003), and we have used this property to
study the role of such nAChRs in the excitation of VTA
DA neurones in animals with intact neuronal circuitry. In
particular, we examined the effect of TC-2559 on the bursting
activities of DA neurones, which was not presented in the
earlier in vitro brain slice study (Chen et al., 2003).

A preliminary report of some of the present data has been
published (Wang et al., 2002).

Methods

All the experiments were carried out under the Animals
(Scientific Procedures) Act, 1986 and approved by the Eli Lilly
& Co. Ethics Committee. Stock animals were kept under
normal animal house conditions within the Eli Lilly animal
facility, with a 12 h light-dark light schedule. At the end of the
experiment, the animals were killed by an overdose of
anaesthetic and exsanguination.

Brain exposure experiments

A total of 36 male Sprague—Dawley rats (300-370 g) were used
in these experiments and all animals were anaesthetised with
urethane (1.2 gkg™!, i.p.). The level of anaesthesia was assessed
by the absence of a withdrawal reflex and, if necessary,
additional anaesthetic (urethane, 0.4 gkg ', i.p.) was adminis-
tered. The lateral tail vein was cannulated for administration
of drugs. Rats were killed by rapid intravenous overdose of
urethane at different time points (1.5, 3, 6, 9, 15 and 30 min)
after drug administration. Brain tissues were then removed for
in vitro measurements. Brain samples were prepared by the
addition of twice the volume (ml) of water to weight (g) of
brain cortex, followed by homogenisation to produce a smooth
suspension. Homogenised brain cortex samples (500 ul) were
then extracted with methyl-#-butyl ether and centrifuged. The
solvent layer was transferred to clean tubes and evaporated
under nitrogen at 40°C. The residue was dissolved in 50%
methanol and analysed using liquid chromatography and a
Sciex API 34 Mass Spectrometer, with turbo-ionspray in
positive ion MRM mode, for detection. Data were calculated
using MacQuan 1.4. In order to estimate the total brain
concentration, 1g of the brain tissue was assumed to be
equivalent to be 1 ml in volume.

Electrophysiology experiments

General preparation Experiments were carried out on 69
male Sprague-Dawley rats (260-350 g), anaesthetised with
choral hydrate (400 mg kg™, i.p.). The level of anaesthesia was
assessed by the absence of a withdrawal reflex and cardiovas-
cular response to paw-pinch and the stability of resting blood
pressure and heart rate. Additional anaesthetic (chloral
hydrate, 100-150 mgkg ™", i.v.) was administered as necessary.

Rectal temperature was monitored and maintained between
3740.5°C with a Harvard Homeothermic Blanket. When
surgical anaesthesia was established, the femoral artery was
cannulated for recording blood pressure using a pressure
transducer (Gould) connected to a Grass Model 7D Polygraph
(Grass Medical Instruments, Quincy, MA, U.S.A.) and a
lateral tail vein was cannulated for administration of drugs/
fluids. The animals were then placed in a stereotaxic frame.
A hole was drilled in the skull above the VTA area approxi-
mately 5.8 mm caudal to the bregma and 0.6 mm lateral to the
midline.

A single glass microelectrode pulled from starbore glass
capillary (Radnoti Glass Technology, Inc., Monrovia, CA,
U.S.A.) and filled with a solution containing 2% Pontamine
Sky Blue in 2M NaCl, with an in vitro impedance of ~10MQ,
was lowered into the brain using a Burleigh 6000ULN
Controller (Burleigh Instrument, Burleigh Park, Fishers, NY,
U.S.A)). Single-unit activity of VTA neurones was found
within the co-ordinates: 5.6-6.0 mm posterior to the bregma,
0.5-0.8 mm lateral to the midline and 6.7-8.5mm below the
brain surface. DAergic VTA neurones were identified by their
characteristic triphasic action potentials of more than 2ms
duration and firing rate of 1-8 Hz, as described in detail
previously (Guyenet & Aghajanian, 1978, Grenhoff et al.,
1986). At the end of some experiments, inhibition by
apomorphine (15-60 ugkg™', i.v.) was used to confirm the
DAergic nature of the recorded neurone (Mereu et al., 1987).
In some experiments, current deposition of Pontamine Sky
Blue with subsequent histology was used to confirm the
location of the recording site. Recording from only one cell
was made in each animal and any cells outside the VTA, as
marked histologically, were not included in the analysis.

Experimental protocol Physiological saline of the same
volume and concentration as for drug administration was
injected i.v. following at least 3-5Smin of stable neuronal
recording. Then, 3min after this saline vehicle, drugs were
applied (i.v.) either cumulatively with an interdose interval of
3min or as a bolus dose. At the end of the cumulative dose
regimen, any neuronal response was challenged by i.v.
injection of DHPE Smin after the last agonist dose. For the
bolus dosing study, the antagonist was injected at least 5Smin
after the testing drug or when the neuronal response had
stabilised. In some experiments, a further dose of nicotine
(or test compound) was injected 3—5 min after DHSE adminis-
tration.

Tontophoresis study Extracellular recordings were made
from VTA neurones using seven-barrelled glass microelec-
trodes (tip diameter 5-7 um; Clark Electromedical, GC 150F-
10) as described previously (Wang & Ramage, 2001). The
recording barrel contained 2 M sodium chloride, and the other
barrels contained Pontamine Sky Blue (2% in 2M NaCl) for
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current balancing and dye ejection, and the drugs TC-2559
(20mM in 150mM NaCl, pH 4.5) and DHBE (20mM in
150mM NaCl, pH 4.5). Drugs were administered in the vici-
nity of the neurones by iontophoresis (Neurophore, Medical
System Inc., Great Neck, NY, U.S.A.). Drugs were ejected
using positive currents (with a retaining current of 15-20nA
applied between ejection periods). Responses were classified as
excitation or inhibition if, during the ejection period, activity
was increased or decreased by at least 20% of the baseline
(Wang & Ramage, 2001).

Data capture and analysis Neuronal activity was amplified

x 2000 and filtered (0.3-3 kHz; Dagan Corporation, Minnea-
polis, MN, U.S.A.). Arterial blood pressure (BP) and neuronal
activity were displayed on a computer using an AD interface
(CED 1401 micro, Cambridge) and Spike2 software (CED),
and stored on the hard disk of a Pentium III computer and
subsequently copied to CD discs. Off-line analysis of the
recorded data was made using Spike2 software.

Burst firing of VTA DAergic neurones was analysed,
according to Grace & Bunney (1984) and Grenhoff &
Svensson (1993), using the burst analysis program of Spike2
software. The burst was defined to start when an interspike
interval was shorter than 80ms and to terminate when the
interval became greater than 160 ms. The number of spikes in
the bursts was then expressed as a % of the total number of
spikes in 3-min epochs. If the number of spikes in the bursts
was less than 5% of the total spikes in a given period (3 min),
the neurone was defined as a nonbursting VTA neurone.
Baseline values for neuronal firing were taken as the mean over
3min before the administration of saline and/or drug and
then standardised to 100%. After the drug administration, the
firing rate and bursting rate were taken as the mean over 1-min
epochs and then compared to the baseline value and expressed
as a % of the pre-drug control.

All data are presented as mean +s.e.m., and all comparisons
of the means were made using one-way ANOVA with post-hoc
Dunnett’s test and/or Student’s r-test. Differences between
means were taken as significant when P<0.05.

Localisation of recording sites Recording sites were
marked by iontophoretic ejection of Pontamine Sky Blue at
the end of the recordings. Rat brains were then removed and
fixed in 10% formol saline, and serial frozen sections (50 pm)
were cut and counterstained with neutral red. The marked
recording sites were displayed on standard sections of brain
taken from the stereotaxic atlas of the rat brain (Paxinos &
Watson, 1986).

Drugs Drugs were obtained from the following sources:
chloral hydrate, dihydro-fS-erythroidine hydrobromide
(DHPE) and apomorphine-HCI from Sigma Aldrich Chemical
Co., Poole, Dorset, U.K.; Pontamine Sky Blue dye from BDH,
Poole, Dorset, U.K.; nicotine tartrate from Research Bio-
chemicals, Semat Technical Ltd, St Albans, Herts.; methyl-
lycaconitine (MLA) from Tocris Cookson, Bristol; (E)-N-
methyl-4-[3-(5-ethoxypyridin)y1]-3-buten-1-amine demi galac-
tarate (TC-2559) and (R)-(—)-5-phenylspiro[l-azabicyclo
[2.2.2]octane-3,2-(3’H)furo[2,3-b]pyridine (PSAB-OFP of Broad
et al., 2002; Compound 35 of Astles et al., 2002) were synthe-
sised at the Lilly Research Centre, Windlesham, Surrey, U.K.

All the drugs were dissolved in 0.9% saline and injected
intravenously in a volume of 1 ml kg~'. The doses for the drugs
are all related to their freebase.

Results
Brain exposure results

In order to identify the appropriate systemic dose for the
in vivo electrophysiology studies, three of the drugs (TC-2559,
DHpPE and PSAB-OFP) used in present study were ini-
tially investigated for brain bioavailability. Bolus doses of
TC-2559 (1.32mgkg™"), DHBE (0.77mgkg™") or PSAB-OFP
(0.23mgkg™") were injected intravenously and then the total
brain concentrations were measured at 1.5, 3, 6, 9, 15 and
30 min after injection. TC-2559 (1.32mgkg~") had an initial
brain concentration of ~ 10 uM that peaked at 3 min, quickly
declined and was then maintained at ~6 uM for up to 15min
after drug administration. DHBE (0.77mgkg~') and PSAB-
OFP (0.23mgkg™") had reasonably stable total brain concen-
trations of ~0.8-0.7 and ~ 1.2-0.7 uM, respectively, through-
out the 1.5-30 min time range studied (Figure 1).

Electrophysiological results

A total of 66 VTA neurones from 66 rats were tested with
systemic administration of drugs and three VTA neurones
from three rats were studied with ionophoretic application of
drugs. The mean arterial blood pressure during data acquisi-
tion for 66 rats was 70+2mmHg (systolic: 92+2mmHg
and diastolic: 58 +2mmHg). In all, 23 recording sites within
the VTA area were marked with Pontamine Sky Blue and
recovered after histological processing. A further four marked
sites were outside the VTA boundary, so that the data from
these four neurones were discarded and not included in the
69 neurones reported here. In addition, 25 of the 66 VTA
neurones (37%) were tested with intravenous administration
of low doses of apomorphine (13-52 ugkg™"), which inhibited
spontancous firing of all the neurones tested by 76+5%
(n=25) in firing. Given the nature of the location, firing
pattern and the spike shape of the neurones, and that all of a
random sample of 25 neurones were inhibited by apomor-
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Figure 1 Traces showing total brain concentration of TC-2559
(1.32mgkg™", i.v.), DHBE (0.77mgkg~!, i.v.) and PSOB-OFP
(0.23mgkg™", i.v.) from 1.5 to 30min after i.v. bolus injection.
(Each data point is an average from two animals.)

British Journal of Pharmacology vol 147 (4)



382 Y. Wang et al

TC-2559 stimulates «4$2 nAChRs in VTA DA neurones

DHBE
(0.77 mgkg™)

5 min
iii _iv
£=6.05Hz 1 f=2.72Hz
B=87.8% B=67.9%

- ir

a Nicotine
saline (0.0665 mgkg)
100 l

)
el
& 80
S
g
S 60
[0}
=]
o
2 40
o]
e
%D 20
=
53

0
b
_ 1509 1 u
.8
b J
2 f=3.05Hz f=7.83Hz
- i B=76.5% B=92.3%
3
o
5 J
2
ot J
=
|2}

01h-—|—'—v-— -

0 100 200 300 0 100 200 300

0 100 200 300 0 100 200 300 ms

Figure 2 Effect of nicotine and subsequent doses of DHSE on the firing and bursting rates of a VTA DA neurone in choral
hydrate anaesthetised rat. (a) Rate histogram showing that bolus dose of nicotine (0.0665mgkg™") increased neuronal firing.
Arrows indicate the time when saline, nicotine or DHSE was injected intravenously. ‘i-iv’ above the rate histogram indicate the
periods when the inter-spike interval histograms (ISIHs) in (b) were recorded. (b) ISIH showing nicotine also increased bursting

were reversed by DHBE (0.77mgkg™', i.v.). (In (b), f=firing frequency, B= % of spikes in burst.)

phine, we are confident that the majority of the neurones
analysed were DAergic neurones of the VTA.

The mean firing frequency for 66 VTA neurones, tested
with systemic drug administration, was 4.3+0.2 Hz. Among
them, 47 neurones were classified as bursting VTA neu-
rones (see Methods), with a firing frequency of 4.8+0.2Hz
and a bursting activity of 36+3%. The remaining 19 neu-
rones were classified as nonbursting neurones, with a mean
firing frequency of 3.2+0.3Hz and a bursting rate of
2.04+0.5%.

Effect of broad-spectrum nAChR agonist, nicotine As a
standard for comparison with the studies of the selective
agonists, we examined the effect of nicotine on 15 VTA DA
neurones, eight of which were classified as bursting neurones,
and largely confirmed previous findings (Grenhoff et al., 1986;
Erhardt et al., 2002). A single intravenous dose of nicotine
(0.0665mgkg™") evoked a sustained excitation for more than
Smin in 12 of the 15 neurones tested (Figure 2). Of the
remaining three, nicotine evoked biphasic excitation-inhibition
on one, inhibition-excitation on another and no effect on
the remaining neurone. As a whole group (n=15), nicotine
increased firing rate peaked in the second minute at 147+ 15%
of the baseline rate (P<0.01), whereas the saline vehicle was
without effect (Figure 2).

Nicotine (0.0665mgkg~", i.v.) also increased the bursting
rate in seven of the eight bursting VTA DA neurones. As a
group, the increases of bursting rate at the fifth minute after
nicotine injection was 154 +25% of the baseline control, which

is significantly higher than saline controls (90+9% n=35,
P<0.05). Nicotine also induced bursting in five of seven
nonbursting VTA DA neurones tested.

Nicotine (0.0665mgkg™", i.v.) affected the bursting and
nonbursting neurones to a similar extent. Thus, the peak firing
at 2 min after nicotine for the bursting and nonbursting groups
was 150+18% (n=38) and 144+26% (n=7) of baseline
values, respectively.

Effect of selective a4B2 agonist, TC-2559 (a) Cumulative
dosing: The initial study of the «4$2 agonist, TC-2559, was
carried out to study the dose-response relationship for
TC-2559 on VTA neurones. Cumulative doses of TC-2559
(0.021-1.36 mgkg™', i.v.) dose-dependently resulted in a sus-
tained increase in the firing rate (P<0.05) of the nine VTA
DAergic neurones tested. The firing rate increases at cumul-
ative doses of approximately 0.68 and 1.36 mgkg™" (i.v.) were
185+48% (n=5) and 206+51% of the base firing rate,
respectively (Figure 3). This suggests that the 0.68 and
1.36mgkg™" doses are similar and near maximal.

Five of the above nine VTA neurones were characterised
as bursting neurones, and, on these, cumulative dosing of
TC-2559 was found to increase the bursting rate dose-
dependently (P<0.05), whereas saline was without effect.
The bursting rate increase, after a cumulative dose of approxi-
mately 0.68 and 1.36 mgkg~' TC-2559, was 263+91% (n=15)
and 415+125% (n=4) of the control bursting rate, respec-
tively (Figure 3). TC-2559 also induced bursting in one of four
nonbursting neurones.

British Journal of Pharmacology vol 147 (4)
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Figure 3 Effect of cumulative doses of TC-2559 and subsequent doses of DHfE and nicotine on the firing and bursting rates of
a VTA DA neurone in choral hydrate anaesthetised rat. (a) Rate histogram showing that cumulative doses of TC-2559 (0.085, 0.17,
0.34, 0.68 and 1.36mgkg™", intravenously at arrows) dose dependently increased neuronal firing. ‘i-vi’ above the rate histogram
indicate the periods (3 min) when the ISIHs in (b) were recorded. (b) ISIHs showing cumulative doses of TC-2559 also increased the
bursting activity. (i) Control; (ii) after saline injection, (iii, iv) after TC-2559 injection; (v) after DHpE injection and (vi) after
nicotine injection. Both the rate and bursting changes evoked by TC-2559 were reversed by a single dose of DHBE (0.77 mgkg ™',
1.v.). Subsequent application of nicotine failed to induce changes in either rate or bursting. (c) Group data showing TC-2559
significantly (*P<0.05) increased the VTA DA neurone activity, which was subsequently reversed by DHBE (P <0.05). Neuronal
activity inhibited by apomorphine (17-52 ugkg™"' (a, c¢)) confirmed that the recorded cells were DAergic neurones. (In (b), /= firing

frequency, B= % of spikes in burst.)

(b) Bolus dosing: Bolus application of TC-2559 (0.66 or
1.32mgkg™", i.v.) mimicked the effect of nicotine, by evoking a
sustained increase in both the spontaneous and burst firing.

At 0.66mgkg~"' bolus dose, TC-2559 (n=14) evoked a
significant increase in VTA DA neuronal firing, throughout
the 5-min testing period, compared with either control
(P<0.05, n=14) or saline (P<0.01, n=11, Figure 4). The
peak increase (141 +12% of the base firing rate) occurred at
the second minute in 14 VTA DA neurones tested (Figure 6).
Similarly, in 12 bursting VTA DA neurones in this group, TC-
2559 (0.66mgkg™") evoked a significant increase in bursting
rate from the second minute after TC-2559 injection, which
was maintained at least to the fifth minute compared to that
either of control bursting rate (P<0.05, n=12) or bursting
rate after saline injection (P<0.05, n=9). The peak increase
in bursting activity occurred at the fifth minute to 220+44%
of the baseline control (P<0.05, n=9, Figure 6). TC-2559
(0.66 mgkg™') also induced bursting in one of two nonbursting
VTA DA neurones tested. In this group of experiments,
nicotinic receptor antagonist, DHSE, was administered 5 min

after TC-2559 (see data below), so that the long-lasting effect
of TC-2559 was not tested.

The long-lasting action of TC-2559 on the VTA DAergic
neurones was tested with the bolus dose at 1.32mgkg~"!. In all
12 VTA DA neurones tested, TC-2559 (1.32mgkg™") evoked
a significant increase in both spontaneous and burst firing
for up to 15min of the testing period. At this dose, TC-2559
significantly (P<0.05) evoked increases both in basal firing
rate from the second minute and in the bursting rate from the
fifth min after i.v. administration until at least to the 10th
minute. Thus, at the second min after administration, the firing
rate and bursting rate were 156+11% (n=12, P<0.05) and
250+82% (n=9, P=0.1) of pre-drug values, respectively, and
at the 10th minute these values were 132+10% (n=11,
P<0.05) and 290+86% (n=38, P<0.05), respectively (data
not shown). TC-2559 at 1.32mgkg~' dose did not induce
bursting in any of the three nonbursting neurones tested.

Bursting and nonbursting neurons were affected to the
same extent by TC-2559. Thus, at 2min after TC-2559
(1.32mgkg™", i.v.), the peak firing rate was 151+29% for
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Effect of TC-2559 and subsequent doses of DHJfE, nicotine and apomorphine on the firing and bursting rates of a VTA

DA neurone in choral hydrate anaesthetised rat. (a) Rate histogram showing that bolus dose of TC-2559 (0.66 mgkg~') increased
neuronal firing. Arrows indicate the time when saline or drugs were injected intravenously. ‘i—vi’ above the rate histogram indicate
the periods (3 min) when the ISIHs in (b) were recorded. (b) ISIH showing TC-2559 also increased the bursting activity. (i) Control;
(ii) after saline; (iii, iv) after TC-2559; (v) after DHSE; and (vi) after nicotine injection. Both the rate and bursting changes evoked by
TC-2559 were reversed by a single dose of DHBE (0.77mgkg ™", i.v.). Subsequent application of nicotine (0.0665 mgkg™") failed to
induce changes in either rate or bursting. Neuronal activity inhibited by apomorphine (17 ugkg™", i.v.; (a) confirmed that the
recorded cell was DAergic neurone). (In (b), f=firing frequency, B= % of spikes in burst.)

three nonbursting neurones and 158 +12% for nine bursting
neurones.

By comparing the data above for bolus and cumulative
dosing, it can be seen that there are only minor differences
between the two modes of administration, and similarly, the
effects of TC-2559 were long-lasting (see Figure 6). Together,
these results suggest that there is minimal desensitisation of
this excitatory response.

Effect of 04B2 preferring antagonist, DHBE The a4f2
preferring antagonist, DHSE (Harvey e al., 1996; Chavez-
Noriega et al., 1997; Holladay et al., 1997), was used in this
study to confirm that agonist-evoked excitation was due to
activation of o4p2 receptors. DHPE at either 0.39 or
0.77mgkg™! (i.v.) doses reversed the effects of both agonists
(nicotine, n = 10; cumulative TC-2559, n=5; 0.66 mgkg~' TC-
2559, n=11; 1.32mgkg™" TC-2559, n=4) on firing rate
increases from 149+6 to 100+4% (P<0.001) of the baseline
firing rate. On 21 bursting neurones, DHPE reversed the
effects of both agonists (nicotine, n=6; cumulative TC-2559,
n=3; 0.66mgkg' TC-2559, n=8; 1.32mgkg' TC-2559,
n=4) on bursting rate increases from 265+39 to 104+11%
(P<0.001) of the baseline bursting rate (see Figures 2—06).
There was no difference in terms of two different doses
of DHBE used (0.39 or 0.77mgkg™"), both fully reversing
agonist(s)-evoked excitation to the baseline value. Thus,
DHPE at 0.39mgkg™! reversed agonist-evoked firing rate
increases from 138 +7 to 97+3% (n=9), and the bursting rate
increases from 150+21 to 106+10% in four bursting
neurones. Similarly, DHBE at 0.77mgkg~! reversed agonist-
evoked firing rate increases from 153+8 to 101 +5% (n=21)

and the bursting rate increases from 292446 to 103+ 14% in
17 bursting neurones.

Effect of nicotine after DHBE In order to establish
whether any other nAChR subtypes, in addition to o452, are
involved in nicotine-induced excitation of VTA DA neurones,
nicotine was administered after DHSE (0.39 or 0.77 mgkg™',
i.v.). In nine VTA DA neurones tested, nicotine at either
0.0665 (n=5) or 0.133 (n=4) mgkg~' applied 5min after
DHpE failed to evoke any changes in either firing rate
(108 +7%, n=9) or bursting rate (121 +22%, n=6 bursting
neurones; Figures 3, 4 and 6).

Effect of a selective a7 antagonist, methyllycaconitine
(MLA) As a7 nAChR receptors have also been implicated
in VTA excitability (see Discussion for references), we
examined whether TC-2559 has any activity for o7 nAChR
receptors on the VTA DAergic neurones by using the selective
o7 antagonist methyllycaconitine (MLA), at a dose of
0.23mgkg~" (i.v.), which is known to reverse the inhibitory
effect of the 7 agonist, PSAB-OFP, on the blink reflex in
Sprague-Dawley rats in vivo (Kulla & Lodge, unpublished
data).

MLA (0.23mgkg™!, i.v.) for 3min, before the agonist
challenge, had no effect on base firing and bursting rate,
103% (n=9) and 100% (n="7) comparing with the control
baseline, respectively (Figure 5). TC-2559 at 1.32mgkg ™' (i.v.),
3min after MLA, evoked firing rate increase in all nine and
bursting rate increase in six of seven bursting neurons tested.
TC-2559 increased the firing rate to 147+6% (n=9, P<0.01)
peaked at the first min and the bursting rate to 501+115%
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Figure 5 Effect of MLA on the excitatory action of TC-2559 on the firing and bursting rates of a VTA DA neurone in choral
hydrate anaesthetised rat. (a) Rate histogram showing with MLA (0.23mgkg™') pre-treatment, bolus dose of TC-2559
(1.32mgkg™") increased neuronal firing. Arrows indicate the time when saline, MLA, TC-2559 and DHBE was injected
intravenously (note the long-lasting effect, > 10 min, of the TC-2559). ‘i—v’ above the rate histogram indicate the periods (3 min)
when the ISIHs in (b) were recorded. (b) ISIHs showing TC-2559 also increased the bursting activity, despite the pre-treatment of
the MLA. (i) saline injection; (ii) after MLA injection; (iii, iv) after TC-2559 injection; (v) after DHJE injection. Both the rate and
bursting changes evoked by TC-2559 were reversed by a single dose of DHBE (0.77mgkg™"). Neuronal activity inhibited by
apomorphine (13 x 3 ugkg™"' (a)) confirmed that the recorded cell was DAergic neurone. (In (b), f=firing frequency, B= % of
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(n=6, P<0.05) peaked at the eighth minute (Figure 5). These
values are not statistically different from those evoked by TC-
2559 at 1.32mgkg™" (i.v.) alone (1564+11% (n=12) for rate
and 290+86% (n=28) for bursting).

Effect of a selective o7 agonist, PSAB-OFP This
apparent and surprising lack of involvement of ¢7 nAChRs
on the excitability of VTA DA neurones was further tested
by administering a selective o7 receptor agonist, PSAB-OFP
(Astles et al., 2002; Broad et al., 2002) to seven rats, while
recording from VTA neurones as characterised in the Methods
section. Intravenous application of PSAB-OFP at 0.23 mgkg™!
evoked a profound short-lasting bradycardia and hypotension
(data not shown), but had no effect on the neuronal firing rate
and bursting rate in any of the seven neurones tested up to
15 min after administration (Figure 7). Subsequent application
of nicotine (0.0665mgkg~", i.v.) evoked increases in both
firing rate and bursting rate of 128 +7% (n=4) and 143 +40%
(n=13), respectively, in all four neurones tested (Figure 7), not
significantly different from the effect of nicotine in untreated
rats, in which the respective values were 147+15% (n=15)
and 154+25% (n=2).

Effect of iontophoretic application of TC-2559 on the
activity of VTA DA neurones To investigate whether the
excitation of VTA DA neurones is due to a direct activation
of 242 nAChRs subtype within the VTA itself, TC-2559
and DHPE were administered into the vicinity of single
VTA neurones by means of microiontophoresis. lontophoretic

application of TC-2559 (2040 nA) evoked excitation (>20%)
in all three VTA DA neurones tested (Figure 8). Co-
application of DHBE (20nA) blocked the TC-2559-evoked
excitation in both neurones tested (Figure 8b).

Discussion

The major conclusion of this study is that TC-2559 is a useful
tool for selectively activating a42 nAChRs in vivo. Following
a single i.v. dose of 1.32mgkg™", TC-2559 achieves micro-
molar brain levels, and mimics the action of nicotine by
increasing both the tonic firing and burst firing of VTA DA
neurones. These actions of TC-2559 were blocked by DHpE,
but not by MLA. An additional conclusion from the present
study is that an o4f2-like receptor plays a dominant role
in mediating nicotine-evoked excitation of these DAergic
neurones.

These conclusions, however, depend on the effectiveness and
selectivity of the compounds used and hence require some
discussion. The drug doses used in this study were carefully
chosen, with the aid of pharmacokinetic studies, so as to be (a)
high enough to stimulate the receptors of interest, but (b) low
enough not to affect other receptor subtypes. TC-2559 has
been recently developed and characterised as a neuronal
nAChR agonist (Bencherif ez al., 2000) and selective for a4f2
subtype (Astles et al., 2002; Chen et al., 2003). Thus, the ECs,
for TC-2559 to evoke excitation in VTA slice was found to be
of 0.6 and 0.1 uM on o4 f2-transfected HEK cells. On the other
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histogram showing that bolus dose of PSAB-OFP (0.23 mg kg~') had no effect on firing rate, but nicotine (0.0665 mgkg™") increased
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hand, TC-2559 is ineffective on 7 and «3f2 receptors up to
10 uM, and weakly effective on o234, «4p4 and =34 receptors,
with ECs’s in the range of 10-30 uM. In addition, the present
brain exposure study demonstrated that TC-2559 at
1.32mgkg™" (i.v.) produced an initial peak whole brain
concentration of about 12uM (1.5-3min after injection),
which quickly declined to a maintained level of about 3—
6 uM. Thus, at the 0.66 and 1.32mgkg " i.v. doses used in this
study, TC-2559 is likely to be selective for the «4/2 nicotinic
receptor subtype.

Similarly, the initial brain exposure study showed that the
whole brain concentration of DHBE, after 0.77mgkg™' i.v.,
reached a maximum of about 0.8 uM within 1.5min, and was
sustained for at least 30 min. This submicromolar concentra-
tion of DHpE is selective for o42 nAChRs (Holladay et al.,
1997) or 04f32, 044 and o352 nAChRs (Harvey et al., 1996;
Chavez-Noriega et al., 1997). Thus, the dose of DHSE used
in the present study (0.39 and 0.77mgkg™", i.v.) was adequate
for selective blockade of these o4 and 2 subunit-containing
receptors. The «3f2 and o4f4 subtypes can, however, be
excluded because TC-2559 is inactive on this subtype (Chen
et al., 2003). Similarly, o34 heteromers can be excluded
because concentrations of greater than 10uM of TC-2559
(Chen et al., 2003) and DHSE (Harvey et al., 1996; Chavez-
Noriega et al., 1997) are required for activity.

One potential issue with the design of the present studies is
the role of desensitisation (Pidoplichko et al., 1997), which
could underestimate the potency of agonists in cumulative
dose-response curves and overestimate the potency of
antagonists when given after the agonist. Indeed, peak
responses to TC-2559 did decline and this may partly have
been due to desensitisation, but also partly due to redistribu-
tion from the brain (see Figure 1). This decline was, however,
not seen in the group data (see the right-hand columns of
Figure 6). All the pharmacological data analysis in the present

was taken from at least 3min after agonist injection, when
firing rates had essentially stabilised. Interestingly, the effect of
a bolus dose of TC-2559 on a naive preparation was not very
different from the same dose given cumulatively (compare the
effects of TC-2559 on % increase in firing in Figures 3-5).
Hence, although desensitisation cannot be disregarded, mea-
suring effects at 3min or more after agonist injection should
allow a meaningful pharmacological analysis.

Our conclusion regarding the importance of a4f2-contain-
ing nAChRs in nicotine-evoked excitation of VTA DA
neurones in vivo is supported by other published studies. Both
o4 and f2 subunit proteins are strongly expressed in midbrain
DAergic neurones (Goldner et al., 1997; Sorenson et al., 1998);
mice lacking the «4 subunit have reduced nicotine-evoked
currents in VTA neurones (Champtiaux et al., 2003; Marubio
et al., 2003), and the effects of nicotine on the stress-induced
cortical DA response are blocked by DHBE (George et al.,
2000). Similarly, in 2 mutant mice, nicotine does not stimu-
late DA release in the ventral striatum nor evoke currents in
DA neurones (Picciotto et al., 1998). However, a role for more
complex receptors, such as oda6a5(f2), and (04),05(f2),,
proposed to be present in most VTA DA neurones (Klink
et al., 2001), cannot be ruled out. The involvement of o6
would, however, appear minimal, because MLA, a brain pene-
trant (Turek et al., 1995), a 30-40nM potent o6 antagonist
(Mogg et al., 2002; Zoli et al., 2002), was without effect on the
TC-2559 increased excitability of VTA somata in vivo (this
study) and both MLA and «-conotoxin MII were inactive
in vitro (Chen et al., 2003). Furthermore, 06—/— knockout
animals showed robust DA release in the striatum to syste-
mically applied nicotine (Champtiaux ez al., 2003). Similarly,
the involvement of 3 subunits is likely to be minimal in the
direct excitation of VTA cell bodies, because these receptors
are also sensitive to a-conotoxin MII and are largely located
on the DAergic terminals within the striatum (Cui ez al., 2003).
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Perhaps most surprisingly, our data do not provide any
evidence for an important role for «7 nAChRs in the nicotinic
excitation of DAergic VTA neurones, for which there is
strong literature support. Firstly, 40% of VTA DA neurones
express o7 subunit mRNA (Klink ez al., 2001; Azam et al.,
2002). Secondly, intra-VTA injection/infusion of MLA blocks
nicotine-evoked increases of DA release in the nucleus
accumbens (Schilstrom et al., 1998; Nomikos et al, 1999),
nicotine-induced locomotion (Nomikos et al., 1999) and
nicotine-induced potentiation of brain stimulation reward
(Panagis et al., 2000). Thirdly, Schilstrom ez al. (2003) reported
that MLA blocked nicotine-evoked bursting activity of VTA
DA neurones, while the firing rate increase by nicotine was
sensitive to DHSE. Fourthly, o7 activation leads to glutamate
release in the VTA (McGehee et al., 1995), leading to NMDA-
receptor mediated excitation and burst firing of VT A neurones
(Chergui et al., 1993) and NMDA receptor-dependent DA
release in the nucleus accumbens (Balfour er al., 1996).
However, in the present study, TC-2559, an ineffective ligand
at o7 nAChRs, fully reproduced the effects of nicotine on VTA
firing, implying that 7 nAChRs play only a minor role in this
direct effect of nicotine on VTA neuronal excitability.
Furthermore, MLA, at a dose known to inhibit «7 nAChRs
in similar experimental conditions (Kulla & Lodge, unpub-
lished data; see also Turek ez al., 1995; Freir & Herron, 2003),
had no effect on nicotine-evoked excitation and, at a brain
concentration of less than 1 uM, DHpE, a nicotinic antagonist
with little or no action on 7 nAChRs (Astles et al., 2002), fully
reversed nicotine-evoked excitation. Finally, PSAB-OFP, a
potent «7 agonist (Broad et al., 2002), at doses known to
be centrally effective to inhibit blink reflex (Kulla & Lodge,
unpublished data), did not alter the firing pattern of VTA
neurones. Taken together, these data imply a minimal role for
o7 nAChRs, at least under the present experimental condi-
tions. Among possible explanations for the lack of o7 receptor-
mediated excitation is that these receptors, including those in
the VTA, undergo rapid desensitisation (Pidoplichko et al.,
1997) and that, in the present experiments, there was only
limited spontaneous glutamatergic input. Further character-
isation of the role of «7 nicotinic receptors in mediating
nicotinic function in midbrain DAergic neurones is needed.

Whether these excitatory actions of nicotine and TC-2559
are directly on DAergic neurones within the VTA cannot be
ascertained from the present and previous systemic adminis-
tration studies. Data from brain slice electrophysiology studies
(Calabresi et al., 1989; Picciotto et al., 1998; 2001; Chen et al.,
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