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ABSTRACT

The activation of neuronal nicotinic acetylcholine receptors
(NAChRs) has been implicated in the activity-dependent devel-
opment and plasticity of retina and the refinement of retinal
projections. Pharmacological and functional studies have also
indicated that different presynaptic nAChRs can have a mod-
ulatory function in retinotectal synapses. We biochemically and
pharmacologically identified the multiple NAChR subtypes ex-
pressed on retinal afferents of the superior colliculus (SC) and
lateral geniculate nucleus (LGN). We found that the a682* and
a4(nonab)B2* nAChRs are the major receptor populations ex-
pressed in both SC and LGN. In addition, the LGN contains two
minor populations of a2a6p2* and a3B2* subtypes, whereas
the SC contains a relatively large population of a new native
subtype, the a3B2(a5/83) NnAChR. This subtype binds the

a-conotoxin MIl with an affinity 50 times lower than that of the
native a6B2* subtype. Studies of tissues obtained from eye-
enucleated animals allowed the identification of nAChRs ex-
pressed by retinal afferents: in SC a682*, a4a632*, and «332*
(approximately 45, 35, and 20%, respectively), in LGN,
adabB2, abp2*, adp2*, a2a6p2*, and a3B2* (approximately
40, 30, 20, 5, and 5%, respectively). In both regions, more than
50% of nAChRs were not expressed by retinal afferents and
belonged to the «4p2* (90%) or ad4a5B2* (10%) subtypes.
Moreover, studies of the SC tissues obtained from wild-type
and a4, a6, and B3 knockout mice confirmed and extended the
data obtained in rat tissue and allowed a comprehensive dis-
section of the composition of NAChR subtypes present in this
retinorecipient area.
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Neuronal nicotinic acetylcholine receptors (nAChRs) are
highly expressed in the visual system, where they play im-
portant roles, not only in the retina itself but also in retinal
target tissues (for review, see Feller, 2002). nAChRs are a
family of heterogeneous, pentameric receptor complexes con-
sisting of different « and B subunits whose opening is phys-
iologically controlled by the neurotransmitter acetylcholine
(for review, see Gotti and Clementi, 2004). So far, 12 different
subunits have been identified (a2-a10, f2-B4) whose various

ABBREVIATIONS: nAChR, neuronal nicotinic acetylcholine receptor; Ko, knockout; LGN, lateral geniculate nucleus; SC, superior colliculus;
aBgtx, a-bungarotoxin; WT, wild type; WIN 35,428, 2 3-carbomethoxy-3-(4-fluorophenyl)tropane; Epi, epibatidine; Ab, polyclonal antibody; CYT,
cytoplasmic peptide; 6-OHDA, 6-hydroxydopamine; GBR 12935, 1-[2-(diphenylmethoxy)ethyl]-4-(3-phenylpropyl)-piperazine; aCntxMll, a-cono-
toxin Mll; CV, coefficient of variation; *, denotes a receptor subtype that contains those subunits but may contain further unspecified subunits.
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combinations give rise to functionally different receptor sub-
types with distinct biophysical/pharmacological properties
and cellular distributions (Dajas-Bailador and Wonnacott,
2004). Functional heteromeric receptor are thought to be
formed by two “true” a subunits (a2, a3, a4, or a6), two
“complementary” non-a subunits (2 or B4), and a fifth
“structural” subunit, such as g1 in the muscle receptor (a5,
B3, but also B2 or p4) (Corringer et al., 2000).

Several pharmacological studies have shown that the spon-
taneous retinal activity initially driven by nAChRs is neces-
sary for correct retina morphology and for the refinement of
retinothalamic projections during early postnatal develop-
ment (Penn et al., 1998; Wong, 1999; Firth et al., 2005).

In agreement with these pharmacological results, recent
studies have shown that 2 knockout (Ko) mice have ret-
inal waves with altered spatiotemporal properties (Bansal
et al., 2000) and retinofugal projections to the lateral
geniculate nucleus (LGN) and superior colliculus (SC) do
not segregate into eye-specific areas (Rossi et al., 2001).
Furthermore, anatomical and functional studies of LGN in
B2 Ko mice have revealed normal gross retinotopy but
disrupted fine mapping, a loss of retinotopicity in the
nasoventral visual axis, and abnormal segregation of on/off
cells (Grubb et al., 2003).

These studies clearly demonstrate that 82* nAChRs recep-
tors are necessary for the normal development of the visual
system, but the o subunit that coassembles with the B2
subunit to mediate these effects is unknown. The pattern of
retinothalamic projection is normal in a4 and «6Ko mice (two
subunits highly expressed in the visual system) and in «3Ko
mice, whose retinal waves have an altered spatiotemporal
characteristics, retinothalamic projections patterns are
again normal (for review, see Champtiaux and Changeux,
2002).

We and others have shown recently that nAChRs sensitive
and insensitive to a-bungarotoxin (aBgtx) are highly ex-
pressed in vertebrate retina (for review, see Feller, 2002).
The temporal pattern of expression and subunit composition
of the principal subtypes is species-specific and shows in-
creased retinal nAChR heterogeneity and complexity during
development and in adulthood (Vailati et al., 1999, 2003;
Moretti et al., 2004).

As in many other areas of the CN'S, nAChRs are expressed
on nerve terminals of the LGN and SC, where they modulate
neurotransmitter release. Combined electrophysiological and
pharmacological studies have shown that nicotinic agonists
acting on different presynaptic nAChR subtypes can produce
an increase in GABAergic as well as glutamatergic transmis-
sion in the LGN (McMahon et al., 1994a,b; Guo et al., 1998).
Moreover, nAChR-mediated ®®Rb efflux from SC synapto-
somes markedly decreases in 2Ko mice (Marks et al., 2002).
These presynaptic receptors are probably transported from
retina by means of fast axonal transport, as has been shown
in the case of goldfish (Henley et al., 1986).

We used ligand binding, immunoprecipitation, immuno-
purification, and tissues obtained from eye-enucleated an-
imals and Ko mice to characterize the nAChR subtypes in
the LGN and SC at the molecular level and identified those
localized presynaptically in the same areas.
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Materials and Methods

Animals and Materials

Adult male pathogen-free Sprague-Dawley rats (Harlan-Nossan,
Milan, Italy) or wild-type (WT), a6—/— (Champtiaux and Changeux,
2002), a4—/— (Marubio et al., 1999), or 3—/— mice (Cui et al., 2003)
were used. All animal experimentation was conducted in accordance
with the European Communities Council Directive of 24 November
1986 (86/609/EEC). (+)-[?H]Epibatidine (Epi; specific activity, 66
Ci/mmol) and '#?°I-a-Bungarotoxin (*?°I-aBgtx; specific activity, 200—
216 Ci/mmol) were purchased from GE Healthcare (Little Chalfont,
Buckinghamshire, UK). ?’I-Epi (specific activity, 2200 Ci/mmol)
and [PH]WIN 35,428 (specific activity, 86 Ci/mmol) were purchased
from PerkinElmer Life and Analytical Sciences (Boston, MA).
a-Conotoxin MII (a-CtxMII) was a generous gift of Dr. J. M. Mcln-
tosh, University of Utah (Salt Lake City, UT). The nonradioactive
aBgtx and the drugs epibatidine, nicotine, and acetylcholine were
from Sigma (St. Louis, MO).

Antibody Production and Characterization

We used subunit-specific polyclonal antibodies (Abs) that were
produced in rabbit against peptides derived from the C-terminal or
intracytoplasmic loop (CYT) regions of the rat, human, or mouse
subunit sequences and affinity-purified as described previously.
Most of the Abs were the same as those described previously (Zoli et
al., 2002; Champtiaux et al., 2003; Moretti et al., 2004; Gotti et al.,
2005). In this study, we used the same Ab directed against the COOH
peptide (cgPALKMWIHRFH) for the B3 subunit, in both rat and
mouse tissues, and Abs directed against the mouse CYT peptide
DGTESKGTVRGKFPGKKKQTPTSD for mouse tissues and Abs di-
rected against the rat CYT peptide CGKESDTAVRGKVSGKRKQT-
PASD for rat tissues.

The affinity-purified antisera were bound to CNBr-activated
Sepharose at a concentration of 1 mg/ml, and the columns were used
for subtype immunopurification.

Characterization of Antibody Specificity

The anti-a4, &5, a6, 2, and B3 antisera were tested by quantita-
tive immunoprecipitation experiments on [*H]Epi-labeled nAChRs
present in 2% Triton X-100 extracts prepared from membranes of
total brain of WT and nAChR subunit Ko mice. The 5 Ko mice were
obtained from Dr. De Biasi (Baylor College, Houston, TX). Only the
receptors labeled with [PH]Epi, a specific nicotinic ligand, were im-
munoprecipitated, which ensured the specificity of the quantifica-
tion. Immunoprecipitation of [*H]Epi-labeled receptors present in
total brain extracts dropped from 90 * 2.1 to 1 * 0.9% (anti-a4
antisera), 6 = 0.5 to 0% (anti-ab antiserum), 8 = 1.2 to 0% (anti-a6
antisera), and 85 * 1.8 to 2.2 = 1.2% (anti-p2 antisera) from WT to
the respective Ko mice. The anti-a6 and anti-B3 antisera were also
tested on [*H]Epi-labeled receptors from striatum, showing a drop
from 20 + 2% to 1.0 = 0.3% in a6—/— mice and from 19.4 * 2% to
0.6 = 0.3% in B3—/— mice.

Using a432* nAChRs purified from the rat forebrain the anti-a2,
-a4, and -B2 antisera immunoprecipitated 0.2 + 0.1, 92 + 2.1, and
89 =+ 1.7% of the receptors, respectively, whereas the anti-a3 and -84
antisera only immunoprecipitated 1 to 2% of the receptors. However,
when tested on extracts obtained from rat superior cervical ganglion
or pineal gland, the anti-a3 and -B4 antisera, respectively, immuno-
precipitated 90 + 3.2 and 80 + 3.2% of [*H]Epi-labeled receptors.
The anti-a2 antisera were also tested in extracts obtained from
postnatal rat retina, where they immunoprecipitated up to 25 = 3%
of the [°H]Epi-labeled receptors (Moretti et al., 2004).

Preparation of Membranes and 2% Triton X-100 Extracts
from Lateral Geniculate Nucleus and Superior Colliculus

The tissues obtained from rats or mice were dissected, immedi-
ately frozen in liquid nitrogen, and stored at —80°C for later use. In
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every experiment, the tissues from LGN (0.25-0.35 g) or SC (0.25—
0.35 g) were homogenized in 10 ml of 50 mM sodium phosphate, pH
7.4,1 M NaCl, 2 mM EDTA, 2 mM EGTA, and 2 mM phenylmeth-
ylsulfonyl fluoride with a Potter homogenizer. The homogenates
were then diluted and centrifuged for 1.5 h at 60,000g.

The procedures of homogenization, dilution, and centrifugation of
the total membranes were performed twice, after which the pellets
were collected, rapidly rinsed with 50 mM Tris-HCI, pH 7, 120 mM
NaCl, 5 mM KCI, 1 mM MgCl,, 2.5 mM CaCl,, and 2 mM phenyl-
methylsulfonyl fluoride, and then resuspended in the same buffer
containing a mixture of 20 ug/ml of each of the following protease
inhibitors: leupeptin, bestatin, pepstatin A, and aprotinin. Triton
X-100 at a final concentration of 2% was added to the washed
membranes, which were extracted for 2 h at 4°C.

The extracts were then centrifuged for 1.5 h at 60,000g, recovered,
and an aliquot of the resultant supernatants was collected for pro-
tein measurement using the BCA protein assay (Pierce, Rockford,
IL) with bovine serum albumin as the standard.

Binding Assay and Pharmacological Experiments

[®H]Epi Binding. f2*- and 84*-containing nAChRs bind [*H]Epi
with picomolar affinity, and «7 receptors bind it with nanomolar
affinity (Gerzanich et al., 1995). To ensure that the «7 subtype did
not contribute to [PH]Epi binding, the binding tissue extract and
immunoprecipitation experiments were performed in the presence of
2 uM aBgtx, which specifically binds to the a7 subtype and prevents
Epi from binding to the subtypes containing this subunit.

Binding to membrane homogenate obtained from LGN and SC
membranes was performed overnight by incubating aliquots of the
membrane with [*H]Epi concentrations ranging from 0.005 to 2.5 nM
at 4°C. Nonspecific binding (averaging 5-10% of total binding) was
determined in parallel by means of incubation in the presence of 100
nM unlabeled Epi. At the end of the incubation, the samples were
filtered on a GFC filter soaked in 0.5% polyethylenimine and washed
with 15 ml of 10 mM sodium phosphate, pH 7.4, plus 50 mM NaCl,
and the filters counted in a B-counter.

125].aBgtx Binding. Saturation experiments were performed by
incubating LGN and SC membranes overnight with 0.01-10 nM
1251.aBgtx at 20°C. For 12°I-aBgtx, 2 mg/ml bovine serum albumin
was added to the suspension buffer. Specific radioligand binding was
defined as total binding minus nonspecific binding determined in the
presence of 1 uM unlabeled a«Bgtx.

[BH]Epi Binding to Solubilized Receptor. The Triton X-100
extracts were preincubated with 2 uM aBgtx for 3 h and then labeled
with 2 nM [®H]Epi. Tissue extract binding was performed using
DE52 ion-exchange resin (Whatman, Maidstone, UK) as described
previously (Vailati et al., 1999). We ascertained that 85 = 2% of
[®H]Epi binding could be solubilized from LGN and SC membranes
using 2% Triton X-100.

Pharmacological Experiments on Immunoimmobilized
Subtypes. The affinity-purified anti-a3, anti-a6, or anti-B2 Abs
were bound to microwells (Maxi-Sorp; NUNC A/S, Roskilde, Den-
mark) by means of overnight incubation at 4°C at a concentration of
10 pg/ml in 50 mM phosphate buffer, pH 7.5. On the following day,
the wells were washed to remove the excess of unbound Abs and then
incubated overnight at 4°C with 200 ul of 2% Triton X-100 SC or
LGN membrane extract containing 5 to 10 fmol of 12°I-Epi binding
sites. After incubation, the wells were washed and the presence of
immobilized receptors was revealed by means of '?°I-Epi binding.

For saturation experiments, >°I-Epi (2200 Ci/mmol; PerkinElmer
Life and Analytical Sciences) was used at concentration ranging
from 0.005 to 0.5 nM. For a-conotoxin MII («CntxMII) and ligand
inhibition experiments, the immunoimmobilized receptors were in-
cubated (30 min, room temperature) with various concentrations of
toxin or unlabeled nicotinic ligands before adding '*°I-Epi at the K,
concentration. Incubation was prolonged overnight at 4°C. Nonspe-
cific binding was measured in the presence of 100 nM unlabeled Epi.

For each ligand, data from three to four experiments were analyzed
using the LIGAND program (Vailati et al., 1999).

Immunoprecipitation of [*H]Epibatidine-Labeled Recep-
tors by Anti-Subunit-Specific Antibodies. Tissue extracts were
obtained from the LGN or SC of rats and WT, a6—/— (Champtiaux
and Changeux, 2002), a4—/— (Marubio et al., 1999), or B3—/— (Cui et
al., 2003) mice. These extracts were preincubated with 2 uM oBgtx,
labeled with 2 nM [*H]Epi, and incubated overnight with a saturat-
ing concentration of affinity-purified anti-subunit IgG (20-30 ng;
Sigma). The immunoprecipitation was recovered by incubating the
samples with beads containing bound anti-rabbit goat IgG (Techno-
genetics, Milan, Italy). The level of Ab immunoprecipitation was
expressed as the percentage of [*H]Epi-labeled receptors immuno-
precipitated by the antibodies (taking the amount present in the
Triton X-100 extract solution before immunoprecipitation as 100%)
or as femtomoles of immunoprecipitated receptors per milligram of
protein.

Immunopurification of «6*, a4(nona6)*, and a3* nAChRs.
For each purification experiment the LGN or SC from 30 to 40
animals was dissected and immediately frozen at —70°C before being
processed as described above. The membranes (30 ml) were then
extracted by addition of 2% Triton X-100 as described above, then
centrifuged.

To collect the a6-containing receptors (a6* population), extracts
(30 ml) were incubated three times with 5 ml of Sepharose-4B with
bound anti-a6 CYT Abs. The a6-depleted flow-through fraction was
collected for further processing. The bound «a6* population was
eluted from column by means of incubation with 100 uM a6 CYT
peptide. To collect a4(nona6)* nAChRs, the a6-depleted flow-
through of the a6 column was incubated three further times with 5
ml of anti-a4 CYT Ab derivatized Sepharose-4B. The bound
ad(nonab)* receptors were eluted by competition with a 100 M
concentration of the corresponding a4CYT peptide.

SC a3* receptors were immunopurified by passing 2% Triton
X-100 SC extracts three times over 5 ml of Sepharose-4B with bound
anti-a3 CYT Abs. This a3* population was eluted from column by
means of incubation with 100 uM CYT «3 peptide.

In every case, analysis of the purified, recovered populations’
subunit content was performed by immunoprecipitation using sub-
unit-specific Abs, as above, after labeling with 2 nM [*H]Epi.

6-Hydroxydopamine Lesion and Eye Enucleation. Unilat-
eral denervation of dopamine mesotelencephalic pathways was per-
formed by injecting the selective neurotoxin 6-hydroxydopamine (6-
OHDA; 10 pg/4 pb) in the medial forebrain bundle (coordinates:
anterior, —4 mm; lateral, 1.8 mm; dorsal, —7.5 mm). [*'HJWIN 35,428
binding was determined individually in striata from unlesioned and
60HDA-lesioned rats using a saturating concentration of 100 nM
[PHIWIN 385,428 in the presence or absence of 10 uM GBR 12935.
60HDA-lesioned striata with a decrease of *H-WIN 35,428 lower
than 80% were discarded.

Bilateral enucleation of the eyes was performed to examine the
effects of retinal deafferentation on nAChR subtype expression in SC
and LGN. Enucleation was performed under deep anesthesia with
halothane (Merial Italia, Milan, Italy). The extraocular muscles were
cut until reaching the optic nerve. The optic nerve was exposed, cut,
and the eye was completely removed. The remained cavity was filled
with Gelfoam embedded in Xylocaine and sealed with cyanoacrylam-
ide gel. The enucleated rats were sacrificed 14 or 28 days after the
enucleation to allow for degeneration of retinogeniculate and retino-
collicular nerve terminals (Lund et al., 1976).

Criteria Used for the Reconstruction of the Subunit Com-
position of nAChR Subtypes. In the reconstruction of receptor
composition, we chose to consider only subunits whose concentration
was more than 5% of the overall amount of receptor. This criterion,
although arbitrary, was chosen to be safely above the range of vari-
ability of false positive subunit concentration in the present experi-
mental conditions as assessed (e.g., using present immunological
techniques and antibodies in tissues or reconstituted cellular sys-

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet.’

tems in which a certain subunit was not present). This criterion was
applied to each experiment but the result of the most sensitive
experiment prevailed. For instance, the concentration of a subunit
might have been below 5% of the total amount of receptors in a
certain region, but when an immunopurification for a given subtype
is performed in the same region, the subunit might be present in, for
example, 20% of the receptor subtype. In this case, the subunit would
be considered present in the region even if did not reach the 5% of the
overall amount of receptors.

The reconstruction of the subunit composition of nAChRs ex-
pressed in visual nerve terminals or other cells present in a given
region comes from the combination of three different sources of
evidence: 1) the amount of immunoprecipitated subunit in the re-
gion, 2) the change of the amount immunoprecipitated subunit after
eye enucleation, and 3) the amount of immunoprecipitated subunit
after immunopurification of a3*, a6*, or a4(nona6)* nAChR sub-
types. A further caveat that needed to be taken into account was the
immunoprecipitation efficiency of the subunit-specific antibody,
which was not 100%. In addition, we assumed that a functional
heteromeric receptor had two subunits carrying the principal com-
ponent of the binding site (2, a3, a4, and «6), two or three subunits
carrying the complementary component of the binding site (82 and
B4), and one (or no) structural subunit (a5 and B3) (Corringer et al.,
2000). Any revision of these rules; e.g., the fact that some receptors
may have three “true” a subunits and two non-a-subunits (Nelson et
al., 2003) may require a revision of some of our deductions.

Results

Overall Subunit Composition of Nicotinic Receptors
in Rat Superior Colliculus and Lateral Geniculate Nu-
cleus. We first determined the proportion of homomeric (a7%,
1251.Bgtx binding) versus heteromeric nAChRs in homoge-
nates of rat SC and LGN. We found that '**I-aBgtx binding
is 72.6 * 3.0 and 64.9 * 5.1 fmol/mg of protein in SC and
LGN, respectively, whereas [*H|Epi binding (preincubated
with 2 uM aBgtx to block binding to a7* nAChRs; see Mate-
rials and Methods) was 169.2 + 2.7 and 263.9 * 10.4 fmol/mg
of protein in SC and LG, respectively (Fig. 1).

To determine the overall subunit composition of hetero-
meric SC and LGN nAChRs, we performed an immunopre-
cipitation of [*H]Epi-labeled receptors by subunit-specific
antisera. In both regions, practically all *H-epi binding re-
ceptors (90.6 + 0.5% and 88.1 = 3.3% in SC and LGN,
respectively) contained the B2 subunit. a4 (66.3 = 1.2% and
69.2 = 2.5%) and a6 (30.6 = 0.7% and 22.8 + 1.4%) subunits
were the most prevalent « subunits. a3 and a2 subunits were
detected at moderate (a3, 10.8 + 0.6% in SC) or low (a3 and
a2, respectively, 4.0 = 1.0 and 3.5 = 1% in LGN and o2 2 =
0.3 in SC) levels. As regards the structural subunits, we
found that a rather high percentage of [*’H]Epi-labeled recep-
tors contain B3 (28.5 = 0.5% and 20.2 *= 3.3%), whereas a
moderate percentage contained a5 (7.0 £ 0.4% and 6.3 =
0.6%). B4 subunit content could not be distinguished from
background in either region (Fig. 2).

Overall, the immunoprecipitation results show that SC
contains large populations of a482* and a632* nAChRs and
a minor population of «3B2* nAChRs, whereas the LGN
contains two major (a482* and a682*%) and two minor (a2B2*
and a3B2%) nAChR populations.

Subunit Composition of «682* Subtypes in Rat Su-
perior Colliculus and Lateral Geniculate Nucleus. To
determine the composition of «682* receptors, we immunode-
pleted the SC and LGN extracts of «6* receptors by using an
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affinity column bearing anti-a6 antisera as described under
Materials and Methods. Selective a6* nAChR immunodeple-
tion was confirmed by the fact that immunoprecipitated a6-
containing [*H]Epi-labeled receptors decreased from 30% in
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Fig. 1. A, expression of '*’I-aBgtx binding nAChRs in SC and LGN
membrane from control and eye-enucleated animals. The membrane ho-
mogenates were performed as described under Materials and Methods.
The reported values are expressed as femtomoles of specific labeled
125]_qBgtx binding sites per milligram of protein and are the mean
values = S.E.M. of four to five experiments performed in triplicate per
group. B, expression of [*H]Epi binding nAChRs in SC membranes and
2% Triton extracts from control, eye-enucleated, and eye-enucleated +
6-OHDA +treated mice. The membrane homogenates or 2% Triton X-100
extracts were prepared as described under Materials and Methods. The
reported values are expressed as femtomoles of specific labeled [*H]Epi
binding sites per milligram of protein and are the mean values = S.E.M.
of four to five experiments performed in triplicate per group. The statis-
tical analyses were made using Student’s paired ¢ test, ¥, p < 0.05; ¥¥ p <
0.01; *** p < 0.001. C, expression of [’'H]Epi binding nAChRs in LGN
membranes and 2% Triton extracts from control, eye-enucleated, and
eye-enucleated + 6-OHDA-treated animals. The binding experiments
and statistical analysis were performed as described in B.
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the total extract to 2% in the flow through of the a6 column.
We then eluted a6* receptors from the affinity column with
the a6 peptide. The eluted nAChRs were then labeled with
[*H]Epi and immunoprecipitated using subunit-specific an-
tisera (Fig. 3, A and C). The results confirmed that «6*
receptors contain 82 and not 84 subunit in both SC and LGN.
They contain high levels of a4 (40.9 = 3.1% and 43 + 0.5% in
SC and LGN, respectively) and B3 (65.4 = 4.3 and 64.7 =
9.6% in SC and LGN, respectively) subunit. In addition, a2
subunit is associated to a minor portion (18.2 * 0.7%) of a6*
nAChRs of the LGN but not those present in the SC. Finally,
a3 antisera did not immunoprecipitate a significant amount
of the purified [*H]Epi-labeled a6* receptors in SC or LGN.
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Fig. 2. A, immunoprecipitation analysis of the subunit content of nAChRs
labeled with 2 nM [*H]Epi expressed in the SC of control, eye-enucleated,
and eye-enucleated + 6-OHDA-treated animals. Immunoprecipitation
was carried out as described under Materials and Methods using satu-
rating concentrations (20-30 ug) of anti-subunit Abs. The amount im-
munoprecipitated by each antibody was subtracted from the value ob-
tained in control samples containing an identical concentration of normal
rabbit IgG, and the results are expressed as femtomoles of immunopre-
cipitated labeled [*H]Epi nAChR per milligram of protein. Results are the
mean values + S.E.M. of four to five experiments performed in duplicate
per antibody. Statistical analysis was carried by the ¢ test. Each Ab in
control animal was compared with the same Ab tested in the eye-enucle-
ated or eye-enucleated + 6-OHDA tissues by means of paired Student’s ¢
test, ¥, p < 0.05; *¥ p < 0.01; *** p < 0.001. B, immunoprecipitation
analysis of the subunit content of nAChRs labeled with 2 nM [PH]Epi
expressed in the LGN of control, eye-enucleated, and eye-enucleated +
6-OHDA-treated animals. The binding and immunoprecipitation experi-
ments and statistical analysis were performed as described in A.

These data indicate that in both rat SC and LGN, purified
ab6* receptors are a mixture of two major (a6B2* and
a4a6B2*) population of receptors, most of which also contain
the B3 subunit. The LGN also seems to contain a minor
population of («2a6B2) nAChRs.

Subunit Composition of a4(nona6)* Subtypes in Rat
Superior Colliculus and Lateral Geniculate Nucleus.
As shown above, many «6* nAChRs also contain the «4
subunit. To determine the subunit composition of «4* recep-
tors that do not contain the a6 subunit [¢4 (nona6)*], we
immunopurified nAChRs present in the flowthrough of the
a6 column on an anti-a4 column (see Materials and Meth-
ods). Captured a4(nona6)* nAChRs were then eluted using
the a4 peptide and analyzed by immunoprecipitation with
subunit-specific antisera. The anti-B2 antiserum immuno-
precipitated 82.1 * 1.3% and 93.8 + 1.4% of [*H]Epi-labeled
receptors in SC and LGN, respectively. Anti-a2, -a3, or -a6
antisera did not immunoprecipitate significant amounts of
receptor (respectively, 0 + 0.2%, 1.3 = 1% and 2.6 + 1% in SC
and 0 = 0.2%, 1.3 + 0.2%, and 2.6 = 1.0% in LGN). As
regards structural subunits, anti-a5 antiserum immunopre-
cipitated 6.1 * 2.0% and 11.2 = 2.6% of [*H]Epi-labeled
receptors in SC and LGN, respectively, whereas anti-B3 an-
tiserum immunoprecipitated 1.6 + 1.0% and 7.1 = 0.6% of
[*H]Epi-labeled receptors in SC and LGN, respectively (Fig.
3, B and D).

These data indicate that in the SC, there is a large popu-
lation of @4pB2* nAChRs, a minority of which also contain a5
(a4a5B2 nAChRs). The situation in LGN is similar, with a
large population of «432* nAChRs containing a minor popu-
lations of a4a5B2 nAChRs. However, LGN also contained a
small additional population of «433B82 nAChRs.

Subunit Composition of a3* Subtypes in Rat Superior
Colliculus. The immunoprecipitation studies (see above) indi-
cated the existence of two large populations of @482 * and «632*
nAChRs in rat superior colliculus, together with a smaller, but
significant population of a332* nAChRs. To determine the sub-
unit composition of these novel a3* receptors, we immunopuri-
fied nAChRs on an anti-a3 column, then eluted them using the
a3 peptide. The purified a3* nAChRs were then analyzed by
immunoprecipitation (Fig. 4A). The results clearly confirmed
that the a3 subtype contains the $2, but not the 84 subunit
(79.9 + 13.3 and 0 + 0.2% of [*H]Epi-labeled receptors) and no
appreciable amounts of the other true « subunits (a2 and o4
antisera immunoprecipitated 3.7 = 0.2 and 1.5 * 0.6% of
[®H]Epi-labeled receptors, respectively) with the possible excep-
tion of a6 (5.0 + 0.7% of [*H]Epi-labeled receptors). As regards
structural subunits, the anti-a5 and anti-B3 antisera, respec-
tively immunoprecipitated 32.4 = 5.9% and 35.6 = 0.7% of
[*H]Epi-labeled receptors.

These data indicate that purified «3* receptors in the SC
are a mixture of three populations (a3a582%, a3B332%, and
a3B2* nAChRs).

Pharmacological Profile of a6p82* and «a3B2* Sub-
types in the Superior Colliculus. Previous studies have
clearly characterized the pharmacological profile of native
and heterologously expressed «6B2* and «a4B2* nAChRs
(Parker et al., 1998; Zoli et al., 2002) but the pharmacology of
heterologously expressed a6B32* and a3B2* subtypes seems
to be indistinguishable using most current pharmacological
tools. This includes a-conotoxin MII (aCntxMII) which is
usually considered an a3/a6B2-selective antagonist (for re-
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view, see Gotti and Clementi, 2004; Nicke et al., 2004), al-
though derivatives with strong preference for «6B2* over
a3B2* nAChRs have recently been described previously
(McIntosh et al., 2004). We therefore thought that it would be
interesting to compare the pharmacology of native «632* and
a3B2* nAChRs. To do this, we immunoimmobilized the
a6B2* receptors using an anti-a6 Ab and compared their
pharmacological profile with that of the «332* receptors im-
mobilized with an anti-a3 Ab.

Equilibrium binding assays revealed no significant differ-
ences in the affinity of the «682*% and a3B32* receptor popu-
lations for [*H]Epi [apparent K, values of 26 pM (CV = 21%)
and 35 pM (CV = 40%), respectively]. We then performed
competition binding studies using aCntxMII, which showed a
statistically significant better fit for a two-site model with a
high-affinity site (K;, 2 nM; CV = 40%) and a low-affinity site
(K;, >10,000 nM) when tested on the «6B82* nAChRs. As
already proposed for native a682* nAChRs in striatum (Zoli
et al., 2002; Champtiaux et al., 2003), the two sites should
correspond to the a6B2 (high affinity) and «4B2 (low affinity)
interfaces present in native nAChRs of the SC. However
aCntxMII showed only a single high-affinity site (X, 115 nM,;
CV = 47%) on a3B2%* nAChRs. This strongly implies the
absence of other true « subunits in these oligomers (Fig. 4B).

Nicotinic Receptor Subtypes Expressed on Retinal
Afferents in Rat Superior Colliculus and Lateral
Geniculate Nucleus. Retinal afferents constitute a princi-

Nicotinic Receptor Subtypes in Retinal Afferents 1167

pal input to SC and LGN, but several other afferents or
intrinsic neuronal populations probably express nAChRs. To
distinguish the nAChR subtypes expressed by retinal affer-
ents from those expressed by other neuronal cells, we per-
formed immunoprecipitation experiments in rats 2 weeks
after bilateral eye removal.

The amount of [*H]Epi binding decreased significantly by
39.0 and 31.0% in the SC and LGN, respectively, of the optic
denervated rats, whereas no significant change was detected
in '2°I-aBgtx binding after enucleation (Fig. 1). This demon-
strates that the heteromeric nAChRs expressed on retinal
afferents constitute less than half of the total amount of
heteromeric nAChRs present in these regions, assuming that
no compensatory increases occurred in intrinsic or other af-
ferent nAChR-bearing systems (see below). In a similar vein,
a7* nAChRs do not seem to be expressed on retinal afferents.

Immunoprecipitation with subunit-specific antisera of the
[*H]Epi-labeled receptors of control and eye-enucleated SC
showed the almost complete disappearance of the nAChRs
containing the a6 (91%) and B3 (92%) subunits (Fig. 2A) and
marked to moderate decreases of the nAChRs containing a3
(74%), ab (40%), B2 (38%), and a4 (20%) subunits; the a2 and
B4 subunits were not significantly changed. In the LGN, the
a6 and B3 subunits were almost completely (90 and 89%,
respectively) lost after eye removal, and all of the other
subunits except B4 showed significant decreases: a2 (49%),
a3 (61%), ab (32%), B2 (32%), and a4 (23%) (Fig. 2B). Very
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similar quantitative results were obtained in rats sacrificed
28 days after eye enucleation (data not shown), suggesting
that no compensatory change in nAChR expression is ongo-
ing in SC and LGN at the time intervals studied.

It was shown previously (Zoli et al., 2002) that terminals of
midbrain dopamine neurons express a pattern of nAChR
subunits that is very similar to the pattern of subunits ex-
pressed by retinal afferents shown here. To assess the pos-
sible contribution of dopamine afferents to nAChR subunit
expression in SC and LGN, we performed a lesion of mid-
brain dopamine axons by means of the selective neurotoxin
6-OHDA and studied nAChR subunit expression in the reti-
norecipient regions. No significant change in the concentra-
tion of any nAChR subunit in SC or LGN was observed
between eye-enucleated and eye-enucleated + 6-OHDA-le-
sioned rats (Fig. 2). These findings indicate that midbrain
dopamine neurons do not contribute in a substantial manner
to nAChR subunit expression in SC or LGN.

These results demonstrate that the «2, a3, a6, and B3
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Fig. 4. A, analysis of the subunit content the «382 subtype present in the
rat SC. The extracts prepared from rat SC were incubated with an
affinity column with bound anti-a3 CYT Abs (see Materials and Methods)
to bind the a3* population, which was then eluted from the resin by
means of incubation with the a3 peptide. B, «CntxMII inhibition of the
binding of *#*I-Epi to immunoimmobilized «3 and a6 nAChRs. a352* and
a6* nAChRs from rat SC were immunoimmobilized using anti-a3 or
anti-a6 Abs, as described under Materials and Methods. The inhibition
curves were obtained by fitting three separate experiments using the
LIGAND program; unless shown, the S.E.M. is in the range of the symbol.
In each experiment, each «CntxMII dilution was tested in triplicate. All
of the values are expressed in relation to *?’I-Epi-specific nAChR binding
(considered 100%).

subunits are almost exclusively expressed on retinal affer-
ents (a2 being detected only in the LGN and the other three
subunits detected in both SC and LGN). The relative lack of
changes in other subunits suggests that nAChR subtypes not
expressed on retinal afferents do not compensate for the loss
of nAChRs induced by enucleation.

Expression of Nicotinic Receptor Subunits in the
Superior Colliculus ofa4, a6, and B3+/+ and —/— Mice.
As a complementary approach to the rat studies, we exam-
ined SC nAChR composition using immunoprecipitation with
subunit-specific antisera in several nAChR subunit Ko mice
and their respective wild-type (WT) control mice. We first
assessed nAChR subunit composition in mouse WT SC by
immunoprecipitation and found that, when expressed as the
percentage of total [*’H]Epi-binding, the amount of nAChR
subunits was remarkably similar to that observed in rat SC
(Table 1).

In a4—/— mice, sites immunoprecipitated by a4Abs were
reduced to 1% of a4+/+ control, demonstrating the specific-
ity of this antiserum. There were also strong reductions in
ab, a6, B2, and B3 Ab-reactive subunits (to 34, 48, 26, and
38% of control). a2, a3, and B4 Ab-reactive subunits were not
significantly altered (Table 2).

In a6—/— mice, the a6 Abs failed to immunoprecipitate
[*H]Epi binding sites, again confirming the specificity of the
antibodies used. The most dramatic effect was seen on sites
immunoprecipitated by B3 Abs, which were reduced to 30% of
ab+/+ values. a3* and B2* nAChR concentrations were also
significantly decreased (to 72 and 69% of control values).
Interestingly, expression of a4* and o5* nAChRs was unaf-
fected by a6-null mutation (Table 2).

Finally, B3-null mutation effectively eliminated B3-immu-
noprecipitable sites (reducing them to 2% of B3+/+ control),
demonstrating the specificity of the B3-directed Abs used. a6
and B2 subunit concentrations in B3—/— mice were also sig-
nificantly decreased (to 26 and 71% of the respective B3+/+
mean values), but the expression of other nAChR subunits
was not affected by B3-null mutation (Table 2).

Overall, these results unequivocally demonstrate the spec-
ificity of a4, a6, and B3 antisera and provide some hints to
the identification of the nAChR subtypes in mouse SC (see
Discussion).

Discussion

Despite the fact that many neurochemical, electrophysio-
logical, immunological, and lesion studies have provided ev-

TABLE 1

Expression of nAChR subunits in the superior colliculus of rat and
mouse

For each subunit, the values correspond to femtomoles of immunoprecipitate by
specific subunit Abs expressed as percentage of the overall femtomoles of [°H]Epi-
bound material. Rat values are the mean = S.E.M. of four immunoprecipitation
experiments. Mouse values are the average of mean values obtained in WT o4, a6,
and B3+/+ mice (three immunoprecipitation experiments).

Subunit Rat Mouse
a2 21=*03 20=*1
a3 98 +1.8 10.6 = 2.1
ad 66.3 = 3.3 61.0 = 4.5
ab 7.1+£1.1 3911
a6 30.6 = 1.8 30.6 = 2.9
B2 90.6 £ 1.5 90.4 £5.8
B3 28.5+1.3 277 *+19
B4 28=*1.1 21*+12
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idence of the presence of presynaptic nAChRs in the verte-
brate retinorecipient areas (Henley et al., 1986; Sargent et
al., 1989; Britto et al., 1994; Guo et al., 1998; Marks et al.,
2002), very little is known about the subunit composition and
pharmacology of the major nAChR subtypes in these regions.
In the present study, by performing binding studies and
immunopurification and immunoprecipitation experiments,
we have shown that rat SC and LGN, the two principal
retinorecipient areas in mammals, express partially different
nAChR subtypes and, by analyzing the tissues of eye-enucle-
ated rats, we have identified which subtypes are selectively
expressed by retinal afferents (see Fig. 5). Moreover, because
we have determined that rat and mouse SC express a very
similar pattern of nAChR subunits, we used tissues from
several nAChR subunit Ko mice to confirm and extend the
reconstruction of nAChR subtype composition based on rat
studies.

Immunoprecipitation data obtained from rats that under-
went enucleation show that only 40% (SC) and 30% (LGN) of
heteromeric, Epi-binding nAChRs are expressed on the reti-
nal afferents. In both regions, after enucleation, remaining
nAChRs included a large majority of a4B2 nAChR subtype
and a small proportion of a4a5B2 nAChR subtype and aBgtx-
binding «7 nAChRs. The subunit composition of nAChRs
localized on retinal afferents can be deduced by combining
the results derived from enucleation experiments and immu-
nopurification data. The lack of effect of enucleation on aBgtx
binding suggests that «7nAChRs are not present on retinal
afferents. As for heteromeric, Epi-binding nAChRs, three
major nAChR subtypes were detected on retinocollicular af-
ferents: a6B2* (approximately 45% of the total nAChRs on
retinal afferents), a4a6B2* (approximately 35%) and «3p32*
(approximately 20%). On retinogeniculate afferents, hetero-
meric nAChRs were more diverse, including a4a6B2* (ap-
proximately 40%), «6B2* (approximately 30%), a4B2* (ap-
proximately 20%), «2a6B2* (approximately 5%), and «332*
(approximately 5%) subtypes.

Further complexity is added by the presence of structural
subunits, namely o5 and B3 (replacing the * symbol) in these
various subtypes. Indeed, immunopurification experiments
indicated that most of the «6B82* and a4a6B2* nAChRs in
both SC and LGN contain the 83 subunit. In contrast, only a
minority of a4B2* nAChRs actually contained an additional
subunit, &5 in both the SC and LGN and B3 in the LGN. As
for a3B2* nAChRs, they represent a mixture of a3B233,
a3B2a5, and “pure” a3B2 nAChRs, in roughly equal propor-
tions.

Immunoprecipitation studies performed using SC extracts

TABLE 2

1169

Nicotinic Receptor Subtypes in Retinal Afferents

from WT as well as a4, a6, and B3 Ko mice support the
results obtained in rats. It should be noted that the propor-
tion of nAChR subunits in SC is very similar in mice and rats
(see Table 1), making reasonable the assumption that the
subunit composition of nAChRs is similar in the two species.
First, the decrease in the a6 subunit observed in a4 Ko mice
tallies well with the evidence obtained in rat studies that
approximately 50% of «632* nAChRs contain the a4 subunit.
Second, the marked decrease in the concentration of the 83
subunit in @4 and a6 Ko confirms that most «6B82* and
adabB2* also contain B3. Third, a minority of a4B2* nAChRs
and no a6B2* nAChRs contain 5 subunit, whereas a signif-
icant proportion of a3B2* nAChRs probably do, because the
concentration of o5 is decreased in @4—/— mice and un-
changed in a6—/— mice. Finally, although the data obtained
in B3 Ko mice require a complex discussion that is beyond the
scope of this article (see Gotti et al., 2005), they are compat-
ible with the idea that B3 subunit is associated with both
a4a6* and «6* nAChRs.

A major finding of this study is the demonstration of the
existence of two novel native nAChRs subtypes in rat:
a2a6pB2% and a3B2*%. Although a2a6B2* nAChRs are scarce
(approximately 5% of the LGN heterogeneous subtype popu-
lation), the a3B2* subtype is much more abundant, repre-
senting an important fraction of both SC and LGN Epi bind-
ing sites (up to 11% in the SC). The immunopurification
study clearly shows that the a3 subunit is separate from the
previously identified a6* and a4(nona6)* nAChRs of the rat
SC or LGN because immunopurified «3* nAChRs did not
contain appreciable amounts of the a2, a4, or a6 subunits.
This is also confirmed by data obtained from immunoprecipi-
tation experiments in Ko mice, because the concentration of
the a3 subunit was not significantly altered in a4, a6, or
B3—/— mice. All together these results point to the existence
of a previously undescribed a332* nAChR subtype in rodent
brain. These receptors are mostly localized on retinocollicu-
lar afferents and bind aCntxMII with high nanomolar affin-
ity, approximately 50 times lower than native 632 subtype.
In general, a3* nAChRs are uncommon in the central ner-
vous system (Whiteaker et al., 2002), and most of them
coassemble (Marks et al., 2002) with the B4 subunit [e.g.,
those present in the pineal gland, medial habenula, interpe-
duncular nucleus, area postrema, and dorsal nucleus of the
vagus nerve (Zoli et al., 1998)]. Previous pharmacological
experiments performed on a6 Ko mice (Champtiaux et al.,
2002) showed that the deletion of a6 subunit leads to the loss
of high-affinity «CntxMII binding in most brain areas but
leaves some residual aCntxMII binding in the SC. Present

Expression of nAChR subunits in the superior colliculus of a4, a6, and B3 +/+ and —/— mice

The reported values are expressed as femtomoles of specific labeled [*H]Epi binding sites per milligram of protein and are the mean values = S.E.M. of three to four
experiments performed in triplicate per group, or as percentage of each subunit Ko mean value versus the respective WT mean value.

nAChR subunit ad+/+ ad—/— % ab+H/+ ab—/— % B3+/+ B3—/— %
a2 34*1.0 22=+15 64.7 43 *+25 54+39 124.9 75 *39 51=*3.3 68.0
a3 25.7 + 6.8 22.8 + 3.9 88.7 247 + 5.4 17.8 + 3.0 72.1 285+ 3.5 239+ 175 83.9
ad 160.4 = 3.7 2.5 + 1.9%¥F* 1.6 146.9 = 10.6 1471 = 8.2 100.1 150.0 = 13.3 132.1 = 22.0 88.1
ab 105 = 24 3.6 + 0.3* 34.2 9.3+ 3.2 9.2 +47 98.9 94+ 23 8.2+ 3.1 87.2
ab 80.3 + 9.7 38.3 = 6.5% 47.7 88.3 + 4.4 1.3 = 0.4%%% 1.5 60.6 = 7.5 15.8 = 1.5%% 261
B2 216.7 £ 15.9 56.3 = 7.8%%* 26.0 242.4 + 9.7 167.5 = 10.8** 69.1 219.1 £ 17.3 155.2 = 16.2* 70.8
B3 70.6 = 2.2 26.9 + 2.2%F 381 72.0 = 5.7 21.6 = 2.3 30.0 65.0 = 3.5 1.6 = 0.7 2.5
B4 7.0=*22 43+ 12 61.4 39*16 3120 79.5 4.7 +20 0.3 0.2 7.0

Statistical analysis according to unpaired Student ¢ test: * P < 0.05; ** P < 0.01; *** P < 0.001 Ko versus respective WT values.
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findings strongly indicate that this lower-affinity aCntxMII
binding site corresponds to the a332* subtype.

Overall, the data obtained in rat SC and LGN demonstrate
that retinocollicular and retinogeniculate axons express a
partially different range of nAChR subtypes (Fig. 5B). For
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Fig. 5. A, schematic representation of the mammalian visual projections.
B, diagram showing the [*H]Epi receptor subtypes present in rat retinal
afferents to the SC and LGN, their possible subunit arrangement, and
their relative amount expressed as percentage of the total [*’H]Epi recep-
tors present in 2% Triton X-100 membrane extracts of each region. The
value indicated at the top of each column represents the percentage of
[*H]Epi receptor expressed on retinal afferent with respect to the overall
amount of receptors present in the region.

example, a4(nona6)B2 * and a2a6B2* subtypes were detected
only in the LGN. Moreover, a comparison of the subtype
expression of retinal afferents and retina (Moretti et al.,
2004), suggests that some nAChR subtypes are preferentially
expressed on retinal axons rather than in the retinal cell
body/dendrite compartment. The a382* and «6B2* subtypes
seem to be preferentially transported to retinal nerve termi-
nals, whereas the a2a482* and a4(nona6)B2 * receptors are
minimally or not transported to the axonal compartment. A
similar compartmental segregation was previously observed
in midbrain dopamine neurons, which express a larger per-
centage of a632* nAChRs on striatal terminals than on mid-
brain cell bodies (Champtiaux et al., 2003). This suggests
that the presence of the a6 subunit preferentially targets this
subtype to the axonal compartment. On the other hand, the
B3 subunit (which is associated with a6* nAChRs) may per-
form the targeting role, a hypothesis that is supported by the
recent findings in the midbrain and striatum of 83 Ko mice
(Gotti et al., 2005). In B3—/— mice, «6* nAChR expression is
significantly reduced in both the dopamine cell body (ventral
midbrain) and terminal (striatum) regions but more mark-
edly in the latter (76%) than in the former (42%) region.
Whatever the reason for the decrease in a6* nAChR expres-
sion (e.g., defects in nAChR assembly, degradation, and/or
cell trafficking), the much greater decline in striatal termi-
nals than in midbrain cell bodies suggests that the B3 sub-
unit may play a role in targeting nAChRs to the terminal
compartment of dopamine neurons.

In conclusion, by combining neurochemical, immunologi-
cal, and lesion techniques in normal rats and mice as well as
mice lacking nAChR subunits, we could reconstruct the com-
position of the nAChR subtypes expressed on retinal affer-
ents to the SC and LGN, the main retinorecipient regions,
and show that they are highly heterogeneous, partially dis-
tinct from the subtypes expressed in the retina, and differ-
ently addressed to the SC and LGN. Moreover, we identified
and characterized pharmacologically a3B2(B3 or «5) recep-
tors, a new native nAChR subtype enriched in the retinocol-
licular projections

References

Bansal A, Singer JH, Hwang BJ, Xu W, Beaudet A, and Feller MB (2000) Mice
lacking specific nicotinic acetylcholine receptor subunits exhibit dramatically al-
tered spontaneous activity patterns and reveal a limited role for retinal waves in
forming ON and OFF circuits in the inner retina. J Neurosci 20:7672-7681.

Britto LR, Torrao AS, Hamassaki-Britto DE, Mpodozis J, Keyser KT, Lindstrom JM,
and Karten HJ (1994) Effects of retinal lesions upon the distribution of nicotinic
acetylcholine receptor subunits in the chick visual system. J Comp Neurol 350:
473-484.

Champtiaux N and Changeux JP (2002) Knock-out and knock-in mice to investigate
the role of nicotinic receptors in the central nervous system. Curr Drug Targets
CNS Neurol Disord 1:319-330.

Champtiaux N, Gotti C, Cordero-Erausquin M, David DJ, Przybylski C, Lena C,
Clementi F, Moretti M, Rossi FM, Le Novere N, et al. (2003) Subunit composition
of functional nicotinic receptors in dopaminergic neurons investigated with knock-
out mice. J Neurosci 23:7820-7829.

Champtiaux N, Han ZY, Bessis A, Rossi FM, Zoli M, Marubio L, McIntosh JM, and
Changeux JP (2002) Distribution and pharmacology of alpha 6-containing nico-
tinic acetylcholine receptors analyzed with mutant mice. J Neurosci 22:1208—
1217.

Corringer PJ, Le Novere N, and Changeux JP (2000) Nicotinic receptors at the amino
acid level. Annu Rev Pharmacol Toxicol 40:431—458.

Cui C, Booker TK, Allen RS, Grady SR, Whiteaker P, Marks MdJ, Salminen O, Tritto
T, Butt CM, Allen WR, et al. (2003) The beta3 nicotinic receptor subunit: a
component of alpha-conotoxin MII-binding nicotinic acetylcholine receptors that
modulate dopamine release and related behaviors. J Neurosci 23:11045-11053.

Dajas-Bailador F and Wonnacott S (2004) Nicotinic acetylcholine receptors and the
regulation of neuronal signalling. Trends Pharmacol Sci 25:317-324.

Feller MB (2002) The role of nAChR-mediated spontaneous retinal activity in visual
system development. J Neurobiol 53:556-567.

Firth SI, Wang CT, and Feller MB (2005) Retinal waves: mechanisms and function
in visual system development. Cell Calcium 37:425-432.

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

Gerzanich V, Peng X, Wang F, Wells G, Anand R, Fletcher S, and Lindstrom J (1995)
Comparative pharmacology of epibatidine: a potent agonist for neuronal nicotinic
acetylcholine receptors. Mol Pharmacol 48:774-782.

Gotti C and Clementi F (2004) Neuronal nicotinic receptors: from structure to
pathology. Prog Neurobiol 74:363-396.

Gotti C, Moretti M, Clementi F, Riganti L, McIntosh JM, Collins AC, Marks MdJ, and
Whiteaker P (2005) Expression of nigrostriatal a6-containing nicotinic acetylcho-
line receptors is selectively reduced, but not eliminated, by B3 subunit gene
deletion. Mol Pharmacol 67:2007-2015.

Grubb MS, Rossi FM, Changeux JP, and Thompson ID (2003) Abnormal functional
organization in the dorsal lateral geniculate nucleus of mice lacking the beta 2
subunit of the nicotinic acetylcholine receptor. Neuron 40:1161-1172.

Guo JZ, Tredway TL, and Chiappinelli VA (1998) Glutamate and GABA release are
enhanced by different subtypes of presynaptic nicotinic receptors in the lateral
geniculate nucleus. J Neurosci 18:1963-1969.

Henley JM, Lindstrom JM, and Oswald RE (1986) Acetylcholine receptor synthesis
in retina and transport to optic tectum in goldfish. Science (Wash DC) 232:1627—
1629.

Lund JS, Remington FL, and Lund RD (1976) Differential central distribution of
optic nerve components in the rat. Brain Res 116:83-100.

Marks MJ, Whiteaker P, Grady SR, Picciotto MR, McIntosh JM, and Collins AC
(2002) Characterization of ['2°I]epibatidine binding and nicotinic agonist-
mediated *Rb™ efflux in interpeduncular nucleus and inferior colliculus of beta2
null mutant mice. J Neurochem 81:1102-1115.

Marubio LM, del Mar Arroyo-Jimenez M, Cordero-Erausquin M, Lena C, Le Novere
N, de Kerchove d’Exaerde A, Huchet M, Damaj MI, and Changeux JP (1999)
Reduced antinociception in mice lacking neuronal nicotinic receptor subunits.
Nature (Lond) 398:805-810.

MecIntosh JM, Azam L, Staheli S, Dowell C, Lindstrom JM, Kuryatov A, Garrett JE,
Marks MdJ, and Whiteaker P (2004) Analogs of a-conotoxin MII are selective for
ab-containing nicotinic acetylcholine receptors. Mol Pharmacol 65:944-952.

McMahon LL, Yoon KW, and Chiappinelli VA (1994a) Electrophysiological evidence
for presynaptic nicotinic receptors in the avian ventral lateral geniculate nucleus.
o Neurophysiol 71:826—-829.

McMahon LL, Yoon KW, and Chiappinelli VA (1994b) Nicotinic receptor activation
facilitates GABAergic neurotransmission in the avian lateral spiriform nucleus.
Neuroscience 59:689—698.

Moretti M, Vailati S, Zoli M, Lippi G, Riganti L, Longhi R, Viegi A, Clementi F, and
Gotti C (2004) Nicotinic acetylcholine receptor subtypes expression during rat
retina development and their regulation by visual experience. Mol Pharmacol
66:85-96.

Nicotinic Receptor Subtypes in Retinal Afferents 1171

Nelson ME, Kuryatov A, Choi CH, Zhou Y, and Lindstrom J (2003) Alternate
stoichiometries of @432 nicotinic acetylcholine receptors. Mol Pharmacol 63:332—
341.

Nicke A, Wonnacott S, and Lewis RJ (2004) alpha-Conotoxins as tools for the
elucidation of structure and function of neuronal nicotinic acetylcholine receptor
subtypes. Eur J Biochem 271:2305-2319.

Parker MdJ, Beck A, and Luetje CW (1998) Neuronal nicotinic receptor beta2 and
beta4 subunits confer large differences in agonist binding affinity. Mol Pharmacol
54:1132-1139.

Penn AA, Riquelme PA, Feller MB, and Shatz CJ (1998) Competition in retino-
geniculate patterning driven by spontaneous activity. Science (Wash DC) 279:
2108-2112.

Rossi FM, Pizzorusso T, Porciatti V, Marubio LM, Maffei L, and Changeux JP (2001)
Requirement of the nicotinic acetylcholine receptor beta 2 subunit for the anatom-
ical and functional development of the visual system. Proc Natl Acad Sci USA
98:6453—-6458.

Sargent PB, Pike SH, Nadel DB, and Lindstrom JM (1989) Nicotinic acetylcholine
receptor-like molecules in the retina, retinotectal pathway and optic tectum of the
frog. J Neurosci 9:565-573.

Vailati S, Hanke W, Bejan A, Barabino B, Longhi R, Balestra B, Moretti M, Clementi
F, and Gotti C (1999) Functional a6-containing nicotinic receptors are present in
chick retina. Mol Pharmacol 56:11-19.

Vailati S, Moretti M, Longhi R, Rovati GE, Clementi F, and Gotti C (2003) Devel-
opmental expression of heteromeric nicotinic receptor subtypes in chick retina.
Mol Pharmacol 63:1329-1337.

Whiteaker P, Peterson CG, Xu W, McIntosh JM, Paylor R, Beaudet AL, Collins AC,
and Marks MJ (2002) Involvement of the alpha3 subunit in central nicotinic
binding populations.  Neurosci 22:2522—-2529

Wong RO (1999) Retinal waves and visual system development. Annu Rev Neurosci
22:29-47.

Zoli M, Lena C, Picciotto MR, and Changeux JP (1998) Identification of four classes
of brain nicotinic receptors using beta2 mutant mice. J Neurosci 18:4461-4472.
Zoli M, Moretti M, Zanardi A, McIntosh JM, Clementi F, and Gotti C (2002) Iden-
tification of the nicotinic receptor subtypes expressed on dopaminergic terminals

in the rat striatum. J Neurosci 22:8785—8789.

Address correspondence to: Dr. Cecilia Gotti, CNR, Institute of Neuro-
science, Section of Cellular and Molecular Pharmacology Center, Department
of Medical Pharmacology, University of Milan, Via Vanvitelli 32, 20129 Milan,
Italy. E-mail: c.gotti@in.cnr.it

2T0Z ‘T Jeqwadaq uo 1sanb Aq Bio sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

