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Mice Deficient in the «7 Neuronal Nicotinic Acetylcholine Receptor
Lack a-Bungarotoxin Binding Sites and Hippocampal Fast

Nicotinic Currents
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The o7 subunit of the neuronal nicotinic acetylcholine receptor
(nAChR) is abundantly expressed in hippocampus and is impli-
cated in modulating neurotransmitter release and in binding
a-bungarotoxin (a-BGT). A null mutation for the a7 subunit was
prepared by deleting the last three exons of the gene. Mice
homozygous for the null mutation lack detectable mRNA, but
the mice are viable and anatomically normal. Neuropathological
examination of the brain revealed normal structure and cell
layering, including normal cortical barrel fields; histochemical
assessment of the hippocampus was also normal. Autoradiog-
raphy with [®H]nicotine revealed no detectable abnormalities of
high-affinity nicotine binding sites, but there was an absence of

high-affinity ['2°I]a-BGT sites. Null mice also lack rapidly de-
sensitizing, methyllycaconitine-sensitive, nicotinic currents that
are present in hippocampal neurons. The results of this study
indicate that the a-BGT binding sites are equivalent to the
a7-containing nAChRs that mediate fast, desensitizing nicotinic
currents in the hippocampus. These mice demonstrate that the
o7 subunit is not essential for normal development or for ap-
parently normal neurological function, but the mice may prove
to have subtle phenotypic abnormalities and will be valuable in
defining the functional role of this gene product in vivo.
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Nicotinic acetylcholine receptors (nAChRs) are members of a
superfamily of ligand-gated ion channels that include muscle and
neuronal nAChRs and receptors for GABA ,, glycine, and sero-
tonin. Eleven genes have been identified that encode neuronal
nAChR subunits: eight a subunits («2-«9) and three B subunits
(B2—B4) (Sargent, 1993; McGehee and Role, 1995). Transcripts
for a8 have been found in avians but not in mammals (Schoepfer
et al., 1990), and a9-containing nAChRs are expressed in audi-
tory hair cells (Elgoyhen et al., 1994). In the vertebrate brain, two
categories of nicotinic receptors are distinguishable based on
high-affinity binding of the agonist nicotine or high-affinity bind-
ing of the antagonist a-bungarotoxin (a-BGT). The receptors
from these two categories have distinct distributions (Wonnacott,
1986; Whiting and Lindstrom, 1988).

Biochemical and electrophysiological investigations have estab-
lished that both neuronal and skeletal muscle nAChRs are het-
eromultimers consisting of five subunits each with four
membrane-spanning segments (Sargent, 1993; McGehee and
Role, 1995). Expression studies in Xenopus oocytes demonstrated
that functional neuronal nAChRs are comprised of two « sub-
units and three B subunits (Cooper et al., 1991; Bertrand and
Changeux, 1995). The «7 subunit is an exception because it
apparently cannot coassemble with other subunits when ex-
pressed in Xenopus oocytes. Thus, like 8 and a9, a7 forms a
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homo-oligomer receptor/channel that is inhibited with high affin-
ity by a-BGT (Couturier et al., 1990; Séguéla et al., 1993).
Because «7 is the only subunit of these three that is widely
expressed in mammalian brain, it has been suspected that o7
contributes to the high-affinity a-BGT binding site, the structure
and functional significance of which have been a long-standing
source of controversy (Sargent, 1993).

Initially, it was thought that the «-BGT sites did not form
functional ion channels, but more recent studies have demon-
strated high-affinity inhibition by a-BGT and methyllycaconitine
(MLA) of a rapidly desensitizing nicotinic current in hippocam-
pal neurons (Albuquerque and Alkondon, 1991; Zorumski et al.,
1992; Alkondon and Albuquerque, 1993; Gray et al., 1996) and in
neurons of the peripheral nervous system (Zhang et al., 1994).
Previous studies based on protein purification indicated that
a-BGT sites were hetero-oligomers, but the copurified compo-
nents may not have been integral subunits (Sargent, 1993). In
chick brain and retina, a-BGT sites were found to be heteroge-
neous, containing a7, a8, or both, possibly in combination with
another unknown component (Schoepfer et al., 1990; Gotti et al.,
1995).

Despite morphological, biochemical, and electrophysiological
analysis, the functions of neuronal «-BGT binding sites and
nAChRs in the mammalian brain remain largely unknown. Var-
ious neuronal nAChRs are involved in nicotine addiction (Dani
and Heinemann, 1996), and there is evidence that nicotine can
improve attention, rapid information processing, and working
memory (Levin, 1992; Ohno et al., 1993; Picciotto et al., 1995;
McGehee and Role, 1996). Cholinergic mechanisms may be in-
volved in neurobehavioral disorders including seizures and
schizophrenia (Steinlein et al., 1995; Freedman et al., 1997). A
locus for juvenile myoclonic epilepsy is mapped near the a7 gene
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in humans (Elmslie et al., 1997). Some functions attributed to the
a-BGT sites and/or the «7 subunit include synapse formation
(Fuchs, 1989; Pugh and Berg, 1994; Broide et al., 1995), mediation
of nicotine-induced seizures (Miner and Collins, 1989; Stitzel et
al., 1997), and presynaptic modulation of neurotransmitter re-
lease (McGehee et al., 1995; Gray et al., 1996; Zhang et al., 1996).

We prepared mice with a homozygous null mutation for the o7
subunit and found that the mice were viable and had no gross
abnormalities in brain morphology, but the high-affinity a-BGT
binding sites were not present. Furthermore, «7-deficient hip-
pocampal neurons lack fast, rapidly desensitizing nicotinic cur-
rents, indicating that those currents in the hippocampus are
derived from a7-containing nAChRs that are also likely to be the
major high-affinity «-BGT binding sites in mouse brain.

MATERIALS AND METHODS

Acra7 gene targeting in embryonic stem cells. A rat cDNA clone for the
a7 subunit (Séguéla et al., 1993) was used to screen a mouse genomic
DNA library prepared from the 129/SvJ strain (cat. #946305, Stratagene,
La Jolla, CA). Detailed restriction maps were prepared for genomic
clones, and the intron/exon boundaries of exons 5-10 and the 3'-
untranslated region in exon 10 were sequenced (Fig. la); sequences
agreed with that published for the mouse a7 cDNA (Orr-Urtreger et al.,
1995). Sequencing was performed using an Applied Biosystems (ABI)
model 373-automated DNA sequencer and dye terminator protocols as
provided by the manufacturer (ABI, Foster City, CA).

The deletion mutation was introduced into the ABI 2.1 embryonic
stem (ES) cell line (Soriano et al., 1991) and transmitted to the germline
as described previously (Bullard et al., 1996). Chimeric mice were bred
with C57BL/6J mice, and the mice used in these studies were maintained
on a mixed 129/SvEv and C57BL/6J background. The mutation is being
back-crossed on the C57BL/6J background for future work.

Southern, Northern, and Western analyses. Southern blot hybridization
was performed according to standard methods (Sambrook et al., 1989)
using a hybridization solution of 0.125 m NaPO,, pH 7.0, 0.25 M NaCl, 1
mM EDTA, 10% polyethylene glycol (PEG-8000), 7% SDS, and 1% bovine
serum albumin (BSA) at 65°C overnight followed by washing to a final
stringency of 0.2X SSC/0.1% SDS at 65°C and autoradiography at —80°C.

Total RNA was isolated from brain after homogenization in Ultraspec
IT (Tel Test, Houston, TX). Total RNA was resolved on a 1.2% agarose
gel in 10 mm NaPO, buffer, pH 6.8, after glyoxal/dimethylsulfoxide
denaturation according to standard methods (Sambrook et al., 1989).
RNA was visualized by ethidium bromide staining, transferred to Hy-
bond N* membrane, and hybridized with full-length (mouse) Acra7
cDNA as probe. Hybridization and washing conditions were identical to
those used for Southern hybridization.

For immunoblotting, whole brain from three homozygous «7 null
(—/—) mice and three littermate control (+/+) mice was homogenized in
10 ml of ice-cold buffer containing 10 mm HEPES, pH 7.4, 5 mm EDTA,
5 mM EGTA, and 1 mm phenylmethylsulfonylfluoride (PMSF). Total
membranes were pelleted by centrifugation at 100,000 X g for 60 min at
4°C. Membranes were resuspended in 10 ml of solubilization buffer
containing 10 mm HEPES, pH 7.4, 5 mm EDTA, 5 mm EGTA, 1%
Triton X-100, and 1 mm PMSF and shaken for 2 hr at 4°C. The detergent-
solubilized membrane protein supernatant was recovered after centrif-
ugation at 100,000 X g for 60 min. Protein concentration was determined
by the BCA method (Pierce, Rockford, IL). Solubilized membrane
proteins (36 mg) were incubated overnight with 25 ul of a-cobratoxin
matrix (0.5 mg toxin/ml matrix, Sigma, St. Louis, MO), which was
preequilibrated with the solubilization buffer. The matrix was recovered
by brief centrifugation in a benchtop microcentrifuge and washed four
times with 1 ml of solubilization buffer. Bound receptors were eluted with
30 ul of SDS/sample buffer and separated by SDS-PAGE followed by
transfer to a nitrocellulose membrane. The membrane was blocked for 30
min with 5% dry milk and 0.1% Tween 20 in PBS. A polyclonal sheep
antibody (Chen and Patrick, 1997) against a bacterial expressed extra-
cellular domain of the rat a7 protein was diluted 1:1000 in the above
blocking solution and incubated with the membrane overnight at 4°C.
The membrane was washed and probed with a rabbit anti-sheep IgG
antibody coupled to peroxidase (Cappel, Durham, NC) at a dilution of
1:10,000. After we washed the membranes, we detected peroxidase ac-

Orr-Urtreger et al. « Mice Deficient in Neuronal Nicotinic «7 Subunit

tivity using enhanced chemiluminescence (ECL; Amersham, Arlington
Heights, IL).

Nicotine and o-BGT autoradiography. For nicotine autoradiography,
coronal sections (10 wm) of fresh frozen mouse brain were prepared and
dried onto slides. [*H]nicotine (75 Ci/mmol, DuPont NEN, Boston,
MA) was diluted in 50 mm Tris, pH 7.4, and 1% BSA to a final
concentration of 2 nM. Slides were incubated with the solution for 1 hr at
room temperature. Nonspecific binding was assessed by incubating sec-
tions with an excess (10 um) of unlabeled ligand nicotine. Slides were
washed twice in ice-cold 50 mm Tris, pH 7.4, for 2 min each, dried, and
exposed to tritium-sensitive film (3H Hyperfilm, Amersham, Arlington
Heights, IL) for 12 weeks.

For o-BGT autoradiography, unfixed, frozen brain was sectioned at 20
um, thaw-mounted onto slides, and dried. Sections were preincubated for
30 min at room temperature in 1% BSA and 50 mm Tris, pH 7.4, either with
or without 10 pM unlabeled a-BGT as a competitor. [ '*TI]a-BGT (initial
specific activity of 4.8 X 10® cpm/nmol and used within 1 half-life; Amer-
sham) was diluted in the above blocking solution to a final concentration of
5 nM and added to the sections for 1 hr at room temperature. Sections were
washed four times for 5 min in ice-cold 50 mm Tris, pH 7.4, after which they
were dried and exposed to Kodak BioMax MR film for 1-3 d.

Histological analysis. Brain tissue for Nissl stain, immunohistochemis-
try, and acetylcholinesterase histochemistry was prepared by perfusion
with PBS/4% paraformaldehyde in PBS, pH 7.4, and post-fixed overnight
at 4°C in the same fixative. Tissue was equilibrated in 30% sucrose,
frozen in prechilled isopentane, and sectioned at 30-50 um.

For Nissl stains, cleared and rehydrated sections were incubated with
0.5% cresyl violet acetate, washed, rapidly dehydrated, cleared, and
mounted on coverslips. Immunohistochemistry for glial fibrillary acidic
protein (GFAP) was performed with antibody against GFAP (clone
G-A-C, mouse IgG1, Boehringer Mannheim, Indianapolis, IN); free-
floating sections were stained according to a standard ABC-protocol
(Vector Laboratories, Burlingame, CA). Staining for acetylcholine es-
terase was performed according to a published protocol (Geneser-Jensen
and Blackstad, 1971). A modified Timm stain protocol was used to
demonstrate mossy fibers in paraffin-embedded, 8-um-thick sections of
the hippocampus (Sloviter, 1982).

Labeling for cytochrome oxidase was performed on mounted sections
using PBS containing 4% sucrose, 25 uM cytochrome c¢ (type III, Sigma),
and 1 mm diaminobenzidine tetrahydrochloride at 37°C until staining of
the desired intensity could be detected, after which the reaction was
stopped by washing in PBS.

Electrophysiology. Hippocampal neurons were obtained from newborn
mice (12-36 hr postnatal). The brain was removed immediately and kept
throughout the dissection in a cold solution containing (in mm): 137
NaCl, 5.3 KCl, 0.2 Na,HPO,, 0.2 KH,PO,, and 10 HEPES, pH 7.4.
Hippocampal tissue from both hemispheres was gently removed and cut
into small pieces. The tissue was digested for 40 min at 37°C in a
dissecting solution containing 20 U/ml papain (Worthington, Freehold,
NJ). After digestion, the tissue was triturated with fire-polished Pasteur
pipettes of decreasing diameter. Hippocampal cells were plated on
collagen/poly-D-lysine-coated coverslips (Fisher, Pittsburgh, PA). A sep-
arate cell culture was prepared for each mouse in litters born to hetero-
zygote parents, with the expectation that +/+, +/—, and —/— pups would
occur in a ratio of 1:2:1. The genotype of each mouse was determined
after electrophysiological studies were completed and interpreted. Cells
were kept in minimum essential medium (MEM) containing 5% fetal
bovine serum (HyClone, Logan, UT), 1 ul/ml Serum Extender (Collab-
orative Research, Bedford, MA), 0.5 um tetrodotoxin (Calbiochem,
Pasadena, CA), 20 mm glucose, and 2.5 mm MgCl,. Hippocampal neu-
rons were studied from day 15 to day 25 in culture because nicotinic
currents are larger and more commonly expressed after day 10 in culture
(Alkondon and Albuquerque, 1993; Gray et al., 1996).

Whole-cell currents were elicited with 500 uM nicotine and measured
with standard patch-clamp techniques (Zarei and Dani, 1995). The
external bath solution contained (in mm): 150 NaCl, 2.5 KCl, 5 CacCl,,
1 MgCl,, 10 glucose, 10 HEPES, pH 7.4, 0.5 uM tetrodotoxin, and 10 um
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX). The pipette solution
contained (in mm): 150 CsCH3SO5, 5 NaCl, 0.2 EGTA, 2 Na,ATP, 2
MgATP, 0.3 Na;GTP, and 10 HEPES, pH 7.3. The holding potential was
—60 mV. Currents were amplified and filtered on line (1 kHz) using an
Axopatch 1D voltage clamp with a 4-pole Bessel filter and were digitally
sampled to exceed the Nyquist criterion. No series resistance compen-
sation or leak subtraction was performed. Drugs were applied through
flow pipes mounted on a motorized manipulator (Newport, Fountain
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Valley, CA) and connected to computer-driven valves (General Valve
Corporation, Fairfield, NJ). Nicotine and MLA were applied for 600 msec
and 90 sec, respectively. Solution changes were complete in ~30 msec
(Gray et al., 1996). All experiments were conducted at room temperature.

RESULTS

Preparation of a null mutation for the a7 subunit

Mice deficient in the &7 subunit were generated by introducing a
7 kb deletion into ES cells followed by transmission to the
germline. The mutation deletes the last three exons (8—10) of the
a7 locus (Acra?7); these exons encode the second transmembrane
domain (MII), forming the putative ion channel and the third and
fourth transmembrane domains and the cytoplasmic loop (Fig.

Y

Figure 1. Gene targeting of the neuronal nAChR
o7 subunit. a, Partial genomic structure of the murine
o7 subunit gene including exons 5-10 is shown. The
homologous recombination event generated a 7 kb
genomic deletion that removes exons 8-10. Restric-
tion enzyme sites are as follows: E, EcoRI; S, Sacl;
Sp, Spel; B, BamHI. The diagnostic probes include a
flanking probe to genotype ES cells and animals
(external probe 1, Ext-I) and two internal probes
(Int-1 and Int-2) to confirm the deletion. The target-
ing vector was used to obtain a replacement mutation
and contains a neomycin resistance gene (neo”) as a
positive selectable marker and the herpes simplex
thymidine kinase gene (HSV-tk) as a negative select-
able marker. The sites of predicted homologous re-
combination are shown. The expected wild-type and
mutant restriction fragments, after Sacl enzyme di-
gest and hybridization with Ext-1 probe, are shown
below the targeting vector. b, Southern blot analysis
identifies the «7 homozygous null (—/—), heterozy-
gous (+/—), and littermate control (+/+) animals
using each of the three probes as indicated. The small
arrow indicates the mutant band with the Ext-1
probe. Constant fragments of 2.0 and 0.3 kb are seen
with the Ext-1 probe. ¢, Northern blot analysis of o7
gene expression in brains of (+/+), (+/—), and
(—/—) animals, using the Acra7 cDNA (Acra7) and
control (Gapdh) probes. d, Western blot analysis of
brains from +/+ and —/— animals. As a positive
control, 10, 20, 30, and 40 ng of recombinant extra-
cellular domain of the rat «7 protein (Chen and
Patrick, 1997) were used.

la). Southern blot analysis using a flanking genomic probe de-
tected a new 3.2 kb mutant fragment in the heterozygote (+/—)
and homozygote (—/—) mice (Fig. 1b); adjacent smaller DNA
fragments were unchanged. Analysis with genomic probes from
the regions of the deleted exons confirmed the absence of these
exons (Fig. 10). The effect of the mutation on mRNA transcripts
was examined using Northern blotting, and no detectable tran-
scripts were found in homozygous mutant mice, indicating that
any altered transcripts were unstable (Fig. 1c). Because the dele-
tion leaves intact the coding sequences for the extracellular,
ligand-binding, and toxin-binding domains of the «7 subunit, a
partially functional, truncated protein could occur; this possibility
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Figure 2. Neuroanatomy and histochemistry of mutant mice. Panels with +/+ and —/— indicated are as follows: (@) coronal sections of brain with Nissl
stain; (b) sagittal sections of hippocampus with Nissl stain (Niss/ ), AChE-acetylcholinesterase (4ChE), glial fibrillary acidic protein (GFAP), and Timm
stain (Timm) as indicated; and (c¢) sections through the barrels (arrows) in the primary somatosensory cortex stained with cytochrome oxidase.

is unlikely, however, considering the results of Northern blotting.
Immunoblots (Fig. 1d) of protein extracts prepared by a-BGT
affinity chromatography from wild-type and mutant mice were
probed with antibodies to the N-terminal portion of the «7 sub-
unit, demonstrating absence of toxin-binding «7 protein in ho-
mozygous mice. The results of Northern analysis and immunoblot-
ting confirm the generation of a null mutation for the «7 subunit.

Normal growth, viability, and neuroanatomy in a7

null mice

The o7 null mice are viable, are present in the expected propor-
tion in matings of heterozygote mice, grow to normal size, and
show no obvious physical or neurological deficit. Homozygous
male and female mice are fertile, although there may be some
reduction in fertility.

The overall brain structure and organization in homozygous
null mice appear normal as assessed by comparable Nissl-stained
sections in +/+ and —/— mice (Fig. 2a). All major neuronal
structures are intact, and there are no apparent abnormalities in
cell density or layering of cortical structures. Because o7 is
expressed most abundantly in the hippocampus, a more detailed
anatomical analysis was performed (Fig. 2b). Nissl staining re-
vealed that the major classes of neurons (i.e., granule cells,
pyramidal cells, and hilar interneurons) are present in their
appropriate location and, therefore, do not appear to depend on

the presence of o7 for their formation or migration within the
network. Histochemical staining for acetylcholinesterase (AChE)
was performed to evaluate the hippocampus, and no abnormali-
ties were found. Because a mutation in an «7-like gene in C.
elegans is associated with neurodegeneration (Treinin and
Chalfie, 1995), we performed immunohistochemical staining for
GFAP, a marker for astrocytes, to search for glial scars repre-
senting neuronal injury or cell death. No glial scars were found in
the hippocampus of mutant mice, suggesting that deficiency of «7
does not lead to abnormal neuronal degeneration in this region.
The status of intrahippocampal connections, particularly the
mossy fiber projections, was evaluated by Timm staining, and no
differences were found between mutants and controls.

The primary somatosensory cortex of rodents is characterized
by anatomically defined barrel structures that reflect projections
from the whiskers. Because staining with «-BGT outlines barrels
at the time of their appearance, it was suggested that o7 may be
important for barrel formation (Fuchs, 1989; Broide et al., 1995).
Mutant animals were analyzed for the presence of barrels using
histochemical staining for cytochrome oxidase (Fig. 2c). Sections
through the somatosensory cortex of mutant animals show char-
acteristic barrel-like structures that were indistinguishable from
those in wild-type littermates, indicating that structures with the
general appearance of barrels develop in the absence of a7.
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Figure 3. Nicotine and a-BGT binding in mutant mice. Autoradiography
was performed with [*H]nicotine and [ '*I]a-BGT as described in Mate-
rials and Methods with +/+ mice shown on the left and —/— shown on the
right. The panels marked cold a-BGT included excess nonradioactive
a-BGT as competitor.

Null mice lack a-BGT binding sites

The distribution of high-affinity nicotine binding sites and a-BGT
binding sites in the brain of mutant (—/—) and control (+/+)
littermates was examined (Fig. 3). The pattern of distribution of
binding sites for these two ligands is significantly different, with
the greatest abundance of high-affinity nicotine binding sites in
thalamic structures and the predominance of a-BGT binding sites
in the hippocampus (Clarke et al., 1985). The use of [ *H]nicotine
at low nanomolar concentrations detects only high-affinity bind-
ing sites and does not detect low-affinity nicotine binding sites
such as those present in hippocampus (Clarke et al., 1985; Pic-
ciotto et al., 1995). The pattern of high-affinity nicotine binding
sites in mutant and control animals was indistinguishable, and
there was no evidence for significant upregulation of nicotine
binding sites in a7-deficient mice (Fig. 3). The distribution of
a-BGT binding sites in the a7-deficient mice is of particular
interest because of the possibility that «7 represents the major or
sole a-BGT binding protein in rodent brain. Brain sections of
homozygous null mice and littermate controls were analyzed
using autoradiography with ['*I]a-BGT (Fig. 3). The character-
istic distribution of a-BGT binding sites was found in normal
mice with a prominent pattern in telencephalic structures such as
the hippocampus, amygdala, and neocortex. In contrast, there was
no significant a-BGT binding above background levels in the null
mice, suggesting that «7 is required for high-affinity o-BGT
binding sites in the mouse brain.
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Null mice lack hippocampal fast nicotinic currents

Electrophysiological evaluation of the mice was important, be-
cause rapidly desensitizing nicotinic currents in hippocampal
neurons are attributed to expression of a7 (Alkondon and Albu-
querque, 1993; Gray et al., 1996). Neonatal littermates from
matings of heterozygotes were examined, and genotypes were
determined after collection and interpretation of the electrophys-
iological data. Hippocampal neurons were cultured from neonatal
mice, and rapid application of 500 um nicotine evoked a fast,
desensitizing current that could be blocked by 5 nm MLA, a
potent and selective antagonist of «7-containing nAChRs
(Alkondon and Albuquerque, 1993; Gray et al., 1996) (Fig. 4a).
The block by MLA was reversible after 2 min of washout with
bath solution. When neurons from o7-deficient mice were ex-
posed to 500 uMm nicotine, no currents could be recorded; none of
the 35 cells from the four null mice examined revealed any
current (Fig. 4c). Neurons from both wild-type and heterozygous
mice showed bimodal response distributions to nicotine; some
cells responded by giving measurable currents, and other cells
had no response. The lack of nicotine-induced currents in the a7
null mice indicates that the predominant currents found in cul-
tured hippocampal neurons from control mice are dependent on
expression of the a7 nAChR.

DISCUSSION

A mutation deleting numerous exons was introduced into the
gene for the a7 subunit, completely eliminating its potential for
participation in an ion channel. Although this mutation might
allow for the synthesis of a truncated protein with ligand-binding
capacity, Northern blotting and immunoblotting studies demon-
strate the absence of detectable mRNA or protein and ensure that
this mutation produces a null allele. The function of the o7
subunit is largely unknown, although many possible roles have
been discussed (Sargent, 1993; McGehee and Role, 1995). Ho-
mozygous mutant mice demonstrate normal general appearance,
growth, survival, gait, and anatomy. Histological evaluation of the
nervous system did not reveal any developmental abnormalities.
Thus, the phenotypic consequences of deficiency of the «7
nAChR are not immediately obvious.

There is evidence that expression of the «7 subunit may be
correlated with differences in nicotine binding, nicotine-induced
seizures, nicotine preference, and effect of nicotine on body tem-
perature in various strains of mice (Miner and Collins, 1989; Stitzel
etal., 1997), and it will be of interest to analyze the mutant mice for
these traits. In addition, a7-deficient mice might be expected to
show resistance to a-conotoxin (Johnson et al., 1995). There is also
a report suggesting that differences in response to auditory stimuli
that are associated with schizophrenia show linkage to human
chromosome 15 in a region near the «7 locus (Freedman et al.,
1997). There is evidence of increased smoking in schizophrenics,
and «7 has been proposed as having a role in the pathophysiology
of schizophrenia (Freedman et al., 1994, 1997). It will be important
to evaluate learning and behavior in the mutant mice, and the
mutation is being back-crossed to C57BL/6J background, because
nicotine-induced seizures, auditory gaiting, and learning are all
known to be variable among inbred strains of mice (Miner and
Collins, 1989; Stitzel et al., 1997). Behavioral studies seeking to
identify schizophrenia-like behavior in mice (Dains et al., 1996;
Kafka and Corbett, 1996) will also be of interest.

The hippocampus is a center for learning and memory and
receives cholinergic innervation mainly from the medial septum
and diagonal band (Woolf, 1991). Presynaptic terminals contain-
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Figure 4. Nicotine induces currents in
control but not in &7 null mice. a, Nicotine
(0.5 mm) evoked a fast, desensitizing cur-
rent in hippocampal neurons from control
(+/+) mice. The currents were completely
blocked by 5 nMm MLA (90 sec application)
and recovered to 89% of the original peak
current after washout (recovery at 150 sec).
The solid black lines indicate the duration
of the nicotine applications. b, Nicotine
(0.5 mm) failed to induce ionic currents in
all of the hippocampal cells studied from
o7 null mice. ¢, The majority (72%) of
hippocampal cells from wild-type (+/+)
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mice (3 animals) showed currents in re- 200
sponse to nicotine application, and 28%
did not show any response. Approximately
half (54%) of hippocampal cells from «7
heterozygous (+/—) mice (8 animals) re-
sponded to nicotine, whereas 46% did not
show any current. No nicotine-induced
current could be recorded in any of the
cells from &7 null (—=/—) mice (4 animals,
35 cells). n, Number of cells recorded; 7, 0+4-----

100+

Current (pA)

(+7+)

(-1-)
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current in pA.

ing choline acetyltranferase (the enzyme that catalyzes the syn-
thesis of acetylcholine) have been found to synapse directly onto
pyramidal and granule cells and their dendrites (Alonso and
Amaral, 1995). Nicotine and cytisine autoradiography and in situ
hybridization using probes for various subunits indicate that
nAChRs are expressed throughout the hippocampus and that «7
and B2 are the most abundant subunits (Deneris et al., 1988;
Wada et al., 1990; Dineley-Miller and Patrick, 1992; Perry et al.,
1993; Séguéla et al., 1993). The hippocampus also is known to
possess a high density of a-BGT binding sites. Our results with a7
null mice indicate that the a-BGT sites are not detected when the
a7 gene is disrupted, but the high-affinity nicotine sites in the
brain are not detectably different. Although the results do not
eliminate the possibility of other low-affinity sites or of another
very minor component of a-BGT sites, the major a-BGT sites
that have been at the center of attention and controversy are
absent in «7 null mice. These results indicate that, unlike chick, in
which multiple forms of «-BGT sites are seen based on the
presence of either the a7 or the a8 subunit (Schoepfer et al., 1990;
Gotti et al., 1995), the a-BGT sites require the «7 subunit in mice.

In rat hippocampal slices and cultures, it was found that nico-
tinic agonists can enhance glutamate release by acting through
presynaptic nAChRs (Gray et al., 1996). This enhanced release of
glutamate and the rapidly desensitizing nicotinic currents were
inhibited by a-BGT and MLA, indicating that those nAChRs
contain the &7 subunit. Although other types of nicotinic currents
occasionally could be seen, the predominant current displayed
fast activation and rapid desensitization (Alkondon and Albu-
querque, 1993; Gray et al., 1996). Similarly for mice, we found
nicotine-activated currents in the majority (72%) of hippocampal
neurons, and in all cases those currents were rapid and inhibited
by MLA. In cultures from four «7 null mice, however, none of the
35 hippocampal neurons that were studied displayed nicotinic
currents. These results suggest that the rapid nicotinic currents in
hippocampal neurons are mediated by the a-BGT binding sites
and that those sites require the «7 subunit for their formation into
a receptor/ion channel complex.

Whether homo-oligomer «7 receptors exist in the brain is still

open to question, but evidence is mounting that «7 might form a
receptor without requiring any of the other presently known nic-
otinic subunits. The «7 null mice lack the a-BGT sites but have the
high-affinity nicotine sites, and 82 null mice lack the nicotine sites
but still have the a-BGT sites (Picciotto et al., 1995). These results
indicate that 82 is not required for the a-BGT site and that o7 is
not required for the high-affinity nicotine site. Because a7 and 2
are by far the predominant subunits in the hippocampus, it is
unlikely that any other known subunit is abundant enough to be
present in all of the a-BGT sites in the hippocampus. Thus, it is
unlikely that all of the a-BGT sites contain a known subunit other
than «7. In addition, «-BGT sites from PC12 cells showed size and
pharmacological similarities to homo-oligomeric chimeric «7 re-
ceptors expressed in tsA201 cells (Rakhilin et al., 1996), further
supporting the hypothesis that homo-oligomeric a7 receptors may
exist naturally as well as in heterologous expression systems.

Nicotine obtained from tobacco has complex psychopharmaco-
logical effects (Dani and Heinemann, 1996), but it is reasonable to
hypothesize that nicotine acts, in part, on the hippocampus (Gray
et al., 1996) to enhance learning and memory on various tasks
(Levin, 1992; Ohno et al., 1993). The results of the present work
suggest that the actions of nicotine on the hippocampus are likely
to arise largely from activation, desensitization, or modification
of a-BGT binding sites that contain the «7 subunit.

Although it may be surprising that mice with complete defi-
ciency of the 7 subunit do not have gross or obvious abnormal-
ities, these mice do demonstrate that the «7 subunit is not
essential for normal development or for superficially normal neu-
rological function. These mice may prove to have subtle pheno-
typic abnormalities, and they will be valuable in defining the
functional role of the a7 subunit in vivo.
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