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Abstract

Nicotinic acetylcholine receptors (nAChRs) are pentameric ligand-gated cation channels composed
of o and B subunits. NAChR subunit expression is highly regulated during development. Previous
studies have revealed increased expression of a3, a5, a7, and B4 subunit mMRNAs and o7 binding
sites during hippocampal and cortical development. Here, we examined the expression of a2 subunit
mRNA in rat cortex and hippocampus using highly sensitive radioactive in situ hybridization. a2
subunit MRNA expression was first detected at P3 in cortex and hippocampus. During postnatal
development the distribution of a2 subunit mMRNA expression was spatially similar to the one found
in adult, exhibiting highly restricted expression in scattered cells mostly in cortical layer V and
retrosplenial cortex, and in scattered cells in CA1/CA3 stratum oriens and CA3 stratum radiatum.
However, the expression intensity and number of a2 positive cells strongly increased to reach peak
levels in both cortex and hippocampus at P7 and decreased thereafter to moderate to low to levels.
Double in situ hybridization revealed that most, but not all, a2 mRNA expression was located in non-
pyramidal GAD-positive cortical and hippocampal interneurons. Thus, similar to other nAChR
subunits, 2 MRNA expression is transiently upregulated during postnatal development and nAChRs
containing a2 subunits could regulate GABAergic activity during a critical period of network
formation.

1. Introduction

Neuronal nicotinic acetylcholine receptors (NAChRs) are ligand-gated ion channels widely
expressed in the central (CNS) and peripheral nervous system (PNS), where they are activated
by the endogenous neurotransmitter acetylcholine (Le Novére and Changeux, 1995, Dani
2001). In the rat, a total of eight ligand binding o and three structural g subunits have been
cloned, which in various combinations of a and B subunits, form distinct heteromeric or
homomeric pentameric receptor subtypes (Couturier et al., 1990; Seguela et al., 1993, Sargent,
1993, Corringer et al., 2000). After cloning and characterization of the muscle type nAChR
subunits (al, B1, 8 g, v ), the a2 was the first neuronal subunit to be cloned, sequenced and
characterized (a2, Wada et al., 1988) followed by a3 (Boulter et al., 1986), a4 (Goldman et
al., 1987), p2 (Deneris et al., 1988), B3 (Deneris et al., 1989), B4 (Isenberg and Meyer, 1989,
Duvoisin et al., 1989), a5 (Boulter et al., 1990), a6, (Lamar et al., 1990), a7 (Seguela et al.,
1993), 09 (Elgoyhen et al., 1994) and finally o 10 (Elgoyhen et al., 2001).
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Although, one of the first neuronal subunits cloned, a2 has not received the attention like more
widely expressed subunits such as a4 and 32 which form the majority of heteromeric nAChRs
and the a7 homomer forming subunit, mostly because of the limited expression of a2 mRNA.
In situ hybridization in adult rodent brain sections has revealed that «2 mRNA expression is
highly restricted to scattered cells located in various brain structures, including hippocampus
and cortex, with substantial expression only found in the interpeduncular nucleus (Wada et al.,
1988, Ishii et al., 2005). However, numerous studies investigating the developmental
expression of nNAChRs and subunit mMRNAs have shown that the expression is often
developmentally regulated (Naeff et al., 1992; Schuetze et al., 1987, Zoli et al. 1995, Winzer-
Serhan and Leslie, 1997). In particular, cortical and hippocampal structures exhibit transiently
increased expressions of a3, B4, and a5 (Winzer-Serhan and Leslie, 1997; 2005) and a7 subunit
mRNAs and receptor binding sites during pre- and postnatal development (Adams et al.,
2002; Broide et al., 1995). Regulation of a2 subunitmRNA has been reported in the developing
chick nervous system (Brussaard et al., 1994, Daubas et al., 1990). However, the developmental
expression of a2 NAChR subunit mRNA in rat brain remains unknown. In this study we used
highly specific in situ hybridization to examine the expression of a2 nAChR subunit mMRNA
during cortical and hippocampal development.

2. Methods and materials

2.1. Tissue Preparation

Timed pregnant Sprague-Dawley rat dams (with the day of insemination designed as
embryonic 0 (E0); Harlan, Houston, TX) were killed by decapitation. The fetuses were removed
by cesarean section and their heads (E15, E18, and E21) immediately frozen in isopentane at
—20°C. Pups were born at E22/postnatal day 0 (P0), and animals of different postnatal ages
(P1, P3, P5, P7, P10, P14, and P21) and adult males were killed by decapitation. The brains
were removed and frozen in isopentane at —20°C and stored at —80°C until use. This procedure
was approved by the Texas A&M Univ. Animal Use Committee and was consistent with federal
guidelines. Twenty-micron brain sections were cryostat-cut in the transverse plane and post-
fixed with 4% paraformaldehyde in 0.1 M Phosphate buffer (PB), pH 7.4 for 1 h at room
temperature (RT), then washed in PB, air-dried, and stored desiccated at —20°C until use.

2.2. cRNA Probe Preparation

Plasmids (pBluscript-SK (+) containing full-length o2 (1931 bp) and a4 cDNA, (kindly
provided by Dr. J. Boulter, University of California, Los Angeles) were first linearized by
restriction enzymes digest. The a2 template was then processed for in vitro transcription with
[35S]-UTP to synthesize full-length radio-labeled antisense or sense (T3, T7 RNA polymerase,
respectively) cRNA probes. Non-labeled full-length a2 and a4 cRNA antisense probes were
also generated using non-labeled UTP instead of [3°S]-UTP.

A 476 bp template for glutamic acid decarboxylase-67kDa (GADG67) was generated by RT-
PCR (forward primer: 5’-ATGGCATCTTCCACGCCTTCG-3’, reverse primer: 5’-
CCAAATTAAAACCTTCCATGCC-3%). The amplified GAD67 fragment (185-650 bp) was
inserted into pPCR-Script Amp SK(+). The orientation of the GAD 67 insert was confirmed
by sequencing (Gene Technologies Lab, College Station, TX). The linearized plasmid
containing GADG67 fragment was used as template to synthesize non-radioactive digoxigenin
(Dig)-labeled cRNA antisense probe using T7 RNA polymerase with Dig-rUTP (Dig-RNA
labeling Mix, Roche Applied Science, Indianapolis, IN).

2.3. In situ and double in situ hybridization

Tissue sections were processed for in situ hybridization as previously described (Winzer-
Serhan et al., 1997, 1999). Briefly, sections were pretreated with 0.05 pug/ml proteinase K for
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10 minutes at RT, acetylated, dehydrated through a graded series of ethanols (50, 70, 95, and
100%), and then air-dried. Sections were incubated overnight at 60-65°C with hybridization
solution (12.5% dextran sulfate, 0.5ug tRNA, 0.01 M dithiothreitol) (Fisher Scientific,
Pittsburgh, NJ), 0.3 M NaCl, 10 mM Tris-HCI, pH 8.0, and 1 mM EDTA, (pH 8.0). The next
day, sections were incubated with RNAase A (10 mg/ml) for 30 min at 37°C, followed by two
5 and 10 min washes of decreasing salinity (2 — 0.5 x sodium chloride-sodium citrate buffer
(SSC)) at RT and a 30 min wash in 0.1x SSC at 65°C. Tissue sections were dehydrated, dried
in a stream of cool air, and apposed to Kodak BioMax-MR film with [14C] standards of known
radioactivity at 4°C for 5 days. Following film development sections were dipped in Kodak
autoradiography NTB emulsion and exposed at 4°C for 5 weeks. Slides were developed in
Kodak D-19 diluted 1:1 with water, fixed in Kodak Professional fixer (Rochester, NY), and
counter stained with Cresyl-Violet. After staining, the slides were cover slipped with DPX
mounting medium (Fluka, Ronkonkoma, NY).

For displacement study, 3°S-labeled a2 antisense probe (107 cpm/ml) in combination with non-
labeled a4 or o2 antisense probes (0.6 png/ml) were used for hybridization. The tissue sections
were then processed for in situ hybridization as described above.

For double in situ hybridization, sections were hybridized overnight at 60-65°C with Dig-
labeled GAD67 antisense probe (2.5 ug/ml) in combination with 35S-labeled a2 antisense probe
(107 cpm/ml). After hybridization, sections were washed as described above. After the hot
wash, the slides were incubated in Genius buffer 1 (GB1; 100 mM Tris-HCI, 150 mM NacCl,
pH 7.5) for 1 min, followed by a 30 min incubation in 5% nonfat dry milk in GB1 + 0.25%
Triton-X at RT. A 1:1,000 dilution (GB1 + 0.25% Triton-X) of anti-Dig alkaline phosphatase
conjugated Fab antibody (Roche Applied Science, Indianapolis, IN) was applied and the slides
were incubated for 3 h at 37°C. The slides were washed for 1, 5, and 10 min in GB1 + 0.25%
Triton-X; then color reagent (50 pl NBT, 37.5 pl BCIP in 10 ml GB3, 100 mM Tris-HCI, 100
mM NaCl, 50 mM MgCly, pH 9.5) was applied in the dark. The slides were incubated overnight
at RT and washed twice in GB4 (10 mM Tris-HCI, 1 mM EDTA, pH 8.0) and double deionized
water, dehydrated with brief dips in graded ethanol (50, 75, 95, and 100 %), air-dried, and
apposed to Kodak BioMax MR film for appropriate periods. Following film development,
sections were coated with 2% parlodion, dried overnight, and dipped in Kodak autoradiography
NTB emulsion. After a 4~5 weeks exposure period the slides were developed and cover-
slipped.

2.4. Data Analysis

Autoradiographic images of sections were obtained and analyzed using a computer-based
image analysis system (MCID, Imaging Research, GE Healthcare). A standard curve (raw
optical density vs. nCi/g wet weight) was generated from [14C]-standards (Amersham).
Specific hybridization (nCi/g wet weight) to a2 mRNA was determined by subtracting non-
specific hybridization obtained with the sense probe from the values obtained with the antisense
probe. a2 mRNA expression was analyzed using a one-way ANOVA with postnatal days as
the between-variable. Following a significant density difference, Fisher’s least significance
difference (LSD) was used for the post hoc analyses. The o level was set at 0.05 for all analyses.

The light- and dark-field photomicrographic images were taken from emulsion-dipped sections
by automatic photomicrographic system (Olympus, Melville, NY. USA). The number of cells
expressing a2 mRNA was counted under darkfield from emulsion-dipped sections containing
dorsal hippocampus and somatosensory cortex (from Bregma —2.80 mm to —3. 80 mm

according to the “Rat Brain Atlas” by Paxinos and Watson, 1998). Data were expressed as the
total number of cells per section after correction for dilution due to brain growth. Correction
factors were determined by measuring the length of the area corresponding to Bregma —2.80
and —3.80 mm in 3 rats age P7, P21, and adults, and the actual number of cells per section was
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multiplied by 1 (P7), 1.2094 (P21) and 1.3507 (adults). The P7, P21, and adult hippocampi
were found to be 1.273 + 29.06, 1.540 + 41.43, and 1.720 * 46.19 mm, respectively.

In sections hybridized with 35S-labeled a2 antisense probe, a positively labeled cell was defined
as one having silver grains tightly clustered above a cell body stained by Cresyl-violet. The
positively Dig-labeled cells were identified by the purple color of the alkaline phosphatase
colorimetric reaction; a2 positive hybridization signal was defined as a tight cluster of silver
grains above a cell body stained by Dig-labeled GAD67 probe.

3. Results

3.1. Adult expression and probe specificity

The expression pattern of a2 nAChR subunitmRNA in adult rat brain resembled the previously
reported expression pattern (Fig. 1) (Wada et al., 1989;lshii et al., 2005). A series of coronal
sections were hybridized with 35S-02 antisense or sense probes, to detect specific and non-
specific hybridization, respectively. Hybridization signal was detected within few scattered
cells in CA1/CAS3 stratum oriens, CA3 stratum radiatum, and mostly in cortical layers V (Fig.
1). The nAChR a2 subunit mRNA expression was more intense in ventral than in dorsal
hippocampus (data not shown). To verify that the full-length 35S-a2 antisense cRNA probe
hybridized specifically to a2 mRNA and not to the highly homologous a4 nAChR subunit
mRNA, consecutive sections were processed with 3°S-a2 antisense in the presence of non-
labeled antisense probes for a2 or o4. Hybridization of 3°S-labeled a2 antisense probe was
displaced only by non-labeled a2 (Fig. 1B) but not a4 cRNA probe (Fig. 1C), indicating no
cross-reactivity to a4 mRNA. However, in order to prevent any possible cross-reactivity to
o4 mRNA, a combination 3°S-a2 with non-labeled o4 antisense probe was used for this study.
The sense a2 control exhibited low hybridization signal indicating low non-specific
hybridization; however, some signal was detected in the hippocampal pyramidal layer and in
the granule layer of the dentate gyrus (Fig. 1D). Therefore, signal detected with the a2 antisense
probe in the pyramidal or granule layers could not be verified as specific and was not included
in the analysis.

3.2. Expression of a2 subunit mMRNA during development

Developmental expression of a2 mRNA was analyzed in pre- and postnatal animals. No
hybridization signal was detected at any embryonic age (E15, E18, E21) or in neonates (P1)
in hippocampus or cortex (Fig. 2A and B). Low levels of a2 mRNA expression were first seen
in hippocampus and cortex at P3 (Fig. 2C). The expression strongly increased to reach peak
levels at the end of the first postnatal week in both hippocampus and cortex (Fig. 2D-F), then
declined during the second postnatal week (Fig. 2G and H) and remained at low levels
thereafter, similar to the low expression intensity found in adult hippocampus and cortex (Fig.
1; Fig. 21 and J; Fig. 6A). One-way ANOVASs revealed a significant difference between o2
expression intensity during postnatal development [F (6, 20) = 25.639; F (6, 20) = 19.863; F
(6, 20) = 22.832, P’s < 0.001 in CA1/CAS3 stratum oriens and somatosensory cortex,
respectively]. Fisher’s LSD post hoc analyses revealed significant differences in expression
intensity on P7, P10, and P14 when compared to adult values (P’s < 0.001, for CA1/CA3
stratum oriens, and somatosensory cortex) (Fig. 6A). However, the postnatal distribution of
a2 mRNA was spatially similar to the adult in both hippocampus and cortex.

Darkfield analysis of dorsal hippocampus confirmed the expression of a2 mMRNA in scattered
neurons in CA1 and CA3 stratum oriens and CA3 stratum radiatum beginning at P3 (Fig. 3A).
At P7, strong expression was detected in scattered cells in CA1 stratum oriens and CA3 stratum
radiatum and moderate expression in CA3 stratum oriens (Fig. 3B). Very few cells expressing
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a2 transcripts were detected in the hilar region of dentate gyrus at any age (Fig. 3). By P14
a2 expressing cells were mainly localized to the outer layer of CA1 stratum oriens/alveus.

In the developing cortex, a2 subunit mMRNA expression was restricted to deeper cortical layers
with a spatial distribution pattern similar to the one seen in adults (Fig. 4). Transcripts for a2
nAChR subunits were detected in scattered cells mostly in layer V and a few in layer V1 starting
at P3 (Fig. 4A). The expression strongly increased in intensity and number of a2 positive cells
by the end of the first postnatal week, but decreased thereafter, similar to the temporal
expression pattern found in the hippocampus (Fig. 4B, C, D). In the retrosplenial cortex,
expression of a2 MRNA was detected in scattered cells beginning at P3, increasing in intensity
and number by P7, then sharply declined to adult levels (Fig. 5). Whereas the spatial distribution
of a2 mRNA expressing cells did not change during development, the number of cells
expressing a2 mMRNA seemed temporally increased at P7. To determine if the change could be
explained by dilution resulting from cortical and hippocampal growth, the number of neurons
expressing a2 subunit transcript was adjusted and compared between different ages (Fig. 6B).
Cell counts were taken at P7, P21, and adult in dorsal hippocampus and somatosensory cortex.
The total number of a2 expressing cells in cortex, and hippocampus strongly decreased after
P7 (somatosensory cortex: P7= 5628 + 68, P21= 2433 + 30, AD= 2150+ 23; CAL stratum
oriens: P7=3993 + 69, P21= 2576 + 31, AD= 2120 + 24; CA3 stratum oriens: P7= 1563 + 70,
P21=1101 £ 31, AD=1123 + 24). When corrected for the growth of the hippocampus and
expressed as o2 positive cells per section, significant differences were detected between P7
and P21 and adults in all three areas counted (P < 0.001, student’s T-test), but not between P21
and adult (Fig. 6B). The results suggest that there was a 40~63% decrease (CA1/CA3 stratum
oriens and somatosensory cortex) in the number of a2 mMRNA expressing cells during second
and third postnatal development (Fig. 6B).

3.3. Co-expression of nAChR a2 subunit mRNA and GAD67mRNA in hippocampus and

cortex

The scattered distribution of a2 mMRNA expressing cells in hippocampus and cortex suggest
their expression in inhibitory interneurons. We used double in situ hybridization with Dig-
labeled GADG67 antisense probe as a marker for GABAergic interneurons in combination
with 35S- labeled full-length a2 antisense probe to co-localize a2 and GAD67 transcripts in
adults (Fig. 7). In addition, we analyzed coexpression at P14, when the expression signal was
significantly higher than in adults (Fig. 8). Coexpression of a2 and GAD67 mRNAS was
detected in CA1 and CA3 stratum oriens and somatosensory and retrosplenial cortex in adult
and P14 animals. However, not all a2 mRNA transcripts were coexpressed with GAD67
mMRNA and not all GAD positive neurons in areas of a2 expression were coexpressed with
a2 mRNA.

4. Discussion

The aim of this study was to examine the expression of nAChR a2 subunit mRNA during
cortical and hippocampal development. The present data show a transient upregulation of a2
subunit mRNA expression intensity and number of cells expressing a2 mRNA but not a change
in the general expression pattern in hippocampus or cortex during development. The highly
restricted distribution of a2 subunit mMRNA was first detected during the first postnatal week,
in a pattern similar the adult. In addition, we verified the expression of a2 subunit mMRNA in
GABAergic interneurons in postnatal and adult animals.

4.1. Methodological considerations

A previous study suggested the possible cross-reactivity of the full-length hydrolyzed 02 cRNA
probe to a4 mRNA, the most closely related subunit (Azam et al., 2002, Le Novere and
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Changeux, 1995). In this study we used a full-length, non-hydrolyzed cRNA probe to detect
a2 nAChR subunit mRNA during development and in adults under highly stringent conditions
which previously prevented cross-reactivity to homologous sequences (Winzer-Serhan et al.,
1999). The adult hybridization pattern was identical to that previously described with strong
a2 mRNA expression in the interpeduncular nucleus and in scattered cells in most brain regions,
but distinct from a4 mRNA distribution (Wada et al., 1988, Goldman et al., 1987). A
comparison to the hybridization pattern derived with the short a2 antisense probe revealed
similar results (data not shown). However, the full-length probe greatly enhanced sensitivity
and, therefore, was used in this study. To further demonstrate the specificity of the full-length
probe, displacement of the radiolabled o2 antisense probe by non-labeled a2 but not a4
antisense probe also demonstrated the specificity of the full-length non-hydrolyzed o2 probe.
In addition, to prevent any cross-reactivity to a4 mRNA, an excess of non-labeled full-length
a4 antisense probe was added to the hybridization solution throughout the study. Taken
together, the hybridization signal most likely represents hybridization to a2 nAChR subunit
mMRNA during development and in the adult.

4.2. Expression of nAChR a2 mRNA during development

In cortex and hippocampus, a2 mRNA expression appears postnatally, exhibiting a rapid
increase in intensity and numbers of a2 positive neurons during the first postnatal week,
followed by a sharp decline thereafter. This transient developmental upregulation in cortical
structures has also been reported for a3, B4, a5 and a7 subunits (Adams et al., 2002, Winzer-
Serhan and Leslie, 1997, 2005), suggesting a general pattern of nAChR subunit mMRNA
regulation, despite different transcriptional elements controlling their expression (Boyd,
1994, Bessis et al., 1993, Yang et al., 1997, Nagavarapu et al., 2001).

a2 MRNA expression was restricted to cortical layers V and hippocampal CAl and CA3
stratum oriens with a few scattered neurons found in CA3 stratum radiatum. Coexpression
studies revealed the expression of a2 mRNA generally, but not exclusively, in GABAergic
interneurons in both structures in adult and developing brain. Cortical GABAergic interneurons
are born and differentiate prenatally and are mostly derived from the medial ganglionic
eminence from where they migrate tangentially into cortical structures (Marin and Rubenstein,
2001). Given the late onset of a2 MRNA expression after the interneurons completed their
migration, a2 containing nAChRs do not seem to be involved in migration and differentiation
processes of GABAergic interneurons. However, during early postnatal hippocampal and
cortical development, when GABA is an excitatory neurotransmitter, GABAergic interneurons
play a critical role in early network formation (Ben-Ari, 2002 and Ben-Avri et al., 2004). During
this critical postnatal period, a2 mMRNA expression is upregulated, indicating that a2 containing
nAChRs could form and control the activity of GABAergic interneurons and GABA release.

In neonates GADG7 is also a marker for a transient population of cells in strata radiatum and
oriens. These cells are considered to be pioneer cells, and are thought to be important during
hippocampal network formation. (Super et al., 1998, Jiang et al., 2001). The GADG67 positive
pioneer cells are very prominent during the first postnatal week and start to disappear thereafter,
sothat GADG67 immunoreactivity begins to resemble an adult-like pattern by P14. This transient
appearance of GADG67 pioneer neurons is similar to the temporal expression pattern of a2 in
CAL stratum oriens and a2 mRNA is coexpressed with GAD during development. Thus, it is
possible that a2 containing nAChRs are expressed in a subpopulation of this developmentally
relevant cell population and perhaps participate in their regulation. This would explain the
sharp drop-off in cell numbers expressing a2 mMRNA in the hippocampus but would not explain
the decline in cortex. However, it remains to be seen if a2 mRNA expressing cells undergo
cell death or simply stop expressing a2 nAChR subunit mRNA.
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Hippocampal interneurons are known to express different nAChRs. Depending on their
electrophysiological and pharmacological properties they can be classified in at least three
different receptor subtypes (Alkondon et al., 1993, Jones and Yakel, 1997, Buhler and
Dunwiddie 2001). Based on results presented in this study, a2 containing nAChRs can be found
in at least one subpopulation of GABAergic interneurons in cortical layer V and VI and
hippocampal stratum oriens during postnatal development and in the adult. Due to the great
diversity of interneurons in morphology, physiology and expression of biochemical markers
(Freund and Buzsaki, 1996), it is not possible to identify different interneuronal populations
based on their location in either hippocampus or cortex. However, there is a population of
GABAergic interneurons located in the CA1 oriens/alveus region projecting to stratum
lacunosum-moleculare (O-LM cells); a location similar to the one where a2 mRNA expressing
neurons are located in postnatal and adult hippocampus. These parvalbumin and somatostatin
positive O-LM cells (Klausberger et al., 2003) have a distinct physiology and are involved in
generating autonomous theta frequency oscillations (Maccaferri and McBain 1996, Pike et al.
2000). Further studies are needed to verify the expression of a2 NAChR subunit mRNA in this
interneuronal population, but if confirmed, a2 containing NAChRs could be important in the
regulation of hippocampal theta rhythms.

4.3. Subunit composition

Expression in oocytes has revealed that a2 nAChR subunits form functional heteromeric
receptors in combination with either 32 or 4 subunits (Papke et al, 1989). Given the spatial
and temporal expression pattern of 2 mRNA in comparison to either 2 or 4 (Winzer-Serhan
and Leslie, 1997, Zoli et al 1995), and the lack of co-detection in single cells of a2 and 4 by
single cell RT-PCR (Sudweeks and Yakel, 2000), it seems likely that 2 rather than p4 will
coassemble with a2 in adult and developing interneurons. In addition, it is possible that other
a subunits, if expressed in the same neuron, participate in the formation of 232 containing
pentamers, forming similarly complex structures as described before for heteromeric nAChRs
(Le Novere etal 2002, Luetje, 2004). There is evidence for the expression of a developmentally
regulated a2a5p32 nAChR subtype in chick (Balestra et al., 2000), a similar receptor might form
in rodent brain. Other o subunits are expressed as well, for example, in CAL/CA3 stratum
oriens interneurons a4 and o7 MRNASs are detected, and in cortical layer V and CA3 stratum
radiatum expression of a3, a4, a5 and o7 mMRNAS can be found during development (Adams
etal., 2002, Sudweeks and Yakel, 2000, Winzer-Serhan and Leslie, 1997, 2005). Thus, at least
in some interneurons, complex heteromeric a2 containing NAChRs seem possible. However,
to date there is no evidence in rat that a2 combines with other a subunits to form functional
nAChR ion channels.

It remains to be seen if functional a2 containing NAChRs are formed in cortex and hippocampus
during development or in the adult. However, pharmacological and physiological analysis has
revealed that a2p2 nAChRs have a relatively high affinity for nicotine and acetylcholine similar
to a4p2, but have longer open time, greater peak conductance and current, and slower
desensitization kinetics (Khiroug et al., 2004, Papke et al., 1989, Sudweeks and Yakel,
2000). These subtle pharmacological and electrophysiological differences can be important in
tailoring the response to a cholinergic stimulus in specific cells within the diverse population
of GABAergic interneurons. Nevertheless, the relatively high sensitivity to nicotine could
allow nicotine to activate the transient population of a2 containing nAChRs during a
developmental age when hippocampus and cortex are particularly sensitive to GABAergic
stimulation. Consequently, activation of a22 containing nAChRs by exogenous nicotine
derived from smoking could particularly influence developmental network formation.
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Adult expression of a2 nAChR subunit mRNA. Coronal sections were hybridized with 35S-
o2 full-length antisense probe (A), 3°S-a2 antisense in the presence of non-labeled o2 antisense
probe (B), 3°S-02 antisense in the presence of non-labeled o4 antisense probe (C), or 35S-02
sense probe (D). Note: hybridization signal of the 35S-02 antisense probe was displaced by
a2 but not by a4 antisense probe. Abbreviations: AD, adult; CA1/CA1, CA3/CA3 hippocampal

field; Cx, cortex; DG, dentate gyrus. Scale bar = 1 mm.
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Fig.2.

Developmental expression of a2 nAChR subunit mRNA. Coronal sections from E18 (A), P1
(B), P3(C), P5 (D), dorsal and ventral P7 (E, F), dorsal and ventral P14 (G, H), and dorsal and
ventral P21 (1, J) were hybridized with 35S-a2 antisense probe. Abbreviations: Amyg,
amygdala; CA1/CA3, CA1/CA1 hippocampal field; Cx, cortex; V, cortical layer V; Hippo,
hippocampus; RSG, retrosplenial granular cortex. Scale bar = 200 um. Scale bar in B applies
to A and B, in D applies to C and D, in F applies to E and F, and in J applies to G-J.
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Fig. 3.

Darkfield images of a2 mRNA expression in developing hippocampus at P3 (A), P7 (B), P21
(C), and adult (D). Abbreviations: CA1/CA3, CA1/CA3 hippocampal field; DG, dentate gyrus.
Scale bar = 100 um, in A applies to A and B, and in D applies to C and D.
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Fig.4.

Darkfield images of a2 mMRNA expression in developing somatosensory cortex at P3 (A), P7
(B), P21 (C), and adult (D). Abbreviations: CP, cortical plate; cortical layers I - VI; MZ,
marginal zone are indicated by the side markers. Scale bar = 100 um, in A applies to A and B,
in D applies to C and D.
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Fig. 5.

Darkfield images of a2 mRNA expression in developing retrosplenial granular cortex at P3
(A), P7 (B), P21 (C), and adult (D). Abbreviations: RSG, retrosplenial granular cortex. Scale
bar = 100 um, A applies to A and B, D applies to C and D.
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Fig.6.

Developmental changes in hybridization signal to a2 mRNA (A) and number of cells
expressing o2 mMRNA in CA1/CAS3 stratum oriens and somatosensory cortex at P7, P21 and
adult (B). A: Plotted are means £ SEM of specific a2 hybridization (nCi/g) at different postnatal
ages. B: Plotted are average numbers of a2 mRNA expressing cells per section at P7, P21 and
adult corrected for growth. The asterisks indicate a significant difference when compared to
adult expression, asterisks above bar indicate significant difference of P7 compared to P21,
*** P<0.001 according to student’s T-test, n=3.
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Fig.7.

Double in situ hybridization in adult rat brain. Light- and dark-field images of a2 nAChR
subunit and glutamic acid decarboxylase 67 (GAD) mRNA expression in CAL stratum oriens
(Aand A”), CA3 stratum oriens (B and B’), retrosplenial granular cortex (RSG) (C and C’),
and somatosensory cortex (D and D’). Sections were hybridized with digoxigenin-labeled
GAD (dark cellsin A, B, C, and D) in combination with 35S-labeled o2 antisense probes (silver
grains in A’, B’, C’, and D’). The co-localized GAD and a2 mRNA expressions is marked by
asterisks; Arrow indicates non-GAD-positive neurons expressing o2 mRNAS; Arrowheads
represent single-labeled GAD expressing neurons. Scale bar = 25 pum.
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Double in situ hybridization in postnatal rat brain. Light- and dark-field images of a2 nAChR
subunit and glutamic acid decarboxylase 67 (GAD) mRNA expression in CAL stratum oriens
(Aand A”), CA3 stratum oriens (B and B’), retrosplenial granular cortex (RSG) (C and C’),
and somatosensory cortex (D and D”) at P14. The co-localized GAD and a2 mMRNA expressions
is marked by asterisks; Arrowheads represent single-labeled GAD expressing neurons. Scale
bar = 25 pm.
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