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Abstract

Ž .Our previous studies demonstrated that nicotine induces c-fos expression in the suprachiasmatic nucleus SCN of the rat during a
narrow developmental window occurring in the perinatal period. We have extended these observations by showing that c-fos cannot be
induced in the adult SCN by nicotine even during the subjective night, when phase shifts do occur. In contrast to the SCN, significant
induction of c-fos and NGFI-A was observed in the medial habenula and paraventricular nucleus at all circadian times. In the fetal rat
SCN we show that NGFI-A and junB are also induced by nicotine, but not c-jun. To investigate whether changes in nicotinic

Ž .acetylcholine receptor nAChR expression in the SCN may underlie this change in sensitivity during the perinatal period, we examined
nAChR mRNAs across this developmental period. By Northern analyses, a2, a3 and a4 subunit mRNAs are relatively abundant in the
fetal SCN but decline substantially in the adult. a7 mRNA increases substantially while b2 mRNA is relatively abundant throughout
development. We also examine expression in the whole mouse brain beginning at embryonic day 11. Many mRNA sizes for nAChR
subunits in both the rat and mouse are characterized here for the first time by Northern analyses and some show very large changes in
expression across development. In particular, a small 1.4 kb a2-related mRNA is highly expressed during early development, perhaps
indicating an important novel function for this subunit. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

A single acute injection of nicotine leads to the induc-
tion of c-fos mRNA in discrete structures of the adult rat

w xbrain 14,18,33,35,44 . Among the areas with greatest in-
duction are the paraventricular nucleus of the hypothala-

Ž .mus PVN and the medial habenula. In the perinatal
period these two structures are also strongly responsive to
nicotine along with another structure, the suprachiasmatic

Ž .nucleus SCN , in which c-fos is only induced during a
w xnarrow developmental window 4 . This change in sensitiv-

ity to nicotine during the perinatal period results in a

) Corresponding author. Fax: q1-650-725-5356; E-mail:
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discordance in c-fos induction between the maternal and
fetal SCN.

While circadian pacemakers may exist in many mam-
malian cell types, the SCN is widely accepted as the

w xmaster circadian pacemaker in mammals 15 . The induc-
tion of c-fos and other immediate early genes in the SCN
has been strongly associated with light-induced phase shifts

w xof the circadian clock 1,16,34,39,45 . Like light, the mixed
cholinergic agonist carbachol can cause both phase delays

w xand phase advances 2,5,8,19,24,55,58,59 . However, un-
w xlike light, carbachol does not induce c-fos in the SCN 5 .

Nicotine, like carbachol, appears to induce light-like phase
w xshifts 32 even though recent data suggests that the carba-

chol-induced phase shift is mediated by activation of mus-
w xcarinic receptors 2 . Given these observations, we exam-

ine in this study whether nicotine might induce c-fos

0169-328Xr99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
Ž .PII: S0169-328X 99 00004-2



( )B.F. O’Hara et al.rMolecular Brain Research 66 1999 71–8272



( )B.F. O’Hara et al.rMolecular Brain Research 66 1999 71–82 73

Ž .Fig. 1. In situ hybridization of c-fos and NGFI-A mRNA in the adult rat brain following a single injection of nicotine 1 mgrkg s.c. at CT21 and
sacrificed 45 min later. In all three panels ‘A’, ‘B’, and ‘C’ are brain sections from nicotine-treated rats while ‘D’, ‘E’, and ‘F’ are from saline-injected
controls. ‘A’ and ‘D’ are Nissl stained sections; ‘B’ and ‘E’ are hybridized with c-fos; and ‘C’ and ‘F’ are hybridized with NGFI-A. The top panel
displays sections at the level of the SCN; the middle panel displays the paraventricular nucleus of the hypothalamus; and the bottom panel displays the

Ž . Ž .medial habenula shown by arrows in each panel . Note that nicotine injection but not saline induces both c-fos and NGFI-A in the PVN and medial
Ž .habenula, but does not induce significant or even visible amounts in the SCN.

expression in the adult SCN at any time across the circa-
dian day.

Since c-fos expression in the SCN is associated with
phase shifts of the circadian system, the discordance in
nicotine-induced c-fos expression between the maternal
and fetal SCN may have functional significance. Previous
studies have shown that cocaine and dopamine D1 agonists

w xalso induce c-fos expression in the fetal SCN 54 and that
w xD1 stimulation can reset the fetal circadian system 50 .

The differential response of the fetus and adult appears to
be due to changes in dopamine D1 receptor abundance
w x54 . Similarly, the discordance in nicotine-induced c-fos
expression between the adult and fetal SCN could also be
due to an age-dependent change in the abundance andror

Ž .type of nicotinic acetylcholine receptors nAChRs in the
SCN. We tested this hypothesis in the current study by
examining the expression of nAChR subunit mRNAs at
various developmental ages in the SCN and other brain
regions. Upon finding several interesting developmental
changes throughout the rat brain, we compared these re-
sults to the mouse in which tissues from earlier develop-
mental timepoints were obtained. Northern analyses re-
vealed a greater diversity of nAChR mRNAs than has
previously been shown.

2. Materials and methods

2.1. Animals

ŽSprague–Dawley rats Harlan Sprague–Dawley, San
.Diego were used for all rat studies. To obtain embryonic
Ž .day 20 E20 fetuses, timed-pregnant dams were shipped

to arrive 10–14 days prior to their estimated date of
Ž .parturition. Embryonic day zero E0 was defined as the

morning following mating, and parturition was expected
on E21. Postnatal days were defined beginning with P0 as
the first day following birth. All mice were C57BLr6 and
were handled and defined in a similar manner. Dams of
both species were housed one or two per cage in a 12:12
light–dark cycle with light onset beginning at 0800.

2.2. Experimental protocol 1: circadian Õariation of nico-
tine-induced c-fos and NGFI-A expression

To determine whether nicotine could induce c-fos and
NGFI-A expression in the adult SCN, adult rats kept in a
12:12 light:dark cycle were transferred to constant condi-

Ž .tions dim red lighting only for at least 48 h and then
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Ž . Žadministered a single injection of y nicotine 1 mgrkg
. Ž .s.c. at one of four circadian times CT spanning the 24-h

Ž .day—CT3, 9, 15, and 21 ns3 at each CT . Rats were
sacrificed 45 min following nicotine administration under
dim red lighting. The brains were rapidly removed and
frozen in 2-methylbutane at y208C to y408C. After
initial freezing, the brains were coated with Lipshaw’s
embedding medium and stored at y708C for subsequent
sectioning and examination of c-fos and NGFI-A expres-
sion by in situ hybridization histochemistry.

2.3. Experimental protocol 2: expression of other immedi-
ate early genes in the fetal SCN following acute nicotine
exposure

To determine whether immediate early genes other than
c-fos could be induced in the fetal SCN by acute nicotine

Ž .exposure, pregnant dams ns1 for each timepoint were
Ž . Ž .injected at 1400 mid-day with nicotine 1 mgrkg, s.c.

on E20 and sacrificed 1 h, 3 h or 6 h post-injection; an
additional dam was injected with saline and sacrificed 1 h
later. The fetuses were decapitated, brains removed, and

w xthe SCN were dissected as previously described 30 .
Briefly, four cuts are made around the optic chiasm with
very fine micro-dissecting scissors under a microscope,
followed by a final cut underneath, with all dimensions
less than 1 mm. All dams had at least 12 fetuses, and all
fetal SCN at each timepoint were frozen together on dry
ice for subsequent RNA isolation and Northern analysis.

2.4. Experimental protocol 3: deÕelopmental changes in
nAChR subunit expression in the SCN and other brain
regions

To test the hypothesis that the discordance in nicotine-
induced c-fos expression between the maternal and fetal
SCN was due to an age-dependent change in the abun-
dance andror type of nicotinic acetylcholine receptors
Ž .nAChRs in the SCN, the SCN, rest of hypothalamus,

Ž .thalamus and rest of forebrain ROFB were dissected
from E20, P5 and adult rats and assessed for nAChR
expression. The SCN were dissected as described in proto-
col 2. For the E20 samples, 45 SCN derived from four
litters were pooled; 24 SCN from two litters were dis-
sected at P5; and 12 SCN were taken from adult rats. In a

w xprevious study 30 , we have estimated that in adults, at
least 80% of the resultant RNA derived from these dissec-
tions is from the SCN, with perhaps 5% derived from optic
chiasm and up to 15% from areas immediately surrounding
the SCN. In E20 fetuses, we estimate that at least 50% of
the resultant RNA is derived from the SCN, and at P5
approximately 70%. At all developmental timepoints, care
was taken to insure that the SCN dissection would not
include any of the PVN of the hypothalamus. Fetuses or
postnatal mouse pups were sacrificed on E11, E13, E15,
E17, P0, P6, P14, and P21. At E11 and E13 the entire head

was frozen for subsequent RNA isolation. At all other
developmental times, the brain was removed intact and
frozen. Between 4 and 60 individual heads or brains from
at least 2 litters were pooled at each developmental stage
in the mouse.

2.5. In situ hybridization histochemistry

Tissue specimens were mounted in a cryostat and sec-
tioned coronally at 12 mm. The cut sections were thaw
mounted on gelatin-coated glass microscope slides, air
dried, and refrozen at y708C. A single stranded comple-

Ž .mentary RNA cRNA to c-fos or NGFI-A mRNA was
prepared from full length rat cDNAs. Methods of probe
labelling, in situ hybridization histochemistry, and quanti-

w xtation were as previously described 45 . One or two

Fig. 2. Expression of c-fos and NGFI-A in the SCN, PVN and medial
Ž .habenula MH following nicotine injections at circadian times CT3,

Ž .CT9, CT15 and CT21 ns3 at each CT . Representative sections at
Ž .CT21 are shown in Fig. 1. Relative optical density ROD units are

relative to the anterior hypothalamus which had no clearly detectable
Žsignal above background thus an ROD value of 1.0 essentially represents

.background density .
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Ž .Fig. 3. Northern analysis of immediate early gene expression in the fetal SCN following acute nicotine exposure 1 mgrkg s.c. in the dam . S1s1-h
post-injection with saline; N1, N3 and N6sone, 3 and 6 h post-injection with nicotine. Each sample is about 5 mg of total RNA derived from the SCN of
at least 12 E20 fetuses. The graphs to the right of each autoradiogram represent the densitometric measures of each band divided by those of the
corresponding b-actin value.
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sections through the hippocampus of an adult animal treated
with picrotoxin to induce seizure were included as positive

controls for c-fos and NGFI-A mRNA expression in each
assay.
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After hybridization, the slides were placed in a film
cassette and exposed for 5–7 days. The films were devel-
oped in an automated film developer. The hybridized
slides were stained with thionin to confirm the presence of
the SCN, PVN or habenula. Quantitation of the film
images was obtained using a computer-assisted image

Žanalysis system MCID; Imaging Research, St. Catherines,
. w xOntario as previously described 45 . Autoradiograms of

brain sections were either photographed directly or ported
into Adobe Photoshop.

2.6. RNA isolation and Northern analysis

Total RNA was extracted using the guanidiniumrCsCl
Ž .or Trizol BRL methods, fractionated on 1.2% formal-

dehyderagarose gels, and transferred to Nytran mem-
Ž .branes Schleicher and Schuell . RNA was visualized by

ethidium bromide staining and crosslinked by UV irradia-
tion. Following prehybridization, membranes were hy-
bridized at 428C in 5=SSC, 50% formamide, 50 mM

Ž .sodium phosphate pH 6.8 , 1% SDS, 1 mM EDTA, 2.5=

Denhardt’s, 200 mgrml herring sperm DNA, and 1=107

c.p.m.rml of radiolabelled random primed cDNA probe.
Membranes were washed 2= for 30 min at 588C in 0.4=

SSC and 0.5% SDS. Filters were then exposed to Kodak
XAR5 film for 1–10 days. Quantitation was done using
the image analysis system described above. Filters were
stripped and reprobed with several different cDNAs. Each
subsequent probing and resultant autoradiogram was care-
fully analyzed to determine if any residual radioactivity or
banding patterns were evident. Filters were always probed
last with the b-actin control which provided a common
comparison across filters. Other comparisons across many

Ž .different blots most not shown help to assure reliability
and guard against any uneven degradation of filters be-
tween probings.

2.7. cDNA probes

We obtained all of the known nAChR subunit clones
Žexcept for a6 and a9 a8 has not been found in mam-

. Ž w x .mals see Ref. 43 for review . All nAChR subunit clones
Ž .were obtained from Dr. James Patrick Baylor University .

The a7 clone was a 3 kb insert in pBluescript designated
pLA7.31. For most studies the 2 kb EcoRI fragment
containing the entire coding region was used. For b4 a 1
kb BglIIrBamHI fragment extending approximately from

amino acid 103 to 425 was used. The remaining clones
were all in the vector pCDNA-NEO but were derived from
the following plasmids and contain the same inserts: a2s

Ž . Ž .HYP 16 9 , 1931 bp; a3spCA48E 3 , 1932 bp; a4-1s
Ž . Ž .HYA23-1E 1 , 2110 bp; a5spC989E 4 , 1610; b2s

Ž .pCX49 1 , 2195 bp; b3sESD76, 1994 bp. In all of these
cases, the entire cDNA was used for probings which
contains all of the coding sequence plus a small amount of
non-coding sequence. For hybridization to c-fos message,

w xa 2.1 kb cDNA 6 was labeled for Northerns and a
corresponding antisense riboprobe for in situ studies. To
detect c-jun and junB, 2.7 kb and 1.8 kb EcoRI fragments

w xof the respective mouse clones were utilized 40,41 . For
NGFI-A a 450 bp PÕuIIrEcoRI fragment was used for
Northerns and a corresponding antisense riboprobe for in

w x w xsitu studies 20 . b-actin 13 and AVPexCc containing
only exon C of the vasopressin gene were used for control
probes. AVPexCc was obtained from Dr. Thomas G.

Ž .Sherman University of Pittsburgh .

3. Results

3.1. Experiment 1— circadian Õariation of nicotine-in-
duced c-fos and NGFI-A expression

To determine whether nicotine-induced c-fos and
NGFI-A expression might vary across the 24 days in the
SCN or other brain regions, rats were injected with 1

Ž . Žmgrkg of y nicotine s.c. at four circadian times CT3, 9,
.15 and 21 and sacrificed 45 min later. The medial habe-

nula and paraventricular nucleus of the hypothalamus
showed the greatest induction of c-fos and NGFI-A mRNA

Ž .following nicotine Figs. 1 and 2 , and no significant
differences were found across circadian times. In the SCN,
however, no induction of c-fos or NGFI-A was apparent,
even at CT15 and CT 21 when nicotine can cause phase

w xshifts 32 . In fact, the level of these two mRNAs in the
SCN was only slightly above background at all times
Ž .Figs. 1 and 2 .

3.2. Experiment 2— expression of other immediate early
genes in the fetal SCN following acute nicotine exposure

To extend our previous results that c-fos is induced by
w xnicotine in the fetal but not adult SCN 4 , we examined

additional immediate early genes by Northern analysis.
RNA was isolated from the SCN of fetuses exposed to

Ž . Ž .Fig. 4. The expression of nAChR subunit mRNAs at three developmental timepoints in the rest of forebrain ROFB , thalamus Thal , SCN, and
Ž .hypothalamus minus the SCN Hypo of the rat. The graphs to the right represent the densitometric measures of the dominant bands divided by the amount

Ž .of total RNA loaded, which varied slightly between samples see ethidium bromide stained gel at the lower left . b-actin was not used in this analysis
w xbecause levels of this message decline dramatically in the adult 29 and would therefore not be an appropriate control. Note especially the age-dependent

decline of a2 mRNA expression in all brain regions, the decline of a3 and a4 in the SCN and the increase of a7 and AVP in the SCN. AVP
Ž .arginine–vasopressin was used as a control probe to help assess the SCN and hypothalamic dissections. Each sample is about 5 mg of total RNA,
however, all four adult samples and the E20 thalamus were somewhat underloaded. This is controlled for in the accompanying graphs, by dividing each
densitometric measure by the total RNA loaded in that lane.
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Ž .Fig. 5. The expression of nAChR subunit mRNAs in the developing mouse brain beginning on embryonic day 11 E11 and extending to postnatal day 21
Ž .P21 . The age-dependent decline in a2 mRNA expression in the rat brain in the figure is particularly evident in the mouse whole brain; conversely a7
mRNA expression generally increases. E11 and E13 RNA samples are derived from the whole heads of fetuses while all other RNA samples are derived
from whole brain. Each sample is about 15 mg of total RNA. Since no adult samples were analyzed on this filter, b-actin was once again used as the
control for densitometric measures of band intensities, as shown graphically to the right. Only data for the more abundant mRNA sizes are shown in the
graphs.
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nicotine and sacrificed 1, 3 or 6 h later, along with a
control group given saline. JunB responded in a manner
similar to c-fos with an initial increase in mRNA at 1 h

Ž .and a return to near baseline by 3 h Fig. 3 . NGFI-A also
appears similar, but with perhaps a higher level at the 6-h
timepoint. C-jun mRNA appears to be essentially un-

Ž .changed while AVP Arginine–Vasopressin mRNA ap-
Ž .pears to decline at the 1 h timepoint Fig. 3 .

3.3. Experiment 3— deÕelopmental changes in nAChR sub-
unit expression in the SCN and other brain regions

To investigate whether the discordant fetal vs. adult
response to nicotine in the SCN might be due to changes
in nAChR expression, we examined RNA levels of each
subunit in the E20, P5 and adult SCN, in addition to the
hypothalamus minus SCN, thalamus, and rest of forebrain
Ž . Ž .ROFB Fig. 4 . The expression of a5 and b3 mRNA
was undetectable on this blot, and many others, and no
attempt was made to examine a6 or a9. b4 expression
was observed only in the adult thalamus. b2 expression
was similar across all brain regions and all developmental
timepoints. a2, a3 and a4 mRNAs all declined in the
SCN across these developmental timepoints while a7
mRNA levels increased. For a2, this decline was fairly
consistent across brain regions, while a3 and a4 dis-

Ž .played more variability Fig. 4 . For example, a3 and the
Ž .smaller a4 mRNA but not the larger a4 mRNA increase

in the thalamus through development.
To address the generality of the developmental changes

observed for some subunit mRNAs in the rat, we examined
much earlier developmental timepoints in the whole head
Ž . Ž .E11 and E13 and whole brain E15–P21 of the mouse

Ž .and also additional postnatal timepoints Fig. 5 . Several
developmental timepoints were examined in the whole rat
brain as well, and essentially the same patterns were

Ž .observed unpublished observations . The a2 nAChR sub-
unit mRNAs showed the most dramatic age-dependent
pattern. While the upper bands were relatively constant
throughout development, the smallest mRNA, 1.4 kb, was
expressed at very high levels at E11 and declined steadily

Ž .thereafter Fig. 5 . This observation was consistent with
that described above for the different rat brain regions,
although in some regions the larger mRNAs also decline in

Ž .abundance Fig. 4 . We also found a2 mRNA expressed
in some non-neuronal tissues early in development, which

Ž .declined rapidly unpublished observations .
The 1.4 kb a2 mRNA was easily observed under low

to moderate stringency with a probe of the entire published
Ž .coding region see experimental methods for details .

However, at very high stringency or with shorter probes
the 1.4 kb band is preferentially eliminated relative to the
2.4 and 3.7 kb bands, suggesting the possibility that the 1.4
kb mRNA may be derived from a different closely related
gene. Such a gene would probably have to be more closely
related than any other alpha subunits since we have never
observed cross-hybridization between any of the alpha

Žsubunit probes and their respective mRNAs unpublished
.data .

Relative to the 1.4 kb a2 mRNA, other nAChR sub-
Ž .units were more constant Fig. 5 even though individual

brain regions may be increasing or decreasing their expres-
sion of particular subunits as shown in Fig. 4. All of the
nAChR subunit mRNAs were detectable as early as E11.
a3, a4, and b2 mRNAs all appeared to show some
increases at E15 even after accounting for the fact that the
E11 and E13 samples are derived from the entire head. All
mRNA sizes were compared to known standards and

Ž .confirmed with poly Aq RNA not shown . Most mRNA
sizes were similar in mouse vs. rat, but there were some

Ždifferences in size and relative density of each band see
.Figs. 4 and 5 .

4. Discussion

4.1. Experiment 1— circadian Õariation of nicotine-in-
duced c-fos and NGFI-A expression

The absence of nicotine-induced c-fos expression in the
SCN contrasts with the result of light-induced phase shifts
which are strongly correlated with increased c-fos expres-

w xsion 1,16,34,39,45 and the finding that the nicotinic
antagonist mecamylamine blocks light-induced c-fos ex-

w xpression in the SCN 60 . These results are similar to those
obtained previously with the mixed cholinergic agonist

w xcarbachol 5 , which may work primarily through mus-
w xcarinic activation 2 . Carbachol administration also causes

phase-shifts in vivo at circadian times when light is inef-
fective, suggesting a mechanism or pathway at least some-

w xwhat distinct from light 2,5 .
Although we did not observe c-fos expression in the

adult SCN following nicotine administration, c-fos induc-
tion in the medial habenula and paraventricular nucleus of

Ž .the hypothalamus PVN was readily apparent. Induction
of c-fos in the PVN by nicotine injection has been well

w x w xdocumented 18,49 . Ren and Sagar 35 report no c-fos
induction in the medial habenula using a slow i.v. infusion
Ž .up to 2 mgrkg over 1 h , but mention that a single rapid
injection leads to high expression in this brain region, as
was observed in this study. In both of these brain regions,
we observed no circadian differences in the amount of
c-fos induction, even though differences in basal levels of
c-fos have been well established in virtually all brain

w xregions 11,31 .

4.2. Experiment 2— expression of other immediate early
genes in the fetal SCN following acute nicotine exposure

We investigated additional immediate early genes since
different combinations may determine which target genes
are activated or inactivated. For example, changes in the
level of different JUN members may result in differing
affinities for AP-1 sites and subsequently in transcriptional
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w x w xactivation 42 . Takeuchi et al. 46 have shown that light
induces changes in AP-1 constituents within the SCN
which may result in changes in subsequent target gene

Ž .expression. We examined arginine–vasopressin AVP ex-
pression in this same experiment as one possible target
gene, anticipating possible changes in expression at the 3-
or 6-h timepoint. However, the only change observed in
AVP mRNA levels was a reduction in the E20 SCN just 1
h after nicotine. Although AVP is not generally considered

w xan immediate early gene, Carter and Murphy 3 did find a
rapid down-regulation of AVP mRNA in the hypothalamus
following metrazole-induced seizure which causes an in-

w xcrease in c-fos expression in many brain regions 26 . In
addition we found no changes in two other possible target
genes known to be enriched in the SCN, VIP and VGF
Ž .not shown . One limitation of these results, however, is
that we had to rely on RNA pooled from the SCN of
multiple fetuses and thus statistical comparisons are not
possible. Nonetheless, the nicotine-induced c-fos expres-

w xsion in the fetal SCN is consistent with Clegg et al. 4 and
the differences between immediate genes are consistent
with previous results we have obtained in other systems
w x31 .

4.3. Experiment 3— deÕelopmental changes in nAChR sub-
unit expression in the SCN and other brain regions

In regard to developmental changes in SCN expression,
the increase in a7 and the decline in a2, a3 and a4
mRNAs may play a role in the developmental changes in
nicotine sensitivity. However, the correlation of nAChR

ŽmRNAs and c-fos induction is not perfect i.e., c-fos can
be induced in the SCN by nicotine between E18 and P1
but there is no ‘all or none’ shift in nAChR mRNAs

.between E20 and P5 . Furthermore, nAChR subunit mRNA
levels may not correlate well with actual protein levels or
receptor function. Nonetheless, these findings are consis-

w xtent with Naeff et al. 27 in which high affinity 3H-nico-
tine binding was found to decreased in the hypothalamus
postnatally. One possibility is that the higher levels of a2,

Ž .3, or 4 required for high affinity nicotine binding com-
bined with b2 in the prenatal SCN may be postsynaptic
and generate EPSPs in response to nicotine, and therefore
c-fos induction, while some portion of the a7 in the adult

Žmay be presynaptic from SCN interneurons as well as
.from cell bodies outside the SCN and may facilitate

GABA transmission. Presynaptic nAChRs containing a7
have been documented to augment the release of a variety

w xof neurotransmitters 10,12,17,37,38 and virtually all SCN
w xneurons contain GABA 25 . a7 receptors also have a

lower affinity for nicotine than nAChRs containing other
w xalpha subunits 43 .

Among other brain regions, the discovery of a novel 1.4
kb mRNA in probings with the a2 nAChR cDNA may be
of interest. We could find no previous examples of North-
ern blots probed with a2 cDNA, perhaps because the
levels are so low in the adult. The 1.4 kb mRNA we

describe may be too short to code for a complete nAChR
subunit unless there is almost no 5X or 3X noncoding
sequence. The original report of the nAChR a2 cDNA
w x53 suggests an open reading frame of 1452 base pairs.
Furthermore, two of their four original cDNAs lack spe-
cific exons. This raises the possibility that the 1.4 kb
mRNA contains splicing errors and is non-functional.
However, the fact that this band can be largely eliminated

Žat high stringency much more rapidly than the 2.4 and 3.7
.kb bands suggests that it is a closely related gene product.

In addition, the strong developmental regulation of this
mRNA suggests an important developmental role regard-
less of whether it is translated into a traditional full-length

w xnAChR subunit. Milton et al. 23 have shown that the a2
nAChR gene is activated by the POU transcription factor
Brn-3b. This gene is highly expressed at E11 and then

w xdecreases 48 and thus may play a role in the similar
developmental pattern of our a2 or a2-like 1.4 kb mRNA.

These studies provide the most detailed Northerns for
nAChR expression in the brain to date. In fact, for a2 and
b3 we could find no Northerns at all with rodent RNA
and, to our knowledge, our descriptions are the first report.
In regard to abundance of nAChR mRNAs, most previous
work has been done using in situ hybridization, which
offers greater neuroanatomical resolution but cannot distin-
guish different mRNA sizes and may have greater prob-
lems distinguishing signal from noise. Therefore, we be-
lieve our work provides an important complement to in
situ studies. Our results of very early expression for many

Ž . Žsubunit mRNAs in the mouse Fig. 5 and the rat unpub-
. w xlished observations are consistent with Zoli et al. 61 who

examined expression of a3, a4, b2 and b4, but not a2 or
a7 during neuronal development. We have also observed
that, under our optimized conditions for Northerns, we can
often detect signals that are missed in in situ studies. For
example, in the most thorough study of nAChR subunit

w xRNAs 51,52 no detectable a4 mRNA was found in the
SCN whereas we could still detect low levels of expression
Žfor additional examples of the sensitivity of our Northerns

w x.see Ref. 30 .
The fact that Northerns can distinguish different sizes of

mRNAs may provide information relevant to developmen-
tal or other regulatory control. For example, the nAChR
a4 mRNAs appear to change over the course of develop-
ment in different brain regions. The 4.8 kb a4 mRNA
declines in all brain regions while the 2.5 kb mRNA
increases through development, especially in the thalamus.

w xYu et al. 56 report that this midsize mRNA, but not the
larger or smaller mRNA, is responsive to nicotine treat-
ment. Most importantly, the examination of a2 nAChR
mRNAs by Northern analysis has led to our discovery of a
potentially novel subunit.

4.4. General discussion

Our data may shed light on the development of the
nicotinic cholinergic system throughout the brain and,
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more specifically, its role in the developing and adult
circadian system. In early brain development, the 1.4 kb
a2-related mRNA is more abundant than any other nAChR

Žsubunit mRNA probably several fold higher based on
.comparisons of different probings and exposure times .

This suggests a potentially important role in development.
The product of this mRNA may be involved in the abnor-
mal developmental effects of nicotine which appears to
cause the premature maturation of the cholinergic system
w x28,57 .

Our SCN data may strengthen the argument that nico-
Ž .tine as opposed to other constituents of cigarette smoke

could be responsible for the increased incidence of Sudden
Ž .Infant Death Syndrome SIDS in the offspring of smokers

w x7,21,47 since nicotine may induce long term changes in
the fetal SCN as occurs with cocaine and dopamine D1

w xagonists 50 . Based on rhythms of vasopressin expression
and 2-deoxyglucose uptake, the fetal SCN appears to
function as a clock as early as E18, shortly after the

w xneurons have migrated to their final cellular position 36 .
The increasing amount of nAChR a7 mRNA and decreas-
ing amounts of other alpha subunits in the developing SCN
may account for the differential nicotine sensitivity in
adults vs. fetuses. Again, the decrease in the high affinity
nicotinic subunits is similar to the situation with the
dopamine D1 receptor, with high levels in the fetal SCN

w xand lower levels in the adult SCN 54 . Given the relative
abundance of different alpha subunit mRNAs in the adult
SCN, a7-containing nAChRs are most likely responsible
for the changes in neuronal activity observed in adult SCN

w xneurons following nicotine 22 which in turn appear to
shift the clock in a manner independent of c-fos activation.
The effects of nicotine on the circadian clock may even
lead to an additional addictive mechanism of nicotine and
cigarette smoking; specifically, an entraining or consolidat-
ing influence on the restractivity cycle in mammals. The
first morning cigarette, in particular, may facilitate morn-
ing alertness not just by activation of cortical pathways,
but also by activating circadian inputs to wake-inducing

w xcenters 9 .
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