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Abstract: The arylalkylamine N-acetyltransferase (AA-
NAT) gene is strongly expressed in the rat primarily in the
pineal gland; low levels of expression are also found in
the retina. AA-NAT catalyzes the key regulatory step con-
trolling rhythmic melatonin output: the acetylation of se-
rotonin. In the rat, the AA-NAT gene is expressed at night.
This is controlled partly by cyclic AMP (cAMP) acting
through a composite cAMP-responsive element–CCAAT
site located upstream of the transcription start point. In
the present study, we have extended our previous in vitro
findings and found that additional elements in the 59
flanking region and first intron play an important role in
the regulation of the AA-NAT gene. This led us to test the
influence of an AA-NAT 59 flanking segment on the ex-
pression of the bacterial chloramphenicol acetyltrans-
ferase gene in a rat transgenic model. The results of this
study clearly demonstrate that the segment of the AA-
NAT gene that encompasses the minimal promoter and
the first intron is able to confer the highly specific pineal/
retinal and time-of-day patterns of AA-NAT gene expres-
sion. This advance also provides a tool that selectively
targets genetic expression to pinealocytes and retinal
photoreceptors, providing new experimental opportuni-
ties to probe gene expression in these tissues. Key
Words: Pineal gland—Rat arylalkylamine N-acetyltrans-
ferase promoter—Circadian rhythm—Retina.
J. Neurochem. 73, 1343–1349 (1999).

Rhythmic production of melatonin (Evered and Clark,
1985) in the vertebrate pineal gland reflects rhythmic
changes in the activity of serotoninN-acetyltransferase
(arylalkylamine N-acetyltransferase, EC 2.3.1.87; AA-
NAT; Klein, 1985), the penultimate enzyme in the mel-
atonin biosynthetic pathway. Elevated levels of AA-
NAT activity and melatonin production occur at night. In
the rat, the nocturnal increase in AA-NAT activity is
preceded by increased expression of the AA-NAT gene,
which is initiated by the release of norepinephrine (NE)
from sympathetic nerve terminals within the gland. This
rhythmic release of NE is controlled by the endogenous

circadian oscillator in the suprachiasmatic nucleus (Klein
and Moore, 1979).

NE acts through adrenergic receptors to increase cy-
clic AMP (cAMP; Parfitt et al., 1976; Vanecek et al.,
1985) and intracellular calcium (Sugden et al., 1986,
1987). These events result in the phosphorylation of the
cAMP-responsive element (CRE) binding protein(s)
(Roseboom and Klein, 1995), leading to transcriptional
activation of the AA-NAT gene promoter through at
least one well characterized composite CRE-CCAAT
site (Baler et al., 1997). The resulting;100-fold increase
in AA-NAT mRNA is required for the;100-fold in-
crease in AA-NAT activity to occur (Borjigin et al.,
1995; Coon et al., 1995; Roseboom et al., 1996).

Expression of the AA-NAT gene in the rat occurs
primarily in the pineal gland; lower levels are detectable
in the retina, and expression is undetectable or at the
limits of detection in other tissues (Borjigin et al., 1995;
Roseboom et al., 1996). Consequently, the AA-NAT
gene provides an excellent model with which to study the
molecular basis of both tissue-specific expression and
NE3 cAMP-dependent gene expression.

In addition to the clear evidence that a functional
CRE-CCAAT complex is present in the minimal AA-
NAT promoter, preliminary evidence suggests that se-
quences downstream of the transcription start point also
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influence gene expression (Baler et al., 1997). We have
pursued this in the current report and have found that the
first AA-NAT intron contains a positive-acting do-
main(s) required to sustain a maximal and specific re-
sponse in pinealocytes. With this information, it was
possible to generate several lines of transgenic rats that
express bacterial chloramphenicol acetyltransferase
(CAT) in a tissue-specific and time-of-day pattern iden-
tical to that of AA-NAT.

MATERIALS AND METHODS

DNA vector constructions
The isolation of the rat AA-NAT 59 flanking region has been

described (Baler et al., 1997). The intron 1-containing reporter
construct contains all genomic sequences between position
2218 and11,786 upstream of the firefly luciferase translation
start point. Throughout this work, nucleotide positions are
relative to the start of transcription, with translation starting at
11,787 (position1175 on the mature RNA). Thus,2218
contains the intron 1 (1,612 bp) from position1114 through
11,725. Intronic deletion2218N1/LUC (which lacks.90%
of intron 1) was generated by digestion of2218/LUC withNsiI
(positions 181 through 1,679). To generate the CRE-deleted
construct (2218AP/LUC), 2218/LUC was double-digested
with AspI (990) andPacI (1,015).

Tissue culture, pineal dissociation, and adenovirus-
mediated transfection

Dissociated rat pinealocytes (53 106 cells) were prepared as
described previously (Baler et al., 1997). In brief, 50 pineal
glands (Taconic Farms, Germantown, NY, U.S.A.) were rinsed
and trypsinized in 5 ml of Dulbecco’s modified Eagle’s me-
dium (DMEM) containing 0.2% trypsin and 40mg/ml DNase I
(Boehringer-Mannheim, Indianapolis, IN, U.S.A.) for 50 min
(37°C, 95% O2/5% CO2). Glands were then triturated in 3 ml
of DMEM supplemented with 20mg/ml DNase I (Boehringer-
Mannheim), and the preparation was sieved to remove clumps.
The resulting pinealocytes were plated in two wells of a six-
well plate (Costar, Cambridge, MA, U.S.A.) in 2 ml of DMEM
supplemented with 10% fetal calf serum, 2 mM glutamine, 100
U/ml penicillin, and 100mg/ml streptomycin (DMEM1) to pan
out adherent cells. The pinealocyte-enriched population in sus-
pension after 10 h was harvested, collected by centrifugation,
and resuspended in serum-free OptiMEM (Life Technologies,
Gaithersburg, MD, U.S.A.) at;0.1 3 106 cells/ml; 0.4-ml
aliquots were transferred to individual wells in a 24-well plate
(Costar). Transfections were performed the following day by
overlaying the cells with a LipofectAmine (Life Technologies)/
DNA precipitate (3ml and 2 mg, respectively) for 1 h before
adding;2 3 108 adenovirus particles to enhance transfection
efficiency (Yoshimura et al., 1993). Twenty-four hours later, a
0.5-ml sample of DMEM1 was added. Where indicated, dibu-
tyryl cAMP (Bt2cAMP) was added to the cultures at this point.
Luciferase activity was measured 24 h later (Luciferase Assay
System; Promega, Madison, WI, U.S.A.) following the manu-
facturer’s recommendations. Transfection efficiency was esti-
mated at;5% by in situ 5-bromo-4-chloro-3-indoyl-b-D-ga-
lactopyranoside staining of paraformaldehyde-fixed pinealo-
cytes that had been transfected with a Rous sarcoma virus–b-
galactosidase reporter vector (Promega). Results of transient
transfection assays are representative of 10 independent exper-
iments. Statistical analysis was performed on three independent
experiments by a paired Studentt test (Goulden, 1956).

Rat transgenic studies
Transgenic rats were generated as described (Murphy and

Carter, 1993). In brief, a restriction fragment carrying the
appropriate AA-NAT 59 flanking region in front of the bacterial
CAT coding region was excised from the2218/CAT (intron
1) or 2218N1/CAT (intron 2) vectors by digestion with
HindIII and BamHI and purified for microinjection into rat
embryos. Transgenic offspring were identified by probing
Southern blot filters ofNcoI-digested genomic DNA with a
1.6-kb XbaI/BamHI fragment of pCATBasic (Promega). A
molecular weight standard for Southern blots was prepared by
NcoI digestion of the transgene fragment, which yields a
1,081-bp CAT/SV40 fragment and a 3,606-bp2218/CAT frag-
ment (see Fig. 2A). Transgene copy number was determined by
probing similar filters with a 500-bpHindIII/XbaI fragment of
the NAT promoter sequence (2267/CAT; Baler et al., 1997)
and comparing autoradiographic signals of the endogenous
NAT gene using ImageMaster software (Pharmacia, Piscat-
away, NJ, U.S.A.). Copy numbers of the transgenic lines AP2,
AP6, AP9, CP92, CP70, and CP88 were estimated at 2, 80, 170,
1, 43, and 57, respectively.

Transgene expression was determined by duplicate northern
blots (Ang et al., 1993) using the CAT-specific probe for signal
detection. For RT-PCR (Knuchel et al., 1994), 1mg of total RNA
was reversed-transcribed in a 20-ml reaction and 1 or 2ml of
cDNA was used. PCR reactions were run at cycle numbers of 30
(CAT) or 28 [glyceraldehyde-3-phosphate dehydrogenase
(G3PDH)]. These fall within the linear range of amplification. The
PCR reaction is not truly quantitative. However, the observed
differences are large and were confirmed in a second experiment.
Therefore, it is not unreasonable to regard this as a semiquantita-
tive analysis. To control for equal loading, levels of CAT mRNA
were compared against levels of G3PDH mRNA (Dukas et al.,
1993) using an RT-PCR-amplified rat G3PDH fragment (data not
shown). In situ hybridization histochemistry was performed as
described (Ang et al., 1993) using a35S-labeled CAT-specific
58-mer oligonucleotide (bases 205–262).

Light/dark paradigms
Animals were housed on a 12:12-h light/dark (lights on at

7 a.m.) schedule for 2 weeks before experiments were carried
out. For monitoring of circadian expression of endogenous
AA-NAT and transgenic CAT reporter genes, rats were shifted
to a constant darkness environment on the first day of the
experiment. Samples were collected then on the fourth day
starting at Zeitgeber time (ZT) 5 (circadian time 12). Light
blockade of adrenergic stimulation was carried out with ani-
mals maintained on the standard 12:12-h light/dark cycle. Half
of the animals were killed in the dark at midnight (12 a.m.), and
the other half were exposed to light throughout the last subjec-
tive night cycle and killed at subjective midnight. For the
isoproterenol experiment, animals on the standard light/dark
cycle were injected at midday (12 p.m.) with either saline or
isoproterenol or left untreated and were killed 3 h later.

Animal care and protocols
All experiments were done in accordance with the Public

Health Service Policy on Humane Care and Use of Laboratory
Animals, theGuide for the Care and Use of Laboratory Ani-
mals,and the Animal Welfare Act regulations, following ex-
perimental protocols that were approved by the Animal Care
and Use Committee and met the National Institutes of Health
guidelines. Procedures that might have caused more than mo-
mentary or slight pain or distress were performed after seda-
tion.
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RESULTS

AA-NAT intron 1 dramatically enhances promoter
activity

Computer-assisted analysis of the 1,612-bp intronic 59
flanking region revealed several putativecis-acting reg-
ulatory elements (Fig. 1A). These include a 193-bp-long
alternating purine–pyrimidine (APP) tract (Katsuki et al.,
1996) between positions 138 and 331, a perfect CRE
(Roesler et al., 1988) at position 995, two CRE-like
sequences at positions 925 and 1,116, three putative

pineal regulatory elements/cone–rod homeoboxes
(PIRE/CRX: TAATT/C; Li et al., 1998) at positions
1,013, 1,014, and 1,088, and a fourth one embedded
within a potential photoreceptor conserved element
(PCE; Kikuchi et al., 1993), natPCE, at position 1,617.
Splicing of the first intron generates a 174-nucleotide-
long leader sequence (data not shown; Fig. 1A, bold
letters).

The presence of potential control elements within the
intronic region was investigated by assessing the pro-

FIG. 1. The first intron can enhance AA-NAT promoter activity. A: Sequence analysis of the first 1,786 nucleotides of transcribed rat
AA-NAT sequence. The 59 untranslated region (boldface) results from splicing the 1,612-nucleotide-long intron 1 between positions 113
and 1,726. Shown is a partial result of a computer-assisted search for putative regulatory elements: CRE at position 995 (Roesler et al.,
1988) and CRE-like at positions 925 and 1,116 are boxed; the putative PCE at position 1,617 (Kikuchi et al., 1993) is underlined; and
the stretches that conform to the published PIRE/CRX (Li et al., 1998) core sequence are lined with asterisks. A 193-bp-long APP
(positions 1138 to 1330; Katsuki et al., 1996) is double-underlined. Canonical donor and acceptor splice sites around the exon–intron
junctions are in italics. The first methionine is underlined. B: AA-NAT promoter constructs driving the firefly luciferase reporter gene were
transfected into primary rat pinealocytes as described. Twenty-four hours later, cultures were stimulated with Bt2cAMP (1 mM; filled
bars) or left untreated (open bars). Twenty-four hours later, luciferase activity was measured. Data were compiled from three
independent experiments. Comparable results were obtained in 10 independent experiments. The deleterious effect of intron 1
(2218N1) or CRE (2218AP) deletion upon stimulated levels was statistically significant at the p , 0.01 level of confidence as monitored
by a Student t test (Goulden, 1956). However, no significant difference was found between 2218N1 and 2218AP. The nucleotide
sequence reported here has been submitted to the GenBank/EBI Data Bank as an addendum to GenBank accession no. U77455.
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moter activity of two luciferase reporter constructs re-
ferred to as2218/LUC and2218N1/LUC (see Materi-
als and Methods). These were transfected into primary
rat pinealocytes (Fig. 1B). Presence of the full intron 1
resulted in a fourfold enhancement (p , 0.01) of
Bt2cAMP-dependent promoter activity. As predicted, de-
letion of a 25-bp fragment encompassing the intronic
CRE (in 2218AP/LUC) was sufficient to abolish this
effect, bringing promoter performance to a level that was
statistically indistinguishable from that of2218N1/
LUC. Thus, the sequence present in the minimal AA-
NAT promoter (Baler et al., 1997) would appear not to
be sufficient to drive maximal levels of reporter gene
expression. The remarkably low level of basal activity
together with its robust responsiveness to adrenergic
stimulation suggested to us that the2218 construct
might be a suitable vector for driving pineal-specific
expression of a transgene in vivo.

The 2218 promoter construct confers conditional
tissue-specific reporter gene expression in vivo

We assessed the usefulness of the2218 AA-NAT
promoter fragment as a gene-targeting device that would
express genetic information in a pattern similar to that of
AA-NAT. To do this, we used a2218-derived promoter
construct driving expression of the bacterial CAT gene,
which was delivered by microinjection into rat embryos.

Three transgenic lines were established (AP2, 6, and
9; Fig. 2A). Transgenic rats were then tested for tissue
distribution and daily rhythmicity of the CAT mRNA
signal (Fig. 2B–D). CAT transcripts were detected at
high levels in the pineal gland (Fig. 2B; exposure time 2
days) and at much lower levels in the retina (Fig. 2D,
exposure time 11 days). Expression was not detected in
other tissues, either by northern blot (Fig. 2B, exposure
time 2 weeks, not shown) or in situ hybridization (Fig.
2C) analysis. In both the pineal gland and the retina,

FIG. 2. Spatiotemporal pattern of 2218-driven reporter gene expression in transgenic rats. A: The diagram (top) is a schematic
representation of the HindIII to BamHI DNA fragment used for microinjection into rat embryos. It consists of a 2,008-bp sequence
derived from the rat AA-NAT 59 flanking region, the bacterial CAT gene, and a discontiguous SV40-derived 39 untranslated region. Also
shown (bottom) is a Southern blot analysis of NcoI-digested genomic DNA isolated from three independent transgenic lines: AP2 (2
transgene copies; signal barely visible; lane 1), AP6 (;80 transgene copies; lane 2), and AP9 (;170 transgene copies; lane 4); a
nontransgenic control animal is represented in lane 3. A transgenic DNA marker was loaded on lane M (see Materials and Methods). B:
Northern blot analysis of CAT mRNA expression. AP6 transgenic animals were killed in the middle of the day or night, and total RNA
was extracted from selected brain and peripheral tissues: Pn, pineal; Pt, pituitary; C, cortex; A, adrenal; L, liver; K, kidney; S, spleen; T,
thymus; H, heart. Blots were probed sequentially with CAT and G3PDH probes; exposure time for the CAT signal was 42 h (a 17-day
exposure failed to reveal detectable levels of extrapineal CAT expression). C: Localization of transgene expression by in situ
hybridization histochemistry. Brains were harvested from transgenic rats (AP6) at 12 a.m., and 12-mm coronal sections at the level of
the pineal gland were prepared and probed with a 35S-labeled CAT-specific oligonucleotide. The autoradiograph (top) shows restricted
CAT expression in the pineal gland (exposure time 17 days). Pretreatment of transgenic tissue sections with RNase A and T1 abolished
the signal, which, together with the absence of signal in wild-type animals, confirms the specificity of our procedure. Also shown
(bottom) is a section through the pineal gland of transgenic (AP6) and wild-type rats at higher magnification. D: Northern blot analysis
of total RNA extracted from retinas harvested from the same transgenic animals killed in the middle of the day or night (exposure time
11 days).
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CAT mRNA displayed a robust day/night rhythm of
expression. The night pineal signal was;50-fold higher
than the night retina signal, which is consistent with the
differential amplitude of the endogenous AA-NAT re-
sponse in these tissues (Roseboom et al., 1996; Niki et
al., 1998). All three transgenic lines exhibited a similar
conditional tissue-specific pattern of expression, with the
absolute level of expression being copy number depen-
dent. These in vivo observations support the hypothesis
that the sequence present in the2218 construct can
confer the tissue distribution and day/night patterns of
expression characteristic of the rat AA-NAT gene.

The fidelity with which the2218-driven CAT mRNA
confers the regulation of the endogenous AA-NAT gene
was assessed by northern blot analysis of total pineal
RNA from transgenic animals exposed to treatments that
influence AA-NAT gene expression. CAT and AA-NAT
mRNAs displayed a virtually identical pattern of expres-
sion throughout the subjective night under constant dark-
ness (Fig. 3A). In addition, neither mRNA increased
when the onset of darkness was blocked (Fig. 3B, L. L)
and both increased strongly following injection of the
b-adrenergic agonist isoproterenol (Fig. 3B, I) during the
day. These results indicate that the2218 and the endog-
enous AA-NAT promoters are functionally indistin-
guishable because (a) they exhibit identical circadian
patterns of expression, (b) expression is blocked by light
exposure during the dark phase, and (c) expression in the
pineal gland is increased in response tob-adrenergic
stimulation.

The importance of intron 1 sequences in determining
the proper spatiotemporal distribution of AA-NAT gene
activity was examined by analyzing the pattern of re-
porter gene expression in transgenic lines carrying the
2218N1/CAT construct at different copy loads. Consis-
tent with the results obtained through transient transfec-
tion of primary pinealocytes (Fig. 1B), this promoter was
nearly inactive: CAT transcripts were not detected in any
tissue or time according to northern blot analysis when
examined in the high copy number line CP88 (Fig. 4A).
However, using the more sensitive PCR-based approach,
we were able to detect transgene expression and assess
the effect of intron 1 removal upon AA-NAT promoter

performance. Overall, the intron-less lines displayed dra-
matically reduced levels of CAT mRNA in the night
pineal relative to the intron-containing lines (Fig. 4B,
left, 5-min exposure). In contrast, cortical levels of the
transgene at night were similar to those obtained with the
full promoter (Fig. 4B, right, 90-min exposure).

DISCUSSION

Expression of the AA-NAT gene in the rat pineal
gland is an especially useful model for transcriptional
regulation studies because it exhibits distinct time-of-day
and tissue-specific expression patterns (Roseboom et al.,
1996; Baler et al., 1997). This system gains interest from

FIG. 3. Circadian, photic, and adrenergic reg-
ulation of expression of the transgene in a
2218 AA-NAT rat transgenic line: northern blot
analysis of total pineal RNA extracted from AP6
transgenic animals entrained to a 12:12 light/
dark cycle. A: Circadian time course of induc-
tion of the transgene and endogenous tran-
scripts after 3 days in constant darkness is
shown. B: Animals were exposed to a 12:12
light/dark cycle and switched to constant light
at night (L . L) or administered 1 mg/kg iso-
proterenol (I) or vehicle (V) or were not injected
(C) in the middle of the day (12 p.m.) and 3 h
before harvest. All blots in this figure were ex-
posed sequentially to CAT, AA-NAT, and
G3PDH probes. See Materials and Methods for
details on housing and lighting.

FIG. 4. First intron sequences are essential for high and regu-
lated expression of the AA-NAT gene. A: Northern blot analysis
of CAT mRNA expression. CP88 (2218N1/CAT, approximate
copy number 75) transgenic animals were killed at midday (ZT 5)
or midnight (ZT 17), and total RNA was extracted from selected
brain and peripheral tissues: Pi, pineal; Pt, pituitary; C, cortex; A,
adrenal; L, liver; K, kidney; S, spleen; T, thymus; H, heart. Blots
were probed sequentially with CAT and G3PDH probes; expo-
sure time for the CAT signal was 2 weeks. B: Southern blot
analysis of the CAT signal after PCR amplification of night pineal
(1 ml) or cortex (2 ml) cDNA prepared from all transgenic lines.
Exposure times were 5 min (left) or 90 min (right).
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the fact that it represents a well studied downstream
output of the endogenous circadian pacemaker (Klein
and Moore, 1979; Evered and Clark, 1985; Klein, 1985).

It is evident that the development of a DNA delivery
system that could carry genetic information to the rat
pineal tissue in a specific and timely fashion would
significantly enhance our ability to analyze the molecular
basis of pineal physiology. During the course of the
present study, it was established that sequences down-
stream of the transcription start point can dramatically
improve the stimulation index of the minimal AA-NAT
promoter in pinealocytes. It was also found that se-
quences within the first intron are necessary for tissue
and temporal control of a reporter gene in vivo. It should
now be possible to identify these intronic elements to
determine their mode of action.

It was previously known that a CRE-like sequence in
the AA-NAT promoter region was essential to respond to
adrenergic stimulation in vitro (Baler et al., 1997). How-
ever, our results point to a second, functional CRE, in the
AA-NAT 5 9 flanking region, whose presence appears to
be critical to achieve full promoter potential. Thus, two
CREs are present in the AA-NAT flanking region, which
might cooperate to modulate AA-NAT gene expression.
The discovery of an additional target for the cAMP
signal transduction cascade in the AA-NAT promoter
adds a new layer of complexity to the mechanisms con-
trolling rhythmic expression of the AA-NAT gene, in
which amplitude modulation is thought to involve an
immediate cAMP early repressor (ICER; Stehle et al.,
1993; Foulkes et al., 1996). This model was based upon
the ability of overexpressed ICER to suppress the mini-
mal rat AA-NAT promoter through the upstream (imper-
fect) natCRE (Foulkes et al., 1996). It would now be
important to assess the ability of ICER to modulate the
intronic (perfect) CRE, as differences in the binding
affinity of ICER toward different CRE sites are apparent
(Molina et al., 1993; Foulkes et al., 1996). This is par-
ticularly pressing given the fact that the bulk of the
response appears to be dependent upon the intronic CRE.

Tissue-specific AA-NAT expression
It has been recently postulated that several copies of

the PIRE/CRX sequence in the upstream minimal AA-
NAT promoter region could play a critical role in defin-
ing the tissue distribution of AA-NAT gene expression
(Li et al., 1998). However, this is not supported by our
findings that the2218N1/CAT construct reported here
(which contains seven of these PIRE sequences) failed to
generate a pineal-specific pattern of gene expression and
was able to drive high levels of reporter gene expression
in several nonpineal cell systems in vitro (unpublished
results). Thus, there is no evidence available to indicate
that PIRE/CRX sequences by themselves control tissue-
specific expression. However, it is possible that they
contribute in the context of a larger promoter.

In contrast, the results of the in vitro (transient trans-
fections) and in vivo (rat transgenic) studies described
here support the proposal that the critical information

that drives pineal/retinal-specific expression of a reporter
gene is contained within a promoter fragment that en-
compasses the intron 1 of the rat AA-NAT promoter.
This is evident from the findings that the circadian pat-
terns of regulation of endogenous AA-NAT and exoge-
nous 2218-driven CAT genes are virtually indistin-
guishable, that they display equally robust responses
following injection of the adrenergic agonist isoprotere-
nol, and that they are both blocked if the onset of dark-
ness is prevented. Importantly, the2218 promoter frag-
ment can also drive gene expression in the retina. The
dramatically lower levels of CAT mRNA detected in this
tissue likely reflect the conditions that determine the
intrinsically lower levels of retinal AA-NAT expression
and the heterogeneous nature of the retina. As melatonin
production in the eye is confined to the photoreceptor
cell layer (Niki et al., 1998), our measurement of both
AA-NAT and CAT mRNA levels in total retinal mRNA
represents an underestimate of expression in these spe-
cific cells.

The simplest strategies to achieve such a remarkable
restriction in tissue distribution would invoke a pineal/
retina-specific activator, a ubiquitous repressor (not ex-
pressed in pineal gland or retina), or some combination
of the two. The challenge now is to distinguish between
these alternatives. Based on our results, it seems reason-
able to propose that some combination of the two is
operating in the case of the AA-NAT promoter. It is
possible that tissue-specific factors are at play during the
scotophase. In this context, the intronic CRE, which
could cooperate with tissue-specific coactivators, appears
to play a major role in driving maximal levels of pro-
moter activity upon stimulation; the multiple intronic
PIREs and the downstream intronic PCE are all good
candidate sites that will be further investigated for tissue-
specific recognition patterns and effects.

It is worth noting, on the other hand, that a low but
significant basal level of promoter activity can be de-
tected in the pineal during the day. This diurnal expres-
sion is expected to be very low because the gland is
unstimulated and the cAMP system should be turned off.
In view of this, it is of special interest that basal levels of
transgene expression are difficult to detect in any other
tissues (Fig. 2B). It seems reasonable to propose that a
silencing mechanism, operating outside the pineal gland
and retina to suppress expression, could underlie the
purported inability of the intron-less2218 construct to
differentiate between pineal and cortex environments
(Fig. 4B).

A less attractive explanation is that intron 1 could
influence AA-NAT expression through a splicing-related
mechanism, perhaps through exon-spanning interactions.
It is conceivable, for example, that elements such as the
polypyrimidine tracts at the 39 end and in the center of
intron 1 could repress the utilization of a nearby branch-
ing point in tissues that are rich in polypyrimidine tract
binding proteins; this type of mechanism was reported
for other mRNAs subject to neuron-specific splicing
regulation (Ashiya and Grabowski, 1997; Chan and
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Black, 1997). This and similar interpretations are un-
likely because alternative or unprocessed transcripts
were not detected by PCR in several nonpineal tissues
obtained from either normal or Bt2cAMP-treated rats (P.
Roseboom, personal communication) or from the trans-
genic rats established during this study.

Final comments
The findings reported here will influence future re-

search in two ways. First, they will lead to the systematic
dissection of the molecular basis of AA-NAT tissue
distribution. Scrutiny of the elements responsible for
restricting AA-NAT expression to the retinopineal axis
should provide a powerful insight into the strategies that
evolved to ensure proper spatial control of gene expres-
sion. Second, the tissue-specific promoter reported here
will be an extremely useful vehicle with which to target
the expression of genes and antisense RNAs into pine-
alocytes and melatonin-producing cells of the retina in
the rat using transgenic strategies.
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