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Regulation of Mouse k Opioid Receptor Gene Expression by
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The effect of retinoids on the expression of k opioid receptor
(KOR) gene was examined in normal and transgenic animals.
KOR-lacZ transgene expression was specifically elevated in
KOR-positive areas of the developing CNS by depleting vitamin
A from animal diets. The endogenous KOR mRNA species,
including all three isoforms, were also upregulated by depleting
vitamin A in developing animals. Change in the expression of
isoforms a and b is similar in prenatal stages but differs during
postnatal development. Interestingly, upregulation of isoform c
is most significant postnatally. The regulation of KOR gene by
vitamin A was substantiated in a mouse embryonal carcinoma
P19 culture system in which retinoic acid (RA), the most potent
ingredient of vitamin A, was able to suppress the expression of

all the three KOR isoforms and KOR protein. The RA-mediated
suppression was blocked by an RA receptor antagonist and a
histone deacetylase (HDAC) inhibitor. By using a reporter trans-
fection assay in P19 cells, the potential genetic element respon-
sible for RA-mediated suppression of KOR gene expression was
located to intron 1 of the mouse KOR gene, which could also be
blocked by HDAC inhibitor. Furthermore, suppression of KOR
gene expression by RA in P19 cells appeared to be an indirect
event and required protein synthesis. A role of RA in KOR gene
regulation during developmental stages was discussed.
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Three opioid receptor types, w, 8, and «, exist in animals, and
their genes have been cloned (Goldstein and Naidu, 1989; Wei
and Loh 1996). In knock-out animal models, it has been shown
that opioid receptors mediate the pharmacological and toxic
effects of morphine, as well as certain animal behaviors (Matthes
et al., 1996; Sora et al., 1997; Tian et al., 1997; Loh et al., 1998;
Simonin et al., 1998). The expression patterns of opioid receptors
have been examined primarily by in situ hybridization, immuno-
histochemistry, and ligand binding assays (Kitchen et al., 1990;
Rius et al,, 1991; Elde et al., 1995; Kieffer 1995; Knapp et al.,
1995; Mansour et al., 1995; Zhu et al., 1998). Recently, the
genetic basis underlying the ontogenesis of the « opioid receptor
(KOR) has been revealed in transgenic animals (Hu et al., 1999).

The expression of opioid receptors is detected primarily in the
CNS; however, the mechanism underlying their unique expres-
sion patterns is not known. Recently, we have demonstrated the
expression of opioid receptors in embryonal carcinoma cells P19
and that opioid receptor expression changes as these cells un-
dergo differentiation, suggesting an association of opioid recep-
tors with developmental programs (Chen et al., 1999). To gain an
insight into the genetic information underlying their specific
expression patterns, we have used a lacZ reporter strategy to
generate KOR-lacZ transgenic mice (Hu et al., 1999). In this
model, lacZ expression recapitulates most endogenous KOR ex-
pression during developmental stages (Zhu et al., 1998). The
mouse KOR gene contains four exons and uses two promoters.
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Promoter 1 directs the expression of two mRNA isoforms that
differ by 30 nucleotides attributable to alternative splicing at
intron 1. Therefore, a total of three KOR isoforms can be gen-
erated, designated a, b, and ¢ (Wei et al., 2000). The KOR-lacZ
fusion gene represents the combined activities of KOR tran-
scripts and provides an efficient tool to examine KOR gene
activities in animals without performing extensive in situ hybrid-
ization or immunohistochemistry.

Retinoic acid (RA), the active ingredient of vitamin A, affects
many developmental events in animals, including pattern forma-
tion, cell lineage determination, and apoptosis (Maden et al.,
1997, 1998; Maden 1999). Vitamin A deficiency results in numer-
ous developmental defects (White et al., 2000) as well as neuro-
logical dysfunction in adults, such as seizures (Lakritz et al.,
1993). Therefore, of particular interest is whether the R A system
affects opioid receptor expression in developing animals and
whether RA is involved in the establishment of the developmen-
tal cue required for unique opioid receptor expression patterns.
To address these questions, we first examined the established
KOR-lacZ transgenic mouse model. We then investigated the
effects of vitamin A status on endogenous KOR expression to
confirm the fidelity of transgene analyses. Third, the regulation of
KOR gene by vitamin A was substantiated in P19 in which the
effects of RA on KOR gene and protein expression were exam-
ined. Finally, we begun to identify potential genetic elements
responsible for RA-mediated KOR gene suppression.

MATERIALS AND METHODS

Manipulation of vitamin A status in animals. Manipulating the vitamin A
status of animals was performed according to published studies (Lee et
al., 1996; Wei et al., 1997). Briefly, normal female mice were kept on a
vitamin A-deficient diet (TD86143; Harlan, Madison WI) 6 weeks before
mating with KOR-lacZ transgenic male homozygotes and maintained on
the same diet until the day the animal was killed. Embryos were obtained
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from the hypovitaminosis A (A—) female animals at the desired gesta-
tion stages and analyzed for RNA or lacZ expression. For postnatal
stages, live born animals derived from these females were killed at the
desired dates, and the brain and spinal cord were analyzed for KOR or
KOR-lacZ expression.

Analyses of mRNA. RNA was isolated from mouse tissues using a
TRIZOL solution (Life Technologies, Rockville, MD) as described
previously (Wei et al., 2000). To detect the expression of endogenous
KOR mRNA isoforms, an established reverse transcription (RT)-PCR
procedure was used (Wei et al., 2000). Briefly, RNA was reverse-
transcribed using oligo-dT as the primer for RT, followed by PCR with
primer pairs specific to isoforms a, b, and c. Isoform a represents
transcripts derived from the first promoter and spliced at the first iden-
tified splice acceptor site, and isoform b represents transcripts derived
from the first promoter and alternatively spliced at 30 nucleotides 5’ to
the first identified splice acceptor site. Isoform c represents transcripts
derived from promoter 2 (Wei et al. 2000). In addition, an actin-specific
primer pair was included in all of the reactions as the internal control. All
of the primer sequences and PCR reaction conditions have been de-
scribed previously (Wei et al. 2000). One-fifth of the PCR product was
analyzed on 1% agarose gels, followed by Southern blot hybridization
with probes specific to the mouse KOR and actin transcripts. Hybridiza-
tion signals were quantified using a PhosphorImager (Molecular Dynam-
ics, Sunnyvale, CA). KOR-specific signals were normalized to actin-
specific signals to determine the relative level of specific KOR isoform
expression, represented as the relative intensity. Three independent
experiments were conducted to determine the means and SEM.

Enzyme histochemical analyses of transgene expression. In situ lacZ
enzymehistochemistry was conducted as described previously (Wei and
Chang, 1996; Hu et al., 1999). Briefly, the specimen (embryos, dissected
brain regions, and spinal cord) were fixed in 0.25% glutaraldehyde in PBS
at 4°C for 2 hr or longer. Specimens were washed three times with PBS
and stained with a 5-bromo-4-chloro-3-indolyl-B-Dp-galactoside (0.5 mg/
ml) solution at room temperature for §-10 hr (Wei and Chang, 1996).
The stained specimen were observed under a stereoscope. The images of
whole-mount specimen were obtained from a Nikon (Tokyo, Japan)
digital camera. The anatomic terminology was according to Kaufman
(1992) and Franklin (1997).

P19 cell culture procedure. P19 cultures were maintained as described
previously (Wei and Chang, 1996). All-trans RA was added at the
concentration range of 10~ ° to 10 % M, and RNA was collected at
different time points, followed by RT-PCR analysis as described above. A
specific RA receptor (RAR) antagonist, AGN193109, was obtained from
Allergan (Irvine, CA) and added to 10 ® m. Trichostatin A (TSA)
(Sigma, St. Louis, MO) was added to 50 nM. For cycloheximide treat-
ment, 2 pg/ml cycloheximide was added to RA-treated cultures for a
duration of 24 hr before the isolation of RNA at the time points
indicated. RNA was subjected to RT-PCR analyses.

Immunohistochemical analyses of KOR protein on P19 cultures. Immu-
nohistochemistry was performed as described previously (Chen et al.,
1999). Briefly, P19 cells were fixed with ethanol/chloroform/acetic acid
(6:3:1) and stained with either preimmune serum or a 1:50 dilution of a
specific rabbit antibody (Chen et al., 1999), followed by reaction with a
Cy3-conjugated donkey anti-rabbit antibody (Santa Cruz Biotechnology,
Santa Cruz, CA). The image was observed under a Zeiss (Oberkochen,
Germany) fluorescent scope.

KOR-luciferase reporters and transfection studies. Two luciferase report-
ers, with or without intron 1, of the mouse KOR gene were generated.
The first reporter, k45, was constructed by fusing a 1.3 kb genomic
fragment 5’ to the initiation codon, released by BamHI and Ncol diges-
tion, to Bg/lI/Ncol sites of the pGL3 vector (Promega, Madison, WI).
The second reporter, k19, was constructed by fusing the identical 5’
upstream region from the KOR ¢cDNA (deleting intron 1) to the same
pGL3 reporter. P19 cultures were treated with 10 7° M RA for 48 hr
before plating for transfection. Transfection and determination of re-
porter activities were conducted as described previously (Chang and
Wei, 1997). Briefly, 0.5 ug of luciferase reporter and 0.1 pg of lacZ
internal control (Lee et al., 1998) were precipitated with calcium phos-
phate and introduced into cultures. Thirty hours after transfection,
luciferase and lacZ activities were determined, and relative luciferase
units (RULSs) were calculated by normalizing luciferase activities to lacZ
activities. Triplicate cultures were used in each experiments, and two
independent experiments were conducted to obtain the means and SEM.
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RESULTS

Expression of KOR-lacZ in animals fed a vitamin
A-deficient diet

The expression of the KOR gene in animals has been shown
primarily by the use of in situ hybridization and immunohisto-
chemistry. However, these techniques are somewhat limited in
revealing the entire pattern of KOR expression in animals. The
use of lacZ reporter in transgenic animals can greatly reduce the
amount of time on analyzing gene expression in animal tissues,
and the expression pattern can be examined on the whole-mount
specimen in a three-dimensional manner. Although the use of a
reporter may not reveal the complete pattern of expression, this
strategy does offer an opportunity to examine gene expression
patterns more efficiently and to dissect the genetic information
required for such expression patterns, as long as sufficient regu-
latory information is included in the reporter construct. Previ-
ously, we have created KOR-lacZ transgenic mouse lines in which
lacZ expression pattern recapitulates most of the endogenous
KOR gene activity in developing animals (Hu et al., 1999). By
taking advantage of this transgenic mouse model, we attempted to
examine changes in the expression pattern of the KOR gene
resulting from experimental manipulation. For this study, a total
of three transgenic lines that consistently express the KOR-lacZ
transgene were used. All three lines express the transgene in a
very similar pattern and exhibit a very similar response to dietary
manipulation. The results obtained from one line were presented
here. For consistency, transgenic male homozygotes were mated
to nontransgenic females (fed a control or vitamin A-deficient
diet) to obtain transgenic heterozygotes for analyses.

As reported previously, KOR-lacZ expression in control em-
bryos is detected in hindbrain roof and bronchial arches as early
as embryonic day 9 (E9) and extends to different brain regions,
such as forebrain, midbrain, hindbrain, and the spinal cord at
E11-E12 (Hu et al., 1999). By E13-E14, the expression in the
sense organ primordia is intensified. Interestingly, transgene ex-
pression in embryos derived from A— mothers appears to be
elevated, most significantly in E13-E14 embryos. Figure 1 shows
the comparison of a whole-mount control (4, C) and an A— (B,
D) embryo at E14. LacZ expression patterns of the whole-mount
specimen are very similar in both control and A— groups; how-
ever, the intensity of lacZ staining is significantly elevated in the
primordia of the eyes (ey), the ears (ea), and the nose () of the
A— (B) embryo compared with the control (4). Change in
internal lacZ staining of the whole-mount embryos can be dem-
onstrated in embryos spliced sagittally in half, as shown in C and
D. It is obvious that lacZ expression in specific brain areas,
including cortex (c), hippocampus (%), dorsal thalamus (dt), ven-
tral tegmental nucleus (v), pons (p), medulla (m), and the neural
tube (nt), is significantly elevated in the A— embryo (D).

To follow the effects of depleting vitamin A on KOR expression
in the CNS of early postnatal animals, brain and spinal cord of
postnatal animals were stained and analyzed. Figure 2 shows the
comparison of whole-mount lacZ staining patters of different
brain areas and spinal cord between control (4, C, E, G) and A—
(B, D, F, H) pups at 2 weeks of age. It appears that lacZ
expression in brain and spinal cord of A— pups is also elevated
compared with the control. In the forebrain (A4, B), lacZ expres-
sion is highly elevated in accumbens nucleus (acb), lateral septal
nucleus (Is), hippocampus (), and cortex deep layer (co). In the
midbrain (C, D), lacZ expression is highly elevated in periaque-
ductal gray (pag), external cortex (ec), parvicellular nucleus tri-
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Figure 1. Elevation of KOR-lacZ expression
in developing mouse embryos derived from
vitamin A-deficient (A—) mothers. 4, A con-
trol transgenic embryo stained with lacZ. B,
An A— embryo stained with lacZ. C, Internal
staining of control embryo shown in A. D,
Internal staining of an A— embryo shown in
B. ¢, Cortex; dt, dorsal thalamus; ea, ear; ey,
eye; h, hippocampus; m, medulla; n, nose; nt,
neural tube; p, pons; v, ventral tegmental
nucleus.

geminal nerve (pc5), and rubrospinal tract (rs). In the hindbrain
(E, F), lacZ expression is elevated in solitary tract and solitary
tract nucleus (sol), spinal trigeminal tract (stf), and spinal trigem-
inal nucleus (stn). In the spinal cord (G, H), lacZ expression is
particularly elevated in the dorsal horn (dh).

Therefore, KOR-lacZ transgene expression is elevated in spe-
cific areas of the developing CNS of animals fed a vitamin
A-deficient diet. The effect is significant, beginning from midges-
tation stage (E14) to early postnatal stages (2 weeks). Further-
more, the elevation is specific to KOR-lacZ-positive areas, indi-
cating that upregulation is specific to KOR-positive tissues.

Expression of endogenous KOR mRNAs in

developing animals

To confirm the effects of depleting vitamin A on KOR expression,
the expression of the endogenous KOR gene was monitored by
using an established RT-PCR procedure as described in our
previous studies (Wei et al., 2000). The positions of primers and
the expected PCR products are shown in Figure 34. The expres-
sion levels of the three endogenous KOR mRNA isoforms, a, b
and c, in nontransgenic mice (including control and A— groups)
at E12, E14, and 2 weeks postnatal were compared. A total of
three or more independent experiments (from different animals)
were conducted to obtain the statistic results. Figure 3B shows a
represented RT-PCR analysis after hybridization, and Figure
3C-E show statistical analyses of quantitative changes in the
expression of the three isoforms. It is obvious that the expression
of all three KOR isoforms are elevated in specimen derived from
A— animals (lanes 2, 4, 6, 8, 10, 12) compared with control groups
(lanes 1, 3,5, 7,9, 11) in most time points examined. The changes
are more significant as animals develop (E14 to 2 weeks old, lanes
5-12). Among the three isoforms, changes in expression of iso-
forms a and b are similar (C, D), confirming their common
regulation by promoter 1. However, in postnatal 2-week-old ani-
mals, upregulation of isoform b (generated by alternative splic-
ing) is particularly high in the brain (D), suggesting that regula-
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tion at alternative splicing becomes more significant during
postnatal development. Elevation of transcript c, which is derived
from the second promoter, is obvious in E14 body and postnatal
CNS (E). For all of the KOR isoforms, change in the expression
levels begin primarily at E14, suggesting a crucial time window of
regulation for KOR expression during midgestation stages.

From these series of experiments, it is concluded that the
expression of the endogenous KOR gene is also elevated by
depleting vitamin A during developmental stages. All three KOR
isoforms, a, b and c, are upregulated, and the sensitive time
window begins at the midgestation stages. Isoforms a and b are
similarly regulated in prenatal stages but differentially regulated
at postnatal stages. Isoform c is upregulated most significantly in
postnatal animals and the trunk of E14 embryos.

Regulation of KOR gene expression by RA in P19 cells

The observation that KOR gene expression was elevated by
depleting vitamin A in developing animals prompted us to exam-
ine the effects of RA, the major active ingredient of vitamin A, on
KOR gene expression. However, RA induced teratogenic effects
in animals, and it was not possible to determine the specific effect
of RA on KOR gene expression without the complication of its
pleiotrophic effects in the animals. Therefore, we used P19 em-
bryonal carcinoma stem cell culture, which expresses a basal level
of KOR transcripts (Chen et al., 1999). During RA treatment,
P19 cells undergo differentiation into a variety of cell lineages,
including neurons. To examine the effects of RA on KOR expres-
sion in this culture model, P19 stem cells were treated with RA,
and RNA was isolated and analyzed by RT-PCR to determine the
level of KOR transcript expression. Figure 44 shows suppression
of all three KOR mRNA species by RA in an RA dose-
dependent manner. Because RA at a concentration of 10 % M is
most efficient in inducing neuronal differentiation, the effect of
10 ° M RA on KOR expression at different time points was
analyzed, as shown in Figure 4B. RA effectively suppressed the
expression of all three isoforms at 3 (RAD3) and 5 (RADS) d of
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treatment. However, the suppressive effect of RA is somewhat
late during the course of treatment, and thus it was tempting to
speculate that changes in transcription machinery or chromatin
structure (e.g., histone acetylation) might be involved in RA-
mediated suppression of this gene. As a preliminary test, the
histone deacetylase (HDAC) inhibitor TSA was used to address
this possibility. As shown in Figure 4C, it appeared that RA-
mediated suppression of the three KOR isoforms (RAD3) was
effectively alleviated by the addition of TSA (RAD3+TSA). The
expression in the control (754) did not change KOR expression
significantly.

To demonstrate the specificity of the effect of RA on KOR
gene expression, a specific RAR antagonist, AGN193109, was
used to determine whether this effect was the result of an RAR-
mediated process. As shown in Figure 5, the suppressive effect of
RA (RAD3) was efficiently blocked by the addition of
AGN193109 (RA+AgD3). As expected, the RAR antagonist by
itself had no significant effects on KOR expression (AgD3).

The fact that suppression of KOR expression by RA did not
occur until 2-3 d of RA treatment suggested that other factors
induced by RA were needed for such a regulatory event. A
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Figure 2. Elevation of KOR-lacZ expression in
the developing CNS of A— transgenic mice. A4,
Control forebrain. B, A— forebrain. C, Control
midbrain. D, A— midbrain. E, Control hindbrain.
F, A— hindbrain. G, Control spinal cord. H, A—
spinal cord. acb, Accumbens nucleus; co, cortex;
dh, dorsal horn; ec, external cortex; /2, hippocam-
pus; Is, lateral septal nucleus; pag, periaqueductal
gray; pc5, parvicellular nucleus trigeminal nerve;
rs, rubrospinal tract; sol, solitary tract nucleus;
stn, spinal trigeminal nucleus; st, spinal trigemi-
nal tract.

protein synthesis inhibitor, cycloheximide, was used to examine
this possibility, as shown in Figure 6. Cultures were treated with
RA for 2, 4, or 6 d, followed by the addition of vehicle or
cycloheximide for a duration of 24 hr. RNA was then isolated at
days 3, 5, and 7 and subjected to RT-PCR analysis. Figure 64
shows representative blots of such analyses with the statistical
results. The three KOR isoforms are consistently suppressed by
RA treatment, and as expected, cycloheximide blocks the sup-
pressive effect of RA on KOR expression as evidenced by the
increased level of KOR expression in cycloheximide-treated cul-
tures (RA+CH). However, as cultures are induced with RA for
longer periods of time, the effect of cycloheximide becomes less
significant, suggesting that additional factors may contribute to
the expression of KOR in more differentiated or committed cells.
For a control, cycloheximide alone was used in parallel experi-
ments, as shown in Figure 6B, in which R A effectively suppressed
the expression of three KOR isoforms (RAD3). Additionally,
this suppression was effectively blocked by cycloheximide
(RAD3+CH). The control, cycloheximide alone, had no signifi-
cant effects on KOR expression (CH).

To address whether the effect of RA on KOR mRNA expres-
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Figure 3. Upregulation of KOR mRNA in A— an-
imals and embryos. A, The positions of primers (PI-
P4) used to amplify KOR isoform mRNA and the
sizes of the expected PCR products. PI spans the
specific splicing junction of exons 1/2 of Variant A. P2
spans the specific splicing junction of exons 1/2 of
Variant B. P3 is specific for Variant C. P4 is the
antisense primer in exon 4, which is common to all
three variants. B, Embryos at E12 and E14 were
obtained from control mothers (C) or A— mothers 0
and were dissected into brain (Br) and body (Bo) for
RNA isolation. Postnatal animals at 2 weeks old
were killed, and brain and spinal cord (SC) were
dissected out for RNA isolation. RT-PCR was con- E
ducted as described in Materials and Methods for

the analyses of three KOR mRNA isoforms, a, b,
and c. Internal control, actin, was included in each
reaction. C, Statistical analyses of isoform a expres-
sion in control (ctrl) and A— animals during devel-
opment. Three independent RT-PCR experiments
were conducted to examine three animals, and the
data were quantified by Phosphorlmager analyses.
The level of KOR isoform a expression was deter-
mined by normalizing KOR isoform a level to actin
message level. D, Statistical analyses of KOR iso- 0
form b expression in control and A— animals during
development. £, Statistical analyses of KOR isoform

¢ expression in control and A— animals during
development.
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sion could be translated to the level of protein expression, immu-
nohistochemistry was performed to examine KOR protein ex-
pression in P19 cell cultures, as shown in Figure 7. C shows a P19
stem cell culture stained with an anti-KOR antibody (Chen et al.,
1999), and D shows a bright-field image of this culture. Consistent
with the RNA data, KOR expression in P19 cultures treated with
RA for 3 (E, F) and 5 (G, H) d is also significantly reduced. In
preimmune serum-stained control culture (A4), no specific immu-
nostaining is observed.

Therefore, it is concluded that RA suppresses KOR mRNA
and protein expression in differentiating P19 cells. Furthermore,
R A-mediated suppression is a specific event that can be blocked
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by a specific R AR antagonist, requires protein synthesis, and may
involve histone deacetylation.

Intron 1 of KOR gene is required for RA regulation of
KOR expression

To understand the genetic basis for RA suppression of KOR
expression, we have used a panel of KOR-lacZ fusion genes, each
deleted in a various portion of promoter 1 and its upstream
sequences (Lu et al., 1997) to perform transfection studies in P19
cells. It appeared that this panel of fusion genes were suppressed
by RA (data not shown), and all of them contained intron 1.
Therefore, a role of intron 1 in regulating KOR expression was
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Figure 4. Suppression of KOR expression in P19 cells. 4, RA dose-
dependent suppression of KOR isoforms detected by RT-PCR. B, KOR
isoform expression in P19 control culture (czrl) and RA treatment for 2
(RAD2), 3 (RAD3), and 5 (RADS5) d was detected by RT-PCR as
described in the legend for Figure 3. Statistical analyses are shown in the
bottom panel. C, RA-mediated suppression of KOR expression can be
blocked by TSA. RT-PCR analyses of R A-mediated suppression at day 3
(RAD3), in the presence of TSA (50 nm) (RAD3+TSA), and in cultures
treated with TSA alone. Statistical analyses are shown in the bottom panel.
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Figure 5. RA suppression of KOR expression can be reversed by a
specific RAR antagonist. P19 treated with RA (RAD3) (10 ¢ M), RA
plus AGN193109 (RA+AgD3) (10 ~° m), or AGN193109 alone (AgD3).
RT-PCR analyses of KOR isoform expression are shown in the top panel,
and statistical analyses are shown below.

suspected. To determine whether intron 1 played a role in the
regulation of KOR gene by RA, we constructed two different
luciferase reporters for transfection studies in P19 cells. Lucif-
erase reporter was fused to KOR genomic segments to determine
specific promoter activities of the dissected KOR genomic seg-
ments. A cytomegalovirus (CM V)-driven lacZ reporter was used
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Figure 6. RA suppression of KOR expression requires protein synthesis.
A, RT-PCR was conducted to determine KOR isoform expression in P19
control (ctrl), treated with RA for 3 (RAD3), 5 (RADS), and 7 (RAD7)
d, and treated with RA in the presence of cycloheximide at the final day
of culture (RA+CH). Statistical analyses of KOR isoform expression are
shown at the left panel below the picture. B, Parallel experiments exam-
ining the effect of cycloheximide on KOR expression. P19 was treated
with RA (RAD3), RA plus cycloheximide (RAD3+CH), or cyclohexi-
mide alone (CH). Statistical analyses are shown below the picture.

as an internal control to normalize the efficiency of transfection
procedures because this vector was not significantly affected by
RA in this culture (the reporter activities decreased for ~10—
15% in R A treated cultures, no significant difference). Therefore,
gene activity, represented by the normalized RUL, can be quan-
tified more accurately. Two constructs were made to determine
the role of KOR intron 1 on gene activity. The regulatory region
of the first reporter, k45, contains promoter 1, exon 1, intron 1,
and a portion of exon 2 derived from a contiguous KOR genomic
segment ~1.3 kb upstream from the initiation codon (ATG) of
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Figure 7. Immunohistochemical analyses of KOR protein expression in
P19 cells. P19 stem cells (C, D) and cultures induced with RA for 3 (E, F)
and 5 (G, H) d were stained with an anti-KOR antibody (Chen et al.,
1999), followed by reaction with a Cy3-conjugated secondary antibody (C,
E, G).D, F, and H show the bright-field image of C, E, and G, respectively.
A negative control of P19 stem cells stained with preimmune serum is
shown in 4. B shows the bright-field image of 4.

exon 2. The regulatory region of the second reporter, k19, starts
from the same promoter 1 sequence used for k45 but is deleted in
intron 1. Therefore, k45 and k19 differ only in the presence or
absence of KOR intron 1 sequence in the regulatory region of
these luciferase reporters. Control or RA-treated P19 cultures
were transfected with either k45 or k19, each including a CM V-
driven lacZ internal control. Thirty hours later, luciferase and
lacZ activities were determined to obtain the specific luciferase
reported activities (RUL). As shown in Figure 84, in cultures
treated with RA, the activity of k45 consistently decreases for
~30-40%, indicating a response of this intron 1-containing re-
porter to RA-mediated suppression. In contrast, the reporter
activity of k19, which is deleted in intron 1 of KOR, remains
relatively constant, suggesting that intron 1 deletion abolishes the
response to R A-mediated suppression.

Finally, to provide further support that R A-mediated suppres-
sion of KOR through intron 1 involves histone deacetylation as
suggested from results shown in Figure 4C, TSA was used in
transfection studies with the reporter containing intron 1, k45. In
this series of experiments, RA consistently suppressed k45 ex-
pression for ~30-40%, and TSA was able to partially reverse this
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Figure 8. KOR-luciferase reporter activities in P19 cells. 4, P19 cells, as
either control culture (ctrl) or RA-induced cultures (RA), were trans-
fected with k45 or k19 as described in Materials and Methods, and the
specific reporter activity (RUL) was obtained by normalizing luciferase
units to internal control lacZ units. Similar results were obtained when the
luciferase units were normalized to the amount of protein used in the
assays (data not shown). *p < 0.025 versus control; **p > 0.025, no
significant difference versus control. B, P19 was transfected with k45 and
treated with RA, RA plus TSA, or TSA alone. Specific reporter activity
was determined as described above. Triplicate cultures were used in each
experiment, and two independent experiments were conducted to obtain
these results. *p < 0.025 versus control; **p > 0.025, no significant
difference versus control; +p < 0.025 versus RA.

suppression to ~80-85% of the control (p < 0.025; comparing
TSA plus RA with RA), whereas TSA alone had no significant
effects (Fig. 8B). Therefore, it is concluded that intron 1 of the
KOR gene contains genetic information responsible for RA-
mediated suppression of KOR expression, and this intron-1-
mediated suppression involves histone deacetylation.

DISCUSSION

We have documented previously the mouse KOR gene expression
pattern in a KOR-lacZ reporter transgenic mouse model (Hu et
al., 1999) and demonstrated differential expression of three KOR
isoform mRNAs by an established semiquantitative RT-PCR
protocol (Wei et al., 2000). By using this transgenic mouse model
and the RT-PCR protocol, the current study has demonstrated
that the vitamin A status in developing animals affects the ex-
pression level of KOR. Specifically, a hypovitaminosis A condi-
tion elevates KOR-lacZ and the endogenous KOR mRNA ex-
pression. This observation was further substantiated in a cell
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culture model in which KOR expression was shown to be
downregulated by RA, the most potent hormone of vitamin A.
This downregulation was effectively reversed by an RAR antag-
onist and the HDAC inhibitor TSA. Furthermore, the regulation
of KOR expression by RA does not occur until after 2-3 d of
treatment, consistent with the fact that the suppressive effect
of RA requires protein synthesis. Finally, downregulation of
KOR expression is mediated by intron 1 of the KOR gene. This
study provides evidence, for the first time, that KOR expression is
affected by the vitamin A hormone RA, and this effect is medi-
ated by the synthesis of protein factors that can potentially act on
a KOR genomic segment, intron 1. Furthermore, this regulatory
event may involve alteration in histone acetylation of the regula-
tory region of the KOR gene.

Despite RA suppression of KOR expression and the require-
ment for intron 1 in mediating this suppression, there are no
direct RA response elements present in either intron 1 or pro-
moter 1. This indicates that R A acts indirectly, through induction
of negative transcription regulators in P19 cells and embryonic
cells that express KOR transcripts. This is consistent with the
relatively late action of RA and the sensitivity of this effect to
cycloheximide.

The regulation of KOR mRNA isoforms involves both com-
mon and unique factors in developing animals. For instance,
isoform c, the transcript derived from promoter 2, is elevated
most significantly only after birth, although its slight upregulation
by depleting vitamin A is also observed in E14 embryonic trunk.
This would indicate that promoter 2, which overlaps with intron
1, is more actively regulated postnatally. Isoforms a and b are
similarly upregulated in embryos, but they are regulated differ-
entially in postnatal animals. In particular, isoform b, which
involves alternative splicing at intron 1, is more dramatically
elevated in postnatal spinal cord (Fig. 3). This would suggest that
promoter 1, which controls isoforms a and b, is responsible for
common regulation of these two isoforms, whereas alternative
splicing may be involved in their differential regulation postna-
tally. Because depletion of vitamin A causes upregulation for all
three KOR isoforms and RA suppresses the expression of all
three isoforms in P19 cells, it is tempting to speculate that RA
plays a critical role in KOR expression. By using a reporter
strategy, it was concluded that intron 1 is required for the ob-
served effects of RA. Because no typical RA response element
can be found in intron 1 sequence and R A-mediated suppression
requires protein synthesis, it is likely that R A-induced negative
transcription factors may be involved in the regulation of KOR
expression in the developing CNS. Studies are in progress to
identify the DNA sequence responsible for such an inhibitory
effect of RA and the transcription regulators binding to such
sequence of intron 1 in the mouse KOR gene.

The expression of KOR gene is subjected to multiple levels of
regulation, including transcriptional and posttranscriptional
events (Wei et al., 2000). Although RA affects transcriptional
regulation most significantly, it cannot be ruled out that RA may
also affect posttranscriptional regulation, such as splicing effi-
ciency, RNA stability, and translation efficiency. For instance,
regulation of isoforms a and b differs only posttranscriptionally,
and the effects of RA on steady-state levels of isoforms a and b
appear to be different. Therefore, it is possible that RA may affect
the splicing machinery or the stability of these isoforms. It will be
interesting in the future to examine the efficiency of alternative
splicing at intron 1 of the KOR gene and how it may be affected
by RA signaling.
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RA is a potent teratogen to animals; however, deficiency in RA
signaling pathways, such as knock-out of RA receptors or RA
synthesizing enzymes, results in a wide range of developmental
abnormalities (Mark et al., 1999; Quadro et al., 1999; Niederrei-
ther et al., 2000). In classical nutritional studies in which animals
are rendered vitamin A-deficient by maintaining on vitamin
A-depleted diets, it is known that hypovitaminosis A is deleteri-
ous for animal survival in early developmental stages (Morriss-
Kay, 1993; Ramakrishna, 1999; White et al. 2000). Recent studies
using molecular markers further substantiate the connection of
vitamin A homeostasis and developmental programs, most nota-
bly in the developing nervous system (Mark et al., 1999; Quadro
et al., 1999; Ramakrishna, 1999; Niederreither et al., 2000).
Opioid receptors are expressed primarily in the nervous system,
and their function is known to be associated with not only pain
sensation but also neurological processes, such as body tempera-
ture regulation and breathing control. Prenatal treatment with
opioid drugs has also been shown to affect fetal development in
some pharmacological studies, but the underlying mechanisms
are not well understood (Shepanek et al., 1995; Malanga and
Kosofsky, 1999). At the molecular level, k opioid receptor acti-
vation is associated with neuronal growth-apoptosis. For in-
stance, opiate antagonists caused increased brain size and cellular
content in infant rats (Zagon and McLaughlin, 1983, 1987), and
B-endorphin has been shown to be a potent inhibitor of brain cell
proliferation via p and k opioid receptors (Barg et al., 1993). For
embryos, it has also been shown that endogenous opioid systems
are involved in the regulation of cell division in the ventricular
zone of embryonic cortex (Reznikov et al., 1999). Activation of
KOR with U69,593 mobilizes [Ca?"] and inhibits astrocytes
proliferation (Gurwell et al., 1996). Although all of the opioid
receptor knock-out animals survive in laboratory housing condi-
tions, certain behavioral changes are noted (Childers, 1997; Kief-
fer, 1999). Apparently, the activities of opioid receptors must be
well regulated for normal development and the maintenance of
health. Our finding that hypovitaminosis A results in elevated
expression level of KOR would suggest that the opioid system
represents one of the signaling pathways modulated by the vita-
min A hormonal system in the developing nervous system. It is
tempting to speculate that the establishment of certain develop-
mental cues by RA for nervous system development may be
manifested by properly controlled endogenous opioid-receptor
systems. An interesting question to be answered is whether vita-
min A deficiency results in behavioral changes that are associated
with the opioid systems in adults.

In this study, we used both animals and tissue cultures to
explore the effects of opioid drugs and other agents known to
affect CNS development, such as thyroid hormones, alcohol, and
vitamin A. From these studies, we have come to the conclusion
that opioid drugs, thyroid hormones, or alcohol do not signifi-
cantly affect KOR expression (data not shown), whereas vitamin
A significantly affects KOR gene expression in both animals and
tissue cultures. The effect of RA, the most potent hormone of
vitamin A, apparently requires additional factors besides its own
receptors to suppress KOR expression. This is supported by the
blockage of this suppression by a protein synthesis inhibitor.
Regulation of KOR could involve many levels of control. A direct
regulation of gene expression by basic transcription factors may
operate when the local chromatin configuration is open in com-
mitted cells, whereas some other mechanisms that affect higher
order chromatin structures, such as histone acetylation, may be
required for regulation in uncommitted stem cells such as P19.
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This is supported by the result showing the alleviation of RA-
mediated suppression by TSA, which inhibits HDAC activities.
Currently, it is known that RA can potentially affect gene regu-
lation at multiple levels, such as the function of many transcrip-
tion factors and the recruitment of histone modifying enzymes
and chromatin remodeling machinery (for review, see Xu et al.,
1999). It will be interesting to investigate whether the chromatin
of KOR promoters is differentially modified (such as acetylated)
in different cell types or developmental stages and whether RA is
involved in altering this particular genomic segment. Addition-
ally, the nuclear factors responsible for silencing of KOR expres-
sion may be regulated by RA in cells undergoing differentiation.
An interesting and important question to be addressed in the
future is the mechanism of positive regulation of KOR gene
expression in those fully differentiated KOR neurons.
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