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ABSTRACT

Conventional in situ hybridization methods have been useful in characterizing the anatomical distri-
bution of cells in the central nervous system that express dopamine D2 receptor mRNA. However, due
to the large size of the D2 mRNA pool, this method may be insensitive to changes in D2 gene transcrip-
tion. We have developed a method of hybridizing a *S-labelled cRNA probe to an intron in the D2
receptor gene in order to measure the amount of primary transcript or heteronuclear RNA (hnRNA) in
D2-expressing cells. Introns are found uniquely in hnRNA and are thought to be short-lived inter-
mediates. Thus, monitoring introns could represent a more direct measure of D2 gene transcription. The
anatomical distribution of the D2 hnRNA is similar to the distribution of D2 mRNA in the rat brain.
D2 heteronuclear RNA was found in the nuclei of cells in the caudate putamen, nucleus accumbens.
hippocampus, olfactory tubercle, substantia nigra, ventral tegmental area. and zona incerta. Other
regions that contain D2 mRNA, but do not demonstrate intronic signal, include the globus pallidus,
prefrontal, cingulate, entorhinal, and piriform cortex. septum. and amygdala. However, these areas
have low amounts of D2 mRNA and may contain levels of D2 hnRNA that are below detection.
Heteronuclear RNA quantitation by solution hybridization followed by RNase protection was per-
formed on striatum, substantia nigra, cerebral cortex, hippocampus. hypothalamus, and pituitary using
a D2 intron 7/exon 8 border probe. These results corroborate the distribution of hnRNA revealed with
intronic in siru hybridization. In addition, protection assays were able to detect hnRNA in areas that
express low levels of D2 like the cortex. hippocampus and hypothalamus. hnRNA ' mRNA ratios
calculated from intron/exon border probe protection assays were not equivalent for all the tissue areas
studied, indicating that transcription and;/or hnRNA half lives may differ between tissues that express
D2 receptors. The combined use of intronic in situ hybridization and intron/exon border protection
assay as an index of D2 gene transcription and RNA processing provides more information than
measuring the mRNA pool alone. It may also prove to be a more useful measurc ol gene regulation.
allowing for evaluation of gene responses to acute treatments.

Intron RNase protection assay
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INTRODUCTION

Molecular cloning techniques have identified five
dopamine receptors that can be differentiated based
on their nucleotide and amino acid sequences.
Pharmacologically, they can be segregated into two
families. The D1 family contains the DI and DS
receptors which have a similar Dl-like pharma-
cology, a small third cytosolic loop, and a long C-
terminal domain (Dearry et al., 1990; Monsma ¢t
al.. 1990; Sunahara et al., 1990, 1991; Zhou ¢r al.,
1990). The D2 family contains the D2, D3 and D4
receptor subtypes. These receptors have a similar

Address correspondence to: Charles A. Fox, Mental Health
Research Institute, University of Michigan, 205 Zina Pitcher
Place. Ann Arbor, Michigan 48109-0720, USA.

0891-0618/93/060363-11 $10.50
© 1993 by John Wiley and Sons Ltd

D2-like pharmacology, a large third cytosolic loop,
and a short C-terminal domain (Bunzow ¢t al.,
1988 Grandy et al.. 1989; Sokoloff ¢z al., 1990; Van
Tol er al., 1991). Signal transduction also differs
between the D1 and D2 family of receptors. The
DI family of dopamine receptors is positively
coupled to cAMP production through simulatory
G-proteins, while receptors in the D2 family are
either not coupled or are negatively coupled to
cAMP production (Stoof and Kebabian, 1984;
Niznik and Van Tol, 1992).

The D1 and D2 mRNAs have a broad anatomical
distribution in the rat brain. Both receptor mRNAs
are localized in the parallel nigrostriatal and
mesolimbic systems. D mRNA is localized to cells
in the striatum and D2 being found in postsynaptic
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striatal cells as well as presynaptic dopamine-
producing cells. Both mRNAs are also found in the
olfactory tubercle, cerebral cortex, amygdala, hippo-
campus and hypothalamus (Meador-Woodruff et
al., 1989; Mansour er al., 1990a, 1991; Fremeau
er al., 1991; Weiner ef al., 1991). In addition to
the ventral midbrain dopaminergic neurons, D2
mRNA is uniquely localized in zona incerta,
septum and globus pallidus (Weiner ez «l., 1991).
D3, D4 and D5 receptor mRNAs have much more
restricted distributions in the brain. D3 receptor
mRNA is found in the striatum, mainly in the
nucleus accumbens, the olfactory tubercle and the
islands of Calleja (Sokoloff et al., 1990; Bouthenet et
al., 1991). D4 receptor mRNA is found in roughly
equal amounts in the medulla, amygdala, midbrain,
frontal cortex and striatum, and in lower amounts in
the olfactory tubercle and hippocampus (Van Tol et
al., 1991). Finally, D5 receptor mRNA is located in
the parafascicular thalamic nucleus, hippocampus
and the cerebral cortex (Tiberi er af., 1991;
Meador-Woodruff ez al., 1992).

Ligands for the DI and D2 family of receptors
have been used to characterize the brain distribution
of these receptor proteins (Bouthenet et al., 1987,
Charuchinda et al., 1987; Wamsley et al., 1989;
Mansour et al., 1990a). These studies indicate that
the binding for D1 and D2 ligands is most robust in
the basal ganglia. More recently, a D3-specific
ligand 7-hydroxyDPAT has been used in binding
studies and indicates that D3 binding is most dense
in the nucleus accumbens but is also found at lower
levels in other regions of the basal ganglia (Levesque
et al., 1992). The lack of specific ligands for D4 and
DS has hindered binding studies of these receptor
subtypes.

Since receptor proteins are often not located on
neuronal cell bodies, but on processes and terminals,
in situ hybridization to dopamine receptor mRNAs
has proven to be a valuable technique for localizing
cell bodies that express specific dopamine receptor
subtypes. In situ hybridization was used to show
that D1 mRNA is mainly localized to cells in the
striatum, whereas D2 mRNA is found in substantia
nigra and ventral tegmental area neurons in
addition to cells in the striatum (Meador-Woodruff
et al., 1989; Mansour et al., 1990a). This distri-
bution suggests both a pre- and postsynaptic localiz-
ation of the D2 receptor. In fact, unilateral
6-hydroxydopamine lesions of the ventral midbrain
dopamine neurons result in a complete ipsilateral
loss of D2 mRNA in the substantia nigra and ven-
tral tegmental area, and a compensatory increase in
D2 mRNA in the ipsilateral striatum (Mansour er
al., 1990b). Other regions of the brain that contain
D2 mRNA include the dopaminergic cells of the
zona incerta, and the oifactory bulb, as well as cells
in the olfactory tubercle, cerebral cortex, sep-
tum, amygdala and hippocampus. The neurointer-
mediate lobe of the pituitary also contains cells that
express D2 receptor mRNA.

The mechanism of regulation of these receptor
molecules is not as well understood. Under extreme
conditions of dopamine depletion, as occurs in a
6-hydroxydopamine lesion of the ventral midbrain,
dopamine D2 receptors increase in number in the
striatum (Creese and Snyder, 1979; Marshalli,
1985; Creese and Xu, 1992). D2 mRNA levels
also increase moderately under these conditions
(Mansour et al., 1990b; Creese and Xu. 1992).
Rats treated with an irreversible D2 antagomist,
fluphenazine-N-mustard, that abolishes 90% of
raclopride binding, also show 20% changes in D2
mRNA in chronically treated rats (Chen er al..
1992).

More controversial are changes that occur in
response to drugs that act on dopamine systems.
Haloperidol, an antipsychotic and D2 antagonist,
increases the number of D2 receptors in the striatum
when it is administered chronically (See er ul., 1988:
Goss et al., 1991; Creese and Xu, 1992). However,
these changes require weeks to develop and changes
in mRNA are controversial (Van Tol et al.. 1990:
Bernard et al., 1991; Rogue et al., 1991; Buckland er
al., 1992; Creese and Xu, 1992). Given that the
changes in D2 mRNA levels that occur in response
to dopamine depletion, or long-term D2 antagon-
ism, may be due to either increases D2 gene tran-
scription or an increase in mRNA stability, our
goal was to design a method to monitor more
directly transcription of the dopamine D2 receptor
gene in situ. To accomplish this goal we targeted
hetero-nuclear RNA (hnRNA), the precursor
form of the D2 mRNA, because it is thought to be
short-lived and should provide an alternative
index of transcription to measuring D2 mRNA
pools.

The D2 receptor gene has been cloned and, unlike
the DI family of receptors, contains multiple
introns (Bunzow et al., 1988; Grandy et «l., 1989:;
O’Malley et al., 1991). Within the coding region of
the D2 gene there are seven introns that range in size
from about 1 to 250 kb (Buck er a/., 1992). In order
to generate a probe to recognize uniquely the D2
hnRNA, we subcloned a portion of intron 7. the 3'-
most intron in the coding region of the gene. Since
this 2.5 kb intron is the last to be transcribed, we
reasoned that it may be the most rapidly processed
intron.

In this study, we report the distribution of the D2
hnRNA by in situ hybridization and solution phase
RNase protection assay in the rat brain. In situ
hybridization provides excellent anatomical and
cellular resolution, while RNase protection assay
gives a measure of mMRNA-hnRNA ratios. We show
evidence that hnRNA for D2 islocated in cell nuclei,
as opposed to mRNA, which is found mainly in the
cytosol. Furthermore, since these techniques allow
a more direct measure of transcription and/or
RNA processing, we also discuss the implication
of finding different levels of hnRNA in D2
receptor-expressing cells.



MATERIALS AND METHODS

Tissue preparation (in situ hybridization)

Adult male Sprague-Dawley rats (nine; Charles
River, 250 g) were decapitated and the brains were
rapidly removed, frozen in liquid isopentane at
—30°C for 30s, and then stored at —80°C until
sectioning. At the time of sectioning the frozen
brains were warmed to —20°C and mounted to a
chuck with OCT mounting medium. Tenmicrometer
thick sections were cut using a Bright cryostat, six of
the brains were sectioned coronally and three were
cut horizontally. The sections were thaw mounted
onto polylysine-subbed slides and stored at —80°C.

In situ hybridization

Adjacent sections were processed for D2 mRNA in
situ hybridization or D2 intronic in situ hybridiz-
ation. Briefly, the sections were removed from
storage at —80°C and fixed for 60 min in 4% for-
maldehyde at 22°C. The sections were then rinsed
three times in 2 x SSC (300 mM-NaCl, 30 mM-Na
citrate, pH7.2) and incubated in proteinase K
(PK; 1pg/ml in 100 mMm-Tris, pHB8.0, 50 mmM-
EDTA) for 10 min at 37°C. Following PK treat-
ment. the sections were washed in water and then
placed in 0.1 m-triethanolamine (pH 8.0) to which
acetic anhydride was added to a concentration of
1:400 and the sections were incubated with stirring
at room temperature for 10 min. The sections were
then rinsed in 2xSSC for 5min, dehydrated in
graded alcohols and air dried.

Two radiolabelled RNA probes were used for in
situ hybridization. The cRNA used for hybridiz-
ation to the dopamine D2 receptor mRNA has been
described previously (Meador-Woodruff er al..
1989: Mansour er «l., 1990a). Briefly, this *'S-
labelled cRNA probe was transcribed from a 495 bp
Sac 1-Bglll fragment of a rat D2 receptor cDNA
(Bunzow ¢t al., 1988). This probe corresponds to a
portion of the third cytoplasmic loop and the sixth
and seventh transmembrane domains of the D2
receptor. This sequence lies 3" to the 87-base alterna-
tively spliced exon, so it does not differentiate
between the D2 short- and long-form messages. For
intronic in situ hybridization to the D2 receptor
hnRNA, o ¢RNA probe directed against the 3
region of intron 7 was utilized. The DNA template
for this probe was a EcoRI-Avall fragment sub-
cloned from a rat D2 receptor genomic clone
(RGB2, Bunzow et al.. 1988). This probe corre-
sponds to the 3’ region of intron 7 which interrupts
the portion of the gene that encodes the sixth
transmembrane domain.

Sections were hybridized overnight to the cRNA
probes diluted in hybridization buffer (75%
formamide; 10% dextran sulfate; 3 x SSC. 50 mm-
Na,PO,. pH 7.4: | x Denhardt’s; 0.1 mg/ml yeast
tRNA: 10 mm-dithiothreitol (DTT)). The probes
were diluted in the hybridization buffer to a
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final concentration of 2 x10°dpm 30 pl. Thirty
microliters of the resulting hybridization solution
was placed on two coronal sections or one horizon-
tal section. a coverslip was placed on the slide and
they were incubated overnight in a humid chamber
at 55 C.

Following hybridization the slides were rinsed
three times in 2 x SSC, then treated with RNasc A
(200 pg/ml in 100 mM-Tris, pH 8.0 and 0.5 M-NaCl)
for 60 min at 37°C. The sections were then rinsed in
2 x SSC followed by room temperature washes in
1 x SSC for 5min, 0.5 x SSC for 5min. 0.1 x SSC
for Smin. Finally the sections werc washed in
0.1 xSSC at 65°C for 60 min, rinsed with room
temperature water, dehydrated in graded alcohols.
air dried, and exposed to Kodak XAR-5 X-ray film.
The D2 mRNA in situ hybridizations were exposed
for | day while the D2 intronic in situ hybridiz-
ations were exposed for 7 days. Following X-ray
exposures, the slides were dipped in Kodak, NTB-2
emulsion and stored in the dark at 4 'C tor 30 days
for D2 mRNA or 90 days for D2 hnRNA prior (o
development.

Controls for the D2 495 mRNA probe have been
described previously (Mcador-Woodruft er al..
1989; Mansour ¢r «l., 1990a). The D2 intronic
probe sequence was screened against the Genbank
library and was found not to contain any significant
identity with sequences other than D2 intron 7.
Methodological controls included sense probe
experiments. in which two sets of sections were pro-
cessed for intronic /n sinchybridization. One set was
hybridized with the radiolabelled antisense cRNA
described above. The other set was hybridized with
the complement to this probe or the “sense’ probe.
Its sequence should be identical to intron 7 and thus
should not hybridize. No hybridization signal was
observed in sense probe-hybridized sections. RNase
controls were also performed in which one set of
seclions was treated with RNase A (200 pg:mi) for
30 min at 37 C prior to hybridization and another
set of adjacent sections was processed normally for
intronic in situ hybridization. No hybridization
signal was observed on RNase-pretreated sections.

RNA preparation (RNase protection assay)

Twenty one adult male Sprague Dawley rats
(Charles River, 250 g) were decapitated and the
brains were rapidly removed. The brains were
immediately chilled with wet ice and the ventral
midbrain, corpus strniatum. cerebral cortex. hippo-
campus. hypothalamus and pituitary were quickly
dissected. and frozen on dry ice. Tissue samples
were stored at —80 C until RNA extraction was
performed. RNA was extracted from 400 mg of
tissue for each brain region using a guanidinium
isothiocyanate (GITC) extraction technique. Briefly,
the tissuc was homogenized in a GITC solution
(4 M-GITC, 25 mM-sodium citrate. pH 7.0, 0.5%
N-lauryl sarcosine. 0.1 M-2-mercaptoethanol) by
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grinding with a polytron tissue homogemzer. The
homogenate was then extracted with phenol. fol-
lowed by phenol/chloroform and finally chloroform
extractions. The RNA was then precipitated from
the aqueous phase by incubating at —20°C with
20 ug glycogen, 1/40th volume 5wM-NaCl, and 3
volumes absolute ethanol for at least 24 h.

Nuclear vs cytosolic RNA preparation

RNA was also prepared for nuclear versus cytosolic
comparison of D2 hnRNA cellular distribution. The
procedure for nuclear vs cytosolic RNA extraction
has been described by Blum (1989). Striata from rats
were dissected as described above. The tissue (one
striatum per tube; approximately 40 mg) was then
gently homogenized in 0.3 M-sucrose-AT buffer
(0.3 m-sucrose; 10mM-Tris, pHS8; 3 mm-CaCl,:
2mm-MgCl,; 0.5mM DTT; 0.15% Triton X-
100) by hand in a 1.5ml Eppendorf tube with a
homogenizing tool that had close tolerance with the
tube walls. The homogenate was layered over 400 pl
of 0.4 M-sucrose-AT buffer (0.4 M-sucrose; 10 mM-
Tris, pH8; 3mM-CaCly; 2mmMm-MgCl,; 0.5 mm-
DTT; 0.15% Triton X-100) in a 1.5 ml Eppendorf
tube and centrifuged at 2500g for 10min. The
resulting supernatant contains cytosolic RNA and
was collected, PK (0.1 mg/ml) treated in SET buffer
(10 mMm-Tris-HCI, pH 8; 5mM-EDTA; 10% SDS) at
45°C for 1 h. Finally the samples were organically
extracted and precipitated overnight at —20°C
with 1/10th volume 5 M-ammonium acetate and |
volume isopropanol.

The pellets contained the nuclei and resuspended
in 0.3 M-sucrose-AT buffer and centrifuged through
another 0.4 Mm-sucrose-AT cushion. Pellets were
then resuspended in 300ul of DNAse I buffer
(50 mm-Tris-HCI, pH 8; 5 mm-MgCl,; 1 mm-DTT).
They were then incubated for S min at 37°C with 1 pl
RNase inhibitor and 2 pl RNase-free DNAse I.
Following DNAse treatment, 30 pl of 10xSET
buffer was added and the samples were incubated
with PK (0.1 mg/ml) for 1 h at 45°C. The resuiting
sample was organically extracted and precipitated
with 1/10th volume of 5 M-ammonium acetate and |
volume isopropanol.

RNase protection assay

For RNase Protection assays to the D2 receptor
hnRNA, a *P-labelled cRNA probe complemen-
tary to the 3 end of intron 7 and the 5" end of exon §
was utilized. The DNA template for this probe as an
EcoRI-Pst] fragment subcloned from a rat D2
receptor genomic clone (RGB2, Bunzow et al.,
1988). This fragment corresponds to the 3’ region of
intron 7 and a portion of the sixth and all of the
seventh transmembrane domain. The subclone was
linearized at an internal Avall site and transcribed
using T7 RNA polymerase. The resulting cRNA
probe includes 374 bases of the D2 clone that corre-

spond to 60 bases of the 3" end of intron 7. and 314
bases of exon 8. Thus, the detection of a 374 bp
fragment would indicate the presence of hnRNA.,
while a 314 bp fragment would correspond to D2
mRNA.

Ten micrograms of total RNA isolated from
‘Peciﬁc rat brain regions was hybridized to
P-labelled D2 intron 7/exon 8 border probe
in 30pul of hybridization buffer (50% forma-
mide; 40 mm-PIPES, pH 6.4; 400 mm-NaCl; 1 mM-
EDTA). 100,000 cpm of cRNA probe was added to
each hybridization reaction. The hybridization
reactions were then denatured at 90°C for 5 min and
then incubated overnight at 65°C. The following
day, the samples were RNase treated by adding
200 pl of 10 pg/ml RNase A (in 10 mM-Tris, pH 7.5;
S5mM-EDTA; 200 mMm-NaCl; 100 mm-LiCl) and
incubating for 30 min at 37°C. The RNase reaction
was terminated by adding 10 pl of 20% SDS and
10 pl of 10 mg/ml PK. The PK digestion was incu-
bated for 15 min at room temperature followed by a
30-min incubation at 37°C. The samples were then
extracted with phenol/chloroform, followed by
chloroform, and were then precipitated overnight at
—20°C with 20 pg glycogen, 1/40th volume 5 M-
NaCl, and 3 volumes ethanol. The samples were
pelleted and washed with 70% ethanol, air dried,
and rehydrated with | ul water and 4 mi formamide.
The samples were run on a denaturing acrylamide
gel (5% acrylamide; 50% urea; | x TBE). The gel
was then dried and exposed to Kodak XAR-5 X-ray
film with one intensifying screen at - 80°C.
Exposures of 5-7 days were used in this study.

Controls for the protection assays include run-
ning a sample that includes the **P-labelled cRNA
probe and no mRNA. Since no hybrids should be
formed, no signal is expected in this lane, as was the
case in these experiments. Another control pro-
cedure involved incubating the radiolabelled RNA
probe with yeast RNA. Since D2 RNA is not
expected in yeast, no signal is expected in this
sample. These lanes were also negative. These con-
trols were run in parallel with samples in each pro-
tection assay. In addition, full-length cRNA probe
was run on the gels with the protection assays to
verify the size of the full-length protected fragments.

Image analysis/RNA quantitation

Computerized image analysis was used to quantify
the amount of specific signal in tissue sections
hybridized for D2 hnRNA and mRNA as well as the
intensity of the specific bands in RNase protection
assays. X-ray exposures of in siru hybridizations
were placed on a light table and images were
captured using a DAGE-MTI series 68 video
camera and a MACINTOSH 11 microcomputer
equipped with an image capture card. A back-
ground field (a blank region of the X-ray film) was
subtracted from the image to correct for possible
inconsistencies in theillumination, and the corrected



image was analysed. Regions of interest were out-
lined with a cursor and the average grey level
ol pixels in this area of interest was calculated by
the computer and saved. For direct comparison of
the striutum and substantia nigra/VTA, horizontal
sections containing both these regions were utilized.
Three sections at the level of the dorsal, mid, and
ventral substantia nigra were selected. Grey levels
were then measured in the striata and substantia
nigra. VTA of each section.

To quantify bands produced from RNase protec-
tion assays, X-ray exposures of protection gels
were illuminated on a light table and captured as
described for in sing hybridization. For protection
assays, regions of interest were specific bands
located on these films. The average grey level of
specilic bands was calculated by the computer and
used to formulate hnRNA/mRNA ratio values.

RESULTS

In situ hybridization

Heteronuclear RNA transcribed from the dopamine
D2 receptor gene was localized by intronic in situ
hybridization in all areas of the brain that express
moderate to high amounts of D2 mRNA. These
regions include the substantia nigra pars compacta
(SNC: Fig. 1)and ventral tegmental area (VTA; Fig.
1). zona incerta, caudate-putamen (CPu; Figs | and
2). nucleus accumbens (Acb: Figs | and 2), hippo-
campus and olfactory tubercle (Fig. 2.) Other
regions that contain D2 mRNA, but do not contain
D2 intronic signal, include the globus pallidus, pre-
frontal. cingulate, entorhinal and piriform cortex,
septum and amygdala. However, these areas have
low amounts of D2 mRNA (Meador-Woodruff es
«l..1989)and may contain levels of D2 hnRNA that
arc below detection. As expected, intronic in situ
hybridization also revealed a nuclear localization of
this signal in cells, as compared to signal from the
D2 mRNA probe, which was localized over the cell
nucleus and cytosol (Fig. 3).

The ratios of D2 hnRNA to D2 mRNA are not
equal across all tissues. Forexample, in the striatum
(CPu and Acb combined), a relatively high amount
of D2 hnRNA was observed, whereas in the SNC
and VTA, low levels of D2 hnRNA were observed
(Fig. IB). D2 mRNA, on the contrary, is expressed
at very similar levels in the striatum and midbrain
(Fig. 1A). This observation is substantiated by
quantitative data, which indicate that the ratio of
striatal signal to SNC/VTA signal is larger for D2
hnRNA than for D2 mRNA (Table 1). In other
words. for D2 mRNA jn situ hybridization, the
amount of signal in the striatum is equal to the
amount of signal in the SNC/VTA. However, for
D2 hnRNA /n situ hybridization, the amount of sig-
nal in the striatum is more than twice that observed
in the SNC/VTA. The differing hnRNA levels in
brain regions that express similar levels of D2
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mRNA indicate that either gene transcription or
hnRNA (and/or mRNA) half lives may vary in
these regions even though they possess a similar-
sized mRNA pool. In order to cross-validate this
observation, RNase protection assays designed to
measurc hnRNA/mRNA ratios were performed.

RNase protection assay

RNase protection assays were carried out on dis-
sected regions of the brain including the ventral
midbrain (which includes the SNC/VTA), striatum.
cerebral cortex, hippocampus, hypothalamus and
pituitary. On one pool of striata, nuclear versus
cytosolic RNA extractions were carried out. RNase
protection assays using the 374-base cRNA probe
complementary to intron 7 and exon 8 demonstrate
that the full-length protected fragment which rep-
resents the intact intron 7/exon 8 splice site is pres-
ent only in the nuclear fraction. This indicates that
the intron containing D2 RNA is only found in the
cell nucleus. A shorter specics that runs at the
expected size of the exonic portion of the probe (314
bases) was found in both nuclear and cytosolic frac-
tions (Fig. 4). When total cellular RNA from the six
brain regions was analysed. border probe protec-
tion assays indicated that the distribution of
hnRNA agreed with the intronic in sitie hybridiz-
ation data. The ratio of hnRNA to mRNA in the
hippocampus was the highest. followed by the
striatum. The ventral midbrain had a low hnRNA

mRNA ratio (Table 2).

DISCUSSION

The distribution of dopamine receptor hnRNA by
intronic in situ hybridization and RNase protection
assay is similar to that reported for D2 mRNA. All
regions of the brain that contain moderate to high
amounts of D2 mRNA also have detectable levels of
D2 hnRNA. Only regions like the globus pallidus,
prefrontal, cingulate, entorhinal and piriform
cortex, hippocampus, septum and amygdala, which
contain low amounts of D2 mRNA (Meador-
Woodruff er al., 1989), did not have a D2 intronic
signal. It seems likely that these regions may simply
contain levels of D2 hnRNA that are below detec-
tion. In fact, the RNase protection assays in this
study revealed a small amount of D2 hnRNA in the
cerebral cortex and a low amount of D2 hnRNA
and mRNA in the hippocampus.

It is not surprising that D2 hnRNA can be
detected in cells in brain regions that normally
express D2 mRNA and binding (Meador-Woodruft
et al.. 1989; Mansour et al., 1990a). However. more
can be extracted from this data than simply hnRNA
distribution. Since intronic in situ hybridization
only detects intron-containing RNA species. itis an
in vivo measure of D2 RNA molecules that arc not
included in the mRNA pool. The level of intronic
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Fig. 2. Dark-field autoradiograms of coronal sections through the rat brain at the level of the rostral striatum generated using dopamine
D2 receptor mRNA in situ hybridization (A) and D2 receptor intronic i sine hvbridization (B). (A) and (B) represent - and 7-day
exposures respectively. Note the correspondence of D2 mRNA and hnRNA in the caudate-putamen (CPuy. nucleus accumbens (Ach).

and olfactory tubercle (Tu).

signal 1s related to D2 gene transcription as well as
D2 hnRNA stability. Thus. regional differences in
the level of intronic signal could be due to higher or
lower rates of D2 gene transcription and;or longer
or shorter D2 hnRNA half lives.

For example. D2 mRNA i situ hybridization
produces approximately equal amounts of signal in
the striatum and the SNC 'VTA (Fig. lA). However.
D2 intronic in situ hybridization produces a much
denser signal in the striatum than in the SNC'VTA
(Fig. 1B). RNas¢ protection data also support this
observation. In protection assays utilizing D2
intron 7.¢cxon 8 border probes, the inRNA ' mRNA
ratios could be determined for specific brain areas.
These ratios were not equal across the brain arcas
tested. With reference to the mesostriatal system. the
striatum has a much higher hnRNA/mRNA ratio
than the ventral midbrain. When one compares the
in situ hybridization regional ratios with the RNase
protection assay hnRNA mRNA ratios, data from
in sirw hybridization indicate that D2 hnRNA signal
is 2.3 x denser in the striatum that in the SNC VTA
relative to D2 mRNA. Ratios from RNase protec-
tion assayv data indicate that the striatum contains
Sx more D2 hnRNA than the ventral midbrain
relative to D2 mRNA. Considering the differences
in these methods. these data are recasonably consist-
ent and clearly support the conclusion that the
striatum contains at least twice the amount of D2
hnRNA than the SNC'VTA. If intronic analysis
can be considered an index of RNA synthesis and

processing, then it can be inferred that D2 RNA
may be differentially transeribed and or processed
in different brain regions.

Regional differences in D2 gene transcription
would not be surprising considering the fact that the
D2 gene is being expressed in functionally diverse
cell groups. Data indicate that D2 mRNA in the
midbrain may encode presynaptic or autoreceptors.
whereas D2 mRNA in the striatum encodes mainly
postsynaptic receptors (Marshall. 1985 Mansour ¢t
al.. 1990b). No differences in the structure of the
D2 mRNA cxist in these two regions. However. it
is interesting to speculate that the rate of RNA syn-
thesis or processing might somehow be related to
receptor function.

Ot course. the differences observed in D2 hnRNA
levels could be a consequence of regional differences
in D2mRNA stability. Forexamplein the striatum,
where high levels of intronic signal are seen, D2
MRNA turnover may be quite rapid. Thus. a higher
level of transcription would be reguired to maintain
steady-state levels of mRNAL I mRNA turnover is
low in the ventral midbrain ncurons. one might
expect low levels of transeription. and therefore low
levels of intronic signal.

The instability of intron 7 is important to the
interpretation of the data presented in this study.
The assumption has been made that once spliced
out of the hnRNA. introns are rapidly degraded.
Howcver. if intron 7 is more stable in the striatum
than in the nudbrain, one would expect to see a

-
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Fig. 3. High-magnification bright- and dark-field photomicrographs of cells in the corpus striatum. /n situ hybridization was carried out

on rat brain sections using either the D2 intronic (425 base) probe (A and B) or the D2 mRNA (495 base) probe (C and D). All the sections
were counterstained with cresyl violet. Note the nuclear localization of silver grains over cells positive for D2 hnRNA (1-6: A and the
wide dispersion of silver grains over cells positive for D2 mRNA (1--6; C). The dark-field photomicrographs clearly show the distribution
of silver grains in A (B) and C (D). The black bar in (A} indicates 50 pm. The magnification is the samein A - D

Table 1. Comparison of signal in the striatum and the substantia nigra pars compacta
(SNC)/ventral tegmental area (VTA)in in sitichybridizations on horizontal sections for D2

mRNA and D2 hnRNA

In situ hybridization:

RNA species Striatum/SNC.VTA ratio
D2 mRNA 1.07 +£0.02
D2 hnRNA 243+0.18 F=55.49 P=0.0017

higher signal in the striatum. However, if this was
true, the border probe RNase protection assays
would produce a 60-base band corresponding to a
protected fragment of intron 7. We have not seen
this band in our assays.

Thereareatleast sevenintronsin the ratdopamine
D2 receptor gene. In this study we have utilized
intron 7 and its relationship to exon 8 to evaluate D2
hnRNA levels. Since intron 7 is the most 3’ in the
coding region of the gene, it is the last intron in the
coding region of the gene to be transcribed. Thus,
it is likely that this intron has the most fleeting
existence. It is possible that there is preferential
splicing of certain introns. In fact, intron 5 in the D2
gene is alternatively spliced. When this small 87-

based intron is included in the mRNA it results in
the production of the D2L receptor which contains
a 29 amino acid insert in the third cytosolic loop. Itis
not known if there is preferential splicing of other
introns in the D2 gene.

[t was recently reported that the human D2 gene
is approximately 270kb in size and includes a
250 kb intron (Buck et al., 1992). Intron one is the
only unusually large intron in this gene. Introns
2-7 range in size from approximately 1 to 3.2kb
(O’Malley et al., 1990). This unusually large intron
located in the coding region of the gene has some
interesting implications in the processing of the D2
hnRNA. It is clear that transcription of an intron of
this size would occupy a large amount of time and
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Fig. 4. The two lanes of this gell represent RNase protection
assays in which an intron‘exon border probe was hybridized to
cvtosolic (C) and nuclear (N) RNA preparations. The 397 indi-
cates the position at which the full-length cRNA probe (including
23 hases of vector sequence) ran on this gel. The arrow labelled |
indicates the position at which a large molecular weight protected
fragment ran in this preparation. Its size and unique presence in
the nuclear fraction indicates that this hybrid is the product of the
374 bases of intron 7 and exon 8§ in the cRNA probe and D2
hnRNA trom the cell nucleus. Note the absence of a high molecu-
lar weight protected band in the cvtosolic RNA preparation. The
arrow labelled 2 on this gel indicates the position of a doublet

band that runs at the approximate size of the exonic portion of

the cCRNA probe used in this protection assay. Itis present in both
nuclear and cytosolic fractions and likely represents processed
RNA in the cell nucleus and mRNA in the eytosol. The doublet
formation was consistently observed in these assaysand is likely a
product of nicking by the RNase at the ends of the probe mRNA
hvbrid.

Table 2. hnRNA mRNA ratios based on RNase protection
assuvs on RNA from specific brain regions

RNuse protection assay:
Brain region

hnRNA 'mRNA ratio

Corpus striatum 0.16
Ventral midbrain 0.032
Cerebral cortex 0.086
Hippocampus 0.30
Hypothalamus 0.014
Pituitary 0.057

cellular energy. Is it possible that the dramatically
large size of this intron affects the rate at which is
can be cleaved from the sequence?

In addition to monitoring basal hnRNA levels in
specific brain regions. the intronic probes may allow
a novel view of dopamine D2 receptor gene regu-
lation. Since the hnRNA is the first product of gene
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transcription and the D2 receptor has a rather large
mMRNA pool. this technique may provide a means of
detecting subtle regulatory events that have not vel
been observed for this receptor gene. The combi-
nation of in siti hybridization and R Nase protec-
tion assay will be especially powerful in regulatory
studies. Protection assay provides a sensitive quan-
titative measure of change in an RNA species and in
situ hybridization allows anatomical resolution to
the celtular level. Evaluation of more short-term
regulatory events may also he possible with hnRNA
analysis.

There are several reports of hnRNA regulation
demonstrated with intronic in viriehyvbridization. An
intron A-specific pro-opiomelanocortin (POMC)
probe was utilized to show a rapid increasc.
then decrease in antertor pituitary cell POMC
hnRNA in response to adrenatectomy followed by
dexamethasone treatment (Fremeau cr al.. 1986). In
vivo hn RNA analysis in the brain has revealed rapid
increases in corticotropin-releasing hormone in the
medial parvicellular paraventricular hypothalamic
nucleus in response to acute blockade of gluco-
corticoid synthesis (Herman er o/, 1992} and an
increase in the amount of arginine vasopressin
(AVP) hnRNA in the supraoptic nucleus (SON)
afltersaltloading(Hermaner ol 1991). Interestingly,
the basal AVPhnRNA mRNA ratio wasreported to
be higher in the suprachiasmatic nucleus that in the
SON (Herman er alf., 1991). All of these reports indi-
cale that regulatory changes in the hnRNAs occurred
more rapidly than changes in the corresponding
MRNA pools.

In summary, the distribution of D2 hnRNA by
intronic in xitu hybridization is similar to the distri-
bution of D2 mRNA, with the exception ol arcas
that express tow levels of D2 mRNA. In these areas
it is likely that the levels of D2 hnRNA are simply
below our detection timits. Interestingly, the D2
receptor hnRNA mRNA ratios vury in specific
brain regions. For example, the striatum has a high
D2 hnRNA mRNA ratio while the ventral mid-
brain has a lower D2 hnRNA mRNA ratio. This
ratio also differs in other regions of the brain, with
the hippocampus having a very high D2 hnRNA
mRNA ratio. These quantitative anatomical differ-
ences were demonstrated with both intronic in situ
hybridization and intron 7 ¢xon 8 border probe
RNase protection assays. These data indicate that
discordant rates of D2 gene transcription. differen-
tial D2 hnRNA halflives. or a combination of these
two processes contribute to the disparate levels of
D2 hnRNA observed in specific brain regions. We
are currently using these tools to understand the
regulation of D2 mRNA production.
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