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A BSTRACT 

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 I)2 gene transcrip- 
tion. We have developed a method of hybridizing a 3SS-labelled cRNA probe to an intron in the D2 
receptor gene in order to measure the amount of primary transcript or heteronuclear R NA (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 m RNA 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 co,'tex, 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 v, as 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 ofhnRNA revealed with 
intronic in situ 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 hall" lives may differ between tissues that express 
I)2 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 measure of gene regulation, 
allowing for evaluation of gene responses to acute treatments. 

KEY WORDS: lntron Insi tu  hybridization, RNase protection assay 

I N T R O D U C T I O N  

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 D1 and D5 
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 et 
al., 1990; Sunahara et  al., 1990, 1991; Zhou et al., 
1990). The D2 family contains the D2, D3 and D4 
receptor subtypes. These receptors have a similar 
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D2-1ike pharmacology, a large third cytosolic loop, 
and a short C-terminal domain (Bunzow et al., 
1988: Grandy et  al., 1989; Sokoloffet al., 1990: Van 
Tol et  al., 1991). Signal transduction also differs 
between the D I and D2 family of receptors. The 
D1 lk~mily 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 D 1 and D2 mRNAs have a broad anatomical 
distribution in the rat brain. Both receptor mRNAs 
are localized in the parallel nigrostriatal and 
mesolimbic systems. DI mRNA is localized to cells 
in the striatum and D2 being lk~und 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 et  al. ,  1990a, 1991; Fremeau 
et  al. ,  1991: Weiner et  al.,  1991). In addition to 
the ventral midbrain dopaminergic neurons, D2 
mRNA is uniquely localized in zona incerta, 
septum and globus pallidus (Weiner et  al.,  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 ofCalleja (Sokoloffet al. ,  1990; Bouthenet et  
al. ,  1991). D4 receptor mRNA is found in roughly 
equal amounts in the medulla, amygdala, midbraim 
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 et  al.,  1991: 
Meador-Woodruff et  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 D 1 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 
D5 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 s i tu  hybridization to dopamine receptor mRNAs 
has proven to be a valuable technique for localizing 
cell bodies that express specific dopamine receptor 
subtypes. In s i tu  hybridization was used to show 
that DI 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 et  
al. ,  1990b). Other regions of the brain that contain 
D2 mRNA include the dopaminergic cells of the 
zona incerta, and the olfactory bulb, as well as cells 
in the olfactory tubercle, cerebral cortex, sep- 
turn, 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: Marshall, 
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 antagonist, 
fluphenazine-N-mustard, that abolishes 90% of 
raclopride binding, also show 20% changes in D2 
mRNA in chronically treated rats (Chen et  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 eta/., 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 et  
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 s i tu .  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 D I family of receptors, contains multiple 
introns (Bunzow et  al. ,  1988; Grandy et  al.,  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 et  al. ,  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 s i tu  hybridization and solution phase 
RNase protection assay in the rat brain. In  s i tu  
hybridization provides excellent anatomical and 
cellular resolution, while RNase protection assay 
gives a measure ofmRNA-hnRNA ratios. We show 
evidence that hnRNA for D2 is located 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 m D2 
receptor-expressing cells. 
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M A T E R I A L S  A N D  M E T H O D S  

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 30 s, and then stored at -80°C until 
sectioning. At the time of sectioning the frozen 
brains were warmed to - 2 0 ° C  and mounted to a 
chuck with OCT mounting medium. Ten micrometer 
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 sou hybridization 

Adjacent sections were processed for D2 m R N A  in 
situ hybridization or D2 intronic in si tu hybridiz- 
ation. Briefly, the sections were removed from 
storage at - 8 0 ° C  and fixed for 60 rain in 4% for- 
maldehyde at 22°C. The sections were then rinsed 
three times in 2 x SSC (300 mM-NaC1, 30 mM-Na 
citrate, pH7.2)  and incubated in proteinase K 
(PK: 1 lag/ml in 100mM-Tris, pH 8.0, 50mM- 
EDTA) for 10min at 37C.  Following PK treat- 
merit, 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 rain. The sections were 
then rinsed in 2 × SSC for 5min, dehydrated in 
graded alcohols and air dried. 

Two radiolabelled RNA probes were used for in 
si,'u hybridization. The cRNA used for hybridiz- 
ation to the dopamine D2 receptor m R N A  has been 
described previously (Meador-Woodruff  el al., 
1989; Mansour et al., 1990a). Briefly, this 3:S- 
labelled cRNA probe was transcribed from a 495 bp 
Sac l -Bg l i I  fragment of  a rat D2 receptor eDNA 
(Bunzow et al., 1988). This probe corresponds to a 
portion of the third cytoplasmic loop and the sixth 
and seventh t ransmembrane 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 #l situ hybridization to the D2 receptor 
hnRNA, a cRNA probe directed against the 3' 
region of intron 7 was utilized. The DNA template 
lbr this probe was a E c o R I - A v a I I  fragment sub- 
cloned from a rat D2 receptor generate 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 
t ransmembrane domain. 

Sections were hybridized overnight to the cRNA 
probes diluted in hybridization buffer (75% 
formamide; 10% dextran sulfate: 3 x SSC,  50 mM- 
NaePO 4, pH 7.4: I x  Denhardt 's;  0.1 mg/ml yeast 
tRNA: 10 mM-dithiothreitol (DTT)). The probes 
were diluted in the hybridization buffer to a 

final concentration of 2x l0< 'dpm30ta l .  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 RNase A 
(200 iug/'ml in I00 mM-Tris, pH 8.0 and 0.5 M-NaCI) 
for 60 min at 37 C. The sections were then rinsed in 
2 × SSC followed by room temperature washes in 
1 × SSC t\~r 5 rain, 0.5 × SSC fc)r 5 rain. 0.1 × SS(" 
for 5 rain. Finally the sections were washed in 
0.1 x SSC at 65 C for 60min, rinsed with room 
temperature water, dehydrated in graded alcohols, 
air dried, and exposed to Kodak XAR-5 X-ray lilm. 
The D2 m R N A  in .vim hybridizations were exposed 
for 1 day while the D2 inironic in ,vim hybridiz- 
ations were exposed for 7 days. Following X-ra? 
exposures, the slides were dipped in Kodak, NTB-2 
emulsion and stored in the dark at 4 C for 30 days 
for D2 m R N A  or 90 days I\>r D2 hnRNA prior to 
development. 

Controls for the I)2 495 mRNA probe Mvc been 
described previously (Mcador-Woodrult" el a/., 
1989: Mansour et al., 1990a). The [)2 intronic 
probe sequence was screened against the Genbank 
library and was found not to contain any signilicani 
identity with sequences other tMn l)2 intron 7. 
Methodological controls included scnse probe 
experiments, in which two sets of  sections were pro- 
cessed for intronic in stile hybridization. One set was 
hybridized with the radiolabclled antiscnse 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 perl\)rmed in which one set of 
sections was treated with RNasc A (200 lag'ml) for 
30 rain tit 37 C prior to hybridization and another 
set of  adjacent sections was processed normally for 
intronic i#, ,vim hybridization. No hybridization 
signal was observed on RNase-pretreated sections. 

RNA preparation (RNase protection assay) 

Twenty one adult male Sprague l)awley rats 
(Charles River, 250g) were decapitated and the 
brains were rapidly removed. The brains were 
immediately chilled with wet ice and the ventral 
midbrain, corpus striatum, cerebral cortex, hippo- 
campus, hypothalamus and pituitary were quickly 
dissected, and frozen oil dry ice. Tissue samples 
were stored at - 8 0  C until RNA extraction was 
performed. RNA was extracted from 400mg of 
tissue for each brain region using a guanidinium 
isothiocyanate (GITC) extraction technique. Brielty, 
the tissue was homogenized in a GITC solution 
(4 M-GIT(-',  25 raM-sodium citrate, pH 7.0, 0 . 5 %  
N-lauryl sarcosine, 0.1 ~a-2-mercaptoetMnol) by 
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grinding with a polytron tissue homogenizer. 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 - 2 0 ' C  with 
20lag glycogen, 1/40th volume 5 M-NaCI, 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, pH 8; 3 mM-CaC12; 
2mM-MgCI2; 0 .5mMDTT;  0.15% Triton X- 
100) by hand in a 1.5 ml Eppendorf tube with a 
homogenizing tool that had close tolerance with the 
tube walls. The homogenate was layered over 400 lal 
of 0.4 M-sucrose-AT buffer (0.4 M-sucrose; 10 mM- 
Tris, pH8; 3mM-CaCI2; 2mM-MgCl2; 0.5mM- 
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 mM-Tris-HC1, pH 8; 5 mM-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 1 
volume isopropanol. 

The pellets contained the nuclei and resuspended 
in 0.3 M-sucrose-AT buffer and centrifuged through 
another 0.4M-sucrose-AT cushion. Pellets were 
then resuspended in 300lal of DNAse I buffer 
(50 mM-Tris-HCl, pH 8; 5 mM-MgCl2; 1 mM-DTT). 
They were then incubated for 5 min at 37':~C with 1 lal 
RNase inhibitor and 21,tl RNase-free DNAse I. 
Following DNAse treatment, 30btl of 10× SET 
buffer was added and the samples were incubated 
with PK (0.1 mg/ml) for I h at 45~'C. The resulting 
sample was organically extracted and precipitated 
with I / 10th volume of 5 M-ammonium acetate and I 
volume isopropanol. 

RNase protection assay 

For RNase protection assays to the D2 receptor 
hnRNA, a 32p-labelled cRNA probe complemen- 
tary to the 3' end of intron 7 and the 5' end ofexon 8 
was utilized. The DNA template for this probe as an 
E c o R I - P s t I  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 A vaII 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 374bp 
fragment would indicate the presence of hnRNA, 
while a 314 bp fragment would correspond to D2 
mRNA. 

Ten micrograms of total RNA isolated from 
specific rat brain regions was hybridized to 
32P-labelled D2 intron 7/exon 8 border probe 
in 30tal of hybridization buffer (50% forma- 
mide; 40 mM-PIPES, pH 6.4; 400 mM-NaCI: 1 mM- 
EDTA). 100,000 cpm ofcRNA 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 lal of 10 lag/ml RNase A (in 10 mM-Tris, pH 7.5: 
5 mM-EDTA; 200mM-NaCl: 100 mM-LiCI) and 
incubating for 30 min at 37:C. The RNase reaction 
was terminated by adding 10 lal of 20% SDS and 
10 lal 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 lag 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 1 lal water and 4 ml formamide. 
The samples were run on a denaturing acrylamide 
gel (5% acrylamide; 50% urea: I 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 32p-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 fulMength 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 #1 situ hybridizations 
were placed on a light table and images were 
captured using a DAGE-MTI series 68 video 
camera and a MACINTOSH II 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 the illumination, and the corrected 



image was analysed. Regions of  interest were out- 
lined w, ith a cursor and the average grey level 
of pixels in this area of  interest was calculated by 
the computer  and saved. For direct comparison of 
the striatum 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 
dcscribed for in s i tu  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 
uscd to lbrmulate h n R N A / m R N A  ratio values. 

RESULTS 

In situ hybridization 

Heteron uclear R NA transcribed from the dopamine 
D2 receptor gene was localized by intronic in s i tu  
hybridization in all areas of  the brain that express 
moderale to high amounts of  D2 mRNA.  These 
regions include the substantia nigra pars compacta 
(SNC: Fig. 1 ) and ventral tegmental area (VTA: Fig. 
I ), zona incerta, caudate-putamen (CPu; Figs 1 and 
2), nucleus accumbens (Acb; Figs 1 and 2), hippo- 
campus and olfactory tubercle (Fig. 2.) Other 
regions that contain D2 mRNA,  but do not contain 
I)2 intronie signal, include the globus pallidus, pre- 
frontal, cingulate, entorhinal and piriform cortex, 
septum and amygdala. However, these areas have 
lm~ amounts of  D2 m R N A  (Meador-Woodruff  et 
+tl., 1989) and may contain levels of  D2 hnRNA that 
arc below detection. As expected, intronic in .s'itu 
hybridization also revealed a nuclear localization of 
this signal in cells, as compared to signal from the 
D2 m R N A  probe, which was localized over the cell 
nucleus and cytosol (Fig. 3). 

The ratios of  D2 hnRNA to D2 m R N A  are not 
equal across all tissues. For example, 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. I B). D2 tnRNA, on the contrary, is expressed 
tit \ery similar levels in the striatum and midbrain 
(Fig. IA). This observation is substantiated by 
qu'<lntitative data, which indicate that the ratio of 
striatal signal to SNC/VTA signal is larger for D2 
ImRNA than for D2 rnRNA (Table I). In other 
~ords. for D2 m R N A  in .vitu hybridization, the 
amount of signal in the striatum is equal to the 
a n l t > u n t  of signal in the SNC/VTA. However, for 
D2 hn RNA in s i tu  hybridization, the amount of  sig- 
nal in the striatum is more than twice that observed 
m the S N C V T A .  The differing hnRNA levels in 
brain regions that express similar levels of D2 
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m R N A  indicate that either gene transcription or 
hnRNA (and/or mRNA)  half lives may vary in 
these regions even though they possess a similar- 
sized m R N A  pool. In order to cross-validatc this 
obserwltion, RNase protection assays designed to 
measure hn R N A / m R N A  ratios were perl\~rmed. 

RNase protection assay 

RNase protection assays were carried out on dis- 
sected regions of the brain including the ventral 
midbrain (which includes the SN( '  '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 dernonstratc 
that the full-length protected fragment which rep- 
resents the intact intron 7/exon g 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 species 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 iH ~sitt~ hybridiz- 
ation data. The ratio of  hnRNA to mRNA in thc 
hippocampus was the highest, followed by the 
striatum. The ventral midbrain had a low hnRNA 
m R N A  ratio (Table 2). 

DISCUSSION 

The distribution of dopamine receptor hnRNA by 
intronic in ,vitu hybridization and RNase protection 
assay is similar to that reported l\~r D2 mRNA.  All 
regions of the brain that contain moderate to high 
amounts of  D2 m R NA also have detectable lcvcls of 
D2 hnRNA. Only regions like the globus pallidus, 
prefrontal, cingulate, entorhinal and pirifornl 
cortex, hippocampus, septum and amygdala, which 
contain low amounts of  D2 m R N A  (Meador- 
Woodruff" el 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 dctec- 
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 132 hnRNA 
and m R N A  in the hippocampus. 

It is not surprising that D2 hnRNA can bc 
detected in cells in brain regions that normally 
express D2 in RNA and binding ( M eador-Woodruff  
et  al., 1989: Mansour ez al., 1990a). However, more 
can be extracted from this data than simply hnRNA 
distribution. Since intronic in ,vhu hybridization 
only detects intron-containing RNA species, it is an 
i#~ i'il'o measure of  D2 RNA molecules that arc not 
included in the m R N A  pool. The levcl of intronic 
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Fig. 2. Dark-field auloradiograms of coronal sections through the ral bfain at ihc level o1" the rostral siri~ltum gcncralcd u~,mg dopanlmc 
D2 receptor mRNA ht .~itu hybridization (A) and D2 receptor inlronic in wtu h'~brMizalion IBI. (A) alld i B) reprcscnl ]- and 7 da; 
exposures respectively. Note the correspondence of I-)2 mRNA and hnRNA in the czitldalc-ptllalllen {( 'Pul,  llUClCu,, ~lcctimbCllS ( , \cbL 
and olfach~r_~ tubercle (Tul. 

signal is related to I)2 gene transcription as well as 
D2 h n R N A  stabil i ty.  Thus,  regional  differences in 
the level o f i n t r o n i c  signal could be due to higher or  
lower rales o f  D2 gene t ranscr ip t ion  a n d / o r  longer 
or shor ter  D2 h n R N A  half  lives, 

Fo r  example .  D2 m R N A  i n . v i t u  hybr id iza t ion  
produces  app rox ima te ly  equal  anaounts  o f  signal in 
the s tr iat tun and the S N C  V T A  (Fig. I A). Howevcr ,  
D2 int ronic  in ,vitu hybr id iza t ion  produces  a inuch 
denser  signal in the s t r ia tum than in the SNC V'I A 
(Fig. I B). RNasc  pro tec t ion  da ta  also suppor t  tllis 
observa t ion .  In pro tec t ion  assays uti l izing I)2 
in t ron 7,exon 8 bo rde r  probes ,  the h n R N A , m R N A  
rat ios could be de te rmined  for specific bra in  areas.  
These rat ios  were not equal across  the bra in  arcas  
tested. With  reference to the mesos t r ia ta l  system, tile 
s t r ia tum has a much higher  h n R N A , ' m R N A  rat io  
than the ventral  midbrain.  When one compares  thc 
in ,vilu hybr id iza t ion  regional  rat ios  with the RNase  
pro tec t ion  assay hn R N A m R N A rat ios,  da ta  f rom 
in ,~'iHt hyhr id iza t ion  indicate  that  D2 h n R N A  signal 
is 2.3 >~ denser  in tile s t r ia tum that  in the S N C  V T A  
relative to D2 m R N A .  Rat ios  fl'om RNase  protec-  
tion assay da ta  indicate that the s t r ia tum conta ins  
5 × more  D2 h n R N A  than the vcntral  midbrmn 
relative to D2 m R N A .  Cons ider ing  the diffcrenccs 
in these methods ,  these da ta  are reasonably  consist-  
ent and clearly suppor t  tile conclus ion that  tile 
s t r ia tum conta ins  at least twice the anloul l t  o f  [)2 
h n R N A  than the S N C V T A .  If intronic  analysis  
can be considcred an indcx o f  R N A  synthesis and 

processing, then it can bc referred that I)2 R N A  
i l l a \  be d i f l c ren t ia lh  transcribed :,llld t)l processed 
in different brain regions. 

Regional differences m I)2 gone tr : lnscr ip i ion 
would not be surprising considering the hlct l l la t  the 
I)2 gcric is being expressed in I'unctionall,~ di \ersc 
coil groups. Data indicate thai l )2 raP, HA in the 
m i d b r a i n  i11;_1} cricodc presynaptic or :,itll.oreccpiors. 
whereas D2 lnRN/~ i l l  the str iatum encodes Ina in l )  
postsynarHic receptors ( M;u-sllal]. 19S5: Mallb, Oilr ~'1 
al.. 1990b). No dill'erences in the "-, Ir t lCtt l lC o1" ti le 
I)2 m R N A  exist in these t\~o regions, l-to\~e,,cr, it 
is interesting to speculate that ti le r;.llC Of R N A  s)n- 
thesi~ or processing might ,~nmeho\~ be related to 
reccplor l'tillCliOll. 

( ) fcourse. the dil]'crenccs ob,,cr\ cd in I)2 hn R N A  
levels L'OLIId be a consequence  of  region~ll di I'ferences 
in I)2 mRN/k  stabili ty.  For  cxamplc ,  in the s t r ia tum, 
where h i -h  lexels o f  in i ronic  sienal arc seen, D2 
m R N A I U r i le \  er lllav be quitc rapid.  [ h  us, a higher 
level ol ' t i -anscript ion \vould be rcquhcd  to mainta in  
s teady-s ta te  levels o f m R N A .  I f m R N A / t l r n o v c r  is 
l o~  in the xentral midbra in  neurons,  one might 
expect lena lexels ol ' l r~lnscript ion, and thcrclorc low 
levels o f  intronic signal. 

The instabi l i tx of  inl.roll 7, is i lnportant to ti le 
interpretat ion of  the data prescnlcd in this sttidy. 
The aSStlmplit)n h:,lS been m'<ldc Ihat once spliced 
cell of  the h n R N A ,  introns  arc Iapidl> degraded.  
Hox\cver. i f  in i ron 7 is more stable in the str iatum 
than i l l  lhe midbr; l in,  one \~otlld expect to see a 
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Fig. 3. High-magnification bright- and dark-field photomicrographs ~f cells in the corpus striatum. In silu h~bridization wt~ ~aHicd ~L~I 
on rat brain sections using either the D2 intronic (425 base) probe (A and B) or the D2 mRNA (495 basel probe (C and D). All the secti(~ns 
were counterstained with cresyl violet. Note the nuclear localization of silver grains over cells positive l\~r D2 hnRNA (1-6: ,,k}, and the 
wide dispersion of silver grains over cells positive for D2 mRNA ( 1 6: C). The dark-field photomicrographs clearly show the distributi~n 
of silver grains in A (B) and C (D). The black bar in (A) indicates 50 lain. The magnification is the same in A D 

Table I. Comparison of signal in the striatum and the substantia nigra pars compacta 
(SNC)/ventral tegmental area (VTA) in in situ hybridizations on horizontal sections for D2 
mRNA and D2 hnRNA 

h7 situ hybridization: 
RNA species Slriatum/SNC,VTA ratio 

D2 mRNA 1.07 + 0.02 
D2 hnRNA 2.43___/).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. 

There are at least seven introns in the rat dopamine 
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. It is 
not known if there is preferential splicing of other 
introns in the D2 gene. 

It 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 I to 3.2 kb 
(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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lig. 4. The lwo lanes of this gell represent RNase protection 
assays in which an intron'exon border probe was hybridized to 
cytosolic I(') and nuclear (N) RNA preparations. The 397 indi- 
cates the position at which the full-length cRNA probe (including 
23 bases el'vector sequence) ran on this gel. The arrow labelled I 
indicales the position at ,a hich a large molecular weight protected 
fragmenl ran in this preparation. Its size and unique presence m 
the nuclear #action indicates thai lt'iis hybrid is the product of the 
374 bases of intron 7 and exon 8 m the cRNA probe and D2 
hn RNA from the cell nucleus. Note the absence era high molecu- 
Iar weight protected band in the cytosolic RNA preparatkm. The 
arrow hibclled 2 on this gel indicates the position of a doublet 
b;tnd that runs ill tl~e approximalc size of the exonic portion of 
lhe cRNA probe used in this protection assay. It is present in both 
nuclear and cytosolic fraclions and likely represents processed 
RNA in the cell nucleus and mRNA in the cytosol. The doublet 
formation was consistently observed m these assays and is likely. ;i 
product of nicking by lhc RNase at theends of the probe mRNA 
hybrid. 

Table 2. hnRNA mRNA ratios based on RNase protection 
assu',s on RNA from specific bruin regions 

RNase protection assa_~: 
Braill region hnRNA.mRNA ratio 

Corpus slriatunl 0. 1,5 
Ventral midbrain 0.032 
Cerebral cortex 0.086 
Hippocampus 0.30 
Hypothalanlus 0.014 
Piluitarv 0.057 

celhilar energy, ls it possible that the dramatically 
large size of this in t ron affects the rate at which is 
can be cleaved from the sequence? 

In addition to moni to r ing  basal h n R N A  levels in 
specific brain regions, the intronic probes may allow 
a novel ~iew of  dopamine D2 receptor gene regu- 
lation. Since the h n R N A  is the first product o fgene  
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transcript ion and the D2 receptor has a rather large 
m R N A  pool. this technique may prox idea means oF 
detecting subtle regulatory events thal have not yel 
been observed for this receptor genc. The combi- 
nat ion of 01 s i t .  hybridization and R Nase protec- 
tion assay will be especially powerful in rcgulator~ 
studies. Protection assay provides :l sensitive quan-  
titative measure of change in an RNA species and iH 
xill¢ hybridizat ion allows anatonl ical  resolution to 
the celhllar level. Evaluat ion oF more short-term 
reguhitory ex.ents may also be possible ~i th  h n R N A  
analysis. 

There are several reports o1" h n R N A  regulation 
demonst ra ted  with intronic i ,  ~ i l ,  hybridization.  An 
int ron A-specific pro-opiomelanocor t in  {POM( ' t  
probe was utilized to show :l rapid increase, 
then decrease in anter ior  pituitary cell P O M ( '  
h n R N A  in response to adrenalcctom 5 followed by 
dexamelhasone treatment  ( Fremcau cta/. ,  1986). l#~ 
r i te  h n R N A  analysis in the brain has re\ ealcd l:lpid 
increases in cort icotropin-rcleasing hormone  in the 
medial parvicelhllar paraventr icular  hypothahunic  
nucleus in response to acute Mockadc o1" ghlco- 
corticoid synthesis (Herman ~,I , I . ,  1992L and an 
increase in the amoun t  of argininc xasopressin 
(AVP) h n R N A  in the supraoptic  nucleus (SON) 
a f t e r sa l t l oad ing (Herman  eta/., 1991 I. Interestingly, 
the basal AVP h n R N A  tuRN A r;.itio ,aas rcportect to 
be higher in the suprachiasmatic nucleus thai irl the 
SON (Herman el al., 1991 ). All el ' these reports indi- 
cate thai regulatory changes in the hn R N A s occu rred 
more rapidl~ lh~.nl changes in the corresponding 
m R N A  pools. 

In sumnlary, thc distribution o1" I)2 hnRNA by 
intronic in .~ill! hybridization is simihu Io the di,,tri- 
button of I)2 m R N A ,  with the exception of i.iro~_lS 
that express low lexels of D2 m R N A .  In these areas 
it is likely that the levels of D2 h n R N A  arc simply 
below our detection limits. Interestingly, the I)2 
receptor h n R N A  m R N A  ratios xarx in specific 
brain regions. For exanlple, tl'lc striatum has a high 
D2 hI1RNA nIRNA ratio while the ventral mid- 
brain has a lower I)2 h n R N A  m R N A  ratio. Fhis 
ratio also differs in other regions of thc brain, with 
the hippocarnpus having i.t ,,cry high I)2 h n R N A  
m R N A  ratio. These quant i ta t ixe anatomical  differ- 
ences were demonstra ted with both intronic i ,  v/lie 
hybridizat ion arid inlron 7 exon S border  probe 
RNase protection assays. These chila indicate thai 
discordant  rates of D2 genc Iranscripl ion,  difl'cren- 
tial D2 h n R N A  hail'lives, or a combina t ion  el ' these 
two processes contr ibute  to the disparate levels of 
I)2 h n R N A  observed in specific brain regions. Wc 
are currently. using these tools to undcr ' , tand the 
regulation of D2 m R N A  producl ion.  
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