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Summary. The cellular localization of neurons ex- 
pressing cholecystokinin (CCK) and tyrosine hy- 
droxylase (TH) mRNAs was analysed in rat ventral 
mesencephalon using in situ hybridization techniques 
with both complementary DNA and synthetic 
oligonucleotide probes. Cell bodies distributed 
throughout the substantia nigra, ventral tegmental 
area, interfascicular nucleus, midline raphe nuclei, 
and central and ventral periaqueductal grey matter 
were found to contain CCK mRNA or TH mRNA as 
indicated by high densities of grains overlying the 
perikarya. The in situ hybridization technique was 
combined with immunocytochemistry on the same 
tissue section to localize the peptide or enzyme 
within its respective mRNA-containing somata. In 
addition, the presence of TH immunoreactivity was 
demonstrated within cell bodies labeled for CCK 
mRNA and immunostaining for CCK was detected 
within TH mRNA-containing neurons. In the medial 
geniculate nucleus a strong labeling for CCKmRNA 
was observed, in spite of the fact that so far no CCK- 
like immunoreactivity has been demonstrated in peri- 
karya in this nucleus. The specificity of the probes 
was verified by RNA blot hybridization. These 
results confirm recent double-labeling immunocyto- 
chemical studies and further characterize the coexist- 
ence of CCK and TH at the level of their mRNAs as 
well as their post-translational products in a large 
population of mesencephalic dopamine neurons 
known to project to forebrain areas. 
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Introduction 

The ventral mesencephalon contains a dense popula- 
tion of dopaminergic neurons that are most concen- 
trated in the substantia nigra and ventral tegmental 
area (Dahlstr6m and Fuxe 1964; Lindvall and Bj6rk- 
lund 1983). These neurons give rise to the ascending 
dopaminergic mesotelencephalic system which has 
been shown to play an important role in the modula- 
tion of extrapyramidal motor behavior (e.g. Fink and 
Smith 1980; Mason 1984) and has been implicated in 
the dysfunctions of Parkinson's disease (Horny- 
kiewicz 1980; Javoy-Agid et al. 1984), schizophrenia 
(Randrup and Munkrad 1972; Snyder et al. 1974; 
Matthysse and Kety 1975; Meltzer and Stahl 1976), 
and Huntington's disease (Bruyn 1968; Spokes 1980). 
The peptide cholecystokinin (CCK) (Mutt and 
Jorpes 1966, 1968) has also been localized to 
neuronal perikarya of the ventral midbrain distrib- 
uted throughout the ventral tegmental area, substan- 
tia nigra, and several midline nuclei (Lor6n et al. 
1979; Innis et al. 1979; Vanderhaeghen et al. 1980). 
Both immunocytochemical (H6kfelt et al. 1980) and 
biochemical studies using the neurotoxin 6-hydroxy- 
dopamine and/or lesion paradigms (H6kfelt et al. 
1980, 1988; Studler et al. 1981, 1984; Williams et al. 
1981; Marley et al. 1982; Gilles et al. 1983) have 
supported the coexistence of CCK and tyrosine 
hydroxylase (TH, the catecholamine-synthesizing 
enzyme) within a subpopulation of the ventral 
mesencephalic neurons. These findings have gener- 
ated extensive st udy of this peptide/monoamine coex- 
istence situation. Evidence along several interdisci- 
plinary lines has since accumulated suggesting a 
functional interaction between CCK and dopamine 
(see Skirboll et al. 1981; Markstein and H6kfelt 1984; 
Wang et al. 1984, 1985; Crawley et al. 1985; H6kfelt 
et al. 1986; Nair et al. 1986). 
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Fig. 1A-F. Film autoradiography. A-C Autoradiograms of semi-adjacent coronal sections through the ventral mesencephalon after 
hybridization with the 3sS-labeled cDNA probes for CCK mRNA (A), TH mRNA (B) or pUC9 (C). D-F Autoradiograms of adjacent 
coronal sections through the ventral mesencephalon after hybridization with the 3sS-labeled oligonucleotide probes for CCK mRNA (D), 
THmRNA (E) or PNMT mRNA (F). Note similar pattern of labeling in ventral tegmental area (VTA) and substantia nigra pars compacta 
(SNc) and pars lateralis (SNI) in A and B and in D and E, respectively. Arrows in these panels indicate corresponding region of the SNc 
which is labeled for TH mRNA but which lacks labeling for CCK mRNA. Asterisks in A denote folds in tissue resulting in non-specific 
labeling. Note dense labeling over medial geniculate nucleus (MGN) after hybridization with probes for CCK mRNA (A, D), but not with 
TH mRNA probes (B, E). SNr, substantia nigra pars reticulata. Magnification 10x 
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Fig. 2A, B. Darkfield photomicrographs of adjacent sections demonstrating the distribution of neurons (cells) within substantia nigra pars 
compacta labeled with TH mRNA (A) or CCK mRNA (B). Oligonucleotide probes. (Unfixed, normal rat.) MTN, medial terminal nucleus 
of the accessory optic system. Scale bar = 100 ~tm 

Recently,  using different antisera, improved fixa- 
tion techniques, and discrete injections of colchicine 
(H6kfelt  et al. 1986; Seroogy 1986; Seroogy et al. 
1987a, 1988; Seroogy and Fallon 1988), a larger 
population of CCK-containing neurons has been 
detected in the ventral  midbrain as well as a greater  
incidence of C C K / T H  colocalization, particularly in 
the substantia nigra pars compacta.  With the recent 
cloning and sequence analysis of complementary  
D N A  (cDNA) to CCK messenger  R N A  (mRNA)  of 
several species (Desch6nes et al. 1984; Gubler  et al. 
1984; Kuwano et al. 1984), and of that to rat T H  
m R N A  (Lamouroux  et al. 1982; Gr ima et al. 1985) as 
well as the cloning of the rat and human CCK gene 
(Desch6nes et al. 1985; Takahashi  et al. 1985), new 
possibilities for the study of neuronal  CCK and T H  at 
the level of gene expression have arisen. In the 
present study, we have examined the cellular location 
of neurons in the ventral  mesencephalon expressing 
CCK m R N A  and T H  m R N A  using in situ hybridiza- 
tion methods primarily with c D N A  probes. Synthetic 
oligodeoxyribonucleotide (oligonucleotide) probes 
were also tested for comparison.  In addition, to 
further analyze the pat tern  of C C K / T H  coexistence at 
the levels of both m R N A  and post-translational 
product,  we have combined the techniques of in situ 

hybridization and immunocytochemistry on the same 
tissue section. And finally, since results of recent 
immunocytochemical  studies have questioned the 
specificity of CCK immunoreactivi ty in certain sys- 
tems (Ju et al. 1986, 1987; H6kfel t  et al. 1988), the 
present study also addressed this issue in the ventral 
mesencephalon at the m R N A  level. Parts of these 
data have been presented in preliminary form (Se- 
roogy et al. 1987b, c). 

Material and methods 

Animals 

Adult male Sprague Dawley rats (150-200 g; ALAB, Stockholm, 
Sweden) were used in all experiments. Several rats were stereotax- 
ically injected (under 7% (w/v) chloral hydrate anesthesia; i.p.) 
with colchicine (120 gg in 20 ~10.9% NaC1) into a lateral ventricle 
24-48 h before sacrifice. The animals were deeply anesthetized 
with sodium pentobarbital and perfused via the ascending aorta 
with ice-cold formalin prepared from 4% paraformaldehyde in 
0.1 M phosphate buffer (PB) (Pease 1962). The brains were 
removed, immersed in the fixative for 90 min, and placed in 10% 
sucrose in PB overnight at 4 ~ C. Unperfused animals were also 
used, in which case the rats were decapitated and the brains 
quickly dissected out and briefly placed in buffered sucrose. Both 
unfixed and formalin-fixed brains were cut in a cryostat (Dittes, 
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Fig. 3A-D. Darkfield photomic- 
rographs of sections through the 
ventral periaqueductal grey mat- 
ter. A Cells labeled with the 
CCK mRNA cDNA probe. 
(Fixed, colchicine-treated rat.) 
B Cells labeled with the CCK 
mRNA oligonucleotide probe. 
(Unfixed, normal rat.) C and D 
are adjacent sections showing 
cells labeled with CCK mRNA 
(C) but not with TH mRNA (D). 
Oligonucleotide probes. 
(Unfixed, normal rat.) Scale bar 
= 50 ~tm 



Fig. 4A, B. Darkfield photomicrographs of a section through the 
medial geniculate nucleus. A Low magnification micrograph 
showing numerous cells labeled with the CCK mRNA oligonuc- 
leotide probe. Arrows indicate two large, densely grain-covered 
cells in the adjacent peripeduncular region. The boxed-in area is 
shown at higher magnification in B. Scale bars = 50 ~tm 

Heidelberg, FRG) in the coronal plane at 14 ~xm, and sections 
through the ventral mesencephalon were thaw-mounted onto glass 
slides treated with 50 ~tg/ml poly-L-lysine (Sigma, St. Louis, MO, 
USA) and stored at -70 ~ C overnight or for longer periods. The 
sections were then processed for in situ hybridization using either 
cDNA or synthetic oligonucleotide probes (see Young et al. 
1986c). 
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In situ hybridization with cDNA probes and immunocytochemistry 

After an initial pretreatment as described in detail previously 
(Schalling et al. 1986, 1987, 1988), the sections were prehybridized 
for 4 h at 42~ with a solution containing 50% formamide, 
4 x SSC (1 x SSC = 0.15 M sodium chloride, 0.015 M sodium 
citrate, pH 7.0), 1 x Denhardt's solution (Maniatis et al. 1982), 
1% sarcosyl, 0.02 M NaPO4 (pH 7.0), 10% dextran sulfate, 
500 ~tg/ml yeast tRNA, 37.5 mM dithiothreitol, and 100 ~tg/ml 
heat-denaturated salmon sperm DNA. Adjacent sections were 
then hybridized with the indicated probes. For CCK, a 540 base 
pair (bp) HindIII/EcoRI fragment derived from a rat pre- 
procholecystokinin cDNA (Desch6nes et al. 1984) was used as a 
probe. The TH probe was a 792 bp PstI fragment derived from a 
rat TH cDNA (Lamouroux et al. 1982). The DNA fragments were 
purified by preparative agarose gel electrophoresis and 'DEAE- 
cellulose chromatography. Purified DNA fragments were labeled 
with c@sS)-dATP (1300 Ci/mmol; New England Nuclear, Boston, 
MA, USA) by nick translation to a specific activity of approxi- 
mately 2 • 10 s cpm/ug. The nick translation procedure generated 
DNA fragments of approximately 100 bases. The plasmid pUC9 
was labeled to a similar activity and used as a negative control 
probe. Hybridization was performed at 42~ for 18 h in a 
humidified (with 50% formamide in 0.6 M NaCI) chamber using 
1-2 x 106 cpm per slide. 

Following hybridization, the sections were rinsed overnight 
through 5 changes of 0.5 x SSC containing 10 mM sodium thiosul- 
fate, incubated for 1 h at 37 ~ C in the same solution, dipped twice 
in distilled water, rapidly dried with a stream of air, and placed in a 
cassette and covered with Hyperfilm [3-max X-ray film (Amer- 
sham, Amersham, UK) for 1-11 days. Following autoradiographic 
development of the film (using LX24 developer and AL4 fix; both 
Kodak, Rochester, NY, USA), the sections were processed for the 
immunocytochemical localization of CCK or TH using the indirect 
immunofluorescence technique (see Coons 1958). Briefly, the 
sections were incubated with either mouse monoclonal anti-CCK 
antibodies (kindly provided by J. Walsh, C. U. R. E., Los Angeles, 
CA) (diluted l : 400) or rabbit anti-TH antisera (1 : 400) (Markey 
et al. 1980) overnight at 4 ~ C in a humid atmosphere, rinsed in 
phosphate buffered saline (PBS), and then incubated with fluores- 
cein isothiocyanate (FITC)-conjugated goat anti-mouse immuno- 
globulins (IgG) or tetramethyl rhodamine isothiocyanate 
(TRITC)-conjugated goat anti-rabbit IgG (both 1 : 20; 
Boehringer Mannheim Scandinavia, Stockholm, Sweden), respec- 
tively. The sections were rinsed in PBS, coverslipped in a 3 : 1 
solution of glycerol :PBS containing 0.1% p-phenylenediamine 
(Johnson and de C. Nogueira Araujo 1981; Platt and Michael 
1983) and examined with a Zeiss standard fluorescence microscope 
equipped with an oil darkfield condensor and proper filter 
combinations. A KP 500 excitation and a LP 520 barrier filter were 
used for FITC-fluorescence and a BP 546 excitation and a LP 590 
barrier filter for TRITC-fluorescence. After photography with 
Tri-X black-and-white film (Kodak), the sections were dipped in 
NTB2 emulsion (Kodak; diluted 1 : 1  with distilled water), 
exposed for 5-18 days at -20 ~ C, developed with D19 (Kodak) and 
fixed with G333 (Agfa Gevaert, Leverkusen, FRG), coverslipped 
in glycerol:PBS, and analyzed in a Leitz Orthoplan light 
microscope equipped with a darkfield condensor. Finally, the 
sections were stained with cresyl violet and analysed in the same 
Leitz microscope under brightfield conditions. 

Immunocytochemical controls consisted of preadsorption of 
the primary antiserum to CCK with 1 lxM CCK peptide (gener- 
ously provided by V. Mutt, Department of Biochemistry, 
Karolinska Institute, Stockholm, Sweden) or replacement of the 
TH antiserum with normal rabbit serum. In each case, all 
immunostaining was absent for the respective antigen. 
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Fig. 5A-D. Combined 
immunocytochemistry and in 
situ hybridization. A, B Are 
immunofluorescence and dark- 
field photomicrographs, re- 
spectively, of the same section 
through the ventral periaque- 
ductal grey matter showing 
cells labeled with both CCK 
immunoreactivity (A) and 
CCK mRNA (B) (cDNA 
probe). Arrows indicate exam- 
ples of double-labeled cells. 
(Fixed, colchicine-treated rat.) 
C, D Are immunofluorescence 
and darkfield photomicro- 
graphs, respectively, of the 
same section of the substantia 
nigra pars compacta showing 
cells containing TH immuno- 
reactivity (C) and 35S-labeled 
TH mRNA (D) (cDNA 
probe). Arrows indicate exam- 
ples of double-labeled cells. 
(Unfixed, normal rat.) The 
background immunofluores- 
cence was unusually high in C 
due to lack of tissue fixation. 
Arrow head in C indicates 
donal orientation. Scale bars = 
50 gm 

In situ hybridization with oligonucleotide probes 

Pretreatment of tissue consisted of allowing the slide-mounted 
sections to equilibrate to room temperature (approximately 
30 rain), placement in formalin (as above) for 30 min, rinsing 

twice in phosphate-buffered saline (PBS) for 4 rain each, dehydra- 
tion through a graded series of alcohols and chloroform, and then 
air-drying. Adjacent sections were then hybridized with the two 
probes. Hybridization buffer consisted of 50% formamide, 
4 x SSC, 1 x Denhardt's solution, 10% dextran sulfate, 250 ~glml 
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Fig. 6A, B. Combined TH immunocytochemistry and in situ hybridization for CCK mRNA. Immunofluorescence (A) and darkfield (B) 
photomicrographs of the same section through the substantia nigra pars compacta showing neurons containing both TH-I (A) and 3sS- 
labeled CCK mRNA (B) (cDNA probe). (Fixed, colchicine-treated rat.) Arrows indicate examples of double-labeled perikarya. Open 
arrow in A indicates example of TH-I soma which does not contain CCK mRNA. Arrowhead in B identifies a CCK mRNA-labeled cell 
body which lacks TH-I. Scale bar = 50 9m 
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yeast tRNA, 60 mM dithiothreitol, and 500 ttg/ml sheared herring 
sperm DNA. The 48 base synthetic oligodeoxyribonucleotide 
probes for CCK (complementary to nucleotides 280-327 of human 
CCK) (Takahashi et al. 1985) and TH (complementary to nuc- 
leotides 1441-1488 of rat TH) (Grima et al. 1985) were made on an 
AB1 380A DNA synthesizer (Applied Biosystems) and purified on 
polyacrylamide gels. They were labeled on the 3' end with c@5S) - 
dATP using terminal deoxynucleotidyl transferase (IBI, New 
Haven, CT, USA). A synthetic phenylethanolamine-N-methyl- 
transferase (PNMT) oligonucleotide probe with the same length 
and specific activity was used as a negative control probe in the 
ventral mesencephalon. The sections were hybridized with the 
probes for 18 h at 42 ~ C in a humidified chamber using 1-2 x 10 6 

cpm/slide. 
Following hybridization, the sections were rinsed in 1 x SSC 

(4 times for 15 rain each) at 55 ~ C and for 1 h at room tempera- 
ture, dipped twice in distilled water, dried with a stream of air, 
placed in a cassette, and then processed for X-ray film and 
emulsion autoradiography as described above. 

RNA blot hybridization 

Total or poly(A) + RNA was prepared from the pooled ventral 
mesencephalons of 10 rats as described elsewhere (Whittemore et 
al. 1986). In brief, the tissue was homogenized in 4 M guanidine 
isothiocyanate and centrifuged for 14 h at 35000 rpm on a cushion 
of 5.7 M CsC1. The pellet was resuspended and phenol/chloroform 
extracted twice before ethanol precipitation. Fifteen ~g of total or 
poly(A) + RNA was run on 1% agarose gels containing 0.7% 
formaldehyde and blotted onto nitrocellulose filters overnight. 
The filter-bound RNAs were initially hybridized to a rat TH 
cDNA probe labeled with c@2p)-dCTP by nick translation. After 
hybridization, the filters were washed through several changes of 
0.1 x SSC/1% sodium dodecyl sulfate at 54 ~ C and then exposed 
to XAR-5 X-ray film (Kodak) with intensifying screens overnight. 
The filters were subsequently boiled for 5 min in 1% glycerol and 
then probed with a nick-translated rat CCK cDNA probe as 
above. Finally, the filters were boiled again and hybridized with a 
nick-translated probe encoding rat c~-actin for control purposes. 

Results 

Film autoradiography 

After hybridization of sections with the 35S-labeled 
cDNA or oligonucleotide probes, autoradiograms 
were obtained demonstrating the presence of CCK 
m R N A  and TH m R N A  throughout several regions 
of the ventral mesencephalon (Fig. 1). Similar results 
were obtained with either the cDNA probes or the 
oligonucleotide probes. The same basic pattern was 
observed for both CCK m R N A  and TH m R N A  in 
significant portions of the ventral tegmental area and 
substantia nigra pars compacta and lateralis in adja- 
cent or semi-adjacent sections. However,  at inter- 
mediate and especially at caudal levels of the ventral 
midbrain, it was apparent that whereas labeling 
indicating TH m R N A  extended the entire mediola- 
teral extent of the substantia nigra pars compacta, 
labeling for CCK m R N A  was not present in the most 

lateral part of this structure, just medial to the 
substantia nigra pars lateralis. This is most clearly 
illustrated in Fig. 1A, D. Generally, the intensity of 
labeling was lower with the CCK m R N A  probes as 
compared to that of the TH m R N A  probes. There- 
fore, the slides processed with the CCK m R N A  
probes were often exposed to the autoradiography 
film for a longer time than slides treated with the TH 
m R N A  probes (see Fig. 1). The longer CCK m R N A  
probe exposure times were also necessary with the 
liquid emulsion autoradiographic processing of the 
slides (see below). 

In other regions, a marked differential distribu- 
tion of TH m R N A  and CCK m R N A  was observed. 
These included the substantia nigra pars reticulata 
which exhibited labeling only for TH m R N A  
(Fig. 1B, E) and an intensely labeled group along the 
midline expressing almost exclusively CCK m R N A  
(Fig. 1A, D). Labeling for CCK m R N A  but never 
for TH m R N A  was observed in the medial geniculate 
nucleus (Fig. 1A, D). No specific labeling above 
background was seen in autoradiograms of adjacent 
ventral midbrain sections hybridized with the pUC9 
control probe (Fig. 1C) or with the PNMT probe 
(Fig. 1F). 

Emulsion autoradiography 

Following liquid emulsion autoradiography, neurons 
throughout the ventral tegmental area (A10), sub- 
stantia nigra pars compacta (A9) and pars lateralis, 
inteffascicular nucleus, rostral and caudal linear 
nuclei, and central grey matter adjacent to the 
aqueduct were found to contain CCK m R N A  and 
TH m R N A  as indicated by clusters of grains over cell 
bodies in these structures using the respective 35S- 
labeled c D N A  or oligonucleotide probes. Figure 2 
shows adjacent sections through the substantia nigra 
pars compacta, in which neurons expressing TH 
m R N A  or CCK m R N A  exhibited a very similar 
pattern of distribution. This was the case from rostral 
to intermediate levels of the ventral mesencephalon. 
At more caudal levels, CCK mRNA-labeled cells 
were absent from the lateral substantia nigra pars 
compacta. It was apparent that at all levels higher 
numbers of neurons expressing TH m R N A  relative 
to CCK m R N A  were present in the substantia nigra 
pars compacta. Large neurons expressing only CCK 
m R N A  were observed in the ventral periaqueductal 
grey matter (including the Edinger-Westphal 
nucleus) (Fig. 3). Those expressing only TH m R N A  
were located in the substantia nigra pars reticulata 
with the exception of the presence of extremely rare 
CCK mRNA-labeled cells. In sections processed with 
the probes for CCK m R N A ,  clusters of grains were 
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Fig. 7A, B. Brightfield photomicro- 
graphs of neurons in the ventral peri- 
aqueductal grey matter (A) and substan- 
tia nigra pars compacta (B) labeled for 
CCK mRNA (oligonucleotide probe). 
Arrows indicate examples of somata 
covered with clusters of grains whereas 
the open arrows indicate examples of 
unlabeled cell bodies. (Unfixed, normal 
rat.) Scale bar = 25 ~tm 

present over numerous cell bodies in the medial 
geniculate nucleus (Fig. 4). No clusters of grains 
indicating specific labeling of cell bodies in any of 
these or any other regions were observed in sections 
processed with the pUC9 probe or PNMT probe. 

Combined in situ hybridization 
and immunocytochemistry 

Immunoreactivity for either the peptide or the 
enzyme was localized within their respective 
perikarya; i.e. CCK-like immunoreactivity (CCK-I) 
was detected within cells labeled for CCK mRNA 
(Fig. 5A, B) and TH-I was observed in neurons 
containing TH mRNA (Fig. 5C, D). Additionally, 
the presence of TH-I (Fig. 6A) was demonstrated 
within cell bodies labeled for CCK m R N A  (Fig. 6B) 
and CCK-I was found in TH mRNA-labeled 
perikarya. Note that in Fig. 6B, the grain-labeled 
cells extended into the middle to lateral regions of 

the substantia nigra pars compacta and that there was 
substantial double-labeling of CCK mRNA-labeled 
(Fig. 6B) and TH immunostained (Fig. 6A) somata. 
However, single-labeled TH-I neurons were consist- 
ently observed not covered with grain clusters (see 
Fig. 6A), while an infrequent CCK mRNA-labeled 
cell appeared to lack immunoreactivity for the 
enzyme (see Fig. 6B). The large cell bodies of the 
ventral periaqueductal grey matter, which were CCK 
mRNA-positive (Figs. 3, 5B), were always TH-I 
negative. 

It should be noted that whereas immunoreactivity 
for TH was detected in ventral mesencephalic 
neurons of both fixed and unfixed tissue and in either 
non-treated or colchicine-treated animals, CCK 
immunostaining could only be observed in formalin- 
fixed, colchicine-treated rats. Moreover, this CCK-I 
was weak and usually limited to neurons in the 
ventral tegmental area, midline nuclei, and most 
medial substantia nigra pars compacta. Thus, CCK-I/ 
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Fig. 8A-C. Film autoradiograms from an RNA blot hybridization 
experiment. A-C Show the same lane. Poly (A) § RNA extracted 
from the ventral mesencephalon was run on a 1% agarose gel, 
blotted onto a nitrocellulose filter and hybridized initially with a 
nick-translated rat TH cDNA probe (A). The filter was then boiled 
for 10 rain and rehybridized with a rat CCK cDNA probe (C). For 
comparison the filter was again rehybridized with actin (B) 

TH mRNA double-labeling could only be observed 
in these regions. In addition, immunoreactivity for 
the CCK peptide was never observed in neurons of 
the medial geniculate nucleus. 

Analysis of cresyl violet-stained sections under 
brightfield conditions revealed that high grain 
densities were, in all regions examined, always and 
exclusively observed over cell body profiles exhibit- 
ing neuronal characteristics (Fig. 7). 

RNA blot analys& 

RNA blot analyses were performed in order to 
confirm the presence of mature mRNA for TH and 
CCK, respectively, in the ventral mesencephalon, as 
well as to verify the specificity of the cDNA probes. 
Hybridization with the rat TH cDNA probe showed a 
single TH mRNA with the expected size of 1.9 kb 
(Lamouroux et al. 1982) (Fig. 8A). The CCK probe 

also hybridized to a single mRNA species with the 
expected size of 0.8 kb (Desch~nes et al. 1984) 
(Fig. 8C). 

Discussion 

The present in situ hybridization results using CCK 
cDNA and oligonucleotide probes demonstrate the 
presence of neurons in the ventral mesencephalon 
that express mRNA for this peptide. The distribution 
obtained is consistent with the more recent CCK 
immunocytochemical investigations (Seroogy 1986; 
H6kfelt et al. 1986, 1988; Seroogy et al. 1987a, 1988; 
Seroogy and Fallon 1988) and is very similar to the 
pattern of neurons expressing TH mRNA in most 
parts of the ventral tegmental area and substantia 
nigra pars compacta and lateralis. In a previous 
study, Siegel and Young (1985) used a complemen- 
tary RNA probe to detect the location of cells 
containing CCK mRNA in several other areas of the 
rat brain including the cortex, hippocampus and 
amygdala. Similar findings have also been reported 
in abstract form using synthetic oligonucleotides 
(R6thelyi et al. 1986). Several other studies h a v e  
employed 32p-labeled CCK cDNA probes in RNA 
blot analyses of the developmental or regional ex- 
pression of CCK mRNA in rat (Hasegawa et al. 
1986; Duchemin et al. 1987; B6nnemann et al. 1987) 
or mouse (Friedman et al. 1985) brain. Although 
most of these investigations examined primarily 
whole brain or large regional dissections, CCK 
mRNA has been detected specifically within the 
substantia nigra/ventral tegmental area by the RNA 
blot hybridization technique (B6nnemann et al. 
1987), as was also demonstrated in the present study. 

The present localization of TH mRNA-contain- 
ing perikarya throughout this region using the TH 
cDNA probe and oligonucleotide probe is in good 
agreement with previous studies using complemen- 
tary RNA probes for TH (Schalling et al. 1986; 
Chesselet et al. 1987) and with other recent studies 
using oligonucleotide TH probes (Young et al. 
1986a; Han et al. 1987) or a TH cDNA probe (Berod 
et al. 1987). The distribution of these neurons 
expressing TH mRNA corresponds closely with the 
pattern of TH immunoreactivity (indicative of 
dopamine neurons) obtained in this study and that 
which has been well-documented for mesencephalic 
dopamine neurons in other studies (see Dahlstr6m 
and Fuxe 1964; Bj6rklund and Lindvall 1984; H6k- 
felt et al. 1984a). 

By combining the methods of in situ hybridiza- 
tion and immunocytochemistry on the same tissue 
section (see Gendelman et al. 1985; Wolfson et al. 
1985; Shivers et al. 1986; Schalling et al. 1986; Siegel 
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and Young 1986; Young et al. 1986b), we were able 
to determine that not only did CCK mRNA- and TH 
mRNA-positive neurons display immunoreactivity 
for their respective post-translational product, but 
also that cell bodies labeled for CCK mRNA con- 
tained the TH enzyme and that many expressing TH 
mRNA contained the CCK peptide. These results 
are in agreement with previous double-labeling 
immunocytochemical studies (H6kfelt et al. 1980; 
Seroogy 1986; Seroogy et al. 1988) and suggest 
significant CCK/dopamine coexistence in the ventral 
mesencephalon, including the substantia nigra pars 
compacta. Thus, this combined hybridization his- 
tochemical/immunocytochemical technique can pro- 
vide another approach in determining coexistence of 
different putative neurotransmitters/neuromodu- 
lators. This could be particularly advantageous in 
cases where one of the substances is difficult to 
visualize immunocytochemically without the use of 
colchicine. As shown in this study, neurons contain- 
ing CCK mRNA could be demonstrated in normal as 
well as colchicine-treated rats, whereas the peptide 
immunoreactivity was only detected in the col- 
chicine-injected animals, and not to the extent that 
was seen for the CCK mRNA-labeled cells. It should 
be noted that the CCK immunostaining obtained was 
always weak, even in these colchicine-treated rats. 
This was presumably due to the harsh treatment 
incurred during the hybridization procedure, which 
preceded the incubation with antisera. In contrast, 
the TH immunostaining was always generally robust 
possibly due to the "potency" of this antiserum and/ 
or a better resistence of the enzyme to the hybridiza- 
tion procedure. Thus, in certain circumstances, the in 
situ hybridization technique obviates the need for 
colchicine and can be a more reliable, sensitive 
indicator of peptide (or other substance)-containing 
neurons. 

Evidence for the specificity of the probes used in 
these experiments is provided by the observation that 
no labeling above background was obtained with a 
control plasmid vector cDNA probe (not containing 
CCK or TH sequences) or with an oligonucleotide 
probe for the epinephrine-synthesizing enzyme 
PNMT, which is not present in cell bodies in ventral 
mesencephalic regions (H6kfelt et al. 1984b). Both 
the cDNA probe and the oligonucleotide probe for 
CCK mRNA gave identical results as did the two 
different probes for T H  mRNA. In addition, as 
mentioned above, the pattern of perikaryal grain- 
labeling obtained with both the cDNA probes and 
the oligonucleotide probes for CCK and TH in the 
ventral mesencephalon is in very close agreement 
with the distribution of CCK and TH immunostain- 
ing described in immunocytochemical studies. 

Finally, our RNA blot analysis of polyadenylated or 
total RNA from the rat ventral mesencephalon with 
the cDNA probes revealed only single hybridizing 
mRNAs for CCK and TH. 

Recently, the nature of immunoreactive CCK has 
been questioned in several regions of the rat nervous 
system. It appears that antisera directed against the 
COOH-terminal region of the CCK peptide in the rat 
may be cross-reacting with and thus actually detect- 
ing calcitonin gene-related peptide (CGRP) in sys- 
tems such as the dorsal root ganglia and their 
projections to the dorsal horn of the spinal cord (Ju 
et al. 1986, 1987; H6kfelt et al. 1988). In contrast, the 
present CCK mRNA in situ and RNA blot hybridiza- 
tion results suggest strongly that neuronal perikarya 
in the ventral mesencephalon represent "true" CCK 
neurons. 

As mentioned previously, the results obtained 
with the CCK mRNA probes in the MGN are not in 
accordance with CCK immunocytochemical data. 
Despite the use of colchicine and several different 
sequence-specific antisera, CCK cell bodies have 
never been demonstrated within this thalamic 
nucleus (see Innis et al. 1979; Vanderhaeghen et al. 
1980; Cho et al. 1983; Hunt et al. 1987; H6kfelt et al. 
1988). There may be several possibilities for this 
apparent discrepancy between the presence of 
numerous CCK mRNA-containing perikarya and the 
lack of observable CCK immunoreactive somata. 
Firstly, the peptide may be present within the cell 
bodies but in amounts below the limits of sensitivity 
of present immunocytochemical techniques. Sec- 
ondly, the peptide may be synthesized but then 
rapidly exported from the soma to the axon, although 
this should be prevented by colchicine treatment. 
Thirdly, the CCK mRNA present within the MGN 
cells might remain untranslated. Fourthly, the CCK 
message may be translated but the subsequent pro- 
duct may be processed differently than in other 
neurons, in such a manner as to render it unrecogniz- 
able using presently available antisera. Differential 
post-translational modification of CCK has been 
recently reported in endocrine cells of the adenohy- 
pophysis (Rehfeld 1987). Finally, the CCK mRNA 
probes could be cross-hybridizing with mRNAs unre- 
lated to CCK. With regard to the latter, it is of course 
realized that additional controls for both CCK 
mRNA probes used in these experiments are neces- 
sary before an unequivocal statement can be made 
concerning the specificity of the MGN CCK mRNA- 
labeled neurons. It should be noted, however, that 
other recent studies of mRN As for CCK or other 
peptides have also found similar discrepancies 
between the distribution of labeled perikarya 
obtained with in situ hybridization versus immuno- 
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cytochemical techniques (Siegel and Young 1985; 
Harlan et al. 1987; Segerson et al. 1987). 

The present results are pertinent to the numerous 
investigations of the functional interactions of CCK 
and dopamine in the mesotelencephalic system. 
Many inconsistencies have been reported among 
different physiological, pharmacological and behav- 
ioral studies (see extensive reviews of literature in 
Nair et al. 1986 and Seroogy 1986), especially con- 
cerning the facilitatory versus inhibitory effects of 
CCK upon several dopamine-mediated functions 
(Schneider et al. 1983; Widerl6v et al. 1983; Hamil- 
ton et al. 1984; Markstein and H6kfelt 1984; White 
and Wang 1984; Crawley et al. 1984, 1985; Wang et 
al. 1985; Wang and Hu 1986; Blumstein et al. 1987). 
The extent of CCK/dopamine perikaryal colocaliza- 
tion in the ventral mesencephalon has entered into 
the interpretation of some of these data. The pres- 
ent combined in situ hybridization and immuno- 
cytochemical study provides additional evidence for a 
higher degree of CCK/dopamine coexistence within 
neurons of the ventral midbrain (most notably in the 
substantia nigra pars compacta) than previously 
thought. The present results, thus, provide strong 
evidence that mesencephalic dopamine neurons in 
fact produce CCK and that CCK/dopamine coexist- 
ence may have implications, for example, in the 
neuropathology of schizophrenia (Roberts et al. 
1983; Verbanck et al. 1984; Wang et al. 1984; Nair et 
al. 1986) and perhaps Parkinson's disease (Studler et 
al. 1982; Studler and Javoy-Agid 1985). 
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