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Preproenkephalin and preprodynorphin mRNAs can be de- 
tected by in situ hybridization in medium-sized striatal neu- 
rons in normal rats and in rats with unilateral cerebral cortical 
lesions. Hybridization of %-labeled oligonucleotide cDNAs 
complementary to specific regions of each mRNA reveals 
that preproenkephalin-expressing neurons are more nu- 
merous than cells expressing preprodynorphin. Hybridira- 
tion densities above enkephalin-positive neurons are also 
more than twice those noted above preprodynorphin-ex- 
pressing cells. Northern analyses of mRNA extracted from 
the striatum are consistent with these relationships. The 
striatal preproenkephalin hybridization densities are de- 
creased ipsilateral to cerebral cortical lesions; this change 
evolves largely between 1 and 5 d following the lesion. Stria- 
tal preproenkephalin mRNA is thus more prominent than pre- 
prodynorphin mRNA and depends on cerebral cortical inputs 
for its full expression. 

The 2 opiate peptide genes that are prominently expressed in 
the brain, preprodynorphin (preproenkephalin B) and preproen- 
kephalin (preproenkephalin A), are members of a gene family 
that encodes structurally related peptide products (Comb et al., 
1982; Noda et al., 1982a, b; Horikawa et al., 1983; Howells et 
al., 1984; Rosen et al., 1984; Civelli et al., 1985). Several lines 
of evidence suggest that expression of the peptides derived from 
each of these genes can influence a specific constellation of brain 
functions. Each peptide preferentially impacts a different group 
of opiate receptor subtypes, and each is expressed in distinct 
groups of neurons with different connectivities (Elde et al., 1976; 
Hokfelt et al., 1977; Lord et al., 1977; Uhl et al., 1978a, b; 
Snyder and Childers, 1979; Goodman et al., 1980; Graybiel et 
al., 1981; Chavkin et al., 1982; DiFiglia et al., 1982; Goodman 
and Snyder, 1982; Robson et al., 1983; Williams and Dockray, 
1983; Akil et al., 1984; Christensson-Nylander et al., 1986). 
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These factors underscore the importance of examining the rel- 
ative levels of regulated expression of each of these genes in 
their appropriate neuronal populations. 

Both preproenkephalin and preprodynorphin are expressed 
at high levels in the striatum, a brain region that powerfully 
modulates locomotor activity (Civelli et al., 1985; Pittius et al., 
1985). The most prominent input to this region is from cerebral 
cortical cells that are thought to exert excitatory influences on 
striatal targets (Penney and Young, 1983). Immunohistochem- 
istry demonstrates peptide translation products of both the pre- 
proenkephalin and preprodynorphin genes in striatal neurons 
(e.g., Vincent et al., 1982; Penny et al., 1986). Unfortunately, 
difficulties in quantitation and in eliminating any possibility of 
cross-reactivity limit the information from this approach. Thus, 
at a cellular level there has been difficulty in ascertaining which 
gene is expressed at a higher level and/or how striatal expression 
of these opioid peptides is regulated. 

We now report development and validation of in situ hy- 
bridization methods for detection and relative quantitation of 
preproenkephalin and preprodynorphin mRNAs in brain tissue 
sections using oligonucleotide cDNA probes directed against 
several different regions of each mRNA. We describe the dis- 
tribution and relative intensity of hybridization to neurons con- 
taining each mRNA in rat striatum. The preponderance of pre- 
proenkephalin mRNA noted in these in situ studies is confirmed 
by analyses of RNAs extracted from this region. We also dem- 
onstrate regulation of cellular expression of preproenkephalin 
mRNA in response to lesions removing cerebral cortical inputs 
to the striatum. 

Materials and Methods 
In situ hybridization 
Tissue preparation. Brains from normal and unilaterally lesioned 250 
gm male Sprague-Dawley rats were used for these studies. Unilateral 
cerebral cortical aspiration lesions or sham operations were performed 
under chloral hydrate anesthesia, and animals were allowed to recover 
for varying periods of time. At sacrifice, anesthetized rats were perfused 
and the brains postfixed with PLPG (0.5% depolymerized paraformal- 
dehyde/l% glutaraldehydeI75 mM L-lysineI37.5 mM sodium phos- 
phate, pH 7.4110 mM sodium periodate) (Uhl and Reppert, 1987). Brains 
were soaked for 30 min in 15% sucrose in phosphate buffer, rapidly 
frozen, and sectioned at 5 or 10 pm with thaw-mounting onto slides 
pretreated by acetylation and coated with Denhardt’s solution (0.02Oh 
BSA/0.02% ficol/0.02% polyvinylpirolidine), as described (Uhl and 
Reppert, 1987). 

Sections were pretreated for 20 min at 22°C with 0.2 M HCl, and 15 
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Figure 1. Hybridization densities for 
a preprodynorphin cDNA (RDYN 3’) 
(A) and for an enkephalin cDNA (RENK 
3’) at the level of the supraoptic (son) 
and paraventricular (pvn) nuclei of the 
hypothalamus and the striatum (cp). 
Lighter areas correspond to increasing 
hybridization densities in these prints 
of film autoradiograms. These sections 
display the anatomic distribution of hy- 
bridization for each probe but were hy- 
bridized to differing probe concentra- 
tions and exposed for differing periods 
of time. Original magnification, X 13. 

min at 37°C with proteinase K (1 &ml in 10 mM Tris HCl, pH 7.4/2 
mM calcium chloride) (Brahic and Haase. 1978: Uhl and ReDoert. 1987). 
In some experimen$ slides were incubated ‘for 30 min ;n 2j &ml 
ribonuclease A to establish a control (Gee et al., 1983). Slides were then 
dehydrated in ethanol and air-dried at room temperature. 

jJS- and JzP-labeled cDNA oligonucleotidepreparation. Forty-five base 
mRNA-sense template oligonucleotides corresponding to 2 regions of 
the rat preproenkephalin mRNA and 3 regions of the rat preprodynor- 
phin mRNA were synthesized chemically using an Applied Biosystems 
oligonucleotide synthesizer. These regions were selected to provide probes 
that were specific for different regions of the preproenkephalin or pre- 
prodynorphin mRNAs but lacked extensive palindromic sequences. An- 

tisense 12 base cDNA “primers” complementary to regions beginning 
ca. 5 bases from the 3’-end of the “template” strand mRNA were syn- 
thesized. These complementary DNA sequences were allowed to hy- 
bridize to each other, and the antisense strand extended using Klenow 
fragment of DNA polymerase I, 35S-labeled dCTP and dATP (Amer- 
sham) and unlabeled dGTP and dTPP as described (Uhl et al., 1985). 
Radiolabeled product was separated from the template using 12% poly- 
acrylamide gel electrophoresis under denaturing conditions and eluted 
using boiling water. Mean specific activities were 11,500 Wmmol for 
the enkephalin probes and 11,773 for the dynorphin probes. Mean 
lengths and guanine and cytosine contents were 38 (23 G & C) for the 
enkephalin probes and 4 1 (20 G & C) for the dynorphin probes. 

Figure 2. Prints of film autoradiograms demonstrating densities of hybridization of preproenkephalin and preprodynorphin cDNAs to sections 
of the striatum (cp) and cerebral cortex (cx) of a rat. Lighter areas correspond to denser hybridization in these images. Original magnification, x 13. 
A, Hybridization of “5S-labeled preprodynorphin cDNA RDYN 7’. B, Hybridization of ?j-labeled RDYN 7’ to a section 30 hrn from A, treated 
identically except that 2 pmol/pl unlabeled RDYN 7 was added to establish a control. C, Hybridization of ?&labeled RENK 3’ cDNA to a section 
adjacent to that hybridized in A. D, Hybridization of 35S-labeled RENK 3’ cDNA to a section 30 pm from C’, treated identically except that 2 
pmollpl unlabeled RENK 3 was added to establish a control. E, Hybridization of 35S-labeled RENK 3’ to a section 20 pm from C that was pretreated 
with RNAse A for 20 min prior to hybridization. 
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Figure 3. Photomicrographs of emulsion autoradiograms demonstrat- 
ing preprodynorphin and preproenkephalin cDNA hybridization den- 
sities overlying individual neurons in the striatum. These images are 
derived from experiments performed in serial sections of the same brain 
hybridized with equivalent amounts of radiolabeled cDNA and exposed 
for the same time. A, Medium-sized striatal neuron labeled with ?!l- 
RDYN 7’; cDNA (asterisk). B, A cluster of medium-sized striatal neu- 
rons labeled with “S-RENK 3’ cDNA (asterisks). C, A large striatal 
neuron unlabeled by ?S-RDYN 7’ (asterisk). Objective magnification, 
100 x for each. 

For control experiments, an oligonucleotide complementary to a 35 
base region of @ tubulin mRNA was 5’-end-labeled using T-~~P-ATP 
and gel-purified as described (Uhl, 1988). 

Hybridization and washing. Either 1 x lo4 cpm [experiment I] or 2 
x 10’ cpm/pl [experiments II-V] of 35S-labeled antipreproenkephalin 
or antipreprodynorphin cDNA was applied to each tissue section in a 
complex hybridization buffer with 0.8~ NaCl and 60% (voVvo1) deion- 
ized formamide (Uhl et al., 1985). In some experiments, 1 @M unlabeled 
sequence of the same or opposite sense to the radiolabeled hybridization 
probe was added to the hybridization mixtures to establish a control 
(Uhl, 1986). The hybridization and washing were performed as de- 
scribed except that in some experiments washing temperatures were 
varied between 45 and 70°C (Gee et al., 1983). Autoradiograms were 
generated by apposition of LKB Ultrofilm and by dipping slides in 
emulsion (Kodak NTBZ, diluted 1: 1 with water). 

Analysis. Optical densities over the striatum were determined in LKB 
Ultrofilm autoradiographic images by means of the RAAS- 1000 system 
(Amersham/Loats Associates, Westminster, MD). Anatomical bound- 
aries were confirmed by analysis of toluidine blue-stained adjacent sec- 
tions. A linear relationship between film optical density and radioac- 
tivity was confirmed using ?!l-brain paste standards of known activity 
(Uhl et al., 1986). Standards were also constructed by adsorbing known 
amounts of enkephalin mRNA-sense sp6 product (see below) onto 1 
cm2 nylon filters, baking the filters for 2 hr at 8O”c, and subjecting these 
filters to the hybridization and wash conditions used for the tissue 
sections (Uhl, 1988). 

Microscopic analysis of emulsion autoradiographic images generated 
in this study focused on sections through the anterior striatum (for 
unlesioned rats) or the midstriatum at the level of the globus pallidus 
(for lesioned animals). We identified neurons in the toluidine blue- 
stained sections underlying the in situ hybridization emulsion autora- 
diograms based on cell size, shape, nuclear characteristics, and presence 
of nucleoli. Only neurons whose representation in the toluidine blue- 
stained sections included their nuclei were included, in order to avoid 
substantial partial voluming effects (Uhl and Sasek, 1986). After deter- 
mination of an appropriate cell, the plane of focus was moved from the 
level of the tissue to the level of the emulsion, and autoradiographic 
grains lying in a 10 x 10 pm zone overlying the neuron were counted 
manually. This process was repeated for every neuron lying within a 
100 x 100 hrn grid. The microscopic stage was then moved so that an 
adjacent 100 x 100 pm area was analyzed. Sampling of the striata from 
normal brains began in the anterior dorsal striatum underlying the cor- 
pus callosum and continued ventrally. Values from 100 neurons were 
sampled from each section. Serial sections were hybridized with alter- 
nating preproenkephalin and preprodynorphin probes. For lesioned an- 
imals, values for 30 neurons lying in the % of the striatum midway 
between its dorsal and ventral boundaries were sampled on each side. 
Background grain densities were obtained for each section from ten 10 
x 10 grn areas of emulsion away from labeled neurons. These values 
(ca. 2-3 grains/l0 wrnZ in normal tissues) were subtracted from observed 
values overlying cells before further analysis to provide a correction for 
autoradiographic background. 

Northern analyses 
RNA extraction from regional bruin samples. Total RNA was extracted 
from brain tissue by sonication in 10 vol of 4 M guanidinium thiocy- 
anate/OS% sodium N-laurylsarcosine/25 mM sodium citrate/O. 1 M 
2-mercaptoethanol, and the samples were centrifuged through 4 ml of 
a 5.7 M CsCV25 mM sodium acetate solution (pH 5.0) for 20 hr at 
32,000 rpm (63,000 x g) (Chirgwin et al., 1979). The pellet was phenol- 
chloroform-extracted, ethanol-precipitated, and resuspended in distilled 
H,O. RNA content was quantitated by measurement of absorbance at 
wavelengths 260 and 280 nm. 

J*P-lubeled cRNA synthesis. A 1200 bp template for preprodynorphin 
cRNA synthesis was obtained by Sac1 linearization of sp64D 1.7, which 
contains 1700 bp of the main exon of the rat preprodynorphin gene 
(Civelli et a1.,1985). A 970 bp template for preproenkephalin synthesis 
was generated by Sac1 linearization of pYSEA1, kindly supplied by Dr. 
Steven Sabol (Yoshikawa et al., 1984). This plasmid contains virtually 
the entire coding region ofthe rat preproenkephalin cDNA from plasmid 
RPE2 described by Yoshikawa et al. (1984). mRNA-sense RNA was 
synthesized using templates oriented in the opposite direction with re- 
spect to the sp6 promoters (sp65D. 17 and pYSEC- 1, respectively). 

Antisense mRNAs were transcribed from the linearized plasmids 
using sp6 polymerase, and alphaJzP-labeled rCTP (1500 Ci/mmol). 
mRNA sense transcripts used unlabeled rCTP. In vitro transcription 
was carried out as described by the manufacturer (Promega). Template 
was removed by DNase digestion, and RNA was precipitated with 
ethanoVNaAc. 

Northern blotting. Aliquots of total RNA, l-25 Kg, were electro- 
phoresed through a 1.5% agarose gel containing 2.2 M formaldehyde at 
6 V/cm using a u.04 M morpholinoprbpanesulfonic acid (MOPS, pH 
7.0) buffer containing 10 mM NaAc and 1 mM EDTA. RNA was then 
transferred to nylon membranes by electroblotting in 25 mM phosphate 
buffer (pH 6.5) for 1 hr at 25 V and then 2 hr at 45 V at 4°C. Blots 
were air-dried, baked at 80°C for 2 hr, prehybridized for 2 hr at 65°C 
in 6 x SSC, 5 x Denhardt’s solution, 100 Ilg/ml herring sperm DNA, 
0.1% SDS, and 50% formamide, and hybridized with 1 x 10’ dpm/ml 
of 32P-labeled probe in 6 x SSC, 1 x Denhardt’s, 50% deionized fonn- 
amide, 100 &ml denatured herring sperm DNA, and 0.05% SDS for 
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Figure 4. Frequency distribution his- 
tograms displaying the proportions of 
total striatal neurons exhibiting hybrid- 
ization densities of differing intensities. 
A, Preorodvnorohin mRNA hvbridiza- 
tion. B, Preproenkephalin hybridiza- 
tion. Grain densities over individual 
striatal neurons were corrected for au- 
toradiographic background and are dis- 
played as classes in these histograms. 
These values are derived from experi- 
ments in which 5 serial 10 pm sections 
through the anterior striatum were hy-. 
bridized with RDYN 3’, RENK 3’, 
RDYN 5, RENK 5’, and DYN 7’, re- 
spectively. Sequences of “syn-probe” 
oligonucleotides utilized were: RENK 
3’: 3’ GGG CAC CTC GGT CTT CTT 
CTC CGG TTA CCT CCG CTC T 5’; 
RENK 7’: 3’ TGG AAC CGG TTG 
AGG AGG CT-G GAC GAC TTC TCG 
ATG ACC 5’; RDYN 3’: 3’ AAC GCG 
TTT ATG GGG TTC TCC TGC AGG 
CTC TAC CGA CCC 5’; RDYN 5’: 3’ 
CGT ATG TCA CAT CTT TGT ATT 
TTG TTC TAT ACA CGT TTT ATG 
5’; RDYN 7’: 3’ CTT CTT CCG ATG 
TGC CGT GAC TGG TTC GAG AAC 
CTC GGG 5’. The values obtained with 
individual oligonucleotide cDNA 
probes are indicated by the symbols, 
while the bar heights reflect the mean 
values for neuronal populations hy- 
bridized with probes directed against 
each mRNA. Neuronal populations that 
were positively labeled are indicated by 
striped bars. These data were derived 
from sections taken through 5 rat brains, 
examined in 3 different experiments, 
and reflect grain counts over 1883 neu- 
rons. 
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0 = 3’ 
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- 
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20 hr at 65°C. Blots were washed twice at 65°C with a solution of 0.1 
x SSC/O. 1% SDS for 2 hr and exposed to X-ray film with an intensifying 
screen. 

Results 
Use of both the preproenkephalin probes and each of the 3 
preprodynorphin probes results in in situ hybridization that 
satisfies several criteria for specificity (Uhl, 1986). The regional 
distribution of the hybridization with each probe parallels the 
regional distribution of immunoreactive neurons noted in im- 
munohistochemical studies (e.g., Vincent et al., 1982; Williams 
and Dockray, 1983) and of the distribution of these mRNAs 
noted by other laboratories (Bloch et al., 1986; Morris et al., 
1986; Siegel and Young, 1986; Shivers et al., 1986; Harlan et 
al., 1987; Lightman and Young, 1987). Thus, there are hybrid- 
ization densities over the striatum for each probe but hybrid- 
ization over the supraoptic nuclei only with the dynorphin probes 
(Fig. 1). Using each 35S-labeled probe, hybridization is elimi- 
nated by competition with the appropriate complementary or 
same-sense sequence but not by competition with unlabeled 
cDNAs complementary to vasopressin or neuropeptide Y (Fig. 
2, B, D). Hybridization patterns noted with ‘S-labeled pre- 
proenkephalin or preprodynorphin cDNAs are different from 
those obtained with similarly prepared cDNAs directed against 
vasopressin or somatostatin (data not shown). RNAse treatment 
of sections also results in loss of specific hybridization (Fig. 2E). 
In experiments with varying wash temperatures, specific hy- 

bridization remains at temperatures of 6X, although several 
sections were washed from slides under these conditions (data 
not shown). 

In microscopic examination of emulsion autoradiograms, hy- 
bridization densities were noted over many individual neurons 
that were 3 or more times greater than background values; we 
consider these neurons to be positively labeled (Fig. 3). Quali- 
tative studies of these positively expressing cells reveal several 
interesting features. First, the characteristics of the cells posi- 
tively labeled by the 2 preproenkephalin probes are similar to 
each other, as were those of cells labeled by each of the 3 pre- 
prodynorphin probes. These 2 mRNAs appear not be expressed 
in many of the same striatal neurons, however. In preliminary 
studies of adjacent 5 pm serial sections hybridized with probes 
directed against preproenkephalin and preprodynorphin 
mRNAs, neurons that hybridized with probes against one mRNA 
were identified in cell-stained profile in the adjacent section. 
Forty neurons situated next to clear-cut landmarks such as blood 
vessels were identified and examined in both serial sections. 
Only one of the neurons examined appeared to display positive 
hybridization with both probes; each of the other dynorphin 
mRNA-positive neurons was enkephalin mRNA-negative, and 
vice versa (data not shown). Both enkephalin- and dynorphin- 
mRNAs are more concentrated in ventral aspects of the striatum 
(Figs. 1 and 2). Each of these mRNAs is found in medium- 
sized, but not in larger (>30 pm) diameter striatal neurons 
examined (Fig. 3) (e.g., Vincent et al., 1982; Harlan et al., 1987). 
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Figure 5. Northern analysis of pre- 
proenkephalin (lower band) and pre- 
prodynorphin (upper band) mRNA in 
25, 12, 4, and 1 pg samples of total 
RNA extracted from normal rat striata. 
RNA was prepared, quantitated spect- 
rophotometrically, subjected to dena- 
turing agarose gel electrophoresis and 
electroblotting, and probed with equal 
amounts of ‘lP-labeled cRNAs directed 
against preproenkephalin and prepro- 
dynorphin mRNAs with hybridization, 
washing, and autoradiographic condi- 
tions as described in the text. Blots were 
standardized with mRNA-sense sp6 
products as described. Serial hybridiza- 
tion also confirmed the identity of each 
band. The lower marker indicates the 
position of a 970 base mRNA-sense 
preproenkephalin-like sp6 RNA prod- 
uct detected by hybridization with the 
‘*P-labeled preproenkephalin cRNA, 
the upper marker indicates the position 
of a 1.7 kb mRNA-sense preprodynor- 
phin-like sp6 RNA product detected by 
hybridization with the 3*P-1abe1ed pre- 
prodynorphin cRNA. Hybridization 
densities to the preproenkephalin 
mRNA in 4 fig total RNA are almost 
as high as those for dynorphin mRNA 
in 12-25 pg RNA. 

Clustering of enkephalin-positive neurons is frequently evi- 
dent (Fig. 3). Although dynorphin mRNA-expressing neurons 
were occasionally seen near each other, relatively isolated pos- 
itively hybridizing cells are most common. 

The validity of our approach to relative quantitative analyses 
of cellular hybridization densities was supported by several re- 
sults. 35S-labeled autoradiographic standards revealed a linear 
relationship between radioactivity and grain density under these 
conditions. Observation of hybridization densities overlying 
mRNA-sense standards constructed by immobilizing known 
amounts of mRNA-sense sp6 product to nylon filter squares 
revealed a linear relationship between hybridization intensity 
and amounts of RNA over this several-fold range (data not 
shown). The observed differences in hybridization density were 
maintained for several different probes directed at each mRNA 
and occurred in experiments in which probe concentrations var- 
ied over a 5-fold range. 

Quantitative analysis of the grain densities overlying neurons 
after hybridization with each of the preproenkephalin probes 
revealed grain densities that were substantially above back- 
ground values in many neurons, with over 40-50% of all striatal 
neurons displaying relatively clear positive hybridization (Fig. 

4B). Conversely, hybridization with dynorphin probes under 
conditions in which we could compare the hybridization signal 
to that for the preproenkephalin probes demonstrated hybrid- 
ization densities that were above, but closer to, background 
values in a smaller fraction of neurons. If we divided the labeled 
from the unlabeled neurons in the fashion shown in Figure 4A, 
fewer than 20% of striatal neurons were positive for hybridiza- 
tion with any of the 3 different cDNAs directed against different 
regions of the preprodynorphin mRNA. However, it remains 
possible that the lower signal-to-noise ratio for neurons ex- 
pressing preprodynorphin mRNA could have allowed us to in- 
clude a subpopulation of neurons expressing at low levels among 
the “nonexpressing” category. 

The intensities of preproenkephalin and preprodynorphin hy- 
bridization to positively expressing neurons were also different 
from each other (Fig. 4). Hybridization to enkephalin-posiiive 
neurons was more than twice the density of hybridization to 
dynorphin-positive neurons. These results also held true using 
several probes directed against differing portions of each mRNA. 

Northern analysis of RNA extracted from the striatum con- 
firms the preponderance of preproenkephalin, using cRNA hy- 
bridization probes that are similar to each other but entirely 



The Journal of Neuroscience, December 1988, 8(12) 4761 

Fzgure 6. A, Hybridization densities for a preproenkephalin cDNA (RENK 3’) in a section through the midsttiatum of a rat subjected to a right- 
sided cerebral cortical aspiration lesion 5 d before sacrifice. Asterisks mark the borders of the cerebral cortical lesion; cing, cingulate cortex; ent, 
entorhinal cortex, cp, striatum. Original magnification, x 14. Tissue of the right striatum was intact, despite loss of hybridization signal. B, Diagram 
showing the minimal (dark stipple) and maximal (light stipple) extents of cerebral cortical lesions in animals used for these studies. Lesions covered 
60-75% of the distance between frontal and occipital poles. 

different from the cDNA probes used for in situ studies. Hy- 
bridization to enkephalin mRNA in 4 pg of the RNA was almost 
as intense as hybridization to the dynorphin mRNA contained 
in 12-25 Kg of this RNA (Fig. 5). This held true in 4 replications 
of this experiment. 

In situ examination of brains taken from animals with uni- 
lateral cerebral cortical aspiration lesions revealed asymmetric 
hybridization densities for preproenkephalin mRNA (Fig. 6). 
Examination of the cellular basis for this change demonstrated 
that ca. 50% of neurons exhibited hybridization densities above 
background in the striata contralateral and ipsilateral to the 
lesion (Figs. 7, 8). However, the lesioned side showed a reduc- 
tion in the intensity of hybridization over the positively labeled 
cell population. This change developed largely between 1 and 
5 d following the lesion. Interestingly, however, no asymmetry 
was found in the intensity of enkephalin-mRNA hybridization 
over neurons in a closely adjacent structure, the central nucleus 
of the amygdala. Hybridization densities over positive neuron 
samples from the control and lesioned sides of the central amyg- 
dala were virtually identical 11 d after cortical lesions (data not 
shown). 

Hybridization of a 32P-labeled cDNA directed against tubulin 
mRNA was also examined in film autoradiograms of sections 
taken from these same brains. These autoradiograms showed 
no differences in hybridization densities between the midstria- 
turn ipsilateral and contralateral to the cerebral cortical lesions 
(data not shown). 

Discussion 

The major findings of this study are that preproenkephalin is 
the most prominently expressed striatal opioid peptide gene at 
both regional and cellular levels and that cerebral cortical inputs 
are required to maintain these high levels of cellular preproen- 
kephalin mRNA expression. These results also underscore the 
utility and the limitations of this approach to determining the 
relative levels of expression of 2 genes, at a cellular level. 

Several features of the observed in situ hybridization suggest 
that preproenkephalin and preprodynorphin mRNAs are being 
identified in these studies. The striatal in situ hybridization 
densities noted for preproenkephalin mRNA parallel the density 
of mRNA and peptide noted in work from other laboratories 
(e.g, Penny et al., 1986; Shivers et al., 1986). Two different 
probes directed against different regions of the preproenkephalin 
mRNA recognize it in identical patterns, while 3 similar-sized 
cDNA probes directed against preprodynorphin mRNA display 
patterns that are similar to each other but different from patterns 
observed with the preproenkephalin probes. Competition ex- 
periments further demonstrate specificity; competition with ex- 
cess cDNA corresponding to the probes utilized virtually elim- 
inates hybridization. RNAse pretreatment of sections 
substantially reduces hybridization densities. The hybridization 
survives washes of elevated temperature, suggesting that the 
targeted sequences are closely complementary to the probe se- 
quences utilized. 
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NEURONAL HYBRIDIZATION DENSITIES 
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Figure 7. Cellular bases and time course of the influences of unilateral 
cerebral cortical aspiration lesions on preproenkephalin mRNA hy- 
bridization densities in neurons lying in the midstriatum contralateral 
(A) or ipsilateral (B-E) to the lesion. Hybridization densities of RENK 
3’ to 1048 individual striatal neurons in sections from 12 brains were 
estimated, corrected for autoradiographic background, and grouped ac- 
cording to hybridization densities as noted above. Values in the “con- 
trol” striata were similar at each time point following lesions. A, Mean 
+ SEM of control values from the 4 groups sacrificed at different time 
points after the lesion. B-E, Midstriatal values from the lesioned side 
obtained in sections from groups of 3 animals sacrificed at 1 I d (B), 5 
d (c), 24 hr (D), or 2 hr (E) following cortical lesions. Unlabeled neurons 
(O-5 grains/IO pm2) were 49.5% for the control side and ranged from 
45-59% on the lesioned side. 

Several aspects of the data also provide support for the va- 
lidity of our approach for determining the fraction of striatal 
neurons expressing each mRNA and the relative level of expres- 
sion in each positive cell. The similarity between results ob- 
tained with different probes recognizing different portions of 
each mRNA argues for such validity. Second, the agreement 
between our results and recent immunohistochemical and in 
situ hybridization studies of preproenkephalin gene expression 
are encouraging. Forty to fifty percent of striatal neurons are 
reported to be enkephalin immunopositive, and slightly more 
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Figure8. Distribution of midstriatal neuronal preproenkephalin mRNA 
hybridization densities ipsilateral (solidbar) and contralateral (open bar) 
to unilateral cerebral cortical aspiration lesions. Data from animals 
sacrificed 5 and I 1 d after the lesions are pooled here. Top, Fraction of 
neurons that display positive hybridization. Middle, Mean grain density 
over positively hybridizing neurons. Boffom. Mean grain density over 
all neurons. Bars. SEM. The differences displayed in both the middle 
and bottom panels achieve statistical significance @ i 0.01). 

than half these cells hybridized to a complementary RNA probe 
directed against preproenkephalin mRNA (Penny et al., 1986; 
Shivers et al., 1986). Third, the convergence of our in situ hy- 
bridization results with those obtained from Northern analyses 
of extracted mRNA gives credence to each of these methods for 
relative quantitation. These ca. 4-fold differences between the 
concentrations of striatal preproenkephalin and preprodynor- 
phin mRNAs are also found in solution hybridization studies 
in bovine and porcine tissues (Pittius et al., 1985, 1987). 

In interpreting our results, however, we also need to keep in 
mind the limitations imposed by our approach. The dynamic 
nature of these neuronal patterns of expression may allow both 
the fraction ofexpressing neurons and the intensity ofexpression 
in positive cells to vary among populations ofanimals sacrificed 
after different intensities of, for example, locomotor activity. In 
the nucleus caudalis, changes in the activities of primary afferent 
inputs can alter each ofthese aspects ofneuronal gene expression 
(Nishimori et al., 1988). The results obtained in our studies thus 
might not be comparable to those achieved in studies ofanimals 
maintained under different conditions. Several concerns of tech- 
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nique are also important. At the probe concentrations and au- 
toradiographic exposures used, grain densities over the most 
positive enkephalin-expressing neurons approached levels pro- 
viding emulsion saturation when hybridization values over most 
of the preproenkephalin-expressing neurons were many times 
background values. On the other hand, when we used these same 
constraints on the autoradiographic exposures for the 3 prepro- 
dynorphin probes, the hybridization values overlying the neu- 
rons identified as preprodynorphin-expressing were closer to 
background values. While we are thus confident about the spec- 
ificity of our procedures, suboptimal sensitivity for detection of 
neurons expressing preprodynorphin mRNA at low levels could 
have 2 consequences. First, we could conceivably be including 
neurons that express their preprodynorphin genes at lower levels 
among the cells thought to be nonexpressing. Preliminary im- 
munohistochemical results suggest that a larger population of 
striatal neurons immunoreact with antisera with some specific- 
ity for dynorphin (S. Kitai, personal communication). However, 
on examination of emulsion autoradiograms hybridized with 
preprodynorphin cDNA probes and allowed to expose for longer 
periods of time, we are unable to find a substantial increase in 
the fraction of dynorphin mRNA-expressing neurons. Second, 
we are less confident about our abilities to detect the cellular 
basis of the further declines in levels of expression of this gene 
that we have noted in preliminary studies of lesioned animals. 
We have thus used this material to define lesion-induced changes 
only in the more robustly expressed preproenkephalin gene. 

It is conceivable that selective accessibility of our probes to 
dynorphin and enkephalin mRNAs could contribute to the dif- 
ferences noted with in situ studies (Uhl, 1988). Such selective 
access could be imposed if the neurons using one transmitter 
were more permeable to probes than those using the other neu- 
ropeptide. It could also conceivably result if differences in trans- 
lational activity led to greater steric blockade of one mRNA by 
ribosomes than the other. Since both of the mRNAs are ex- 
pressed in neurons of similar size and since studies with ex- 
tracted RNA yield parallel results, we feel that it is unlikely that 
differential access to probes plays a major role in our observed 
results. 

A priori we could imagine that differences between striatal 
preproenkephalin and preprodynorphin mRNA hybridization 
densities could be due to differences in the densities ofexpressing 
cells or to differences in the intensity of expression in each 
positive cell. Our results suggest that both of these factors appear 
to combine to make preproenkephalin the dominantly expressed 
opioid peptide in the striatum. Evidence from an increasing 
number of systems suggests that cellular levels of peptide-spe- 
cific mRNA may reflect the functional activities of particular 
peptidergic cells (Habener, 198 1). If this is true in these striatal 
neurons, our findings would point toward substantially greater 
activity in striatal enkephalin neurons than in those utilizing 
dynorphin. 

Enkephalin-expressing striatal neurons demonstrate decreas- 
ing levels of preproenkephalin mRNA following cortical lesions. 
The preservation of preproenkephalin mRNA levels in neurons 
of the adjacent central nucleus of the amygdala, the maintenance 
of striatal neuronal morphologies, and the persistence of tubulin 
mRNA levels in the striatum all argue for the specificity of these 
effects. These results are consistent with a loss of synaptically 
mediated cerebral cortical input that could normally excite the 
striatal neurons (Penney and Young, 1983). Conceivably, a cor- 
tical “trophic factor” could also be involved. Several labora- 

tories have demonstrated that blocking another striatal input, 
the presumably inhibitory influence of dopamine, results in in- 
creased levels of preproenkephalin mRNA in expressing cells 
(Tang et al., 1983; Brann et al., 1986). Both excitatory and 
inhibitory manipulations of striatal inputs thus act to alter the 
levels of expression of preproenkephalin within the same frac- 
tion of positive cells, rather than to change markedly the number 
of total striatal neurons that express this peptide mRNA. This 
alteration thus appears to provide another example of dynamic 
plasticity in neuronal neuropeptide gene expression that can be 
correlated with alterations in neuronal functional activity (Uhl 
et al., 1986). 
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