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Summary. The location of gene expression by hybridization histochemistry is being applied in many areas of research and 
diagnosis. The aim of this technique is to detect specific mRNA in cells and tissues by hybridization with a complementary 
DNA or RNA probe. Requirements for optimal specificity, sensitivity, resolution and speed of  detection may not all be 
encompassed in one simple technique suitable for all applications, thus appropriate procedures should be selected for specific 
objectives. With reference to published procedures and our own extensive experience, we have evaluated fixatives, probes, 
labels and other aspects of the technique critical to the preservation and hybridization in situ of mRNA and detection and 
quantitation of hybrids. 
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Introduction 

Hybridization histochemistry is a technique for the location 
of gene expression in histological sections 54. Intracellular mes- 
senger RNA (mRNA) is hybridized with a labelled specific 
complementary DNA (or RNA) probe and the RNA-DNA 
hybrids in the tissue located by the probe label. The principle 
is analogous to the location of peptides or proteins by spe- 
cific labelled antibodies, a technique which has proven extreme- 
ly useful in diagnosis and research. However, the presence of 
an intracellular protein antigen does not necessarily indicate 
whether the gene is being expressed or whether the antigen is 
a product of the cell in which it is located. A major area of 
current interest is the regulation of gene expression. For 
many such studies it is important to identify the cell types in 
which particular genes are expressed and to observe any 
cellular changes in the expressing cell population which may 
occur under varying physiological circumstances and which 
may affect the level of expression per cell, though not neces- 
sarily the level for the tissue as a whole. 
The historical time-frame for development of hybridization 
histochemistry was influenced directly by the availability of  
specific probes from recombinant DNA technol- 
ogy42,46,54,89, 108. Particular mRNA populations could be 
located only if the probe was known to have a specific com- 
plementary nucleotide sequence. 
The pioneers of nucleic acid hybridizations 5~ annealed in 
solution denatured chromosomal DNA, usually with labelled 
ribosome fractions and recovered the hybrids by density gra- 
dient centrifugation. Immobilization of the DNA compo- 
nent on a nitrocellulose membrane 43 paved the way for many 
subsequent advances including the first hybridizations in 
situ. In these studies denatured intracellular DNA in cell 
squashes 38, cell cultures 6~ paraffin sections 2~ and ultrathin 
glycol methacrylate sections 57 was hybridized with radio- 
labelled ribosomal RNA (rRNA) fractions to determine the 
nuclear location of rRNA genes. Further progress was hin- 
dered in most fields by inadequate probe purification proce- 
dures resulting in probes of very limited specificity. However, 
purified viral nucleic acids were recognized as useful probes 

for the location of specific virus 8~ and poly (U) as a probe for 
total mRNA 61, which was used mainly in developmental bi- 
ology. 
Although hybridization histochemistry accompanied the 
technology explosion occasioned by gene cloning, applica- 
tion of the technique was restricted by the limited number 
and availability of cloned cDNA probes. Even now, access to 
the numerous probes for growth factors, peptide hormones, 
enzymes, oncogene products, cell surface receptors, viruses 
and other cell proteins for which genes have now been cloned 
is limited. The successful utilization of synthetic oligodeoxy- 
ribonucleotide probes in the hybridization histochemistry 
technique 22 removes the difficulties arising from eDNA 
probe usage, as functional probes may be synthesized easily, 
quickly and accurately from published nucleic acid se- 
quences. The other major advance in probe design is the 
single-stranded RNA probe generated by the SP6 vector sys- 
tem 75. There are several different labelling systems which 
incorporate a variety of isotopically or nonisotopically labelled 
nucleotides into the probe which should be matched to the 
probe type and to the relevant detection system. 
The recent proliferation of in-situ hybridization techniques 
address many questions in a diversity of areas. The choice of 
technique depends ultimately on the particular application 
however, in our experience, the simplest procedures with the 
minimum manipulations are most likely to succeed. We have 
developed a simple, reliable, reproducible method for the 
location of specific intracellular mRNA populations which is 
applicable to a wide range of tissues. Frozen sections of 
whole small animals 22'86, human turnouts and biopsies 114, 

21 24 25 82 7 31 112 sheep brains , ' ' , plants and numerous other sheep , , 
23 25 26 30 58 24 26 rodent . . . . .  and human tissues , have been hybri- 

dized successfully. Also, cell cultures 26, smears and paraffin 
embedded tissues 24 can be also used routinely. Tissue prepa- 
ration methods may be adapted to enable immunohistochem- 
istry 24 or receptor localisation to be performed on adjacent 
sections. 
Following a brief outline of the method, which is described in 
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detail elsewhere 82, we shall discuss our experiences and those 
of others in optimizing procedures for specific applications. 

General proeedure 

Fresh tissue is freeze-embedded in OCT compound by im- 
mersion in hexane cooled to - 7 0 ~  with dry ice. 5-1am 
cryostat sections are cut at - 15  to -20~ thaw-mounted 
onto gelatinized slides, laid immediately on dry ice and left 
for 15-30 rain. Sections are fixed at 4~ for 5 rain in 4% 
glutaraldehyde in 0.1 M phosphate pH 7.2 with 20% 
ethylene glycol, rinsed twice in hybridization buffer [600 mM 
sodium chloride, 50 mM sodium phosphate pH 7, 5 mM 
EDTA, 0.02% Ficoll, 0.02% bovine serum albumin, 0.02% 
poly (vinlypyrrolidone), 0.1% D N A  (degraded free acid) 
and 40% deionized formamide], left to soak for 10 min-2 h 
at 40 ~ in a fresh change of buffer, rinsed in ethanol and left 
to dry. 
The ~2P-end-labelled oligodeoxyribonucleotide probe 82 is di- 
luted to 0.4 ng/~l in hybridization buffer, heated to 90 ~ for 
1 rain then a drop placed on a coverslip (20 ~1 for 22 x 22 
ram) which is applied to the sections on the slide. Slides are 
incubated at 30-40 ~ in a humidified chamber for 1-3 days 
(the temperature is variable depending on the probe length 
and homology with target mRNA) 82. 
After hybridization slides are immersed in 2 x SSC until 
cover-slips dislodge (2 x SSC is 0.3 M sodium chloride and 
0.03 M sodium citrate), rinsed in fresh 2 x SSC, washed at 
40~ for 30 rain in 1 x SSC then rinsed in ethanol and al- 
lowed to dry. Slides are taped to blotting paper in an X-ray 
film cassette and overlaid with a sheet of X-Omat AR-5 
(Kodak) which is left to expose for 24 h (for 3=p). The film is 
developed and fixed and the results evaluated. Slides for 
liquid emulsion autoradiography are selected, dipped at 
40 ~ in K5 (Ilford) diluted 1:2 with distilled water and left 
for 1-14 days (for 32p) over silica gel to expose. 
Autoradiographs are developed for 2 min at 15 ~ in D19 
(Kodak), rinsed in distilled water, fixed in Hypam (Ilford) 
diluted 1:4, washed and stained. 

Methodology 

Tissue preparation. The choice of tissue preparation methods 
for hybridization histochemistry is limited by the need to 
preserve and retain intracellular mRNA such that it is acces- 
sible to the probe and available for base-pairing. Whilst good 
morphological preservation is a high priority, many fixation 
and processing regimes are incompatible with these require- 
ments. 
Glutaraldehyde or paraformaldehyde-fixed cryostat sections 
of fresh frozen tissues give the strongest hybridization sig- 
nals 99, which in our experience are approximately equivalent, 
although glutaraldehyde provides superior morphological 
preservation. Receptor localisation studies may be per- 
formed on adjacent unfixed sections which have been treated 
appropriately 76. Paraformaldehyde-perfused, frozen tissues 
are used widely for hybridization, although perfusion is not 
always applicable and the hybridization signal is generally 
lower and less consistent than with fresh, post-fixed cryostat 
sections 99. Paraformaldehyde-perfused tissues may be used 
for immunohistochemistry, which permits the location of 
mRNA and protein antigens on adjacent sections 4~ Both 
procedures have been performed sequentially on the same 
frozen section 9s but with a reduced hybridization signal 
resulting from the preceding immunohistochemistry. Simi- 
larly viral RNA and protein has been colocalised in the same 
paraffin sections 18, 63. 
Parameters for hybridization of fixed, embedded tissues are 
difficult to evaluate as the size of the tissue sample, ribonu- 
ctease content, type and rate of  fixation and subsequent pro- 

cessing and embedding procedures must be considered in 
relation to the hybridization signal and the quality of mor- 
phological preservation. 
Immersion fixation of tissues followed by processing for par- 
affin49. 70,108,110 or methacrylate s9 embedding instead of freez- 
ing84,107, has been used effectively for small samples where 
target mRNA's  are abundant and some hybridization signal 
can be sacrificed for improvements in morphology. As pro- 
longed exposure to fixatives tends to reduce the hybridiza- 
tion signal ~9,m, large samples ideally are frozen and post- 
:fixed 15,82,99 or dissected from perfusion-fixed animals then 
frozen98.111 or processed immediately for embedding. Paraf- 
fin-embedded tissues perfused with paraformaldehyde, glu- 
taraldehyde or a combination of both have been used suc- 
cessfully for hybridization of viral RNA 18,77. In our experi- 
ence using perfused embedded tissues for location o fmRNA,  
glutaraldehyde gave a stronger signal than Karnovsky's fixa- 
tive 62 or paraformaldehyde, provided that tissues were rinsed 
briefly in buffer and processed immediately through absolute 
ethanol to paraffin. 
We favour an alternative method for embedded tissues, 
which causes little or no reduction in hybridization signal 
compared to fresh frozen glutaraldehyde-fixed sections. 
Tissues up to 2-ram-thick are frozen in liquid propane, freeze 
dried at - 4 5  ~ and 10 2 Torr, fixed under vacuum at 37 ~ 
for 1 h in paraformaldehyde and vacuum-embedded in par- 
affin. This is an ideal technique for the location of peptide 
hormone mRNA's  24 as intracellular storage granules are re- 
tained, preservation of antigenicity is excellent for immuno- 
histochemistry and tissue morphology is good. 
Several studies using cell culture systems where various types 
of fixatives were compared 8, 41,44, 68, 77 have shown that exten- 
sive cross-linking of proteins is advantageous for retention of 
mRNA but can cause poor penetration of probes through 
the fixed tissue matrix. Glutaraldehyde was found to give the 
best morphological preservation and RNA retention but 
probe penetration was poor, especially for longer probes. 
mRNA is more accessible to short probes and proteolytic 
treatment of  fixed cells may be necessary for effective hybri- 
dization with longer probes, especially where vigorously 
cross-linking fixatives are employed ~'68. A loss of cellular 
RNA may result from proteoloytic treatments which are not 
carefully monitored s, 19,41,68 or in tissues where proteins are 
not extensively cross-linked 44, 6s. Penetration with non cross- 
linking ethanol-based fixatives is less of a problem 77 but mor- 
phological preservation is poor and low hybridization sig- 
nals may result from loss of intracellular RNA 8, 44, 68 
Tissue preparation procedures for the location of genomic 
viral nucleic acids may differ markedly from those appro- 
priate for hybridization of mRNA, as virus particles are 
stable for prolonged periods in post-mortem 39,46,47 and im- 
mersion-fixed 19 tissues where m R N A  survival is poor. De- 
proteination of the viral capsid is necessary for probe pene- 
tration and denaturation of double-stranded viral nucleic 
acids to permit hybridization 14,19, 46 

Probes 

The selection of the type of probe and label depends largely 
on the specificity, sensitivity and resolution required by the 
experiment. The original and most commonly used specific 
probes for hybridization histochemistry are recombinant 
cDNA, which are double-stranded, generally long (unless 
reduced in size by restriction enzymes) and usually labelled 
by nick translation aS, although the random primer method 1~ 
is simpler and more efficient. By these methods, labelled 
copies of both strands are produced and exist with the unla- 
belled template in the hybridization mixture. Some or all of 
the four deoxyribonucleotide components of the probe may 
be labelled with 3H 14,49,98, 108, 111, 3.833,77, 115, 32p24,37,54,58 o r  
less commonly 12517~ Incorporation into the probe of  a 
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biotin molecule ~9, 72,100 has been the main approach in devel- 
oping non-radioactive labels and other types of cDNA deri- 
vatives36, 53, 66 have been designed as probes but the sensitivity 
of  detection methods has not yet been proven superior to 
autoradiography for hybridization histochemistry. The ef- 
fective probe concentration of double-stranded probes is re- 
duced by self-annealing and competition with unlabelled 
strands, thus single stranded probes of equivalent specific 
activity are more efficient. 
Oligodeoxyribonucleotides up to approximately 100mer can 
be prepared in the current generation of DNA synthesizers 82 
using the solid phase phosphoramidite technology 2 devel- 
oped by Beaucage et al.~3. These have proven very efficient as 
probes for hybridization histochemistry 9,21,22,24~97,j~4 and 
have an advantage in specificity, as they may be designed for 
a particular application to exploit minor differences in nu- 
cleotide sequences and may thus discriminate closely homol- 
ogous mRNA's  24' 82, 106,112. These single-stranded probes are 
labelled enzymically by attachment of a single 3ZP-labelled 
phosphate from 7-[32PATP] at the 5' end using T4 kinase 74 or 
a number of 35S or 3H-labelled nucleotides at the 3' end using 
terminal transferase 1~ A variety of other labelling methods 
for addition of enzymes s6, fluorophores 4, ~0~ or biotin s6'78 
have been reported but not yet demonstrated as effective for 
hybridization histochemistry. Preparation of overlapping, 
complementary oligodeoxyribonucleotides to produce a 
primed, double-stranded probe enables a greater number of  
labelled nucleotides to be incorporated. 
RNA probes prepared in the SP6 vector system are now 
being used extensively for hybridization histo- 
chemistry 27,5~'63'93. These are single-stranded copies of a 
D N A  insert which must be in the correct orientation to en- 
sure transcription of the required sequence. The SP6 promo- 
tor in the presence of SP6 polymerase can generate multiple 
copies of the insert, the limitation being the concentration of 
each ribonucleotide in the reaction mixture. At present 32p, 
35S and 3H-labelled ribonucleotides are available, and al- 
though expensive, probes of very high specific activity can be 
produced by using sufficient concentrations of each labelled 
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base 75. The use of non-optimal concentrations of labelled 
ribonucleotides often results in short transcripts. However, 
3H probes of high specific activity are liable to degradation 
by radiolysis. 
Other types of probes include single-stranded cDNA which 
has been used for hybridization histochemistry whilst incor- 
porated in a biotin-labelled M13 vector ~~ and probes pre- 
pared from purified viral nucleic acids 17,19, s0, or mRNA v3, 85 
which were developed in the prerecombinant era and have 
largely been supplanted by cloned sequences. 
In our experience there is no single probe and label which is 
optimal for all requirements of specificity, sensitivity, resolu- 
tion and speed of detection. 

Hybridization 
There is a general belief that parameters which apply to 
hybridization of denatured mRNA deposited and dried on 
nitrocellulose are relevant for mRNA in fixed tissues, which 
has a secondary structure and is trapped with associated 
ribosomes in a matrix of cross-linked proteins. Although 
there are some parallels, recovery and hybridization of spe- 
cific mRNA from tissue homogenates is subject to a different 
set of problems and conditions than preservation of the same 
mRNA in a hybridizable form in whole tissue samples. Prob- 
lems which may be encountered include loss of RNA by 
enzymic degradation, which is somewhat tissue-specific and 
is more rapid in homogenates, reduced penetration of long 
probes through fixed tissues 8,17, 41,68, 77 or loss of RNA from 
cells which may occur after certain fixation protocols 8, 44, 68. 
Probes may fail to hybridize in tissues where directed against 
regions of the mRNA molecules which may be inaccessible 
because of its secondary structure 35 or masked by association 
with proteins 3. 
The similar relationship to probe specificity of salt, forma- 
mide concentration and hybridization temperature applies 
equally to hybridization of mRNA in situ, on filters or in 
solution, although optimal hybridization and washing con- 
ditions may vary considerably for a given interaction 17'27. 

Figure 1. Autoradiographs on X-ray film of 5-pm frozen sections from 
female mouse salivary glands after hybridization with a 32P-labelled 
30mer oligodeoxyribonucleotide probe specific for mouse glandular kal- 
likrein mRNA sT. For hybridization, salt concentration was 0.6 M and 

formamide 40 %. The temperature for hybridization and the temperature 
and stringency of post-hybridization washing was varied as illustrated. 
The remaining procedures were as described previously 82. 
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Decreasing salt and increasing formamide concentration and 
hybridization temperature decreases the stability of hybrids 
and may thus be manipulated to increase the specificity of 
hybridization. These variables must be adjusted according to 
the experiment, with regard to the probe length and degree of 
homology between the probe and target mRNA,  and with 
some consideration of the effects on tissue morphology. To 
ensure specificity of hybridization with low formamide con- 
centrations temperatures above 60 ~ may be necessary. As 
this can be detrimental to morphology and cause sections to 
dislodge from slides, for our method of hybridization histo- 
chemistry formamide is maintained at 40 % and the hybridi- 
zation temperature varied accordingly s2 whilst maintaining 
salt concentration at 0.6 M. With formamide and salt cons- 
tant the appropriate temperature depends on the type and 
length of probe as well as specificity for the target mRNA 
(fig. 1), 40 ~ is preferred for specific interactions with D N A  
probes longer than 27 nucleotides, whereas 30 ~ or less may 
be necessary for short probes or for interactions of limited 
specificity. Higher temperatures may be used as a test of 
specificity, or for optimal hybridization with SP6 RNA 
probes 27 as RNA-RNA hybrids are more stable than DNA- 
RNA. 
In a detailed study of hybridization kinetics, Cox et al.2V have 
shown that the highest signal to background ratio is obtained 
where probe concentration is optimal for maximum satura- 
tion of target sites. Probe is always in great excess and the 
optimal concentration for double-stranded probes is higher 
than for single-stranded due to self-reassociation which leads 
to a continuous decline in effective probe concentration. 
Short probes have been shown to give a higher signal than 
long probes of 500 nucleotides at equivalent concentra- 
tions 8,17. This is suggested to be due to differences in diffu- 
sion, only short duplexes being formed in situ 27. Formation 
of networks 1~ has been shown for probes longer than 700 
base pairs to contribute significantly to the signal 6s. Maxi- 
mum signal to background ratio will not be achieved by an 
increase in the duration of hybridization where the probe is 
at a sub-optimal concentration as the hybridization reaction 
terminates prior to completion, even when probe is in ex- 
cess 27. 

Dextran sulphate has been reported to increase the hybridi- 
zation signal, presumably by increasing the effective probe 
DNA concentration 1~ and is often included in hybridiza- 
tion mixtures! 4' 19,49,68,70,108 5 - -10  % dextran sulphate has 
been shown to amplify the hybridization signal with cDNA 
probes 49'68. However, for 30mer oligodeoxyribonucleotides 
at 400 ng/ml we obtained no increase in signal but an in- 
creased background. 
For  prehybridization, Denhart 's solution 32 which contains 
PVP, BSA and Ficoll is a standard buffer component and has 
background-reducing effects by saturating non-specific 
binding sites in tissue. Sonicated DNA from salmon or her- 
ring sperm is included frequently for the same rea- 
sons19, 69, 82, 99 but has been shown to reduce the hybridization 
signal in some cDNA probe systems 111. Slides or sections 
may be acetylate&: prior to hybridization to reduce back- 
ground binding of DNA to charged particles but this has 
been found in some systems 98 to be ineffective. 

Post-hybridization washing 

The aim of this procedure is first to remove the coverslip and 
excess probe, then to reduce background by washing off as 
much unwanted non-specifically bound probe as possible 
whilst retaining specific hybrids. For  filter hybridization, hy- 
brids may be destabilized by increasing washing stringency 
(lower salt/higher temperature/longer wash), thus hybrids of 
a desired specificity may be retained by repeated washes at 
increasing stringency. For  hybridization histochemistry we 

have, amongst others 68, found extensive washing procedures 
to be irrelevant (fig. 1). Hybrids formed in situ are extremely 
stable to low salt/high temperature washes and non-specific 
interactions which may have occurred during hybridization 
remain through the most stringent of washes. It is thus essen- 
tial for minimum background, to select appropriate hybridi- 
zation conditions and to have probes uncontaminated by 
vector DNA, very short sequences or unincorporated label. 
Removal of unbound probe by post-hybridization treatment 
with RNase for single-stranded RNA probes 27, 93,111 has been 
shown to greatly reduce background and similar treatment 
with S1 nuclease has been reported for cDNA 44. We have 
encountered few problems of excessive background using 
specific oligodeoxyribonucleotide probes 24mer and longer. 

Hybrid detection and quantitation 

Methods for locating hybrids are clearly dependent upon the 
type of probe label. Autoradiography is the most widely used 
approach, appropriate methods depending on the energy, 
half-life and specific activity of the isotope. We have found 
autoradiography with 32p-labelled probes a very convenient 
method for hybrid detection as short exposure on fast X-ray 
film 7, 9, 15, 16, 22, 26, 30, 54, 82, 86, 114 provides a rapid screening meth- 
od for numerous samples. Subsequent liquid emulsion auto- 
radiographs, with resolution to single cells in some cases 15, 82, 
can be obtained in a matter of days following the initial 
X-ray exposure 15, 21 26, 31, 58, 86, 114 

Tritium has higher resolution but of course requires longer 
exposure times due to the longer half-life and lower specific 
activity than 32p. Addition of enhancers to the photographic 
emulsion tends to offset the gain in resolution sought from 
the use of tritium in the first place. X-ray film improved for 
3H autoradiography is available (L.K.B. Stockholm; 
Amersham, Buckinghamshire) but it is comparatively slow, 
thus X-ray exposures are not often used as a screening proce- 
dure. Tritium labels were used to develop in situ hybridiza- 
tion procedures 2~176176 and remain popular due to the 
high resolution which can be obtained in light microscope 
autoradiographs 18, 27, 34, 40, 46, 49, 59, 69, 84, 99, 108. 

125I has been used extensively as a probe label for chromo- 
some mapping and occasionally for hybridization histo- 
chemistry 7~ but its effectiveness for the location of 
mRNA in tissues is reduced by the high non-specific binding 
to proteins s2. 3sS autoradiography is being used increasingly 
for hybrid detection 33,47,51,64,77'115 with the advantages of 
good resolution, somewhere between 3H and 32p, and shorter 
exposure times than 3H of comparable specific activity. The 
difference in/3 particle energy of 3H and 3sS has been ex- 
ploited for the simultaneous location of t;vo viral genomes 
within the same cell 48. High non-specific binding to tissues 
has been reported with this isotope 64. 
A variety of approaches to probe detection which avoid ra- 
dioactivity have been developed and used mainly for chro- 
mosome mapping. The first of these employed labelled anti- 
bodies to D N A -RN A  hybrids 92' 102 or direct detection of 
fluorochrome-labelled probes I~ 11. The lack of sensitivity of 
these methods led to the signal enhancement approach using 
an antibody-sandwich to locate hapten-modified 
probes 1~,19,ss,67,7~-. Further increases in sensitivity were 
needed, thus reflection contrast microscopy was developed 66 
to amplify immunoprecipitates and avidin-peroxidase con- 
jugates for biotin-labelled probes 6, 71, i00,107. These methods 
have the advantage of rapid detection, but have yet to be 
proven to have greater sensitivity than optimized autoradio- 
graphy. 
It is tempting to use hybridization histochemistry to measure 
relative levels of mRNA in different cell populations related 
to various physiological parameters. Data obtained from 
extracted mRNA can only provide an average level of gene 
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expression for any tissue sample but cannot resolve other 
changes in the cell population where a specific gene is being 
expressed such as proliferation, differentiation or atrophy, 
which may occur whilst a constant mRNA level is main- 
tained by transcriptional regulation. Conversely, for the 
same reasons, in comparisons of hybridization histo- 
chemistry from different tissues or animals, relative mRNA 
levels per cell in any section do not necessarily relate to the 
total tissue mRNA level. Where possible, a combination of 
both methods should provide the most informative measure 
of gene expression. 
Methods for quantitation by autoradiography of hybrids in 
cell cultures 17' 68, tissue sections 8' 24, 26, 27,111 and chromosome 
preparations I~ have been described, however potential 
sources of error should be recognized. These include varia- 
tions in probe penetration, efficiency of hybridization 27' 103, 
cell shape 41 or section thickness, loss of mRNA from cell 44 
and formation of probe networks with cDNA probes 68, as 
well as errors in grain-counting of autoradiographs, which 
vary for different isotopes 1, 90. We have found quantitation of 
hybridization histochemistry by competition experiments 
with 32p-labelled oligodeoxyribonucleotide probes 24,26 to be 
a simple, reproducible means for determining relative 
rnRNA levels in tissue sections. Analysis of X-ray films by 
computer-assisted densitometry may be undertaken to pro- 
vide colour-coded images which illustrate differences in sig- 
nal intensity 45. 

Applications ' , 

One of the~major apptieXtii~'lis~f hybridization histo- 
chemistry, in conjunction with other cell-specific techniques, 
lies in the reclassification of cells and tissues on a functional 
basis. This is particularly applicable to embryogenesis and 
other areas of cell differentiation where the presence in a cell 
of specific mRNA may be the first detectable criterion of 
function. Elegant studies of developing Drosophila 49'64'72, 
Aplysia 7~ sea urchins 27,108 and nematodes 34 illustrate the 
value of this technique in developmental biology. Gene ex- 
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pression for some familiar and newly discovered peptide hor- 
mones, enzymes, substrates and growth factors has been 
located at multiple sites in functionally heterogenous cell 
populations~3, 40, 84, 86, 97 and tissues. This allows further analy- 
sis of the hypothesis that 'everything is made everywhere' 
and recent findings suggest multiple roles for some genes and 
transcripts which may be differentially processed to heterog- 
enous products which can be cell specific 84,91'95. For  these 
and other applications of hybridization histochemistry, spe- 
cific oligodeoxyribonucleotide probes can be designed to dis- 
criminate between closely homologous mRNA sequences 
which are encoding multigene families, or which share com- 
mon sequences s'82' 106, 114. These probes are also invaluable 
for the location in transgenic animals of expression of intro- 
duced gene constructs by sectioning and hybridization of 
whole animals or isolated tissues. There are clearly many 
other uses as a research tool and a major role for this tech- 
nique is becoming increasingly apparent for clinical diagno- 
sis of tumours, infectious diseases and endocrine disorders, 
or in fact in any situation where a specific recognized mRNA 
is associated with, or at the root of the problem. 
We have selected some examples which show a variety of 
applications of our method using 33p-labelled probes of  dif- 
ferent types. Oligodeoxyribonucleotide probes specific for c~, 
fl or ~ globins, have been used to study globin switching in the 
ovine foetus by a series of techniques, including colony cul- 
ture of erythropoietic cells and location of gene expression in 
haemopoietic tissues 1~2, J J 3 (fig. 2, a-c). 
Synthetic probes coding for the E2 region of Ross River virus 
were used for diagnosis in a human skin biopsy of infection 
with this virus (fig. 3a), innoculated Vero cell cultures acting 
as hybridization controls (fig. 3b). mRNA for a member of 
the human growth hormone gene family, choriosomato- 
mammotropin, is demonstrated by a 30mer probe in syncy- 
tiotrophoblasts of human placenta (fig. 3c). In human pri- 
mary medullary thyroid carcinoma, mRNA for calcitonin 
(fig. 3d) was found to coexist in the primary tumour and 
lymph node metastasis with mRNA for calcitonin-gene- 
related peptide (CGRP) 114. 

Figure 2. Autoradiograph after hybridization with 32p-labelled 30mer 
oligodeoxyribonucleotide probes designed to discriminate mRNA's for 
ovine fl and ?, globin 6s. a mRNA for ]? globin shown in erythropoietic cell 
(arrowed) from a 3-day methylcellulose culture of ovine 129-day foetal 
bone marrow. Cytocentrifuged preparation, stained with Wright's and 
photographed by polarized epi-itlumination. Bar = 13 gm. b A 5-1xm 

frozen section showing mRNA for 7 globin in cells of a haemopoietic 
focus (arrowed) within liver parenchyma of an ovine 124-day foetus. 
Stain: H & E. Bar = 30 gm. c A 5-gm frozen section ofovine 99-day foetal 
bone marrow showing mRNA for y globin in erythropoietic cells (ar- 
rowed). Stain. H & E. Bar = 35 pm. 
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Figure 3. Autoradiographs after hybridization with 32p-labelled 30mer (a, 
b, c) or 40 mer (d) oligodeoxyribonucleotide probes, a A 10-gin frozen 
section of human skin biopsy taken 4 days after onset of a rash. mRNA 
coding for Ross River virus (RRV) envelope protein is demonstrated in 
an infected cell (arrowed) by a probe corresponding to the E2 region of 
the RRV genome ag. Bar = 35 gin. b Vero cells from a culture infected with 
RRV and hybridized with the RRV E2 probe used in 3(a). Bar - 10 pro. c 

A 5-gm frozen section of human placenta showing mRNA for chorioso- 
matomammotropin 96 in syncytiotrophoblasts (some arrowed) of foetal 
cotyledons. Bar = 30 gm. d mRNA for calcitonin in neoplastic C-cells of a 
human primary medullary thyroid carcinoma, demonstrated in a 5-gm 
frozen section with a 40mer oligodeoxyribonucleotide probe complemen- 
tary to the calcitonin coding region. Photomicrograph by polarized epi-il- 
lumination. Bar = 25 pm. 

m R N A  for the enzyme renin is demonstrated with a cDNA 
probe 81 in the afferent arteriole of the mouse kidney (fig. 4a) 
and its substrate angiotensinogen with a 36mer probe, in- 
cluding the angiotensin coding region, in neurones of the 
arcuate nucleus of  rat brain (fig. 4b). Attempts by ourselves 
and others to locate renin m R N A  in the brain 33 have been 
unsuccessful and the mechanism of a brain renin-angiotensin 
system is still being investigated. Genes of the kallikrein fam- 
ily of serine protease enzymes have been shown to be ex- 
pressed in a diversity Of tissues although the major site of 
expression of most of the functional genes of this multigene 
family is in granular  convoluted tubule cells of  the submandi-  
bular gland 1~ Kallikrein m R N A  is demonstrated by an SP6 
R N A  probe containing the mouse kallikrein insert pMK-1 s7 
in striated ducts of the murine parotid gland (fig. 4c), where 
products of the renal kallikrein gene, a kininogenase, may 
have a role in local regulation of blood flow. 
Hybridization histochemistry - in situ tissue hybridization 
using cDNA, R N A  or synthetic oligodeoxynucleotide 
probes with various labelled compounds is beyond the 
countdown stage as an emergency technique and is in the 
early stage of lift-off. Recent contributions from many labo- 
ratories have accelerated the transition through generation 

one, two and three. The technique is user-friendly apart from 
the autoradiographic end point  which is not  too difficult. 
The technique offers valuable, unique information which is 
not  obtainable by application of other procedures. The spe- 
cific cellular address of gene expression as in the developing 
embryo during narrow time windows offers very significant 
advances and insight into differentiation and development. 
The ability to detect viral, oncogene, growth factor, or hor- 
monal  gene expression in carcinomas offers the possibility of 
a new taxonomy of tumours  with the likelihood of an appro- 
priately structured chemotherapy or direction of the most 
relevant specific cytotoxins; furthermore, the profile of gene 
expression in secondary metastases will provide vital infor- 
mat ion about  the primary tumour  and appropriate treat- 
ment. Identification of viruses by this technique will have 
eventually a permanent  niche in this area of diagnosis. Loca- 
tion of gene expression in specific cells is a crucial piece of 
information in many  on-going studies of hormones,  enzymes 
and proteins. This information profile includes transgenic 
animals, chimeric embryos and immortal  cell lines, where 
knowledge of promoter  regions and their interaction with 
enhancers and other transactive agents will be the bases of 
the "new pharmacology' .  
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Figure 4. a mRNA for renin demonstrated in cells of the afferent arteriole 
(arrowed) of a renal glomerulus (G) by a 32p-labelled m. renin cDNA 
probe of 1400 base pairs 81. Autoradiograph of a 5-gin paraffin section of 
freeze-dried mouse kidney. Stain: H & E. Bar = 25 gin. b Coronal 8-gin 
frozen section of rat brain after hybridization with a 32P-labelled 36mer 
oligodeoxyribonucleotide complementary to the angiotensin coding re- 
gion of rat angiotensinogen mRNA 79. mRNA-DNA hybrids are located 
by autoradiography in neurones of the arcuate nucleus, adjacent to the 

third ventricle (V). Photomicrograph by transmitted light dark-field illu- 
mination. Stain: cresyl violet. Bar = 300 ~_m. c Autoradiograph of a 4-1am 
paraffin section of freeze-dried mouse salivary glands after hybridization 
with a 32p-labelled RNA probe generated in the SP6 vector system 75 from 
the 550 base pair mouse kallikrein cDNA pMK-187. Kallikrein-RNA is 
demonstrated in striated duct cells of the parotid gland. (L) lumen of duct. 
Stain: H & E. Bar = 20 txm. 
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Regulatory peptide receptors: visualization by autoradiography 

by J. M. Palacios and M. M. Dietl 

Preclinical Research, S A N D O Z  LTD, CH 4OO2-Basel (Switzerland) 

Summary. The receptors for regulatory peptides have been extensively characterized using radioligand binding techniques. By 
combining these binding techniques with autoradiography it is possible to visualize at the light and electron microscopic levels 
the anatomical and cellular localization of these receptors. In this review we discuss the procedures used to label peptide 
receptors for autoradiography and the peculiarities of peptides as ligands. The utilization of autoradiography in mapping 
peptide receptors in brain and peripheral tissues, some of the new insights revealed by these studies particularly the problem of 
'mismatch' between endogenous peptides and receptors, the existence of multiple receptors for a given peptide family and the 
use of peptide receptor autoradiography in human tissues are also reviewed. 
Key words. Receptors; multiplicity; radioligand binding; quantitative autoradiography; light- and electron microscopy; 
peptidases; endogenous ligands; brain; gut. 

Introduction 

The physiological and pharmacological effects of the regula- 
tory peptides, like those of other hormones and neurotrans- 
mitters, are mediated by the interaction of these substances 
with specific recognition sites named 'receptors'. In parallel 
with the steadily growing number of peptides being discov- 
ered, multiple receptors for these peptides have been charac- 
terized 7, 50, 54.55,116,117. Pharmacological and biochemical tech- 
niques have provided evidence for the existence of multiple 
receptors for the different peptide families. Historically the 
characterization of the opioid receptor opened the path for 
the isolation and characterization of the opiate pep- 
tides12,51,114,118. The use of the so-called high-affinity radio- 
ligand binding techniques was instrumental in beginning the 
search for endogenous ligands. By using radiolabeled mole- 
cules at high specific activity like, for example, the same 
peptides, it is possible to study the binding of these ligands to 
membrane preparations. These techniques allow the charac- 
terization of sites with high affinity (in the low nanomolar 
range) and low capacity (fmol/mg of  protein) and presenting 
selectivity and specificity for a given peptide and its ana- 
logues with similar physiological effects. In recent years this 
relatively simple approach has allowed the detailed study of 
the structure-activity relationship and the biochemical mech- 
anism involved in peptide action and progress is being made 
with solubilization and purification and towards the ultimate 
goal of the elucidation of the molecular characteristics of 
these receptors 115,123. 
One main limitation of these biochemical techniques is, how- 
ever, the lack of sufficient anatomical resolution to answer 
questions such as: where are these sites localized at the mi- 
croscopic level? Are there specific cell populations in a given 
tissue or organ enriched in a particular peptide receptor? 

Finally; which subcellular structures bear these l:eceptor 
sites? 
Techniques with high anatomical resolution are required to 
answer these questions. Because of  the wide use of radio- 
ligand binding assays in the study of peptides and other 
receptors it is not surprising that autoradiography has been 
one of the techniques most widely used in the localization of 
peptide receptors at the microscopic level. In particular the in 
vitro autoradiographic procedure originally developed by 
Young and Kuhar 134 is specially well suited for the study of 
peptide receptors. Organ and tissue barriers encountered in 
in vivo labeling are overcome, as is the problem of ligand 
metabolism, a very important problem when dealing with 
peptide ligand both in vivo and in vitro 59'6~ In this paper 
we will review the use of this technique in the visualization of 
peptide receptors both in the central nervous system and 
peripheral tissues at the light and electron microscopic levels 
of resolution as well as other alternatives for the visualization 
ofpeptide receptors. 

Methodology 

The procedures for the labeling of peptide receptors for auto- 
radiography are essentially identical with those used for the 
labeling of other hormone, drug or neurotransmitter recep- 

59 60 89 tors , , . Some of the particularities encountered in peptide 
receptor labeling are related to the use, in most cases, of 
radiolabeled peptides as ligands 123. These ligands present, in 
general 1) a high susceptibility to degradation by peptidases 
present on the tissue, and 2) a tendency to bind in a non- 
specific way to tissue, glass and gelatine in the histological 


