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LEWIS. M. E.. T. G. SHERMAN AND S. J. WATSON. In situ hybridization histochemistry with synthetic oligonu-
cleotides: Strategies and methods. PEPTIDES 6: Suppl. 2, 75-87, 1985.—In situ hybridization histochemistry is a useful
method for localizing specific mRNA and studying the regulation of gene expression in an anatomical context. Previously,
classical recombinant DNA and microbiological techniques have been required to identify and nick-translate the cloned
DNAs necessary for in situ hybridization experiments. These requirements can be circumvented by the use of synthetic
oligonucleotides complementary to the mRNA of interest. Compared to cloned cDNA probes, oligonucleotides are easy to
manufacture, penetrate tissue much more easily, can be made to correspond to a sequence at any point in a known cDNA
structure. and allow for the design of more precise controls for in situ studies. We describe a number of considerations in
oligonucleotide probe design, including unique probe design from cDNA sequences and mixed probe design from protein
primary structure data. The issues of species specificity. G-C content, probe length, tissue-specific mRNA expression,
repeated sequences, non-coding region specific probes, and gene family homologies are discussed in an in situ hybridiza-
tion context. Alternative strategies for mixed probe design are also considered. Information on the synthesis, purification,
and sequence confirmation of oligonucleotides is then presented, followed by methods for labeling and using these probes
for in siti hybridization histochemistry. The special considerations of specificity controls are addressed. including com-
bined in situ hybridization histochemistry and immunocytochemistry, competition studies, the use of multiple hybridiza-
tion probes. Tm studies, and Northern analysis of extracted RNA. The current and future directions of research with this
technique are considered, with emphasis on the need to improve quantitation in order to facilitate the study of gene
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expression and regulation at the single cell level.
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OVER the last few years there has been an active and very
productive fusion between cell and molecular biology and
the neurosciences. In large part this cross-hybridization has
sprung from our need to understand the biosynthesis and
regulation of peptide hormones and transmitters. As an out-
growth of these molecular neurobiology studies, it has been
possible to demonstrate the pivotal role messenger RNA
(mRNA) molecules play in neuronal function, especially the
regulation of neurotransmission.

The ability to study the mRNA coding for specific
neuronal peptides or proteins must be carried out within a
knowledge of the anatomical circuitry and physiology of the
systems involved. For that reason mRNA localization and
relative quantitation often need to be carried out within an
anatomical context (such mRNA studies are known as in situ
hybridization studies). Simply stated, in situ hybridization is
the localization of specific mRNAs within cells by hybridiz-
ing (binding) to them radiolabeled (or biotinylated) segments
of complementary DNA (¢cDNA). Traditionally, most in situ
hybridization preparations involve long, biologically
produced ¢cDNA probes as ligands for localizing the mRNA
of interest. To the non-molecular biologist interested in in
situ hybridization and towards the application of the tech-
nique itself, these **cloned” ¢cDNA preparations have some
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substantial disadvantages associated with their use: (1) they
are often difficult to obtain from other researchers (under-
standably) because these clones are the result of many
months or years of investigative struggle; (2) typically the
c¢DNAs are several hundred to several thousand nucleotides
in length, resulting in poor tissue penetration, even after
standard labeling procedures requiring DNase treatment
(nick-translation); (3) the necessity for establishing mic-
robiological and molecular biological procedures; and (4) it is
often difficult to obtain precisely the short cDNA sequence
one wants, because the restriction enzyme cleavage sites
may not be available.

To counter these several concerns, we have begun
anatomical mRNA studies using chemically synthesized
cDNA probes. These probes (i.e., oligonucleotides, or
oligomers) are short, single-stranded pieces of DNA which
are complementary to a designated segment of the mRNA of
interest, and as such, will seek out and hybridize (bind) to
that mRNA, not unlike an antibody binding to its antigen
(complement). Unlike antibodies, however, these oligonuc-
leotides can be produced by an automated DNA synthesizer
(*‘gene machine’’) in a few hours and purified within 3-4
days. Oligonucleotides have several major advantages over
cloned ¢DNAs in their application to in situ hybridization
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and to the investigator interested in doing it: (1) ease of pro-
duction, (2) require only a known/published sequence, (3)
penetrate tissue much more easily, (4) can be designed to
correspond to a sequence at any point in a known structure,
and (5) allow for controls to be more precisely defined.

In the following pages we describe some of our experi-
ences, logic, and results associated with the use of oligonu-
cleotide cDNA probes in in situ hybridization in endocrine
and nervous tissue. This manuscript attempts to provide
both the introductory strategies and logic necessary to begin
the design of in situ hybridization studies and the specific
methods necessary to perform them. Specifically, we de-
scribe design of probes, their synthesis and purification,
radiolabelling methods, a technique for in situ hybridization,
specificity controls, and finally, some future directions.

DESIGN OF OLIGONUCLEOTIDE PROBES

When confronted with the many possible alternatives in
the design and synthesis of oligonucleotides for in siru hy-
bridization, it becomes clear that many compromises must
be negotiated before the optimal probe has been constructed.
The wishful expectations of a long probe of unique sequence
for a mRNA comprising 5% of the total RNA in an
anatomically distinct region with large cells are quite fre-
quently dashed by the realistic limitations of budget, am-
biguous sequence information, RNA abundance, and cell
size. Each situation is quite different, however, and the ex-
tent of these various constraints are just beginning to be
understood (although budgetary constraints are clearly un-
derstood). At the outset, the investigator is in one of two
very different situations: is the nucleotide sequence known
for the peptide, peptide precursor, or protein of interest, or,
is there full or partial protein sequence information avail-
able? The design of oligonucleotide probes for in situ hy-
bridization within each of these situations is discussed in
detail in the following sections. For more general informa-
tion on the synthesis and design of oligomers for hybridiza-
tions, primer extension, gene isolation, and site-specific
mutagenesis, several excellent reviews are available [1,25].

Oligonucleotides of Unique Sequence

In the absence of direct nucleotide sequence information,
it is seldom the case that an oligomer of unique sequence can
be deduced, although an interesting exception has been re-
corded [63]. More commonly, probes of unique structure are
obtained from ¢cDNA or genomic clones which have either
been personally sequenced or previously published. When
presented (or confronted) with the long nucleotide sequence
coding for the protein of interest, how does one go about
designing an effective oligonucleotide which not only will
hybridize to this mRNA specifically, but will hybridize in the
least ambiguous manner possible? What regions of an
mRNA should one try to hybridize with, and which ones
should be avoided? Three principle components comprise a
mRNA: (1) the 5’ untranslated (non-coding) region, which is
a sequence of varying length on the 5’ end of the mRNA that
does not code for protein. This sequence extends to the ini-
tiation codon, which is the nucleotide triplet coding for the
first (amino terminal) amino acid of the protein; (2) the cod-
ing region, which is that portion of the mRNA coding for the
entire protein precursor; and (3) the 3’ untranslated region,
which, again, is a nucleotide sequence of undetermined sig-
nificance at the 3’ end of the mRNA not coding for protein.
Poly-adenylated RNAs [poly(A)RNAs] constitute the most
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thoroughly investigated class of mRNAs, and as is clear from
their name, contain a string of adenosine nucleotides on their
3’ ends. What are the considerations, then, in the design of
an oligonucleotide to be used to detect an RNA? The
greatest consideration to be dealt with when designing an
oligomer probe is that of probe specificity—what is the de-
gree of specificity desirable and/or attainable for a particular
oligomer. This situation is in great contrast to that existing
for immunocytochemistry, where the degree of specificity of
an antibody cannot be completely dictated in advance. In
terms of probability, the specificity of a nucleotide sequence
within a genome increases with probe length. A 20 nucleo-
tide length of DN A should occur only once every one trillion
nucleotides, if random. In reality, however, the genome is
not random, and occurrences of common or repeated se-
quences exist throughout the genome. Species and tissue
specificities are more important criteria in the design of
oligomer probes, as are such considerations as nucleotide
composition, specificity within gene families, repeated se-
quences within or between mRNAs, alternative RNA splic-
ing (tissue-specific expression), and coding versus non-
coding mRNA sequence probes. Each of these consid-
erations, as they relate to in situ hybridization, will be dis-
cussed in turn.

(a) Species specificity. 1t can be useful to have access to a
probe which is not only specific to the mRNA of interest, but
which is specific to that mRNA across several species. This
is especially true if several species, such as rats, mice,
guinea pigs, and monkeys, are being investigated. Probes
such as these allow interspecies comparisons which are dif-
ficult to make when different probes are employed. Trans-
lated (coding) regions of mRNA are more highly conserved
across species lines, and regions of sequence homology are
more likely to occur in these areas. It should be noted that
protein sequence conservation does not imply DNA se-
quence homology; in fact, this is seldom the case. However,
isolated stretches of extreme sequence homology usually
exist where protein sequences have been conserved, and
advantage can be taken of these.

(b) G-C content and probe length. The stability of any
given oligonucleotide:RNA hybrid is a function of five vari-
ables: (1) length, (2) composition (% guanosine:cytosine
|G-C] pairs vs. adenosine:thymidine [A-T] pairs), (3) tem-
perature, (4) salt concentration, and (5) number of base-pair
mismatches. Hybrid strength is more destabilized with in-
creasing temperature, decreasing salt concentration, de-
creasing duplex length, decreasing percent G-C pairing (G-C
pairs have 3 hydrogen bonds versus 2 for A-T pairs). and
increasing number of base-pair mismatches. An oligomer
with a 65% G-C content will form a more stable duplex with
its complement at any given temperature than an oligomer
with equal length, yet possessing a G-C content of 55%.
There exists, therefore, a temperature at which the former
oligomer will remain complexed and the latter oligomer will
dissociate (melt) completely. The temperature at which a
hybrid population is half dissociated is the Tm value, and is,
to a certain extent, an index of stability. The same is true for
short versus long probes, with long probes being more stable
(see Fig. 6, and section (d) of Controls). Since temperature
and salt concentration are readily variable, the elements of
composition and length should be considered in oligomer
design. Studies in our lab and elsewhere [1,68] indicate that
increases in oligomer G-C content above 50% increases hyb-
ridization efficiency. Because increases in G-C content in
oligonucleotide design are not subject to the same budgetary
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constraints as the factor of probe length, it is advantageous
to aim for G-C contents in the range of 55-65%. Where cases
of serious cross-homology within gene families are con-
fronted (see section (e)), it may be desirable to adjust the
G-C content such that standard hybridization temperatures
cause maximal thermal destabilization of suspected mis-
matches (simply put, a mismatch within a DNA:RNA hybrid
essentially converts a relatively long duplex into two short
duplexes, rendering it unstable at temperatures approaching
the Tm of the long hybrid). Very high G-C contents should
be avoided if only because the temperatures required to melt
off possible moderately homologous contaminating se-
quences would result in tissue damage.

The question of oligonucleotide length, on the other hand,
is less well characterized. DNA sequences ranging from
10-14 nucleotides in length up to several hundred nucleo-
tides long have been successfully used in in situ hybridiza-
tion studies. While it is true that longer oligomers (30-50
bases) form more stable hybrids than their shorter counter-
parts, it is equally true that the shorter probes are sufficiently
stable. Issues such as tissue penetration efficiency, sequence
specificity, hybrid stability, cost of synthesis, and ease of
purification are sources of much debate. While further
studies should indicate which lengths are optimal, probe
lengths from 24 to 45 nucleotides meet most requirements of
stringency and specificity, and are the sizes of choice in our
laboratory. In situations where interfering regions of close
homology exist, maximizing probe length is advantageous.

(¢) Non-translated (non-coding) region specific probes. It
was mentioned above that probes specific for the more
highly conserved regions found in translated (coding) por-
tions of an mRNA between species could prove useful. A
more conjectural argument can be made for probes specific
for non-coding regions of mRNA if one desires to study
RNAs under great translational flux. These are RNAs which
during physiological or pharmacological stimulation, or dur-
ing development, for example, are differentially transcribed
and translated. Several studies have demonstrated that in-
creases in translated protein products can be due either to
increased number of specific mRNAs or increased ribosomal
loading onto those RNAs, or both (2, 51, 52]. Preliminary
evidence in our laboratory suggests that increased ribosomal
loading of mRN As during stimulation may decrease hybridi-
zation efficiency in in sitt  hybridization analysis,
presumably due to simple blockade of RNA stretches by
ribosomal complexes, resulting in underestimation of the
true extent of RNA increase. Whether probes specific to
non-coding regions will alleviate this problem is currently
being investigated.

(d) Tissue-specific expression. Tissue specificity in this
instance does not mean whether or not a gene is expressed in
a certain tissue, but 0w a gene is expressed in that tissue.
The phenomenon of alternative RNA splicing is one of the
more fascinating topics in molecular biology today, and is
characterized by one gene encoding two or more different
mature mRNAs, each expressing different protein products.
Three notable cases have been described in brain: the pre-
protachykinin gene encoding substance P and substance K
mRNAs [45,47], the calcitonin gene transcribing calcitonin
mRNA in the thyroid and calcitonin-gene-related-peptide
(CGRP) mRNA in the hypothalamus [3,27], and the growth
hormone gene encoding both authentic growth hormone and
a variant, shorter form displaying different biological activity
[15,35]). In each case, the product mRNAs contain regions of
homology and regions of unique sequence. necessitating
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(a) - Ser-Thr-Phe-GIn-G1n-Met-Trp-Leu-Ala - Amino acid sequence
U v U u
UCC ,C U A ,A U C el .
(b} - CGA-ACA—UUC-CAG~CAG-AUG-UGG—CUA—GCA - Ambiguous RNA sequence
[ 6 G
(c) AA’é-GTE-GTE-TAC—Acc-f;A Mixed probe, 16 seq.
(d) AAé—GTg-GTg-TAC—ACC-GA Codon frequency 95%
(e) ARE-6TC-GTC-TAC-ACC-GA Codon frequency 80%
(f) AAG-GTT-ATT-TAC-ACC-GA Permissible opposition

FIG. 1. Design of oligonucleotide probes from an ambiguous mRNA
sequence (see text).

greater care in the design of oligonucleotide probes of proper
specificity.

Another type of tissue-specific expression observed more
frequently is the generation of multiple sized RNAs from the
same gene which still code for the same protein or peptide
precursor—a tissue specific heterogeneity in mRNA size of
undetermined relevance. This size heterogeneity may reflect
small-scale differences in RN A splicing, or heterogeneity in
sites of RNA transcriptional initiation or termination (poly A
addition). Variations in the S'-ends have been well docu-
mented for several RNAs, including the 5 100-nucleotide
difference between liver and salivary gland mRNA for
mouse alpha-amylase [23] and the 5’ 30-nucleotide difference
between porcine and rat pituitary proopiomelanocortin
mRNA [50]. Tissue-specific heterogeneity in the size of rat
prodynorphin mRNA has also been observed, and evidence
points towards the 5'-end in this case also (unpublished ob-
servation, and [11]). In summary, therefore, the evidence
indicates that 5'-ends (and suggests that 3’-ends) of many
messages can display extensive variation, and care should be
taken in choosing areas within RNAs for oligonucleotide
complementarity which are present in the tissue of interest.

fe) Repeated sequences and gene fuilies. Several pep-
tides have recently been determined to be synthesized as
parts of a polyprecursor. Polyprecursors contain multiple
copies of the product peptide, the mature forms of which are
generated by normal precursor processing. This has been
observed for enkephalin [12], dynorphin [11,29], and thyro-
tropin releasing hormone (TRH) [17]. These multiple peptide
copies, moreover, are coded for by repeated sequences of
homologous or closely homologous DNAs. In bovine ad-
renal preproenkephalin [48], for example, an 18 nucleotide
stretch encoding the lysine-extended Met-enkephalin se-
quence, Tyr-Gly-Gly-Phe-Met-Lys, is repeated five times at
95% homology or greater, and a further two times at more
than 80% homology. Careful construction of an oligomer in
these areas would provide a natural amplification of the in
situ hybridization signal which would be quite advantageous
were it not for the complications of cross homologies with
other opioid gene products.

More common, perhaps, is the occurrence of gene fami-
lies: genes which share a common evolutionary origin, prob-
ably arising through a series of partial gene duplication
events. The three opioid precursors—proopiomelanocortin,
proenkephalin A, and prodynorphin (proenkephalin B}—are
one such gene family, as are the protein precursors for the
nonapeptide hormones oxytocin and vasopressin (a small
family) [33,34], the tachykinins (James E. Krause, personal
communication, [45,47]), the kallikreins [41]. and the kinino-
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gens [46], to name a few. These families possess extensive
homologies among themselves, as a consequence of which,
special care must be taken to design probes of proper speci-
ficity. For example, to avoid regions of homology between
the vasopressin and oxytocin precursor mRNAs, oligonuc-
leotides to the carboxy-terminal glycoprotein portion of the
AVP mRNA, of which no complementary region exists for
oxytocin, yield unambiguously specific AVP probes [60] (see
Fig. 4). It is important that the phenomenon of internal DNA
repeats or gene family homologies be recognized, and the
affected sequences be selected or avoided consciously to
avoid misinterpretation of results.

Oligonucleotides of Mixed Sequence

Much has been written about the strategies necessary for
design of good mixed oligonucleotide probes when presented
with a peptide or protein sequence [1, 25, 67, 68], and no
attempt will be made to duplicate it all here; however, fun-
damental precepts will be discussed.

When confronted with a protein sequence, the object is to
determine a stretch of amino acids which, when back-
translated into its ambiguous mRNA, affords the least
number of redundant sequences (in other words, one wants
to choose a peptide sequence that is coded for by the fewest
number of DNA sequences). The problem exists because
each amino acid is frequently encoded by more than one
triplet codon, rendering the correct mRNA sequence for a
given protein difficult to deduce. The amino acids tryp-
tophan and methionine possess only one possible codon
each, and are highly coveted; a further nine amino acids—
Phe, Tyr, His, GIn, Asn, Lys, Asp, Glu, and Cys—possess
only two codons each, and are similarly held in high regard.
Finding a sequence of low redundancy, if one exists, within a
given protein is not necessarily difficult. When back-
translated,a good oligonucleotide sequence within a protein
is sometimes quite obvious. In the protein sequence illus-
trated in Fig. 1, for example, there is a stretch of nine amino
acids which back-translate to the indicated ambiguous
mRNA sequence (line b). Within this sequence a 17 nucleo-
tide length (17mer) with a redundancy of 16 (2x2x2x2) is
readily apparent, and would be a fine probe in most situa-
tions outside of in situ hybridization. Its complement is
shown in line (¢). One can attempt to reduce the redundancy
by adopting one of two strategies, or a combination of both:
codon frequency [49] or permissible opposition [1].

Codon frequency strategy allows a choice between two or
more codons for an amino acid to be made if one codon is
used much more frequently than the other(s). In the example
illustrated in Fig. 1, there is a 90% probability in the rat that
the codon for glutamine (Gln) is CAG versus CAA, and may
be a reasonable gamble. On the other hand, the codon UUC
for Phe is chosen only 65% of the time in rat, approximately,
and would be a poor choice for an oligomer. With reasonable
certainty, therefore, the redundancy of the 17mer could be
reduced to 4 by adopting CAG for GIn. Where this strategy
can be more helpful, however, is in reducing the redundancy
of a codon to a more manageable number. For instance,
there is nearly a 95% probability in the rat that the 5’ nucleo-
tide for Leu is cytosine (C) rather than uridine (U), decreas-
ing its redundancy from 6 to 4. This can be most useful when
a very redundant codon lies in an otherwise attractive
oligomer sequence. Line (d) of Fig. 1 illustrates the results of
the application of the high probability codon assumption for
Leu (>95%), yielding a mixture of 8 oligomers, and line (e)
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shows this with the product of the two lower probability
choices for Gln (>80%), reducing the total mix to only 2.

The strategy of permissible opposition, on the other hand,
acts on the supposition that if mismatches are to occur, one
should consider which mismatches are the least destabilizing
to the hybrid. It has been determined that deoxy-
guanosine:uridine (dG-U) and deoxy-thymidine:guanosine
(dT-G) pairings are less stable but allowable mismatches in
the design of oligomer probes. (Note: the deoxy nomencla-
ture is used here only to more clearly differentiate the DNA
oligomer from the RNA it hybridizes with.) Thus, the
“‘wobble’" position nucleotide (the nucleotide displaying the
greatest redundancy within a codon) can be designated dG
for Phe, Tyr, His, Asn, Asp, and Cys, and dT for GIn, Lys
and Glu with reasonably good success [1]. In the illustration
of Fig. 1, therefore, a 17mer unique sequence probe could be
designed using permissible opposition theory (line f). This
oligomer would, in fact, be less stable than the
probabilistically favored sequence (by codon frequency) if
the latter sequence were correct, but greatly more stable if
the latter sequence were incorrect. Furthermore, the unique
sequence probe would not have the background and non-
specificity difficulties inherent in working with a mixture of
16 different sequences.

SYNTHESIS AND PURIFICATION OF OLIGONUCLEOTIDE PROBES
Svnthesis of Oligonucleotides

The automation of nucleotide synthesis, as the term
‘*gene machine’’ conveyed in the introduction, is the culmi-
nation of thirty years of research and development. The field
of synthetic nucleotide chemistry has evolved from the
pioneering solution-phase phosphodiester chemistry of
Khorana [32], through the development of a more stable
phosphotriester chemistry, to its present day adoption of
Merrifield's peptide solid-phase synthesis strategy [17] as
modified for nucleotide synthesis by several groups |18, 26,
42]. The successful use of a solid phase strategy greatly ex-
tended the application of automation to nucleotide chemis-
try, as it had done previously for peptide synthesis. The
advantages of solid phase over solution phase synthesis are
threefold: (1) the growing oligonucleotide is attached to a
solid matrix, thus permitting reagents and soluble by-
products to be removed by filtration, (2) an excess of reagent
(activated nucleotide) can be used to drive the reaction to
completion, and (3) higher oligomer yields are obtained since
constant probe purification between additions is greatly
simplified.

Two separate chemistries have evolved for the chemical
assembly of oligonucleotides on a solid support: phospho-
triester [26] and phosphoramidite [42]. The names refer to the
product molecules, which are triester phosphate or phos-
phoramidite salts. The two chemistries differ in the time re-
quired for effective coupling, the quality and expense of rea-
gents, and the stability of the activatable nucleoside
phospho-derivatives. The oligomers described in this manu-
script were prepared with phosphoramidite chemistry on an
Applied Biosystems Model 380A DNA Synthesizer. More
detailed information on the individual chemistries can be ob-
tained in the indicated references [25, 26, 42].

Several points should be considered regarding the final
chemical form of the synthetic oligomer and how this relates
to its eventual means of purification. When the synthesis is
complete, four additional steps are necessary to yield biolog-
ically active DNA, and they each involve removal of protect-
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FIG. 3. In situ hybridization comparison between terminal transferase (TdT) labeled and polynucleotide kinase (PNK) labeled a-MSH
oligonucleotides. Ten micron sections of rat pituitary are probed with equivalent [P| dpms of either 5'-polynucleotide kinase labeled probe,
or 3'-terminal deoxynucleotidyl transferase labeled probe (with an average addition of 8 cytosine monophosphates). The hybridization and
wash conditions are as described in the text. The distribution of autoradiographic grains is qualitatively similar in each of the two preparations.
Tm analysis indicates that the properties of the PNK labeled probe hybridization are essentially retained with TdT labeling.

ive blocking groups from the DNA molecule. One of these in
particular, a large, hydrophobic dimethoxytrityl (DMT)
group, which blocks the 5’ end of the oligomer, can be very
helpful in the purification of the product oligomer. If
oligomer purification is to be performed by gel elec-
trophoresis or reverse-phase HPLC (see below). an effort
should be made to obtain a deprotected oligomer still con-
taining the DMT group.

Purification of Oligonucleotides

The purification of the final product oligonucleotide in-
volves the separation of the specific oligomer from both the
many contaminating truncated oligomers and the many salts
present from the deprotection procedures. The percentage of
total truncated (shorter) oligomers depends on the efficien-
cies of each coupling reaction, but even when these coupling
efficiencies are 98%, only a 609% vyield is obtained for a
24mer. Two of the three more common purification schemes.
gel electrophoresis and anion exchange column chromatog-
raphy, select for the desired product oligomer on the basis of
it containing the longest nucleotide sequence, whereas
reverse-phase HPLC selects on the basis of hydrophobicity
(the presence or absence of the 5 dimethoxytrityl |DMT]
group). The two most general purification methods described
below are condensed and/or modified from a methods publi-
cation available from Applied Biosystems, Inc.

fa) Gel electrophoresis. Prior to electrophoresis. the
crude oligomer should be desalted by fractionation through a
Sephadex G350-fine column. These columns are best pre-

pared in 10 ml disposable syringes or econo-columns in a
buffer containing 10 mM triethylammonium bicarbonate
(TEAB), pH 7.0. A 1.0 M stock can be easily prepared by
adding dry ice to 1.0 M triethylamine until pH 7.0 is secured.
Material absorbing at 260 nm will elute in the void volume.
The TEAB buffer can be removed by lyophilization.

Electrophoretic separation of the oligomer products on a
20% acrylamide gel containing 7 M urea [43] yields a
truncated-oligomer ladder which can be visualized by UV
shadowing. For UV shadowing, transfer the gel to plastic
wrap and place on a fluorescent background (such as a TLC
plate). The individual DN A bands can be illuminated by UV
light. The desired DNA bands can be excised and extracted
from the acrylamide by the crush-and-soak procedure [62]. A
recent publication suggests that removal of the DMT protect-
ive group is not a prerequisite for electrophoretic purification
[25]. and may, in fact, provide for a cleaner separation of
oligomer from the n-I truncated contaminant.

(h) Reverse-phase HPLC. As opposed to electrophoretic
purification, the presence of the DMT-group is required for
reverse-phase chromatography. The DMT group contributes
a large hydrophobic moity to the specific product oligomer
which causes that oligomer to be retained on a hydrophobic
affinity column (uBondapak C-18 column, Waters Inc.:
PRP-1 resin, Hamilton; Ultrasphere-ODS C-18, Altex).

Resuspend the crude oligomer in 250 wl 10 mM
ethylenediamine, pH 8.0. Remove any insoluble material by
centrifugation. The oligonucleotides are fractionated on a
reverse-phase column using a 5-35% acetonitrile gradient
over 20-30 minutes at 1.5 ml/min. The bulk of non-tritylated
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truncated oligomers will elute immediately, whereas the
trityl bound product will typically elute between 15-25%
acetonitrile. The volatile buffer is removed by lyophiliza-
tion, the trityl group removed as described in the previous
section, and the final DNA product purified on a shallow
(0-15%) acetonitrile gradient.

Confirmation of Oligonucleotide Sequence
£ q

Sequence analysis provides the final information neces-
sary for confirmation of both synthetic composition and
length. The two most applicable methods for the sequence
analysis of oligonucleotides are the wandering spot proce-
dure [57] and the Maxam and Gilbert reactions [43,55]. The
wandering spot procedure is a very sensitive sequencing
protocol limited to nucleotides from 18-20 nucleotides in
length. Modifications of the Maxam and Gilbert sequencing
method, on the other hand, will permit analyses on any
length oligomer.

LABELING OF OLIGONUCLEOTIDE PROBES

Once the oligonucleotide has been synthesized and
purified, it must be labeled to permit its detection following
hybridization to a complementary nucleic acid. The custom-
ary use of oligonucleotides as hybridization probes for
screening colonies from ¢cDNA libraries, or Southern (DNA)
or Northern (RNA) blots, requires labeling to a high specific
activity. Since these applications require high specific activ-
ity and not a high degree of resolution (i.e., only that pro-
vided by X-ray film), the probes are generally [*2P]-labeled
on the 5’ hydroxyl terminus using T4 polynucleotide kinase
with [y-32P]ATP as the [3?P]donor [40]. This procedure pro-
vides labeled probes which are suitable for relatively low-
resolution, high-signal screening of tissues by in siru hybridi-
zation. Since this reaction can only be used for [*2P]- and
[35S]-labeling [4], and we were interested in using lower en-
ergy B-emitters (e.g., [*H]) for high resolution autoradiog-
raphy, an alternate method of labeling the probes was devel-
oped. Terminal deoxynucleotidyl transferase catalyzes the
polymerization of deoxynucleoside triphosphates (dNTPs)
to the 3'-hydroxy! terminus of single-stranded DNA (5], a
reaction used for complementary homopolymer tailing of
vectors and insert sequences for DNA cloning [40]. Using
this reaction, we have ‘‘tailed’” oligonucleotide probes using
[*H], [%3S], or [*®P]dNTPs, or biotinylated dUTP, for in situ
hybridization histochemistry and Northern blotting [36-38].
This approach has the advantages of labeling the probes with
multiple bases to enhance detection as well as permitting the
use of lower energy emitters than [**P] to enhance
anatomical resolution. A direct comparison of the two label-
ing paradigms for in situ hybridization in pituitary is illus-
trated in Fig. 3. Protocols for carrying out oligonucleotide
labeling [14.40] with commercially available reagents, are as
follows:

5'-Polynucleotide kinase. Dry 100-500 pCi [y-32P]ATP
(New England Nuclear) in a siliconized Eppendorf tube, and
add 2.5 ul 0.1 M B-mercaptoethanol, 2.5 ul 0.1 M MgCl,,
1.75 wl 1 M Tris HCI (pH 7.6) and 0.5-1 ug oligonucleotide in
distilled H,O to yield a final volume of 10 ul, followed by
polynucleotide kinase (2 units, New England Biolabs) to ini-
tiate the reaction, which is carried out at 37°C for 30 minutes.
The reaction is stopped by addition of 5 ul stop solution
(deionized formamide containing 0.3% xylene cyanol FF,
0.3% bromophenol blue, and 0.37% disodium EDTA, pH 7.0;
New England Biolabs No. 405-4). Labeled oligomer can be
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purified either by gel electrophoresis as presented in the next
paragraph (Fig. 2), or fractionated on a Sephadex G50 col-
umn as discussed in the oligonucleotide purification section.

3'-Terminal deoxynucleotidyl transferase. Dry labeled
dNTP (e.g., [a*H]dCTP New England Nuclear) in a
siliconized Eppendorf tube, and add 5 ul SX potassium
cacodylate tailing buffer (BRL) and 0.5-1 ug oligonucleotide
in distilled H,O to yield a final volume of 25 ul, followed by
terminal deoxynucleotidyl transferase (20-25 units, BRL) to
initiate the reaction which is carried out at 37°C for 30 min-
utes. The reaction is stopped by addition of 5 wul of stop
solution as before. Oligonucleotides labeled in either manner
can be separated on a 20% urea gel prepared in the following
manner: dissolve 10.5 g ultrapure urea in 12.5 ml 40% ac-
rylamide: bis-acrylamide (39:1) and 2.5 ml 10X TBE (stock:
108 g Tris base, 55 g boric acid, and 9.3 g disodium EDTA in
1 liter, pH 8.3) by gentle heating, then cool and add 10 ml!
sterile distilled H,O, 250 ul 10% ammonium persulfate
(fresh), and 25 ul TEMED (Kodak No. 8178), which is
mixed, immediately poured, and allowed to solidify for I
hour before electrophoresis. When the gel has finished run-
ning, as indicated by migration of the dyes, cover the gel
lying on the electrophoresis plate with saran wrap. and au-
toradiograph with X-ray film (see Fig. 2). Cut out the
“bands’’ from the gel and elute overnight with shaking in an
Eppendorf tube containing 500 pl DNA extraction buffer
(500 mM ammonium acetate, 10 mM magnesium acetate,
0.1% SDS, and 1 mM EDTA) at 37°C. If the isotope (e.g..
[*H])) used in the terminal transferase reaction cannot be
rapidly detected using X-ray film or LKB Ultrofilm, a sepa-
rate ‘‘tracer’’ reaction can be carried out with [a-*2P]dNTP
and run in an adjacent lane in the gel.

IN SITU HYBRIDIZATION HISTOCHEMISTRY

A large number of methods for carrying out in situ hyb-
ridization histochemistry have been published [7, 19, 20, 21,
22, 39, 53, 56, 61], with significant variations in the tissue
fixation, prehybridization, hybridization, and posthybridi-
zation conditions. The development of optimal conditions
for a given probe in a particular application is largely empiri-
cal, and investigators should systematically investigate these
variables in their own preparations. The following method
has proven useful for several probe applications in our lab-
oratory.

If desired, rats can be pretreated with colchicine (50-250
ug/10 ul saline, intracerebroventricularly) 24-48 hours prior
to being anesthetized and perfused with 50 ml ice-cold saline
followed by cold 0.1 M phosphate-buffered 4% formaldehyde
for 30 minutes at 130 mm Hg (see Watson and Akil [69] for
details). Colchicine pretreatment enhances the accumulation
of peptides for mRNA-peptide colocalization studies [19],
and also appears to enhance the detection of mRNA under
some circumstances [20]. Following perfusion, the tissue
(e.g., brain, pituitary) is removed, postfixed in ice-cold buf-
fered formaldehyde for 1 hour, followed by overnight incu-
bation in 15% sucrose in 0.02 M phosphate-buffered saline
[69] at 4°C, freezing in liquid nitrogen, sectioning on a cryos-
tat (10 wum at —20°C), and storage at —80°C. For prehybridi-
zation, the slides are brought to room temperature (RT), a
spot of nail polish is applied near the section and allowed to
dry (to facilitate later removal of the cover slip), and the
slides are sequentially incubated in 95% ethanol (—70°C for
10 min), 80%, 70%, and 50% ethanol and double distilled H,O
(3 minutes each), 0.2 N HCl (RT, 20 minutes), 2X-SSC
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(1xSSC=0.15 M NaCl, 0.015 M sodium citrate, pH 7.2)
(70°C, 30 minutes), and 2X-SSC (RT), followed immediately
by a suitable volume (e.g., 50 ul) of prehybridization buffer.
A prehybridization buffer stock of 10 ml (aliquoted and
stored at —20°C) is prepared by adding 1 g dextran sulfate to
9.6 ml double distilled H,O, 200 ul 1 M Na phosphate (pH
7.4), and 200 ul 50X Denhardt’s, stock for which is prepared
by dissolving 5 g each of Ficoll, polyvinylpyrrolidone, and
bovine serum albumin (Pentax fraction V) in double distilled
water up to 500 ml. The tissue section is covered with pre-
hybridization buffer (e.g., 50 ul) for 2 hours at 37°C; for some
applications, it may be necessary to modify the time and
temperature of this incubation. Appropriate dilutions of the
labeled probe (e.g., 250,000 cpm/SO wl) in hybridization buf-
fer are applied to the tissue, which is then coverslipped and
incubated overnight (or longer if necessary) at room tem-
perature or warmer {e.g., 37°C or 45°C). The concentration
of probe and the length and temperature of hybridization
must be optimized for each probe in a given application.
Hybridization buffer stock (10 ml, aliquotted and stored at
—20°C) can be prepared by adding 1 g dextran sulfate to a
solution containing 3.075 ml H,O, 1.5 ml 20X-SSC, 200 ul
50X Denhardts, 100 ul salmon sperm DNA (10 mg/ml stock,
sonicated), 125 ul yeast tRNA (10 mg/ml stock), and 5 ml
deionized formamide, the stock for which is prepared by
mixing 50 ml formamide and 5 g mixed-bed ion exchange
resin (Bio-Rad AG 501-X8, 20-50 mesh), stirring for 30 min-
utes (RT), and filtering through Whatman No. [ filter paper
(store at —20°C).

For posthybridization washing, the slides are individually
immersed in 2X-SSC (RT) and the coverslips are gently re-
moved with the edge of a razor blade. Racks of slides are
then washed, with stirring, in 200 ml of 2X-SSC (2 hours),
1X SSC (1 hour), and 0.5X-SSC (1 hour) at room tempera-
ture or warmer. To reduce background, the stringency of the
washing conditions can be increased by raising the washing
temperature and further reducing the concentration of SSC.

The slides are air-dried, the spot of nail polish is removed,
and autoradiographic detection is carried out by exposing the
slides in a cassette to X-ray film or LKB Ultrofilm (sensitive
to [*H] and [**%1]), or, for higher resolution, dipping the slides
in Kodak NTB2 emulsion (42°C, diluted 1:1 in 1 mg/ml soni-
cated Dreft) in a darkroom with 50% humidity. The slides are
permitted to dry for 2 hours in an upright position (a scintil-
lation vial tray lined with absorbent paper is convenient),
stored at 4°C in a lightproof slide box containing Drierite
capsules, and developed after an appropriate length of time,
as determined by periodic development of test slides. Devel-
opment is carried out in Kodak D-19 for 2 minutes at 16°C,
followed by washing in water for 15 seconds, and fixation
with Kodak Rapidfix for 3 minutes, rewashing in water for 45
minutes, dehydration through ascending concentrations of
ethanol, clearing in xylene, and coverslipping in Permount
for microscopic examination. Before dehydration, it may be
desirable to lightly stain the tissue (e.g., with a Nissl stain).

FACING PAGE
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IN S1TU HYBRIDIZATION SPECIFICITY CONTROLS

In immunocytochemistry, the specificity of the antisera
used is a major concern; cross-reactivity can result in mis-
leading **false-positive’" staining. Similarly, for in situ hy-
bridization histochemistry, hybridization of the probe to
noncomplementary RNA (or other forms of nonspecific
binding) would yield erroneous localizations. Thus, as de-
scribed below, several control procedures have been devel-
oped to ensure the specificity of the detected hybrids.

(a)  Combined in situ  hybridization and  im-
munocytochemistry. The availability of specific antisera to
peptides coded for by a particular mRNA are helpful in es-
tablishing specificity of localization. When fixation condi-
tions are selected to preserve both peptide antigenicity and
mRNA structure (as described here), correlative im-
munocytochemistry and in situ hybridization histochemistry
can be carried out on adjacent sections [19] or even on the
same section [21]. Ideally, the section processed for mRNA
localization is ‘“‘sandwiched’™ between two sections proc-
essed for peptide immunocytochemistry, using either the
same antiserum or antisera directed against different pep-
tides from the same precursor coded for by the mRNA (see
[69] for further discussion). When processing a single section
for both histochemical procedures, PAP immunocyto-
chemistry is carried out [69], followed by in sitn hybridiza-
tion and emulsion-dipping (described before): autoradio-
graphic grains and HRP reaction product are then simulta-
neously detected using darkfield or brightfield microscopy.

(b) Competition studies. Competition studies can be car-
ried out by using saturating concentrations of unlabeled
oligonucleotide (¢cDNA). This unlabeled cDNA probe can be
hybridized to the mRNA in the tissue section before applica-
tion of the labeled probe. Since there is a small concentration
of mRNA relative to potential ‘‘nonspecific hybridization™
sites, only the specific hybridization signal should be at-
tenuated. This has been demonstrated in our laboratory for
an «-MSH probe hybridizing to pituitary intermediate lobe.
There has been some discussion of a second type of compe-
tition study to be carried out by preincubating the labeled
probe with an mRNA sense (i.e.. complementary) oligonu-
cleotide prior to the in siti application of the probe. While it
may seem reasonable to use a message sense DNA probe to
saturate the labeled ¢cDNA probe in solution, in fact, the
results are misleading. This procedure would appear to be
analogous to a peptide blocking its IgG in an immunocyto-
chemical study, but, unfortunately, this common impression
is erroneous. The difference is that the oligonucleotide solu-
tion contains only a single molecular species, and it is clear
that an excess of message sense DNA will enable complete
hybridization with the cDNA and render it unavailable for
tissue binding. In fact, having run such studies, we have
observed a reduction of both specific and non-specific
signals. In effect, this procedure is not a specificity control at
all but merely demonstrates the law of mass action (e.g..

FIG. 4. In situ hybridization detection of magnocellular AVP mRNA. Twenty-four hour X-ray film exposures of 5'-[**P}-labeled oligonu-
cleotide hybridizations with rat hypothalamic 10 micron formaldehyde fixed frozen sections; negative print. Frame A: Approximately 4x [0
dpms of 5'-kinased AVP II oligomer (10 ng, 26mer) are hybridized as described in the text. A section through the paraventricular nucleus (PVN)
of hypothalamus exhibited a positive signal corresponding with the PVN (arrows). Frame B: Approximately 5x 10° dpms of 5'-kinased AVP
I oligomer (10 ng, 20mer) are hybridized as described in text. A section through rostral hypothalamus displayed a positive signal over the
supraoptic nuclei (SON). Background grains, showing tissue boundaries. are eliminated by washing in 0.5X-SSC at 45°C for | hr.
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FIG. 5. In situ hybridization melting point (Tm) analysis of 5'-
labeled a-MSH oligomer in the intermediate lobe of the rat pituitary.
Points indicate the percent signal lost following a 60 minute incuba-
tion at the indicated temperature. Tissue sections are initially hy-
bridized and washed at 25°C as described in the text, and exposed to
X-ray film for 16 hours. Initial densitometry measurements are made
of each section, and sets of four sections are incubated at the indi-
cated temperatures, dried, and re-exposed to film for 16 hours. The
loss of signal is determined by repeat densitometry. Extrapolation of
the melting curve at the point of 509 melt indicates an experimental
Tm value of 69°C, in agreement with the theoretical value (69°C).

cDNA can be ‘‘blocked’” by excess message sense DNA).

(¢) Multiple hybridization probes. Using adjacent sec-
tions, probes complementary to different regions of the same
mRNA can be used to determine whether both hybridize to
the same cells, providing additional evidence for the speci-
ficity of hybridization. When applied to the same section, the
use of such probes should result in an enhanced cellular
signal. Preliminary experiments in our laboratory with three
different oligonucleotides (each a 30mer) specific for three
different regions of the rat prodynorphin mRNA indicate that
each demonstrates correct anatomical distribution within the
hypothalamus. Use of these oligomers in concert should
provide the amplification necessary for comparative visu-
alization of this low abundance mRNA with that of AVP
mRNA in same section and/or serial section analyses. If the
probes are differentially labeled (e.g., with [*H] and biotin
[38, 44, 61] or [*H] and [33S] [22], colocalization of hybridiza-
tion can be demonstrated within a single tissue section.

(d) Thermal stability of in situ hybrids. An important
characteristic of a DNA-RNA hybrid is its mean thermal
denaturation temperature; i.e., the Tm, the temperature at
which 50% of the hybrids dissociate (see Fig. 5). The value of
Tm depends on factors such as % G-C content, length, and
base-pair mismatches [6, 8, 9]. Since base-pair mismatches
reduce the thermal stability of hybrids, Tm analysis can be
used to determine whether a labeled probe is hybridizing to
the appropriate complementary sequence in situ [31,64]. Tm
values obtained from in situ studies can be compared to
those obtained from solution or solid phase hybridization
studies of extracted RNA [31,64], and can be compared to
calculated theoretical Tm values [31], using the formula
Tm=16.6 log [Na] + (41 x fraction GC base pairs) + 81.5 —
1°C/1% mismatch — [300 + (2000 x [Na])/probe length] (see
(6, 8, 9]). For example, proopiomelanocortin mRNA is pres-

LEWIS, SHERMAN AND WATSON

B
2767

+— 2146

POMC AV P

FIG. 6. Northern analysis of proopiomelanocortin and vasopressin
mRNAs with oligonucleotides. Poly(A)RNA was isolated from 0.1
mg of total rat pituitary or hypothalamic RNA using oligo(dT)-
cellulose in a batch method, as described. The RNAs were dena-
tured, electrophoresed, and transferred to nitrocellulose membranes
as described in the text. The pituitary RNA (lane A) was probed with
5'-end labeled a-MSH oligomer, and the hypothalamic RNA (lane B)
with the 5’-end labeled AVP II oligomer. The molecular length
markers along the side were made by mixing Acc I cut pBR322 with
Acc I and Hind Il cut pBR322.

ent in the intermediate but not posterior lobe of rat pituitary,
so hybrids in the former should have an apparent Tm similar
to the theoretical Tm, while mismatched *‘*hybrids’" in the
latter, being less thermally stable, should have a much lower
apparent Tm. We obtained precisely this result using an
oligonucleotide complementary to the a-MSH coding region
of proopiomelanocortin {36], indicating the usefulness of Tm
analysis in discriminating specific and nonspecific hybridi-
zation in situ. Furthermore, addition of a homopolymer tail
to the 3'-end of the oligonucleotide in the terminal deoxynu-
cleotidyl transferase labeling reaction does not significantly
alter the hybridization properties (Tm) of the probe [38].
Finally, the Tm value for an oligonucleotide will indicate
which temperature the signal for that specific hybridization
is maximized compared to background. It is common to
suggest a hybridization temperature of Tm —20°C as optimal,
or at least as a good starting point. The optimal hybridization
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temperature of 45°C for the «-MSH oligomer stemmed from
the experimentally determined Tm of 69°C for the a-MSH
oligomer (Fig. 5).

(e) Northern analysis. Determination of specific mRNA
size and abundance with the same oligonucleotide probe
used in anatomical preparations provides an index of hybrid-
idization specificity not realized in immunocytochemistry.
Studies in our laboratory have indicated that intact mRNA of
correct size can be isolated from formaldehyde-fixed tissue
and quantitated by both dot-blot hybridization and Northern
analyses [30,31]. Furthermore, quantitative Northern
analysis is the method of choice for the corroboration of in
situ hybridization detected mRNA level changes induced by
development or physiological manipulations, as was
demonstrated with vasopressin mRNA during salt-loading
[59]. Due to the relatively low specific activities attainable
with [**P]-kinased oligomers compared to either nick-
translated or M13-primed probes, satisfactory results are dif-
ficult to obtain with rare mRNAs; however, quantitative
results with moderately abundant RNAs have proved in-
formative. For example, rat vasopressin mRNA is readily
detected in hypothalamic RNA using the AVP II 26mer
oligonucleotide, and yet, when using any of three different
30mer oligomers to rat dynorphin, which is a low abundance
RNA (<1% of AVP mRNA) present in the same tissue (and
same cells), the results are negative. Either mRNA is readily
detected with nick-translated probes, however.

Figure 6 illustrates the identification of proopio-
melanocortin (POMC) mRNA in RNAs isolated from
rat pituitary intermediate lobe with the a-MSH 24mer (lane
A) and of provasopressin (AVP/RNp I) mRNA in rat hypo-
thalamic RNA with the AVP II 26mer (lane B). The POMC
mRNA exhibits an apparent molecular size of 1230 nucleo-
tides and the AVP/RNp I mRNA a size of 740 nucleotides,
both consistent with published values. Total cellular RNA
can be isolated and analyzed by the Northern procedure as
follows:

The RNA is extracted from frozen dissected tissues after
a modification of Chirgwin [10]. The tissues are homogenized
with tissue-glass homogenizers in 2.0 ml/g tissue of 6.0 M
guanidinium-isothiocyanate (Fluka), 25 mM sodium ci-
trate, pH 7.0, 0.5% sodium sarkosyl, and 1.0 M 2-mer-
captoethanol. The homogenates are incubated at 65°C
for 10 minutes and centrifuged at 20,000 rpm in a Sorvall
SS-34 rotor. The supernatant is made 0.4 g CsCl/ml and
layered over a 5.7 M CsCl, 0.1 M EDTA, pH 7.5, cushion in
a Beckman SW 50.1 Ti rotor polyallomer tube. Gradients are
centrifuged for 14 hours at 20°C at 35,000 rpm. The superna-
tant is removed, the tube inverted and the walls dried. The
RNA pellet is resuspended in 0.2 ml of 0.1 M Tris-HCI, pH
7.3, 12.5 mM EDTA, 0.15 M NaCl, 0.2% SDS and 0.02
mg/ml proteinase K, and incubated at 37°C for 30 min. The
RNA is extracted with phenol/chloroform and ethanol pre-
cipitated from 0.3 M sodium acetate, pH 5.7.

For Northern analysis, the RNAs are adjusted to 50%
formamide, 20 mM morpholinepropanesulfonic acid
(MOPS), pH 7.0, 5 mM sodium acetate, ] mM EDTA and 2.2
M formaldehyde. The RNA is denatured at 65°C for 10 min-
utes and fractionated on a 1.5% agarose gel containing 2.2 M
formaldehyde, 20 mM MOPS, pH 7.0, 5 mM sodium acetate
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and | mM EDTA. The RNAs are transferred to nitrocel-
lulose membranes using passive transfer in 20X-SSC over-
night [65] and hybridized as previously described [25, 67,
68].

PRESENT AND FUTURE DIRECTIONS

At present, in situ hybridization histochemistry has two
major applications of interest to peptide neurobiologists [20].
First, the combination of in situ hybridization histochemistry
and immunocytochemistry permits the discrimination be-
tween a site of peptide biosynthesis (double-stained) and
storage or uptake (peptide-positive only). For example, ap-
plication of this technique has confirmed hypothalamus as a
site of proopiomelanocortin biosynthesis, apart from pitui-
tary, by demonstrating colocalization of both the mRNA and
a precursor product, ACTH, in the same hypothalamic
neurons [19]. The second major application is the study of
changes in gene expression following physiological or phar-
macological manipulations, e.g., the selective changes in
proopiomelanocortin mRNA levels in anterior and inter-
mediate lobe of pituitary, respectively, following glucocor-
ticoid manipulations [20] and haloperidol administration (20,
31, 38]. A related application is the study of alteration of
gene expression during development [28,58]. Several groups
of investigators are now using oligonucleotide probes to ex-
plore such questions [13, 36-38, 66].

Further applications of in situ hybridization histochemis-
try will be aided by improvements in quantification, resolu-
tion, and sensitivity. Quantification, in particular, remains a
challenging problem for a variety of reasons, including: (a)
possible losses of RNA during fixation, (b) error due to ab-
sorption of B particles, especially with [*H], and (c) necessity
for controlling chemography, fading, background, emulsion
thickness, linearity of emulsion response, and constancy of
exposure and development conditions [ 16,24]. Some of these
problems can be overcome by the careful use of appropriate
standards, but such studies are as yet rare for in situ hy-
bridiation.

Future developments with oligonucleotides may include:
(a) the use of intron-exon probes to detect unprocessed
hnRNA as an index of biosynthesis, (b) colocalization of two
different mRNA species using pairs of probes labeled with
[®H] or biotin [38, 44, 61] or [*H] or [*3S] [22] to discriminate
each member of the pair, (c) detection of genetic disorders in
patient tissue samples, and (d) with the advent of truly quan-
titative in situ hybridization and immunocytochemistry, the
ability to correlate changes in gene expression and peptide
levels in single cells under a variety of experimental condi-
tions.
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