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COMPOSITIONS AND METHODS FOR GENETIC ANALYSES
FIELD OF INVENTION

The present invention relates to compositions and methods for genetic analyses. More
particularly, this invention provides compositions and methods for differential gene
expression analyses. Even more particularly, the invention provides compositions and
methods for analysing gene expression on biological material, such as tissue sections. This
invention is based on hybridisation between the biological material and particular probes,
more specifically in situ hybridisation with radioactive probes. This invention discloses
more preferably differential gene expression analyses on biological material using
particular probes with distinct radioactive labels. The present invention can be used to
detect or monitor gene expression or to quantitatively compare gene expression (e.g.,
differential gene expression screening), for instance, and is suitable for use in research,

diagnostic and many pharmacogenomics applications, for instance.
BACKGROUND

Various methods of genetic analysis or target nucleic acid detection have been described
in the art, based on hybridisation with probes specific for the target gene (or nucleic acid).
Such methods essentially comprise contactiﬁg a biological sample to be analysed with the
probe, under conditions allowing nucleic acid hybridisation, and detecting the formation
of hybrids, as an indication of the presence of the target nucleic acid in the sample. These
techniques have been used to detect the presence of a nucleic acid, to monitor gene

expression and/or regulation, to compare gene expression in different samples, etc.

In this regard, The in situ hybridisation method (ISH) is a common procedure for the
detection of genetic material. It reaches a large number of biological fields such as
anatomy, cellular biology and gene expression regulations. Since 1990, the
characterisation of numerous genes and ¢cDNAs but also the rapid development of
molecular biology techniques has allowed the diffusion, refinement and user friendliness
of ISH. It has become of great importance as a powerful method for localizing individual
cells that contain particular species of mRNA within complex, heterogeneous tissues, such
as the nervous system for instance. The basics of in situ hybridisation have been described

for instance in “In situ hybridisation: a practical approach” (D.G. Wilkinson ed., Oxford
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University Press, 1992) or in Leitch et al. (“In sifu hybridisation: a practical guide”,
Macroscopy handbooks 27, 1994). The anatomical data provided by ISH are very accurate
and allows the performance regional, cellular and sub-cellular patterns of gene
expressions. However, these prior art techniques of gene detection or analysis suffer from
several drawbacks. In particular, to this date, fluorescent labelling has been used to allow
multiparametric detection of genes ‘i.e., the simultaneous visualization of several genes).
However, fluorescence does not allow quantification and is not sensitive enough to detect
fine gene regulations or rare gene products. Furthermore, while quantitative data about the
level of gene expression might be possible with the use of radioactive labelling,
radioactive labelling has long been considered has unsuitable for frequent in situ
hybridisation because of the technical difficulties inherent to radioactivity (security, length
of acquisition, etc). Furthermore, such quantitative analyses were only achievable for one

gene per experiment.

Therefore, it would be of major interest to gain the ability to routinely and precisely detect
and quantify several mRNAs on the same tissue section and at a cellular level. It would be
very advantageous to provide methods that would be sensitive, reliable, and allow
detection and quantification of genes or gene products that are present or altered at low

levels.
SUMMARY OF INVENTION

The invention now provides methods and compositions for simultaneous detection and/or

discrimination of target nucleic acids in a sample, using radioactive probes.

The invention provides methods and compositions for simultaneous visualization and/or

quantification of several nucleic acids in a biological sample, using radioactive probes.

The invention more specifically uses several sets of radio-labelled probes that specifically

hybridise with target nucleic acids and exhibit different (distinguishable) radiolabels.

The present invention discloses, for the first time, methods that allow co-detection and
quantitative analysis of gene expression using radioactive probes. This invention more
particularly discloses that it is possible to differentiate gene expression using radioactive

probes on the same tissue sample, more particularly in the same cell.



10

15

20

25

WO 01/88184 PCT/EP01/05558

The instant invention describes more specifically the simultaneous hybridisation and
visualization of two radioactive probes on the same tissue section, each probe being
labelled with different radio-elements (**P/*>S/*H/*2P/**I, etc.). Taking in consideration
the specific disintegration activity difference between various radiolabelled nucleotides,
the invention also discloses preferred methods and conditions allowing the use of these
(five) different radioactive nucleotides to differently label different oligonucleotide probes
that would be hybridised on the same tissue section and efficiently discriminate the probes

on the same sample.

A particular aspect of this invention resides in a method of detecting target nucleic acids in

a biological sample, comprising:

a) contacting the biological sample with at least two sets of radioactive probes, the
probes of the first set being specific for a first target nucleic acid and labelled with
a first radio-label, and the probes of the second set being specific for a second

target nucleic acid and labelled with a second radio-label, and

b) detecting said first and second target nucleic acids in the biological sample by

assessing the formation of hybrids between the probes and the sample.

In particular variants of this invention, the probes may be DNA molecules between 15 and
500 base-pairs-long, even more preferably single stranded DNA oligonucleotides between

15 and 500 bases long, or RNA molecules, between 15 and 3000 bases long.

In further particular variants, the probes may be labelled by (i) a 3’ radioactive tracer,
preferably a 3°, 5-100 long, radiolabelled nucleic acid tail, (ii) a 5’ radioactive tracer,
and/or (iii) insertion in their sequence of radioactive nucleotides, i.e., comprise, in their

sequence, radioactive nucleotides.
Particular ways of carrying out the instant invention comprise:
- using two sets of probes comprised of oligonucleotide probes,

- using two sets of probes comprising a 3’ radioactive tracer or a 5’ radioactive tracer or
comprising, in their sequence, radioactive nucleotides, the probes of the two sets

comprising more preferably a 3’ radioactive tracer,
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- using a first and second radioelements having a different emission-energy spectra,
preferably a first set of probes labelled with tritium and a second set of probes labelled

with a radioisotope selected from 353, 33p, 32p and &1,

According to specific embodiments of the present invention, the two sets of probes are
5 contacted simultaneously or sequentially with the biological sample, preferably using sets
of probes having a similar specific disintegration activity, and using essentially similar
amounts of each set of probes and/or the targeted nucleic acids are detected by assessing

simultaneously the formation of hybrids between the two sets of probes and the sample.

According to other preferred aspects of the present invention, the biological sample is a
10 mammalian tissue sample, preferably a tissue section, and several biological samples are
tested in parallel, preferably after being deposited on one or several supports, preferably

glass support.

In this regard, another object of this invention resides in a method of simultaneously

detecting target nucleic acids in several biological samples, comprising:
15 a) providing biological samples on one or several supports, preferably glass supports,

b) contacting, in parallel, the biological samples on the support(s) with at least two
sets of radioactive probes, the probes of the first set being specific for a first target
nucleic acid and labelled with a first radio-element, and the probes of the second
set being specific for a second target nucleic acid and labelled with a second radio-

20 element, and

¢) simultaneously detecting said first and second target nucleic acids in the biological

samples by assessing the formation of hybrids between the probes and the samples.

An other specific object of this invention is a method of detecting target nucleic acids in a
biological sample, wherein each biological sample is contacted; in parallel with the

25  following at least two sets of probes:

a) probes of a first set specific for a first target nucleic acid and labelled with a first
radio-label and probes of a second set specific for a second target nucleic acid and

labelled with a second radio-label,
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b) probes of the first set specific for the first target nucleic acid and labelled with the
second radio-label and probes of the second set specific for the second target

nucleic acid and labelled with the first radio-label,

and wherein the method further comprises assessing the formation of hybrids between the

probes and the samples.

Still a further object of this invention lies in a method for comparing target gene

expression in at least two biological samples, comprising:

a) contacting, in parallel, the biological samples (preferably on one or several
supports) with at least two sets of radioactive probes, the probes of the first set -
being specific for a first target nucleic acid and labelled with a first radio-element,
and the probes of the second set being specific for a second target nucleic acid and

labelled with a second radio-element,
b) assessing the formation of hybrids between the probes and the samples, and

¢) quantitatively comparing target gene expression in said samples by comparing the

relative amount of hybrids formed between the samples.

Further aspects of this invention include the use of nucleic acid probes and especially the
use of a RNA molecule or set of probes comprising radioactive nucleotides labelled with
tritium, as well as an isolated nucleic acid molecule, wherein the molecule is single strand,
comprises a 15-500 bases-long sequence, preferably 15-250, more preferably 15-100,
which is complementary to a target nucleic acid, and comprises a 3’ tritiated nucleotide

tail, for in vitro or ex vivo gene expression analysis on a biological sample.

This invention also relates to the use of two radioactive probes with different nucleic acid
sequences and different radioactive label, for in vitro or ex vivo gene expression analysis

on a biological sample.

The invention may further be used in combination with other labelled probes or detection
reagents or techniques, in order to provide further detailed information about a tissue
sample. Such additional probes or reagents include fluorescent probes as well as labelled

antibodies, specific for proteins or polypeptides. In this respect, a preferred embodiment of
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the invention comprises the simultaneous detection target nucleic acids (using
radiolabelled probe(s)) and target polypeptides (preferably using labelled antibodies, such

as fluorescent-, enzymatic-, chemical- or radio-labelled antibodies).

In this regard, a particular variant of this invention resides in a method as defined above,
further comprising contacting the biological sample(s) with a non-radioactive probe and/or
an affinity reagent to detect additional target nucleic acid(s), polypeptide(s) or cellular

component(s).

In a particular embodiment, a further detection reagent is a radiolabelled antibody, and the
antibody is used in combination with a radiolabelled nucleic acid probe. More generally,
this invention can be used for simultaneous detection or quantification of at least two
target components of a cell or tissue (including nucleic acid, polypeptide, organelle) using
two differently radiolabelled detection reagents (e.g., two nucleic acid probes, two

antibodies, one nucleic acid probe and one antibody, etc.).

The invention also encompasses kits for nucleic acid (or other components) detection
comprising radioactive nucleotides (or other detection reagents such as antibodies),
enzymes and/or protocols for radioactive labelling of nucleic acid probes or antibodies as
well as, more generally, any kit for implementing a method as defined above, comprising

the reagents, supports and/or protocols for labelling, hybridisation and/or readout.

This invention can be used in many different technical areas, with virtually every type of

biological material.

DETAILED DESCRIPTION OF THE INVENTION

As indicated, the present invention resides in methods of detecting gene expression or
regulation using particular probes. The present invention will now be disclosed in further

details, the details being merely illustrative and not limiting the scope of the invention.
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The probe

The probe may be any nucleic acid molecule comprising a region of pre-determined
sequence, more preferably any single-strand nucleic acid molecule comprising a region of
pre-determined sequence. The region of pre-determined sequence comprises at least 15
consecutive nucleotides, more preferably at least 20 consecutive nucleotides. The
sequence of this region is determined according to the target nucleic acid molecule which
is to be detected or monitored in the biological sample. The target nucleic acid may be any
(portion of a) gene, RNA, chromosome, viral genome, mitochondria, plasmid, episome,
etc. For instance, where a particular gene or RNA is to be detected or monitored, the
sequence of the region is complementary to said gene or RNA, preferably perfectly
complementary, in order to allow specific hybridisation therewith. Although perfect
matching (or complementarity) is preferred, it should be understood that mismatches may
be tolerated, as long as the probe can specifically hybridise with the target nucleic acid
under appropriate stringency conditions. The probes can be designed to avoid likely
homology regions amongst members of a family of gene transcripts or, conversely, they
can be targeted against a conserved, usually translated region in order to detect the same
gene transcript in various species, for instance. The probe may also be designed to
hybridise with all splicing variants of a gene or, on the contrary, with only one particular
splicing form of a selected gene. Furthermore, one of the sets of probes may be specific

for a control reference nucleic acid.

The probe may be a DNA molecule or an RNA molecule or a PNA molecule. In a
particular embodiment, the probe is single- or double-strand DNA molecule between
about 15 and about 2000 base(-pair) long, more preferably between 15-500. In a preferred
embodiment, the probe is a single-strand DNA molecule, such as an oligonucleotide,
comprising between 15 and 500 nucleotides, preferably between 15 and 100 nucleotides,
more preferably between 20 and 50 nucleotides, even more preferably between 25 and 50
nucleotides. It should be understood that the size of the oligonucleotide probe may be
adapted by the skilled person, and may be possibly larger than above indicated.
Preferably, the size should allow specific hybridisation of the probe with a target nucleic
acid, and thus include at least 10 or 15 nucleotides. The oligonucleotide may be produced

according to conventional techniques, such as through DNA synthesizer, by any synthetic
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or semi-synthetic method, DNA cloning, digestion, ligation, and the like. Furthermore, the
oligonucleotide may contain modified bases or may be further modified in order to
increase its stability, or the stability of the hybrid, for instance. Such modifications include
chemical modifications, enzymatic modifications, etc. In particular, the oligonucleotide
probe may comprise modified nucleotides (e.g., biotinylated), modified bounds

(phosphorothioates, etc.), intercalating agents (ethidium, etc.), etc.

The probe can also be a single-strand RNA molecule, comprising between 15 and 3000
nucleotides, more preferably between 20 and 2000 nucleotides, even more preferably
between 25 and 1000 nucleotides. The RNA molecule may be produced according to
conventional techniques, such as through RNA synthesizer or, preferably, by in vitro
transcription from a DNA sequence encoding the same. This production method is
preferred since it allows the production of large amounts of long (i.e., above 3000
nucleotides long) RNA probes. If needed, the RNA molecule may be further modified in
order to increase its stability, or the stability of the hybrid, for instance. Such

modifications include chemical modifications, enzymatic modifications, etc.

The probe can also be a molecule different than a nucleic acid, more precisely any kind of
other molecule that has the ability to specifically bind (or interact with) the compounds to
be detected in the sample. For example and without any limitation in the nature of the
probe, the probe may be an immunoglobulin (antibody) or a mix of different
immunoglobulins, or the ligand of a given receptor-protein, or an antigen that will bind
immunoglobulin or immunoglobulin-like proteins in the sample, etc. It should be
understood that the present invention is based on the concept of simultaneous detection of
different biological compounds in a sample with differently-labelled radioactive probes,
and is not limited to the simultaneous detection of nucleic acids. Different compounds of a
different nature in a same sample may thus also be simultaneously detected with the use of

probes of different natures.

Labelling

As indicated above, this invention resides in the use of radioactive probes, more
specifically probes having distinct radioactive labels, in order to detect and monitor fine

gene expression and regulation within biological samples. More specifically, the invention
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resides in the use of at least two sets of probes having a different radioactive label, the
probes of the first set being specific for a first target nucleic acid and the probes of the

second set being specific for a second target nucleic acid.

Radiolabel

As indicated, the invention uses at least two sets of probes which are differently

- radiolabelled. Preferably, each set of probes contains probes labelled with one particular

radioelement, which can be distinguished from the radioelement used for the other set(s)

of probes.

In this regard, many radio-elements or isotopes can be used for the labelling of the probes.

Specific examples of isotopes include *H, **S, **P, *2P, 1C, '%°1, and the like.

Preferably, the invention uses at least two sets of probes as defined above, the sets being
labelled with radioelements having a different emission energy, more preferably a
distinguishable emission energy spectra. More preferably, the mean emission energy of
the radioelements used should differ of at least 10 Kev, more preferably at least 20 Kev,
even more preferably at least 30 Kev. Table 1 below discloses the emission energy,

resolution and period for the preferred radioelements to be used in this invention.

TABLE 1
Radioisotopes| emission | mean energy | max. energy | resolution Period
(KeV) (KeV) (um)

"H ) 5.7 18.6 0.5-5 12.3 years
HC ) 49.4 156.5 10-20 5730 years
>S i 48.8 167.5 10-15 87.4 days
P i 76.4 248.5 15-20 25.6 days
>P i 695.5 1710.4 20-30 14.3 days
127 € auger 3.7 (79.3) 1-10 59.9 days

22.7 (19.9%)

30.6 (10.7%)

34.5 (3.3%)

35.5(6.7%)
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X 27.2 (39.6%)
27.4 (73.8%)
30.9 (21.3%)
31.7 (4.3%)

Table 1 shows that *H emission energy spectrum is clearly distinguishable from that of
353, 33p and ¥P, for instance. In a preferred embodiment, one set of probes is thus labelled
with tritium and another set of probes is labelled with a radioisotope selected from **S, **P
and *°P. The examples disclosed below provide evidence that such sets of differently
labelled probes can be used efficiently to simultaneously detect and discriminate target

nucleic acids in a same biological sample, with a very high sensitivity.

Radioactive nucleotides to be used in this invention include natural and non-natural
radiolabelled nucleotides, more preferably radiolabelled nucleotides selected from ATP,
dATP, CTP, dCTP, GTP, dGTP, UTP, dUTP, TTP, dTTP. Such nucleotides are
commercially available, or may be produced by conventional chemical methods. More

preferred radiolabelled nucleotides to be used in the instant invention are listed in Table 2

below:
TABLE 2
Isotope Nucleotide ref. specif. Activity
Ci/mmole
dATP TRK 633 50-100
TRK 347 1-10
*H dCTP TRK 625 50-85
TRK 352 15-30
dGTP TRK 627 25-50
TRK 350 5-20
dUTP TRK 351 5-30
d ATPoS SJ 1304, 304,264, 1334, 1300 400-1000
3y d CTPoS SJ 1305, 305, 1302 400-1000
UTPoS SJ 1303, 603, 263 400-1000
() ATP BF1000 =5500
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(c) dATP BF1001 =2500
3p (c) dCTP BF1003 2500
(c) CTP BF1012 =2500
(c) UTP BF1002 2500
() dATP | PB10474, 10204, 10384, 10164 400-6000
(c) ATP PB10200, 10160 400-3000
( ) ATP PB218, 168, 10218, 10168 3000-5000
(c) dATP PB10235, 10233 3000 - > 5000
(&) dCTP | PB10475, 10205, 10385, 10165 400-6000
32p (d) CTP PB10202, 20382, 10162, 40382 400-3000
(c) dGTP PB10206, 10386, 10166 400-3000
(c) GTP PB10201, 10161 400-3000
() GTP PB10244 > 5000
(c) dTTP PB10207, 10387, 10167 400-3000
(c) UTP PB10163, 10203, 20383 400-3000
2] dCTP NEX 074 2200

Even more preferably, radiolabelled nucleotides with high specific disintegration activity
are being used, in order to produce probes with high specific disintegration activity value,
as will be further disclosed below.

The probes may be radio-labelled according to different techniques.
Post-synthesis labelling

In a first embodiment, the probes are labelled post-synthesis. In this embodiment, the

probes are first produced and then labelled, using a selected radio-isotope.

Post-synthesis labelling may be performed according to various strategies. In the preferred
variant of this invention, the probes are labelled by addition of a terminal radioactive
tracer to the probes. In a more preferred embodiment, the terminal radioactive tracer
comprises one or several radioactive nucleotides having the same radio-isotope, i.e., a
radioactive tail. The tail may be a homopolymer, i.e., composed of the same repeated

nucleotide, or a heteropolymer, i.e., composed of several different nucleotides. Where a
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heteropolymer tail is used, the sequence should preferably be determined so as not to
interfere with the hybridisation of the probe and not to form secondary structures (loops,

etc.).

In a preferred embodiment, the terminal radioactive tracer is a homopolymer tail, more

preferably a 3’ (homopolymer)-tail.

Furthermore, in the tail, all or only a part of the nucleotides may be radio-labelled. Indeed,
by adapting the concentration or proportion of radioactive nucleotides in the tail, it is
possible to control or adjust the specific disintegration activity of the probe. Obviously,
the radioactive nucleotides present in the tail should preferably all bear the same radio-

isotope so that each set of probes is characterized by a particular radioisotope.

The specific disintegration activity of the probes may be further adapted by controlling or
adjusting the length of the tail. In this regard, in a particular embodiment of this invention,
the tail comprises preferably 5 to 100 nucleotides, more preferably between 5 and 50
nucleotides, even more preferably between 5 and 30 nucleotides, and even more

preferably at least 25% of the nucleotides in the tail are radiolabelled.

The tail may be produced either separately and then linked to the probe, or by direct

sequential addition of the nucleotides to the probe.

In this regard, in a preferred embodiment, the probe is labelled by contacting the probe
with radioactive nucleotides in the presence of an enzyme that catalyses the 3' binding of
nucleotides. A typical enzyme to be used is a terminal transferase. As indicated above, the
concentration of the nucleotides and the proportion of radioactive and non radioactive

nucleotides may be adapted to adjust the specific disintegration activity of the probe.

In a preferred variant, the probe comprises a 3’-tail produced by sequential addition to the
probe of 5-100 nucleotides, all or part of which bearing a selected radiolabel. More
preferably, the 3’ tail is a 5-100 bases long homopolymer, preferably a polyA, polyC,
polyG, polyT or polyU tail, in which all or part of the nucleotides bear a selected

radioisotope.
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Post synthesis labelling may also be performed by addition of radiolabelled phosphates
(e.g., (YATP, yGTP)**P, yATP**P, >S-thio-phosphates) to the 5> end of the probes, using
suitable enzymes such as T4 kinase. Such method may be used alone or in combination
with others, since it may not allow very high specific disintegration activity to be

achieved.
Labelling during synthesis

The probes can also be labelled during their synthesis. In this embodiment, radiolabelled
nucleotides are incorporated into the probe during the synthesis. This embodiment is
particularly suited for RNA probes which are produced in in vitro transcription systems as
mentioned above. As for post-synthesis labelling, the specific disintegration activity of the
probe can be adjusted by controlling the concentration of radiolabelled nucleotide in the

synthesis medium.

In a preferred embodiment, each set of probes to be used in the same assay should be
labelled using the same technique (i.e., post-synthesis or during synthesis, 3’ tail vs 5’
phosphate, etc). Even more preferably, to perform the present invention, the probes of
each set contain a 3’-tail, more preferably a 3’-homopolymer tail, even more preferably a

3’-homopolymer tail comprising between about 15 and about 85 nucleotides.
Non-radioactive probes or labelling

While the invention discloses methods of detecting (or quantifying or visualizing) nucleic
acids in samples using at least two differently radiolabelled sets of probes, it should be
understood that the invention may be performed by combining said radiolabelled probes
with any other probe or detection reagent, in order to obtain a further detailed image of the

sample.

In this regard, additional non-radioactive probes may be used, such as fluorescent probes,
in combination with the above radioactive probes, so that additional genes or RNAs can be

monitored simultaneously in the sample, or to introduce additional controls.

Also, additional detection reagents, such as affinity reagents, may be used in order to

further detect proteins (or polypeptides), receptors, organelles, etc. within the sample.
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Such reagents include immunomolecules such as antibodies (or fragments or derivatives
thereof), which can be labelled according to conventional techniques (enzymatic,

fluorescent, chemical, etc.).

The biological sample

The biological sample may be any mammalian biological material such as tissue sample,
organ sample, biopsy, skin sample, biological fluid, bone marrow, nervous tissue (e.g.,
brain tissue), etc. The biological material may also comprise plant tissue or cells,
prokaryotic cells, lower eukaryotic cells, established cell cultures, viruses, any other
unicellular organism, etc. Because of the high sensibility and high reproducibility of the
present method, very low quantities of biological material may be used, and the invention
can be applied to essentially all types of biological material. The invention is particularly
suited for detecting rare mRNA species as well as fine gene expression regulation within

complex tissues, such as nervous tissue.

The biological sample of a mammalian or plant tissue is typically prepared by cutting

fresh-frozen tissues on a cryostat, for example 10-15 pm thick sections.

Alternatively, the biological sample may be prepared from any tissue by fixation in
suitable substances such as paraffin. The tissue may then be cut in a vibratome to produce

appropriate section.

The biological material is preferably deposited on a support prior to the contacting with
the probes. The support may be any suitable support for genetic analysis, including plastic,
nylon, glass, silicium, etc. A typical example of glass slide includes the SuperFrost® Plus
(Menzel-Glaser, Germany). Preferably, the support comprises glass, such as glass slides.
The support may be pre-treated to ensure adhesion or immobilization of the biological
sample thereto (e.g., gelatine-coated). The biological sample (or the support) may then be
stored for later analysis, or use directly. Where storage is performed, freezing may be

used, such as freezing at -20°C or -80°C, for instance, preferably after air drying.

In a preferred variant of this invention, several biological samples are tested in parallel.
The various samples may be deposited on the same support, or on separate supports. In a

preferred embodiment, several samples are deposited on the same support. The samples
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may be different sections of a same tissue, a tissue sample or cell population at various
stages (maturation, treatment with a compound, apoptotic, cancerous, etc.) ; different
samples of the same tissue or cell population from different origins (e.g., different
subjects, different species', etc.). As indicated before, it is believed that the instant
invention can be used with essentially any biological sample and should not be limited to
particular applications. Preferably, the sample is a mammalian tissue sample, such as
nervous cells, blood cells, tumor cells, embryonic cells, etc. It can be, for instance, a

human tissue sample or a rodent tissue sample.

Prior to contacting the biological material(s) with the probes, the biological material(s)
may be subjected to various pretreatments, such as fixation, permeabilization,
delipidation, etc. In a preferred embodiment, the sample is subjected to fixation, using
conventional agents. Fixation allows to maintain the sample in its status (e.g., to avoid
RNA degradation, protease activity, nuclease activity, etc.). Preferably, the sample is fixed
using formaldehyde, paraformaldehyde (PFA), glutaraldehyde, Bouin solution, etc.. More
preferably, the samples are subjected to fixation in the presence of a PFA solution (e.g.,
4%). For samples that are not frozen (e.g., in paraffin), they may be subjected to fixation

prior to their deposit on the support.

While additional pretreatments may be performed, the invention can be used efficiently
with no need for further treatments such as permeabilization, especially with frozen
samples. This represents another advantage of the instant invention. Where samples in

paraffin are used, they are preferably treated with protease to increase permeability.

Hybridisation

The present invention now provides, for the first time, evidence that differently labelled
sets of radioactive probes can be used simultaneously on a biological sample and that the
signals emitted can be discriminated. The invention demonstrates that the discrimination
can be made by adapting the specific disintegration activity of the probes and controlling

the hybridisation conditions, as will be discussed below.

In the present invention, the sample is contacted with at least two sets of probes as defined
above. The contacting allows formation of hybrids between the nucleic acids of the

sample and the probes, where target nucleic acid is present in the sample. Accordingly, the
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contacting shall be made under conditions sufficient to allow nucleic acid hybridisation to
occur. Conditions for forming hybridisation have been disclosed for instant in Maniatis et
al (Molecular Cloning, a Laboratory Manual, 1989) or in Nucleic Acid Hybridization, A
practical approach IRL Press, Wash. DC (1985).

In this regard, in order to ensure high sensitivity of the method, the contacting step is
preferably performed under conditions allowing the probes to hybridise with the target
nucleic acid as well as, potentially, with non-target (i.e., aspecific) nucleic acids, non-
specific hybridisation being eliminated or reduced by suitable washing conditions. The
hybridisation condition can be adjusted by the skilled artisan. Essentially, hybridisation
can be controlled by the hybridisation medium and temperature. In this respect,
hybridisation is preferably performed at temperatures between about 30 and about 70 °C
(high temperatures 60-70°C being preferred for RNA probes). Furthermore, the
hybridisation medium generally comprises standard saline citrate solution (SSC) at
moderate saline strength. Specific hybridisation conditions are disclosed in the examples
and can be adapted by the skilled person. Typically, the hybridisation medium comprises
Denhardt’s solution and SSC solution. Furthermore, the hybridisation medium may
comprise additional agents that reduce non-specific signal or probes rearrangements, for
instance. In this respect, the hybridisation medium generally comprises dithiothreitol
(DTT) and/or formamide. In addition, in a particular aspect of this invention, hybridisation
is performed in the presence of competitor nucleic acid, to reduce background signal. In
particular, where the probes contain a labelled nucleotide tail, the contacting step can be
performed in the presence of un-labelled oligonucleotides complementary to the tail. The
competitor nucleic acid may be used simulatenously with the probes, or contacted with the

sample prior to the probe.

A preferred hybridisation medium thus comprises SSC, DDT, formamide and a competitor

nucleic acid.

In a typical experiment, each biological sample is contacted with a hybridisation medium
in the presence of at least two radioactive sets of probes, for a period of time sufficient to

ensure formation of hybrids, for instance between 1 hour to 12 hours.
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In order to allow efficient discrimination and visualization of each set of probes (i.e., each
target nucleic acid) on the sample(s), it is preferred to use particular amounts of sets of
probes, with a particular specific disintegration activity, for the hybridisation step. In this
regard, the invention now demonstrates that efficient discrimination and quantification of
the different labels is best achieved where both sets of probes have a specific
disintegration activity comprised between about 5.107 and 5.10'° cpm/pg, more preferably
between about 10° and 10'° cpm/pg, even more preferably between about 5.10° and 5.10°
cpm/pg. A more preferred way of performing the invention comprises the use of two sets
of probes having essentially the same specific disintegration activity, i.e., not differing by
more than about 3 times from each other(s), more preferably not by more than about two
times. The specific disintegration activity of the probes can be adjusted by the choice of
the nucleotide (see table 2 above) and the conditions of the labelling method, as discussed
above. In this respect, where the selected radionucleotides have a distinct specific
disintegration activity, the labelling conditions should be adjusted to ensure that the

labelled probes have essentially a similar specific disintegration activity.

In addition, in performing the hybridisation, it is also recommended to use similar
amounts of each set of probes, so that more reliable and comparable results are obtained.
In this regard, when the probes are nucleic acid molecules, typical experiments are
performed using between 0.05 and 0.5 pmoles of probes of each set per each 1 cm? surface
of the biological sample to be investigated (for example tissue slice), more preferably
between 0.05 and 0.2 pmole per each 1 cm® While these are preferred conditions allowing
discrimination of nucleic acids present at very broad spectrum of levels (i.e., from rare to
very abundant) and from virtually any type of biological material, it should be understood
that the molarity (or amount) of probes of each set can be adjusted by the skilled artisan to

the specific conditions or biological samples.

The present invention can be implemented using a variety of nucleic acid probes, as
described above. These probes may vary in length as well as in nature. In this regard, it is
possible to use, in performing the invention, two nucleic acid probes of the same or
different nature. More particularly, the nucleic acid probes may be either both
oligonucleotides, DNAs, RNAs, PNAs, etc. (i.e., of the same nature) or of a different
nature, e.g., oligonucleotide probes and DNA probes, oligonucleotide probes and RNA
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probes, DNA probes and RNA probes, etc. Generally, any probe mixture or combination

can be used in the present invention.

In order to perform simultaneous (in situ) hybridisation of differently radiolabelled probes,
each labelled set of probes may be contacted simultaneously with the sample. However, it
should be understood that the term “simultaneously” indicates that the readout of the
results concerning the two sets of probes (or more) should be performed at the same time,
whatever the sequence in which the sets of probes are contacted with the sample. In some
cases, the hybridisation may be performed with the two sets of probes essentially at the
same time, so that only one hybridisation/washing round in performed (for instance when
the two sets of probes are both nucleic acid probes with a similar ability to hybridise to
their target molecule), but “simultaneous” does not require that the sets of probes be
contacted with the sample at exactly the same time. In other cases, the two sets of probes
may be contacted sequentially with the sample (one after another and in separate steps).
As an example, such sequential procedures may be used when the two sets of probes are
of a different chemical nature (such as an antibody and a nucleic acid sequence, etc.) or
when the compounds to be detected in the sample are of different organic natures (such as

a messenger RNA and a protein, etc.).

In a particular embodiment, the sets of probes are mixed with the hybridisation medium,

and the samples are then exposed to the resulting solution.

In another embodiment, the samples are first exposed to the hybridisation medium, and the

sets of probes are then added, either simultaneously or sequentially.

Typically, when the probes are nucleic acid molecules, between 20 to 200 pl of
hybridisation medium is added to each sample for each 4 cm” surface of the sample, or for
one whole standard-sized microscope glass slide. The exposure time may vary, for
instance, from 1 or several hours to one or several days. Preferably, the hybridisation lasts

for less than about 24 hours, typically between 1 and 12 hours.

The samples are then rinsed to eliminate unbound probes as well as non-specific
hybridisation. In this regard, any conventional washing solution may be used, such as
saline solutions. Preferably, the samples are washed using saline citrate solution (SSC)

comprising DTT, in order to eliminate non-specific hybrids formed. Preferred washing
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conditions use DTT (e.g., 10 mM) at elevated temperatures, typically 10-20°C below the
theoretical melting temperature, preferably above 40°C, more preferably above 45°C, in a
specific example above about 50°C. Several washings may be performed to increase the

selectivity of the method.

The samples are then preferably dried (e.g., dehydrated) and apposed to scintillating paper

for subsequent measure of the radioactivity (readout).
Readout

In order to assess hybrid formation on the samples and to detect the presence or amount of
target nucleic acids in said samples, the method comprises (i) washing the unbound probe
(as described above) and (ii) detecting radioactivity (i.e., the first and second radiolabel)

on the sample.

Radioactivity detection and discrimination may be achieved by different techniques using
quantitative imaging devices such as Beta Imager (50-250 um depending on the
radioisotope used) and the Micro Imager that provides direct detection by the solid

scintillator sheet principle and allows cellular size expression analysis (15 pm).

Preferably, acquisition of radioactive images is performed with a Micro Imager (Biospace
Mesures, Paris, France), a real time, high-resolution digital autoradiography system. The
instrument allows precise quantitative imaging of tissue section with a spatial resolution of
15 um and a pixel size of 5 pm. Imaging is performed by optical contact between the
radiolabeled sample, a thin foil of scintillating paper, and an intensified CCD camera. Beta
particles are identified through light spot emission in the scintillating foil, allowing thus
filtering of the background noise as well as filtering of emissions due to isotopes of
different energies (FR2,772,484). The instrument is particularly well suited to the imaging
and quantification of dual labelled samples and in particular to the simultaneous

measurement of differential gene expression.

As an example, when the currently available Micro Imager device is used, imaging is
performed on a 24 mm X 32-mm area. An automated sample feeder allows successive
imaging of up to four slides. Detection threshold is kept to the very low level of 0,4 counts

per minute per square millimetre for tritium labelling, and ten times lower for higher
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energy isotopes, a figure obtained thanks to the intrinsic noise suppression of the
instrument. Because of the direct particle counting principle of the instrument,
quantification is obtained with a precision better than 5%, without underexposure or
saturation effects over four decades. Very fine variations of gene expression levels can
therefore be measured with high accuracy. It should be understood that these parameters
are only indicative and that larger areas of imaging do not fall beyond the scope of this

invention.

In a preferred embodiment, radioactivity detection is thus performed by optical contact
between the labelled sample, a thin foil of scintillating paper and an intensified CCD

camera.

The invention can be used to detect gene expression in any biological sample, for
research, diagnostic or any other experimental or industrial applications
(pharmacogenomics, etc). Gene expression may be used to identify a dysfunction,
compare gene regulation, identify therapeutic genes, assess responsiveness of a subject,

assess the presence of pathogenic agents (e.g., virus, bacteria, etc.) in a sample, etc.

Other aspects and advantages of the present invention will be described in the following
examples, which should be regarded as illustrative and not limiting the scope of

protection.
LEGEND TO THE FIGURES

Figure 1: Three-dimensional reconstruction of the distribution of the mRNA of the three
genes in the rat dentate gyrus following LTP induction. The expression of Homer mRNA
in a control rat (panel A) and 3 hours (panel D) and 5 hours (panel F) after the induction
of LTP is shown. The pattern of expression of Zif268 mRNA 30 minutes after the
induction of LTP is shown in panel B, and the expression of syntaxin 1B is shown 3 hours
(panel C) and 5 hours (panel E) following the induction of LTP. Note the heterogeneous
level of expression of these genes in the stimulated side (S) of the dentate gyrus following
the induction of LTP and the homogeneous pattern of expression of each of the genes in
the non-stimulated (NS) side. The dentate gyrus is orientated from top to bottom in a
rostro - caudal manner. mRNA abundance is expressed as mean optical density per pixel

(ODp) according to the scale shown on the left of each panel.
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Figure 2. Heterogeneous spatial profile of Zif268 mRNA expression along the rostro-
caudal axis of the stimulated side (S) of the dentate gyrus 30 minutes after LTP induction.
In the three-dimensional reconstruction of the distribution of Zif268 mRNA (panel A), the
letters B, C and D refer to the positions along the rostro-caudal axis that correspond to the
autoradiographs of coronal sections in figures B, C and D, respectively. There is very
little Zif268 mRNA on the non-stimulated side of the dentate gyrus. On the stimulated
side, Zif268 is very weakly expressed in the rostral part (B); in the anterior part of the
medial dentate gyrus, there is more Zif268 mRNA in the lower blade of the dentate gyrus
(C), whereas in the posterior part, there is more in the upper blade (D). mRNA levels are
expressed as mean optical density per pixel (B, C and D) according to the scale on the left

of panel A.

Figure 3: Spatial profile of the distribution of syntaxin 1B mRNA along the rostro-caudal
axis of the dentate gyrus 5 hours after LTP induction. Panel A shows a 3-D reconstruction
of the distribution of syntaxin 1B mRNA evidencing heterogeneous expression of the
gene on the stimulated side (S). The rostro-caudal axis of the dentate gyrus is orientated
from top to bottom. Figures B, D, F and H correspond to the o level of the dentate gyrus
in panel A, and figures C, E, G and I correspond to the B level in panel A. (B and C)

Coronal sections were simultaneously hybridised with the 3H-1abelled probe for syntaxin
1B and the 35S-labelled probe for Homer. Figures B and C correspond to 3y Beta

disintegrations of the syntaxin 1B probe, and 358 Beta disintegrations of the Homer probe

correspond to panels B and C in figure 4. Figures D and E show coronal sections

hybridised with only the 35S-labellcd syntaxin 1B probe. Figures F-I show light field
microphotographs of emulsion dipped sections probed for syntaxin 1B alone,
counterstained with Nissl, and correspond to the autoradiographs D and E. There is a
greater abundance of silver grains at the p level of the dentate gyrus (panel G) than at the
a level (panel F) on the stimulated side. In contrast, there are few silver grains in both the

a. (panel H) and B (panel I) levels of the non stimulated (NS) dentate gyrus.
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Figure 4: Homer mRNA distribution along the rostro-caudal axis of the dentate gyrus 5
hours after LTP induction. Panel A is a 3-D reconstruction of the distribution of Homer
mRNA, and shows the heterogeneous expression of the gene on the stimulated side (S).
The rostro-caudal axis of the dentate gyrus is orientated from top to bottom. Five hours
after LTP induction, the expression of Homer was differentially modulated along the
rostro-caudal axis of the stimulated side (S) of the dentate gyrus. No changes were
observed in the non-stimulated side (NS). Figures B, D, F and H correspond to the o level
in panel A, and figures C, E, G and I to the B level. (B and C) Coronal sections were

simultaneously hybridised with the 3H-labelled probe for syntaxin 1B and the 358-

labelled for Homer. Figures B and C correspond to 358 Beta disintegrations for Homer.
The images of 3H Beta disintegrations correspond to the panels B and C of figure 3.

Coronal sections D and E were hybridised with only the 35S-labeled probe for Homer.
Figures F-I are light field microphotographs of emulsion dipped sections counterstained
with Nissl, and correspond to the sections in panels D and E. There is a greater abundance
of silver grains at the a level of the dentate gyrus (panel F) than at the B level (panel G)
on the stimulated side. Few silver grains are observed at the o (panel H) and B (panel I)

levels of the non-stimulated (NS) dentate gyrus.

Figure 5: Coronal sections from a brain in which LTP was monitored for 5 hours, were

simultaneously hybridised with the 3H-labelled probe for syntaxin 1B and the 358-
labelled probe for Homer. Figures A, C and E correspond to the o level, and figures B, D
and F to the B level of the dentate gyrus, shown in figures 3A and 4A. After digital

acquisition of the radioactive images, the data were filtered to segregate the image

corresponding to the 3H Beta disintegrations of the syntaxin 1B probe (panels C and D),

35

from that corresponding to the ~~'S Beta disintegrations of the Homer probe (panels E and

F). Panels A and B represent double labelled images. The 3H-labelling for syntaxin 1B is

represented in green, and the 358-1abelling for Homer is represented in red. Where there
is overlap in the expression of the two genes, the labelling is represented in shades of
yellow on panels A and B. The graph in G corresponds to the quantification of each label
in each pixel along the granule cell layer of the dentate gyrus at the o level: green and red
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correspond to syntaxin 1B and Homer, respectively. The numbered arrows in G

correspond to the same numbers on the sections in panels A, C and E.

Figure 6: Detection and discrimination of radiolabelled probes on coronal sections.

Figure 7: Principle of the double labelling technique in in situ hybridisation. Two
differently labelled probes are simultaneously hybridised on a same tissue section. After
washing, the section is read by the Micro Imager. The initial image acquired is then
filtered to segregate the image corresponding to *H Beta disintegrations from that

corresponding to **P/*>S/**P Beta disintegrations.

Figure 8: Visualisation of the results of a double radioactive in sifu hybridisation. (A)
Simultaneous visualisation of the both *H- and * 5S—labell_ing.;. The *H-labelling is here
represented in green, the **S-labelling in red and the overlapping of the both labelling in
yellow. (C) Visualisation of only *H- labelling. (E) Visualisation of only >°S-labelling.
Below the three brain sections, a spot of *H-labelled probe, one of a mix of *H- and *S-
labelled probes and another of **S-labelled probe were set down on the slides as controls
for filtering allowing segregation of *>S-beta from *H-beta disintegrations. (B, D and F)
Graphs corresponding to the respeétive contributions of each label to each pixel along the
line drawn on the brain images. The green and red profiles correspond to the *H-labelled
probe and the **S-labelled probe together (B) or separately (D and F). The 5 arrows show
5 areas analysed in panels A, C and E, and the corresponding intensities of expression of
the hybridised probes (B, D and F).

EXAMPLES

Example 1

Tissue preparation

Coronal sections were cut at 15-20 pm in the dorsal part of rat dentate gyrus at -20°C on a
Leitz cryostat. Sections were mounted onto superfrost treated slides, air dried and stored at
—80°C until required. Frozen sections were first warmed to room temperature and then
fixed in 4% paraformaldehyde in phosphate buffered saline (PBS, pH 7.4) for 20 min at

room temperature, washed in PBS for 3 times (5 min), dried in absolute ethanol.
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DNA probe preparation

Antisense oligonucleotides were synthesized in-house on a Beckman Oligo 1000DNA
synthesizer. Oligonucleotide sequences were designed complementary to rat mRNA-
derived sequences available in published databases. The wused probes were
oligonucleotides complementary to specific regions of syntaxin 1B sequence (35-mer
oligonucleotide sequence: 5'-GAT GTG TGG GGA GGG TCC TGG GGA AGA GAA
GGG TA-3') and Homer sequence (39-mer oligonucleotide sequence: 5'-GGT CAG TTC
CAT CTT CTC CTG CGA CTT CTC CTT TGC CAG-3"). Probes were 3’end-labelled
with o-S-deoxyadenosine triphosphate (°S-dATP, SJ 1334, Amersham) or
deoxy[1',2',5,*H]cytidine 5' triphosphate (‘H-dCTP,TRK.625, Amersham) in a tailing
reaction, using terminal deoxynucleotide transferase (Amersham). 60 ng of each
oligonucleotide was incubated in 40 pl buffer solution containing 8 upl of terminal
transferase buffer x5 (M189A, Promega), 4 pl of *S-adATP or 40 pl of *H-dCTP
(previously dehydrated and dissolved in 4 ul of distillated water) and 2 pl of terminal
deoxynucleotide transferase ( E2230Z, Amersham). Purification of the labelled probes
was performed on P10 column (150-4140, Biorad). The specific disintegration activity of
each labelled probe was between 4x10® and 9x10% cpm/pg.

In situ hybridisation

Sections were post-fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS)

immediately before hybridisation. The hybridisation solution was composed for 1 ml of :

500 pl deionized formamide (50%)¢

20 ul Denhart 50 (X1)¢

200 pl SSC X20 (X4)

100 pl DTT IM (100 mM)¢
100 mg Dextran sulfate (10%)¢

25 pl yeast tRNA 10mg/ml (250 mg/ml)¢
25 pl poly A 10 mg/ml (250 mg/ml)¢

25 il herring sperm DNA 10 mg/m! (250 mg/ml);

The two probes were simultaneously diluted to 1/100 with the hybridisation solution and

70 pl of the mixture were applied to each rat brain slice. Sections were incubated
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overnight at 50°C under parafilm Fuji, then washed twice for 15 min in 1X standard saline
citrate (SSC)/10mM DTT at 53°C, twice for 15 min in 0.5X SSC/10mM DTT at 53°C and
once in 0.5X SCC/10mM DTT at room temperature before being dried by dipping into an
ethanol bath. Control experiments were performed either by displacing specific mRNA
hybridisation by a 50-fold excess of unlabelled oligonucleotides or by using a sense

oligonucleotide that yielded no signal in tissue sections.

Double labelling in iz sifu hybridisation.

Acquisition of radioactive images was performed with a Micro Imager (Biospace
Mesures, Paris, France) for 15 hours. The whole dentate gyrus of the brain slice was
delimited and the number of desintegrations per area of this region was measured using f3-
Vision software (Biospace). The results are presented on Figure 6 and clearly demonstrate

simultaneous visualization of both target nucleic acids in the tissue sample.

Example 2

A dual detection method was performed essentially as described in Example 1, using the
following hybridisation solution: hybridisation solution (Amersham, UK) supplemented
with 40% v/v deionised formamide (MERCK), 50 pg/ml poly A" (Sigma) and 50 mM 4-
dithriothreitol (DDT, Euromedex).

As a result, the two target nucleic acids of the samples were clearly detected and

discriminated from each other on the same samples.

Example 3

A dual detection method was performed essentially as described in Example 1, except that
one set of probes was 3’-end labelled with deoxy[l',Z‘,S,BH]cytidine 5' triphosphate (3H-
dCTP,TRK.625, Amersham) and the other was 3’-end labelled with 33P(OL)dATP

(BF1001), in a tailing reaction, using terminal deoxynucleotide transferase (Amersham).

As a result, the two target nucleic acids of the samples were clearly detected and

discriminated from each other on the same samples.
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Example 4

In this example we show that our new method can be used to investigate a complex
neurophysiological phenomenon such as long-term potentiation (LTP) and leads to
innovative results that would be more difficult if not impossible to obtain without its use.
This brings additional data to show the efficiency of the method. This description of how
our new method can be used in research activities in the specific neuroscience field of
LTP is also provided here as an example of the utility of this method to bring new

discoveries in any field of biological and physiological research.

Physiological phenomenon studied.

Gene expression in neurons can vary in response to neuronal activation. In this study, to
analyse the spatio-temporal dynamics of the transcriptional response of three genes
following the induction of LTP within the entire rat dentate gyrus in vivo, we used our
invention and compared it to two other long-standing and validated techniques : in situ
hybridization with a single-probe and a single radioactive label analyzed on (i) an
autoradiographic film and on (ii) an emulsion. This comparison of our invention with
standard and well-validated techniques was aimed not only at validating it by itself
(including its abilities to co-detect two different compounds in the same tissue section and
to reliably quantify these compounds), but also at validating its research use in physiology
and molecular biology. Zif268, Homer and syntaxin 1B genes were studied, and their
regulated expression was examined at three times after the induction of LTP. Zif268 is an
immediate early gene rapidly induced by LTP, Homer/Vesl is a molecule coupled to
subunits of metabotropic glutamate receptors and syntaxin 1B is a protein of the
exocytotic machinery involved in neurotransmitter release. These three genes were
selected as they are known to be up-regulated at different times after the induction of LTP
in the dentate gyrus.

Long-term potentiation is a form of enduring synaptic plasticity which has been widely
studied as a candidate cellular mechanism for information storage in the brain. Its
induction in the dentate gyrus of the hippocampus results in successive overlapping
waves of transcription increase or decrease of a whole host of immediate early genes and

effector genes in dentate granule cells, lasting from a few minutes to several days. This
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cascade of modifications of gene expression in particular cells leads to subsequent

modifications of their function thus inducing modifications in cellular function.

A better understanding of the molecular behavior of such modified cells requires the
identification of the genes involved and the characterizing of the amplitude
(quantification) and time course of their expression, as well as their relative (inter-gene)
expression levels. Although the temporal pattern of activation of several LTP-regulated
genes has been characterized, very little is known about the spatial distribution of their
regulated expression, and none about their relative levels of expression. To date, the
analysis of gene expression in LTP has been largely limited to particular sub-regions of
the dentate gyrus. Methods for establishing temporal and spatial profiles of numerous
messenger RNA (mRNA) expression throughout the entire structure, coupled with fine
cellular analysis, would make a large contribution to mapping cells, circuits and structures
expressing particular mechanisms of plasticity such as LTP. Such methods require the
ability to precisely quantify gene expression levels and compare inter-gene expression

levels.

The invention reveals the spatial distribution and cell-specificity of both constitutive and
regulated expression of three candidate genes, Zif268, Homer and syntaxin 1B, in the
dentate gyrus. To analyze variations of the expression of the three mRNAs more precisely
along the rostro-caudal axis of the dentate gyrus and across time, in situ hybridisation
experiments were performed using our invention as well as the two other techniques listed
above. Individual labelling of the mRNAs in serial sections throughout the entire dentate
gyrus allowed the construction of a three-dimensional representation of their expression.
In parallel, the invention based on double radioactive labelling was used to quantify two
different mRNAs in the same brain section in other sets of in situ hybridization
experiments in the same physiological paradigm. Both approaches revealed that LTP-
regulated expression depends on the genes, on the position of the cells along the rostro-

caudal axis of the dentate gyrus, and on time.
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Experimental procedure

LTP induction

Male adult Sprague Dawley rats (Iffa Credo, France) weighing between 350 and
400 g were used. They were maintained in a temperature controlled colony room with
free access to food and water. Rats in which LTP was induced were sacrificed either 30
minutes (Zif268), 3 hours or 5 hours (Homer and syntaxin 1B) post-tetanus. To examine
the constitutive expression of the genes, control rats, subjected to pseudo-tetanus, were
sacrificed at each of the three time points. The choice of time points for the analysis of
expression of the three genes was determined by their kinetics of expression following
LTP induction. As an immediate early gene, Zif268 mRNA is not up-regulated at 3 or 5
hours after LTP induction, whereas Homer and syntaxin 1B mRNAs are upregulated at
these 2 time points, but their maximal expression does not occur at the same time.

Rats were anaesthetised with urethane carbamate (1.5 mg/kg), placed in a
stereotaxic frame and maintained at a constant temperature with a thermostatically
controlled heating blanket. Standard stereotaxic procedures, previously described, were
used for unilateral induction of LTP of the perforant path - dentate gyrus synapses. In
brief, recording electrodes (consisting of 2 nichrome wires (62 um diameter) staggered
300 pm tip to tip, housed inside a stainless steel tube) were lowered into the hilus of the
left dentate gyrus (Bregma -4.2 mm; Midline -2.5 mm). Multiunit activity and the field
excitatory postsynaptic potential (EPSP) evoked by perforant path stimulation were
monitored. A bipolar concentric stimulating electrode consisting of a stainless steel tube
(150 pm diameter) placed inside a microtube (300 um) was simultaneously lowered into
the angular bundle of the left perforant path (Bregma -7.8 mm; Midline -4.4 mm). Final
depths of both electrodes were adjusted to evoke a maximal positive-going field EPSP,
which was allowed to stabilize for a further 30 minutes before starting the
electrophysiological recordings.

Low frequency test pulses (100 ps, 0.033 Hz) were delivered to the perforant path
throughout the entire experiment except when a tetanus or a pseudotetanus was delivered.
Tetanic stimulation consisted of 6 trains of pulses (400 Hz, 20 ms) delivered every 10
seconds and repeated 6 times at 2-min intervals. Pseudotetanus followed the same pattern

with single pulses instead of trains of pulses. The stimulation intensity was increased
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during tetanus or pseudotetanus to ensure maximal recruitment of fibres. Signals of the
evoked responses were amplified and filtered (bandpass 0.1 Hz to 3 kHz) by a Grass
preamplifier, displayed on a storage oscilloscope and fed into a computer for storage and
off-line analysis via a CED interface. Stimulus intensities were selected for each rat to
evoke a population spike height of approximately one third of its maximal height. Evoked
responses were measured for one hour prior to the tetanus and for 30 minutes, 3 or 5
hours post-tetanus or post-pseudotetanus. Responses were stored as averages of 4, for
later analysis of the maximal slope of the EPSP and the population spike height. All
experimental procedures were carried out in accordance with the European Communities
Council Directive (24.xi.1986) and with the guidlines of CNRS and the French
Agricultural and Forestry Ministry (decree 87848, licence number: A91429). All efforts
were made to minimize animal suffering and to use only the number of animals necessary

to produce reliable scientific data.

Tissue and DNA probe preparation

Approximately 280 coronal sections (20 um-thick), covering the entire rostro-
caudal extent of the hippocampus were cut using a cryostat. Sections were mounted on
Superfrost plus slides and stored at —80°C. Antisense oligonucleotides were synthesized
in-house on a Beckman Oligo 1000DNA synthesizer. Oligonucleotide sequences were
complementary to rat mRNA-derived sequences available in published databases. The
probes used were oligonucleotides complementary to sequences of Zif268 (45-mer
oligonucleotide sequence: 5'-CCG TGG CTC AGC AGC ATC ATC TCC TCC AGT
TTG GGG TAG TTG TCC-3"), syntaxin 1B (35-mer oligonucleotide sequence: 5'-GAT
GTG TGG GGA GGG TCC TGG GGA AGA GAA GGG TA-3") and Homer (39-mer
oligonucleotide sequence: 5'-GGT CAG TTC CAT CTT CTC CTG CGA CTT CTC CTT

TGC CAG-3'). Probes were 3' end-labelled with a-3SS-deoxyadenosine triphosphate
(Amersham, France) in a tailing reaction using terminal deoxynucleotide transferase
(Amersham) according to the manufacturer’s instructions. The specific disintegration

8 9

activity after labelling was between 1x10° and 3x10” cpm/pug.
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In situ hybridisation with single radioactive labelling

Sections were post-fixed for 20 min in 4% paraformaldehyde in phosphate-
buffered saline (PBS), washed 3 times for 10 min in PBS baths and dried in a 95° ethanol
bath, immediately before hybridisation. The hybridisation solution was composed of 50%
Amersham in situ hybridisation buffer, 40% formamide (Eurobio, France), 0.1M
dithiothreitol (DTT) (Euromedex, France) and 0.5 mg/ml poly(A) (Roche, France). Probe
stock solutions were diluted 1/100 in the hybridisation solution and 75 pl of the mixture
was applied to each brain slice. Sections were incubated overnight at 50°C under Fuji
parafilm coverslips, then washed twice for 15 min in 1X standard saline citrate
(SSC)/10mM DTT at 53°C, twice for 15 min in 0.5X SSC/10mM DTT at 53°C and once
in 0.5X SCC/10mM DTT at room temperature. They were then dried in a 95° ethanol
bath and used to expose Amersham [-max film for one or two weeks. An
autoradiographic scale was present on the film to determine the linear zone of labelling.
Sections were then dipped in nuclear emulsion (Ilford K5 diluted in 2X SSC, France) for
cellular analysis. Control experiments were performed either by displacing specific
mRNA hybridisation with a 50-fold excess of unlabelled oligonucleotide or by using a

sense oligonucleotide that yielded no signal in tissue sections.

Three-dimensional reconstruction of in situ hybridisation experiments with single

radioactive labelling

The autoradiograms were individually digitized by means of a CCD camera
coupled to a digitization board, both driven by Samba software (Unilog, France). Regions
of the dentate gyrus were analysed using a thick line drawn along the cell body layers of

both lower and upper blades and the mean optical density per pixel (ODp) was measured.

The pixel size was 23 x 23 umz. In in situ hybridisation experiments, one section in 5 (56
of 280 sections per rat) was hybridised with each probe. The hybridised sections were
spaced every 100 pm for each rat and each probe. On the digitized images, the left and
right dentate gyrus were segmented and a colour code was used to illustrate the
differences of mRNA levels. Volume, a software described previously by Roesch et al. (J.

Neurosci. Methods, 69 (1996), 197), was used for rigid registration of digitized images
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and subsequent assembly of segmentations generating three-dimensional wire-frame
models of mRNA distribution.

Double labelling in situ hybridisation experiments

The protocol used was the same as that described above except that 2
oligonucleotide probes were used: one labelled with ot-3SS-deoxyadenosine triphosphate

and the other with 3H-deoxycy‘cosine triphosphate. Both probes were diluted 1/100 in the
hybridisation solution’. Radioactive images were acquired with a Micro Imager
(Biospace Mesures, Paris, France), a real time, high-resolution digital autoradiographic
system. To analyse the double radiolabelling in the sections, a thin foil of scintillating
paper was brought in contact with the séctions. Beta particles emitted by the sections were
identified by acquisition of the light spot emissions in the scintillating foil by a CCD,
coupled to an image intensifer. The acquired results were displayed live on a computer.
During acquisition, radioactive images can be saved to be analysed at any time. The end
of the acquisition was chosen at a time such that the number of disintegrations followed
through time was statistically satisfactory. The filter processing allowed discrimination
and quantification in each pixel of the respective contributions of the two radioelements
of significantly different energies. The outline of the cell body layer of the dentate gyrus
of each brain section was delimited (as described above) and the number of
disintegrations of  particles per area unit of this region was measured using G-Vision

software (Biospace).

Results

Constitutive expression of each gene in control conditions was homogeneous, but the
spatial distribution of messenger RNA was heterogeneous along the rostro-caudal axis of
the dentate gyrus following the induction of long-term potentiation, and different for each
gene. In addition, the intensity of each gene-specific pattern of expression varied over

time following the induction of long-term potentiation, as described below.
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Constitutive expression of Zif268, Homer and Syntaxin 1B.

To analyse the level of expression of each gene along the rostro-caudal axis of the
dentate gyrus, in situ hybridisation experiments using individual labelling of the mRNAs
on serial sections throughout the entire dentate gyrus were performed. A three-
dimensional representation of mRNA expression was constructed with Volume software,
as described above.

The spatial distribution of constitutive expression of Zif268, Homer and syntaxin
IB in both sides of the dentate gyrus in the control rats was first examined. The
distribution of all three mRNAs along the entire rostro-caudal axis of the dentate gyrus on
both sides was homogeneous and the three mRNAs were expressed at low constitutive
levels (0-1 optical density unit per pixel (ODp) for Zif268; 0-3 ODp for Homer mRNA
(Fig. 1A); 4-8 ODp for syntaxin 1B mRNA). There was no detectable change in the
amount or distribution of these mRNAs after the pseudotetanus.

Variations in the distribution of the three mRNAs following the induction of long-

term potentiation

Following the induction of LTP, each of the three mRNAs showed a particular
pattern in the stimulated side of the dentate gyrus: these three patterns were
heterogeneous, whereas the distribution of mRNAs was homogeneous in the non
stimulated side (Fig. 1B-1F).

Firstly, for Zif268 mRNA, the level of expression varied between the subregions
in the stimulated side of the dentate gyrus, 30 minutes after the induction of LTP. The
level was very low in the rostral part (maximum of 5 ODp; see Fig. 2A and 2B) and
barely detectable in the caudal part (maximum of 1 ODp; see Fig. 2A). In the medial
portion of the dentate gyrus, Zif268 mRNA was more abundant; in the anterior part of the
medial region, there was more mRNA in the lower blade (between 15 and 45 ODp) than
the upper blade (between 0 and 20 ODp) (see Fig. 2C), whereas in the posterior part of
the medial dentate gyrus, the upper blade (between 15 and 30 ODp) gave a stronger
mRNA signal than the lower blade (between 0 and 10 ODp; see Fig. 2A and 2D).
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For Homer and syntaxin 1B mRNAs, the distribution of both mRNA species along
the rostro-caudal axis differed three hours after the induction of LTP. Syntaxin 1B mRNA
showed a greater level of expression at the rostral and caudal parts of the dentate gyrus
(both subregions between 15 and 25 ODp) and in only a few medial sections of the
dentate gyrus, than in the other regions (Fig. 1C). The mRNA for Homer, however, was
most abundant in the medial part of the dentate gyrus (between 15 and 25 ODp) and to a
much lesser extent at the rostral and caudal ends (between 5 and 10 ODp; Fig. 1D).

Five hours after the induction of LTP, the level of syntaxin 1B mRNA was, in
general, higher along the entire rostro-caudal axis of the dentate gyrus than it was 3 hours
after induction of LTP (Fig. 1C and 1E). In contrast, the expression of Homer was lower
at 5 hours than 3 hours, in agreement with preliminary experiments suggesting that the
level of LTP-induced expression of Homer tends to peak between 1 and 3 hours after
induction of LTP (Fig. 1F). At all locations along the axis, the levels of both syntaxin 1B
and Homer mRNAs were always lower in the non-stimulated side than the stimulated side
of the dentate gyrus. Contrary to Zif268 mRNA, no differential distribution between the
two blades of the dentate gyrus was found for Homer or syntaxin 1B mRNAs.

Note that the data in figures 1E, 1F, 3, 4 and 5 but not 1A-1D are from the same
animal, which underwent LTP induction and was sacrified five hours after LTP induction.

The data in figure 2 are from the animal used for figure 1B.

Spatio-temporal heterogeneity of long-term potentiation-induced gene expression

confirmed by emulsion dipping and double labelling

All the brain sections processed for in sifu hybridisation were dipped in
radiographic emulsion. The spatial distribution of expression of the genes was then
assessed by silver grain counting. Gene expression assessed by grain counting was in
agreement with that assessed by densitometry on autoradiographic films (Fig. 3F-3I and
4F-41). |

The spatial heterogeneity of mRNA expression following LTP induction was
confirmed by the invention (novel method of double radioactive labeling) described in

35

‘Experimental procedure, Double labeling in situ hybridization experiment’: a ~~S-
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labelled probe was used to detect Homer mRNA and a 3H-labelled probe was used to
detect syntaxin 1B mRNA in the same sections. This novel technique was applied to 16
sections from various locations along the rostro-caudal axis of the dentate gyrus from
each brain. In the rats in which LTP was induced, we chose the locations at which
variations of Homer and syntaxin 1B mRNA expression were clearly different in the 3-D
reconstruction. The mRNA levels determined by double labelling sections were in
agreement with the results, in the same brains, of single-labelling in sifu hybridisation

using two markers on adjacent brain sections (Fig. 3 and 4).

The cellular heterogeneity observed with the three methods (autoradiographic
film, emulsion and double radioactive labelling) is illustrated in figures 3 and 4. These
figures show sections located at two positions (we called a and ) of the stimulated
dentate gyrus from a rat in which LTP was monitored for 5 hours. Note that in double

radioactive labelling experiments, figures 3B and 4B result from the same brain section at

the a position of the dentate gyrus: figure 3B corresponds to 3H Beta disintegration of the

syntaxin 1B probe, and figure 4B to 35

S Beta disintegration of the Homer probe. Figures
3C and 4C result also from the same brain section but at the B position of the dentate
gyrus. Five hours after LTP induction, the Homer mRNA signal (double labelling
method) was about twice as high at the o position of the stimulated side of the dentate
gyrus than at the B position. The amount of syntaxin 1B mRNA at the a position was 0.78

times that at the 3 position (Fig. 5 and Table 1).

mRNA species Homer Syntaxin 1B
side of DG stimulated non stimulated stimulated non stimulated
single labelling 2.10 1.00 0.80 0.98

double labelling 2.08 0.96 0.78 0.96
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Table 1. Ratios of mRNA abundance at position a to that at postion P of the dentate gyrus
for Homer and syntaxin 1B obtained by the single and double labelling methods:

Values are ratios of mRNA abundance for the o to f3 sections of the dentate gyrus (DG)
from a brain in which LTP was monitored for 5 hours (shown in figures 3 and 4). The
ratios obtained after LTP were similar with the two methods of hybridisation, and the
levels for both syntaxin 1B and Homer mRNA were equal in the non-stimulated dentate
gyrus at both the o and B levels, with ratios close to 1, evidence that there was no

modulation in the control side.

The ratios obtained from the double labelling, including those 5 hours after LTP
induction, were consistent with those observed in the previous in situ hybridisation
experiment investigating the different markers on adjacent sections. This confirms the
spatial heterogeneity of mRNA expression (Table 1). In addition, these results were in

accordance with those from sections dipped in emulsion (Fig. 3F-31 and 4F-41).

Spatial heterogeneity of mRNA expression within the same coronal section of the

dentate gvyrus following the induction of long-term potentiation

Double labelling was used to distinguish populations of cells with similar or
dissimilar transcriptional responses within a single coronal brain section (Fig. 5). For
example, at position o, of the dentate gyrus, Homer and syntaxin 1B mRNA levels were
studied along the granule cell layer. Some cell populations expressed syntaxin 1B mRNA
weakly and Homer mRNA strongly, whereas others showed the opposite pattern (Fig. 5A,
5C, 5E and 5G). This demonstrates spatial heterogeneity of LTP-induced gene expression
within a coronal brain section in addition to the spatial heterogeneity along the rostro-

caudal axis of the dentate gyrus.

Discussion

These results confirm the efficiency and reliability of the invention, as it provided
results that were in accordance with those from experiments using single-labelling in situ

hybridization analyzed on autoradiographic films and emulsion: after the induction of
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LTP, the different genes studied were differentially modulated in the dentate gyrus,
depending on their position along the rostro-caudal axis, on the gene and on time.
Moreover, by making it possible to compare the expression of two genes on a
same coronal section, the invention specifically provided additional results, namely
evidence that, at a same location along the rostro-caudal axis, different cell populations
present different patterns of expression of Homer and Syntaxin 1B after LTP induction.
This result would have been impossible to obtain by any other method. Indeed, in the
other in situ hybridization methods, the different genes have to be studied on different
brain sections, making it impossible to compare their expression in exactly the same cell

populations.

Globally, the use of this invention shows that three selected mRNAs, each with
homogeneous constitutive expression in the dentate gyrus, have very different spatial and
temporal patterns of expression following LTP induction. It also demonstrates the
diversity of cellular responses to the induction of LTP within a single brain structure.
These results suggest that there are several molecular mechanisms of long-term
potentiation, differing from one cluster of cells of the dentate gyrus to another, or that the
different signaling pathways involved in long-term potentiation are used with varying
efficiencies by different cells. In physiological terms, this variation in the efficiency of
signaling pathways or in the molecular mechanisms involved is likely to be related to
differences in number and/or position of the synapses undergoing a change in strength on
a given granule cell, and on the overall amount of synaptic drive. In all, this reveals the
existence of overlapping temporal waves of gene expression with a cellular specificity in
the dentate gyrus and highlights the temporal and spatial complexity of the mechanisms
involved in L'TP. This also suggests that the differential integration of excitatory and
inhibitory inputs on neurons that is reflected in the overall response of a cell has, in the
case of a change in synaptic strentgh as a result of LTP, important consequences
downstream in intracelluiar signaling to the nucleus, resulting in a differential
transcriptional response. |

This concepts are clearly new with regard with LTP induction in the dentate gyrus.
These results illustrate the potential of the methods developed in this invention for
analysing the dynamics of regulated gene expression spatially and temporally in the brain,

and generate new hypothesis in neuroscience’s complex phenomena.
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The heterogeneity observed cannot simply result from the position of the
stimulating electrode, differentially affecting subregions of the dentate gyrus. To stimulate
the maximum number of fibres of the perforant path projecting onto granule cells, care
was taken to position the stimulatihg electrode in the angular bundle, a region in which
afferents arising from most of the input layers of the entorhinal cortex come together. As
stated previously, the closer to the angular bundle one stimulates, the more widespread the
activation of the dentate gyrus along the longitudinal axis. Moreover, although it could be
predicted to result in a certain degree of spatial heterogeneity, it cannot by itself explain
the gene-specificity of the cell response observed here on the same brain sections, as

shown by the invention.

Technological considerations

Until now, 3-D reconstruction has been used only to model structures or to localize
molecules or particular cells within a organ structure (Nat. Genet. 25 (2000), 147). The
invention improves 3-D reconstruction by adding the new possibility of quqntitative
analysis of gene expression within an entire organ structure (here a brain structure). This
has never been carried out previously.

To date, in situ hybridisation using non-radioactive probes has allowed detection of
several mRNAs in the same tissue section (alkaline phosphatase/peroxidase) or in the
same cell (fluorescence). However these methods are only qualitative. In contrast,
radioactive labelling can be used to measure the level of gene expression, but until now
only one gene could be analysed at a time. The invention makes it possible to
simultaneously use two probes labelled with radioelements of significantly different

3H and 3°

energies, such as S, and to filter a double radioactive image acquired by a Micro
Imager into two subimages, each one representing the specific hybridisation of one probe.
The Micro Imager is a real time, high resolution digital autoradiography system. Its direct
particle counting principle in real time avoids the problems of underexposure and
saturation, and the novel method of processing allows local discrimination and

quantification of the contributions of each of label for each pixel in the same brain section.

Moreover the high dynamic range (1 04) of the Micro Imager allows the comparative
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analysis of strong and weak signals on the same tissue section, and as such it is
appropriate for studying the expression profiles frequently observed in the central nervous
system. Very small variations of expression for two different mRNA species can therefore
be measured and distinguished within a single section with a resolution of 15-20 pm. With
a pixel size of 23x23 pum® and a resolution of 15-20 pm, the differences in the levels of
expression of two mRNAs between pixels within the same brain structure can be
attributed to the existence of cells or clusters of cells that have different responses in
mRNA expression, assuming that the mRNAs studied are expressed only in neuron cell
bodies, as it is the case for the three mRNAs studied here.

The identification and characterizing of the populations of activated cells in the
whole dentate gyrus according to their level of gene expression will help to elucidate the
behaviour of the cells affected by the induction of LTP. Experiments with a larger number
of genes allow easier analysis of the mechanisms underlying LTP. By coupling the double
radioactive labelling technique with three-dimensional reconstruction, twice as many
markers can be tested. In this example, each probe was hybridised every 5 sections and
this was sufficient to characterise the heterogeneity of cellular response to LTP. Therefore,
the invention makes it possible to quantitatively study 10 markers per rat throughout the
hippocampus and establish their individual spatial profiles of expression (instead of 5
markers previously). In summary, the availability of a technique for investigating the
simultaneous expression patterns of several genes per brain, makes it possible to map the
distribution of markers of synaptic plasticity and construct images of activated cells,

circuits and brain structures in individual animals.

Exemple 5

A better understanding of biological phenomena involving modulations of gene
expression requires the quantitative analysis of the expression of several genes within a
same structure or sub-structure of the organ (tissue) of interest. The invention allows the
quantification of two different messenger RNA (mRNA) species in the same tissue section
simultaneously. Two probes labelled with radioelements of significantly different energies
CH and **P or *’S), were simultaneously used to detect two different mRNA species.
Radioactive images corresponding to the detected mRNA species were acquired with a

Micro Imager, a real time, high-resolution digital autoradiography system. An algorithm



10

15

20

25

30

WO 01/88184 PCT/EP01/05558

39

was used to process the data such that the initial radioactive image acquired was filtered
into two sub-images, each representative of the hybridisation result specific to one probe.
This novel method allows the local discrimination and the quantification of the respective
contributions of each label to each pixel and can thus be used for quantitative analysis of

two mRNAs with a resolution of 15-20 pm.

In situ hybridisation (ISH) is now a routine method for the detection of genetic
material in cells or tissues. It is used in a large number of biological fields such as
anatomy, cellular biology and regulation of gene expression” > !*. Since 1990, the
characterisation of numerous genes and complementary DNAs, and the rapid development
of molecular biology techniques have led to ISH becoming widely used, powerful and
user friendly. For example, this technique has become of great importance for localising
individual cells that contain a particular specie of mRNA within the complex and
heterogeneous substance of the nervous system. The anatomical data obtained by ISH are
very accurate and provide regional, cellular and sub-cellular patterns of gene expression® &
%11 However, these analyses suffer from several drawbacks particularly for quantitative
analysis of more than one gene. Fluorescent labelling is generally used for the
simultaneous visualisation of the expression of several genes within a single cell'”.
However, fluorescence does not allow quantification and is not sensitive enough to detect
small changes in gene expression or to detect rare mRNAs (e.g. low-abundant mRNAS).
Quantitative data about the level of gene expression can only be obtained using
radioactively labelled probes, but such analyses are only possible for one mRNA specie at
a time™ S, Therefore, a technique able to detect and quantify several mRNAs species in the
same tissue section within a single cell is of great value.

In 1994, a new in situ hybridisation approach was described. It was based on the
direct detection of radioactive emission, by using the high resolution of a radio imager to
analyse mRNA expression in brain tissue sections. The main advantage of this approach
over standard autoradiographic approaches is the possibility of quantifying mRNA in real
time and with a high dynamic range (10%), leading to cellular resolution in shorter delays.
Recently the use of this device by developing adequate signal acquisition and processing
algorithms to discriminate different radioactive-emission spectra obtained simultaneously
have been improved. The present invention demonstrates simultaneous in situ

hybridisation of two radioactive probes on the same tissue section, each probe being
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labelled with radioelements of significantly different energies CH and **P or *S). It also

demonstrates that this allows quantitative analysis of two mRNAs in a single section.

Materials and Methods

Tissue preparation

One male adult Sprague Dawley (Iffa Credo, L'Arbresle, France) weighing between 350
and 400 g was anaesthetised with urethane carbamate (1.5 mg/kg), and placed in a
stereotaxic frame for electric stimulations. The animal was sacrificed and its brain was
extracted and frozen in isopentane at -60°C. Coronal sections (20 pm-thick) were cut
using a cryostat at -22°C. Sections were mounted on Superfrost plus slides and stored at —
80 °C.

All experimental procedures were carried out in accordance with the European
Communities Council Directive (24.x1.1986) and with the guidlines of the CNRS and the
French Agricultural and Forestry Ministry (decree 87848, licence number: A91429).

Double radioactive in situ hybridisation

Two oligonucleotide probes were used for these experiments: one is complementary to
part of the syntaxin 1B sequence (35-mer oligonucleotide sequence: 5'-GAT GTG TGG
GGA GGG TCC TGG GGA AGA GAA GGG TA-3') and the other to part of the Homer
sequence (39-mer oligonucleotide sequence: 5'-GGT CAG TTC CAT CTT CTC CTG
CGA CTT CTC CTT TGC CAG-3"). Oligonucleotides were synthesized in-house on a
Beckman Oligo 1000DNA synthesizer. The probes were 3' end-labelled with 353~
deoxyadenosine triphosphate (Amersham, Orsay, France) or 3H-deoxycytosine
triphosphate (Amersham) in a tailing reaction, using terminal deoxynucleotide transferase
(Amersham) according to the manufacturer’s instructions. The specific disintegration
activity after labelling was between 1x10® and 3x10° cpm/ug for each probe.

Coronal brain sections (20 pm-thick) were post-fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS), then washed 3 times for 10 min in PBS baths and dried
in a 95°C ethanol bath, immediately before hybridisation. The hybridisation solution was

composed of 50% Amersham in situ hybridisation buffer, 40% formamide (Eurobio, Les
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Ulis, France), 0.1M dithiothreitol (DTT) (Euromedex, Souffel Weyersheim, France) and
0.5mg/ml poly(A) (Roche, Saint Quentin Fallavier, France). Both probes were diluted
1/100 in the hybridisation solution and 75 pl of the mixture was applied to each brain
slice. Sections were incubated overnight at 50°C under Fuji parafilm coverslips, then
washed twice for 15 min in 1X standard saline citrate (SSC)/10mM DTT at 53°C, twice
for 15 min in 0.5X SSC/10mM DTT at 53°C and once in 0.5X SCC/10mM DTT at room
temperature and then dried in a 95° ethanol bath. Radioactive signals from the sections

were acquired with a Micro-Imager (Biospace Mesures, Paris, France), which is a real

time, high-resolution digital autoradiography system.

Imaging equipment for radiolabelled tissue sections

To analyse the double radiolabelling in the sections, a thin foil of scintillating paper is
brought into contact with the sections. Beta particles emitted by the sections are identified
through acquisition of the light spot emissions in the scintillating foil by a CCD camera
that is coupled to an image intensifer. The result of the acquisition is displayed live on a
computer. During the acquisition, radioactive images can be saved at any time to be
analysed. Acquisition is stopped once the number of acquired disintegrations is
statistically sufficient. The filter processing allows discrimination and quantification in
each pixel of the respective contributions of the two radioelements of significantly

different energies.

Results

To show the feasibility of simultaneous in situ hybridisation of two radioactive
probes on a same section, electric stimulations were used for neuronal activation in one
side of a rat brain. The expression of the two genes studied, Homer and syntaxin 1B, that
are differentially regulated, was followed.

The principle of the double labelling ISH technique is illustrated in figure 7 . **S-
dATP and *H-dCTP were chosen to label two different probes which were simultaneously
hybridised to a single tissue section. Micro Imager was used to acquire the signal from the
hybridised section in a single step. The initial image was consequently filtered to

segregate the image corresponding to *H Beta disintegrations (Figure 8C) from that




10

15

20

25

30

WO 01/88184 PCT/EP01/05558

42

corresponding to »°S Beta disintegrations (Figure 8E). The quantitative data for both *H
and *°S labelling were incorporated into a single image (Figure 8A). In figure 8A, green
corresponds to the cells that contain only the mRNA detected by the *H-labelled probe,
red to those that contain only the mRNA detected by the **S-labelled probe, and yellow to
those that contain both.

To control the filtering segregating >°S-beta disintegrations from the *H-ones, three
control dots were spotted by hand on the slide. The dots contained the *H-labelled probe
(200 cpm), a mix of the *H- (200 cpm) and the **S- (200 cpm) labelled probes. All three
spots are observed in the image with both labels (Figure 8A) and only two dots after
filtering, as expected (Figure 8C, 8E). The quantification of the radioactivity emitted by
each dot before and after filtering gave values in accordance with the amount of
radioactivity spotted.

The expression of the two mRNAs along a line drawn on the section is
quantitatively analysed on figure 8 for illustration. The respective contribution of each
label to each pixel along this line is shown on graphs (Figures 8B, 8D, 8F). From the
graphs, cells that differentially expressed the two mRNA species are clearly identified and
others expressed them at a similar level. This novel method allows quantitative
comparison of the expression of these mRNAs in different cells. For example, the cells
indicated by arrow 4 expressed about 5 times as much mRNA hybridising with the *H-
labelled probe as the cells indicated by arrow 3. They also contain large amounts of
mRNA detected by the **S-labelled probe whereas the amount in the cells indicated by
arrow 3 is barely detectable (see Figure 8).

Discussion

Numerous ISH protocols have been developed. They use either enzymatically
synthesised RNA and DNA probes or chemically synthesised DNA probes
("oligodeoxynucleotide" probes). Standard protocols use either non-radioactive or
radioactively labelled probes. The method of signal detection to be used depends upon the

required level of resolution and sensitivity but also upon the physiological context™ > ',

Non-radioactive probes are mainly used for anatomical analyses of gene

expression, because they provide the greatest spatial resolution and they allow detection of
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several mRNAs in the same tissue section (peroxidase/ alcaline phosphatase), in the same
cell (fluorescence)'®, and even in confocal microscopy field for sub-cellular
discrimination'?. Moreover, the results are obtained rapidly (1 or 2 days). However non-
radioactive probes do not provide quantitative results concerning the level of gene
expression, and are useful only for the identification of the cells that contain a particular
mRNA or DNA™.

In contrast, radioactive labelling allows precise measurement of the level of gene
expression® *. Various isotopes can be used for labelling probes such as for example >H,
38, **P and *?P. Various methods are used to quantify mRNA: classical autoradiographic
methods (film and emulsion)> *; indirect detection through storage in phosphor-screens’

and direct detection through a solid scintillator sheet coupled to a CCD camera (uImager)”
8

For analysis of the regional distribution of mRNA, storage phosphor-screens (resolution of
80 um CH) and 180 pm (*°S/**C)) and autoradiographic films (20-30pm) allow
quantification of signals with exposure times of several days to weeks for films, and 8 fold
less for storage phosphor-screens. To detect mRNA in individual cells, the hybridised
sections are usually dipped into nuclear emulsion: the amount of the mRNA can be
quantified at a cellular level by counting grains. The exposure time required for this
technique is often long, from several weeks to several months depending on the amount of
the mRNA in the tissue’’. These three radioactive techniques can not be used for
simultaneous analysis of two mRNA species in a single section.

Here, we demonstrate that the invention makes it possible to analyse the samples
simultaneously with two brobes with double radioactive labelling and that the Micro
Imager, in contrast to other techniques, allows quantitative co-detection. Moreover this is
performed in real time, with a high dynamic range (10*), satisfactory resolution (15 pm)
and exposure times 10 times shorter than autoradiographic films and 50 times shorter than
emulsion. The high dynamic range of the Micro Imager allows the comparative analysis of
weak and strong signals on the same tissue section, such expression profiles being
commonly observed in the central nervous system. The accuracy is better than 5% without
underexposure owing to the direct particle counting principle of the instrument in real time

such that acquisition can be halted at the appropriate time. Very small variations of
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expression for several genes can therefore be measured with high accuracy on a same
section.

Our in situ hybridisation experiments, performed with two different labglled probes
(here *H and *S), demonstrate the feasibility of double labelling procedures to study
simultaneously the expression of different mRNA species in a single tissue section. To our
knowledge, this is the first report of ISH specific detection and quantification of more than
one transcript, allowing the comparison of the expression of several genes at the cellular
level. The findings with this approach were compared with those obtained by independent
single labelling ISH experiments on adjacent sections. As expected, the expression
patterns observed were qualitatively and quantitatively similar which validates the
invention.

Two probes hybridised on the same section can only be distinguished from each
other if the radioisotopes used to label them have different emission-energy spectra. We
labelled one probe with *H and the other with either **P or *S. **S and **P have similar
spectra, but different half-lives. However, the *H energy spectrum is clearly different from
those of *°P and *’S . The disintegration half-life of *H is more than 1 log (10 times)
longer than those of **P and **S. Therefore the frequency of disintegration events is much
lower with *H for a given amount of isotope and is the reason for the long exposure times
commonly used with *H labelling (such as in autoradiography techniques). For the double
labelling technique, it is crucial that the both labelling signals are simultaneously acquired.
However, when separately adapting the probe-labelling procedures for each of these
radioisotopes, we were able to establish a protocol in which acquisition times were
equivalent for both *H and the other isotopes. This allows a single acquisition of the
images corresponding to the *H and **P (or **S) isotopes. Discriminating a third isotope,
such as **P, from both *H and **P/*’S is also feasible with adequate adaptation of signal
acquisition software.

In situ hybridisation has already made a huge contribution to our understanding of how
cellular events interrelate and how mRNA is organised, spliced and transported. Double
radioactive detection may now further improve the power of this approach and is suitable
for gene expression screenings on tissue sections. It may also allow novel types of
experiments, for example co-detection of a mRNA specie (with a radiolabelled nucleotide
probe) and a protein (with a '*’I-radiolabelled antibody). Furthermore, the co-detection of

two radioactively labelled compounds of a biological tissue could be used in conjunction
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with the detection of other molecules using non radioactive labelled probes or reagents.
This would allow the quantitative and qualitative analysis of 5 markers on a single tissue

section, two of them (or more in the future) being labelled with radioactive molecules.
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CLAIMS
1. A method of detecting target nucleic acids in a biological sample, comprising:

a) contacting the biological sample with at least two sets of radioactive probes, the
probes of the first set being specific for a first target nucleic acid and labelled with
a first radio-label, and the probes of the second set being specific for a second

target nucleic acid and labelled with a second radio-label, and

b) detecting said first and second target nucleic acids in the biological sample by

assessing the formation of hybrids between the probes and the sample.

2. The method of claim 1, wherein the probes are DNA molecules between 15 and 2000

base-pair long, more preferably between 15 and 500 base-pairs-long.

3. The method of claim 2, wherein the probes are single stranded DNA oligonucleotides
between 15 and 500 bases long.

4. The method of claim 1, wherein the probes are RNA molecules, between 15 and 3000

bases long.

5. The method of any one of the preceding claims, wherein the probes are labelled by a 3’

radioactive tracer, preferably a 3°, 5-100 long, radiolabelled nucleic acid tail.

6. The method of any one of claims 1 to 5, wherein the probes are labelled by a 5’

radioactive tracer.

7. The method of any one of claims 1 to 6, wherein the probes comprise, in their sequence,

radioactive nucleotides.

8. The method of any one of the preceding claims, wherein the two sets of probes are

comprised of nucleic acids of the same nature, for instance oligonucleotide probes.

9. The method of any one of claims 1 to 7, wherein the two sets of probes are comprised

of nucleic acids of a different nature.

10. The method of any one of the preceding claims, wherein the probes of the two sets

comprise a 3’ radioactive tracer or a 5’ radioactive tracer or comprise, in their sequence,
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radioactive nucleotides, the probes of the two sets comprising more preferably a 3’

radioactive tracer.

11. The method of any one of the preceding claims, wherein the first and second

radiolabel have a different emission-energy spectra.

12. The method of claim 11, wherein the first set of probes is labelled with tritium and the

second set of probes is labelled with a radioisotope selected from **S, **P, **P and '*1.

13. The method of any one of the preceding claims, wherein the two sets of probes are
contacted simultaneously or sequentially with the biological sample and/or the target
nucleic acids are detected by assessing simultaneously the formation of hybrids between

the two sets of probes and the sample.

14. The method of any one of the preceding claims, wherein the two sets of probes have

essentially the same specific disintegration activity.

15. The method of any one of the preceding claims, wherein essentially the same amount

of the two sets of probes is used.

16. The method of any one of the preceding claims, wherein the biological sample is a

mammalian tissue sample, preferably a tissue section.

17. The method of any one of the preceding claims, wherein several biological samples

are contacted in parallel.

18. The method of any one of the preceding claims, wherein the samples are deposited on

one or several supports, preferably glass support.

19. A method of simultaneously detecting target nucleic acids in several biological

samples, comprising:
a) providing biological samples on one or several supports, preferably glass supports,

b) contacting, in parallel, the biological samples on the support(s) with at least two
sets of radioactive probes, the probes of the first set being specific for a first target

nucleic acid and labelled with a first radio-element, and the probes of the second
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set being specific for a second target nucleic acid and labelled with a second radio-

element, and

c) simultaneously detecting said first and second target nucleic acids in the biological

samples by assessing the formation of hybrids between the probes and the samples.

5 20. A method of detecting target nucleic acids in a biological sample, wherein the

biological sample is contacted, in parallel with the following at least two sets of probes:

a) probes of a first set specific for a first target nucleic acid and labelled with a first
radio-label and probes of a second set specific for a second target nucleic acid and

labelled with a second radio-label,

10 b) probes of the first set specific for the first target nucleic acid and labelled with the
second radio-label and probes of the second set specific for the second target

nucleic acid and labelled with the first radio-label,

and wherein the method further comprises assessing the formation of hybrids between the

probes and the samples.

15  21. A method for comparing target gene expression in at least two biological samples,

comprising:

a) contacting, in parallel, the biological samples with at least two sets of radioactive
probes, the probes of the first set being specific for a first target nucleic acid and
labelled with a first radio-element, and the probes of the second set being specific

20 for a second target nucleic acid and labelled with a second radio-element,
b) assessing the formation of hybrids between the probes and the samples, and

¢) quantitatively comparing target gene expression in said samples by comparing the

relative amount of hybrids formed between the samples.

22. The method of any one of the preceding claims, wherein one of the sets of probes is

25  specific for a control reference nucleic acid.
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23. The method of any one of the preceding claims, wherein assessing hybrid formation

comprises (i) washing the unbound probe and (ii) detecting radioactivity on the sample.

24. The use of a RNA molecule or set of probes, wherein the RNA molecule or set of
probes comprises radioactive nucleotides labelled with tritium for in vitro or ex vivo gene

expression analysis on a biological sample.

25. An isolated nucleic acid molecule, wherein the molecule is single strand, comprises a
15-100 bases-long sequence which is complementary to a target nucleic acid, and

comprises a 3’ tritiated nucleotide tail.

26. The use of two radioactive probes with different nucleic acid sequences and different

radioactive labels, for in vitro or ex vivo gene expression analysis on a biological sample.

27. A method of any one of claims 1 to 23, further comprising contacting the biological
sample(s) with a non-radioactive probe and/or an affinity reagent to detect additional

target nucleic acid(s), polypeptide(s) or cellular component(s).

28. A method for simultaneous detection or quantification of at least two target
components of a cell or tissue (including nucleic acid, polypeptide, organelle) using two

differently radiolabelled detection reagents.

29. A kit for gene detection comprising radioactive nucleotides, enzymes and/or protocols

for radioactive labelling of nucleic acid probes.

30. A kit for implementing a method according to any one of claims 1 to 23, 27 and 28,
comprising the reagents, supports and/or protocols for labelling, hybridisation and/or

readout.
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