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SUMMARY

　　Re㏄nt　developments　in　DNA　and　oHgonuclθotide　chemistry　have　made　it　possible　to　modify　nucleotides

and　Hnk　quite　complex　mol㏄ule⑨to　the　modified　nuclθotides．　These　advancements　in　DNA　chemistry　provide　a

number　of　possibihties　for　labelling　ohgonucleotide　probes　for　DNA　or　RNA　detection　by　non－radioactive

methods．　Over　the　years　a　number　of　non－radioactive　det㏄tion　systems　for　mRNA　or　chromosomal　DNA　have

been　developed．　As　reporter　molecules，　biotin，　acetylaminonuorene，　dinitrophenol，　digoxigenin，　sulfonized

nucleotides，　md　mercury　have　been　used　and　may　be　detected　with　a　variety　of　high－affinity　detectors，　e．g．

avidin（in　the　case　of　biotin）or　antibodies　specific　to　digoxigenin．　These　vari皿s‘indirect　methods’of　det㏄tion

have　used　a　number　of　chemical　ampHfication　pr㏄edures　in　attempts　to　improve　their　sensitivity．　However，　the

sensitivity　of　these　methods　is　often　less　than　that　of　conventional　radioactive　methods．　A　sensitive　non－radioac・

tive　technique　would　have　a　number　of　advamages　over　the　complex　and　specialized　radioactive　in　situ

hybridization　methods．　In　our　laboratory　we　have　recently　found　that　s血ple　enzyme－labelled　probes　provide

excellent　sensitivity（equivalent　to　that　found　with　radioactive　methods）and　substantially　improved　cellular

resobtion．　In　this　article，　we　describe　the　principle　of　the　method　and　illustrate　some　applications　of　this　novel

non－radioactive　in　situ　method．
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1、INTRODUCTION

　　The　nervous　system　is　unique　among　body　organs　in　the　complexity　of　its　organization

and　chemistry．　Individual　nerve　cells　lying　a（U　acent　to　each　other　may，　for　example，

contain　several　putative　neurotrans㎡tters，　and　express　a　variety　of　different　receptors．

This　diversity　in　biochemical　composition　of　the　cells　means　that　any　analysis　of　gene

expression　should　both　be　carried　out　with　a　high　spatial　resolution　and　allow　a　detailed

morphological　approach．

　　Recent　rapid　progress　in　the　field　of　molecular　biology　has　provided　the　morphologist

with　a　new　range　of　DNA　probes　with　which　to　localize　a　mRNA　signal　within　a　cell　or

tissue　section22・妬・56・58．　This　tec㎞ique　called‘hyb亘dization　histochemistry’or‘in　situ

hybhdization’allows　the　neuroanatomist　to　follow　changes　in　gene　expression　at　the

single－ce111evel　during　development，　or　to　analyze　changes　in　cellular　signals　occurring

during　physiological　or　pharmacological　experiments．

　　Immunohistochemistry　alld　in　situ　hybridization　histochemistry，　which　visualize　re－

spectively　the　translated　protein　product　and　the　transcribed　mRNA　or　chromosomal

DNA，　represent　m司or　developments　in　the　field　of　morl）hological　analysis．　The

widespread　use　of　antibody　probes　in　neurobiology　has　provided　an　enormous　amount　of

information　about　the　chemical　composition　of　a　variety　of　cell　types．　The　technique　of　in

situ　hybridization，　however，　not　only　offers　a　unique　way　of　confirming　many　of　these

histochemical　data　but　is　also　a　better　index　of　synthetic　activity．　This　is　because，　in

general，　changes　in　the　rate　of　mRNA　transcription　are　much　more　rapid（hours）than

those　seen　for　the　translated　gene　product（i．e．　protein　or　peptide）which　may　turn　over

much　more　slowly（days）．　It　has　thus　become　feasible　to　detect，　at　the　single－cell　level，

which　neurons　or　neuronal　systemS　are　activated　by　a　particular　stimulus．　Moreover，

using　i㎜uno㎞st㏄he血stワ，　it　is　often　impossible　to　distinguish　between　substances

whose　amino　acid　compositions　are　very　similar（e．9．α一andβ一CGRP），　whereas　the　use　of

specific　probes　in　in－situ　hybridization　makes　it　possible　to　differentiate　even　closely

related　signals39．　The　non－radioactive　tec㎞ique　we　describe　here　provides　us　with　a　novel

tool　to　investigate　the　control　of　gene　expression　and　enables　us　to　apProach　a　range　of

difficult　problems　including，　for　example，　the　changes　in　gene　expression　underlying　the

formation　of　the　memory　trace．

2．CONVENTIONA口N　SITU　HYBRIDIZATION　METHρDS　AND　THEIR　LIMITATIONS5456・58

　　In　order　to　detect　a　specific　lnRNA　or　chromosomal　DNA　of　interest，　a　probe　is

required　w垣ch　has　a　sequence　complementary　to　that　of　the　target．　Three　types　of　probes
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are　available：（a）complementary　DNA（cDNA）fragments　which　are　cut　out　from
plasmid　vector，（b）complementary　RNA（cRNA）which　has　been　Ugated　into　a　plasmid

vector　containing　a　bacteriophage　RNA　polymerase　transcription　site（either　SP60r　T7），

and（c）specifically　synthesized　anti－sense　ohgonucleotides　which　are　synthesized　by　an

automated　DNA　synthesizeL　The　radioisotopically　labelled　probe　is　hybridized　to　the

target　mRNA　or　DNA　and　is　usually　visualized　by　conventional　autoradiography．　These
probes　are　routinely　labelled　with　a　radioisotope　such　as　32P，35S　or　3H．　Amongst　the

・adi・i・・t・p・・a・ail・b1・，35S　i・u・u・lly　th・m・・t　p・p・1・・，　becau・e　it　p…id・・ag・・d

balance　between　autoradiographical　resolution（the　signal　is　well　localized　within　a　few

microns　of　the　decay　event）and　a　reasonable　energy　level　allowing　convenient　exposure

times　to　be　used（1－4　weeks　on　average）．　The　lower－energy　radioisotopes（3H）have　a

higher　resolution，　but　require　much　longer　exposure　times，　because　the　signal　is　less

energet1C．

　　Two　methods　of　autoradiographical　detection　haYe　routinely　been　used　to　visuahze　a

target　mRNA　or　chromosomal　DNA．　One　is　film－based　autoradiography　whereby　a　sheet

of　autoradiography　film　is　placed　in　direct　contact　with　the　hybridized　slides，　exposed　for

an　optimal　period　of　time　to　detect　the　isotopic　decay，　and　then　developed．　The　second

method　is　emulsion　autoradiography　in　which　a　section　which　has　been　hybridized　with　a

radiolabelled　probe　is　coated　with　a　layer　of　emulsion，　exposed　in　the　dark　for　several

weeks，　and　then　developed．　Film－based　autoradiography　is　generaUy　easier　to　cany　out

and　is　more　suitable　for　quantitative　analysis，　but　emulsion－autoradiography　has　a　much

higher　cellular　resolution．　Both　techniques　require　long　exposure　times，　generally　have　low

resolution，　and　give　relatively　high　backgrounds．　Also　it　is　tec㎞ically　very　difficult　to

apply　the　radioactive　method　for　electron－microscopic　analysis　or　to　use　it　for　visualiza－

tion　of　more　than　one　mRNA　per　section．　Moreover，　the　use　of　radioisotopes　requires

specialized　equipment　and　produces　radioactive　waste　which　has　to　l）e　disposed　of．　For

all　these　reasons，　a　sensitive　and　reliable　method　of　non－radioactive　in　situ　hybridization

would　represent　a　substantial　breakthrough　in　the　study　of　gene　expression．

3．NON－RADIOACTIVE　METHODS

　　In　order　to　resolve　these　autoradiographical　problems，　a　number　of　workers　have

sought　alternative　labelling　methods　and　have　developed　methods　not　requi血g　radioiso－

topes（Table　I）．　Improvements　in　the　chemistry　of　nucleic　acids　have　enabled　a　number　of

modified　bases　to　be　produced　to　which　a　number　of　enzyme　groups　can　be　directly

attached　as　reporter　moleculesLl5・47．　These　modified　nucleic　acids　often　have　a　primary

aliphatic　amino　group　which　is　much　more　nucleophilic　than　those　present　on　the

．heterocyclic　bases　of　nucleic　acid，　and　can　be　selectively　reacted　with　a　variety　of　suitable

reagents．　It　has　also　been　found　that　the　C－50f　the　pyrimidine　base　or　the　C－80f　the

purine　base　is　a　good　site　for　the　attachment　of　a　reporter　molecule　or　label，　as　this　results

in　the　least　amount　of　interference　with　hybridizatio㎡5．　It　is　also　possible　to　incorporate　a

pre－modified　base　into　a　probe　by　an　enzymatic　reaction　or　with　a　DNA　synthesizer．　A

variety　of　strategies　have　been　used　to　seek　suitable　labelhng　groups．　In　principle，　instead

of　the　radioisotope，　a　small　che血cal　reporter　molecule　is　attached　to　a　probe，　and　is

localized　by　a　suitable‘detector’which　should　have　both　high　affinity　and　spec孟ficity．

This　type　of　method　whereby　the　original　reporter　molecule（e．g．　biotin）is　amphfied　by

the　build－up　of　a　complex　product　can　be　termed　an‘indirect　method’2・7・43（Table　I）．　An

important　criterion　for　selecting　a　good　reporter　molecule　for　an　indirect　method　is　that　it

should　be　small　and　have　the　abiUty　to　penetrate　into　a　tissue．　Subsequent　detection　then
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TABLE　I

NON－RADIOACTIVE　REPORTER　MOLECULES　FOR　LABELLING　OF　PROBES

INDIRECT　METHOD
Reporter　mO｝ecule

Acetylaminofluorene（AAF）

Biotin

　Biotin－dUTP

5’－Biotin

Photobiotin

Digoxigenin（－dUTP）

Dinitrophenol（DNP）

　Phot（ヶDNP

　BFguanine（C8）－DNP
Mercury

Sulfonation

Detector

Antibody

Streptavidin

（an6body）

Streptavidin

（antibody）

Streptavidin

（antibody）

Andbody
Antibody

Antibody

Antibody

HS・hapten　and　antibody

Antibody

Re∫erences

Tchen　et　aL55

Landegent　et　al．30

Langer　et　al．32

Leaワet　al．33

Agrawal　et　al．1

Forster　et　aL　12

Heiles　et　aL16

Shroyer　et　al．48

Keller　et　a1．24

Keller　et　aL23

Dale　et　aL8

Hopman　et　al．19

Sverdlov　et　al．53

Poverenny　et　aL42

DIRECT　METHOD
Reporter　molecμ’e

Fluorescent　P「ime「

Enzyme
　（alkaHne　phosphatase）

Modげicα薩on（ずprobe

5’．Amino

Amino－thymidine（C5）

5’．Amino

3’－A血no－SH

Am垣o－cytosine（C－5）

Re∫erences
Smith　et　a1．49

Ruth　et　a1．47

Jablonsky　et　al．21

】二ietal．36

Chu　et　a1．6

Urdea　et　al．57

requires　a　highly　sensitive，　easily　amplified　detection　system．　So　far，
biotin，2・7・12・13・2032・33・35・41，　digoxigenin3・14・16，　dinitropheno123・2448・60，　mercury　8・17・18・19，　acety1－

aminofluorenelo・3q31・55，　and　sulfonized　nucleotide34・40・53　have　been　tested　as　potential

reporter　molecules　for　use　in　in－situ　hybridization（Table　I）．　Amongst　these　reporters，　the

most　popular　has　been　biotin，　although　more　recently　digoxigenin　has　become　widely

used．　Biotin　is　a　small　molecule（MW＝244）which　can　be　detected　by　avidin　which　has　a

very　high　affinity　for　the　molecule（Kd＝10－15　M），　meaning　that　this　reaction　is

essentially　specific．　Probes　can　easily　be　labelled　with　biotin，　using　biotinylated　nucleo－

tides　in　exactly　the　same　way　as　radioactive　nucleotides　are　incorporated　into　DNA　or

RNA．　In　this　chapter，　we　describe　briefly　the　basic　methodology　of　some　earHer

non－radioactive　methods　using　biotin　as　an　example　of　the　use　of　a　non－radioactive

reporter　molecule．

　　All　types　of　probes，　whether　cDNA，　cRNA　or　oligonucleotides　can　be　labelled　with

biotin．　A　biotinylated　nucleotide　is　routinely　used　in　which　a　biotin　molecule　is　cross－lin－

ked　to　a　nucleotide　via　a　hnker　arm．　Va亘ous　kinds　of　biotinylated　llucleotides　are　now

commercially　available，　including，　for　example，11－，16－and　21－biotin　dUTP（Fig．1a）．

These　biotinylated　nucleotides　can　be　incorporated　into　the　relevant　probe　enzymatically，

using　nick　translation，　primer　extension，3’－and　5’－end　labelling，　the　RNA　polymerase

extension　method　or　by　using、the　polymerase　chain　reaction（PCR）．

　　Another　method　of　biotin－1abelling　is　to　use　photobiotin　which　carries　a　photosensitive

base　group　which　can　be　crosslinked　by　irradiation　with　strong　light　to　DNA　or　RNA
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a　Biotin－21－dUTP
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Fig．1．　The　structures　of　biotinylated　nucleotide　and　photobiotin、（a）The　stmcture　of　biotin－21－dUTP．　A　biotin

is　linked　to　dUTP　via　a　long　Hnker　arm．　This　modified　nucleotide　can　be　incorporated　into　a　probe

enzymatically．（b）The　structure　of　photobiotin．　A　biotin　mo1㏄ule　is　linked　to　a　photoactivatable　group　via　a

　　　　　linker　arm．　The　photoactivatable　base　can　be　bound　to　the　probe　by　irradiation　with　strong　Hghし

probesl　2．　The　photoactive　base　is　located　at　the　end　of　the　hnker　arm　in　photobiotin

which　is　connected　to　a　biotin　group　at　the　other　end（Fig．1b）．　As　desc亘bed，　irradiation

with　a　strong　hght　source　will　hnk　the　photobiotin　to　a　DNA　or　RNA　probe；however，

the　precise　reaction　of　the　photoactive　base　and　the　preferred　site　of　attachment　to　the

DNA　or　RNA　probe　are　unknown．　The　advantage　of　photobiotin　is　its　simplicity，　as　it

does　not　require　an　enzymatic　reaction，　and　it　is　easy　to　check　that　the　labelling　has　been

car亘ed　out　successfully　by　following　the　change　in　color　of　the　probe　after　ethanol

precipitation．　Unincorporated　free　photobiotin　remains　in　the　ethanol　phase，　and　the

labelled　probe，　which　is　precipitated　by　the　ethanol，　should　have　a　brown　color．

　　Biotin－labelled　probes　can　be　detected　by　a　range　of　different　methods．　These　methods

are　summarized　schematically　in　Figure　2．　Biotin　on　a　DNA　or　RNA　probe　can　be

detected　by　avidin，　or　an　anti－biotin　antibody，　and　finally　visualized　by　an　enzymatic

color　reaction【using　horseradish　peroxidase（HRP）or　alkaline　phosphatase］or　fluores－

cence．　Other　reporter　molecules　such　as　digoxigenin　are　usually　detected　by　the　use　of

specific　antibodies　and　visualized　using　suitably　labelled　second　antibodies．　In　order　to

improve　the　sensitivity　of　the　biotin　or　digoxigenin　methods，　a　number　of　chemical

amplification　systems　have　been　tried．　However，　the　sensitivity　of　all　these　probes　which

are　visualized‘indirectly’and　require　signal　amphfication　is　still　less　than　the　best

radioactive　probes．　Some　mRNAs　which　are　found　in　high　copy　numbers　in　specific　cells：

e．g．，　the　neurohypophysial　hormone　mRNAs　in　the　hypothalamus　or　virus　mRNA　in
infected　tissue　are　readily　detectable　by　these　non－radioactive　methods2・13．　However，　other

mRNAs　w1Uch　are　not　so　abundant　have　proved　ve】ry　difficult　to　detect　with　existing

non－radioactive　methods．　In　fact，　although　the　above　non－radioactive　methods　have　some

advantages，　they　are　not　widely　used　in　the　study　of　neuronal　gene　expression　because　of

their　low　sensitivity．　For　this　reason　a　reliable　and　sensitive　non－radioactive　method　was

required，　and　we　have　found　that　a　non－radioactive　in　situ　method　using　an　enzyme一
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◆Bi・ti・ ◇瓢麟瀦1・×…d・・ ◇・・・…yl…dEnzy・・

a Enzyme

＝°be
Antibody　linked

　　　Enzyme

b

Fluorescein－label「ed
　　　　　Avidin

C ●■・．
・

■●●・

hdirect　日uorescence
　　　Method

　complex

body

PAP　Method

e

Direct　ABC　Method

f◇
　　　　　x＜）・

ズ鷲頸

lndirect　ABC　Method

anti－◇antibody

　　　　　◇　◇

　　　　　　×◇

　　　　Multi－Amplified　ABC　Method

Fig．2．　Indirect　methods　of　visualizing　reporter　mo】ecules　linked　to　o1▲gonucleotide　probes．（a）Reporter
　　　　　　　　　　　　　　へmolecule　involving　biotin　is　detected　by　the　anti－reporter　molecule　antibody　which　is　linked　to　an　enzyme，　such

as　alkaline　phosphatase　or　horseradish　peroxidase．（b）Fluorescence－labelled　avidin　or⑨treptoavidin　is　used　as　a

det㏄tor　of　biotin．（c）The　primary　antibody　is　specific　againsUhe　reporter　molecule　and　is　visualized　using　a

nuor㏄hrome－1abelled　2nd　antibody．（d）The　reporter　mol㏄ule　is　detected　using　the　concentrated　immunohis－

t㏄hemical　PAP　method．（e）The　biotin　reporter　mo1㏄ule　is　detected　using　an　avidin－biotin　enzyme　comp［ex．

AlkaUne　phosphatase　or　HRP　may　be　used　as　the　enzyme．（f）The　reporter　molecule　is　initally　reacted　with　a

biotinylated　anti－reporter　molecule　antibody　and　then　detected　with　an　avidin－biotin　enzyme　complex．（g）The

biotin　reporter　molecule　nnked　to　the　probe　is　first　detected　by　an　avidin－biotin　enzyme　complex．　In　order　to

increase　the　enzyme　alnp五fication，　a　biodnylated　al1面一avidin　antibody　is　used　as　a　bridge　molecule　just　like　the

2nd　antibody　in　the　PAP　method．　Finally　another　avidin－biotin　enzyme　complex　may　be　attached，　as　the

　　　　　　　　　　　　　　　biotinylated　anti－avidin　antibody　has　multiple　binding　sites　for　avidin．

labelled　oligodeoxynucleotide　probe　gave　excellent　results．　This　method　has　a　sensitivity

gomparable　to　that　of　the　best　radioisotopic　methods（see　below）．

4．THE　USE　OF　ENZYMELABELLED　OLIGODEOXYNUCLEOTIDE　PROBES　IN　NON－RADIOAC－
TIVE　IN　SITU　HYBRIDIZATION

4．1、ノ4duαn1αges

　　As　noted　earlier，　we　have　found　that　simple　enzyme－linked　oligonucleotide　probes

labelled　with　HRP　or　alkaline　phosphatase　are　the　most　suitable　for　use　in　non－radioac一
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tive　in　situ　hybridization．　This　method　is　a‘direct　method’，　i．e．　there　are　no　additional

amplification　steps　before　the　detection　of　the　enzyme　reporter　molecule21・43・45（Table　I）．

Most　of　the　earher　hterature　derived　from　immunohistochemical　studies　had　suggested

that‘indirect’methods　have　much　higher　sensitivity　than　simpler‘direct　methods’，　for

example　the　PAP　method　versus　a　single　enzyme－labelled　antibody　51．　It　had　therefore

been　thought　that　a　reliable　chemical　amplification　step　would　be　necessary　for　the

detection　of　a　non－radioactive　mRNA　signal．

　　In　the‘direct’method，　the　5’－and　3’－terminal　fluorochrome　labels　we　tested　first　did

not　give　acceptable　results4．　However，　we　have　found　now　that　enzyme－labelled　probes，

particularly　those　carrying　the　robust　enzyme　alkaline　phosphatase，　give　excellent　signal

detection　usually　without　problems　with　washing　temperatures　or　steric　hindrance2126・27・29．

It　is　also　critical　that　the　reporter　molecule　should　retain　activity　in　the　hybridization

buffer，　tolerate　high　wash　temperatures　and　not　affect　the　kinetics　of　hybridization．

Although，　as　expected，　it　was　found　that　oligonucleotide　probes　carrying　a　large　enzyme

such　as　alkaline　phosphatase　have　a　melting　temparature　some　10°C　lower　than　the

equivalent　underivatized　oligonucleotide　probes　on　membranes21，　this　was　not　a　problem

for　in　situ　hybridization　histochemistry　because　washing　and　hybridization　conditions　are

routinely　performed　at　lower　temperatures．　As　noted，　the　sensitivity　of　these　enzyme－

labelled　probes　is　comparable　and　sometimes　better　than　conventional　radiolabelled

probes．　This　high　sensitivity　is　due　to　both　the　high　resolution　obtained　and　the　very　low

background　signal　observed．　As　the　background　is　low，　it　is　very　easy　to　identify　whether

aweak　signal　is　present　within　a　single　cell．　This　method，　like　the　radioactive　one，　is　direct

and　quantification　of　an　mRNA　signal　is　possible．　It　is　also　more　reliable　and　reproduc－

ible　than　other　non－radioactive　methods　in　which　the　original　small　signal　has　to　be

greatly　ampUfied．　During　these　amplification　stages，　the　number　of　possible　errors

increases　rapidly　and　may　deviate　widely　from　the　original　signa1．　A　final，　and　perhaps

the　most　telhng　advantage　of　this　method，　is　that　it　is　mμc乃3」㍗1θr　and　4μ’c丘θr　than　all

other　non－radioactive　and　radioactive　in　situ　hybridization　methods　so　far　described．

42．Met｝10dology

　　4．2．1．Sτwαμrθαη4ρ解ρα厄∫oη0ρんρrobθ　Asingle　alkaline　phosphatase　molecule　is

croSs－1inked　to　a　single　modified　base　which　carries　a　linker　arm47．　This　modified　base　is

included　during　the　synthesis　of　the　oligonucleotide．　The　modified　base　is　incorporated

directly　into　the　automated　synthesis　carried　out　on　a　DNA　synthesizer（Fig．3a）．　Alkaline

phosphatase　is　cross－linked　to　the　primary　amine　group　on　the　linker　arm　using　an

amine－reactive　bifunctional　cross－1inker　such　as　disuccinimidyl　suberate（DSS）（Fig．3b）．

The　alkaline　phosphatase－oligodeoxynucleotide　co司ugate　can　then　be　separated　by　gel

filtration　and　anion－exchange　chromatography．　Briefly　the　alkaline　phosphatase－

oligodeoxynucleotide　co可ugate　and　free　alkaline　phosphatase　are　separated　from　free

oligodeoxynucleotide　by　filtration　through　a　Biogel　P－100　column，　for　example．　Then　the

Co両ugate　is　separated　from　free　alkaline　phosphatase　by　DE52　anion　exchange　chro－

matography　with　a　gradient　of　NaCI　concentration（04　M）．　The　free　alkahne　phos－

phatase　comes　first　and　then　co珂’ugate　comes　off．　The　fraction　which　contains　co可ugate

ρrfree　alkaline　phosphatase　can　be　identified　by　the　ratio　of　A　260／A　280，　and　the　activity

of　alkaline　phosphatase　can　be　assayed　spectrophotometrically　by　the　hydrolysis　of
ρ一nitrophenyl　phosphate　at　405　nm（for　this　method，　see　Jablonsky　et　al．21）．

　　4．2．2．1かbr励zα’joηαη4　color　rθoc’joη　Although　a　variety　of　methods　for　hybridiza－

tion　can　be　used　for　this　type　of　novel　probe，　the　following　procedure　is　recommended
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a　　Modified　Base

　　　　　　　　　　　　　　む　　　　　　　　　　

　　　　　　1ぴNH岬NH』c’

D肝゜

　　　　　實

bAlkaline　Phosphatase　labelled　Probe

宋・Alk・…eP…p・・…e

Unker　arm

5’－dGAA　TGt　CTT　CCA　GAA　GAA　GTT　CTT　GCA　GCC

Fig．3．　Structure　of　an　enzyme－1inked　probe．（a）Anucleic　acid　which　has　a　linker　arm　and　a　primary　amine

group　a“he　top　of　the　linker　arm　is　synthesized　so　as　it　may　be　used　for　a“achment　of　an　enzyme．（b）Modified

nucleic　acids　are　automatically　incorporated　into　the　probe　by　a　DNA　synthesizer　and　then　labelled　with　the

　　　　　　　　　　　　　　　enzyme　by　cross－linking　i“o　the　a血ne　group　omhe　linker　arm．

and　works　well　in　our　hands：

（1）Fresh　frozen　sections　are　cut　on　a　cryostat（5－20μm）．

（2）The　sections　are　then　fixed　for　30　min　in　4％paraformaldehyde　in　OユMPB（pH　7．5）．

（3）Sections　are　then　washed　with　PBS　for　10　min　to　remove　the　fixative．

（4）Sections　are　pretreated　with　O．25％acetic　anhydride　in　O．1　M　triethanolamine　and

　　　O．9％NaCl　for　a　further　10　min．

（5）After　the　pretreatment，　the　sections　are　dehydrated　with　ethanol（70％up　to　100％）．

（6）Delipidated　with　chloroform　for　lO　min．

（7）Washed　again　with　absolute　ethanol．

（8）Hybridized　in　hybridization　buffer　at　37°C　over㎡ght．　The　hybridization　buffer

　　　contains：4×SSC，50％formamide，1×Denhardt’s，500μg／ml　salmon　testis　DNA，
　　　10％dextran　sulfate　and　probe（1－5　fmol／μ1）．

（9）After　hybridization，　sections　are　washed　with　1×SSC　at　room　temperature　to　remove

　　　the　hybridization　solution，　and　then　taken　through　a　number　of　increasingly　stringent

　　　washes（e．g．，4times　washes　with　1×SSC　or　O．5×SSC　at　55°C　each　for　l　5－20　min）．

（10）Following　the　washes，　the　sections　are　incubated　in　O．I　M　Tris－HCI（pH　7．4）／0．9％

　　　NaCl　for　30　min、

（11）Sections　are　then　incubated　in　O．1　M　Tris－HC1（pH　9．5）／0．1　M　NaCl，0．05　M　MgC12

　　　for　10　1njn．

（12）Sections　are　incubated　in　substrate　solution　at　room　temparature　overnight　in　the

　　　dark　to　visualize　the　sites　of　hyb亘dization．　The　substrate　solution　used　consists　of

　　　nitroblue　tetrazolium（NBT）340μg／ml　and　5－bromo－4－chloro－3－indolyl　phosphate

　　　（BCIP）170μg／ml　in　buffer（11）9・59．

（13）The　color　reaction　is　stopped　after　a　suitable　time　with　10　mM　EDTA（for　30　min）．

（14）Finally　sections　are　mounted　under　covCr　slips　with　10　mM　Tris－HCI（pH　7．4）

　　　containing　50％glycerol　and　10　mM　EDTA．

　　Steps（1）一（9）are　equally　suitable　for　use　with　radioactive　probes（whether　cDNA　or

ohgo　probes）．
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　　One　of　the　advantages　of　alkaline－phosphatase－linked　probes　is　the　color　of　the　final

product　which　can　be　selected　from　red，　blue，　black　or　purple－brown　depending　on　which

alkaline　phosphatase　substrate　is　used25－28．　As　each　substrate　has　its　own　optimum

reaction　conditions，　particularly　pH，　the　color　reaction　procedure　must　be　modified　to

suit　each　of　them．　In　the　above　protocol，　we　describe　conditions　for　the　use　of　the

substrates　NBT　and　BCIP，　which　are　very　stable，　and　in　our　hands　give　optimum　results．

If　the　hybridization　signal，　i．e．　the　colored　aU（aline　phosphatase　reaction　product，　is　still

weak　after　an　overnight　incubation，　presumably　due　to　a　low　content　of　cellular　target

mRNA，　the　color　development　can　be　continued　for　at　least　another　72　h．　Even　after　72　h

incubation　in　substrate　solution，　the　background　is　still　very　low　as　long　as　the　washing

conditions　were　sufficiently　stringent．　While　the　increase　in　background　is　very　slow，　the

specific　mRNA　signal　can　increase　in　strength　over　a　few　days」f　longer　incubation　times

are　necessa巧，　we　reco㎜end　the　use　of　17％pol畑yl　alcohol　in　the　substrate　solution．

This　may　mini血ze　the　diffusion　of　reaction　product　and　background　problems．　However，

the　low　backgro皿d　in　this　method　is　presumably　due　to　the　stability　of　the　substrate　and

the　effect　of　blocking　the　diffusion　of　reaction　product　is　not　dramatic．　The　fact　that

HRP－labelled　probes　are　less　sensitive　than　those　which　carry　an　aU（aline　phosphatase

reporter　molecule　is　probably　due　to　the　instability　of　the　peroxidase　enzyme　and　its

tendency　to　oxidize　and　loose　activity．　In　our　hands，　the　aU（aline　phosphatase　reaction

products　are　stable　for　at　least　a　year　when　stored　out　of　direct　light．

4．3．Cel嵐αr　locα髭zα三言on（れhe　reαction　prodμcts

　　Alkaline　phosphatase　reaction　products　are，　as　expected，　concentrated　in　the　cell

cytoplasm．　Sometimes　in　heavily　labelled　cells　the　reaction　product　is　found　extending　out

into　the　proximal　dendrites　of　neurons．　The　amount　of　signal　found　in　the　nucleus　is

usually　very　low（Fig．4）．　The　reaction　product　within　the　cytoplasm　is　often　seen　as

punctate　clusters，　presumably　corresponding　to　groups　of　polysomes　in　the　endoplasmic

reticulum．　The　subcellular　localization　of　the　mRNA　signal　is　most　clearly　observed　in

cultured　neuronal　cells．　In　these　cells，　the　punctate　reaction　product　is　often　observed　in

the　cytoplasm　close　to　the　nuclear　membrane（Fig．8b，c）．　This　localization　of　mRNA

signal　would　probably　correspond　to　the　sites　where　rough　endoplasmic　reticulum（rER）

is　found．　Presumably　mRNA　is　concentrated　in　this　area　to　facilitate　the　translation　of

protein／peptide　from　mRNA．　The　position　of　reaction　products　is　therefore　as　expected

and　represents　a　much　higher　resolution　of　signal　than　can　be　detected　by　conventional
radioactive　probes　even　with　the　use　of　3　H，　when　the　radioactive　signal　can　spread　2－3

μmfrom　its　origin．　The　demonstration　of　mRNA　in　primary　dendrites　also　indicates　that

mRNA　actually　exists　there，　and　suggests　that　protein　synthesis　may　occur　in　them（Fig．

4）．

　　In　addition　to　this　unequalled　cellular　resolution，　the　background　signal　is　excellent．

This　is　one　of　the　m司or　reasons　why　the　present　non－radioactive　method　has　such　a　high

sensitivity（Fig．5）．

　　Since　the　detection　of　the　aU（ahne－phosphatase－linked　probe　seems　comparable　or

better　than　radioactive　probes，　it　w皿1d　seem　that　problems　of　penetration　of　such　a　large

probe　into　the　tissue　section　do　not　arise．　Treatment　of　sections　with　a　proteinase

digestion　to　enhance　probe　penetration　has　not　been　found　necessary．

4．4．Compαγison　wi仇仇e　rα直oαcl沁e　me仇od

　　Figure　6　shows　an　example　of　the　direct　comparison　between　a　radioactive　in　situ

hybridization　method　and　the　alkaline　phosphatase　method　using　either　a　radiolabelled　or

an　enzyme－1abelled　somatostatin　antisense　oligonucleotide　probe　on　a（U　acent　serial　sec一
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magnification　of　a　microphotograph　demonstrating　preprosomatostatin　mRNA　in　rat　brain　tissue．　The　mRNA

signal　is　not　evenly　distnbuted　throughouuhe　cell　cytoplasm　and　some　punctate　structures　are　observed．　No
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Flg　5　Photo　montage　showmg　the　dlstnbutlon　of　preprosomatostatm　mRNA　pos1Uve　neurons　ln　rat　telen－

cephalon　usmg　an　alkalme　phosphatase　lmked　probe　Thls　flgure　clearly　shows　how　the　resolutlon　and　contrast

between　slgnal　and　background　are　excellent　The　ldentlflcatlon　of　posltlve　or　negatlve　cells　ls　much　more

obvlous　than　wlth　radloactlve　m　sltu　hybndlzatlon　acaニantenor　commlssure　anterlor，　Cg＝clngulate　cortex，

C1＝claustrum，　CPu＝caudate　putamen，　Fr＝frontal　cortex；lo＝1ateral　olfactory　tract，　Plr＝plnform　cortex，

　　　　　　　　　　　　　　　　　　　　　　　　　　RF－rhnal　flssure　Scale　bar－1㎜

tlons．　For　companson，　m　order　to　achleve　the　results　lllustrated　it　took　a　week’s　exposure

of　the　autoradlography　fllm（Flg．6a），2weeks’exposure　of　the　sectlons　for　emulslon

autoradlography（Flg．6b，c），1）ut　only　l　nlght　to　complete　the　alkaline　phosphatase　color

reactlon（Flg．6d－f）Thls　non－radloactlve　method　ls　qulcker，　and　any　problems　wlth　the

hybndization　reactlon　or　detectlon　of　the　slgnal　can　be　rapldly　corrected．
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Fig．6．　Comparison　between　radioactive　and　non－radioactive　probes．　Serial　sections（15μm）are　prepared　for　the

detection　of　somatostatin　mRNA　in　the　brain　using　an　35S－1abelled　probe　and　an　alkaline－phosphatase－labelled

probe．（a）Film－autoradiogram　using　high－resolution、　sensitive　autoradiography　film（2　weeks　exposure　with

Hyper　film　beta－Max，　Amersham，　U．K．）．（b，c）Emulsion－autoradiograms　demonstrated　by　dark－field　illumina－

tion．（3　weeks　exposure　with　llford　K－5　nuclear　tract　emulsion，　Ilford，　U．K．）．（d－f）Non－radloactive　in　situ

hybridization（one　overnight　color　reaction）．（b），（d）and（f）demonstrate　the　mRNA　distribution　in　frontal

cortex，　and（c）and（e）show　the　dorsal　part　of　lateral　septum．　Note　that　the　sensitivity　of　non－radioactive

reaction　is　comparable　to　that　of　radioactive　detection　with　emulsion　autoradiography．　The　indMdual　cells　are

much　more　clearly　identifiable　with　the　non－radioactive　method，　particu［arly　in　the　area　like　the　dorsal　part　of

lateral　septum　where　many　positive　cells　are　densely　packed　together．　The　positive　cells　which　have　low　or　weak

hybridization　signal　are　easier　to　discern　using　the　non－radioactive　probe．　Scale　bar：a＝1mm，　b－e＝120μm、

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　f－100μm．

　　　The　distribution　of　somatostatin　mRNA－positive　cells　detected　by　the　35S－labelled

probe（autoradiographical　silver　grains）or　alkaline　phosphatase　color　reaction　are　very

similar．　However，　the　cells　which　are　weakly　labelled　with　alkaline　phosphatase（i．e．

contain　a　low　mRNA　content）are　much　easier　to　visualize　than　those　cells　which　contain

alow　number　of　silver　grains．　The　reason　is　that　the　signal／noise　ratio（i．e．　the　positive

signal　intensity　vs　background　intensity）is　much　higher　with　the　alkaline　phosphatase

method　than　with　the　radioactive　method．　Moreover，　in　an　area　where　many　positive　cells
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are　packed　together（cf．　Fig．6a，c，e），　the　detection　of　individual　positive　cells　by　emulsion

autoradiography　is　often　difficult　because　of　the　lower　resohltion　of　signal　due　to　the

spread　of　the　radioactivity　through　the　autoradiography　emulsion．　With　the　non－radioac－

tive　method，　individual　positive　cells　can　be　clearly　detected．

　　In　conclusion，　the　sensitivity　of　this　non－radioactive　in　situ　hybridization　method

seems　to　be　comparable　to　that　of　the　best　radioactive　methods，　at　the　very　least．　By

comparison，　other　indirect　non－radioactive　in　situ　methods　have　never　achieved　this

degree　of　sensitivity．

4．5．ノ1pp海cαれoηs　Io　Of｝｝erηeruoμs　Iδsμes

　　4．5．1．1）θゆ乃θrα1ηeアoe5　1n　peripheral　nerves，　we　f皿nd　that　this　method　of　non－radio－

active　in　situ　hybridization　was　mwh　more　effective　than　the　conventional　methods　using

radioactive　probes，　because　individUal　cells　within　ganglia　could　be　readily　visual立ed．　For

example，　in　autonomic　ganglia　which　consist　of　rather　homogeneous　groups　of　cells　which

are　closely　packed，　the　boundary　of　each　individual　cell　is　rather　difficult　to　detect　by

autoradiography　because　of　the　spread　of　silver　grains．　However，　with　the　non－radioactive

method，　individual　separate　cells　are　very　clearly　detected（Fig．7a）．　Another　characteristic

of　peripheral　tissues　is　that　they　are　stratified　and　follicular．　The　edges　of　layers　and

follicles　tend　to　resuh　in　a　very　high　non－specific　binding　of　radiolabelled　probes，

sometimes　called　the‘edge　effect’in　emulsion　autoradiography．　One　reason　for　this　effect

may　be　that　the　emulsion　is　thicker　at　the　edge　of　tissue　relative　to　the　rest　of　the　section．

This　is　particularly　noticeable　in　sections　from　intestinal　tissue，　which　consists　of　many

layers．　All　of　these　boundaries，　and　particularly　the　submucous　layer，　may　show　this‘edge

effect’．　However，　this　novel　non－radioactive　method　does　not　suffer　from　this　problem

（Fig．7b）．

　　Retinal　tissue，　which　again　consists　of　many　layers，　presents　another　problem　as　the

cells　are　packed　tightly　into　nuclear　layers　making　the　gaps　between　cells，　and　the

boundaries　of　each　cell　difficult　to　discern．　In　this　case，　a　high－resolution　signal　within　the

retina　was　readily　obtained　using　our　non－radioactive　in　situ　hybridization　method（Fig．

7c）．

　　4．5．2．1Vθμ1oηぷ加τf∫ぷμθc〃wθ　Our　current　method　works　well　on　cells　grown　in　vitro．

The　sensitivity　seems　comparable　to　that　seen　in　frozen　tissue　sections．　No　prol）1ems　of

penetration　of　the　enzyme－1abelled　probes　were　observed，　and　so　far　we　see　no　need　for

proteinase　digestion　to　enhance　penetration．　Interestingly　the　resolution　at　the　subcellular

level　was　much　better　than　that　observed　with　tissue　sections（Fig．8），　perhaps　reflecting

the　fact　that　the　cell　cytoplasm　was　not　damaged　by　sectioning．

　　45．3．Hμmαn’」∬μe　The　use　of　in　situ　hybhdization　techniques　on　human　tissue　is

likely　to　increase，　especially　when　used　to　investigate　pathological　gene　expression．　For

diagnostic　purposes，　a　quick　and　simple　method　is　essential．　For　this　reason，　the

radioactive　method　is　not　ideally　suited　because　of　the　time　scale　involved　in　detecting　a

signal，　and　other　non－radioactive　methods　suffer　from　lack　of　simplicity　and　sensitivity．

The　alkaline　phosphatase　system　described　here　seems　to　be　among　the　most　suitable　so

far　developed　for　pathological　studies（Fig．9）．

　　For　a　postmortem　or　biopsy　tissue　sample，　the　retention　of　an　intact　mRNA　in　the

tissue　is　one　of　the　most　important　factors　in　getting　a　good　hybridization　signal．　Tissue

samples　must　be　processed　as　quickly　as　possible　and　the　time　from　collection　to　freezing

or　fixing　must　be　minimized．
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Fig．8」n　situ　hybrid立ation　on　neuronal　cell　cultures．　Cerebral　cortical　cells　from　rat　embryos　were　cultured　for

2weeks．　An　alkaline－phosphatase－1abelled　somatosta加probe　was　used．　The　somatostatin－mRNA－positive

reaαion　product　is　shown　with　very　high　resolution　and　contrast（a）；subcellular　l㏄alization　of　mRNA　positive

signals　are　observed　clearly　in　each　cell　at　higher　mag㎡fication（b，c）．　P皿ctate　positive　structures　were　mainly

　　　　　　　　　concentrated　in　the　perinuclear　of　the　cell　cytoplasm．　Scale　bar：a＝100μm；b，c＝25μm．
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Fig．9．　Human　tissue．　These　photomicrographs　show　the　localization　of　preprosomatostatin　mRNA－positiv（

neurons　in　human　cerebral　cortex．　The　morphology　onhe　positive　cell　is　similar　to　that　seen　by　immuno加

tochemistry　using　somatostatin　antisera（a．d－h）．（b）and（c）are　examples　of　control　experiments　in　whjcl

RNAse　pretrea抽ent（b）and　competition　with　exces⑨皿1abelled　probe（c）were　performed．　Note　that　n（

positive　signal　is　seen　in（b）and（c）．　These　experiments　were　performed　using　a　probe　w垣ch　is　a　complementan

to　rat　somatostatin　mRNA．　ln　this　case，　no　positive　signal　could　be　demonstrated　using　the　ordinar）

hybndtzation　conditions．　but　could　be　demonstrated　by　changing　the　hybridization　buffer　composition．　T㎞s　i】

because　there　are　two　base　pair　mismatches　in　the　probe　sequences　between　human　and　rat，　Scale　bar

　　　　　　　　　　　　　　　　　　　　　　　　　　a－c＝400μm；d＝150μm；e－h－20μm．

4．6．Ωμαnrザicαεめη

　　As　described　above，　the　alkaline　phosphatase　in　situ　hybridization　method　depends　or

a1：lreaction　of　probe　with　mRNA．　Also　the　signal　detection　is‘direct’without　an）
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amplification　stages　and　is　of　a　sensitivity　equivalent　to　the　best　radioactive皿ethods．　All

these　characteristics　mean　that　the　strength　of　signal　detected　may　be　directly　related　to

the　amount　of　mRNA　present，　and　that　as　long　as　the　amount　of　substrate　used　does　not

exceed　10％of　the　total　substrate　available　the　enzyme　reaction　will　not　deviate　from

linearity．

　　In　principle，　the　relative　signal　density　of　individual　cells　can　be　measured　under

equivalent　reaction　conditions．　The　difference　in　relative　density　correlates　well　with　the

observed　difference　in　mRNA　content．　A　microdensitometer，　or　other　image　analyzer

which　can　measure　the　signal　intensity　of　individual　cells，　is　ideal　for　the　relative

quantification　of　the　alkaline　phosphatase　signa126・59．　In　our　experience，　the　change　in

relative　intensity（i．e．　mRNA　signal）after　various　chemical　treatments　corresponds　well

with　data　from　Northem　analysis26．　The　advantage　of　this‘cellular　quantification’over

Northern　analysis，　of　course，　is　the　preciseness　of　signal　location，　which　means　that　any

differences　in　mRNA　expression　among　cell　species　and　within　an　area　can　be　detected．

In　Northern　analysis　a　large　tissue　sample　is　homogenized，　so　any　mRNA　signal　observed

is　an　average　of　all　the　cells　in　that　one　area．

4．7．S輌m砲αneOt4s　uis顕lizαtion　o∫fwo　mRNAs

　　The　improvements　described　here　in　the　sensitivity　of　non－radioactive　in　situ　hybridi－

zation　histochemical　methods　for　detection　of　mRNA　now　make　it　possible　to　combine

non－radioactive　and　radioactive　techniques　to　visuahze　two　mRNAs　on　the　same　sectiρn

（i．e．　to　carry　out　studies　of‘co－expression’）．　So　far，　a　few　trials　attempting　simultaneous

visualization　of　two　mRNAs　in　a　section　have　b㏄n　carried　out，　with　various　combina－

tions　of　non－radioactive　methods，　or　a　mixture　of　radioactive　and　non－radioactive

methods20・25・38．　However，　earlier　successful　co－expression　studies　have　been　restricted　to

situations　where　mRNAs　are　abundant　because　of　the　low　sensitivity　of　earlier　non－radio－

active　probes．　Since　both　the　alkahne　phosphatase　labelled　and　radioactive　probes　are

among　the　most　sensitive　probes　so　far　developed，　we　have　tried　to　colnbine　them　for

co－expression　studies．　After　a　number　of　trials　our　experiments　suggest　that　the　use　of

combinations　of　short　oligodeoxynucleotide　probes　gives　the　best　results，　probably

because　hybridization　and　washillg　conditions　can　be　a句usted　so　that　both　radioactive

and　non－radioactive　labelled　probes　are　washed　to　similar　stringency　and　the　probes　can

be　used　at　equivalent　molar　concentrations11・25・28．　The　det㏄tion　of　the　alkaUne　phos－

phatase　signal　does　not　influence　subsequent　autoradiographic　detection　of　labelled　cells

（Fig．10）．

　　Both　radioactive　and　alka五ne－phosphatase－1abe皿ed　probes　are　added　to　the　hybridiza－

tion　buffer　at　the　same　time　and　processed　as　described　earher．　The　color　reaction　is

completed　first　and　then　the　sections　are　coated　with　autoradiographic　emulsion．

　　This　simultaneous　visualization　of　two　mRNAs　provides　some　very　interesting　results

w㎞ch　should　extend孤d　hopefully　confirm　preWous　i㎜uno㎞stoche㎡cal　co－10c瓠セa－
tion　or　co－existence　studies．　　　　　　　　、

5．CONCLUSIONS

　　The　development　of　enzyme－1abelled　probes　has　enabled　the　technique　of　non－radioac－

tive　in　situ　hybridization　to　be　extended　to　a　level　of　sensitivity　equivalent　to　the　best

radioactive　methods．　The　t㏄hllique　described　in　detail　here　has　a　number　of　advantages

including：（a）the　reaction　can　be　completed　in　a　few　days；（b）avery　high　signa1／noise

ratio　can　be　achieved；（c）the　signal　shows　high　cellular　resolution；（d）the　mRNA－positive
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Flg　lO　Slmuhaneous　vlsuahzatlon　of　two　mRNAs　ln　a　slngle　sectlon　The　tyroslne　hydroxylase　probe　ls　labelled

wlth　alkallne　phosphatase　and　the　cholecystoklnm（CCK）probe　ls　labelled　wlth　a　radlolsotope　Tyroslne

hydroxylase　mRNA　ls　vlsuallzed　by　the　presence　of　the　alkalme　phosphatase　colored　reactlon　product　CCK

mRNA　ls　vlsuallzed　by　emulslon　autoradlography（sllver　grams）In　the　rat　ventral　mescencephalon，　double

labelled　cells，　wbch　have　both　alkallne　phosphatase　co［ored　reacnon　product　and　autoradlograp㎞c　s［1ver　gralns，

　　　　　　　　　　　　　　　　　　　　　　　　are　clearly　observed　Scale　bar＝30μm

cells　are　readlly　ldentlfled　because　of　their㎞gh　contrast；（e）the　method　ls　very　sensltlve；

（f）it　ls　sultable　for　semiquantltatlve　analysls；（g）lt　ls　well　sulted　to　studles　of‘co－expres－

slon’ （where　more　than　one　mRNA　can　be　vlsuallzed　slmultaneously）；and　perhaps　most

lmportantly，（h）the　method　does　not　requlre　the　use　of　radloactivlty　wlth　all　lts　attendant

hazards　and　risks　to　health．
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DISTRIBUTION　OF　SOMATOSTATIN　mRNA　IN　THE　RAT
　　　　NERVOUS　SYSTEM　AS　VISUALIZED　BY　A　NOV肌
　　　　　　　NON－RADIOACTIVE刀V∬τσHYBRIDIZATION
　　　　　　　　　　　　　　　　HISTOCHEMISTRY　PROCEDURE

　　　　　　　　　　　　　　　　　　　　　H．KIYAMA＊and　P．　C．　EMsoN

MRC　Group，　AFRC　Institute　of　Animal　Physiology　and　Genetics　Research，　Babraham，
　　　　　　　　　　　　　　　　　　　　　　　Cambridge　CB24AT，　U．K．

Abst怜ct－－The　cellular　localization　of　preprosomatostatin　mRNA　in　the　rat　brain　and　sensory　ganglia　has

been　examined　in　detail　using　a　newly　developed　highly　sensitive　non－radioactive加ぷ∫ωhybridization

histochemistry　procedure．　An　alkaline　phosphatase　Iabe11ed　anti－sense　30mer　oligodeoxynucleotide　probe

was　used　fbr　detection　of　somatostatin　mRNA．　This　probe　readily　demonstrated　somatostatin　gene

expression　throughout　the　rat　CNS　with　very　high　contrast　and　good　cellular　localization．　As　a　result，

we　visualized　numerous　somatostatin　mRNA－positive　cells　in　many　CNS　areas　which　had　previously　not

been　shown　to　contain　a　mRNA　signaL　This　method　detected　a　number　of　somatostatin　mRNA－positive

cells，　in　the　mitral　cemayer　of　accessory　o1白ctory　bulb，　the　glomerular　layer　of　the　main　olf5ctory　bulb，

the　dorsal　part　of　the　lateral　septum，　super6cial　gray正ayer　of　superior　colliculus，　in民rior　colliculus，

anterior　ventral　cochlear　nucleus，　granular　layer　and　Purk両e　cell　Iayer　of　cerebellum，　and　substantia

gelatinosa　of　medulla　and　spinal　cord，　all　areas　where　signal　detection　using　radiolabelled加ぷ輌τμprobes

has　previously　been　rather　difncult

　The　principle　advantages　of　the　present　method　include　the　very　pr㏄ise　cellular　resolution　of　signa1，

the　rapid　reaction　time　and　low　backgro皿d．　The　sensitivity　of　the　present　method　seems　to　be　at　least

equivalent　to　most　immunocytochemical　procedures　and　more　sensitive　than　most　isotopic加ぷ」ω

hybridization　methods．

Somatostatin，　or　growth－hormone　release　inhibiting

飯ctor，　was　6rst　isolated　and　sequenced　from　hypo－

thalamic　extracts　by　Brazeauαα1．4　The　sequencing

of　the　peptide　enabled　a　number　of　antibodies　to　be

raised　to　the　tetradecapeptide（somatostatin1牛28）

sequence　and　a　number　of　immunoh輌stochemical

studies　were　carried　out　to　determine　the　distribution

of　somatostatin－immunoreactive　structures　in　the
CNS．L3・5－11」3川8・21・23・27－29・35・36・4〔目2・姻6・50　Subsequently

the　development　of　antibodies　to　other　molecular

R）rms　of　somatostatin（somatostatin1．280r　somato－

statin1－12）extended　these　studies，32・33　and　most　re－

cently　the　development　of　molecular　cloning
techniques　has　enabled　the　technique　of↓η　ぷ匡川　hy－

bridization　to　be　used　to　demonstrate　the　presence　of

somatostatin　mRNA　in　the　rat　brain　using　radio－

active　antisense　oligodeoxynucleotide，　cDNA　or
cRNA　probes．12・16・34・39・48

　　The　technique　of加ぷ輌’μhybridization　using　radio－

labelled　probes　is　technically　complex，　requiring　fa－

cilities　fbr　handling　or　iabelling　oligonucleotide，
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　オ

cDNA　or　cRNA　probes，　and　uses　autoradiography

＊To　whom　correspondence　should　be　addressed　at：Depart－

　　ment　of　Neuroanatomy，　Biomedical　Research　Center，

　　Osaka　University　WMedical　School，4－3－57　Nakanoshima，

　　Kitaku，　Osaka（530），　Japan．

．4bbrθぬ1↓oηぷ：BCIP，5－bromo－4・chloro・3－indolyl　phos－

　　phate；DSS，　disuccinimidyl　suberate；EDTA，　ethylene－

　　diaminetetra－acetate；NBT，　nitroblue　tetrazolium；PBS，

　　phosphate－buf丘red　saline；SSC，　saline　sodium　citrate．

to　detect　labelled　cells　with　limited　resolution．47・49　For

this　reason　it　would　be　usefUl　to　have　non－radioactive

匡η∫輌伽hybridization　techniques　which　are　both　sensi・

tive，　at　least　semi－quantitative　and　capable　of　excel－

1ent　resolution　of　signal　within　the　cell．2・192牛261n

this　study　the　use　of　an　enzyme－labelled　（alkaline

phosphatase）antisense　oligodeoxynucleotide　probe　is

described　which　has　been　used　to　visualize　sites　of

somatostatin　gene　expression　in　the　rat　brain．2牛26

EXPERIMENTAL　PROCEDURES
Prepαγα’こon｛ヅprobe

　　For　detection　of　somatostatin　mRNA　an　antisense　alka－

1ine　phosphatase－labelled　oligodeoxynucleotide（30mer）was
used．26　The　sequence　of　the　probe　is　complementary　to　bases

310－3390f　the　rat　preprosomatostatin　cDNA，　the　region　of

the　cDNA　coding食）r　somatostatin－14．

　　Calf　intestinal　alkaline　phosphatase　was　cross－1inked　to　a

single　modi五ed　base　with　a　l　2－atom　linker　a㎜which　was

included　during　the　synthesis　of　the　oligonucleotide．　Full

experimental　detans　of　this　procedure　are　described　by　Ruth

θ’α／．22・381n　brief　the　modi血ed　base　replaced　a　thynlidine　and

was　incorporated　directly　into　the　automated　synthesis

carried　out　on　DNA　synthesizer（Applied　Biosystem　Mode1

380A）．　Alkaline　phosphatase　was　cross－1inked　to　the　pri－

mary　amine　group　using　disu㏄inimidyl　suberate（DSS）．　The

alkaline　phosphatase－01igonucleotide　conlugate　was　separ－

ated　f㌔om　the　unlabelled　oligonucleotide　by　gel　mtration

and　anion－exchange　chromatography．22

τiSSμeρreραrαtion

　Twelve　male　Sprague－Dawley　rats（200－250　g）were　used．

Animals　were　decapitated　and　the　brain　and　spinal　cord

NSC　38／1－H
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removed　together　with　the　dorsal　root　and　trigeminal
ganglia．　These　tissues　were　quickly血ozen　on　dly　ice．　Fresh

廿ozen　sections　were　cut（15μm　thickness）using　a　cryostat

（Bright，　Huntington，　UK．）and　thaw　mounted　onto
chrome－aluln　coated　slides．　For　control　experiments　three

serial　sections　were　cut；the　first　section　was　used　fbr

hybridization　ofthe　somatostatin　oligonucleotide　probe，　the

second　section　was　used　R）r　ribonuclease　A　pretreatment（to

digest　cellular　mRNAs）and　the　third　section　fbr　compe－

tition　experiments　with　an　excess　ofnon－labelled　probe．　The

non－labelied　probe　contains　only　the　modi丘ed　base　and　d▲d

not　carry也e　alkaline　phosphatase　reporter　group（Fig．1）．

All　these　sections　were　kept　at－20°C　until　used．

In　situ力γbが4∫Zαε’0η

　　Frozen　sections　were　warmed　quickly　f十〇m－20°C　to

room　temperature　uslng　a　hair　drier．　Sections　were　then

immediately　6xed　with　4％paraR）rmaldehyde　in　O．IM
phosphate　buf琵r（pH　7．4）R）r　30　min　at　room　temperature．

Fixed　sections　were　then　rinsed　twi㏄with　O．1Mphosphate・

buf丘red　saline（PBS）which　had　been　treated　with　O．1％

diethylpyrocarbonate　and　autoclaved　befbre　use．　Sections

were　then　pretreated　with　O．25％acetic　anhydrlde　in　O」M

triethanolamine／0．9％NaCl氏）r　lOmin　at　room　tempera－
ture．　Af、er　this　pretreatment，　the　sections　were　dehydrated

through　70，80，90，95％ethanol　and　absolute　ethanol（5　min

each），　delipidated　with　chlorofbrm　fbr　10min，　wa⑨hed

with　absolute　and　95％ethanol　K）r　5　min　each，　and　dried．

Dried　sections　were　then　hybridized　in　the　R）110wing　hybrid－

ization　buf丘r；4xsaline　sodium　citrate（SSC），50％de－

ionized　丘）rmamide，1×Denhardt’s　solution，500μg／ml
sheared　salmon　testis　DNA，　and　10％dextran　sulphate．　The

alkaline　phosphatase－labelled　oligodeoxynucleotide　probe
was　used　at　a　final　concentration　of　4㎞ol／μ1．　The　total

volume　of　hybridization　buf琵r　applied　to　each　section　was

approximately　50μ1．　Sections　were　then　hybridized　over－

night　at　37℃in　moist　chambers．　Following　hybridization

sections　were　dipped　in　l×SSC　to　remove　the　hybridization

buf佃，　washed　stringently　fbur　times　in　preheated　l×SSC

at　55°C　each　fbr　20　min，　and　again　washed　m　l×SSC　fbr

lhat　room　temperature．　Aner　these　washings，　the　bu臨r

was　changed　to　O、IMTris－HCl（pH　7．5）containing　O．9％

NaCI　R）r　30　mm　fbllowed　by　O．1MTris－HC1（pH　9．5）

containing　O．IMNaCl　and　O．05　M　MgCl2　R）r　l　O　min　to

provide　buf佃　pH　and　salt　concentration　appropriate

K）rcolour　development．　The　stock　alkallne　pllosphatase

substrates　nitroblue　tetrazolium　（NBT；75　mg／ml）and
5－bromo－4－chloro－3・indolyl　phosphate（BCIP；50　mg／ml）

were　obtained伽m　Boehringer　Mannheim　and　kept　at

－
20°Cuntil　used．　Final　concentrations　of　the　substrates　in

the　Tris－HCI（pH　9．5）were　340μg／ml　NBT　and　I　70μg／ml

BCIP．　Alka1▲ne　phosphatase　substrate　solutjon　was　applied

to　each　slide（l　ml）and　the　slides　were　kept　in　dark　moist

chambers　at　room　temperature　overnight．　The　sections
were　a】1　developed　R）r　the　same　time（18h）so　that　relative

comparison　between　the　quantity　of　mRNA　signal　might

be　made　between　sections　hybridized　and　developed　R）r

the　sa皿e　dme。　Under　the　incubation　conditions　used，　less

than　1％of　the　available　alkaline　phosphatase　substrate　is

used　so　that　the　enzyme　reaction　does　not　deviate　fξom

h皿earity．　Colour　development　was　terminated　by　incubating

in　lOmM　EDTA　in　10mM　Tris－HCI　bu飽r（pH　75）
R）rlh．　FinaUy，　slides　were　coverslipped　using　EDTA／

Tris－HCI　buf丘r　containing　50％　glycerol．　The　alkaline

phosphatase　signal　was　stable　under　these　conditions　fbr　at

least　a　year．

　　The　spec瞼city　of　the　alkaline　phosphatase　probe　was

tested　by　two　types　of　control　experiments．　Firstly，　pretreat－

ment　of　sections　w社h　RNase．　A（20μg／ml）fbr　30　min　at

room　temperature，　which　digests　cellular　lnRNA　in　the

tissue　sections．　RNase　A　treatment　was　carried　out　just

p亘or　to　hybridization．　Sections　were　then　waslled　with

PBS／diethylpyrocarbonate　three　times，　each　wash　lasting

10min．　These　sections　were　then　hybridized　in　the　norrnal

hybridization　bu£丘r．　This　control　was　also　checked　to　see

that　the　alkali皿e　phosphatase－labelled　oligonucleotide　was

ノlbbre1）iαlion3 　1£sed　in∫igures
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aci
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Aq
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CNS
CPu
CU
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EPl
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GrDG
Grl

IGr

LH
lO
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LSD
LSI

LV

third　ventricle

fburth　ventricle

anter10r　COmm1SSUre　anter10r
ante「ior　co皿missure　interbulbar

anteriOr　OI白CtOry　nuCleuS

aquaduct　of　midbrain

arCUate　nUCleUS

basomedial　amygdaloid　nucleus
6e工d　CA　1－30f　Am皿on’s　horn

corpus　callosum

central　amygdaloid　nucleus

㏄ntral　nerVOUS　SyStem

caudate－putamen
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dorsal　root

dorsal　raphe　nucleus

dorsal　root　gang6a
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extemal　plexifbrm　layer（ol伍ctory　bulb）

glomerular　layer（olfごctory　bulb）

globus　pallidus

9「anular　layer（olfactory　bulb）
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granUlar　layer（CerebellUm）

internal　granular　layer（olfactory　bulb）

1ateral　hypothalamus
lateral　olfactory　tract

lateral　parabrachial　nucleus
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medial　amygdaloid　nucleus

medial　geniculate　body

mitral　cell　layer（ol飴ctory　bulb）

medial　longitudinal　fasciculus

mol㏄ular　layer　of　cerebellum

molecular　layer　of　dentate　gyrus

optlc　tract

oriens　layer　of　hipPocampus

optic　chiasma

paratrigeminal　tract　nudeus

pariatal　cortex

periventricular　nucleus　of　hypothalamus

piriR）rm　cortex

polymorph　layer　of　dentate　gyrus

prepositus　hypoglossal　nucleus

Purki吋e　cell　layer

pyramidal　layer　of　hippocampus

pyramidal　decussation

stratum　radiatum（hipPocampus）
SenSOry　rOOt　Of　trigeminal　nerVe

superior　cellebellar　peduncle

solitary　tract　nucleus

spinal　trigeminal　nucleus

spinal　trigeminal　nucleus　caudaI

super丘cial　gray　layer　of　superior　colliculus
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not　blndlng　non－speclncally　to　the　tlssue　sectlons　or　the

sllde　Secondly，　tlssue　sectlons　were　lncubated　wlth　an　excess

of　non・labelled　ollgonucleotlde　probe（400㎞ol1μ1）whlch

had　the　modlfied　base　and　the　llnker　arm　but　dld　not　carry

the　alkallne　phosphatase　reporter　group　Both　alkallne

phosphatase－labelled　and　non－labelled　probes　were　added　to

the　hybrldlzatlon　bu飽r　at　the　same　tlme　Nelther　control

expenment　demonstrated　a　detectable　hybrldlzatlon　slgna1
（Flg　I）

D¢η∫1’ome’ry

　The　relatlve　optlcal　denslty　of　the　alkallne　phosphatase

slgnal　was　determlned　uslng　a　V［ckers　Mlcro　Densltometer

M85（Vlckers　Instrument，　U　K）The　machlne　detected　the

relatlve　optlcal　denslty（525　nm）of　lndlvldual　cells　Indlvld－

ual　cellular　optlcal　denslty　recordmgs　were　determlned　by

mtegratmg　the　optlcal　denslty　ln　a　2×2μm　area　wlthm　the

cell　cytoplasm　At　least　20　cells　m　each　area　or　nucleus　were

sampled　to　determme　an　average　slgnal　denslty　per　area／or

nucleus　Cells　were　class1丘ed　as　contalnmg　very　lntense，

lntense，　moderate，　weak（low）and　very　weak（very　low）

slgnals　dependmg　on　thelr　average　rela臼ve　optlcal　denslty

value　very　lntense＞30　unlts，　lntense　20－30　unlts，　moderate

lO－20　unlts，　weak　5－10　unlts，　very　weak　く5　unlts　The

amount　of　slgnal　ls　relatlve，　but　to　lllustrate　thls　polnt

representatlve　cells　correspondlng　to　thls　classlficatlon　are

lllustrated　ln　Flg　2

RESULTS

Telencephα！on

　　0施σorアb〃b　In　the　glomerular　layer　and　lnternal

granular　layer　of　the　mam　olfactory　bulb，　a　varlety

of　somatostatln　mRNA－posltlve　cells　were　R）und

Several　small　cells　whlch　had　a　weak　hybrldlzatlon

slgnal　were　fbund　ln　the　glomerular　layer（Flg　3a）

These　cells　were　thought　to　be　perlglomerular　cells，

due　to　thelr　round　cell　pro旬e　and　anatomlcal　pos－

1tlon　A　fbw　posltlve　cells　per　sectlon　were　also　fbund

ln　the　lnternal　granular　layer（Flg　3b）The　number

of　posltlve　cells　ln　the　lnternal　granular　layer　was

much　less　than　m　the　glomerular　layer，　but　the

hybndlzatlon　slgnal　ln　each　cell　was　dlstlnctly

stronger，　bemg　moderate　to　lntense　These　medlum

slzed　cells　were　thought　to　be　granular　cells　A　large

number　of　somatostatln　mRNA－posltlve　cells　were

also　locallzed　In　the　anterlor　olfごctory　nucleus　These

cells　were　dlstnbuted　ln　all　the　sub－nucle1，1atera1，

dorsal，　medlal　and　ventral　nuclel　of　the　anterlor

olfactory　nucleus　and　were　fbund　throughout　the

rostrocaudal　extent　of　the　nucleus（Flg　3c）　The

strength　of　hybrldlzatlon　slgnal　R）r　these　cells　was

lntense　and　equlvalent　to　that　fbund　ln　the　strongly

posltlve　cerebral　cortlcal　cells（see　below）In　acces－

sory　olfactory　bulb，　the　dlstrlbutlon　of　somatostatln

mRNA－posltlve　cells　was　dlstlnctly　dl籠rent　f㌃om

that　seen　ln　the　maln　olfactory　bulb　A　moderate

number　of　somatostatm　mRNA－posltlve　cells（20－30

cells　per　hem1－sectlon）were　observed　m　the　mltral　cell

layer　wlth　a　f＞w　posltlve　cells　also　ln　the　granular

layer（Flg　4）Although　ln飴㎜atlon　as　to　the　den－

dntlc　fbatures　of　these　posltlve　cells　would　be　re－

qulred　to　classlf＞them　unamblguously，　these　posltlve

cells　were　presumed　to　be　mltral　cells　due　to　thelr

anatomlcal　locatlon　and　cell　slze（15－20μm）The
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Flg　2　Examples　of　the　vanatlon　In　somatostatln　mRNA　gene　expresslon　wlthln　an　mdlvldual　sectlon

The　relatlve　op白cal　denslty　of　the　cells（a－e）鉦om　cerebral　cortex　were　determmed　uslng　a　Vlckers　M85

mlcrodensltometer（see　Expenmental　Procedures）The　rela口ve　optlcal　denslty　of　these　cens　Illustrated　m

（a）一〈e）are　as　fbllows（a）32752±088，（b）2780±069，（c）1560±081，（d）874±089，（e）416±007
We　arbltrarlly　asslgned恥e　categorles　of　cell　slgnal（very　lntense＞30　unlts，1ntense　20－30　unlts，　moderate

lO－20　unlts，　weak　5－10unlts，　very　weak＜5unlts）（f）Another　example　ofthe　varlatlon　In　cel［ular　mRNA

slgnal　These且ve　numbered　cells　belong　to　the　6ve　categones　descnbed　above（1，very　mtense，2，　mtense，

　　　　　　　　　　　　　　　　　　　　　　　　　3，moderate，4，　weak，5，　very　weak）



Distribution　of　somatostatin　mRNA　in　CNS　and　PNS 227

　☆、・
　　謙　　囁、

べ
囁
ー
火

　

W

　
　
内
濠

〆礎

、

－
ペ
／
録

　
　

ゆ
パ

濠
㌧

三ジ、・・ざきへ

る㌦・

⊃，戸

☆
　r　　　傷

〉．，

劉騨
ぺ

－
・
●

1③　ジ

　　　　　囁，ダ
・：ぺ

ぐ・・㌦折：ト葺

・ぶ・　♂㌧宇　・・

，彰，：

㌦警嵯：；べ㌧

・・ き．蘂パペc し

…　　＼・Σ，＼…　　内　　べい・、、ぷ・1㍉

i曽　　㌧
ドξ
≡ノ》　　．

：㌻　　　内；）　・・　パ

ミ㌦㌧鯨　　一内

シ　　　　

，1ゴ≡　　∴・　　．、

F

◎

ゆ

σ

ポ

ニ
7
、
ぶ

●

，

｝＼

ぼ

●

　　AO
　　　　　’勺〉
・　▲斎　　‘　　鳩

　　　　

※Lげ

：窮、．　べ，，

aCI

●

■　‘
　　　ガ　　　ロ

　　　・　ヲー，㌧

1：．－4　τ

　　　　　■●

　　　　　の

　　　　冒■
　　■　　　　　　●

　　・　　　　　袴

　　　　　　‘

　　　

亀

’パ・・ 　、も“

　　　　　●
亀

●　　　’

、

句

O

ス
彦

亀・

、

●

Fig，3．　Somatostatin　mRNA－positive　cells　in　olfactory　bulb．（a）Somatostatin　mRNA－positive　cells　in

glomerular　layer（arrows）of　the　main　o1血ctory　bulb．（b）Some　intensely　stained　cells　are　fb皿d　in　the

inner　granular　layer（IGr）．（c）Anumber　of　intensely　stained　somatostatin　mRNA－positive　cells　were

R）und　in　all　parts　of　anterior　ol飴ctory　nuclei（AO）．　Scale　bars＝150μm（a）；200μm（b）；400μm（c）．

hybridization　signal　in　the　mitral　ce111ayer　was

moderate　in　some　20－30％　of　the　somatostatin

InRNA－positive　cells　and　only　weak　in　the　remaining

70－80％　of　cells．　In　contrast，　the　somatostatin

mRNA－positive　cells　in　the　granular　layer　contained

an　intense　signal　equivalent　to　the　signal　strength

observed　in　the　granuler　layer　of　the　main　olf査ctory

bulb．

　　Cεrεろrα1co〃α．　The　cerebral　cortex　was　especially

rich　in　somatostatin　mRNA－containing　cells．　In　the

neocortex，　somatostatin　mRNA－positive　cells　were

observed　in　all　layers　with　the　exception　of　layer　I．
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Flg　4　Somatostatln　mRNA－posltlve　cells　ln　the　accessory　o1飽ctory　bulb　Several　somatostatln　mRNA－

pos血ve　cells　were　observed　ln　mltral　cell　layer（Ml）and’a允w　posltlve　cells　were　R）皿d　ln　the　granular

　　　　　　　　　　　　　　　　　　　　　　　　layer（arrow）Scale　bar＝200μm

The　dlstrlbutlon　of　cells　among　these　layers　was　not

even（Flg　5）The　hlghest　denslty　of　posltlve　cells　was

observed　ln　layers　V　and　VI（20－25　cells／025　mm2），

the　second　hlghest　denslty　of　posltlve　cells　was　fbund

ln　layers　II　and　III（15－20　cells／025　mm2），　and　the

lowest　denslty　of　posltlve　cells　was　ln　layer　IV

（5－10cells／025mm2）In　layers　II　and　III，70－80％of

posltlve　cells　had　a　very　lntense　hybrldlzatlon　slgnal

whllst　the　other　20－30％　of　posltlve　cells　had　a

moderate　or　weak　slgnal　These　layer　II　and　III　cells

were　round（15－20μm）or　elongated（long　axls　about

25μm，short　axls　about　I　Oμm）In　shape　In　contrast，

most　ofthe　cells　R）und　ln　layer　IV　had　a　weak　mRNA

slgnal　In　the　deeper　layers，　V　and　VI，　the　percentage

of　somatostatln　mRNA－posltlve　cells　whlch　had　an

lntense　slgnal　lncreased　agaln　Some　40－50％　of

posltlve　cells　ln　layers　V　and　VI　had　a　very　lntense

slgnal，　whllst　the　others　had　a　moderate　or　weak

slgnal、　These　cells　were　all　medlum　or　small　slzed

（10－20μm）and　usually　round　Although　the　denslty

of　posltlve　cells　was　greatest　ln　the　deep　layers

（V－VI）　the　percentage　of　cells　havlng　an　lntense

mRNA　slgnal　was　hlgher　m　the　sur飴ce　layers（II－III）

than　ln　the　deeper　layers　A　fξw　somatostatln

mRNA－posltlve　cells　were　also　fbund　ln　the　corpus

callosum（4－7　cells　per　sectlon），　and　many　of　these

had　elongated　soma　wlth丘bres　runnmg　ln　the　corpus

callosum　In　the　clngulate　cortex，　many　somatostatm

mRNA－posltlve　cells　were　also　R）und　The　denslty　of

posltlve　cells　seemed　to　be　slmllar　to　the　neocortex，

wlth　some　20－30％of　cells　contalnlng　an　lntense

mRNA　slgna1，　the　other　70－80％of　posltlve　cells

contalnmg　only　a　moderate　or　weak　slgnal　In　the

pyrlfbrm　cortex，　somatostatln　mRNA－posltlve　cells

were　R）und　malnly　ln　the　deep　layer（layer　III），　and

rarely　ln　the　pyramldal　cell　layer（layer　II）No

somatostatln－posltlve　cells　were　R）und　ln　layer　I

The　cell　denslty　ln　layer　III　was　slmllar　to　that

fbund　ln　the　neocortex　Only　fbur　or　nve　posltlve　cells

were　fbund　ln　layer　II　The　posltlve　cells　ln　both

layers　II　and　III　were　medlum　or　small　ln　slze

（10－20μm）and　had　a　very　strong　mRNA　slgnal

Somatostatln　mRNA－posltlve　cells　were　also　fbund

ln　the　endopyrl氏）rm　nucleus　and　claustrum　These

cells　had　a　slmllar　slgnal　denslty　equlvalent　to　that

丘）und　ln　the　posltlve　cells　of　layer　III　of　the　pyrlfbrm

cortex，　but　the　cell　denslty　was　a　llttle　less　than　that

R）und　ln　layer　III　of　the　pyr1㊤rm　cortex　In　the

entorhlnal　cortex，　the　number　of　pos血ve　cells　was　a

llttle　less　than　that　fY）und　ln　neocortex　The　large　cells，

whlch　are　the　maln　component　of　layer　II　of　the

entorhlnal　cortex，　dld　not　contaln　any　posltlve　slgnal，

but　some　other　small　cells（10－15μm）1n　thls　layer

contalned　a　posltlve　hybrldlzatlon　slgnal　In　the　other

layers（layers　III－VI）of　the　entorhlnal　cortex　a

moderate　number　of　medlum　slzed　cells　was　fbund

wlth　the　exceptlon　of　layer　IV（cell　sparse　zone），

where　only　a　small　number　of　posltlve　cells　was

fbund

　　H夙ρocαηρμぷ　In　the　h1PPocampal　complex，　all

areas　contalned　somatostatln　mRNA－posltlve　cells

In　the　CAI，　medlum　to　large　cells（20－25μm）were

concentrated　ln　the　orlens　layer（Flg　6a）Most
of　these　cells　had　an　lntense　slgnal（fbr　detalls　see

Flg　6d）On正y　a允w　medlum　slzed　posltlve　cells　were

R）und　ln　the　pyramldal　layer　and　only　one　or　two

posltlve　cells　were　fbund　ln　the　stratum　radlatum

per　hem1－sectlon　In　the　CA2，　although　a　moderate

number　of　posltlve　cells　exlsted　ln　the　orlens　layer，

the　number　of　cells　fbund　ln　the　pyramldal　layer

and　stratum　radlatum　was　slgnl五cantly　greater

than　In　CAI　Furthe㎜ore，　ln　CA3，　the　number　of

posltlve　cells　ln　radlatum　exceeded　the　number　m

the　orlens　layer　Posltlve　cells　ln　CA2　and　CA3

generally　contalned　less　hybrldlzatlon　slgnal　than

those　m　CA　l　The　areas　CA1，　CA2　and　CA3　had

thelr　own　dlstmct　dlstrlbutlon　pattern　of　somato－

statm　mRNA－posltlve　cells　and　thls　d1恥rence　was

malntalned　throughout　the　rostocaudal　extent　of

the　hlppocampus　In　the　dentate　gyrus，　the　number

of　posltlve　cells　and　the　slgnal　denslty　of　each

posltlve　cell　was　slmllar　to　that　R）und　ln　CA1
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Flg　5　Montage　photomlcrograph　of　the　telencephahc　reglon　contalnlng　cerebral　cortex，　basal　ganglla，

septum　and　anterlor　part　ofhypothalamus　Somatostatln　mRNA－posltlve　cells　were　readlly　vlslble　agalnst

apale　background　Large　numbers　of　posltlve　cells　were　present　m　the　cerebral　cortex　and　dorsal　part

of　lateral　septum（LSD）Note　the　denslty　of　hybrldlzatlon　slgnal　d1舵rs　substannally　between　cerebral

cortlcal　cells（1ntensely　stalned）and　cells　In　LSD　whlch　typlcally　contalned　only　a　weak　hybndlzatlon

　　　　　　　　　　　　　　　　　　　　　　　　　　　　slgnal　Scale　bar＝lmm

（Flg　6b，c）The　solnatostatln　mRNA－posltlve　cells

were　locallzed　only　ln　the　polymorph　layer　of　dentate

gyrus37　and　were　not　fbund　ln　the　granular　layer　or

ln　the　Inner　and　outer　blade　areas　Thls　pattern

of　dlstrlbutlon　of　somatostatln　mRNA　cells　was

mamtalned　throughout　all　levels　of　the　dentate　gyrus

The　sublculum　proper，　para－and　presublculum　con－

talned飴wer　posltlve　cells（5－10cells／025　mm2）than

Ammon’s　horn，　wlth　most　of　the　sublcular　cells

contammg　only　a　weak　somatostatln　mRNA　slgnal，

although　a　fξw　mdlvldual　cells　contamed　a　moderate

amount　of　slgna1

　　＆！μμ〃7　Numerous　medlum　or　small　posltlve

cells　were　fbund　ln　the　dorsal　subnucleus　of　the

lateral　septum　nucleus（approxlmately　70－90　cells／

025mm2）Thls　represents　a　much　hlgher　cell　denslty

than　was　fbund　ln　the　neocortex　（Flg　5）　Thls

hlgh　denslty　of　cells　was　seen　throughout　all　levels

of　the　dorsal　subnucleus　of　lateral　septal　nucleus，

although　the　hybrldlzatlon　slgnal　per　lndlvldual

cell　was　weak　A驚w　pos血ve　cells　per　sectlon　were

also　observed　ln　the　lnte㎜edlate　part　of　the　lateral

septa　nucleus，　although　all　the　cells　were　located　near

the　dorsal　subnucleus　of　lateral　septal　nucleus　and

these　cells　had　a　slgnal　strength　comparable　to　the

posltlve　cells　ln　the　dorsal　subnucleus　of　lateral　septaI

nucleUS

　　λmγgぬ1αAll　nuclel　ln　the　amygdalold　complex

proper　contalned　numerous　somatostatln　mRNA－
posltlve　cells，　wlth　some　posltlve　cells　bemg　fbund　m
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Flg　6　Somatostatln　mRNA－pos血ve　cells　m　hlppocampus（a）Montage　photomlcrograph　showlng　CA　I，

3and　dentate　gyrus（b）Caudal　part　of　dentate　gyrus（c）Hlgher　magnl6catlon　of　dentate　gyrus臼om

the　same　sectlon　as　lllustrated　ln（a）（d）Hlgher　magnlncatlon　of　somatostatm　mRNA－posltlve㏄11s　ln

stratum　onens　of　CA　I　Note　the　pos血ve　stalnmg　ls　partlcularly　concentrated　m　cytoplasm　of　the　cell

　　　　　　　　　　　　　　　somata　Scale　bars＝800μm（a），200μm（b，　c），50μm（d）

the　border　area　of　the　amygdala　The　central　nucleus

of　the　amygdalold　complex　contalned　the　hlghest

denslty　of　posltlve　cells（Flg．7a）wlth　about　8〔レー100

positlve　cells　per　O　25　mm2　Most　of　these　cells　were

small　or　medlum　ln　slze（10－20μm），　round　ln　shape，

wlth　a　weak　to　moderate　hybrldlzatlon　slgnal（fbr

detalls　see　Flg　7b）The　next　hlghest　cell　denslty　was

R）und　ln　the　medlal　nucleus（30－40　cells／025　mm2），

however，　only　one　thlrd　of　the　posltlve　cells　ln　thls

nucleus　had　an　lntense　slgnal，　whllst　the　remalnlng

posltlve　cells　had　a　weak　to　moderate　mRNA　slgnal

The　basa1，　lateral　and　cortlcal　nuclel　all　had　a　slmllar
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Fig．7．　The　distribution　of　somatostatin　mRNA－positive㏄lls　in　amygdaloid　complex．（a）Numerous

somatostatln　mRNA－positive　cells　were　visualized　in　all　parts　of　the　amygdaloid　complex；however，　they

were　especially　concentrated　in　the　central　nucleus（Ce）．（b）Higher　magnification　of　central　nucleus　of

　　　　　　　　　　　　　　　　　　　amygdala．　Scale　bars＝200μm（a）；70μm（b）．

density　of　somatostatin　mRNA－positive　cells　which

were　smalho　medium　in　size　and　contained　a　signal

strength　similar　to　that　seen　in　the　cells　of　the　medial

nucleus（Fig．7a）．

　　Cαμぬrε一μ’αwη．Medium　sized　somatostatin

mRNA－positive　cells（15－20μm），　which　contained

a　very　intense　hybridization　signal，　were　fbund

throughout　all　levels　of　the　caudate－putamen．　The

density　of　positive　cells　was　5－9　cells／0．25　mm2．　Posi－

tive　cells　were　not　fbund　in　the　globus　pallidus．

　　In　the　entopeduncular　nucleus，　which　is　isolated

in　the　capsule　interna，30－40　positive　cells　per　hemi－

section　were　seen．　These　cells　were　medium　in　size

（15－20μm）with　about　20％of　positive　cells　contain－

ing　an　intense　hybridization　signa1．　The　remaining

cells　contained　a　weak　or　moderate　signaL　The　shape

of　these　cells　was　distinctly　di脱rent　from　those　cells

in　the　caudate・putamen　with　round　to　angular　cell

somata（Fig．9）．

　　4ccμmbεη5．　In　the　accumbens，　medium　sized

somatostatin　mRNA－positive　cells　were　distributed

evenly　throughout　the　nucleus　with　a　density　of

lO－15cells／0．25　mm2．　The　hybridization　signal　in

these　cells　was　moderate　to　intense．　One　or　two

positive　cells　were　also　fbund　in　the　anterior　part

of　the　anterior　commissure　and　anterior　commissure

proper。　These　cells　were　similar　in　morphology　to　the

cells　in　the　caudate・putamen　proper．

　　βαゴημc／eμ∫（ゾ∫’r輌ατεr7η加α加．　In　almost　all　areas

of　the　bed　nucleus　of　stria　terminalis，　a　high　density

of　positive　cells（30－40　cells／0．25　mm2）was　R）und．

Most　of　the　cells　contained　a　weak　hybridization

signal　comparable　to　that　seen　in　the　lateral　septum．

However，　some㏄lls　contained　a　moderate　to　intense

signa1（Fig．5）．　The　cells　were　small　to　medium

（10－20μm）in　size　and　similar　in　morphology　to　the

positive　cells　fbund　in　the　central　nucleus　of　the

amygdala．

Diencephα｛on

　　正）ガ功αぬ〃ωぷαη4’乃αぬ〃1μ5．In　contrast　to　the　rest　of

the　CNS，　the　thalamus　and　epithalamus　contained

relatively烏w　somatostatin　mRNA－positive　cells．

Only　a　fbw　positive　cells　which　had　a　very　weak　signal

ere　R）und　in　the　preoptic　area，　ventromedial　to　the

dorsal　lateral　geniculate　body，　and　caudal　part　of

reticular　thalamic　nucleus．　In　the　ventral　region　of　the
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thalamus，　where　there　is　an　area　running伽m　the

ventral　part　of　the　reticular　thalamic　nucleus　to　the

zona　incerta，　and　around　these　nuclei，　there　were　a

number　of　positive　cells　containing　a　moderate　hy－

bridization　signa1．　These　positive　cells　were　concen－

trated　around　the　zona　incerta．

　　μγρo仇α1αmμ＆As　would　be　expected　f㌃om　the

original　isolation　of　somatostatin　fτom　the　hypo－

thalamus，　somatostatin　mRNA－positive　cells　were

distributed　widely　throughout　the　hypothalamus．　The

highest　density　of　positive　cells　was　observed　in　the

immediate　periventricular　area（Figs　l　a　and　8a－c）；

however，　positive　cells　were　also　observed　in　the

periventricular　area　from　the　level　of　the　anterior

commissure　downwards．　At　this　level，4－5　positive

cells　per　hemi－section　were負）und　in　the　area　a（Oacent

to　the　third　ventricle　and　above　the　optic　nerve．

The　number　of　somatostatin　mRNA－positive　cells

graduaUy　increased　caudally．　At　the　level　of　the　most

rostral　part　of　the　suprachiasmatic　nucleus，　positive

cells　were　R）und　f㌃om　the　dorsal　wall　of　the　third

ventride　to　the　fbrnix，　and　at　the　leve】where　the

caudal　part　of　the　optic　chiasma　was　observed，　the

number　of　positive　cells　was　maximal（at　this　point

there　were　some　I　OO－120　positive　cells　per　hemi－

section）．　Further，　caudally　at　the　level　where　the　optic

chiasma　becomes　the　optic　tract，　the　density　of　the

cells　decreased　to　some　10　cells　per　hemi－section．

These　cells　were　medium　to　large　in　size（15－30μm）

and　round　or　oval　in　shape．　About　90－95％of　these

positive　cells　contained　a　very　intense　hybridization

signal　whilst　the　remaining　cells　contained　a　moderate

signa1．

　　In　the　preoptic　area，　positive　cells　were　not

observed　in　the　medial　preoptic　nucleus，　but　a飴w

positive　cells　were　fbund　in　the　lateral　preoptic　nu－

cleus　in　the　area　of　medial　R）rebrain　bundle．　These

㏄lls　had　a　moderate　hybridization　signal．

　　In　anterior　hypothalamic　nucleus　and　lateral　hypo－

thalamic　nucleus　at　the　same　level，　about　20　cells　per

hemi・section　were　fbund．　The　cells　in　the　lateral

hypothalamic　nucleus　contained　a　moderate　signal，

whilst　those　in　the　anterior　hypothalamic　nucleus

contained　a　slightly　more　intense　signal　than　those　in

the　lateral　hypothalamic　nucleus．

　　In　the　suprachiasmatic　nucleus，5－7　positive　cells

were　fbund　per　hemi－section，　most　of　them　being

located　on　the　dorsal　and　medial　edges　of　this

nucleus．　The　signal　strength　in　these　cells　was　moder－

ate　and　less　than　that　fbund　in　the　cells　of　the

periventricular　nucleus．

　　The　arcuate　nucieus　contained　a　large　number　of

somatostatin・positive　cells　throughout　its　length　from

the　level　of　the　median　eminence　down　to　the　mam－

millary　body（Fig．8d）．　About　20－25　positive　cells　per

bemi－section　were　observed　ih　this　nucleus．　Most　of

the　cells　were　small（10－15μm）round　cells　and　some

90％of　these　cells　had　a　moderate　hybridization

signal，　whilst　the　remaining　10％　had　an　intense

signal．

　　The　hypothalamus，　at　the　level　ofthe　ventromedial

dorsomedial　nucleus（Fig．9），　also　contained　a　moder－

ate　number　ofpositive　cells　which　were　spread　widely

throughout　the　nuclei（5－8　positive　cells／0．25　mm2）．

In　the　dorsomedial　nucleus　and　surrounding　area，

about　5－8　cells10．25　mm2　were　observed　and　30－40％

of　these　cells　had　an　intense　hybridization　signaI

whilst　the　remaining　cells　had　a　moderate　signaL　The

size　of　these　cells　was　small　to　medlum（less　than

15μm）．Only　a　fbw　positive　cells　were　observed　in　the

ve皿tromedial　nucleus，　but　a　moderate　number　of

positive　cells（7－10　cells／0．25　mm2）were　R）und　in　the

area　surrounding　this’nucleus，　especially　towards　the

ventral　and　lateral　edges．　These㏄lls　were　mainly

small，　as　in　the　dorsomedial　nucleus，　and　80－90％of

them　had　a　moderate　hybridization　signal；however，

asmall　population　of　cells　within　this　area　contained

an　intense　signal．　The　lateral　hypothalamus，　at　this

leve1，　also　contained　a　moderate　dens三ty　of　cells（5－8

cells／0．25　mm2）which　had　a　similar　strength　of　hy・

bridization　signal，　comparable　to　that　fbund　in　the

cells　in　the　surrounding　area　of　the　ventromedial

nucleUS．

　　The　premammillary　ventral　nucleus　was　one　of　the

areas　which　contained　a　very　large　number　ofpositive

cells．　Small（1ess　than　15μm）positive　cells　were

gathered　in　this　nucleus　at　a　density　of40－50　cells　per

hemi－section，　and　most　of　the　cells　had　only　a　weak

hybridization　signaL　In　the　regions　bordering　this

area　in　the　subthalamus　and　on　the　borders　of　the

optic　tract　and　cerebral　peduncles，　a　f＞w　weakly

stained　cells　were　also　fbund　containing　a　weak

hybr▲dization　signa1．

Mesencephαloη

　　πcτ醐．In　the　superior　colliculus，　numerous　small

positive　cells　with　only　a　very　weak　hybridization

signal　were　observed（20－30　cells／per　hemi－section）．

Most　of　these　cells　were　n）und　in　the　super6cial　gray

layer　and　so皿e　were　also　located　in　the　intermediate

gray　layer（Fig．10b）．

　　In　the　in丘rior　colliculus，　numerous　somatostatin－

positive　cells　（2（ト30　cells！O．25　mm2）were　fbund

which　were　widely　distributed　throughout　the　exter－

nal　cortex　of　infξrior　colliculus，　although　only　a　fヒw

of　these　positive　cel】s　were　spread　out　into　the　central

nucleus　of　infbrior　colliculus（Fig．10a）．　These　cells

had　only　a　very　weak　signal　and　were　of　unifbrmly

small　size（less　than　15μm）．

　　7ε9η2θη’μm．In　the　lateral　tegmental　area，　a　moder・

ate　number　of　somatostatin－positive　cells　were　R）und

which　were　detected　in　the　area　between　the　medial

geniculate　body　and　the　superior　colliculus　and　the

lateral　substantia　nigra．　Some　cells　were　also　fbund

dorsal　to　this，　in　the　substantia　nigra　pars　compacta，

although　many　of　these　positive　cells　had　only　a

moderate　to　weak　signa1．　Some　of　the　cells　located　in

the　dorsomedial　part　of　the　rostral　lateral　substantia

nigra　had　an　intense　signal．　The　rostral　continuation
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Flg　8　Somatostatm　mRNA－posltlve　cells　ln　perlventrlcular　area　of　hypothalamus　（a）Numerous

somatostatln　mRNA－posltlve㏄lls　whlch　contamed　a　very　mtense　hybndlzatlon　slgnal　were　concentrated

ln　the　penventncular　nucleu⑨（Pe）（b），（c）Hlgher　magnlficatlon　of　the　posltlve　cells　m　the　perlventrlcular

nucleus　The　alkallne　phosphatase　reactlon　product　was　sometlmes　observed　to　extend　out　lnto　the

dendrltes　of　these　cells（d）Caudal　part　of　arcuate　nucleus　at　the　level　of　mammlllary　body　Scale

　　　　　　　　　　　　　　　　　　　　bars＝200μm（a），20μm（b，　c），150μm（d）

of　thls　area　reached　to　the　area　dorsal　to　the　sub－

thalamus

　　In　the　ventral　tegmental　area，　the　number　of

somatostatm　mRNA－posltlve　cells　was　low　In　thls

area，　between　the　lateral　part　ofthe　supramammlllary

nucleus　and　the　cerebral　peduncle，　a　fξw　posltlve　cells

were　R）und　These　had　medlum　slzed　cell　bodles

（15－20μm）and　usually　contalned　a　moderate　slgnal，

wlth　the　exceptlon　of　one　or　two　lsolated　cells　whlch

contalned　an　lntense　slgnal
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　　　9Montage　photomlcrograph　showmg　somatostatm　mRNA－posltlve　cells　ln　hypothalamus　at　theFlg
level　of　the　ventromedlal　nucleus（VMH）Note　that　no　posltlve　cells　were　detectcd　m　VMH，　but　a　number

of　somatostatm　mRNA－poslt［ve　cells　were　R）und　ln　other　parts　of　the　hypothalamus　Some　posltlve　cclls

were　concemrated　m　zona　lnserta（ZI），　entopeduncular　nucleus，　arcuate　nucleus（Arc），　and　m　the　most

　　　　　　　　caudal　parts　or　the　perlventncular　and　amygdalold　nuclel　Scale　bar＝400μm

　At　the　level　of　the　caudal　part　of　the　lnterpeduncu・

1ar　nucleus，　where　the　transverse　fibres　of　pons　were

6rst　observed，　there　was　a　group　of　posltlve　cells

located　ventrally　ln　the　lnterpeduncular　nucleus，

about　5－8　posltlve　cells　per　sectlon　These　were

malnly㊤und　ln　the　dorsal　part　of　thls　nucleus　and

had　a　moderate　to　weak　hybrldlzatlon　slgnal　No

posltlve　cells　were　observed　m　the　rostral　part　of

lnterpeduncular　nucleus

　　Numerous　somatostatm　mRNA－posltlve　cells　were

observed　ln　central　gray（20－40　cells　per　heml－

sectlon）They　were　most　concentrated　ln　the　ventro－

lateral　part　of　thls　nucleus　In　the　ventral　and　lateral

extenslons　of　thls　area，1ncludlng　the　dorsal　raphe

nucleus，　medlal　longltudma1⑫sclculus，　mesen－

cephallc　retlcular　area　and　　retroruba1　6eld，　a

moderate　number　of　posltlve　cells　were　also　R）und

Almost　all　cells　ln　thls　field　had　a　moderate　slgnal

denslty　A　fbw　posltlve　cells，　agaln　contalnlng　a

moderate　slgnal，　were　R）und　m　the　cune1R）rm　nucleus

（Flg　lOc）

　　In　the　ventral　nucleus　of　the　lateral　lemnlscus，

20弓Oposltlve　cells　per　heml－sectlon　were　R）und

These　had　medlum　slzed　soma（20－25μm）and　con－

talned　a　moderate　to　lntense　hybrldlzatlon　slgna1

（Flg　lOd）

　　Poη5　1n　the　dorsal　tegmental　part　of　pons，　a

moderate　number　of　somatostatln　mRNA－posltlve

cells　were　fbund　Somatostatm－posltlve　cells　m　thls

area　were　most　concentrated　ln　the　dorsal　and　central

part　of　the　lateral　parabrachlal　nucleus（Flg　llc）

About　30－40　posltlve　cells（15－25μm）per　heml－sec－

tlon　were　lbund　Most　of　the　cells　contalned　a

moderate　slgna1，　wlth　only　a丘w　cells　expresslng　an

lntense　slgnal　The　locus　coeruleus　contalned　5－7

poslnve　cells　per　hem1－sectlon　and　these　contamed

only　a　weak　mRNA　slgnaL　A　small　number　of
posltlve　cells　were　also　spread　out　through　the　dorsal

tegmental　area　of　the　pons，　the　dorsal　and　laterodor－

sal　tegmental　nuclel　and　surroundlng　areas．　These

cells　also　contamed　a　weak　hybrldlzanon　slgnal　In

contrast，　the　most　caudal　part　ofthe　dorsal　tegmental

nucleus　and　the　supragenual　nucleus　contalned　many

posltlve　cells（about　lOposltlve　cells　per　hem1－sectlon）

and　these　cells　contalned　an　lntense　hybrldlzatlon

slgnal　These　posltlve　cells　contlnued　caudally　to　the

preposltus　hypoglossal　nucleus　（F19　11d）　In　the

preposltus　hypo910ssal　nucleus　and　lts　ventrolateral

extenslon，　whlch　contalned　the　dorsal　part　of　medlal

longltudlnal　　fasclculus　and　　dorsal　paraglganto

cellular　nucleus，　some　5－10　cells　were　R）und，

although　most　of　these　cells　were　concentrated　ln　the
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Flg　lO　Somatostatln　mRNA－posltlve　cells　m　the　mesencephalon（a）Many　somatostatln　mRNA－posltlve
cells　whlch　contaln　a　weak　hybrldlzatlon　slgnal　are　located　m　the　external　cortex　of　the　lnferlor　colllculus

（ECIC）（b）Very　weakly　stalned　cells（arrows）are　located　m　the　superficlal　gray　layer　of　the　superlor

co11▲culus（SuG）（c）Numerous　somatostatln　mRNA－posltlve　cells　are　observed　ln　the　ventral　part　of

central　gray　and　dorsal　raphe　nucleus（d）Agroup　of　somatostatln　mRNA－posltlve　cells　are　f、）und　ln　the

　　　　　　　ventral　nucleus　of　lateral　lemnlscus（VLL）Scale　bars＝100μm（a－c），300μm（d）

preposltus　hypoglossal　nucleus　About　50％of　these

cells　contalned　an　lntense　mRNA　slgnal　whllst　the

other　half　had　a　moderate　hybrldlzatlon　slgnal

　　In　the　retlcular　tegmental　nucleus　of　pons，15－20

weakly　hybrldlzlng　posltlve　cells　were　fbund　per

hem1－sectlon　These　cells　were　medluln　or　a　llttle

larger　ln　slze　In　a　part　of　the　pontlne　retlcular

丘）rmatlon，　whlch　surrounds　the⑰clal　nerve，　medlum

or　large　posltlve　cells（7－10　cells　per　heml－sectlon）

were　observed　They　contalned　a　moderate　to　lntense

hybrldlzatlon　slgnal　In　other　parts　of　the　retlcular

n）rmatlon，　medlal　to　the飽clal　nucleus，　medlum　slzed

posltlve　cells　were　also　fbund，4－6　cells　per　hem1－

sectlon　were　observed

　　The　nucleus　wlth　the　hlghest　denslty　of　somato－

statln　mRNA－posltlve　cells　ln　the　pons　was　the

anterlor　ventral　cochlear　nucl餌s，　where　50－80　posl－

tlve　cells　per　slde　were　observed　These　cells　contalned

aweak　to　moderate　slgnal（Flg　l　l　a，b）Although

posltlve　cells　were　fbund　both　ln　anterlor　and　pos－

terlor　ventral　cochlear　nucleus，　the　number　of　posl－

tlve　cells　was　much　hlgher　ln　the　anterlor，　rather　than

ln　the　posterlor，　subnucleus　We　could　not　detect　any

po⑨1tlve　cells　ln　dorsal　cochlear　nucleus

　　In　the　raphe　pons　only　an　occaslonal　somatostatln

mRNA－posltlve　cell　was　observed，　however，1n　the

raphe　magnus　and　lts　lateral　extenslon　5－10　posltlve

cells　per　hem1－sectlon　were　observed　The　posltlve

cells　ln　raphe　magnus　had　medlum　to　large　cell　bodles

and　contalned　a　weak　hybrldlzatlon　slgnal　No　so－

matostatln　mRNA－posltlve　cells　were　detected　ln

raphe　pallldus

　　Cεκ加11μ燗Amoderate　number　of　somatostatm

mRNA－posltlve　cells　were　observed　ln　the　granular

layer（Flg　l　2a，b）These　cells　were　most　concentrated

ln　the　medlal　portlons　of　the　lobules（1045posltlve

cells　per　mm）and　became　dlstlnctly　less　abundant　In

the　lateral　lobules　Most　of　these　posltlve　cells　were

locahzed　ln　the　granular　layer　but　some　posltlve　cells

were　fbund　adJacent　to，　or　wlthln，　the　Purkln】e　cell

layer　As　we　could　not　dlstlngulsh　dendrltlc　trees　of

these　cells　lt　was　not　posslble　to　unamblguously

ldentlf＞the　cell　types　mvolved　However，　based　on

thelr　posltlon　they　must　lnclude　both　granule　and

Golgl　cell　types　Posltlve　cells　were　between　8　and

25μmmdlameter　In　the　paraHocculus，　ln　contrast

to　the　other　cerebellar　lobules，　several　posltlve　cells

were　fbund　ln　the　Purkl珂e　cell　layer（Flg　13）These
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Fig，　I　l，　Somatostatin　mRNA－positive　cells　in　pons．（a），（b）Somatostatin　mRNA－positive㏄11s　were　observed　in　the　ventral　cochlear　nucleus

pars　anterior（VCA）．　They　contained　only　a　weak　hybridization　signaL（c）Somatostatin　mRNA－positive　cells　in　the　lateral　parabrachial　nucleus．

（d）Positive　cells　were　also　ob⑨erved　in　prepositus　hypoglossal　nucleus（Prh）and　in　the　medial　longitudinal飽sciculus（mlり．　Scale　bars；200μm

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（a，d）；150μm（b．c）．
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Flg　12　Dlstnbutlon　ofsomatostatm　mRNA－posltlve　cells　m㏄rebellum（a）Posltlve　cells　are　concentrated

mthe　granular　layer（Gr1）and　occaslonally　a　posltlve　cell　was　fbund　m　the　Purk町e　cell　layer（PUj，　arrow）

　　　　　　　　　　　　（b）Hlgher　magm6catlon　of（a）Scale　bars＝180μm（a），70μm（b）

cells　were　medlum　to　large　ln　slze（20－25μm）but

contamed　only　a　weak　slgnal　These　posltlve　cells　are

llkely　to　be　PurklrUe　cells　because　of　thelr　anatomlcal

posltlon　However，　the　m勾orlty　of　PurklrUe　cells　m

lobules　other　than　the　paraflocculus　dld　not　contam

any　detectable　solnatostatln　mRNA　slgnal　Essen・

Ually　all　cells　detected　m　the　cerebellum　had　a　weak

SlgnaL

　　ルfθ吻〃α　The　nuclel　whlch　contalned　a　signlficant

number　of　posltlve　cells　amongst　the　medullary　nucle】

were　the　solltary　tract　nucleus　and　the　spmal　trlgem・

1nal　nucleus（Flg．14a叶c）　In　the　rostral　part　of　the

solltary　tract　nucleus（Flg．14d），40－50　posltlve　cells

per　hem1－sectlon　were　vlsuallzed　They　had　small

（7－15μm）somata　and　about　20％of　them　contalned

an　lntense　slgnal，　whllst　the　other　cells　contalned　only

amoderate　slgnal　In　the　most　rostral　part　of　the

parasolltary　nucleus　or　nucleus　Z，37　numerous　small

posltive　cells　whlch　had　a　weak　to　moderate　slgnal

were　locallzed　ln　thls　narrow　area（30－40　cells　per

hem1－sectlon）Although　a　moderate　number　of　posi・

tlve　cells　exlsted　ln　the　caudal　part　of　the　solltary　tract

nucleus，　both　the　cell　denslty　and　slgnal　strength　were

reduced　ln　the　caudal　part　of　thls　nucleus　The

commlssural　subnucleus，　In　partlcular，　was　almost

devold　of　posltlve　cells．　A　f＞w　posltive　cells　were

R）und，　however，　m　the　dorsal　vagal　nucleus，　where

they　seemed　to　be　the　contlnuatlon　of　the㏄ll　group

ln　the　solltary　tract　nucleus．

　　Both　ln　graclle　and　cuneate　nucle1，　small　posltlve

cells　were　fbund　Gracllls　contalned　4－5　posltlve　cells

per　hem1－section，　whose　hybrldlzatlon　slgnal　was

weak　to　moderate，　and　cuneatus　had　about　lO　cells

per　hem1－sectlon　whose　slgnal　was　a　llttle　stronger

（about　half　of　these　contalned　an　lntense　slgnal）A

丘wposltlve　cells　were　also　fbund　ln　external　cuneatus

and　cuneate　fasclculus（Flg．14e）；these　were　a　llttle

larger　ln　cell　slze　（20－25μm）　than　those　ln　the

cuneate　proper　and　contalned　an　lntense　hybridlz－

at10n　Slgnal

　　Alarge　number　of　somatostatin　mRNA－posltlve

cells　was　seen　ln　the　spinahrlgemlnal　nucleus，　espe一
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Flg　l　3　Somatostatm　mRNA－posltlve　cells　m　the　Purkmje　cell　layer　of　the　para且occulus　Somatostatln

mRNA－posltlve　cells　were　locallzed　m　the　Purk叫e　cell　layer（arrow）of　the　parano㏄ulus　Scale

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　bar＝200μm

clally　ln　the　substantla　gelatlnosa　of　the　trlgemlnal

nucleus（Flg　14a）whlch　was　clearly　vlsuallzed　ln　the

more　caudal　part　of　the　Inedulla（Flg．14b）Numer・

ous　small　posltlve　cells　were　fbund　to　make　up　a　tlght

narrow　posltlve　cell　layer　The　denslty　of　cells　ln　thls

layer　was　about　20－30　per　O　51nm　Most　of　these　cells

contamed　a　weak　slgnal　comparable　to　that　fbund　ln

layer　II　of　the　splnal　cord（see　below）In　the　rostral

and　lnte㎜edlate　levels　of　the　splnal　trlgemlnal　nu－

cleus，　posltlve　cells　were　not　evenly　dlstrlbuted　and

were　much　more　frequent　ln　the　dorsal　and　ventral

parts　a（hacent　to　the　splnal　trlgemmal　tract　The

cellular　hybrldlzatlon　slgnal　ln　thls　area　was　generally

stronger　than　that　fbund　ln　the　caudal　substantla

gelatlnosa　In　the　dorsal　part　of　the　splnal　trlgemlnal

tract，　a　few　posltlve　medlum　slzed　cells　were　ob－

served　These　cells　were　always　gathered　ln　a　small

area　whlch　has　been　termed　the　paratrlgemmal　nu・・

cleus（Flg　l4c）All　of　these　cells　had　an　lntense

slgnal　About　5－10　posltlve　cells　per　heml－sectlon

were　present　ln　the　deepest　parts　of　the　splnal　trlgem－

1nal　nucleus　throughout　lts　rostrocaudal　extent　They

contamed　a　moderate　hybrldlzauon　slgnal　and　were

larger　ln　slze　than　the　cells　of　the　substantla　gelat1－

nosa　Slmllar　larger　cells　were　also　R）und　m　the

retlcular　fbrmatlon　Just　medlal　to　the　deeper　part　of

the　trlgemlnal　nucleus

　　In　the　ventral　part　of　the　retlcular　R）rmatlon，　some

posltlve　cells　were　fbund　A　small　number　of　cells

（3－7cells　per　hem1－sectlon）were　R）und　ln　the　lateral

retlcular　nucleus，　part1ωlarly　ln　the　medlal　ventral

part　A　f＞w　cells　were　also　observed　ln　the　border　area

between　the　lateral　retlcular　nucleus，　the　splnal

trlgemlnal　nucleus　and　the　glganto　cellular　retlcular

nucleus　The　cells　dlstrlbuted　ln　thls　part　of　the

retlcular飴rmatlon　had　a　un1飴㎜1y　weak　slgnaI

　　Sμηα1cor4　Numerous　small　somatostatln　mRNA－

posltlve　cells（50－80　cells　per　hem1－sectlon）were

observed，　malnly　concentrated　ln　layer　II，　whlch

corresponds　to　the　substantla　gelatlnosa　（Flg　l5）

Almost　all　of　these　cells　contamed　a　weak　hybrldlz－

atlon　slgnal　In　layer　X，　where　lt　surrounds　the

central　cana1，　and　ln　the　medlal　part　of　layer　VII

whlch　ls　the　lateral　extenslon　of　layer　X，3－5　cells

were　observed　About　halfofthese　medlum　slzed　cells

contalned　a　moderate　slgnal　whlle　the　others　con－

talned　only　a　weak　slgnal　An　occaslonal　mRNA－

posltlve　cell　was　fbund　ln　layers　III－V　wlth　a　weak

hybrldlzatlon　slgna1

Sensory　gαngllα

　　Doγ∫α1’oor　9αη9／lon　In　the　dorsal　root　gangllon，

10－201ntensely　stalned　posltlve　cells　were　observed

per　sectlon　Most　of　the　posltlve　cells　were　medlum

slzed　and　were　up　to　30μm　m　dlameter（Flg　16a）

Somatostatln　mRNA－posltlve　cells　constltuted　about

lO％　of　a11　neurons、

　　τカge1η1ηα1　gαηglzoηThe　tngemlnal　gang110n，11ke

the　dorsal　root　gangllon，　contalned　a　number　of

medlum　slzed　lntensely　stalned　cells　About　8－15

posltlve　cells／025　mm2　were　observed（Flg　l　6）

DISCUSSION

　　In　thls　study　we　have　used　a　novel　non－radloactlve

somatostatm　ollgonucleotlde　to　vlsuallze　somato－

statln　mRNA－contalnlng　nerve　cells　ln　the　adult　rat

braln　We　chose　to　lnvestlgate　the　locallzatlon　of

somatostatln　mRNA－contalnmg　cells　because　there

have　been　a　number　of　dlscrepancles　between　studles

of　the　dlstrlbutlon　of　somatostatm　lmmunoreactlvlty

（R）rdlscusslon　see　Vlncentθτα1．50）　It　therefbre

seemed　probable　that　the　dlstrlbutlon　of　somato－

statln－contalnlng　neurons　would　provlde　an　excellent

test　R）r　am〃ぷ1∫μmethod　wlth　a　wlde　range　ofcellular

mRNA　content　and　any　new　In∫Jrμmethod　should

hopefully　vlsuallze　all　the　somatostatln　cells　detected

by　the　best　lmmunohlstochemlcal　methods　In　thls

respect　the　current　method　ls　clearly　successfUI　ln

glvlng　good　sensltlvlty，　low　background　and　a　better
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Flg　14　Dlsmbutlon　of　somatostatln　mRNA－posltlve　cells　ln　the　medulla（a）Hem1－sectlon　of　medulla

at　the　level　of　pyramldal　decussatlon（pyx）Numerous　posltlve　cells　were　observed　concentrated　ln　the

substantla　gelatmosa　ofsplnal　trlgemlnal　nucleus（Sp5C）（b）Somatostatm　mRNA－posltlve　cells　vlsuallzed

at　a　shghtly　more　caudal　levenhan　ln　the　sectlon　shown　ln（a）（c）Some　posltlve㏄11s　were　present　m

the　splnal　tngemmal　tract（sp5）and　a　moderate　number　of　posltlve　cells　were　R）und　ln　the　paratrlgemmal

tract　nucleus（Pa5）（d）Somatostatln　mRNA－posltlve　cells　ln　the　solltary　nucleus（e）Hlgher　magnlficatlon

　　of　somatostatln－posltlve　cells　m　cuneate白sclculus（cu）Scale　bars＝500μm（a－c，　e），100μm（d）

slgnal－to－nolse　ratlo　than　observed　wlth　radloactlve

m∫〃μprotocols，　as　well　as　vlsuallslng　somatostatm

mRNA　ln　cells　dlHicult　to　detect　by　conventlonal

lmmunocytochemlstry　Thus，　somatostatln　mRNA
was　detected　m　some　cells　of　the　cerebellum　whlch

have　not　always　ylelded　a　posltlve　slgnal　m　lmmuno－

cytochemlcal　studlesll2350　and　ln　many　areas，　such

as　the　dorsal　part　of　lateral　septum，　the　number

of　somatostatln　mRNA－posltlve　cells　exceeded

those　prevlously　detected　by　lmmunocytochemlcal
studles　l　l　2350　Thls　ls　probably　because　wlth　conven－

tlonal　lmmunocytochemlcal　methods，　such　as　those

uslng　Peroxldase－ant1－peroxldase　or　avldln－blotln

methods，　there　ls　a　dlstmct　background　slgnal　and　lt

ls　not　always　easy　to　detect　a　low　cellular　slgnal　Wlth

thls　method　the　very　low　background　wlth　the　alka－

11ne　phosphatase－1abelled　probe　allowed　us　to　detect

mRNA－posltlve　cells　whlch　have　not　prevlously　been

detected　unamblguously　by　lmmunocytochemlstry
Although　lt　should　be　noted　that　thls　may　not　be

a　reflectlon　of　any　lncreased　sensltlvlty　of　Iη　ぷπμ

methods　as　compared　wlth　lmmunocytochemlstry，

lt　may　mdlcate　that　some　cells　contaln　somatostatln

mRNA　but　do　not　express　peptlde　Alternatlvely，

there　may　be　cells　whlch　do　express　the　somatostatm

mRNA　but　where　the　somatostatm　peptlde　has
only　a　short　half－11丘，　so　that　the　mRNA　but　not

the　lmmunoreactlve　peptlde　ls　detected．　Further，

of　course，　the　amount　of　mRNA　and　peptlde　may

vary　lndependently　dependlng　on　the　physlologlcal
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Flg　15　Somatostatm　mRNA－posltlve　cells　m　the　dorsal　part　of　spmal　cord（a）Numerous　posltlve　cells

were　concentrated　In　lamlna　II　of　the　substantla　gelatlnosa（arrows）（b）Hlgher　magnl6catlon　of（a）Scale

　　　　　　　　　　　　　　　　　　　　　　　　　　bars＝250μm（a），100μm（b）

condltlons　of　the　anlmal．　It　ls　partlcularly　lmportant

to　note　that　at　no　level　of　the　rat　CNS　dld　we

detect　a　posltlve　slgnal　ln　any　control　sectlons，1n

elther　the　RNAase　pretreated　controls　or　the　control

sectlons　hybrldlzed　wlth　an　excess　of　unlabelled
ollgonucleotlde

　　One　ofthe　reasons　R）r　the　sensltlvlty　ofthls　method

ls　probably　the　ablllty　to　contlnue　the　alkallne　phos－

phatase　reactlon　wlthout　an　lncrease　ln　background

Thls　ls　a　maJor　advantage　of　thls　system　over　other

non－radloactlve　methods　such　as　those　usmg　blotln－

ylated　ollgonucleotldes　wlth　peroxldase　or　alkallne

phosphatase　detectlon2151930　and　ls　probably　the

maln　reason　fbr　the　lncreased　sensltlvlty　of　thls

method　over　radloactlve　zη5吻methods　where　the
“ background”　of　sllver　gralns　lncreases　due　to

unavoldable　exposure　of　emulslon－coated　sectlons　to

cosmlc　and　local　radlatlon　sources　durlng　exposure

Thls　method　also　allows　us　to　locallze　readlly　the

mRNA　slgnal　wlthln　a　cell；thus　we　could　see　that　the

mRNA　slgnal　was　usually　concentrated　ln　parts　of

the　cell　cytoplasm　and　somet皿es　even　to　the　prox1－

mal　parts　of　the　dendrltes　Thls　dendrltlc　locallzatlon

of　slgnal　was　partlcularly　notlceable　m　the　cells　of　the

perlventrlcular　nucleus　and　cerebral　cortex，　whlch

contamed　an　abundance　of　mRNA　Un丘）rtunately

the　dendrltlc　slgnal　was　not　su伍clently　strong　to

enable　the　cells　to　be　characterlzed　by　thelr　dendrltlc

morphology，　but　lt　ls　conslstent　wlth　recent　reports　of

some　mRNA　belng　transported　lnto　dendrltes　l4・43

The　mtenslty　of　somatostatln　mRNA　slgnal　detected

by　thls　method　ls　ln　agreement　wlth　other　studles　of

the　amount　and　dlstnbutlon　of　somatostatm　mRNA
uslng正η5μμ，　Northern　or　dot　blot　analysls　l2162034・48

　　　　　　　　　　　

It　seems　Ilkely，　therefbre，　that　the　amount　of　the

cellular　mRNA　slgnal　detected　by　thls　enzyma口c　zη

∫吻method　ls　llkely　to　be　at　least　sem1－quantltatlve

and，　m　agreement　wlth　thls　suggestlon，　m　an　earller

study　of　tyroslne　hydroxylase　gene　expresslon　uslng

aslmllar　alkallne　phosphatase－1abelled　probe　thls　was

lndeed　the　case　2425　Further，　the　strength　of　alkallne

phosphatase　somatostatln　slgnal　detected　was　also　ln
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good　agreement　with　the　content　of　somatostatin

immunoreactivity　observed　in　a　number　of　immuno－

cytochemical　studies，　i．e．　those　nerve　cells　readily

detected　by　anti－somatostatin　antibodies，　which　pre－

sumably　contained　more　peptide，　also　usually　seemed

to　contain　more　somatostatin　mRNA．12・20・34・39

　　As　noted　earlier，　this　method　revealed　nlore　so－

matostatin　mRNA－positive　cells　than　detected　by

most　immunocytochemical　studies．　The　reason　fbr

this　may　be　that　in　areas　with　numerous　somato・

statin－positive　perikarya　there　were　no　densely

stained　processes　to　obscure　detection　of　somato－

statin－positlve　cells．　Thus　in　the　substantia　gelatinosa

visualization　of　somatostatin　mRNA－positive㏄lls

was　not　confused　by　t｝1e　presence　of　a　dense　plexus

of　somatostatin－positive　nerve　endings，　which　may

well　obscure　somatostatin　cells　when　they　are　visual－

ized　by　conventional　immunocytochemistry．　It　is　also

important　to　note　that　this　method　does　not　depend

on　the　use　of　a　drug　such　as　colchicine　to　block

axonal　transport　and　increase　the　cellular　peptide

content．　Indeed，　it　might　be　seriously　questioned

whether，　given　the　ability　of　local　damage　to　alter

expression　of　a　number　of　genes（such　as　c－fbs　and

many　neuropeptides）31　whose　expression　is　innuenced

by　Ca2＋and　growth　factors，　the　appearance　of　a

positive　immunocytochemical　signal　a血er　local　injec－

tions　of　compounds　such　as　colchicine　should　not

be　considered　as　unequivocal　evidence　that　a　nerve

cell　normally　expresses　a　particular　peptide　or　pro－

tein．

　　As　described　in　Resu丑ts，　we　have　demonstrated　the

localization　of　somatostatin　mRNA－positive　cells

with　this　novel　non－radioactive加ぷ↓τμmethod　even

in　an　area　where　previously　there　has　been　some

discrepancy　amongst　those　s加dies　using　immuno・

cytochemistry　and／or　radioactive加∫W　hybridization

histochemjstry，　In　the　accessory　olfhctory　bulb，　fbr

example，　a　number　of　somatostat輌n　mRNA－positive

cells　were　visualized　in　the　mitral　cell　layer．　These

cells　are　almost　certainly　the　mitral　cells　because　of

their　position，　size　and　appearance．　This　observation

is　consistent　with　the　ilnmunocytochemical　results

of　Vincent　eτα1．50　and　is　also　the　first　successful

demonstration　of　somatostatin　mRNA　in　mitral　cells．

Similarly　in　the　main　ol伍ctory　bulb，　many　somato－

statin　mRNA－positive　periglomerular　cells　were　also

detected．　The　number　of　positive　cells　R）und　to

contain　somatostatin　mRNA　was　clearly　greater　than

previously　reported，12　but　was　consistent　with　sensi－

tive　immunocytochemical　studies　of　Vincent　eταL50

1n　the　hypothalamus，　as　expected，　we　observed　a

number　of　somatostatin－positive　cells　in　nuclei　such

as　the　arcuate　and　suprachiasmatic，　in　good　agree・

ment　with　other　authors．1・3・723’35・36・4］In　the　ventro－

medial　hypothalalnus，　our　data　again　agreed　well

with　Vincentε’α乙，50　who　noted　only　a　few　weakly

stained　somatostatin－containing　cells．　In也is　area　we

五）und　only　a　f＞w　cells　with　a　weak　hybndization

signaL　In　the　superior　gray　layer　of　the　superior

colliculus，　our　results　extend　and　con血ml　the　two

previous　reports　of　Vincent　eτα1．50　and　Fitzpatrick’

McElligott　eτα1．，12　who　reported　the　presence　of

somatostatin．immunoreactive　and　mRNA－positive
cells　respectively　in　this　layeL

　　The　area　in　which　thefe　has　been　most　controversy

over　the　localization　of　somatostatin　cell　bodies　is

the　cerebellum，　where　immunocytochemical　and
radioactive　jη　ぷ∫’μ　　hybridization　studies　dif丘r

greatly　in　their　nndings．　Amongst　the輌η3枷hybrid－

ization　studies　on　somatostatin　mRNA，　Fitzpatrick－

McElligottετα1．12　were　not　able　to　detect　any

somatostatin　mRNA－positive　cells　in　the㏄rebellum．

In　contrast，　Inagaki　e∫αL20　demonstrated　many

mRNA・positive　cells　in　the　granule　cell　layer．　In

an　immunohistochemical　study　JohanssonθταL23

reported　single　somatostatin－immunoreactive　cells

located　in　the　Golgi　cell　layer，　whereas　VincentεごαL50

reported（using　a　sensitive　high　amnity　monoclonal）

that　they　could　visualize　many　intensely　labelled

Golgi　cells　in　the　granular　layer，　but　they　R）und　only

asmall　group　of　Purki可e　cells，　in　the　paraθocculus，

which　were　immunoreactive．　In　almost　all　cerebellar

lobules，　we　could　confirm　the　presence　of　somato－

statin　mRNA－positive　cells　in　the　granular　layer

（presumably　these㏄11s　are　the　Golgi　cens　described

by　Vincentθ’α1．50）．　We　also　R）und　some　mRNA－

positive　cells　in　the　PurknUe　cell　layer，　but　only　in　the

paraflocculus．

CONCLUSION

　　Using　an　alkaline　phosphatase－labelled　antisense

oligonucleotide　probe　we　have　been　able　to　visualize

somatostatin　mRNA　throughout　the　rat　nervous

system．　The　low　background　and　high　sensitivity

of　this　novel　probe　suggests　that　this　type　of　non－

radioactiveカ2∫館μproce《iure　has　considerable　poten－

tial　fbr　the　study　of　gene　expression．
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Evidence　for　the　Co－Expression　of

Oxytocin　and　Vasopressin　Messenger

Ribonucleic　Acids　in　Magnocellular

Neurosecretory　Cells：Simultaneous

Demonstration　of　Two　Neurohypophysin

Messenger　Ribonucleic　Acids　by

Hybridization　Histochemistry

Hiroshi　Kiyama　and　Piers　C．　Emson

MRC　Group，　AFRC　lnstitute　of　Animal　Physiology　and　Genetics

Research，　Babraham，　Cambridge　CB24AT，　UK．

Key　wOrds：oxytocin，　vasopressin，　messenger　ribonucleic　acid

℃o－expression，，　salt　loading．

Anovel　enzyme－labelled　oligonucleotide　probe　specific　for

oxytocin　messenger　ribonucleic　acid（mRNA）and　a

radiolabelled　oligonucleotide　probe　specific　for　vasopressin

mRNA　were　used　together　to　visualize　both　oxytocin　and

vasopressin　mRNA’s　in　hypothalamus　sections　from　salt

loaded（2％saline）rats．　The　results　demonstrate　that　the

majority　of　magnocellular　neurons　contain　only　oxytocin

or　vasopressin　mRNA，　however　a　small　number　of　neurons，

1％　to　2％，　contained　both　oxytocin　and　vasopressin

transcrlpts．

抗5ゴごμhybridization　histochemistry　is　a　method　which　can　be　used

to　demonstrate　the　cellular　localization　of　an　mRNA　signal（1）．

There　are　a　number　of　variations　on　this　method，　but　most

procedures　employ　radiolabelled　complementary　DNA　or　RNA

probes　which　can　only　be　visualized　by　autoradiography．　Autora－

diographic　procedures　used　on　their　own　are　not　well　suited　to

studies　of　the　possible　co－existence　or　co－expression　of　two

mRNAs　in　one　cell　and　in　order　to　do　this　either　a　combination　of

radiolabelled　and　non－radiolabelled　complementary　probes（2），　or

acombination　of　two　non－radiolabelled　probes　which　can　be

detected　by　di｛花rent　coloured　reporter　molecules　has　to　be　used

（3）．In　an　initial　study　using　two　non－radioactiveτηぷ↓τμprobes（3）

we　fbund　that　the　majority（＞95％）ofmagnocellular　neurosecre－

tory　cells　in　osmotically－stressed　rats　contained　only　one　trans－

cript（either　oxytocin　or　vasopressin）．　However，　there　were　a　small

number　of　cells　where　we　could　not　be　certain　using　our　two

colour　detection　system，　whether　the　cells　might　possibly　contain

both　transcripts．

　　In　order　to　clarify　this　important　point　we　have　now　used　a

combination　of　a　I35S］radiolabelled　antisense　vasopressin　probe

specific　fbr　the　glycopeptide　sequence　of　vasopressin　neurophysin

not　present　in　the　oxytocin　mRNA　and　an　alkaline　phosphatase－

labelled　antisense　oligonucleotide　probe　spec▲fic　fbr　a　5’sequence

of　oxytocin　which　did　not　detect　vasopressin　mRNA（K）r　details

see　legends　to　Figs．　l　and　2）．　In　double－labelling　experiments　the

two　specific　probes　were　applied　simultaneously　to　hypothalamic

sections　from　control　and　osmotically－stressed　male　rats（2％

saline　in　the　drinking　water　fbr　2　weeks）．　After　an　appropriate

stringent　washing　ofthe　sections，　the　sections　were　first　incubated

in　the　alkaline　phosphatase　substrate　to　visualize　the　sites　of

oxytocin　mRNA　expression．　Once　the　col皿r　development　was

一〇Tprobe

一AVP　probe

OT　probe

　　　　　　　◆Alk・li・・P…p・・…e
　
　

　
　

　
　

　
　

　
　

　
　

　
　 　　　　　　：

5’－dCGAGACtGGGGCAGGCCATGGCGTT

AVP　probe
5’－dCCCGTCCAGCTGCGTGGCGTTGCTCTGCTCCCGAGC　－35S

FIG．1．　The　strategy　fbr　demonstrating　two　mRNAs　in　a　single　section．　The　sequences　of　the　probes　were　selected　to　avoid　possible　cross－reaction　as　the

two　genes（vasopressin，　AVP　or　oxytocin，　OT）have　a　considerable　degree　of　sequence　similarity　e⑨pecially　in　the　regions　coding　R）r　the　hormone　and

neurophysins．　The　OT　probe　sequence　was　selected廿om　the　5’－part　ofthe　signal　peptide，　and　the　AVP　sequence　was　derived　from　the　sequence　coding　R）r

the　first　l2　amino－acids　ofthe　glycopeptide（not　present　in　the　OT　transcript）．　In　order　to　demonstrate　the　two　mRNAs，　two　di騰rent　labelling　Inethods

were　used．　Here　we　employed　a　novel　sensitive　non－radioactive仇∫吻hybridizatjon　method　for　the　detection　of　the　OT　mRNA　and　a　conventional

radioactive　detection　method　fbr　AVP　mRNA．　The　probe飴r　OT　mRNA　was　labelled　with　alkaline　phosphatase（4，5）．　This　probe　has　previously　been

shown　to　give　a　high　resolution　and　high　sensitivity　in　detecting　OT　mRNA（3）．　The　AVP　antisense　probe　was［35S】labelled　using　terminal

deoxynucleotidyl　trans允rase．　After　alkaline　phosphatase　detection（OT　mRNA）sections　were　dipped　in　autoradiography　emulsion，　and　subsequently

developed　to　visualize　the［35S］labelled　AVP　mRNA　signal．　SP　signal　peptide；GP－glycopeptide．

Co〃eぷρoη旋ηcετoこP．　C，　Emson，　MRC　Group，　AFRC　Institute　of　Animal　Physiology　and　Genetics　Research，　Babraham，　Cambridge　CB24AT，　UK．
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RG　2　The　hlstologlcal　sp㏄1丘cltles　of　the　probes　were　checked　wlth　several　control　experlments　Flrst，　rlbonuclease（RNaseA）pretreatment　was　used

Thls　treatment　dlgests　any　mRNA　slgnal　m　the　sechon　and　was　carrled　out」ust　beR）re　lncubatlng　the　sectlons　fbr　hybrldlzatlon（see　Flg　3）Thls　was　a

check　that　nelther　the　alkallne　phosphatase　ollgonucleotlde　nor　the［35SIlabelled　ollgonucleotlde　were　blndlng　non－speclfically　to　the　tlssue　sectlon　or　sllde

After　RNase　A　pretreatmem（20μg／ml）五）r　30　mln　at　room　temperature　we　could　not　demonstrate　any　spec1丘c　oxytocm（OT）or　vasopressln（AVP）

mRNA　slgnal　on　the　sec口ons　As　a　fUrther　control，　competltlon　expenments　were　carned　out　on　senal　sectlons（A　and　B）Excess　non－1abelled

ollgonucleotlde　probe（200　fimolノμ1）fbr　OT　was　added　to　the　hybrldlzanon　buf飴r　whlch　contalned　both　alkallne　phosphatase－labelled　OT　probe
（2fmol1μ1）and［35S］labclled　AVP　probe（2　f血ol／μ1）The　non－1abelled　OT　probe　competed　wlth　the　alkalme　phosphatase－labelled　OT　probe　and　abollshed

the　OT　slgnal，　but　dld　not　lnnuence　the　detectlon　of　the　radlolabelled　AVP　probe（A，　sllver　gralns　over　labelled　cells　show　AVP　mRNA　posltlve　cells　m

supraoptlc　nucleus）Slmllarly　an　excess　of　non－labelled　AVP　probe（200　fhlo11μ1）was　added　to　the　hybrldlzatlon　buf丘r　In　thls　case　the　radloactlve　AVP

slgnal　was　not　detectable　but　the　OT　alkallne　phosphatase　slgnal　was　readlly　vlsuallzed（B）（c）shows　a　thlrd　ser】al　sectlon　hybrldlzed　wlthout　elther

competmg　probe　The　stars　ln（A）and（B）are　located　ln　the　same　posltlon　m　the　supraoptlc　nucleus　and　correspond　to　an　area　rlch　ln　OT　cells　but　not

contalmng　AVP　cells　Flnally，　m　order　to　rule　out　the　posslblhty　that　we　were　detectlng　overlappmg　cells　m　a　sectlon，　we　used　two　consecutlve　serlal

sectlons　and　hybndlzed　these　at　the　same　tlme　In　these　cases，　some　double4abelled　cells　were　fbund　ln　the　same　posltlon　on　both　sectlons，　and　these　were

belleved　to　represent　two　halves　of　one　smgle㏄11，0ne　half　bemg　present　on　each　slde　of　the　l　Oμm　sectlons（For　the　hybrldlzatlon　method　see　Flg　3）

OX－optlc　chlasma　Bar　100μm



FIG　3　1〃　～1ωhybrldlzdtlon　of　vasopressln（AVP）dnd　oxytocln（OT）
probes　to　demonstrate　the　use　of　the　double－［abelled／ηsr伍procedurc　dnd

the　presence　of　the　two　mRNAs（AVP　and　OT）1n　some　neurosecretory
cells（A）Low　magnlficdtlon　of　the　hypothalamlc　area　contdln111g　both　the

pdraventrlcular　nucleus　and　supraoptlc　nucleus　The　red　cells　dre　OT
mRNA　po～血ve　cells　dctected　by　the　alkdllne　phosphatase－labelled　probe
and　the　black　sllver　grdlns　vlsuallze　tho～e　cells　contalnlng　AVP　mRNA（B）

Ahlgher　magnlhcdtlon　ofthe　pardventrlcular　nucleus　Ill　thls　sectlon　there

dre　no　undmblguously　ldcntl6able　doublc－ldbelled　cells　and　the　speclnclty

ofthc　probes　lbr　OT　dnd　AVP　mRNA～1s　clear（c）Ahlgher　magn1丘cdtlon
of　the　suprdoptlc　nucleus　The　open　arrow　shows　a　cell　whlch　clearly

しontdln～both　a　red　slgnal　correspondlng　to　OT　mRNA　dnd　sllver　gralns

corle～pondlng　to　the　AVP　mRNA　（D）Brlght丘eld　Illummatlon　and（E）
darklicld　lllummatlon　ofthe　same　sectlon　shows　an　example　ofadouble－
ldbellcd　and　two　slngle－ldbelled　cells　ln　the　accessory　nucleus　The　open

arrow　shows　d　double－labelled　cell　the　lillcd　arrow　shows　a　ccll　wlth　sllver

grdms（AVP　mRNA）only，　and　the　arrowhead　shows　a　cell　wlth　only　the

red～lgnal　whlch　corlesponds　to　OT　mRNA
MLTHoDs　Frcsh　fro／en　sectlom（10μm　thlckllc∬）were　cut　on　d　cryostat

dnd　nxcd　wlth　4％pdrdiormaldehyde　ln　O　I　M　phosphdtc　buH＞r　fbr
30mln　dt　room　tempcldtul　e　Flxed　scしtlons　were　then　rln～ed　twlce　wlth

OIMphosphdtc－bu任red　sdllne　dnd　lncubated　ln　O　25％acetlc　dnhydrlde
ln　O　I　M　trlethdnolamlne「09％NdCl寂）r　lOmln　dt　l　oom　temperaturc

Sectlolls　wcle　dehydrdtcd　wlth　70％，80％、90％，95％　dnd　dbsolute
ethanol　Iol　51nm　each，　then　dehpld．lted　ln　chloloF）rm　R）I　IOmln　dnd

dgaln　wd～hed　wlth　absolute　ethanol　Drlcd　sectlons　welehybrldlzcd　In　the

n）llowlllg　hybrldlzdtlon　buf花r．4×SSC　50％Iblmamldc、1×Denhdldピssolutlon、500μg！ml　sheared　sdlmon　testls　DNA，　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　10％dextran　sulfate　dnd　probes

The　pl　obes　iol　OT　alld　AVP　mRNAs　were　dddcd　to　the　hybrldlzatlon　buHξr　dt　the　same　tlme　The　concelllratlon　of　both　probes　w、1s、1pproxlmately

2hnQいμl　Thc　hybrldlzatlon　bufたr　whlch　contdllled　the　two　probes　was　then　poured　on　to　the　sllde　Hybrldlzatlon　was　carncd　out　overnlght　at　37　C　m　a

molst　bo入　Aher　hyblldlzdu〈）n、　　　　　　　　　　　　　　　　　　　　　　　the　sectlo恥werc　qulckly　wdshed　w【th　4×SSC　to　removc　the　hybrldlzatlon　bu脱r　on　thc～ectlons，　and　then　strlngently

wdshcd　wlth　l×SSC　dt　55　C　three　ch．mges　each　of20　to　30　mln　Fmally，　thc　sectlons　were　wdshed　wlth　l×SSC　R）r　l　h　at　room　temperdture　After
wa～hmg　the　colourdevelopn〕ent　fol　al固lnc　pllosphatase　wds　cdrrled　oしlt　ln　order　to　chdnge　the　buHbrしolldltlons．　sectlon～were　lncubdted　ln　O　I　M　Trls

HCI　buHer（pH　75）Lontalnmg　O　9％NdC1偽r　30　mln　dt　room　temperature．　dnd　then　lncubated　ln　hlgh　alkalme　bu廿br（01MTrls　HCL　pH　82）F）r　lOmm

The　Vcctor　red（Veしtor　Ldbs、　　　　　　　　　　　　　　　　　　　　　　Peterborough、　UK）wds　uscd調the　alkallne　phosphatase　substrdte　Sectlons　were　lncubdted　m　the　substrate　solutlon

ovcrmght、md　thc　rcdctlon　was　termmdted　by　washlng　wlth　lOmM　Trls　HCI　contdlmng　IOmM　EDTA　and　O　9％NdCl　fbl　2　h　The～ectlolls　were　thel〕
drled　dftel　a　q山ck　wd～h　ln　70％ethdllol　dnd　then　dlpped　ln　cmul号lon（llbrd　K－5）for　detectlon　orthc［“　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　SJIdbelled　AVP　InRNA　slgndl　These　sectlons　were

exposcd　for　lOdays　m　a　ddrk　box、　dcveloped　fbr　25mln　m　DIgdevebper（Kod．lk）、md　then　6xcd　After　washlng　thc　sectlon号wlth　tap　water　Ior　30　mln

they　werc　coversllppcd　ln　l　O！〕1M　rlls　HCI　contd｜mllg　10mM　EDTA　and　50％glycerol　Bar（A）400μm（B－E）100　tlm



complete　sections　were　then　washed，　dried　and　dipped　in　autoradi－

ography　emulsion　to　detect　the　antisense［35S】labelled　vasopressin

probe（丘）r　details　see　legends　to　Figs．　l　and　2）．　Emulsion－dipped

sections　were　exposed　in　the　dark　fbr　an　appropriate　time　and　the

signal　corresponding　to　the　vasopressin　transcript　was　then　de・

tected（silver　gra孟ns）．　Detailed　examination　of　the　double－labelled

sections　revealed　that　although　the　m勾ority　of　magnocellular　cells

contained　only　one　transcript，　either　vasopressin　or　oxytocin，

there　were　a　number　of　double・labelled　cells　in　the　caudal　part　of

the　supraoptic　nucleus　（SO）　and　in　the　a㏄essory　nucleus．　In

contrast，　only　occasional　double－labelled　cells　were　fbund　in　the

paraventricular　nucleus（3　cells　out　of　499　which　contained　an

oxytocin　signal　also　contained　a　vasopressin　signal）．　The　double－

1abelled　cells　in　SO　were　R）und　mainly　on　the　lateral　and　ventral

borders　of　the　nucleus　and　constituted　not　more　than　1％to　2％of

the　total皿mber　of　supraoptic　magnocellular　cells（12cells　out　of

504which　contained　oxytocin　also　contained　a　vasopressin　sig－

nal）．　In　the　more　rostral　parts　of　SO　we　did　not　detect　any　double－

labelled　cells．　In　non－salt　loaded　control　rats　a　fbw　double－labelled

㏄11s　were　detected（＜1％of　the　magnocellular　cells）but　as　noted

their　number　was　substantially　increased　by　osmotic　stress
（Fig．3）．

　　One　previous　study　which　examined　this　point　using　double－

1abelling　with　biotinylated　and　radiolabelled　jηぷ∫ωprobes　did　not

detect　any　co－expression　of　both　oxytocin　and　vasopressin　trans－

cripts　under　similar　conditions　of　osmotic　stress（2）．　The　reason

R）rthis　di脱rence　in丘ndings　is　almost　certainly　due　to　the　much

improved　sensitivity　we　obtained　using　an　enzyme・labelled，　rather

than　biotinylated　probe．　Indeed，　our　experience　comparing　the

sensitivity　of　biotinylated　versus　enzyme－labelled　probes　suggests

that　the　enzyme－labelled　probes　may　be　at　least　as　sensitive　as

radiolabelled　probes　R）rゴηぷゴ伽experiments（6）．　As　discussed　by

Mohr　and　colleagues（2）both　the　oxytocin　and　vasopressin　genes

are　localized　close　to　each　other　in　the　rat　genome　and　they

contain　a　number　of　sim輌lar　upstream　regulatory　elements　capable

of　responding　to　glucocorticoids　or　oestrogens　fbr　example．　It

remains　to　be　established　why　a　small　subpopulation　of　oxytocin／

vasopressin　cells　express　both　transcripts，　but　it　is　clear　that　under

the　conditions　of　osmotic　stress　used　here　the　m勾ority　of　cells

express　only　one　transcript．　It　would　also　be　very　interesting　to

　　　　　　　　　Oxytocin　and　vasopressin　mRNA　co－expression　259

know　if　the　small　percentage　of　double－labelled　cells　we　have

identified　correspond　to　those　fbw　SO　cells　which　have　the

electrophysiological　characteristics　of　vasopressin　cells　but　also

show　the　functional　characteristics　of　oxytocin㏄11s（7）．　Similarly，

it　would　be　of　some　interest　to　know　if　these　cells　can　process　both

transcripts　into　their　respective　neurohormones　and　associated

neurophysins．　In　view　of　the　d輌mculty　of　possible　cross－reactions

in　immunocytochemical　studies　with　neuroho㎜one－or　neuro・

physin－directed　antisera　such　a　study　may　not　be烏asible．　Indeed，

under　these　circumstances　the‘加ぷ∫〃results　are　likely　to　be　more

speci6c．
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