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Abstract 

Ta identlty the genetlc mechanlsms underlymg the cell speclflc Hxpressloll 

dlsplayed by the rat 5-hydroxytryptamme'A (5-HT'A) receptor, over 32-Kb of 5'

fJanking reglon were sequenced and charactenzed A unique trtHlScnptloflll1ltlatlon 

site was detected at -967 bp 5' ta the translation initiation codon ( f 1 bp) llnd WllS 

speclflc ta hippocampal tissues whlch are kno\'v n to strongly expless S- H rlll 

receptors. By sequence analysls, a TATA COnS8flSU:..' seqlJPIlCH W,1~~ IdPlltlflpd bU 

bp upstream to the tmnscnptlon initiation site and severQI other CIS-dctlllq plunwl1ts 

were also observed. To assess potentlal transcnptlonal actlvlty, dplptlorJ flilC)1ll8nts 

of the 3 2-Kb 5-HTIA receplor gene 5' reglon were hnked ta a ILJc!lerasu mportm 

gene and translently expressed ln mammallan cells (P19 and l tk ) Wlllcil do not 

endogenously express the 5-HT IA receptor gene Results mdIC;)tE~d a stranÇJ 

promoter located between nucleotldes -1187 and -117, followed by an upstremn 

silencer region (-1390/-1188), the repressor actlvlty of whlch IS attBllLwled by Iho 

presence of addltlonal upstream sequences 1 suggest that r(!pr(Js(Jlon of 

transcription may be a major mechanism restnctlng the expression of Hw 5 Hl'II 

receptor gene to the appropnate tissues 
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Résumé 

Le récepteur de la sérotonine de type 1 A (5-HT 1A ) est, dans le ceNeau, 

exclusivement expnmé par l' hippocampe, le septum et les noyaux du Raphé. En 

vue de pouvoir etudier les méchanlsmes génétiques responsables pour cette 

spécificité d'expresslo'l, 3 2-Kb furent séquencés et characténsés L'initiation de 

la transcnptlon a Ut8 détectée a un endroit bien précIs qUI est situé 967 

nucléotides plus haut que le site d'initiation de la translation (désigné + 1). Ce site 

de la transcnptlon est spécIfique pour les tissues de l' hippocampe et aucun autre 

site n' a été observé L'analyse de la séquence révèle plUSieurs séquences 

général(~s rep3nduent sur l'ensemble de la région 5' du gène Pour déterminer si 

les séquences 5' du récepteur de la sérotonine de type 1 A transmettent des 

actiVités quelconques sur la transcnptlon, plUSieurs fragments de dlfferente 

longueur provenant de la séquence 5' du gène 5-HT1A , liés à un gène reporteur 

(la luclferase), furent expnmés dans des cellules mammifères qUI ne contiennent 

pl1S lél nll1cl1mene necessalre pour produire des récepteurs 5-HT1A Les résultats 

demontrent que les séquences 5' du gène codant le récepteur 5-HT1A sont capable 

d'activer et d' entreprendm la transcriptIOn par eux-mêmes. Il semble que le 

méctlélr1ISm par lequel le récepteur 5-HT1A est exprimé, serait doter d'une 

dérépreSSion selective aux tissues qUI l'exprime . 
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" ... you can't get somethmg for nothmg 
you can't get freedom for free 
you won't get wise wlth the sleep still ln your eyes 
no matter what your dreams might be Il 

Nell Peart 

III 

To Ramani and my mother 
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Contribution to Original Knowledge 

This thesls provldes novel information concerning the regulation of the rat 

5-HT 'A receptor gene expression Here, It IS reported that sequences upstream of 

the rat ~-HT'A reeeptor gene are capable of transenptlonal actlvlty and modulate 

the 5-HT,/\ receptor gene expression ThiS fmdmg IS of Important slgnlfleance sm ce 

the expression of Hw 5-HT 1/\ receptor has been shown to be hlghly speclflc ln the 

mammalian central nervous system 

ThiS thesis also provldes valuable information concernmg a transformed 

neuronal cell Ime whlch endogenously expresses 5-HT1A receptors. Neuron cel! 

lm es endogenously expressmg 5-HT'A receptors have not been reported before 

TtllS eell Ime represent an Ideal system to study the natuml envlronment l,' which 

5-HT lA receptors me present and exert thelr functions 
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Introduction 

Historical background 

The serotonlnerglc field of research ongmated during the early 1950's with 

the isolation, Identification and chemlcal synthesis of 5-hydroxytryptamine (5-HT; 

serotomn), a vasoconstnctor and smooth muscle contractmg factor found in serum 

(Rapport et al, 1947), cells of the gastrolntestinal tract (Erspamer, 1963), and 

bram extmcts (Twarog and Page, 1953) The later observation that the blood brain 

barner IS not permeable to serotonln suggested that certain cells of the CNS were 

responslble for the synthesls of the serotonlnerglc content of the brain (Cooper et 

al, 1978) An entlre decade passed before Dahlstrom and Fuxe unequivocally 

demonstrated the neuronal locallzatlon of serotonln (Frazer et al., 1990). During 

the lélte 60's, new developments ln mapping techniques such as immuno- and 

hlstochemlstry, made pOSSible the detalled anatomy and topology of serotoninerglc 

cells and thelr projections (Cooper et al ,1978) ln the late 1970's, Peroutka and 

Snyder (1979) marked the hlstory of central serotonin research by valldating earlier 

observations (Gaddum and Picarelll, 1957) that serotonm's actions are mediated 

by multiple receptors ln what IS now a classlc publication, they differsntlated two 

distinct subpopulatlons of receptors usmg rad!ollgand bmdlng techniques The 5-

HT 1 subpopulatlon dlsplayed nanomolar afflnltles for [3H] 5-HT and the 5-HT2 

subpopulntlon bore low afflnlty for [lH] 5-HT but hlgh affinity for [3H] LSD This 

dlscovery Inltlated extensive research ln the Identification of multiple central 

receptor subtypes througho'Jt the 1980's Wlth the recent advent of molecular 

blology, Hw serotonerglc research communlty witnessed the clonmg of the tlrst 

serofOll1ll receptors Hl 1987 (Lubbert et al, 1987, Kob"ka et aL, 1987a) Slnce 

tllen, a plethora of receptors have been isolated, characterizec' and their 

distnbutlon wlthlll the CNS obtained 

1 
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Central S-HT1 A receptors: physiology 

The serotonergic system IS a remarkably sophlstlcated and IIltnc;tte rwtwork 

Virtually ail reglons of the bram are targeted by afferent flbers wtllch are Irlvllrklbly 

terminais of neurons emergmg fram the raphé form;ttlon (ToIK ,lnd Ilorl1ullÇ), 

1990) The denslty of serotonerglc Input IS Ilot unlform throughout !tH.' brllll1 

Regions such as the cerebral cortex, the Iimblc slructures, the b,lSlll gllllglia al1d 

many reglons of the bralnstem are charactenstlcally mnervélted by 11 hlglwl dpÇJI PO 

of serotoninerglc flbers (Tork, 1990) Therefore, the serotonerglc systPrll llSOS 

many dlfferent receptor classes to convey unique messages rtlE:!se subpopul,ltlOIlS 

of receptors are set apart by a dlstlllct ptlarmacology, anatollllcl1l 10Gltl011 ;'Hld 

more recently, by dlstmct molecular structures and functlons (PUloutKcl ot <11 , 1990, 

Palacios et al., 1990, Wemshank et al , 1992, Hen, 1992, AghélJllll1l111 nt al , 19~JO) 

At least elghteen drfferent seratonm receptors, each talllllg mto flvu dilhHunt 

subpopulatlons have been cloned and charactenzed trom SpOCI8S SLJch élS doq, 

drosophila, rat, mouse and human (see table 1) Of ail the SQrotolllfl f(lCl'ptOIS, Ill() 

5-HT1A subtype has been the most studled for many roason~;, OrlU 01 thulll bOln~J 

the availabllity of a selective radlollgand (C'H]8-hydroxy-2-(dl-fl pror>yl-;tnllllo)tutrahn 

or [3H]8-0H-DPAT) This radlollgand allowed speclflc ItlbelllflCj of b 1 filA billuing 

sites in the mammalian bram Usmg receptor autoradrogmphy, sfJvural WOIJp~j wew 

able to discretely map 5-HT 111 bindlilg sites III the mt to structUrf!S such as \tH) 

hippocampal formation (malilly the pyramidai cells of the CAl r(~ÇJlofi ;1I1e! Hw 

dentate gyrus) the septum, the cerebral cortex (prrmanly the frontal ane! (]fltortllnnl 

cortex), cel1arn amygdalold nuclel, and to the raphé nuclel (mnrnly the dorf~;!l rilphô 

region) (Palaclos et al, 1987, El Mestlkawy et al, 1990, BI(Jqon (]t ni, 19B?, 

Hamon et al , 1987, Pomperano et al , 1992, Miquel and H<J.mon, 1 ~)9?) IlowfJV(.H, 

the limlted resolutlon of Iight mlcroscopy receptor autoradlography dld Ilot perrnlt 

the precise cellular locallzatlon of neurons bearrng 5-Hl1!\ blrdlng ;'1\(..:<, Such 

obstructions were counteracted by appendlilg leslon expenrn(~nts to rec8ptor 

2 



• Tabla 1. Classification of serotonin receptors. 

Type Subtype Species Molecular References 
status 

Human Cloned, genomic Kobilka et aL, 1987a; Fargin 
et aL, 1988; Parks et aL, 1991 

5-HT1A Rat Cloned, genomic Albert et aL, 1990 

Mouse Cloned, cDNA Charest et aL, 1992 

5-HT1 1 5-HT1 B f Mouse Cloned, genomic Maroteaux et aL, 1992 

, Rat Cloned, cDNA Voigt et aL, 1991 

5-HT1 Da 
Human Cloned, genomic Hamblin and Metcalf, 1991 

Dog Cloned, cDNA Libert et al., 1989 

5-HT 1 DB Human Cloned, genomic Demchyshyn et al., 1992 

5-HT 1 E Human Cloned, genom' McAI/ister et al., 1992 
Cloned, cDNA Zgombick et al., 1992 

5-HT1C/2A 1 
Rat Cloned, cD NA Julius et al., 1988 
Mouse Cloned, cDNA Lübbert et aL, 1987 

5-HT2 Human Cloned, genomic Chen et aL, 1992 
5-HT2B Rat Cloned, cDNA Pritchett et aL, 1988 

Rat Cloned, cDNA Julius et al., 1990 

5-HT3 Mouse Cloned, cDNA Maricq et aL, 1991 

5-HT4 
Pharmacological/y 
defined only 

Bockaert et al., 1992 

5-HT
dr01 

Drosophila Cloned, genomic 
and cDNA 

Witz et aL, 1990 

5-HTdro 

5-HTdr02a Drosophila Cloned, genomic Saudou et aL, 1992 

5-HT dro2b Drosophila Cloned, genomic Saudou et al., 1992 

! stomach 
o.-HT 1 fundus Mouse Cloned, genomic Foguet et al., 1992 ~ fund 1 receptor 
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autoradiography. Following specific destruction of serotonerglc neurons by tlle 

neurotoxin 5,7-DHT, there was no alteration ln 5-HT,,, btndmg sites m the forebmlll 

areas, suggesting that these sites are of postsynaptlc character Conversely, the 

high density of 5-HT'A receptors occupymg the raphé formation was completely 

eradicated, indlcating an autoreceptorfunctlon forthese presyt1aptlc sites (palaclos 

et al., 1990, Vergé et al, 1985; Palaclos et al, 1987) ThIs latter observatIon was 

further ascertamed by lmmunohistochemlstry (Sotelo et al , 1990, El Mestlk~wy et 

aL, 1990) using antlbodles agalnst b-HT,,, receptors. These studl(,s demonstmte 

that the 5-HT1A receptors are locahzed ta the cell body and dendntes of tht> 

serotonerglc raphé neurons. ''1 contrast, radloautograplly studles ,rlV~nably 

demonstrate that the presynat ", serotonerglc nerve termlllélis allsmÇJ from tllu 

raphé nuclei and projecting to the postsynaptlc forebrams meas are dpvolu of 5-

HT1A receptors but ennched in 5-HTm receptors (Vergé et al . 1985, Engul et III , 

1986). Thus the 5-HT1A receptor has a somatodendntlc locallzatlon ln bath thu 

pre- and postsynaptlc nf~urons . 

Dysfunctions of serotonm neurons have been Impllcated ln a number of 

neuropsychiatne diseases such as major depresslon and anxlety dlsordms 

(Peroutka, 1988; Meltzer and Lowry, 1987; Blier et al , 1990a, Biler et al , 1987, 

Charney and Delgado, 1992) It has long been proposed that functlonal duflclUncy 

of 5-HT IS responsible for these psychopathologies (Coppen, 1967, 1 apm and 

Oxenkrüg, 1969). However, direct eVldence of abnormal funetlon of r;mol0llHl 

neurons as a direct cause of major depresslon and anxlety IS lacklllg IntHostmgly, 

brain reglons dlsplaying the highest 5-HT1A receptor denslty are cornpononts of 

limbie structures and pathways involved III the modulation of mood and bfJhavlour 

(Palacios et al., 1990; Hamon et al, 1987, Blier et al, 1987) TtlOwfore, thu 

observation that several assorted 5-HT1A agonlsts found ta Hxert allxlolytlc and 

antidepressant (AD) effects, both III appropnate anImai models and humans 

(Sjoerdsma and Palfreyman, 1990, Charney et al, 1990, Kennett HI al, 198/, 

Dourish, 1987; Gonzalez-Heydnch and Peroutka, 1990, Pnce pt al, 1990) IS 
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consistent wlth a raie for thls receptor m these disorders. Using 

electraphyslologlcal studles, vanous classes of AD and anxlolytic drugs were 

shown to enhance seratonerglc synaptlc transmission (see table Il), through either 

the modulation of agonlst sensltlvlty and/or receptor density of 5-HT,,, sites, or via 

yet unknown mechanlsms Desplte relative Ellidences for the mvolvement of 5-HT 

ln the cIInlcal manifestation of AD responses, the events leadmg ta depression may 

Involve several abnormalltles such as long term structural, chemlcal and molecular 

changes (Holden, 1991). 

Central 5-HT'A receptors: molecular biology 

The huméln 5-I-H'A was the flrst serotonin receptor ta be successfully 

Isolated The clonmg strategy mlled on low stnngency hybridlzatlon of a size

fractlonated humnn genomlc Ilbrary uSlng a 32p radlolabeled fuillength human 82-

éldrenerglc receptor gene as a means of detectlon (Kobllka et al, 1987a). 

Followlng thls work, Albert et al used identlcal appraaches ta isolate the rat 5-

HT,,, receptor gene uSlng the codlng reglon of the hamster B2-adrenergic receplor 

gene élS a probe (Albert et al, 1990) More recently, the cDNA codmg for the 

mouse 5-HT'1\ receptor WélS Isolated fram a brain library (Charest et aL, 1992). 

The deduced amlno aCld st?quence of the three 5-HT'A receptors (as weil 

as ail seratomn receptors) clearly li'ldlcates that they belong ta the extended family 

of G prateln-coupled receptors (Kobllka et al , 1987a, Albert et al., 1990; Hartig, 

1989) whlch conSlst of a SI n91e polypeptidE! cham containing seven putative 

transmembrane u-hellces (Julius, 1991, Dotllman et al , 1987; Lefkowitz et al., 

1988) On the basis of structural homology wlth rhodopsin, mACh and the 82-

éldrenerglc receptors, Il IS IIkely that ail 5-HT receptors bear an extracellular amino 

terminus. Ll CytoplLlSnllC carboxy terminus, three extracellular and three intracellular 

loops (Kubo et éll , 1986, Kobllka et al , 19870; Yarden et aL, 1986; Dixon et aL, 

1986, NélH1Lllls and Hogness, 19B4 ) 

5 
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Table Il. Potential mechanisms of action of some psychotropic drugs . 

(references. 1- de Montigny et aL, 1990; 2- Blier et al., 1990a; 3- Welner ct al ,1989, 
4- Blier et al, 1987; 5- de Montigny et al.. 1988; Blier ct al. 1988) 

Antidepressants 

1,2,5 
5-HT reuptake 
blockers 

Tricyclic 2,4,5 
antldepressants 

2,4,5 
Monamine 
Oxidase 
Inhibitors 

Anxiolytics/ 
Antidepressants 

2,4 
5-HT 1A receptor 
agonists 

synaptic 
nature 

pre-

Observations 
and effects 

firing activity same as in 
untreated due to a decreased 
sensitivity of somatodendntlc 
autoreceptors 

decrease sensltlvlty of tcrmlllJI 
autoreceptors therefore 
Increase amount of 5-HT to bo 
released per Impulse ln the 
synaptic cleft 

post- sensitlvlty of postsynaptlc 
sites are unaltored 

Causes 

dOSf'Jlsltlzed Jllln
rpc:optOl~; li IKI/or 
dec:rollsn 11lJl11bN of 
5-HT1A bllldlJlC) SIUn, 

dpcrl'lIsP fllncllon 
of IprrnlflJI ;11110-
rf'cf'plo r~; by 
unknown li 
müch;"mlsm~; 

NA. 

pre- firing activity and rosponslvcnoss N.A 
of somatodendntic roccptors llro 
unmodifled 

post- sensitized receptors in 
postsynaptlc structures leadlng 
to an enhanced 5-HT signai 
transfer 

pre-

, post-

pre-

sensltlvity of somatodendntlc 
receptors deereased by 
threefold, henee fi ring rate of 
5-HT neurons romains the 
same as untreated controls 

5-HT neurotransmlssion greatly 
increased when 5-HT neurons 
discharge at thelr normal 
frequency 

desensltlzation of 5-HT lA 

binding sites resulting 
in a normal firing rate III 
the presence of agorllsts 

post- sensltlVlty of postsynaptic 
receptors IS unaltered 

6 

IIlcma~o nlJmbor 
or 5-HT lA bindlng 
01t05 ln po~.t
synJptlr. strllc:tllms 

unknown CJW,f! 

mloa~abl() pool 
of 5-HT onhéHlcod 
by MAOls 

dotrnaso 
numbnr of 
5-HT IA :3 
bmdmg Sitos 

NA 
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The predlcted molecular welght of each of the three 5-HT1A receptors is 

approxlmately 46 KOa (Kobllka et al, 1987a; Albert et aL, 1990; Charest et aL, ln 

preparation) However, the actual size of both the human and rat receptors are 

much larger than the predlcted sizes. Two different groups have mdicated the size 

of the hurnnn and rat receptors as bemg 63 KOa by usmg Immunoprecipltation and 

photo<1ffJnlty 13bellng techniques (Ement et al., 1987; Ransom et aL, 1986, 

Raymond et al, 1989) Such dlchotomy in the preclcted and actual molecular 

welght could anse from N-linked glycosylatlon at putative sites loeated on the 

extraccllulm amlno terminUS portion of the receptor and several possible 

phosphorylallon sites situated wlthm the thlrd cytoplasmic loop, as observed in 

other G protem-coupled receptors 

The degree of amlno aeld sequence homology between the eighteen 

dlfferent serotonln receptors vanes conslderably. However, reeeptors wlthin the 

same subpopulatlon (e 9 the 5-HT, subclas3) demonstrate a hlgher overall degree 

of homology ThiS homology IS hlghest withln sequences that compnse the 

transmembrane domalns (Hartlg, 1989) For example, sequence eomparison 

between the mt 5-HT'A and 5-HTm reveals an overall homology of 45°/0 and a 

tmnsmembrane similéwty of 60% (Volgt et al, 1991, Albert et aL, 1990). On the 

other h.tnd. Iflter- specles variation Ifl the protem sequence IS extremely small. For 

example, the hO!1lology between the human, rat and munne 5-HT 1A receptors is 

as follows rat-Iluman (89%, 97 8%), rat-mouse (94%, 98.9%) and human-mouse 

(8G%" 97 3%,) (Hle fil st percentage represents the overall homology and the 

second con esponds to homologies wlthin the transmembrane reglon) (Charest et 

al, ln prt~plllatlon) SUcll exclusive sequence conservation between species 

suggests preserved physlologlcal l'oies of these receptors 

Functlollé11 expression of tlle three cloned 5-HT1A reeeptor genes in 

mammalJan cells has allowed for extensive study of thelr pharmacologieal profiles 

(Fargm et al . 1988, Albert et al, 1990; Charest et al., 1992). Membranes prepared 

7 
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fram transfected cells were examlned for thelr abillty to IlllnllC the speclflc bllldlllg 

affimties of several prevlously established agonlsts for 5-HT
'
J\ blndlllg sites ln the 

braln The resultmg pharmacology was ln agreement wltll wtlnt W~1S obtnll1ed from 

bram membranes (Gozlan et aL, 1983, Hall et al, 1985, Siiis et ni , 198,1, Sehll)qel 

et al , 1986). 

To understand the molecular interactions by whlch extracellul<:1r slgllals llrP 

transduced across the cell membrane so as to modlfy key Intmeellul,ll l'ffnctor 

mechamsms, a dissection of the structure-functlon relatlonshlp of Hw rt'cq)lol Itsl'If 

is required Although much of the eXlstmg knowledge of Hw; typl' of weeplol 

system has ongmated from studles conducted on the ndrerwrglc It'C(lptOiS (u's nlld 

Ws), the acqulred Insights have often been successfully extldpoldtpd to ottwr 

receptor systems exhlbltmg close structural resemblance ln fact, OH' cumm\ 

knowledge of the structure-functlon relatlonshlps of the 5 f rr n-)~pptor~. mlll!s 

entlrely on the followlng paradlgms Studles InvolvlIlq chll1wrlC rncuptor :;, ~~Ite 

directed mutagenesls and photoafflmty labelling demonstrélteo that t IH' mtr;1cpll1llar 

hydrophllic domalns are not Involved ln determlrllng ligand bllldll1C) propur111's 

Instead, thls tunctlon IS medlated by the membrane spnnrllnq domame; (Kobilkil el 

al., 1987c, Fnelle et al , 1988, Dohlman et al , 1988, Kobilka et <lI , 10BB, Sirader 

et al., 1987a, Strader et al , 1987b, Frazer, 1989, Strader ot ill , 19W)) 1 lowuv(Jr, 

in light of the results trom these dlfferent studles, It seems tllat IIw Situe; for IIÇJiHKI 

brndlng vary trom receptor to receptor and from ligand to Ilg,md lLlIlf] 'Jlrllililr 

approaches, the receptor domams Involved ln G proteln couplmg tl;lVrJ ,,1';0 bu(m 

studled. Althougil certarn vanatlons between receptors (mst, the IIlforrnatlon 

mdlcates the Importance of sequences of the thlrd cytoplasmlc loop and cllrboxyl

terminai tari located adjacent to transmembrane domams as b(~1n9 Important ln 

mediatmg receptor-G proteln Interactions (fIgure 1) (Caron and Lufkowlt/, 1 ~J~l) 

The mammallan cell membrane contalns a multitude of receptors r(JCJul(jtm~J rnany 

dlfferent GTP-bmdlng protelns as weil as a cornmon but dlversf) group of (~ffr]ctor 

proteins such as Ion channels and carners, phosphollpas(~s, flrjenylyl cyclases, 
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Cytnpl.1smlc Surface 

Transmembrane domains involved in ligand bindlng 
(Iabeled by various affinity and photoaffinity probe::). 

(data obtalned trom studies on 
adrenergic and muscarinic receptors) 

Roglons that have been implicated by mutagenesis s~udies . 
as being involved in the interaction of the receptor wlth G-protem. 

Figure 1 Schematlc representatlon of the vanous regions of a receptor involved ln ligand binding 

and G proleln couphng 

and phcsphodlesterases (Ross, 1991). Furthermore, the regulation of each signal

transducmg pathway IS not mdependent of the others, resulting in complex 

extracellular-medlated cytoplasmlc events. 

ln radloll9nnd blndmg studies of the central 5-HT'A receptors, modulation of 

agonlst bmdlng llffiflltles by dlvalent cations and guanine nucleotides suggested 

that the receptots were assoclated wlth G proteins (Norman et aL, 1985; Schlegel 

and Peroutka, 1986) whlch were later shown to belong to the pertussis toxin 

sensitive (G, J family (Zgomblck et al ,1989) Pertussis toxin ADP nbosylates the 

u. subunlt of G protellls thereby Inactlvating them. Direct confirmation of these 

earller flrldmgs were made by several groups. They reported a phamacologically 

relevant negatlve Influence of 5-HT1A agonlsts on forskolin- or VIP-stimulated 
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adenylyl cyclase actlvity ln primary cultures of mouse hlppocampal and cortical 

neurons (Dumuis et al , 1988) and ln hlppocampal membranes prepared from ml 

and guinea pig (De Vivo and Maayanl, 1986, Weiss et al, 1986, Adnp!1 et al , 

1989; Oksenberg and Peroutka, 1989, Cornfleld et al, 1991) Tile recent 

heterologous expression of the rat and human 5-HT IA III mammal13n cells (F,lrglll 

et aL, 1989; Albert et al., 1990) whlch also showed a dose-depandent npg3tlve 

coupling to adenylyl cyclase via pertussis toxm-sensltlve GifU prolell1s obvlrlles IIw 

contradicting description of the stlmulatory effect of 5-HT lA receptors 011 ad(mylyl 

cyclase in rat hippocampal membranes suggested by Markstein 3nd colleagues 

(Markstein et aL, 1986) 

ln addition to the interaction wlth adenylyl cyclase, central 5-Hl l " rocüptOI~; 

have been reported to control both K' and Ca2
' channels Electropl1yslologlclll 

studies pertormed on serotonergic neurons of the dorsal raphe oblllined frolll br ;lIrl 

slice preparations showed that the 5-HT IA somatodendntlc autoreceplor rll()dlaled 

hyperpolarization and decreased input resistance are caused by 0fJ~)f1lng of K' 

channels (Aghajanian and Lakoskl, 1984, Williams et al, 1988, Sprow;p and 

Aghajanian, 1987; Van der Maelen et al , 1986, Trulson and Fredurrcksofl, 1 ~)8/) 

ln addition, the reduced responsiveness of the dorsal ;aphé serolonpr CJIC rWlJl on~ 

to 5-HT following local or mtracerebroventncular injection of pmtu<,<;rr; loxln, 

demonstrates the G protein couplrng nature (GI!o) of the somatodendnll(; ~-II r 1/, 

autoreceptors to K+ channels (Blier et al , 1990b, Williams et al , 1 ~)S8, Innl'''; and 

AghaJanian, 1987; Innrs et al.. 1988) ThiS G protern-medlated K' chanrwl 0Pf!f1InQ 

is not due to G protein-medlated effects on adenylyl cyclase (Innls f-JI ;11 , 1 QBS) 

Furthermore, Intracellular rnjectlon of a nonhydrolysable ana log of Gril (G r PTS) 

which constitutively actlvates G protelns, hyperpolanzes serotonln nf!lJrOI1'J and 

prevents addltional actions of 5-HT (Innls et al , 1988), suggestlng a direct couplrnq 

of the G protern to Kt channels 

Similar to the presynaptlc autoreceptors, postsynaptlc 5-HT 1" mceptor:. 

mediate a hyperpolanzation effect and a decrease ln the Input reslstancH of dor~Jal 

hippocampus pyramidal neurons resultlng fram an openrng of K' ct1ann(~lrJ (Colrno 
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and Haillwell, 1987, Andrade and Nlcoll, 1987). In addition, evidence suggests that 

the 5-HT'A receptor-medlated effects of K+ channels are the result of a pertussis 

toxm senSitive (G,U,) G protem transducer as seen in dorai raphé neurons (Andrade 

et al, 1986) A mechanlsm by which PT-sensitive G protein-coupled receptors act 

on potassium channels has recently been put forth by Armstrong and White 

(Armstrong and White, 1992). 

The results concerning the possible involvment of 5-HT'A receptors wlth 

Ca;!' channels remarn Inconslstent. The dlscrepancy arises fram radloligand studies 

whlch demonstrated that 5-HT'A receptors are not present on the presynaptic 

nerve termmals of dorsal raphé neurons (Vergé et al, 1985, Engel et al , 1986). 

Contradlctmg these results are the electrophysiologlcal observations of Penrngton 

and Kelly wtlere 8-0H-OPAT, (at pharmaeologlcally relevant concentrations) 

eliclted a reductlon of calcium current presumably through raphé terminal 5-HT'A 

autoreceptors (Penrngton and Kelly, 1990). More studies are required to 

unequlvocally determme whether the 5-HT'A receptor IS involved ln the modulation 

of calcium currents 

Thus, actlvatlng both pre- and postsynaptic 5-HT'A receptors results in 

inhibition of adenylyl eyclase and in a decrease ln neuronal firing rate ensuing from 

enhanced K' conductance. 

ln addition to Its neuron-specific expression in the CNS, the 5-HT'A receptClr 

IS also under developmental regulation in the rat brain ln particular, the density 

of 5-HT'A blndlng sites IS relatlvely abundant in the cerebellum of newborns and 

decreases w!th age, to non-detectable levels ln adult and senescent animais 

(Hamon et al, 1990) This diminution of sites in the cerebellum IS correlated wlth 

a progressive rncrease ln receptor density in forebraln areas, notably the dentate 

gyrus of the hlppocampus and the cerebral cortex (Hamon et al., 1990) The early 

postnatal development occuring ln the cerebellum, in addition to the observations 

stated above, ralses the question regardmg the possible role of the 5-HT'A 

receptors dunng CNS maturation (Hamon et al., 1990) . 
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Eukaryotic transcription: General mechanisms 

The process of transcribing DNA Into RNA can be dlvlded II1to tl1ree stages 

initiation, elongatlon and termlnatlon Initiation of transcnptlon of Hukaryotlc genes 

is influenced by a numbers of regulatory elements terrned enhancers, sllencers 

and promoters (Johnson and McKnlght, 1989) These elements me cornposed 01 

specifie DNA sequence motifs whlch are substrates for sequence-speclflc DNA

brnding proterns, better known as transcnptlon factors or trans-actlvatrng factors 

Over the past decade, a tremendous amount of resemcll tl<lS b()(~n 

dedicated to transcnptlonal complexes and thelr regulatlon ThiS surgp of Irltorost 

in transcriptlonal mechanlsms has arisen from two dlfferent perspectives Flrst, 

transcn~tional control represents a fundamental role ln a broad vant~ty of blologlcnl 

transitions resultll1g rn sustarned phenotyplc changes ln the cell l hus, a detLlllfJd 

knowledge of transcnption provides a powerful handle towards undmc;tl1Jldlng tlw 

molecular gears dnvrng thls transition machlnery Second, the wlde vl1nety of 

distinct transcnption factors compnslI1g the transcnptlonal apparatus, thelr Intrrcate 

interactions with each other and the regulatlon of gene expression by the w:,ultlnçj 

amalgams engender a mynad of mechanlstlc Issues whrch me Intelluctulilly 

challenglng. 

The promoter reglon of a gene IS defined as berng the minimal DNA 

sequence capable of promotlng and Inltlutlng transcnptlon (Zubay, 1988) Th(c! 

promoter IS most often located upstream (or 5') to the transcnptlon Initiation site 

Typically 100 bp 111 length, the promoter rs requlred for aecuratr~ und efflClunt 

initratlon of transcrrptlon (Manlatls et ai, 1987) Molecular genetlc anaIY'AJ'J of 

many different promoters reveal a common pattern of organlzatlon Mo',t typlC;jl 

promoters rnclude an AT-nch reglon (deslgnated as a TATA box) 10eatf:Jd 30-40 rJp 

upstream of the Inltlator nueleotlde The functlon of thls reglon IS ta ensure thal 
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transcription is accurately mitiatied (Maniatis et aL, 1987). The assembly of a 

preinitiation complex at the TATA element involves an ordered interaction of a 

stnng of general mitiation factors (TFIIA. B. D. E. and F), in addition to RNA 

polymerase II. Assernbly of the complex begins with the stable brnding of TFIID to 

the TATA box which may be facilitated by TFIIA (Roeder, 1991). Following thls, 

TFIIB and E assemble at the complex and are viewed as bridges between DNA

bound TFIID and the RNA pol II/TFIIF complex. The resulting core promoter 

protein complex 15 over 1000 KDa. This ciearly indicates the existence of a 

compllcated machlnery with tremendous potential for a variety of functions such 

as basIc inrtlation/elongation/termrnatlon, in addition to the modulation of regulatory 

Interactions wlth other general vnd/or gene-speciflc effectors ~Sawadogo and 

Sentenac. 1990, Roeder, 1991). Apart fram their regular raie of recruiting additional 

factors to the pramoter, very little IS known about other functions carried by these 

transcnption initlator (Roeder, 1991). 

Promoters are also endowed with sequences displaying spatial and 

comoositional homologies referred to as UPEs (Upstream Promoter Elements). 

UPEs generally rncrease the rate of transcription, and mutagenesis studies suggest 

that the strength of certain promoters is determined by the number and type of 

UPEs present within them (Maniatis et al., 1987). A number of UPEs have been . 

Identlfled, and some of them (for example, the pentanucleotide CCAAT box, or the 

GC-nch SP-I box) are found withrn many different promoters. CCAAT boxes are 

usually located between 60 and 80 bp upstream of the initiation site (McKnight and 

Tjlan, 1986). Several expenmental paradigms have irrefutably demonstrated the 

Importance of CCAAT boxes to promoter function (for reviews see Maniatis et al.. 

1987; La Thangue and Rigby, 1988). Although the detailed mechanisms thraugh 

whlch CCAAT-bmdmg proteins are still unknown, a numberof recent studies have 

demonstrated that a heterogeneous population of DNA-binding proteins recognize 

and bmd to CCAAT elements with high affinities (Chodosh et aL, 1988a; Chodosh 

et al., 1988b; Ho011 van HUljsduijnen et aL, 1990). Furthermore, the se CCAAT

binding proteins are heteromeric in their composition, thus conferring them with a 
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greater variety of regulatory options. In addition, the interchange of subunits 

among such proteins would provide an additionallevel of comblnatonal complexlty 

to gene regulation. 

ln addition to promoter elements, a larger number of enhancer and 

re~ressor elements have been imphcated in signal dependent regulatlon of 

transcription such as responses to hormones, growth factors and heat shock 

These cis-actlng elements have no mtrinslc promoter actlVlty per se, but can 

activate or repress respectively, the transcnptlonal aCltlvty of the promoter ln an 

orientation-Independent manner. These elements can be located hundreds, 01 

even thousands of base pairs away fram Initiation of transcnptlon and still exert 

signlflcant influence on transcriptional actlvlty (Ptashne, 1988) The Importance of 

a single cis-element can vary greatly m response to physlologlcal IIlputS III dlHerent 

cell types presumably due to vanatlon ln the abundance or actlvlty of the DNA

binding protems whlch recognize and bmd to the element (Mitchell and TJlan 

1989). Moreover, the spatial organizatiOn of dlfferent combmatlons of bmdlng sites 

for transcription factors on a gene can regulate the transcnptlonal actlvlty ln a 

manner which can be slgnal-dependent or cell-speclflc Although IIttie IS known 

about the actual structural detalls underlymg su ch an mterplay between the 

different sets of factors, it IS beheved that the combmatlon of cls-ülements 

arranged m a unique configuration IS what confers each gene wlth lin 

individualized spatial and temporal transcnptlonal program (Mitchell dnd TJlan, 

1989). During the past few years, many new methods have allowed ttle detoctlon, 

cloning and characterizatlon of a mynad of transcnptlon factors (Lamb ()nd 

McKnight 1991) Structure-functlon relation studles have demonstrated that 

transcription factors are usually composed of separate DNA-bllldlflg and 

transcriptlonal activation domalns (Ptashne, 1988; Mitchell and TJlan, 1 C)ag) 

DNA-bmdmg protelns are categonzed accordlllg to the rnany dlfferont 

domams with whlch they bllld DNA To thls day, there are twelve Identlfled DNA

binding motifs (He and Rosenfeld, 1991) The dlscovery of three speCifie DNA

binding motifs lead to the Identification and charactenzatlon of many other DNA-
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bmding domains (Pabo and Sauer, 1992; Johnson and McKnight, 1989). The first 

DNA recognition motif to be discovered was the helix-turn-he/ix (HTH) motif. 

Examp/es of transcnptlon factors harboring this motif are the lamda phage Cro 

protem, the E. Coli CAP protein, and the Lac repressor. In eukaryotes, the HTH 

motif is not a separable, stable domain and unlike the other motifs, the HTH 

domain cannot functlon by itself but rai 1er, requires other components trom a 

larger DNA-bindmg structures. For example, su ch larger DNA-binding struc~ures 

are seen m a structural component referred to as the homeodomain. The 

homeodomain IS a stable, folded structure of 60 amino acids in length, capable of 

binding DNA by Itse'.(, and was first recognized in proteins regulating the 

deve/opment of Drosophila Although homeodomains are capable of binding DNA 

on thelr own, It appears thqt the precise DNA-blnding specificity is modulated by 

adtjitional regions of the protein. For instance, many homeodomain proteins 

contam extra sequence motifs which flank the homeodomain and are conserved 

within specific subfamlhes It was observed that both the N- and C-terminus of the 

homeodomam are /ocated near the DNA. Therefore, nelghboring residues from 

elther ends could easily contact the flanking regions of the DNA and thereby 

modulate the specificity of binding. For example, the POU proteins contain a POU

specifIe domain of 65-75 residues located at the N-terminal side of a homeodomain 

(Ruvkun and Fmney, 1991; He et al., 1989; Treacy et al., 1991; Pabo and Sauer, 

1991). This POU-speciflc domain, tirst observed in the Pit-1, Oct-2 (both of 

mammalian ongln) and Unc-86 (C. elegans) transcription factors, contacts DNA 

with a set of bases adjacent ta those involved in homeodomain binding (Rosenfeld, 

1991; Ruvkun and Fmney, 1991). 

Zinc fmger protelns were first identlfied in the Xenopus transcription factor 

TFIIIA and represent another type of DNA-binding structure. There are two types 

of zinc fmgers found in ~he DNA-binding motifs of transcription factors participating 

ln RNA pol Il medlated trancription. TFIIIA-like zinc fingers consist of -30 residues 

with two cysteine and two histidine residues stabilizing the domain by tetrahedrally 

coordinatlng a Zn2
+ Ion. A region of -12 amino acids charactenzed by conserved 
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hydrophobic and basIc resldues, separates the two cysterne and hlstldllle pairs 

The mammallan SP-I transcription factor, whlch binds to a GC-nch reglon (also 

refered to as the SP-I box) contains three tandem zinc fll1gers ln its DNA-bmdll1g 

domain The second class of ZinC fmgers are mainly found ln the DNA-bmdlng 

domain of steroid receptors. They structurally dlffer fram thelr TFIlIA-like 

conterparts by carrying two cysteine pairs instead of one cysteln and one hlstldll1e 

pair. Both types of zinc flngers requlre Zn 2
• for thelr DNA bllldmg llctlVlty and 

exhiblt a vanety of DNA sequence speclflcltles Altl10ugh the I1lghly conserved 

residues of the zinc fingers confer a scaffold for the bmdlllg dOlllllln, the 

determinants of brnding speclflcity are IIkely to lie elsewhere For exarnple, the 

non-conserved residues at the base of the flnger region of several sterold 

receptors are intlmately rnvolved ln vanous bll1dlng speclflcltles of these proteills 

(Mader et al , 1989) 

The thlrd eukaryotic DNA-blnding motif, IS the leUCine zipper TllIs motif 

plays an important role ln differentiation and development (Landschulz et al., 

1988). The leUCine zipper motif was flrst Identlfled as a conserved sequence 

pattern rn several eukaryotlc transcription factors (Landshulz et al , 1988) and 

subsequently, ln several other eukaryotlc trans-acting factors The DNA-blndmg 

domain of the leUCine zipper protelns conslsts of 60 to 80 amlno aCld reslduHs and 

is divided into two subdomains: a leUCine zipper region whlch IS requlred for 

dimerization and an adjacent baSIC reglon whlch IS necèssary for DNA blndll1g 

Analysis of leUCine zipper sequences reveals that they are chmacterllfJd by a 

heptade repeat of leUCine over a reglon of 30-40 resldues McKnlght and 

colleagues have blochemlcally shown that leucine zipper proterns dlmanze by 

forming two parallel Cl hellces ln a COI led-coll arrangement whlch are stabillzed by 

hydrophobic interactions between the two c10sely posltloned Cf. hellcal leuclno 

repeat reglons (Pabo and Sauer, 1992; Mitchell and TJlan, 1989) U~UCIn(j zipper 

proteins can form homo- and heterodlmers as a result of thelr blp;:ntltH n8.ture 

Although many dlfferent transcnptlon factors exhlblt slmllar dlmenzatlon domarns, 

the heterodimerization process is not promlscuous Certain factors Will have hlgher 
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affmlties for dlfferent mE, nbers and lower afflnities for others Tre rules governing 

the speclflclty of heterodl merizatlon are still poorly understood (Lamb and 

McKnlght, 1991) Members of the leucine zipper famlly include transcription factors 

such as v-FOS, c-JUN, C/EBP, FRA-I and c-MYC (Johnson and McKnlght, 1989). 

The dual nature of transcnptlon factors is demonstrated by the presence of 

both DNA blndlng domalns and transcriptional activation domains. The latter are 

made up of 30-100 amlno acid resldues and are separate from the previously 

mentloned DNA-blndlng motifs. 

Transcnptlon factors frequently contam more than one activation domain 

whose functlon IS confered by several unrelated structural motifs (Mitchell and 

TJian, 1989) The flrst eukaryotic activation domalns ta be defined were those of 

the yeast GAL 4 and GCN 4 transcnption factors Ptashne and his colleagues, 

uSlng domain-swap expenments, defined the actlvating reglons of GAL 4 and GCN 

4 as stretches of amlno aClds beanng slgniflcant net negatlve charge whlch have 

the abliity to form amphlpathlc a-hehcal structures (Ptashne, 1988; Mitchell and 

TJlan, 1989). Flttlng thls model IS a group of mammallan hormone-responslve 

actlvators (human estrogen, rat and human glucocorticold receptors), each 

conslstmg of at least one transcriptlonal activation domain of the short amphipathic 

u hehx type (Ptashne, 1988) It has been praposed that acidic activation domains 

can stlmulate transcnptlon initiation by interactlng with a general component of the 

Initiation complex such as TFIID (Ptashne and Gann, 1990). 

A second charactenzation of activation domains came fram deletion 

analyses of the SP-I transcnption factor, which revealed four discrete regions 

carrymg transcnptlonal atlvatlon functlons. The two most potent activation domains 

were composed of ~25% glutamine resldues and few charged amlno aClds (Mitchel 

and TJléHl, 1989) Gln-nch reglons are also seen ln extabllshed and putative 

transcnptlon factors fram the Orosophlla Antennapedia, Ultrablthorax and Zeste 

pratelns, ln yeast rlAP l, HAP 2 and GAL Il as weil as ln mammalian OCT-l, OCT-

2, JUN, AP-2 and SRF pratems (Mitchell and TJlan, 1989). The important structural 

feature of a thlrd potentlal actlvator domain consist of a region rich in proline 
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residues. Domain-swap expenments demonstrated tl1at tl1ls pralme-nctl reglon was 

involved in activating transcnption of certain genes. This domam was dlscovered 

in CTF/NF 1 and was subsequently noted in AP-2, JUN, OCT-2 and SRF (Mitchell 

and TJian, 1989) 

The Idea that ail activation domalns medlate thelr enhancement actlvlty by 

directly interacting wlth the same element of the initiation complex (such as TFIID) 

seems unlikely It is therefore assumed that a stnct mechanlstlc cntf~gor Ilatlon of 

actions of the many dlfferent transcnption factors is Impossible Each transcnptlon 

factor (albeit common structural features) IS Irkely to regulate transcnptlon ln a 

unique fashion (Ptashne and Gann, 1990; Mitchell and TJI[ln,1989) 

As a general phenomenon, transcnptlon factors whose actlvltles can be 

regulated by cellular events recognrze and blnd to speclflc DNA sequences 111 a 

spatial and orientation Independent fashlon However, by yat uflldontlflcd 

mechanlsms, they are known to enhance or repress transcnptlon 

Initlally, crude knowledge of the structure of DNA often led to an erroneous 

representatlon of It as being a naked stnng of sequences fl08tlng treely III the 

nucleus An important pOint that is omltted tram these slmplrstlc representatlons 

is that transcnption occurs in an envlranment ln whlch DNA IS rntncatuly packagecj 

into a structure called chromatin (for a revlew see Morse, 1992) ThiS three

dimentlonal aspect of the DNA structure IS Iikely to play a major raie ln deternlllling 

the complex rnteractlons between transcnptlon factors 

ln chromatrn, nucleosome-free reglons, known as nucle;Jse hypersonsltlvo 

sites are belreved to be the protern-free openmgs through wtJlch transcnptlon 

factors have acess to thelr correspondlng GIs-acting DNA sequences (Wülsbrod. 

1982; Gross and Garrard, 1988) These windows (generally tram 50 ta 400 bp ln 

length) are functlonally defrned by thelr enhanced sensltlvlty ta nuc!eLtsu clfJ;)Vé1g(~ 

or chemlcal modification (Elgin, 1988) 

ln virtually every case whlch has been thoroughly studled, hypHsensltlVfJ 

sites are assoclated wlth sequences rnvolved ln repllcatlon, mcomblrli:ltlon, 

chromosome segregation and, transcnption (Gross and Garrard, 1988) GIs-acting 
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elements are often found with man y inducable, tlssue-specific, and 

developmentally regulated hypersensitive sites (Gross and Gan"ard, 1988). In fact, 

from an extensive study of ail reported cases of hypersensltivity, it is possible to 

generallze that If a Gis-acting element IS Involved ln any chromosomal process, it 

Will be assoclated wlth a hypersensitive site. However, hypersensitivity is 

neCeSSD.i,/ but obvlously not sufficlent for the underlying DNA sequences to exert 

thelr functlon (Gross and Garrard, 1988). Ta date, the precise structure of any 

given hypersensltlve site IS not known, even at the level of DNA conformation and 

proteln composition Thus, future knowledge of the cis-actlng sequ~mces and trans

acting factors Involved ln the generation and/or maintenance of hyp,arsensitive sites 

will allow a better understandlng of the rv e of the latter during transcription. 

Gene expression' anses from a complex, specifie and dynamic machinery 

whereby a multitude of factors and DNA sequences whlch interact with each other 

and wlth an active chromatine scaffold, result ln the ultimate process known as 

transcnptlon 

Gene expression in mammalian brain 

The mammallan central nervous system IS generally regarded as the most 

complex of ail organ systems It is composed of a heterogeneous population of cell 

types of whlch neurons are the most extenslvely studled for many reasons. It is 

estlmated that the CNS consists of as many as 1012 neurons each displaying 

blochemlcal and blophyslcal heterogeneity (McKay, 1989). Neurons differs from 

one another ln thelr signalllng capabllities, neuronal and hormonal responsiveness 

and ln the dlstmct genees ttley express It IS the dlverslty of neuronal characteristics 

and actions that defme the world as we know it. 

The complexity 01 the mammalian central nervous system arises from the 

multitude of genes dedlcated to endow the bram witll ItS unique functlon and 

anatomy Roughly 30000 distinct genes are expressed in th~ mammalian brain, 

of which 65% are bram-speclflc (Sutchffe. 1987; Takahashi, 1992). This differential 
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expression of genes ln distinct temporal and spatial patterns IS undoubtedly 

associated with the presence of vanous brain specifie transcnptlon factors (Strulll, 

1991; He and Rosenfeld, 1991). Owrng to the scaree number of lf1 Vitro systems 

available, very little IS known regarding gene expression ln the mammahan brnrn 

compared to other organ systems Nevertheless, the meehanlsrns governlng the 

expression of a few bram-specIfie genes have been recently characlenzed and 

analysed. In each example mentloned below, sequences upslmarn ta tlle 

transcnption initiation site were fused to a reporter gene whose measLJred actlvlty 

is direetly proportlonal ta the transeriptlonal strength of the sequencps clnvlI1g Ils 

expression in translently transfected cultured cells (Nordeen, 1983, I3rl1slm (lt al , 

1989). Dependrng on the environment ln whlch the 5' sequences are preslH11, 

modulation of the transcnption of the reporter gene Will occur 

For example, analysls of three mouse neurofllament 5' deletlOn mutnnts 

shows that eaeh gene has a non dlsenmlnatory promoter whlcll IS readlly 

expressed ln neuronal and non-neuronal eells. The actlvltles of the promoters of 

the three genes, are redueed by yet uncharacterized negatlve elernents locallZf:d 

further upsteam (Shneidman et al., 1992) The human DIA dopamine receptor g(:)nn 

S'-flanklng region was evaluated in a slmrlar manner The prornoter of Ihls gonü 

showed high actlvlty ln cells carrying the nuclear machlnery necessary for Iho 

expression of the gene, but displayed low aetlvrty ln cells whlch do not express tho 

receptor. In addition, as ln the prevlous case, sequences upstream of tlle promotür 

exert enhancer and repressor functions (Minowa et al , 1992) Comparable re:.ults 

were noted from upstream reglons of two other neuron-speclflc ganes, ttJu mt 

GAP-43 and the brarn type Il sodium channel genes (Nedivi et al , 1 ~)9~ 1 Mauo ot 

al., 1990). In both cases, upstream sequences negatlvely modulated a mrnlOlal 

core promoter ln non-neuronal cells and were rnactlve ln nf·Juronal cf311s Most 

recently, the neural-specifie expression of the sodium channel typü Il hé1S bfJon 

shown to be medlated by a 28 bp silencer element located ln the reglon exhlbltlng 

this cell-speciflc represslon (Kraner et al , 1992; Mon et al , 1992) 

The following examples dissect minimal elements usrng technlquos such as 
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slte-directed mutagenesls, band shift assays and DNAase 1 footprinting assays . 

The tissue-specifie transcnption of the rat tyrosine hydroxylase gene requires a 

weil charactenzed cls-actlng element (AP-I motif) synergising with an E-box 

contalmng element. It was shown that these two elements are both neces5ary and 

sufflclent to confer cell specificity, and that a unique DNA-protein complex is 

formed at these two sites. The authors claim that the proteins that form this unique 

complex are likely to direct the tissue-specific expression of tyrosine hydroxylase 

(Yoon and Chlkaralshl, 1992). 

Although relatlvely simple in vitro experiments allow initial characterization 

of certain DNA elements, transgemc animal models are undoubtedly the ultimate 

system used to valldate the tissue-speclfic functions of these elements. For 

Instance, the 5'-flanklng region of the neuron-specific rat SCG1 0 gene, a growth

~ssoclated proteln expressed early ln the development of the nervous system, 

exhlbits supenmposable actions both in vitro and in vivo (Wuenschell et aL, 1990; 

Mon et al , 1990). Studles of SCG10 regulation in transfected cell lines and in 

transgemc mlce revealed a minimal core promoter, which is active in a non tissue

speclflc manner, and 18 differentially repressed by the presence of additional 

upstream sequences only ln cells which do not express endogeneous SCG10. 

Most recently, a 21 bp cell type-speciflc silencer element has been localized within 

the upstream reglon whlch selectlvely represses SCG10 expression in non

neuronal cells and tissues Surprismgly the SCG10 silencer element exhibits 

stnking homology to the sodium channel type Il negative element described 

aboved (Mon et al., 1992). In bath cases, (SCG10 and Na2
+ channel type Il) a 

slmllar proteln complex was shawn to specifically bind the negative elements. 

Gene expression relies on complex communications between the 

physiologlcal state of a cell and its nuclear content and arrangement Although a 

tremendous amount of Information concerning the regulation of gene expression 

has been revealed over the past decade, more knowledge is needed in order to 

fully understand and therefore rectify defects ensuing form abnormal gene 

expression . 
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Objective of study 

The interests in studying the 5-HT1A receptor gene are numerous. Flrst the 

5-HT1A receptor is a key element in the regulation of the overall serotonmerglc 

tone. Therefore, understanding the mechanisms underlying the regulatlon of 5-HT tA 

receptor expression might provide further Insight as to how the serotonerglc 

structure is involved in brain functions Second, since the expression of the 

receptor appears to be developmentally regulated, the charactf:nzatlon of the 

elements necessary for this temporal display will provlde new Important mSlghts 

into the research of mammallan bram development. And lastly, the Identification 

of neuron-specific cls-acting elements could potentlally serve as vectors ln future 

gene therapy treatments 

This study is dlvlded Into two parts. The first part of thls research was to 

localize the initiation of transcnptlon of the rat 5-HT1A receptor gene and to assess 

its 5'-flanking sequences for transcnptional activlty Glven the hlgh degree of 

specificity in the spatial expression of thls gene, charactenzatlon of the factors (C/S

and trans-acting) necessary for such dis play IS of pnmordlal Importance ln order 

to understand and hence modify the underlymg mechanlsms of regulatlon 

Since most of the strategies mvolved ln the study of the regulatlon of gene 

expression rely heavlly on in vitro systems, the goal of the second pmt of th,~ 

study was to Identlfy a cell line carrymg ail the necessary eplgenetlc matenal ta 

support endogeneous expression of the 5-HT tA receptor gene ln addition, a 

functional and molecular charactenzatlon of the expressed receptor was 

undertaken . 
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Results and Discussion 

Isolation and determin'ation of the 5'-flanking region sequences 

The clonlng of the rat 5-HT1A receptor gene has been prevlously described 

(Albert et al., 1990) The strategy behind the construction of vectors from the 5-

HT1A receptor gene 5'-flanking region used for sequencing is detailed under 

"Mate nais and Methods" of chapter 1. The resulting sequence is depicted in figure 

1-chapter 1 

Initiation of transcription 

ln order to defme the region within which transcription initiation occurs, an 

RT-PCR strategy was employed. 0.3 ug of total RNA tram both hippocampus and 

cortex was reverse transcribed following the supplier's specifications (Glbco-BRL). 

Subsequent PCR amplification using an antisense oligonucleotide, the sequence 

of whlch encompasses the translation Initiation codon (ATG), combined with sense 

oligonucleotldes located ln a 5' sequential manner, revealedthe region carrying the 

transcnptlon start site (see figure 2) Using th,s PCR walking strategy, it was 

observed tllat a small stretch of DNA sltuated between nucleotide -1038 and -886 

(relative to the translation initiation codon, the A of ATG as being designated + 1) 

carned the transcnptlon start site(s). Ta delrneate the discrete site(s) at which 

transcrrptlon Inltlates, RNase protection and primer extension techniques were 

used as descnbed under "Materials and Methods" of chapter 1. 

ln a tlrst pnmer extension expenment, a 32p radiolabeled antisense 

olrgonucleotlde, whose sequence IS complementary to genomic sequences falling 

between nucleotldes -808 and -783 (referred to as oligo #55) was hybrrdized ta 

10 pg of total RNA from hippocampus and cortex and subsequently reverse 

23 



• 

• 

'" transcription ATG X---------------____ - ------~ ___ -

reverse transcnptlon '" 
5-Hl1 A mANA 

~-----------------~----
5-Hl1 A cDNA 

• • 

Ollgo 
combination 

bc 

ac 

abc L __ __ ___________ - ---
900 bp L _________________ ------------ ---- --

1 PCR amplification 
products 

1060 bp 
L ______ J 

Region wlthin whlch 
transcription is Inltiated 

Expected sim Prpsnr1cP 
trom ÇlenOl1llC 
sequencC's 

900 bp yos 

1060 bp no 

Figure 2 Schematlc representation of a PCR walklng strategy Oilgonucleotldes wern denvecJ trom 

genomlc sequences The strategy relies on the presence of absence 01 corrcspondlllq 11111NI\ 

sequences for the sense ollgonucleotldes 

transcribed (see figure 2A-chapter 1) The resultmg single speclflc fmgrnent 01 174 

bp (as determmed by comigratlon wlth M13 sequencmg markers), whlch was 

unique to hippocampus, suggests that the initiation site IS locallzed at -957 bp lrom 

the translation mltiatlon codon (see figure 2B-chapter 1) 

ln arder ta substantlate the latter result, élnottlOr pnmfn exten~lon 

expenment was performed, whereby an ollgonucleotlde situatad furHwr upstreilm 

fram ollgo #55 was used Ollgo #53 (see figure 2C-chapter 1) was (~xtencind by 11 

bp only in hlppocampa! RNA and not trom cortex or "ver (wl1lch s()rv(~d ac; ;j 

control) RNA samples, suggestmg that the transcnptlon start site W;Y; locatud al 

-967 bp from the flrst ATG 

To Investlgate the discrepancy emergmg trom the pnmer extension 

expenments, an RNase protection assay was performed Usmg (J !.'P-U rp body 

labeled RNA molecules whose sequence are complementary ta thu 5-H r III 
receptor gene (probe A, descnbed under "Mate nais and Methods" of Ch;1pt fH 1) 

(see figure 3A-chapter 1) and total RNA fram hlppocampus, cortr;x and IIVf)r, ;-1 

fragment of 98 bp was found to be protected (see figure 3B-chdpUc:r 1) 1 tlfJ 

experiment, when performed several tlmes usmg dlfferent RNA samples exhlbltf']d 
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the same results These RNAse prolectlo,l experiments correlated precisely with 

the primer extension expenmHnt utillzmg ollgo #53, mdlcatmg that the transcription 

start site of the rat 5-HT'A receptor gene IS unique and is situated at a nucleotide 

967 bp upstream of the translation initiation (ATG) codon The sequence 

surraundlng th,s transcnptlon initiation site exhibits the canonical TATA and 

CCAAT consensus sequences whlch are located 58 and 167 bp upsteam of the 

deduced initiation site respectlvely (see figure 1-chapter 1). 

A sonfllctmg observation arose fram the above results The inabllity of oligo 

#55 to deteet the -967 bp mltlatlon site can be ascnbed ta unexplainable 

dlfferences ln migration patterns dunng the separation acheived by electraphoresis 

RNA degradatlon, as weil as poor enzymatlc activlty of the reverse transcriptase 

as betng patentlal sources of defects are ruled out slnce the same RNA sam pie 

was used ln the RNase protection expenments ln addition, the result of an 

exhausted enzyme would be represented as a ladder of bands whlch was not 

observed at ~ny tlme 

The transcription initiation site is unique and specifie 

The transcnptlon start Site, locallzed at -967 bp tram the translation initiation 

codon, IS unique Primer extension expenments utillzmg antisense oligonucleotides 

located downstream of ollgo #55, failed ta revealed the presence of any additlonal 

Initiation sites Furthermore, by RNase protection analysls, there were no 

mdlcatlons of other sites belrlg present upstream of the -967 nucleotlde Site, as the 

full lengttl probe was not protected 

ln order ta vc nfy If the -967 nucleotlde site IS speclflc ta tissues capable of 

endogeneous expression of the receptor, a fragment of DNA comprising this 

mltlatlon site was transfected Into two cell Imes mcapable of tissue-specifie 

expression (the nlcJ; me P19 and Ltk- cells) An RNase protection assay using 

probe A (see figure 3A-chapter 1), performed on RNA extracted trom the 

transfected ce:ls, failed ta detect the hlppocampus-speciflc transcription initiation 
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site (see figure 6A-chapter 1) As a control. a northern blot analysls was carned out 

to verify the presence of messages ongmatlng from the transfected fragment (see 

figure 6B-chapter 1) 

Intronless nature of the rat 5-HT1A 5' untranslated region 

A charactenstic feature of most serotonm receptors IS the absence of mtrons 

within their codmg reglons (ref. to references of Table 1) Slnce tbe COO,(lg 

sequence of the rat 5-HT1A receptor gene had already been demonstrnted ta be 

devoided of Introns, It was decided to venfy whether the large 967 bp long 5' 

untranslated fragment contams mtrons, as thelr presence has been shown la 

increase both the stabliity of mRNAs and thelr transport rate out of the nucleus 

(Zubay, 1988) Agam, an RT-PCR scheme was applled to thls task As shawn III 

figure 3, amplification uSlng an antlsense ollgonucleotlde overlappmg tlle 

translation mitlatlon codon, combmed with a sense ollgonucleotlde lacated close 

to the transcnptlon initiation start site was performed on cDNAs denved from 

hlppocampal RNA and genomic DNA This resulted ln fragments of slrnlim SIZ8S 

(figure 4-chapter 1), a fact that IS consistent with an absence of mIrons The 

presence of smaller fragments from the cDNA sample would mdlcatü the presence 

of Intron(s). The functlons of thls large 5' untranslated reglon are yut 10 be 

discovered One could certamly speculate that thls 5' unlranslated reglon Illay have 

a significant function ln RNA stablilty or even ln translatlonal control 

Promoter activity of the 5'-flanking region 

The usage of reporter genes m promoter actlvlty studles IS two fold Flrsl, 
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Figure 3 Schematlc represeiltatlon of the strategy used for the elucidation of the intronless nature 

of the rat 5-11T 1A receptor 5' untranslated reglon 

they are of non-mammalran origin and theretore any activity emanating trom cells 

tranfected wlth reporter genes has ta arize trom this exogeneous gene. Second, 

they are easy to assay, where the enzymatic activity of a transfected cell extract, 

ln presence of excess substrate for the reporter enzyme, is directly proportional to 

the arnount of enzyme present whlch is, by definitil n, directly related to the 

strength of the DNA sequences drivlng its expression. 

ln the present cast::, 5' as weil as 3' sequential deletion fragments of the rat 

5-HT1A receptor gene 5'-flankmg region dnving the expression of a firefly luciferase 

gene were assayed for transcriptional activities in mammalian cells (described 

under "Matenals and Methods" of chapter 1). Murine embryonal carcinomal P19 

and Ltk transformed flbroblast cell lines, both of which do not endogeneously 

express the 5-HT1A receptor gene, were utilized throughout this study. P19 and Ltk

cells were chosen on the account of two main reasons: they are both very good 

reclplents of exogeneous genetic mate rial and their growth rate is relatively rapid, 

requlrements dlctated by tranfection protocols. 

A 2 6-Kb genomlc fragment (PIS:) spanning the rat 5-HT1A receptor gene 5'

reglon from positions -2719 ta -117 directs expression of the luciferase gene (see 

figure 5A-chapter 1) bath ln P19 and Ltk- cells. This demonstrates, when compared 
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ta the control plasmid pKSt-L, that the 2.6-Kb fragment contams transcnptlonal 

activity. When sequences from position -2719 ta -1516 are rernoved, the 

transcriptional activity of the resulting construct (SIBI-L, see figure 5A-chapter 1) 

declines dramatically both m P19 and Ltk This decrease Hl strengtll of 

transcriptional activation IS not aileviated by further removal of sequences located 

between -1515 and -1390, as the activlty dlsplayed by H2BI-L IS still weak (see 

figure 5A-chapter 1) However, removal of sequences trom -1390 io -1187 reveals 

a fragment (TIBI-L) carrymg the strongest transcnptlonal actlVIty (see figure SA

chapter 1) in bath cell systems. 

From these trssue culture paradlgms, only qualitative analyses can be 

extracted It IS clear, albelt substantial quantitative dlfferences between tlle two cell 

lines, that represslon of transcription IS dlsplayed by sequences sltuLlted between 

the Sma 1 and Taq 1 (-1516 to -1187) restnctlon sites Such represslon IS allevlated 

when addltlonal upstream sequences are present as they show transcnptlonal 

activity on thelr own (see figure 5B- chapter 1) 

Therefore, ln an envlronment lacking the special machlnery whlch 

characterizes the tissue speclflcity of 5-HTtA receptor gene expression, the large 

5' untranslated reglon dlsplays a prevalling intnnslc promoter actlvlty This mmked 

activity IS strongly weakened by a fragment of 337 base pairs (Sma 1-Taq 1) whlch 

appears ta act as a repressor. The repressor actlvlty IS partly allevltltüd wtwn 

additlonal sequences are present Immedlately upstream ta Il ln arder ta Llssess 

the promoter activities of these addltional sequences, 3' deletlOn constructs, ail of 

which are lacking the 5' untranslated reglon dlsplayll1g the strongest actlvlty (T181 

fragment) were translently expressed m P19 (see figure 5B-chélpter 1) Whon 

compared ta the pKS'-L control, which accounts for cryptlc promoter sequences 

mtrisinc ta the plasmid backbone, each construct dlsplayed hlgher relative 

transcnptional actlvity This denotes the capaclty of the vanous constructs d(Jplcted 

in figure 5B-chapter 1 ta exercise promoter actlvlty even ln the absencfJ of thu 

earlier defined TIBI promoter ThiS property readlly explams thelr potent reprcsslvfJ 

features on the 8ma 1-Taq 1 repressor element Figure 5B-chapter 1 also Indleates 
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that the Sma I-Taq 1 silencer fragment is dependent on the presence of the TIBI 

strong promoter to exert ItS repressmg activity, as its 3' sequential deletion does 

not dramatlcally affect the resulting constructs' activities. 

Analysis of the 5'-upstream region sequences 

The deflnltlons of both the transcription initiation site and the regions 

reqUired for transcnptlon activlty, enable one to characterize the sequences 

Involved ln the regulatlon of the 5-HT1A receptor gene expression. A putative TATA ' 

consensus sequence (as defmed ln Warkman and Roeder, 1987) is present 58 bp 

upstream of the -967 bp start site (-1025 TATAA -1021). Furthermore, a CCAAT 

box as weil as an addltlonal TATAA consensus sequence are located 167 and 183 

bp upsteam of thls initiation site respectlvely These ubiquitous promoter elements 

may be Involved ln the transcnptional regulation of the gene 

The presence of other TATA and CCAAT consensus elements scattered 

throughout the sequence upstream of the Sma 1 restnction site is what may conter 

these fragments wlth the observed transcriptional activities ln P19 and Ltk- cells 

(see figures 1-chapter 1 and 5B-chapter 1). 

A computer-alded search for the occurence of consensus cis-acting 

elements known to be recognlzed by characterrzed transcription factors revealed 

a plelad of sequences (see table 1-chapter 1 and figure 1-chapter 1). Although none 

have been shown to ellcrt any control on the transcription of the 5-HT1A receptor 

gene, the Intrinsrc actlvlty which defme them may be relevant to the 5-HT1A 

receptor gene Over twenty tlve dlfferent transcription factor binding sites are 

present wlthm the 3.2 Kb of 5' -flankmg sequence. Some of them reflect a 

UblqUltous pattern of expression (AP-I (2), SP-I (2), and CREB (1 )). AP-I 

consensus sequence blndlng sites are recognlzed by proteins of the AP-I family. 

ln mammals, these protelns are encoded by multiple genes including c-jun, junB, 

junD, tos and fra-I. Homo- and heterodimerizatlon of AP-I proteins play an 

important role in transcrrptional regulatlon by creating a variety of transcription 
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factors with different functional properties. Therefore, transcnptlonal regulatlon of 

genes contaming AP-I sites may be very complex (Mitchell and TJlan, 1989) SP-I 

cis-acting elements are recognized by the SP-I transcnptlon factor. It !las been 

observed that SP-I bindlng sites, present ln TATAA-Iess promoters, are capable 

of modulating initiation of transcnptlon (Ptashne and Gann, 1990, Anderson and 

Freytag, 1991). However, thelr functlon wlthin promoters exhlbltrng T AT AA and 

CCAAT consensus sequences IS less weil understooa The presence of a CREB 

(cAMP response element) bmding site wlthin the 5'-flankmg reglon of the 5-I-lT 11\ 

receptor gene indlcates that the expression of thls gene could be mglJl<1tt-~d by 

cAMP levels (the mechanrsms by which cAMP mdlrectly regulates gene explesslon 

are revlewed in Habener, 1990). Slnce cAMP levels are potently modulated by 5-

HT1A receptor activlties, one cou Id Imagme the indirect intogenous regulntlon of 

expressIon of the 5-HT1A receptor gene ln fact, seve rai ottler G protelll coupled 

receptors have been shown to indlrectly modulate ttlelr own expmsslon (Collm et 

al., 1992; Hadcock and Malbon, 1991) 

Other cls-actrng elements present m the 5'-flanklng reglon of tlw 5-HT
'
1\ 

receptor gene are charactenzed as belng bram-speclflc or even most abundant III 

brain tissues. Three GATA-3 (Orkin, 1990; Yamamoto et al, 1990, Ho et al, 1991, 

Ko et al., 1991), one AP-2 (Williams and TJlan, 1991 , Mitchell et al , 1991, Cou rtOIS 

et aL, 1990; Winnmg et al, 1991), one EGR-I (Lemaire et al, 1990, Cno et al, 

1990; Christy and Nathans, 1989), and three CCAGG consensus sequences are 

found at dlfferent positions withrn the 5'-flanklng reglon of the 5-H1 11\ receptor gene 

(see table I-chapter 1) CCAGG is a functlonal orphan pentanucleollde consensus 

sequence which has been observed ln several neuron-speclflc gene promoters 

(Maue et aL, 1990). In Drosophlla, thls element IS part of a larger 14 bp fraqrnent 

present in the dopa decarboxylase gene whlch has been shown 10 bo nf~cessary 

but not sufflclent for gene expression III the central nervous syst(:!m (Scholnlck et 

aL, 1986; Johnson et al , 1989) The functlon of the CCAGG elem(~nt rm:!sent Irl 

different mammallan promoters as weil as ln the 5'-flankmg reglon of the rat 5-HT 1A 

receptor gene is not known. It has yet to be determlnated wtleth8r th8 presence 
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of these Gis-acting elements exerts any mfluences on the actual modulation and 

cellular discrimination of the 5-HT1A receptor gene expression. 

ln addition to many consensus sequences, the rat S-HT1A receptor gene 5'

flanklnQ reglon exhlblts other Important structural features. The first, is a stretch of 

151 bp (fram nucleotldes -1841 to -1690) whlch shares 80% homology with a 

fragment of slmtlar size fram the munne tumor necroStS factor p (TNFP) S'-flanking 

reglon (Gray et al, 1987) A possible functional role has not been attributed to this 

trait yet, but one can be postulated trom a correlation between the mature T cell 

nature of TNFI3 expression (Fashena et al, 1990; Englfsh et al, 1991 J and the initial 

report demonstratlng the expression of the S-HT1A receptor gene m Iymphoid 

tissues (Kobllka et al , 1987a) 

The second feature IS a stretch of 26 (GT) dmucleotides spanning 

nucleotldes -1289 to -1238 embeded wlthin the Sma I-Taq 1 fragment whose 

negatlve transcnptlonal activlty has been shown in P19 and Ltk- cells . Although 

the poly (GT) has not been dlrectly proven to exert the repression aspects of the 

fragment, a causative nature IS not eliminated since It has recently been 

demonstrated that certatn type of transcnption factors (particularly of the EGR 

type) (Blckmore et al, 1992) can bmd poly (GT) stretches with high affmity. 

Therefore, one could easlly concelve the existence of repressor factors acting 

through thls poly (GT) tract ln fact, a possible role for poly (GT) in transcription 

has been prevlously reported (Braaten et al., 1988) 

The rat S-HT1A receptor gene 5'-flankmg region exhibits many necessary 

structures Involved ln basal and modulatory transcription. Moreover, in cells which 

do not express the essentlal machlnery conferring the gene with Its tissue-specifie 

expression, the S'-flan king reglon dlsplays transcriptional activity which seems to 

be modulated by repressmg upstream sequences, thereby suggesting a 

mechanlsm of tissue-specifie expression analoguous ta the reported selective 

derepresslon systems (Mon et aL, 1990, Wuenschell et aL, 1990; Kraven et aL, 

1992; Mon et al , 1992) 

ln arder ta determme the exact nature of the above postulated mechanism 
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of action concerning the expression of the 5-HT'A receptor gene, slnlilar 

experiments need to be conducted in a system capable of sustalnlng endogeneous 

expression of the 5-HT1A receptor gene. Until recently, the eXistence of a 

transformed cell line endogeneously expressmg the 5 HT 1A receptor tlas nevel 

been reported. The charactenzation of su ch a cell IIne IS communlcated ln the 

second chapter of this thesis. Unfortunately, as will be dlscussed below, the cell 

line IS not suitable for 5-HT'A receptor gene expression studles 

A neuroblastoma X septum hybrid ceilline expressing the 5-HT'A receptor 

Several murine hybnd ceillines, denved fram the fusion of primary cultures 

of pre- and postnatal hippocampal and septal neurons wlth a neuroblatorna cell 

line (N18TG2 ), kindly pravided by Dr. Bruce H Wainer (U of Chicago), were 

screened by RT-PCR fer the presence of mRNA codlng for the 5-HT 1A roceptol 

An intrinsic feature of these cell Ilnes is the potentlal induclblilty of certam 

phenotypic neuronal markers upon treatment of the cells wlth certain drugs (e 9 

Retinoic acid (RA) or dibutiryl cAMP). Of the dlfferent hybnd clones screened, only 

one (SN48) showed an increased level of 5-HT'A receptor gene expression ln the 

differentiated state (RA-treated) over the non dlfferentlated one The SNt18 IIne 1::') 

derived tram a 21 day postnatal C57BU6 mouse pnmary culture of septalneurons 

fused with the N18TG2 neuroblastoma cell IIne (Lee et al, 1990) 

Correlation of neuronal phenotype and 5-HT1A receptor expression 

ln the non-differentlated state, the SN48 cells do not exhlblt any 

morphological teatures of neurons (see figure 1 A-chapter Il) Forty-elght hour 

treatment wlth 1 0 ~M RA resulted III a substantlal neuronal morphologlc 

ditferentiation (see figure 1 B-chapter Il). Immunofluorescence of SN48 cell~:> 

directed agalnst neurofilament protelns, which serve as neuron-speclflc markers, 

disclosed unequivocally a phenotype of neuronal nature (Lee et al, 1990) 
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Concomitant wlth thls morphological inducibility, is the increase in the level of 

mRNA codrng for the 5-HT1A receptor. Northern blot analysis of RNA harvested 

fram dlfferentiatedl and non-dlfferentiated SN48 displays a considerable increase 

ln the /evel of 5-HT
'A 

receptor mRNA mo/ecu/es upon dlfferentiatlon of these cells 

(see figure 2-chapter Il) The mechanisms underlying thi~. phenomenon are 

unknown and Irke/y to rnvolve comp/ex systems. The size of the 5-HT1A receptor 

mRNA present rn the dlfferent:é.ted SN-48 cells, whlch is 10.9 Kb in length, is 

larger than speclHs observed for the rat and human receptors. Northern b/ot 

analysls of rat brarn tissues detects three message sizes (3.9, 3.6, al"\d 3.3 Kb) 

encodrng the 5-HT 'A receptor and analysls of fetal human peripheral tissues 

demonstrates a srngle receptor mRNA species of -6.0 Kb which is weakly 

expressed ln lympl10ld tissues (Albert et aL, 1990; Kobilka et al., 1987a) These 

dlfferences ln size between the three species is most Irkely the result of variation 

ln the length of 5'- and 3'-untranslated reglons. 

Functional characterization of the 5-HT1A receptors 

The concomitant Increase ln the number of 5-HT1A receptor mRNA 

molecules wlth the acquIsition of neuronal features from dlfferentiated SN48, 

correlates wlth the presence of functional 5-HT1A receptor protelns. As reviewed 

ln the introduction, the 5-HT1A receptor negatively couples to an adenylyl eyclase 

enzyme thereby reduclng the formation of its product (cAMP) upon receptor 

activation 

USlng the assay descnbed under "Materials and Methods" of chapter Il, the 

effects of the 5-HT lA receptors on adenylyl cyclase as measured by cAMP levels, 

were studled ln both non-dlfferentlated and dlfferentiated SN48 cells. Figure 3A

chapter /1 clearly demonstrates the presence of functional 5-HT1A receptors in the 

dlfferentmted state but not 111 the undifferentiated one, as the inhibition of either 

PGE;o- or VIP-stlmulated cAMP levels by a pharmacologlcally relevant 

concentration of 8-DH-DPAT (a selective 5-HT1A ligand) is only observed in the 
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differentiated SN48 cells . 

This inhibition of elevated cAMP levels is mediated via a pertussis toxin (PT) 

sensitive G protein since 16 hours pretreatment of the dlfferentiated cells wlth 250 

ng/ml of PT aboli shed the 5-HT'A-medlated inhibition of stlmulated cAMP levels 

(see figure 3A-chapter Il). This pertussls toxin sensltivlty IS speclflc to 5-HT1A 

receptor containmg cells as PT did not exert any effect on undlfferentlated cells 

To strengthen the observation of the eXistence of functlorlal 5-HT1A 

receptors in differentlated SN48 cells, a dose-response expenment was conducted 

Figure 3B-chapter Il uneqUivocally shows the dependence of 5-HT 1A leceptor 

mediated actions on agonist (8-0H-DPAT) concentrations wlth an estllnated EC"o 

of 1 0-30 nM, consistent wlth prevlously reported values (Dumuis et al, 1988) 

Cloning of the mouse 5-HTlA receptor cDNA 

ln order to venfy the existence of 5-HT'A receptors rn the dlfferentl3ted 

population of SN48, a fragment of the 5-HT 1A receptor mRNA was cloned by RT

peR from total RNA isolated from differentiated SN48 ce Us The sequences of the 

oligonucleotides used in the RT-PCR strategy, were denved from the hlgllly 

conserved transmembrane domaln reglons of the receptor Sequence an<llysis of 

the cloned fragment showed strikmg simllanty wlth correspondrng reglons of the 

rat and human 5-HT1A receptor genes, and furthermore, showed Identlcnl 

homology to an analogously Isoldted fragment from mouse hlppocampus total 

RNA. Using this fragment as a probe, a mou se bram Àgt11 cDNA hbmry (krndly 

provided by DR. Jean-Pierre Julien, McGl1I U.) was screened under hlgh stnngency 

and one 2.4-Kb clone was isolated. 

Analysis of the cDNA clone revealed a correspondmg reglon stJowlng 

identical (100%) homology wlth the sequences denved from the mouse bralfl and 

differentiated SN48, indlcatlflg that the 2 4-Kb cDNA clone does Ifldef~d code for 

a 5-HT'A receptor. Overall sequence homology wlth the rat and human 5-HT 1A 

receptor gene IS as follows: mouse-rat, 93% and 94% and mouse-human, 80r10 
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and 86%, where the flrst and second percentages indicate homologies at the 

nucleotide and amlno acid levels respectively. The deduced ami no acid sequence 

and structural topology are represented in figure 5B-chapter II. 

When expressed in mouse Ltk- fibroblast cells, the cloned murine 5-HT1A 

receptor cDNA exhlblted blnding features characteristic of 5-HT1A receptors. For 

Instance, saturation blndlng experiments using [3H]8-0H-DPAT as a ligand, 

revealed a calculated K[) of 1 68 nM ± 0.36 which is weil within the range of values 

observed forthe rat and human receptors (Albert et aL, 1990; Fargin et al., 1988). 

It can therefore be concluded that the functional receptors present on the 

differentlated SN48 cells, are of 5-HT1A type as defined by their sequence and ' 

pharmacology Several structure-functlon postulates can be extracted fram the 

companson of the amlnO aCld sequence between the mouse, rat and human 5-

HT1A receptor The most vanable reglons of the receptor are the thiLI .;ytoplasmic 

loop and the extracellular N-terminal domains (see Table III). However, the regions 

wlthin the thlrd cytoplasmic loop whlch are involved ln G proteln coupling are fully 

conserved between the three specles (see figure 1 and 5B-chapter Il). This 

structurai feature relnforces the prediction that ail three receptors couple ta the 

same famlly of G protelns (G'/O) On the other hand, the most conserved regions 

of the receptor are found withln the transmembrane domains. Their hlghly Identical 

homology correlates wlth the comparable pharmacology displayed by the three 

5-HT1A receptors slnce the ligand blndlng sites reside within these transmembrane 

domatns Further tndepth characterizatlon of the receptors will ultlmately reveal 

functlonal dlfferences between the three receptors. Only then will the structural 

dlfferences be accounted for Knowtng the specific structural components of the 

receptor necessary ta pl:\..il certain functional aspects wil! allow the design of drugs 

endowed wlth more speciflc and dlscrete mode of actions . 
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Table III. Structural homology between the rat, mouse and human 5-HT 1A receptors. 
The values are represented as percentage of homology. 

Ove rail Transmembrane N-terminus Third cytoplasmic 
demains leep 

-- -

Species 1 

1 

Nucleotide 1 1 Amino acid Amino acid Amino acid Amino acid 

Mouse-rat 94 93 98.9 77.8 89.1 

Meuse-human 86 80 97.3 66.7 72.7 

Rat-human 89 82 97.8 72.2 75.8 
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Conclusion 

The expression of the rat 5-HT'A receptor by specific neurons is most likely 

a result of the unique nature of the 5'-flanking sequences of the gene that encodes 

the receptor ln the IIght of initiai results, 1 proposed a mecharllsm responsible for 

the h-'!Jfi degree of neural specificlty of the rat 5-HT1A receptor gene expression. 

To apcertaln the molecular components behmd such mechanism, a system in 

wtllch endogeneous expression of tha 5-HT'A receptor gene takes place is 

mevltably reqUired. This work was imtiated by the discovery and charactenzation 

of a hybnd cell line whlch embodied 5-HT1A receptor expression upon mduced 

morphologlcal dlfferentJatlon Unfortunately, thls SN48 cell IIne can not be 

ernployed m such a task for several reasons. Flrst, the morphological and most 

IIkely blochemlcal heterogenous nature of the cell population resulting from the 

dlfferentlatlon procedure would be detrimental to any Ir.terpretation of results 

oripinattng from transcnptlon studles. And second, the density at which the cells 

are mamtalned to obtam optimal differentlation, is not compatible wlth the 

reqUirements dlctated by protocols of exogeneous expression of genetic materia/. 

However detnmental to transcription studles the SN-48 cell line may be, it 

nevertheless remalns an excellent system to study the natural environment in 

WtllCtl 5-HT 1/\ receptors act Moreover, due to their inducible differentiation 

propertles, the SN-48 cells represent an excellent model system to study neuronal 

dlfferentlatlon leading to the development of sensitivity to serotontnergic input 

The results obtalned from my studies can be summarized as follows: 

1- the 5'-flanklng reglon of the rat 5-HT1A receptor gene carries promoter activity 

2- transcnptlon IS Irlltlated at a unique and tissue-specific site 

3-the regulatlon of expression seems to follow a selective derepression 

mechamsnl . 
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ABSTRACT 

The serotonln 1A (5-HT1A) receptor displays an exquisite cell specificity of 

expression, being locahzed to dlscrete regions of the brain, such as the 

hlppocampus, septum, and raphé nuclei. Ta identify genetic mechanlsms directlng 

receptor expression, over 33 kb of 5' flanking region of the rat 5-HT'A receptor 

gene was sequenced and charactenzed A unique site of transcnptlonalmitiatlon 

was locahzed at -967 base pairs (bp) 5' to the start of translation (+1 bp) by 

RNAase protection, pnmer extension, and RT-PCR wlth progresslvely 5' primers, 

and was speclflc for hlppocampal RNA These analyses mdlcated an absence of 

mtrons ln thls reglon of the gene and no eVldence of upstream start sites was 

found Sy sequence analysls, a TAT AA box was Identlfied (-1025 bp) close ta the 

start site, as weil as other TATAA boxes, CCAAT boxes, SP-1 and AP-2 sites, 

several neural-speclflc consensus sequences, and a 120-bp reglon wlth high 

homology ta the tumor necrosls factor-B promoter. To assess promoter actlvlty, 

deletlon constructs of the 3 3-kb 5-HT1A fragment were linked ta flrefly luciferase 

and transfected Into cells whlch do not endogenously express the 5-HT1A receptor. 

Results concurred ln two cell Ilnes (P19 and Ltk-), Indlcatmg the presence of a 

strong promoter located between nucleotldes -1187 and -127, followed by an 

upstream silencer reglon (between -1521/-1188), whlch suppressed the actlvity of 

the promoter to below basal actlvlty. Further promoter actlvlty was detected 

upstream (-2719/-1522) flOm the silencer P.egulation of the 5-HT1A receptor via 

a repressor element ln non-expressmg tissues IS anailJgous to the arrangement ln 

promoters from ottler, more widely-dlstnbuted neuron-speciflc genes. We suggest 

that represslon of tranSCription may be a major mechanism in restnctmg the 

expression of diverse neuron-speclflc genes to the appropriate cell types . 
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INTRODUCTION 

The regulation of eukaryotir transcription results fram an Interplay between 

diverse DNA binding proteins whlch is dependent upon the relative loccahz3tlon 

of cis-acting regulatory DNA sequences to whlch these protems billd (Johnson and 

McKnight, 1989; Mitchell and TJian, 1989) While certain promoter elements. such 

as TATA, GC, and CCAAT boxes, are common to many protell1-encod,ng g()lWS. 

specific enhancer and promoter elements confer cell-speclflclty Llnd 51gn.11 

dependent transcriptlonal regulation m the presence of appropnate élctlvator or 

repressor protelns (Mamatls et al , 1987, Ptashne, 1988) Vvlth the recent clonll19 

of a variety of brain-speclflc Plt-1-related POU-domam prateHls (Rosenfeld. 1991. 

He et al., 1989; Ruvkun and Flnney, 1991), the Identification of turget gelles for 

these DNA binding protems awaits the charactenzatlon of multiple brall1-speclflc 

gene promoters, such as that of the 5-HT1A receptor gene 

Several genes whlch are expressed Hl the braln have been studled almady. 

and they fall mto two broad classes pan-neuronal genes such as neurofllanlOnt. 

GAP-43, SCG-1 0, penphenn, and sodium channel type" genes (Shnüldman (~t al. 

1992; Mori et aL, 1992; Kraner et al., 1992, Nevldl et al, 1992, WLHJrlc;c!Jull ut al, 

1990, Mon et aL, 1990; Maue et al , 1990), whlch are expressed ln ail rl(~urow;. but 

only in neurons, and cell type-speclflc genes, such as tyroslflc hydroxylil~;ü or 

dopamine D1 receptor genes (Yoon and Chlkaralshl, 1992, Mmowél fJt al . 199?). 

whlch are expressed ln subsets of neurons as weil as m olher Iissuw; Curlalll 

general slmilaritles among the structures of the promoters of thuse two clar;()(~~} of 

genes are emerglng. the pan-neuronal genes possess neuron-sp(~Clflc fmhancHr 

elements as weil r:lS ublqUitous promoters, and neuron-speclflclty may IrIvolVf~ 

represslon of expression ln non-neuronal tissues, the type-specifie qfm(~S havf.) 

promoter and enhancer elements whlch direct thelr expression ln pélrtlcular Cfj/l 
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types. We wished to examine the control of a gene which was both 

neuron-speclflc and cell type-speclfic 

The expression of the 5-HT1A receptor gene is braln-specific, and expression 

ln penpheral tissues of the adult is undetectable by Northern blot analysis 

However, unllkt: pan-neuronal genes, the neuronal dlstnbution of 5-HT1A receptor 

15 locallzed to speclflc neuronal subtypes (Albert et al., 1990; Pompelano et al., 

1992), especlally neurons in the raphé, hlppocampus, and septum. The receptor 

plays a key role ln tonlc and dynamlc control of the serotoninergic neuronal activity 

(Frazer et al , 1990). The raphé nue/ei, whlch forn the major serotonergic input 

of the bram, are under the mhibitory regulation of 5-HT1A autoreceptors The 

5-HT'A receptor IS also expressed ln several target tissues to which neurons of the 

raphé nue/el proJect, particularly in hippocampal, septal and cortical regions. Thus, 

activation of the 5-HT1A receptor has a widespread mfluence on brain functlons 

whlch are regulated by serotonerglc neurons of the raphe nuclei. In particular, 

agonlsts of thls receptor such as busplrone or gepirone are effective in the 

treatment of major depresslon and generalized anxlety disorders (Blier et aL, 1990; 

Charney et al, 1990, Blier and de Montigny, 1987), which may result from 

abnormal serotonerglc regulation, perhaps due to aberrant expression of 5-HT1A 

receptors 

ln order to understand the regulation of the 5-HT1A receptor gene, we 

sought to Identlfy and charactenze speclflc DNA regulatory elements in the 

5'-flanklng reglon of the gene. Chlmenc constructs of 5-HT1A receptor gene 5' 

flankmg sequences wlth a flrefly luclferase cDNA as a reporter gene (deWet et aL, 

1987) were translently expressed in cultured mammallan cells and assayed for 

promoter actlvlty. We found that ln cells whlch do not express the receptor, a 

strong promoter IS repressed by an adjacent 5'-region of the gene whlch may 

represent the tlssue-speclflc reglon The presence of this repressor element 

sLlggests that suppression of transcnptlon may play a role ln regulating the 

expression of the 5-HT1A receptor or other brain-specific genes 
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MATERIALS AND METHODS 

Construction of Luciferase Plasmids and Sequencing- A 5 57 Kb Pst 1 

fragment of genomlc À-EMBL3 clone D (the rat 5-HT
'A 

receptor (Albert pt al , 

1990)) was subcloned Into pGEM-blue (Promega Blotech) and named 63P Tlle 

3.2 Kb Barn Hl fragment of 63P was f.Jrther subcloned 11110 pBluescnpt KS t 

(Stratagene, LaJolla, CA) ln both onentatlons (clones #1 and #2) From clone #1, 

P1 B1, S1 B1, and H2B1 were ail constructed by digestion wlth the appropllate 

restriction enzymes followed by mternal IIgatlon The 1 u6 kt> Télq I/Bnlll HI 

fragment of clone #1 was ligated mto Cla I/Bam HI-dlgested pHILJu~;cllpt KS 1 10 

generate T1 B1. The firefly Iuclferase cDNA (deWet et al , 1987) WilS I~,olated from 

pGEM-LUC (a glft fram Dr. M Szyf, McGl1I University) USlllg Balll ~ II/Sac 1 

endonucleases and ligated Into Barn HI/Sac I-cut P1Bl, S1R1, H2E31, 1181 ancl 

pBluescnpt KS+ to generate P1Bl-L, S1B1-L, H2Bl-L, T181-l, ,lnd pBKSI-I, 

respectively. Pl Tl onglnated tram a 2 6 Kb Kpn I/Bam HI fragnwnt of Pl B 1 whlch 

was punfled and then redigested wlth Taq 1 and IIgated mlo Pst I/Cla I-cut 

pBluescnpt KS+. Pl Tl was then dlgested wlth Hmc II/Eco RV or Sm;! IIFcoHV 

to glve rise to P1 H2 or Pl S1, respectlvely Tho 1 8 Kb Bam HI/Sac 1 IUClfml1so 

cDNA was Inserted in P1 Tl, Pl H2, and P1 S1 as descnbed above to qlvP n~iO to 

Pl Tl-L, Pl H2-L, and Pl Sl-L. Clone #1 was dlgested wlth Hlfld III illld Intorrlillly 

ligated wlth T4 DNA IIgase ta glve H3B1 whlch was treated slnlliarly <le, 1> 1 BI to 

yield H3Tl, with subsequent Sma 1 digestion and internai IIgntlon to qlVf: 1-13S 1 

The Iuciferase cDNA was the Inserted as oUtl1n8d abOVf~ glVlrlq n:)(~ 10 ~ 1'~S 1 1 

DNA sequence fram both cadlng and non-codmg strands WfH8 (jf1aly~J(Jd by 

obtamlng single stranded phagemld DNA fram clones #1 and #2 and suhclon{J~, 

and sequenced by the Sanger dldeoxy chain terrnlnatlon rnuthod USlrlg Ll 

Sequenase sequencl~.:I Kit (US Blochemlcals) 

Primer Extension- A 19-mer ollgonucleotlde (5'-GGCTATAGGGA TGCGC 

GAT-3') (ollgo #53) located 938 bp upstream of the tlrst ATG of th(:! rat 5-I-fr If, 

receptor and a 25-mer aligonucleotlde (5'-CCCGCCTCCT ACCTAGCA 
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AACTAGA-3') (oligo #54) located 784 bp upstream of the initiating ATG codon 

were 5' end-Iabeled with [g-32P] ATP (Amersham) by T4 polynucleotide kinase 

(New England Biolabs) and punfled by reverse phase chramatography with 

Sep-Pak C18 cartndges as descnbed by the manufacturer (Waters-Millipore, 

Milford, MA) Total RNA was Isolated fram tissues of 200-300 g male 

Sprague-Dawley rats by the guanidium isothiocyanate protocol (Sambrook et aL, 

1989) The reverse transcnption reaction was as follows' 10 Ilg of total RNA 

prepared fram vanous sources was denatured in 10 mM MeHgOH for 10 min. at 

room temperature The MeHgOH was then neutralized with the addition of 116 

mM of f3-Mercaptoethanol (Sigma, St. Louis, MI) and incubated at room 

temperature for 5 mrn The denatured RNA was hybridized with 0.1 f.lg of labeled 

olrgonucleotldEI (5 min, room tempprature) and incubated for 2h at 42°C ln 50 mM 

TnsHCI (pH 7.5) 75 mM KCI, 3 mM MgCI2, 2 mM dNTP (Pharmacia), 2.5 mM 

dlthlothreltol, and 200 unlts of Superscript reverse transcriptase (BRL, 

Galthersburg, MD.) rn a 40 f.ll reaction volume. The resulting extension products 

were sUbjectE/d ta electrophoresls on a 6% polyacrylamide/urea gel (Sambrook et 

al, 1989), wlth the sequence of the M13 phage as a size index. 

ANas.:!' Protection- Probe A was synthesized by PCR usrng oligo #54 

(antlsense) and the sequencing reverse primer (5'-AACAGCTATGACCATG-3') of 

pBluescrrpt (sense), wlth T1 81 as template. The resulting 409 bp fragment was 

then Inserted mto the Eco RV site of pBluescnpt KS+ (plasmld A). The labelling 

of the cRNA probe was as follows' 1 j.J.g of Xho I-digested (linearized) plasmld A 

oNA was transcrrbed ln the presence of 10 mM dlthiothreitol, 0.5 mM of each ATP, 

CTP, and GTP (Pharm3cla), T7 transciption butter, 50 !lCi of 400-800 CI/mmol 

[a-32P] UTP (Amersham) and 10 unlts of T7 RNA polymerase at 35°C for 1 hour 

The resultlnçl transcnpts were then treated with 2 umts of RNase-free DNase 1 at 

37"C for 15 mm , punfled on a mlnr-sequenclng gel, and eluted overnight at 37°C 

ln 0.5 M ammonium acetate, 1 mM EDTA, and 0 2% SOS. The cR NA probe (0.5 

~lCI) was copreclpltated wlth 10 j.J.g of total RNA and resuspended in 50% 

formamlde, 0.4 M NaCI, 004 M PIPES (pH 7.5), and 1 mM EoTA (pH &.0), 

heat-denatured at 85°C for 5 min, and incubated overnight at 50°C. The RNase 
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digestion conditions were performed as descnbed (Krieg and Melton, 1987). The 

resulting protected fragments were analyzed on a DNA sequenclng gel wltll M13 

phage DNA sequence as the size marker. 

Cell Culture and Transient Transfections- Munne embryonal carClrloma 

P19 cells obtamed from Dr. M. Featherstone (McGili University) were malntllirled 

in Dulbecco's modlfied Eagle's n,edium supplemented wlth 10% (v/v) 

heat-inactivated fetal calf serum at 37°C ln 5°10 CO2 Munne Ltk- flbroblasts were 

grown in alpha-modifled Eagle's medium wlth 10% (v/v) heat-macllvated fellli calf 

serum also at 37°C in 5% CO2 " Prior (4-6 h) ta transfectlons, cells were platod al 

a density of 104 cells/cm2 on 3.5-cm dlshes Plasmld DNA (20 pg/ml) and Internai 

control B actin promoter-Lac Z plasmld (5 Jlg/ml) (kmdly provlded by Dr G 

Almazan, McGill University) were co-preclpltated wlth calCium phospl1ate 

(Sam brook et al ,1389). After 14-16 hours of incubation the plates were nnsod 

with PB S, fresh medium was added and the cells were Incubated for another 24 

hours before assaying for luciferase actlvlty. Ali plasmld: used for transfectlon 

were purifiea by CsCI-equllibrium gradient centnfugatlon (Sam brook (~t al , 1989) 

Luciferase Assays- Cells were washed once wlth cold PAS and Jysed on 

the plates by addition of 200 ~I of 1 % Tnton X-100, 25mM glycylglycme (pli 7 8), 

15 mM MgS04 and 4 mM EGTA solution. The supernatants were collected and 

fractions assayed for Iuclferase and B-galactosldase actlvlly as descnbod butore 

(Brasier et al., 1989; Sambrook et al., 1989) Values r(present the Irltegratud area 

under the Iight output curve dlvlded by unlts of actlvlty of Hw corwspondmg 

B-galactosidase fractions The data are reported relative ta the pO~.JltIV(J control 

which is pRSV-L (deWet et al., 1987) and are arbltranly labeled 3S rulatM; IIgh! 

units. Data are presented as the mean ± SE of tnpllcate sarnplus and are 

representative of at least 3 dlfferent expenments for each cell IIne 

RNA Isolation and Analysis- Total cellular RNA trorn P1 B1-L transfecÏf;d 

cells was extracted by the fast cytosollc RNA preparation rnethod lllld Northürn 

blot analysis conducted as described elsewhere (Sambrook et al , 1989) 
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AESULTS 

Sequence of the 5'-Flanking Region of the 5-HT1A Receptor Gene- The 3.2 Kb 

Pst I/Bam HI genomlc fragment of the rat 5-HT1A receptor gene was transferred in 

both onentatlons Into pBluescnpt KS+ as described under "Mate rials and 

Methods" The resultlng sense and antisense clones (#1 and #2 respectively) were 

rendered slngle-stranaed and both strands were sequenced. The resulting 

sequences are deplcted in figure 1. We suspect that the elements necessary for 

the proper transcnption initiation are present wlthin this 3.2 Kb genomic fragment. 

Mapping the Transcription Initiation Site-In order to determine the 5' end of the 

rat 5-HT'A transcnpt we tirst mapped the region of initiation in hippocampus to a 

distinct area (between -1038 and -886) by RT-PCR using the translation initiation 

site pnmer (antisense) and progressively further 5' sense primers (data not 

shown) We then used labeled ollgonucleotlde #55, in a pnmer extension 

experiment and found that the initiation site was appraximately -957 bp upstream 

to the translation initiation codon as showr. in figure 2B This transcnpt was 

speclflc to the hlppocampus, slnce the cortex contams no such transcnpt This 

suggests that the pnmer extension product is derived trom the 5-HT'A receptor 

RNA slnce the receptor RNA IS hlghly enriched m hippocampus, present at low 

levels ln cortex (Albert et al ,1990) ln order to more accurately local/ze the start 

site, we repeated the pnmer extension expenment with an ohgonucleotide which 

hybndlzes closer to the putative start site. Ollgo #53 whlch overlaps the initiation 

site shown wlth al/go #55 was extended by only 11 nucleotldes, agam specific to 

hlppocampus (Fig 2C), suggestmg that the start site is located at -967. To 

corroborate thls putative initiation position, we used RNase protection assays. In 

figure 38, a unique pratected fragment of 98 nucleotides tram Probe A (described 

under "Matenals and Methods") was identltled ln hlppocampal RNA, but absent in 

RNA trom both cortex and IIver. ThiS protected fragment corresponds to a start 

site located at -967 bp, and substantlated the hlppocampus-speclflc transcription 
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start site found by pnmer extenSion analysis with oligo #53 We conclude that 

transcriptional initiation of the 5-HT1A receptor RNA is at -967 bp upstream from 

the translational initiation codon. This site IS located 58 bp downstream trom a 

consensus TATAA box which is preceded by a CCAAT box sequence (Fig 1). 

Final/y, we determlned whether the large (967 bp) 5' untranslated reglon of 

the 5-HT1A receptor RNA transcnpt contains introns. USlng pnmers whlch span thü 

5' untranslated region, RT-PCH analysis of hlppocampal RNA was perforrned (Fig 

4). RT-PCR of hlppocampal RNA Ylelded a umque 916 bp fragment, wlth a 

molecular weight identical to the fragment generated by PCR of thp 5-Hl
'
l\ 

receptor genomic plasmld construct (Fig 4) This fragment was not obtilillod fram 

RNA which was not reverse transcnbed, tndlcating that the fragment was dünv(~o 

from 5-HT1A receptor RNA present in the sample, and no! due ta amplification of 

minute genomic DNA contamlnants Thus, the entlre genornlc sequence ln UliS 

region is transcribed to RNA, and we conclude that the 5'-untranslated fi <1glllent 

of the 5-HT1A receptor lacks mtrons. 

Promoter Activities of the 5' Region of the Rat 5-HT1A Gene- ro a~;sess 

promoter activlty, the luclferase structural gene was Itgated downstmam from a 

series of 5'-de/eted fragments of the 5-HT 1A receptor contalnll1ÇJ upstmam 

sequences, the transcnption start site and a large portion of the 5'-untranslatod 

sequence (Fig SA) These constructs were translently transfectfJd mto ~) 11/ 11\ 

receptor-negatlve P19 embryonal carclnoma or Ltk- flbroblast cells, and t lm cu\l~, 

assayed 48h later for Iuclferase actlvlty Whlle It would haVH been pmffH;tblu to 

select a cel/ line whlch does express 5HT,/\ receptors, no suctl cells IldVî! bU(:rl 

identifisd The actlvlty of thes,e constructs was compared 10 1he actlvlty 01 tI)(~ 

control plasmid, pKS+-L, whlch had slgnlflcant promoter actlvlty (12% of nSV-L) 

in the P19 cel/s The construct contatntng 2 6 kb of flanklng reglon (P 1 B 1 ) 

displayed promoter actlvlty ln tt18 Ltk- cells, but negltglble actlvlty ln the P 19 colis 

when compared to control (PKS+-L). Truncatlon of 1 2 kb of 5'-flanklng <.>(Jquence 

located between the Pst 1 and 8ma 1 sites glVI ng rlse ta S 1 B 1-L rfJsultud ln [) 
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tremendous loss of luciferase activity in both cell lines. This suggested the 

presence of enhancer activity in the upstream region, which was lost upon 

deleMn. In the P19 cells. the activity was one third of controllevels, suggesting 

an active represslon of basal promoter activlty i~ Lhese cells. Further deletion of 

132 bp (from the Sma 1 site to the Hinc Il site) in H281 slightly attenuated the 

Inhibition observed in S1 81, however represslon of activity remained in the P19 

cells. Removal of a further 203 bp segment to generate T181 resulted in the 

strongest transcriptlonal activity observed in the four constructs, clearly indicating 

the presence of a promoter ln th,s reglon. Slnce the transcription start site is 

located 200 bp downstream from the beginning of T1 81, we propose that the 

promoter IS located ln thls 200 bp region which contains a CCAAT box followed by 

a TATA box. The data indlcate that a repressor region is located between 200-300 

bp upstream, and further upstream there may be additional promoter or enhancer 

elements 

To examine the gene in greater detail, a senes of 3' deletion constructs 

were made and tested ln transient transfection expenments (Figure 58). 

Remarkably, truncatlon of the Taq I/Bam HI region (P1 T1-L) resulted in the 

unmasklng of slgnlflcant promoter activity (as measured by luciferase enzyme 

activlty), whlch was absent in the P1 81 fragment in P19 cells (Figure SA). Further 

truncation of the putative silencer reglons between Sma 1 and Taq 1 (P1 H2-L and 

P1 S 1-L) resulted ln a 1.5-fold enhancement of the cryptic upstream promoter, 

wh"e deletlons further S' (H3T1-L and H3S1-L) led ta significantiy decreased 

luclferase activlty These data suggest that promoter activity IS present upstream 

of the Sma 1 Site, and that the Sma IlTaq 1 segment is the sole mediator of the . 

sliencmg of the 5-HT 111 receptor gene in P19 ceUs. The promoter activity of the 

Pi T1 fragment indlcates that elements present downstream, posslbly in the 

S'-untranslated reglon of the gene, are required for sllencing of the gene. 

P19 and Ltk- do not Use The Same Transcription Initiation Site as 
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Hippocampal Cells- To determine whether the Tl Bl min ln la 1 promoter f1agment 

contained elements dlctatlng use of the hippocampal transcnptlon start site, RNA 

isolated from P19 and Ltk- cens transiently transfected with T1 B 1-L was subJected 

to RNase protection as say uSlng probe A. As shawn ln figure GA. tlle 

98-nucleotlde protected fragment found ln hlppocampal RNA was not present ln 

transfected P19 or Ltk- cells. The construct was effectlvely transcnbed tn the 

transfected cells as evidenced by the presence of Iuclferase RNA (Figure SB), 

indicating that the lack of signal ln RNase protection analysis was not du(-~ to a lack 

of RNA, but probably to different or diffuse sites of transcrlptlonal Initiation This 

suggests that site of initiation of transcnptlon rs tissue-speclflc and may depend 

upon the presence of additlonal DNA elements or speclflc transcnptlon factors 

found in tissues which endogenously express the gene. 

Putative cis-Acting Elements of the 5-HT1A Receptor in Promoter/Repressor 

Regions- Computer-aided analysls of the 5'-flanklng sequence (Figure 1) was 

used to identlfy putative Gis-acting elements present ln the 5-HT'f\ promotl:H as 

shown in Table 1. Of particular Interest are the presence of thme consensus 

neural-specific enhancer elements, one imrnedlately upstrearn trom tlle 

transcription start Site, and one downstrearn ln the 5'-untranslated reglon adJacfmt 

to an AP-l sequence. Just downstream from the AP-l site 15 a Séquence bf~anng 

striking homology to the recentlY-ldentlfled repressor element (Mon et al , 199~) 

The juxtaposition of these elements suggests complex regulator rntOr<1ctlon<; may 

occur in this portion of the 5'-untranslated reglon The Silencer reglon (Srnn I/Taq 

1) contains only a sallent (GT)26 repeat, whereas further upstream reglons contarn 

a number of putative enhancers. Further upstream, consensus SfJquenC&s for () 

number of cis-acting elements were Identifled Cunously, a s8<Jrch of 1Iw 

EMBL-Genebank Identlfied a 150-nucleotlde sequence (fram nucleolldf.~s 1841 la 

-1690) with 80% Identlty to sequence found 111 the 5'-flanklng reglon of ttle rnOU(jfJ 

tumor necrosls factor r3 gene (Gray et al, 1987) Addltional constructs and 

transfections are necessary to determll1e the functlonal slgnlflcancH of these 
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sequences ln the regulatlon of the 5-HT1A receptor gene . 

DISCUSSION 

The clonmg and functional charactenzation of the 1 at 5-HT1A receptor has 

led to the deve lopment of valuable tools for understand~ng the distribution and 

regulatlon of thls gene ln the central nervous system. ln partlcular, 

receptor-denved ollgonucleotldes, nboprobes, and ancibodies have elucldated the 

cell-speclflc expression of thls receptor m the centlal nervous system The next 

challenge mvolves understandmg the factors which determme this distribution, and 

how they are regulated ln health and dlsease states, and by therapeutlc 

interventions Toward thls atm, we repùrt the sequence and prellmmary functional 

charactenzQtlon of the rat 5-HT1A receptor gene 

VVe have Identlfled a unique and cell-speclflc transcriptional start site, 

followed by 1 kb of mtronless 5' -untranslated sequence. Like the ~2-adrenerglc 

receptor RNA transcnpts, the 5HT1A receptor gene lacks mtrons, both m its 

translated portion and ln the 5'-untranslated reglon (Kobllka et al., 1987). The 

functlonal slgnlflcance of the IIltronless nature of these receptors IS unclear 

EVidence tram RNAnse protection and pnmer extension expenments mdicated a 

smgle transcription start Site, whlch does not explam the multiple (3 3,3.6, and 3.9 

kb) specles of RNA observed by Northern analysls Because the gene is 

Ifltronless over 3.2 I\b (le., 1 kb 5'-untranslated, and 22 kb translated and 

3"LJntransl~tod sequenc.e) we suggest that the dlfferent sizes may arise from 

altelnate use of poly-adeny!atlon sites further 3' from the portions we have 

sequenced Flnally, we found that the start site was speciflc to tissues which 

nOlmally expless the gene, since transfected reporter constructs did not have the 

S:1me transcllptlonal start site as hlppocampus 

Studles wlth the luclferase constructs elucldated a pattern of expression 

controlled by a proximal promoter, an upstream repressor, followed by enhancer 

and promoter actlvlty located further upstrearn. Wlthln 200 bp upstream of the 
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transcriptional start site, a minimal promoter contalnlng CCAAT and TATAA boxes . 

directed expression of the gene The nearest T AT AA was -58 trom 019 

transcription start site, further than the standard ~25 to -30 found ln most genes but 

similar to the locallzatlon ln other neural-specifie genes (eg . SCG-1 0 -70 10-65. 

GAP-43, -43). Upstream fram the TAT AA box was a CCAGG box. a st'quonee 

found in seve rai neuron-speciflc genes, whlch alone IS IrlsufflCiPnt to contor 

neuronal speclflcity. Our results show that the minimal prornoter IS not 

cell-specific, desplte the presence of thls element. slnce the T1 B 1 construct was 

active in both recepto. ilegative celllrnes Furthermore, the CCAGG box present 

in the 5'-untranslated reglon dld not confer cell specltlclty 

The 330-bp segment upstream ta the proximal promoter (the Srllll IlTaq 1 

region) strongly repressed the expression of the reporter constructs This elelllunt 

repressed expression below even the basal expression of the ILJClfutl1~;o p1asr1l1d 

construct, suggestlng that It actlvely Silences the gene. rather théul ;lbroga!lllg the 

activity of the proximal promoter ln certain neuron specifie gelll~'~ .. ,llCII d~, 

SCG-10 and type /1 sodium channel genes, Il IS clf';1r that d slrllll,nly loc;t!I/(J(j 

repressor determines neural-specifie expression The repressor l'':; actlVf' Irl cplls 

which do not express the gene, but ln neurons the repres~or 1'-. IrldctlVr: dlloWlrlq 

neuronal expression medlated by the promotpr elements SIrlC(~ our IllClfnra~,() 

studies have been done ln non-expresslng cel/s, we proposü th;}! !tIf] wpr(J<;~;or 

region we have Identlfled may confer neuron-speclflc üxpresslon to 1111', (JI 'Ill' T Iw, 

is difficult to test, however, due ta a lack of cell hnes whlch exprm;', 1;l\do(jf;rlou'J 

5-HT1A receptors Prellmrnary results ln N18TG2 neuroblastoméJ cell', whlch do not 

express 5-HT1A reeeptors Indlcato that the repressor IS <lctlVfJ If) thW,fJ c(JII~), 

suggesting that the repressor 15 not only neuron-specflc, but dl;,cnrnlnahJ~J :mlOng 

different subtypes of neurons. 

Recently, a neural-specifie repressor element has been I(Jfmtlflf~d ln Hw 

SCG-10, sodium channel type Il, and synapsrn 1 genes whleh nwdl;W~~~ tlSSUO 

speclfic srlencing of gene expression (Mon et al, 1992) Tissues whlch do not 

express these genes are enrrched ln pro!elns whlch brnd spfJclflcally to ttll'J 



• 

• 

consensus sequence ar,d repress gene expression Neuronal tissues whlch 

express these genes lack the repressor proteins, and the gene can be expressed 

ln these tissues As shown ln figure 7, we have Identified a sequence in the 

5-HT1/\ gene whlch contalns a core sequence identlcal to the core consensus 

sequence of thls silencer element, and th us may participate ln determinlng the 

cell-speclflc expression of the 5-HT1/\ receptor gene. However this element was 

found ln the 5'-untranslated reglon, and not ln the putative repressor region 

The only element found wlthln the 330 bp Sma IlTaq 1 sequence was a 

poiy-GT repeat, whlch has been found ln other genes (eg , the GAP-43 gene). 

The functlon of the GT repeat IS unclear, however It has a structure compatible 

wlth the formation of Z-DNA structures It is pOSSible that the presence of Z-DNA 

could open the chromatln structure to expose cryptlc promoter or repressor 

elements, such as those descnbed above ThiS may explaln why thls element is 

reqUired for represslon, yet IS unable to repress ln the absence of the 

5'-untranslated reglon (Figure 5B) Thus, we hypotheslze that the consensus 

silencer located Hl the 5'-untranslated reglon is pnmanly responslble for the 

represslon of the gene, but IS normally inaccessible to repressor proteins in the 

absence of the poly-GT repeat (eg , ln the T1 B1 construct), perhaps because of 

competition from adjacent CCAGG and AP-1 enhancer elements Further 

dissection of thls complex array of DNA elements will be required ta determine the 

precise raie of each element ln the transcriptional contrai of the 5-HT1A receptor 

gens 

Further upstream fram the repressorelement, we Identified adistal promoter 

capable of Induclng luclferase expression. The sequence mdlcates the presence 

of CCAAT and T ATAA boxes, and several enhan~ " .. elements Includlng a weak 

CCAGG box Immedlately followmg a consensus TATAA element at -1848 a 150 

bp sequence wlth 80lj~ homology to nucleotldes -893 to -1045 of the mouse tumor 

necrosis fé1ctor 13 (TNF-I3) gene was identlfled The role of thls segment ln 

transcrlptlonal control of the TNF-B gene IS unknown, but suggests a possible 

correspondence between 5-HT1A receptor and TNF-B expressron in sorne tissues 
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It is unclear whether at sorne time III development 5-HT 1A receptors <ire expressed 

in the T cells whlch express TNF-B ln human fetal tIssue the receptor has been 

detected ln spleen and thymus, tIssues nch ln T cells Conversely, httle IS known 

about the expressIon of TNF-B III the central nervous system 

From these studres, we have Identlfled a pattern of prornoter and SIlencer 

activlties whlch is remarkably slmllar to the general pattern found for a subclass 

of neuron-specitlc genes such as SCG-10 and sodium ctlallnel type Il genes 

Namely, a ubiqUitous proximal promoter IS followed by an upstream sllencel regloll 

which shuts gene expression off III Inappropnate host cells We proposP Ihat the 

silencer elements we have Identltled are actIve only ln cells whlch do Ilot uxpross 

the 5-HT1A receptor, and that ublqultous repressor protclrlS Slfllllar to tllOS() 

descnbed, restnct the expression of thls gene ta the appropndte rwur onal 

subpopulatlons Further studles III transgenlc anImais must bf-! attorllph!d to te~>t 

how faithful thls Simple model of the 5-HT1A receptor gene IS ta the Ilighly specifIe 

tissue dlstnbutlon found ln VIVO 

Figures Legends 

Figure 1. Nucleotide sequences of S'-flankmg reglon of S-HT1A receptor gf-Hle Tho 

sequence of the 3.3 Kb Pst I-Bam HI genomlc fragment from the 5' mglon of the 

rat 5-HT1A receptor gene was determllled by the Sanger dldeoxy termlrl:1!IOIl cham 

reaction as descnbed under "Mate nais and Methods" The tr:1n~;cnptlorl 1I1I1Iatlon 

site is Indlcated by an arrowhead TATA A and CCAAT consensur; ~)f~qUf~nC(!S am 

circled. Consensus sequences for other putatIve Gis-actIng elements ;]rr~ rndlcatf!d 

as boxed resldues The neuron-speclflc CCAGG consensus fJlernent~-, mu boxud 

by a da shed Ime and mdlcated by a star The poly GT repeat le; unejurllllfJd élnd 

sequences homologous to the Tt IF-B promoter are ln brackets 

70 



• 

• 

Figure 2 Dellnlatmg the transcnption start site of the rat 5-HT1A receptor gene 

using pnmer extension methodology A, schematlc representatlon of the 

ollgonucleotldes used to map the initiation start site. The cartoon IS drawn to scale. 

B. pnmer extension expenment using ollgonucleotlde #55 A fragment of 174 

nucleatldes was seen ln hlppocampus tissue only On the left are size markers 

generated by M13 s8quences (not shown). C, pnmer extension expenment uSlng 

ollgonucleotlde #53 OLgo #53 was elongated by 11 nucleotides only in 

hlppocampal tissue Shawn on the left IS the 5-HT1A receptor gene sequences. 

Size markers were generated by an M13 sequence (not shown). 

Figure 3 RNase protection analysls of the 5'-reglon of the rat 5-HT1A receptor 

gene. A, schematlc representatlon of the 5'-reglan of the receptor gene The full 

length Probe A IS deplcted below the map as weil as the predicted protected 

fragment of 98 nucleotldes The figure IS drawn ta scale B, 10 ug of total RNA 

form hlppocampus, cortex and IJver were subJected to RNase protection analysls 

as descnbed under "Mate nais and Methods" A 98 nucleotldes long fragment was 

protected only m hlppocarnpal tissue (arrowhead). 

FlgUI e 4 Intronless nature of thp 5' untranslated reglon of the rat 5-HT1A receptor 

gene 300 ng of total RNA from hlppocampal tissue were reverse transcnbed as 

descnbed under "Matenals and Methods". The resultmg cDNA was then amplifled 

wlth Ollgonucleotldes #51 (-886 ta -867) and #34 (+30 ta + 1) ln a polymerase 

cham reactlon (Hlppocampus + lane) The resultmg PCR products were ran on a 

1 3% agalOse gel. transferred to f!lters, and probed wlth 32P-labelled T1 B 1 

fraÇJment As é1. control (Hlppocampus C lane), RNA trom hlppocampus was 

onlltted from the RT reactlon pnor to amplification. Lane "Clone #1 +" represents 

ampllflc<1tlon of 300 ng of clone #1 (genomlc construct). The size of the fragment 

IS 916 bp as IIldlcated hy the arrowhead The ordinate mdlcates the migration of 

DNA rnolecular w81gllt standards 

Il 
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Figure 5: Promoter actlvity of the 5' ·reglon of the rat 5-HT'A receptor gene The 

physical maps of the luclferase constructs are shawn relative to the 5-HT lA 

receptor gene 5'-region. Indlcated are TATAA and CCAAT consensus sequence 

elements and the transcnptlon start site The maps are drawn ta scnle A, P 19 and 

Ltk- and B, P19 only, were translently transfected wlth the mdlc~tod pl.1Sfl1lds as 

descnbed under "Materials and Methods". Transfectlon efflcleney was not tllallzed 

using the l3-actln promoter-Lac Z plasmld as an internai control, ami Hm data wero 

expressed relative ta the actlvlty of the RSV-L construct III ench expüllrllPnt [ach 

value IS presented as mean ± SEM and IS representatlve of more tllé.Hl 3 dlfferent 

experiments. 

Figure 6: The tissue-speclflc nature of the transenptlon IIlltlatlon site of the mt 

5-HT1A receptor gene A, 10 ug of total RNA trom hlppoeampus tlSSUO and P 19 ancf 

Ltk- cells transfected wlth the plasmld TIBI-L were sUJected ta RNasu prolocllon 

analysis uSlng Probe A (descnbed under "Matenals and Methods") fhn expeclud 

98 nuclec.tides fragment IS only present ln hlppocampus B, northern blot (Hlé\ly~,I~; 

of transfected P 19 and Ltk- wlth TIBI-L (+ lanes) versus non tran~;f(Jct()d colis ( 

lanes) 25 ug (P19) and 15 ug (Ltk-) of total RNA fram both traw;fnctmJ and 

non-transfected cells were analysed The slze of the resultlrlg hand W(I~; 

determined by calculatlon from ItS co-migration wlth molecular WOlçjl1t ~;tandmds 

Figure 7 Sequence of a consensus neuron-speclfle element -, he spquuncü of (1 

putative neuron-speciflc element present ln the 5-HT'A reeeptor S' flnnklng ruglon 

is shawn Boxed nucleotldes mdlcate Identlty between the rat 5-11 r If< rocuptor 

sequence and the neuron-speclfle negatlve element consensus sequunc() "X" 

denotes a lack of nucleotlde 

Table 1: Homologies between known and eharactenzed regulatory consensus 

sequences and the rat 5-HT1A receptor gene 5' -reglon sequencf;s Bmding 
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recognition sequences from prevlously charactenzed transcription factors (Faisst 

and Meyer, 1992) were searched in the 5' upsteam region of the 5-HT1A receptor 

gene uStng the QUlck Global Search for a Subsequence program form PC/Gene 

(intelligenetlcs) 
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Table 1. Homologies between known and characterized regulatory conser.sus 
sequences and the rat 5-HT receptor gene 5'-region sequences. 

AP-1 TGAG/CTC/ AA 

-3282 TGAGTCA -3276 

-436 TGAGTCA -430 

AP-2 CCCAlCNG/CG/CG/C 

-3245 CCCAGCCG -3238 

CCAGG CCAGG 

-1945 CCAGG -1941 

-1019 CCAGG -1086 

-444 CCAGG -440 

CRES TGACGCITC/AG,'A 

-2795 TGACGCCG -2788 

EGR-1 CGCCCC/GCGC 

-3068 CGCCCGCGC -3060 

GATA-3 T/AGATAG/A 

-3056 TGATAA -3051 
-1986 TGATAG -1981 

-1656 AGATAG -1651 

SP-1 G/AGGCG/TG/A 

-2774 GGGCGG -2769 

-673 GGGCGG -668 
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Cloning of the Murine Serotonin1A Receptor cDNA and 

Functional Characterization in a Septal Cell Line. 
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lThe abbreviations used are: 5-HT, 5-hydroxytryptamine (serotonin); 8-0H-DPAT, 

8-0H-2-(di-n-propylamino) 1,2,3,4-tetrahydronaphthalene; bp, base pair(s); Kb, 

kilobase(s); RT-peR, reverse transcription-polymerase chain reaction; cAMP,3', 

5'-cyclic adenoslne monophosphate; BSA, bovine serum albumin; RA, retinoic acid; 

PTx, pertussis toxin; VIP, vasoactive intestinal peptide; PGE2, prostaglandin E2 ; KD, 

affimty constant. 
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Abstract 

Using a reverse transcription-polymerase chain reactlon (RT-PCR) 

approach, we have identified a mouse septum X neuroblastoma fusion cell lille 

(named SN-48) which endogeneously express low amount of 5-

hydroxytryptamine'A (5-HT'A) receptor mANA. These cells proliferate III a non

differentiated state, but differentiate into neurofllament-posltlve cells followlI1Q 24-96 

h treatment with 1 0 ~M retinoic aCld m low serum Northern blot analysis uSlng é1 

5-HT1A receptor probe demonstrated a single 109 kilo base (Kb) mRNA speclus 

which was not detected ln undlfferentlated SN-48 cells, but clearly present ln cells 

which were morphologlcally differentlated wlth retlnolc aCld Elevation Hl receptor 

message induced by differentiation correlates wlth the appearance of functlol1t11 

responses to 5-HT1A agonists. In undifferentiated SN-48 cells, 8-0H-2-(dl-n 

propylamino) 1 ,2,3,4-tetrahydronaphthalene (8-0H-DPAT) had no effect on basal, 

VIP- or PGE2-stimulated cAMP accumulation. However, ln AA-differentlélted cells, 

8-0H-DPAT mhlblted VIP- and PGE2-stimulated levels of cAMP by > 50 % Wlttl an 

EC50 of 10-20 nM. This Inhlbitory action of 8-0H-DPAT on cAMP accumulation 

was completely aboli shed by 16 h pretreatment of the cells wlth Pertussis Toxin 

(PTx) (250ng/ml). These observations are consistent wlth the known pharrnélcology 

of 5-HT'A receptors. In order to venfy that the large 10 9 Kb specles ln SN-48 truly 

corresponded to the mouse 5-HT1A receptor mRNA, a RT-PCR-denved frélgrnent 

of the 5-HT1A receptor mANA obtamed from the dlfferenttated SN-48 cells, WélS 

used ta probe a mouse bram cDNA IIbrary. A single 2 4 Kb cDNA clone hélvlIlg (l 

predicted amino aCld sequence wlth hlgh homology ta the human (86'~o) and rat 

(94%) 5-HT'A receptor genes was Isolated. Aadlollgand bmdlllg studl8S on 

membranes derived from mouse Ltk- flbroblast cells stably-transfected wlttl the 2 4 

Kb cDNA in eukaryotic expression vector dlsplayed a pharmacology speclflc to 5-

HT'A receptors, indlcating that the 2.4 Kb cDNA clone encodes the munne 5-HT 1f1 
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receptor Slnce the sequences of the cD NA cloned matched the PCR fragments 

Isolated fram SN-48 cells, we conclude that upon dlfferentlatlon, the SN-48 cell 

express RNA encodrng functlonaI5-HT'A receptors The SN-48 septal cells provide 

a cellular model system for Investigatmg aspects of neuronal dlfferentiation leadrng 

ta the development of sensltlvity ta serotonerglc input. 

Introduction 

5-hydroxytryptamme (serotonin, 5-HT1
) is a neurotransmitter believed to play 

a raie rn vanous cognitive functlons such as feeding, sleep, pain, depression, 

learnmg and anxlety (Blier et al., 1987; Curzon, 1992, Charney et aL, 1990). This 

dlverslty of actions can be related to the fact that serotonerglc neurons send 

afferents to almost every structure of the brain and especlally ta the limbic regions 

(Tork, 1990) Serotonm actions are medlated Via activation of a growmg famlly of 

seratonrn receptors This receptor family has been dlvided rnto four classes 

deslgnated 5-HT1, 5-HT2, 5-HT3 (JuliUS, 1991) and 5-HT4 (Bockaert et al , 1992) 

on the basls of pharmacologlcal propertles, mtracellular slgnaling systems, 

structural homology and tissue distribution. The 5-HT1 group is the most 

heterogeneous and IS dlvlded rnto at least four subtypes; 5-HT1A (Fargin et al , 

1988, Kobllka et al, 1987; Albert et aL, 1990), 5-HT18 (Maroteaux et al, 1992; 

VOlgt et al, 1991), 5-HT1!) (Llbert et aL, 1989; Hamblin and Metcalf, 1991, 

Demchyshyn et aL, 1992), and 5-HT'E (McAlhster et al, 1992; Zgomblck et aL, 

1992) of wr,lch the 5-HT1A subtype has been tl1e most extensively studled for two 

reasons Flrst, the avallabllity of a highly selective radioligand (8-0H-DPAT) which 

allow an extensive blochemlcal, physlologlcal and pharmacological characterization 

of tl10 receptors (Hamon et al , 1987), second, the observation that certain 5-HT1A 

agonlsts exert anxlolytlc and antldepressant effects in clinical paradigms (Biler et 

al , 1987, Blier et al , 1990a) . 

92 



• 

• 

5-HT1A receptors are expressed ln discrete neuronal cell type wltllirl tlll' 

mammallan central nervous system ln tact. radlollgand bmdll1g studlt'ls corrpl,ltt)d 

wlth in Situ hybndlsatlon (Pompelano et al . 1992) mdlcates that the tllghest Il'Vt'I 

of expression of the receptor IS faund m structures such as the dors,ll rdptlp 

nucleus, septum, hlppocampal formation (especlally the pyramidai rlPLIIOrlS 01 \tw 

CAl regl ')n and the dentate gyrus), and the entorhmc11 cortex The 5- H T lA recüptor 

has been shawn ta couple negatlvely to adenylyl cyclase through pOl1ussis tOXItl 

(PTx) sensitive G protelns (Zgomblck et al, 1989. Albert l-:t <lI, 1 ~)9ù) and 

positively ta potassium channels through a dlHerent PTx senSitive G"" pralelfl (Blier 

et al., 1990b, Williams et al , 1988; Irnis et al . 1988, Innls and Aghajéllll,-Hl, 1987), 

the latter process inducmg membrane hyperpolanzatlon, causlng a decrease Ifl 

neuronal fmng rate. 

To avold problems of heterogenelty and complexlty assocrated wlth mast 

brain preparations, neuronal cell I:nes provlde an abundant and homogtHlüOur; 

source of neurons These Intnnslc features of neuronal cell Imes l;1cilltl1tu IIH' 

blochemlcal analysls of vanous neuron-speclflc protelns ln ttH-m ntllural 

enviranment (Chal et al , 1992, Blusztajn et al ,1992) However, f10IH~ of 111()~;e 

cell lines have been reported to 3xpress functlonal 5-HT III receptars n()cent 

progress has led ta the construction of celillnes denved trom dlfferent rHqlolls apd 

developmental stages of the central nervaus system (Lee et al, 1990;1, b, 

Fredencksen et al., 1988; Monmoto and Koshland, 1990, Renfranl (~I <11, 190 " 

Hales et al., 1992). We took advantage of hybnd cell lm es dHrived trom pre- and 

postembryonal hippocampus and septum, areas rlchest ln 5-HT III receptors. to 

screen for c~1I lines whlch express the 5-HT 111 receptor 

We report the charactenzatlon of a 5-HT1/\ receptor fram a hybnd cell 11I1(~ 

(SN-48) derived tram 21-day postnatal mOU5e septal neurons fused wlth t.l munne 

neuroblastoma (N18TG2). We al50 descnbe the clonrng, molecular and 

pharmacological charactenzation of the mOU5e 5-HT 111 receptor cDNA 
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Materlals and Methods 

Cell culture- SN-48 (Lee et aL, 1990b) fusion cells were maintained in Dubelco's 

modified Eagle's medium (D-MEM) supplemented with 10°10 (v/v) heat-inactivated 

fetal calf serum (FCS) (Gibco), 2 mM glutamine (Gibco) and antibiotics (Gibco) at 

3r C in 5% CO2 • Differentiation was acheived by plating the cells at a density of 

104 cells/cm2 in D-MEM supplemented with 1 % (v/v) heat-inactivated FCS, 10 IJ.M 

retinoic aCld (ail trans-) (Sigma, St-Louis MI) and 2 mM glutamine. Ltk- mou se 

fibroblast cells were malntained in a-modified Eagle's medium (a-MEM) 

supplemented with 10% (v/v) heat-inactivated FCS and antibiotics at 37° C in 5% 

CO2· 

Cloning of the Mouse S-HT'A receptor gene- The 918 bp fragment from the 

differentiated SN-48 5-HT1A mRNA obtained by AT-PCR was as follow: total ANA 

was isolated from 48 h differentiated SN-48 by a method previously described 

(Sambrook et aL, 1989). 0.3 Ilg of this RNA was reverse transcribed with random 

primers (Pharmacia) by the Superscript reverse transcriptase following the 

supplier's specifications (BAL). An aliquot of the resulting cDNA was used as 

template during the subsequent PCA amplification with sense oligonucleotide (#45, 

5' GTGCTGGTGCTGCCCATGG 3') and antisense oligonucleotlde (#44, 5' 

GGGAGTTGGAGT AGCCT AGCC 3') derived tram sequences of the 2nd and i h 

predicted transmembrane domains of the rat and human 5-HT1A receptor genes 

The 918 bp product of the amplification was isolated, and cloned into the Eco RV 

site of pBluescnpt KS+ (Stratagene). This 918 bp fragment was then radiolabeled 

usmg a random primed labeling kit (Bhoeringer Manheim). An 18-day old mouse 

Àgt11 braln cDNA library (generously provided by Dr. J.-P. Julien, McGill 

University, Montreal) was probed at high stringency with the radiolabeled 918 bp 

fragment as described elsewhere (Sambrook et al., 1989) and a single clone 

(clone A) containing a 2.4 Kb cDNA insert was isolated and subcloned into the Eco 
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RI site of pBluescript KS+. Both strands of the cDNA insert were sequenced by the 

Sanger dideoxytermination method using a T7 polymerse-based DNA sequencing 

kit (Pharmacia). 

Expression of Clone A in Lf/{ cells- The 2.4 Kb Eco RI fragment of clone A was 

subcloned into Eco RI-cut pcDNA mammalian expressing vector (Invltrogene) and 

20 Jlg of it co-transfected by the calcium phosphate method (Sambrook et al, 

1989) with 2 119 of pRSV-neo plasmid. Clones were selected m medium cont8lnmg 

500 Ilg/ml of G418 (Genetici n, Gibco) and screened for expression of the 

transfected 5-HT1A receptor by RT-PCR. Positive clones were further screened for 

level of functional receptors by measurement of Ca2
+ release fram mtracellular 

pools upon activation of the receptors a· described previously (Liu and Albert, 

1991). One clone (lM1A-5) was isolated for further characterization. 

Rsdioligand binding studies- Membranes from the positive lM1 A-5 clone were 

harvested and assayed for binding as described previously (Albert et aL, 1990). 

The results were analysed by the LIGAND computer software (BIOSOft, Cambndge, 

UK). 

cAMP assay- Measurement of Ch~~P was pertormed as described elsewhere 

(Albert et al., 1990). In brief, SN-48 cells were differentiated in Six-weil 35-mm 

dishes; medium was changed 24h prior to experimentation. After removal of the 

medium, cells were incubated in 1 ml of serum-free medium contalnmg 100 !lM 

IBMX (Sigma, St-louis, MI) with the various test compounds for 20 mm at room 

temperature. The medium was dlscarded and the cells were Iysed by addition of 

1 ml of serum-free medium containing 0.05 % of Triton X-100 and 100 !lM IBMX 

The media were collected, centnfuged (2000 9 x 5 min) and the supernatant 

assayed for cAMP. cAMP was assayed by a specifie radioimmunoassay (leN) as 

described previously (Albert et aL, 1990) with antibody used at 1 .500 dilution After 

16h of incubation at 4° C, 20 Jll of 10% BSA and 1 ml of Ice-eold 95% ethanol 
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were added sequentlally to preclpitate the antibody-antigen complex. Data is 

represented as mean ± S.E.M. for triplicate wells. 

Northern blot analysis- Total RNA (extracted fram differentiated and non

differentiated SN-48 cells, and fram LM1 A-5 cells), poly N selection of mRNA 

species and northern blot analysis were performed as described before 

(Sam brook ot al, 1989). 

Resu~ts and Discussion 

A neuroblastoma X septum hybrid celll'ne expressing the 5-HT1A receptor 

The charact9lization of neuronal hybrid cells derived from the fusion of 

primary cultures of pre- and postnatal hippocampal and septal neurons with a 

neuroblastoma cell line (N18TG2) has been described (Lee et aL, 1990a,b). An 

mtrinslc feature of these ceillines is the potential inducibility of certain phenotypic 

neuronal markers (e. g. neurofilaments) upon treatment of the cells with 

dlfferentitation-inducing agents (e.g. Retinoic acid (RA) or dibutiryl cAMP). Although 

the mechanisms underlying this phenomenon are unknown and hkely to involve 

complex systems, induclbility of neuronal phenotype by chemical inducers is a 

weil establlshed property of various systems (Jones-Villeneuve et aL, 1982; 

McBurney et aL, 1988; Rudnicki and McBurney, 1987; Hammond et al., 1986). 

Several munne hybnd cell lines were screened by RT-PCR for the presence of 

mRNA codmg for the 5-HT1A receptor. Of the different hybrid clones screened, only 

one (SN-48) showed an IOcreased level of 5-HT1A receptor gene expression ln the 

differentiated state (RA-treated) over the non differentiated one (data not shawn). 

The SN-48 cell hne is derived from a 21 day postnatal C57BU6 mouse primary 

culture of septal neurons fused with the N18TG2 neuroblastoma cell line (Lee et 

aL, 1990b) and appears to be endowed with GABAergic properties (O. N. 

Hammond, personal communication). The SN-48 ceilline was chosen for further 
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characterization of the mouse 5-HT1A receptors . 

Correlation of neuronal phenotype and S-HT1A receptor expression 

ln the non-differentiated state, the SN-48 cells are rapldely dlvldlng and do 

not exhibit morphological features of neurons (see figure 1 A) However, forty-elgllt 

hour treatment with 10 !lM RA (see "Materials and Methods") resulted 111 neuronal 

differentiation, as assessed by the appearance of long, axon-like processes (see 

figure 1 B). Since the concentration of AA used was not tOXIC to the cells, the 

differentiation observed is induced and not due to selection of a mmor population 

of differentiated ceUs pre-existing within the undlfferenuated population 

Concomitant with this morphological change, the appearance of mRNA encodmg 

for the 5-HT1A receptor was observed by northern blot analysis of RNA hélrvested 

trom differentlated for 48h and from non-diff&ren!lated SN-48 cells (see figure 2) 

The temporal association of 5-HT1A recepto. expression wlth the development of 

the neuronal phenotype suggests that the increase 111 5-HT
'A 

receptor message 

may be due to indirect actions of RA whlch result in ::t phenotyplc dlfferentlatlon of 

the cells into neurons capable of 5-HT1A receptor expression, although direct action 

of RA on receptor expression cannot be ruled out. The size of the 5-HT
'A 

receptor 

mANA present in the differentiated SN-48 cells, whlch IS 10 9 Kb ln lengtt~ ,5 

larger than species observed for the rat and human receptors Northern blot 

analysis of rat brain tissues detects three message sizes (39, 36, and 33 Kb) 

encodmg the 5-HT1A receptor and analysis of fetal human penpheral tissues 

demonstrates a single receptor mRNA specl8s of ~6.0 Kb whlch IS weakly 

expressed in Iymphoid tissues (Albert et aL, 1990, Kobllka et al , 1987) These 

differences in size between the three specl8s is most likely the result of vanatlon 

in the length of 5'- and 3'-untranslated raglans. 

Functional characterization of the 5-HT1A receptors 
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We determined whether the increase in 5-HT1A receptor mANA which 

precedes morphologic neuronal differentiation was associated with expression of 

functlcn responses to 5-HT1A receptor activation in SN-48 cells by measuring 

effects on mtracellular cAMP accumulation (see "Materials and Methods"). In the 

non dlfterentlated SN-48 cells, both VIP and PGE2 markedly elevated basal cAMP 

levels, but 8-0H-OPAT (a selective 5-Hl1A agonist) (10 /lM) had no effect on 

basal, VIP- or PGE2-stimulated cAMP accumulation (figure 3A). This suggests that 

5-HT1A receptors are not expressed by undlfferentiated SN-48 cells, consistent with 

the lack of 5-HT1A receptor mANA in northern blot analysis (see figure 2). In 

contrast, the undifferentiated cells apparently express PGE2 and VIP receptors. 

However, ln the differentiated state, 8-0H-OPAT significantly decreased both the 

VIP- and the PGE2-stimulated levels of cAMP by 54% and 37% respectively (figure 

3A). This inhibition is mediated through Pertussis toxin (PTx) sensitive G proteins 

(G1/o ) slnce 16 h pretreatment of the differ~mtiated SN-48 cells with 250 ng/ml of 

PTx completely abohsh the 8-0H-OPAT mediated inhibition of stimulated cAMP 

accumulation (figure 3A). PTx pretreatment did not, however, exert any effect in 

the undifferentlated cells (data not shown). 

ln order to strengthen the specitlcity of 8-0H-OPAl mediated actions, a 

dose-response experiment was conducted on dlfferentiated SN-48 cells. Different 

concentrations of 8-0H-OPAT were tested for their potency to mhiblt PGE2-

stimulated cAMP levels (figure 3B). An EC50 of 10-20 nM was estimated, consistent 

with a prevlously reported value of 10 nM trom mouse hippocampal membrane 

preparations (Oumuis et al,.1988). At low concentrations (1 IlM) 8-0H-OPAT 

appeared to enhance sllghtly PGE2-mduced cAMP accumulation, howeverthis was 

not statlstlcally signitlcant. 

These results ccrrelate wlth the increase in 5-HT1A receotor mANA levels, 

and strongly suggest that the differentiated SN-48 cells expres~ functional 5-HT1A 

receptors whlch are coupled to PTx-sensltive G proteins to inhibit adenylyl cyclase. 

The GABAergic phenotype of thes~ cells IS consistent with the recent observation 

that 5-HT1A receptors are iocated on certain GABAergic neurons of the rat septum 
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(Pompeiano et al., 1992), the neurons from which the SN-48 cells may be derived . 

Cloning the mouse 5-HT1A receptor cDNA 

Because of the large size of the mouse 5-HT1A receptor mRNA. we wished 

to determine the nature of the coding sequence in SN-48 and mouse bram A 918 

bp fragment of the 5-HT1A receptor mRNA from the differentlated SN-48 cell 

population was isolated by RT-PCR as descnbed under "Matenals and Methods". 

Sequence analysis of the cloned fragment showed stnkmg simllanty with 

correspondlng regions of the rat and human 5-HT1A receptor genes and Identlcal 

homology ta an analogoLJsly isolated fragment tram mouse hlppocampus total RNA 

(data not shown). Using this fragment as a probe. an 18-day old mouse bmlll 

Àgt11 cDNA library was screened under high stnngency and a smgle clone 

containing a 2.4-Kb cDNA insert (clone A) was isolated and sequenced (figure 4) 

Analysis of the cDNA clone A revealed a corresponding reglon wlth Identlty 

(100%) to the sequences derived from the mouse bram and dlfferentlated SN48 

cells 918 bp RT-PCR fragment (data not shown). Overall sequence homology wlth 

the rat and human 5-HT1A receptor gene (nucleotide/amlno aCld) IS as follows. 

mouse-rat: 93%/ 94%; mouse-human: 80%/ 86%. The sequence of clone A 

contained a single open reading frame encoding a 421-ammo aCld resldue proteln 

of predicted molecular welght of 46 KDa. Computer-alded hydrophoblclty analysls 

of the predicted amino acid composition of clone A mdlcates a seven 

transmembrane a helical topology (figure 5A and SB) consistent wlth the structure 

predicted for G protein-coupled receptors (Caron and Lefkowltz, 1991) The strong 

sequence similarity of clone A with the rat and human 5-HT1A receptors suggest 

that clone A encodes the mouse 5-HT1A receptor. In arder ta substantlate thls 

hypothesis, radioligand binding assays were pertormed. 

Ligand binding assay 
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Clone A was subcloned in an mammalian expression vector and stably 

expressed rn mouse Ltk fibroblast cells as described under "Mate nais and 

Methods" Membranes prepared from the cloned cells LM1 A-5, exhibited binding 

faatures charactenstlc of 5-HT1A receptors. One-site model Scatchard analysis of 

saturation brndlng expenments using [3H}8-0H-DPAT as ligand, indicate a KD of 

1 68 nM ± 0 36 (see figure 6). This calculated KD for a single affinity state of the 

receptor IS weil wlthln the range of those sean in membrane preparations of 

mammallan cells tranfected with the human and rat 5-HT1A receptor genes (Fargin 

et aL, 1988; Albert et aL, 1990). Moreover, ligand competition binding experiments 

demonstrate an order of potency of the following drugs; 8-0H-DPAT>5-

HT>splroxatnne>splperone, as observed for the rat and human 5-HT1A receptors. 

Conclusion 

Based on the pharmacological profile exhibited by clone A 'l'!-Jen expressed 

heterologously ln mammalian cultured cells, as weil as its strong h )mology with the 

human and rat 5-HT1A receptors, we conclude that clone A encodes the mouse 5-

HT1A receptor cDNA. In addition, we have identified an mducible neuronal cell li ne 

whlch expresses endogeneously the munne 5-HT1A receptor upon morphological 

differentlatlon ThiS cell IIne represents an excellent model system to investigate 

the natural envlronment ln which the 5-HT1A receptor exerts ItS actions. Moreover, 

the SN-48 cells provlde a powerful paradigm for investigatmg the aspects of 

neuronal dlfferentiatlon leadlng ta the development of sensitivity to serotoninerglc 

Input through 5-HT1A receptors. 
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Figures legends 

Figure 1. Morphological representations of SN-48 cells. A. non-differentiated SN-48 

cells and B. 48h RA-differentiated SN-48. The dlfferentlatlon procedure IS 

described under "Materials and Methods". 

Figure 2. Northern blot analysis of the mouse 5-HT'A receptor fram SN-48 cells. 

10119 of poly A+ selected RNA isolated from differentiated and non dlfferentiated 

SN-48 cells were loaded ln the designated lanes. The blot was probed wlth :1.l p _ 

labeled cloned 2.4 Kb rnouse 5-HT'A receptor cDNA (clone A- see below) M wt 

standard (Glbco/BRL) is indicated at left. 

Figure 3. 5-HT1A mediated inhibition of stimulated cAMP accumulation A. 8-0H

DPAT mediated effects on stimulated cAMP levels trom non dlfferentlnted, 

differentiated and PTx treated/differentlated SN-48 cells. The data are 

representated as fold increase over basal B, Dose-response relatlonshlp between 

different concentrations of 8-0H-OPAl and thelr corresponding effect on PGE:!

stimulated cAMP levels Ali the data are representatlve of three dlfferent 

experiments and the error bars represent ± SEM of triplicate samples 

Figure 4. Restriction map and sequence of the mouse 5-HT'A receptor cDNA A, 

restriction endonuclease map of the 2.4 Kb cDNA clone A Isolated trom a mouse 

brain À-gt11 library. The shaded box represent the position of the codmg 

sequences. 8. nucleotide sequence of the mouse 5-HT'A receptor cDNA 

Underllned are the putative seven transmembrane domallls and capital bold 

underllned italic nucleotides represent a putative polyadenylatlon signai sequence 
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Figure 5 Analysis of the deduced amlno acid sequence of the mouse 5-HT1A 

receptor cONA A, computer generated hydrapathy plot of the mouse P2-adrenergic 

(Nakada et al 1 1989) and 5-HT1A receptors. The analysis was performed on a 21 

residues wmdow as descnbed by Kyte and Ooollttle (Kyte and Doolittle, 1982) 

usmg the Intelligentics PC/GENE AASCALE pragram. The y axis represents 

hydrophoblc moments and the x axis rer,resent the amino acid composition. Bars 

represent the transmembrane domains. B, schematic representation of the mouse 

5-HT1A receptor. The amlno acid residues whlch differs from the rat and/or human 

receptor are mdlcated. Putative N-Imked glycosylation sites are indicated by small 

arboreous drawi ngs. 

Figure 6 Speclflc bindmQ of [3H]8-0H-DPAT to membranes fram LM1 A-5 cells. 

Saturation analysis of speclfic bmding of eH]8-0H-OPAT to membranes prepared 

fron LM1 A-5 cells The abscissa represent the free concentration of [3H]8-0H

DPAT corrected by substracting the amount bound specificallyto membranes. The 

ordinate is the amount of bound [3H]8-0H-OPAT Inset, transformation of the 

above data for Scatchard analysls. The data was best fit by a one-site model 

(plotted line) wlth a KD of 1 68 ± 0.36 nM and a Bmax of 0.19 ± 0.05 prrlol/mg 

proteln. 
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