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The hypothesis that antianxiety or antidepressant agents 
(e.g., 5-HTIA agonists, 5-HT uptake blockers) exert their 
clinical actions via enhancement of serotonergic 
neurotransmission due to desensitization of 5-HTIA 
autoreceptors predicts that regulation of this receptor 
plays a crucial role in the therapeutic actions of these 
agents. A multidisciplinary strategy is described for the 
characterization of the 5-HTIA receptor at the level of 
cellular signaling mechanisms and genetic regulation, 

using heterologous expression of the cloned receptor in 
cell lines, site-directed mutagenesis, isolation of receptor- 
positive neuronal cell lines, and promoter analysis of the 
5-HTIA receptor gene. These analyses will yield new 
insights into the possible mechanisms down-regulation of 
5-HTIA receptor signaling, and may suggest novel sites 
of inherent defect involved in anxiety syndromes or major 
depression. [Neuropsychopharmaco logy 14:19-25, 
1996] 
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Serotonin uptake inhibitors (e.g., fluoxetine, paroxe- 
tine) and selective 5-HTIA receptor partial agonists 
(e.g., buspirone, ipsapirone) are effective in the treat- 
ment of major depression and generalized anxiety dis- 
order but require several weeks of drug treatment to 
observe clinical improvement (Blier et al. 1990; Char- 
ney et al. 1990). Acting via distinct mechanisms, these 
compounds share the property of enhancing serotoner- 
gic neurotransmission by selectively downregulating 
5-HTIA receptors located on the serotonergic cell body 
(Azmitia 1994). Serotonin 1A receptors act as inhibitory 
autoreceptors on serotonergic neurons of the raphe 
nuclei, whereas 5-HTIB receptors act as inhibitory 
presynaptic receptors at serotonergic nerve terminals. 
Both of these 5-HT receptors participate in a negative 
feedback loop to inhibit serotonergic activity (Figure 1). 
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In experimental animals, long-term treatment with an- 
tidepressants induces selective loss of 5-HTIA au- 
toreceptors without altering the responsiveness of post- 
synaptic 5-HTIA receptors (Welner et al. 1989; Blier et 
al. 1990; Fanelli and McMonagle-Strucko 1992). Uptake 
blockers may mediate this action due to chronic eleva- 
tion of 5-HT levels at the synaptic deft, leading to au- 
toreceptor downregulation. Serotonin 1A receptor 
agonists appear to have a direct action on the autorecep- 
tor to induce its desensitization. Desensitization of the 
autoreceptor disinhibits the serotonergic neuron, en- 
hancing the rate of action potential h_ring to augment 
serotonergic neurotransmission. Increase in serotoner- 
gic neurotransmission correlates with the antidepressant 
or antianxiety activity of these therapeutic compounds. 
Interestingly, chronic enhancement of serotonergic 
neurotransmission induced by uptake blockers is poten- 
tiated by 5-HTIA receptor agonists, suggesting the im- 
portance of autoreceptor desensitization in antidepres- 
sant action (Hjorth 1993). 

The cellular mechanisms involved in the longterm 
regulation of the 5-HTIA receptor remain uncharacter- 
ized, although the time course of therapeutic drug ac- 
tion suggests an effect of these compounds on gene 
transcription of components in the 5-HT1A receptor sig- 
naling system: either the receptor (Welner et al. 1989; 
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Figure 1. Actions of longterm antidepressant drug treatment on pre- and postsynaptic 5-HT receptors. A schematic dia- 
gram depicts the receptors and spike activity of neurons in the central serotoninergic system before and after treatment 
with an antidepressant drug (e.g., serotonin uptake blocker of 5-HTIA receptor agonist). Following 3-week antidepressant 
drug treatment, the most consistent changes observed include a decrease in 5-HTIA autoreceptors and consequent increase 
in serotonergic spike frequency and 5-HT release at the nerve terminal. Based on Blier et al., 1990. 

Fanelli and McMonagle-Strucko 1992), G proteins 
(Lesch et al. 1991; Blier et al. 1993), or regulatory ki- 
nases/arrestins (Lefkowitz 1993). Neuron-specihc differ- 
ences in the expression and regulation of these compo- 
nents may also explain the differential nature of receptor 
desensitization, that is, that the 5-HTIA receptor desen- 
sitizes in raphe but not in hippocampal neurons. 

In order to gain insight into the in vivo regulation 
of the 5-HTIA receptor, we have: (1) characterized the 
actions of the cloned 5-HTIA receptor; (2) undertaken 
identification of processes that regulate receptor func- 
tion; and (3) characterized regulation of the receptor 
at the level of the gene. A variety of in vitro systems 
have been developed to serve as accessible models for 
the characterization of the receptor (Albert 1994). Sev- 
eral cell lines have been transfected stably with the 
cloned 5-HTIA receptor, including pituitary GH4C1 
ceils and hbroblasts Ltk- and Balb/c-3T3 cells (Albert et 
al. 1990; Liu and Albert 1991; Abdel-Baset et al. 1992) 

using methods previously described (Albert 1992). 
These cells have been used to characterize the cell- 
specific signal transduction of the receptor and its regu- 
lation. In addition, screening of RNA from neuronal 
cell lines by RT-PCR has led to the identification of the 
first neuronal cell line known to endogenously express 
the 5-HTIA receptor, the SN-48 septal-neuroblastoma 
hybrid (Charest et al. 1993). These cells can be used to 
characterize neuron-specific regulation and gene tran- 
scription of the receptor. 

SIGNAL TRANSDUCTION 

To modulate the activity of target neurons, many neu- 
rotransmitters (such as 5-HT) activate receptors that 
share a common structure with seven highly conserved 
alpha-helical transmembrane domains (Collins et al. 
1991; Kobilka 1992). These receptors couple to hetero- 
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Figure 2. Cell-spec~c signaling of the 5-HTIA receptor. Agonist (5-HT)-induced activation of 5-HTIA receptors transfected 
into pituitary GH4 cells decreases [Ca2+]i by closing calcium channels and opening potassium channels; and decreases the 
intracellular level of cAMP by inhibiting both the basal and Gs-stimulated activity of adenylyl cyclase. In contrast, in trans- 
fected Ltk- hbroblast cells (L cells) the activated 5-HTIA receptor increases [Ca2÷]i by enhancing PI turnover (via phospholi- 
pase C activation) to increase IP3, which releases intracellular calcium stores; concomittant increase in DAG activates PK 
C, which negatively regulates the pathway possibly by phosphorylation of the receptor. In Ltk- cells 5-HTIA receptor- 
mediated inhibition of basal cAMP is not observed, but forskolin-induced cAMP accumulation is reduced. All receptor- 
induced actions are blocked by pretreatment with PTX, suggesting mediation by Gi/Go proteins. 

trimeric G proteins that are composed of an a subunit 
GTPase and a PT dimer (Birnbaumer et al. 1990; Birn- 
baumer 1992; Conklin and Bourne 1993). Multiple sub- 
types of a, 13, and T subunits have been identified, each 
of which interacts with specific effectors (e.g. adenylyl 
cyclase, phospholipase C, ion channels) to increase or 
decrease their activity and regulate neuronal activity. 
One subclass of G proteins, Gi/o proteins, is composed 
of ~i/ao subunits that are rendered inactive by pretreat- 
ment with pertussis toxin (PTX), which catalyzes the 
ADP-ribosylation of these a subunits. The 5-HTIA 
receptor has been characterized biochemically and elec- 
trophysiologically as a receptor that couples to the Gi/o 
family of heterotrimeric G proteins, and to induce in- 
hibition of neuronal activity (Innis et al. 1988; Zgom- 
bick et al. 1989; Penm'ngton and Kelly 1990; Van den 
Hoof and Galvan 1992). 

By stably transfecting the cloned 5-HTIA receptor 
into different receptor-negative cell lines, the cell- 
specific signal transduction of the receptor was iden- 
tihed (Fargin et al. 1989; Albert et al. 1990; Liu and Al- 
bert 1991; Abdel-Baset et al. 1992; Fowler et al. 1992). 
When transfected into pituitary GH4C1 cells, the cloned 
rat 5-HTIA receptor induces "inhibitory" responses typ-; 
ical of its neuronal signaling: inhibition of both basal 

and VIP-stimulated cAMP levels, dosing of calcium 
channels, and no effect on PI turnover (Figure 2). Trans- 
fection of the receptor into L cells revealed agonist- 
dependent stimulation of phosphoinositide (PI) turn- 
over to induce an immediate spike increase in cytosolic 
free calcium levels ([Ca2+]i) via inositol trisphosphate 
(IP3)-mediated release of cellular calcium stores. Acti- 
vation of the 5-HTIA receptor expressed in Balb/c-3T3 
cells also induced PI turnover and increased [Ca2+]i 
analogous to the changes observed in L cells. In trans- 
fected hbroblast Ltk- or Balb/c-3T3 cells, the 5-HTIA 
receptor inhibited forskolin-stimulated cAMP synthe- 
sis but did not affect the basal cAMP level. All receptor- 
mediated changes in GH, L, and Balb/c-3T3 cells were 
prevented by pretreatment with PTX suggesting the in- 
volvement of Gi/Go proteins in both the stimulatory 
and inhibitory actions of the receptor. 

The potential role of the "stimulatory" pathway of 
the 5-HTIA receptors in the regulation of cell prolifera- 
tion was examined in nontransformed Balb/c-3T3 cells. 
Prolonged (16 hour) activation of the 5-HT1.A receptor 
in growth-arrested Balb/c-3T3 cells was associated with 
increased DNA synthesis (as measured by 3H-thymi- 
dine incorporation), which was abolished by pretreat- 
merit with PTX indicating.mediation by Gi/Go proteins 
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Figure 3. Promoter/silencer regions of the rat 5-HTIA receptor gene. The 5'-region of the rat 5-HTIA receptor gene is drawn 
to scale (arrow), ending at the initiation of translation at the right (3') end. The transcription start site and regions of promoter 
or repressor activity in transfected Ltk- and P19 cells are as indicated. Sites for cleavage of the gene by restriction en- 
donucleases are also indicated. 

(Abdel-Baset et al. 1992). Longterm treatment (1 to 2 
weeks) of Balb/c-3T3 cells with 5-HT induced a PTX- 
sensitive morphological transformation and formation 
of foci of transformed cells. These results suggest that 
the stimulatory signals (e.g., stimulation of PLC and 
[Cd2+]i) of the 5-HTIA receptor expressed in hbrob- 
lasts may serve to trigger ceil growth and ultimately on- 
cogenesis (Abdel-Baset et al. 1992). On the other hand, 
the inhibitory signals of the Gi/o-coupled dopamine- 
D2S receptor in transfected GH4ZR7 pituitary cells have 
been associated with inhibition of cell proliferation 
(Florio et al. 1992). Thus, alteration in receptor signal- 
ing from an inhibitory to a stimulatory phenotype may 
play a pivotal role in the control of cell growth, particu- 
larly if a given cell can be induced to "switch" from one 
signaling pathway to another. Interestingly, although 
the PI-linked receptor signal has not been described in 
neurons, a stimulatory 5-HTIA receptor signaling path- 
way is found in glial cells. Activation of endogenous 
5-HTIA receptors enhances the secretion of $100 pro- 
tein, which acts as a growth factor for serotonergic neu- 
rons (Whitaker-Azmitia 1991; Lauder 1993; Azmitia 
1994), suggesting a role for stimulatory actions of the 
5-HTIA receptor in enhanced neuronal growth and sur- 
vival. 

To define the biochemical basis for cell-specific 
receptor signaling, we have utilized an antisense ap- 
proach to specifically knock out G proteins that may 
mediate 5-HTIA receptor actions (Albert 1994). Using 
stable transfection of expression vectors containing full- 
length antisense G protein a subunit cDNAs in the an- 
tisense orientation, we have achieved a complete and 
specific knockout of individual ct subunits (Liu et al. 
1994a). These knockouts indicate that in GH cells, Go 

couples multiple inhibitory receptors (including the 
5-HTIA receptor) to inhibition of calcium channel open- 
ing, whereas the Gi proteins couple the receptor to in- 
hibition of cAMP synthesis. Preliminary (transient ex- 
pression) results in L cells indicate the Gi2 couples the 
5-HTIA receptor to stimulation of [Ca2+]i levels. Thus, 
the same G protein (Gi2) induced an inhibitory cAMP 
signal in GH cells, but a stimulatory calcium signal in 
L ceils, suggesting that the difference in signaling re- 
sides downstream from the G protein, perhaps involv- 
ing ceU-specific expression of different phospholipase 
C subtypes (Birnbaumer 1992). 

DESENSITIZATION 

Receptor desensitization as a result of sustained ex- 
posure to agonist has been best studied in the 13-adren- 
ergic receptor system and can result from receptor phos- 
phorylation by receptor kinases (BARK) or other protein 
kinases, such as protein kinase A (PK A) or protein ki- 
nase C (PK C) (Kobilka 1992; Lefkowitz 1993). Desen- 
sitization of the 5-HTIA receptor occurs in vivo follow- 
ing prolonged elevation of 5-HT levels by uptake 
blockers or prolonged treatment with 5-HTIA agonists. 
Ceil lines transfected with the receptor have provided 
models to study desensitization of the 5-HTIA recep- 
tor in vitro. Prolonged (24-hour) treatment of trans- 
fected Swiss 3T3 ceils with 5-HT induces receptor desen- 
sitization (van Huizen et al. 1993), whereas acute 
(10-minute) treatment of transfected Hela ceils leads to 
a 50% reduction in the number of 5-HTIA binding sites 
(Harrington et al. 1994). Desensitization in the latter case 
appears to be mediated in part by activation of PK C 
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via the PI-linked pathway of the 5-HTIA receptor. In 
transfected Ltk- cells, a selective desensitization of the 
5-HTIA receptor is induced by acute (2-minute) preac- 
tivation of PK C, which selectively abolished the PI and 
[Ca2+]i responses of the 5-HTIA receptor, but not the 
cAMP response (Liu and Albert 1991). Differential regu- 
lation of receptor signaling by PK C in Ltk- cells was 
also observed for other receptors, including the dopa- 
mine D2S receptor, and to a lesser extent the dopamine 
D2L receptor (Liu et al. 1992). Since PK C induces phos- 
phorylation of the 5-HTIA receptor (Raymond 1991), 
the role of specific PK C phosphorylation sites on the 
receptor in PK C-induced desensitization was exam- 
ined. Site-directed mutagenesis of the receptor cDNA 
followed by transfection in Ltk- cells revealed that no 
single PK C phosphorylation site mediated the action 
of PK C (Lembo et al. 1992). Although it is clear that 
PK C plays an important role in the desensitization pro-" 
cess in these model cell lines, its role in agonist-induced 
receptor regulation in central nervous system will re- 
quire the investigation of cells that endogenously ex- 
press the receptor. 

GENE TRANSCRIPTION 

In order to examine its gene regulation, the 5'-flanking 
region of the rat 5-HTIA receptor gene was cloned and 
characterized (Charest and Albert 1994). Starting from 
the initiation of translation, we have used an RT-PCR 
approach to "walk" upstream along the gene and iden- 
tify regions of transcriptional initiation. An intronless 
region 800 to 1000 bp upstream from the translational 
initiation was identified. Further primer extension 
studies with two different primers and RNAse protec- 
tion studies confirmed the site of transcriptional initia- 
tion. DNA sequence analysis has revealed consensus 
sequences for a variety of transcription factors, which 
may play a role in the regulation of the gene. Several 
luciferase fusion constructs containing progressive de- 
letions of the promoter region were made and trans- 
fected into receptor-negative cell lines (e.g., Ltk- 
fibroblasts, P19 embryonal stem cells). A proximal pro- 
moter is flanked by a putative repressor region that is 
located upstream from the promoter and that inhibits 
receptor gene expression in these receptor-negative cells 
(Figure 3). Analogous repressor elements have been 
shown to regulate the neuron-specific expression of 
genes such as the type II sodium channel and SCG-10 
genes, which are expressed in a wide variety of neu- 
rons (WuenscheU et al. 1990; Kraner et al. 1992; Mori 
et al. 1992). Although transfection of receptor-negative 
cells can be used to identify nonspecific promoter or 
repressor elements, the identification of promoter ele- 
ments that regulate 5-HTIA receptor expression must 
be done in cells that normally express the receptor. 

However, receptor-bearing cell lines in which to study 
these promoter elements have yet to be identified. 

The identification of 5-HTIA receptor-bearing cell 
lines is crucial to the understanding of the regulation 
of the gene by tissue- and neuron-specific factors, hor- 
mones (e.g. glucocorticoids), and second messengers 
(e.g., cAMP) that may play important roles in vivo 
(Chalmers et al. 1993; Mendelson and McEwen 1992; 
Beck 1994). Both septal and hippocampal cell lines have 
been screened by RT-PCR because these tissues express 
the highest levels of 5-HTIA receptor mRNA (Albert 
et al. 1990; Chalmers and Watson 1991; Pompeiano et 
al. 1992) and are likely to contain the highest propor- 
tion of receptor-expressing cells. We have identified a 
neuronal cell line generated by the fusion of mouse d21 
septal cells with murine N18TG2 neuroblastoma cells 
(Lee et al. 1990a, 1990b) that endogenously expresses 
the 5-HTIA receptor, the SN-48 cells (Charest et al. 
1993). These cells can be differentiated by addition of 
10 ~mol retinoic acid to medium containing 1% serum 
into cells that morphologically resemble neurons, and 
extent lengthy processes that contain neurohlament 
protein, a marker of neuronal processes. Upon differen- 
tiation of SN-48 cells with retinoic acid/low serum, the 
murine 5-HTIA receptor RNA was expressed, as 
identified by Northern blot analysis and by RT-PCR 
cDNA doning and DNA sequencing of the 5-HTIA 
receptor mRNA in differentiated SN-48. Morphologi- 
cal differentiation and 5-HTIA receptor expression in 
SN-48 cells required concurrent addition of retinoic acid 
and low serum, whereas separate treatments were 
ineffective. These results indicate that the 5-HTIA 
receptor expression is not a direct action of retinoic acid, 
but required the retinoic acid-induced initiation of a 
differentiation program that included expression of the" 
receptor. The receptor expressed in these cells is func- 
tional, and 5-HT addition induces inhibition of VIP- or 
PGE2-stimulated cAMP synthesis in differentiated cells 
but not in nondifferentiated cells. These cells provide 
a neuronal cell model for investigating the desensitiza- 
tion and gene regulation of the 5-HTIA receptor. 

CLOSING REMARKS 

The hypothesis that antidepressant and anti-anxiety 
agents act to augment serotoninergic transmission by 
down-regulating inhibitory 5-HTIA autoreceptors in 
the raphe nuclei predicts that the regulation of this 
receptor plays a key role in depression and anxiety (Blier 
et al. 1990). A full understanding of the regulation of 
5-HTIA receptor signaling should help elucidate the 
biochemical mechanisms involved in treatment for ma- 
jor depression and anxiety disorders, and may shed 
light on the etiology of these diseases. 
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