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Thyrotropin-releasing hormone (TRH) and its mRNA 
have been identified in the rat heart, and TRH can 
enhance cardiomyocyte contractility in vivo. At 
present, little is known about cardiac TRH gene tran- 
scriptional regulation in the heart. Hormones and 
neurotransmitters, including thyroid hormone (T3) , 
glucocorticoids, testosterone, and 5-HT initiate effects 
not only in the cardiovascular system, but also in the 
regulation of hypothalamic TRH. To clarify the poten- 
tial roles of these modulators upon the cardiac TRH 
gene transcription, rat TRH promoter activity was 
assessed in rat embryonic myocyte cells (HgC 2) by tran- 
sient transfection assays. TRH promoter activity was 
stimulated significantly by dexamethasone (10-4M) and 
testosterone (10-SM), and was inhibited by T 3 (10-rM). 
Interestingly, the neurotransmitter 5-HT stimulated 
TRH promoter activity in HgC 2 cells, but not in HTB-11 
cells. To further clarify this selective role of 5-HT on 
TRH promoter transcriptional activity in cardiac cells, 
5-HT receptor antagonists and agonists were tested. 
A selective 5-HT 2 receptor antagonist blocked 5-HT 
stimulation, whereas 5-HT agonist analogs caused aug- 
mentative effects when combined with 5-HT. Neither 
5-HT nor any antagonists or agonists influenced HgC 2 
cell growth or morphology. These data suggest that 
5-HT is an important transcriptional regulator of the 
cardiac TRH gene. 

Key Words: Serotonin; TRH gene transcription; rat 
cardiomyocyte H9C 2. 

Introduction 

Thryotropin-releasing hormone (TRH), the tripeptide 
pyroGlu-His-ProNH 2, is synthesized predominantly in the 
central nervous system (CNS), particularly in the paraven- 
tricular nuclei (PVN) of the hypothalamus (1-3). TRH is 
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the principal regulator ofthyrotropin hormone (TSH) syn- 
thesis and may also contribute to the control ofprolactin 
secretion (4-6). In addition to the CNS, TRH gene tran- 
scription has also been detected in several other extra-CNS 
sites (7,8), including the rat heart (9). 

The regulation of hypothalamic TRH synthesis and 
secretion by T 3 has been investigated. Thyroid hormones 
(T3/T4) have been found to negatively regulate both hypo- 
thalamic TRH gene transcription and secretion (3,10). TRH 
is also positively regulated by several other hormones and 
neurotransmitters in the CNS, including glucocorticoids 
(DEX), testosterone (TEST), and 5-HT (11-13). Although 
cardiac TRH and TRH mRNA have been quantitated in all 
heart chambers (9,14), little is known about cardiac TRH 
gene transcriptional regulation. Knowledge about TRH 
gene control and TRH physiological function in the heart is 
of considerable interest, in view of the prior demonstration 
that TRH mRNA expression in the rat heart atria is greater 
than that in ventricle, and by the finding that both are 
induced by DEX and TEST in vivo (9,15). 

Rat cardiomyocyte H9C 2 cells, derived from embryonic 
heart tissue, have been employed as an in vitro model for 
elucidating cardiomyocyte function (16). These cells share 
characteristics of both cardiac and striated muscle cells and 
have been utilized successfully for exploring cardiac gene 
transcriptional regulation (17-21). For the present study, it 
was hypothesized that T3, DEX, TE ST, and 5-HT have regu- 
latory roles in the cardiac TRH gene transcription, in addi- 
tion to their roles in hypothalamic TRH gene regulation 
(22). It is reported here that the transfected TRH gene pro- 
moter activity is inhibited by T3, and stimulated by DEX, 
TEST, and 5-HT, selectively via 5-HT2 receptor subtypes. 

Results 

When a rat TRH-luciferase (LUC) promoter construct 
was transiently transfected into H9C 2 cells, DEX (10-4M), 
or TEST (10-SM) stimulated TRH-LUC promoter activity 
significantly (p < 0.01), demonstrated by a 67% increase 
above control for DEX treatment, and a 42% increase above 
control for TEST treatment. T 3 (10-7M) caused signi- 
ficant promoter inhibition of 35% below control (p < 0.05, 
Fig. 1). 
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Fig. 1. Response of the rTRH-LUC promoter chimera to T 3, DEX, 
and TEST in H9C 2 cells. T 3 resulted in significant inhibition, 
whereas, DEX and TEST exerted a significant stimulatory effect 
on TRH promoter activity, compared to nontreated n9c  2 cells. 
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Fig. 3. TRH-LUC reporter activit_y 9 in response to 5-HT treat- 
ments in HTB- 11 cells. Neither 10- nor 10-SM 5-HT concentra- 
tions caused any significant stimulation compared to control 
(left bar). 
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Fig. 2. TRH-LUC reporter activities in response to graded 5-HT 
treatment. (A) Significant stimulation occurred between 10 -7 to 
10-4M 5-HT, with half-maximal stimulation at 5 x 10-7M. 5(B) 
The time course of TRH-LUC stimulation by 5-HT (10- M) 
showed a latency of 8 h and a maximal response at 24 h, sus- 
tained through 48 h. 

TRH promoter activity was stimulated by 5 -HT in a dose- 
dependent manner (Fig. 2). A peak response to 10-SM 5-HT 
was apparent after 24 or 48 h exposure (Fig. 2A). After 24 
h of  incubation, 5-HT exhibited a graded stimulation of  the 
TRH promoter activity, between concentrations of  10 -8- 
10-SM, with the half-maximal stimulation occurring at 
5-HT 10-7M (Fig. 2B). In contrast, TRH promoter activity 
was not affected by 5-HT in HTB-11 cells under identical 
conditions (Fig. 3). 

Table  1 
Selective Antagonists and Agonists 

for Serotonin Receptor Subtypes 

5-HT Receptors Chemical compounds Receptor specificity 

Antagonists 
C-112 Cyproheptadine HC1 5-HT2/5-HTic 
S-006 Ketanserin tartrate 5-HT2/5-HTlc 
M- 149 Methiothepin mesylate 5-HT l 
P-110 Propranolol HCI (S-) 5-HT1A 
T- I 13 3-Tropanyl-indole-3- 5-HT 3 

carboxylate methiodide 
T- 104 3-Tropanyl-indole-3- 5-HT 3 

carboxylate HC1 
Agonists 

D-101 DOI HC1 (+) 5-HT2/5-HT1e 
M- 110 ct-Methylserotonin maleate 5-HT 2 > 5-HT 1 
C- 144 1-(m-Chlorophenyl)- 5-HT 3 

biguanide HC1 
H- 133 5-HTQ iodide 5-HT 3 

Selective antagonists and agonists for 5-HT receptors, used 
previously for investigating the 5-HT receptors in vivo and in vitro. 
Their chemical names and receptor specificities were shown. 

To examine further which 5-HT subtype receptors are 
involved in these 5-HT stimulatory effects, transfected cells 
were incubated with six specific 5-HT receptor antagonists 
(Table 1), in the presence or absence of  5-HT (10-SM). Four 
of  these antagonists (C-112, S-006, M-149, and P-110) 
blocked the stimulatory effect of  5-HT on TRH promoter 
activity significantly compared to 5-HT (10-SM) adminis- 
tration alone (Fig. 4). C-112 (10-11M) and S-006 (10-9M), 
5-HT2 receptor antagonists, caused significant serotonin 
antagonism (Fig. 4A,B). M- 149 and P- 1 10, 5-HT l and 
5-HT1A receptor antagonists, required a higher concentra- 
tion (10-9M) for a significant blocking effect (Fig. 4C,D). 
In contrast, the two 5-HT 3 receptor antagonists, T- 113 and 
T-104, failed to inhibit 5-HT stimulation at either 10 -11 or 
10-9M (Fig. 4E,F). In the absence of  5-HT, none of  these 
receptor's antagonists had any significant effect on the rat 
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Fig. 4. Effects of 5-HT antagonists on 5-HT-induced TRI-I-LUC promoter activity in HgC 2 cells. Significant inhibition of 5-HT-induced 
stimulation by the 5-HT 1 receptor antagonists C-112 (A). Significant inhibition by 5-HT 2 receptor antagonists S-006 (B), M-149 (C), 
and P- 110 (D) under identical conditions. 5-HT 3 receptor antagonists (E) T- 113 and (F) T- 104 failed to inhibit 5-HT stimulation of TRH- 
LUC promoter activity. 

TRH-LUC promoter activity under identical cell culture 
conditions. 

Each of  four 5-HT receptor agonists: C-144, M-110, 
D-101, and H-133 (Table 1), potentiated 5-HT-induced 
stimulation of  TRH promoter activity at a concentration of  
10-TM in the presence of  10-SM 5-HT. No stimulatory 

effect was observed when these receptors agonists were 
administrated without 5-HT (Fig. 5). 

Transfected H9C 2 ceils, after exposure for 24 h to T3, 
DEX, TEST, or 5-HT or its receptor analogs, appeared to be 
unaffected morphologically by any treatments. Hence, the 
observed effects on TRH gene promoter transcriptional 
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Fig. 5. Effects of four 5-HT agonists on the TRH-LUC promoter 
activity in H9C 2 cells. (A) M- 110, .~B) D- 101, (C) C- 144, and (D) 
H- 133. In the presence of 5-HT 10- M, responses to agonists were 
augmented. Agonists exerted no significant effects at 10:M in 
the absence of 5-HT. 

activity were unlikely to be a result of  either toxicity or 
death of transfected cells. 

D i s c u s s i o n  

The principal finding of the present study is that seroto- 
nin, 5-HT, acts as a potent stimulator of TRH gene pro- 
moter transcription in rat cardiomyocyte H9C 2 cells. 
Although H9C 2 cells are derived from rat embryonic heart 
tissue and have been characterized by properties of both 
striated and cardiac muscle cells (17,20), their validity as a 
model for studying the TRH gene regulation in heart is 
supported strongly by the fact that both DEX and TEST are 
able to activate TRH gene promoter transcriptional activity 
in this cell line in vitro, as reported previously in the normal 
rat heart in vivo (9). Moreover, the H9C 2 cells are one of the 
major models for studying other cardiac related genes in the 
heart (16,17,19,20). 

However, important differences exist in the regulation 
of the TRH gene in normal heart cells compared to hypo- 

thalamus (3,6). Particularly notable is that T 3 is able to 
inhibit TRH gene expression in hypothalamic model cells, 
HTB-11, whereas, excessive dose of T 3 administration in 
vivo did not show inhibitory effect on the TRH gene 
expression of the heart tissue (9). Therefore, the ability of 
T 3 to suppress TRH gene promoter activity in H9C 2 cells 
herein is intriguing and is compatible with the concept that 
cardiac TRH gene expression occurs primarily in cells other 
than cardiomyocytes, as suggested by our recent in situ 
hybridization studies (23). The expression TRH mRNA 
has been localized predominantly to atrial endocardium 
and vascular adventitial tissue, which provides a structural 
basis for the dissociation of these T 3 regulatory influences 
in vitro and in vivo. On the other hand, the cardiac roles of 
T 3 in vivo, not only upon the TRH gene, but also upon other 
cardiac T3-target genes including myosin-heavy chain 
(MHC) and Na+/K+ ATPase (24,25), is a complex process 
involving several different components (26-28), including 
the quantities ofTRs isoforms (TRcd, 2 and [31, 2) in both 
cardiomyocytes and nonmyocyte cells of the heart and cer- 
tain tissue-specific transcriptional factors (29). Thus, the 
absence ofT 3 downregulation may reflect events occurring 
in nonmyocyte structures that can not be explored in vitro 
with H9C 2 cells. Because of this discrepancy, transfection 
studies with TR-T 3 complexes in cultured atrial endocar- 
dial and vascular adventitial cells are under development. 

It has been demonstrated herein for the first time that 
5-HT stimulates TRH gene promoter transcription in car- 
diac H9C 2 cells, but not in neuroblastoma HTB-11 cells. 
Moreover, the TRH gene promoter response to 5-HT is 
both dose- and time-dependent. Of interest, 5-HT stimula- 
tion of TRH promoter activity appears to be mediated prin- 
cipally through 5-HT2 receptors, and to a lesser degree 
5-HTl receptors, and not through the 5-HT 3 receptor sub- 
type. The current findings are consistent with previous stud- 
ies, indicating that 5-HT in the heart acts to enhance cardiac 
contractility predominantly through 5-HT 2 receptors 
(30,31). Serotonin via its specific receptors (5-HTI_ 4 
receptor subtypes) acts as an important modulator of  TRH 
secretion in the CNS, and, 5-HT can also modulate the 
release of other hormones (32-36). Therefore, the stimula- 
tion of cardiac TRH promoter activity by serotonin in 
cardiomyoctye cells raises the possibility that TRH may 
mediate, in part, stimulation of cardiac contractility by 
serotonin. 

The enhancement ofTRH gene transcription activity by 
DEX and TEST in vitro suggests that TRH may participate, 
respectively, in cardiac responses to stress stimuli and car- 
diac hypertrophy caused by anabolic steroids. Although 
molecular mechanisms for DEX and TEST effects on the 
TRH gene regulation, are not known, cardiac cells possess 
glucocorticoid receptors (GRs) and estrogen receptors 
(ERs) (37-39). Previously, it has been established that 
glucocorticoids can modulate some cardiovascular func- 
tions (40, 41). Similarly, anabolic-androgenic steroids can 
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induce cardiac hyperthyophy, their abuse can result in 
cardiotoxicity in man (42). The regulation of  the cardiac 
TRH gene by hormones and neurotransmitters opens a new 
arena for investigation concerning the role of  TRH both in 
normal cardiac physiology and in heart disease, including 
cardiac hypertrophy and congestive heart failure. 

Materials and Methods 

Rat H9C 2 cells (ATCC, Rockville, MD) were cultured in 
D-MEM media with antibiotics (penicillin/streptomycin/ 
fungizone, GIBCO-BRL), 10% fetal bovine serum (FBS) 
(charcoal-treated), and in an atmosphere of 5% CO2, at 
3 7 ~ HTB- 11 cells, generated from human neuroblastoma 
tissue (ATCC), were cultured in D-MEM media with anti- 
biotics and 10% FB S as described previously (43). HTB- 11 
cells have been characterized as having a typical neuron- 
like appearance (44). 

Transient Transfection Assays 

Transient transfections were performed in triplicate as 
described previously with cultured cells in 100 mm culture 
dishes (19,44). Five mcgs of rTRH-LUC DNA chimeric 
construct, containing the rat prepro-TRH gene sequence 
extending from -554 to +84 bp cloned upstream of the 
luciferase coding region (45), was transiently transfected 
by calcium phosphate precipitation. Efficiencies of trans- 
fection were monitored by cotransfection of a pRSV pro- 
moter construct (1 lag) containing the 13-galactosidase gene 
(Promega Co.). The LUC reporter activity was deter- 
mined by luciferase generated light units, and normalized 
by 13-galactosidase activity. 

Transfected H C  and HTB-11 Cells Treated 
with T ,  DEX, or TEST 

Hormones were dissolved at a concentration of  2 x 
10-2M and stored at -20~ no longer than 1 wk. Trans- 
fected cells were exposed to various hormones for 24 h, 
including T3 10-TM, DEX 10-4M or TEST 10-SM. Cells 
were harvested with lysing buffer (2.5 mM glycylglycine, 
0.15 mM MgSO4, 0.4 mM EGTA, 0.05% Triton-X, and 
1 mM DTT) after a washing by 1X PBS buffer. 

5-HT Treatments o f  Transfected H C  and HTB-11 Cells 

5-HT was utilized in graded concentrations from 10 -4 
to 10 -11M, and treated cells were harvested after 24 h. A 
time course for assessing 5-HT effects also was performed 
in a separate set (triplicate) of transfected H9C2 cells with 
10-SM 5-HT administration for durations of 1, 2, 4, 8, 12, 
24, and 48 h. 

Application of 5-HT Receptor Antagonists and Agonists 

Selective 5-HT receptor subtype antagonists and ago- 
nists, listed in the Table 1, were purchased from Research 
Biochemicals International (Natick, MA). Antagonists or 
agonists were coincubated in the presence or absence of  
5-HT (10-SM) for 24 h before cells were harvested. 

Statistical Analyses 

Relative LUC light units corresponding to the TRH-LUC 
reporter activity were expressed as mean + S.E.% of con- 
trols. Statistical significance was assessed by two way 
analysis of  variance between the nontreated controls and 
the various treated groups, followed by Duncan's multiple 
range test (46). A p  value <0.05 was considered significant. 
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