
Copyright © 2022 Chávez et al.
This is an open-access article distributed under the terms of the Creative Commons Attribution
4.0 International license, which permits unrestricted use, distribution and reproduction in any
medium provided that the original work is properly attributed.

Research Article: New Research | Integrative Systems

Hypothalamic TRH mediates anorectic effects
of serotonin in rats

https://doi.org/10.1523/ENEURO.0077-22.2022

Cite as: eNeuro 2022; 10.1523/ENEURO.0077-22.2022

Received: 15 February 2022
Revised: 26 April 2022
Accepted: 28 April 2022

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.eneuro.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



 

 1

Hypothalamic TRH mediates anorectic effects of serotonin in rats. 1 

 2 

Abbreviated Title: PVN TRH mediates serotonin anorectic effects 3 

by 4 

Jorge Chávez 1, Viridiana Alcántara-Alonso 1,2, Cinthia García-Luna 1, Paulina Soberanes-5 

Chávez 1, Dimitris Grammatopoulos 2,3, Patricia de Gortari 1*. 6 
1 Molecular Neurophysiology laboratory, Department of Neuroscience, National Institute of 7 

Psychiatry “Ramón de la Fuente Muñiz”, Mexico City, Mexico 14370. 8 
2 Translational Medicine, Warwick Medical School, Coventry, United Kingdom CV4 7HL. 9 
3 Institute of Precision Diagnostics and Translational Medicine, Division of Pathology, 10 

UHCW NHS Trust, Coventry, United Kingdom CV2 2DX. 11 

 12 

Author Contributions: 13 

PdG, VAA and DG designed research; JC, VAA, CGL and PSC performed research; JC, 14 

VAA, CGL, PSC, DG and PdG analyzed results; CGL, PSC and PdG wrote the paper with 15 

input from the other authors. 16 

 17 

*Address for correspondence: 18 

Patricia de Gortari, Ph.D. 19 

Molecular Neurophysiology laboratory, Department of Neuroscience 20 

National Institute of Psychiatry “Ramón de la Fuente Muñiz”  21 

Calzada México-Xochimilco 101, San Lorenzo Huipulco, Tlalpan,  22 

Mexico City, Mexico, CP. 14370 23 

 24 

Phone: (+52) 55 4160-5056 25 

E-mail:  gortari@imp.edu.mx 26 

 27 

Figures: 4 (Extended data Fig. 3-1) 28 

Tables: 0 29 

Abstract word count: 248 30 

Significance Statement word count: 120 31 

Introduction word count: 845 32 

Discussion word count: 1656 33 

 34 



 

 2

 35 

Acknowledgements 36 

This work was supported by CONACyT 233918 (PdG), and an unrestricted grant from the 37 

IOPDTM (DG). We thank Bernardo Contreras for his technical assistance with surgical 38 

procedures. 39 

 40 

Conflict of Interest 41 

Authors report no conflict of interest. 42 

 43 

 44 

 45 

 46 

 47 

 48 

 49 

 50 

 51 

 52 

 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 

 68 



 

 3

 69 

Abstract 70 

Among the modulatory functions of thyrotropin-releasing hormone (TRH), an anorectic 71 

behavior in rodents is observed when centrally injected. Hypothalamic PVN neurons 72 

receive serotonergic inputs from dorsal raphe nucleus and express serotonin (5HT) 73 

receptors such as 5HT1A, 5HT2A/2C, 5HT6, which are involved in 5HT-induced feeding 74 

regulation. Rats subjected to dehydration-induced anorexia (DIA) model show increased 75 

PVN TRH mRNA expression, associated with their decreased food intake. We analyzed 76 

whether 5HT input is implicated in the enhanced PVN TRH transcription that anorectic rats 77 

exhibit, given that 5HT increases TRH expression and release when studied in vitro. By 78 

using mHypoA-2/30 hypothalamic cell cultures, we found that 5HT stimulated TRH mRNA, 79 

pCREB and pERK1/2 levels. By inhibiting basal PKA or PKC activities or those induced by 80 

5HT, pCREB or pERK1/2 content did not increase suggesting involvement of both kinases 81 

in their phosphorylation. 5HT effect on TRH mRNA was not affected by PKA inhibition, but 82 

it diminished in the presence of PKCi suggesting involvement of PKC in 5HT-induced TRH 83 

increased transcription. This likely involves 5HT2A/2C and the activation of alternative 84 

transduction pathways than those studied here. In agreement with the in vitro data, we 85 

found that injecting 5HT2A/2C antagonists into the PVN of DIA rats reversed the increased 86 

TRH expression of anorectic animals, as well as their decreased food intake; also, the 87 

agonist reduced food intake of hungry restricted animals along with elevated PVN TRH 88 

mRNA levels. Our results support that the anorectic effects of serotonin are mediated by 89 

PVN TRH in this model.  90 

 91 

 92 

 93 

 94 
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 95 

Significance statement  96 

Interaction between brain peptides and neurotransmitters’ pathways regulates feeding 97 

behavior, but when altered it could lead to the development of eating disorders, such as 98 

anorexia. An abnormal increased TRH expression in hypothalamic PVN results in 99 

dehydration-induced anorectic rats, associated to their low food intake. The role of 100 

neurotransmitters in that alteration is unknown, and since serotonin inhibits feeding and 101 

has receptors in PVN, we analyzed its participation in increasing TRH expression and 102 

reducing feeding in anorectic rats. By antagonizing PVN serotonin receptors in anorectic 103 

rats, we identify decreased TRH expression and increased feeding, suggesting that the 104 

anorectic effects of serotonin are mediated by PVN TRH. Elucidating brain networks 105 

involved in feeding regulation would help to design therapies for eating disorders. 106 

 107 

Introduction 108 

Anorexia nervosa is a psychiatric eating disorder characterized by decreased food intake 109 

even when individuals present a loss of more than 30% of their ideal weight. The disorder 110 

involves development of malnutrition with muscle mass loss (Casper et al., 2020) due to a 111 

negative energy balance (NEB), which seems unable to activate patients' appetite.  112 

Given that different peripheral and central signals are involved in activating feeding in 113 

conditions of NEB, there are many potential candidate molecules as responsible for the 114 

impaired appetite stimulation that anorectic individuals exhibit. Efforts have been made to 115 

elucidate whether information from peripheral hormones (leptin or insulin) and the 116 

response of hypothalamic factors to NEB, are defective and unable to signal to the brain of 117 

anorectic patients about their depleted energy stores and to activate feeding centers 118 

(Tortorella et al., 2014). 119 
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To analyze some of the impaired responses of the hypothalamus to the extenuated energy 120 

stores in anorexia, animal models that mimic the decreased food intake of patients have 121 

been used. Among those, there is the dehydration-induced anorexia (DIA) model that 122 

consists in exposing rats to a 2.5% NaCl solution as a unique liquid source for 5 days, 123 

which progressively inhibits food intake as a behavioral adaptation to dehydration (Watts, 124 

1998). Anorectic behavior is displayed despite the dramatic weight loss that rats show and 125 

of the activation of arcuate (ARC) orexigenic signals. This adaptation privileges the 126 

maintenance of intracellular and extracellular water levels avoiding its use for digestion, 127 

and limits osmolytes intake from food (Watts et al., 1999). Besides dehydrated rats (DIA), 128 

the model includes another group of animals that are forced to reduce their food 129 

consumption (forced-food restricted: FFR) to the amount eaten by DIA; in consequence, 130 

FFR rats are hungry and would increase their food intake if it was offered. 131 

The use of this model has helped to unravel the organization of the networks that regulate 132 

feeding behavior, and it has been identified that second-order neurons of the hypothalamic 133 

paraventricular nucleus (PVN) that synthesize thyrotropin-releasing hormone (TRH), 134 

implicated with anorectic effects (Choi et al., 2002; Suzuki et al., 1982; Vijayan and 135 

McCann, 1977), are differentially modulated in DIA and FFR animals. FFR rats show 136 

decreased expression of TRH in the PVN consistent with their hunger and NEB (Blake et 137 

al., 1991; Van Haasteren et al., 1995), whereas DIA animals exhibit an increase in TRH 138 

mRNA content, suggesting a role for TRH in their anorectic behavior (Alvarez-Salas et al., 139 

2012; de Gortari et al., 2009; García-Luna et al., 2010; Jaimes-Hoy et al., 2008). 140 

PVN TRHergic neurons receive different innervation of neuropeptides and 141 

neurotransmitters that may be involved in the increased PVN TRH expression of 142 

dehydrated animals and in maintaining its anorectic behavior, even when peripheral 143 

signals and ARC peptides respond adequately to their low lipid stores.  144 
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A neurotransmitter that is possibly involved in the aberrant increase of TRH expression is 145 

serotonin (5-hydroxytryptamine, 5HT), since it has anorectic effects that are well described 146 

(Fletcher and Burton, 1986; Leibowitz, 1990; Stallone and Levitsky, 1994; Vickers et al., 147 

2001). For example, 5HT peripheral administration reduces rats’ feeding and the blockade 148 

of its effects with antagonists directly injected into the PVN, identifies this hypothalamic 149 

nucleus as the key site for controlling its anorectic actions (Leibowitz and Alexander, 1991; 150 

Weiss et al., 1986). Importantly, there is a high expression of 5HT1, 5HT2, 5HT6  receptors 151 

in the PVN (Garfield et al., 2014; Lauffer et al., 2016; Marvin et al., 2010), and the 152 

anorectic effects of the serotonergic pathway result by activating 5HT1 and 5HT2 receptors 153 

(Bagdy, 1996; Doslikova et al., 2013), or by the antagonism of 5HT6 (Woolley et al., 2001). 154 

Furthermore, food deprivation-induced hungry animals show reduced 5HT concentration in 155 

their brain (Haleem, 2009), whereas those with anorexia present high c-fos expression in 156 

different areas including the PVN that is blocked with 5HT antagonists (LPS-induced 157 

anorectic rats) (Kopf et al., 2010), a serotonergic hyper-innervation (anx/anx mice) (Jahng 158 

et al., 1998), or an enhanced 5HT turnover (stress-induced anorectic rats) (Reed et al., 159 

2021) in the hypothalamus. 160 

The above information coupled with data showing that serotonin can increase TRH 161 

expression in cardiomyocytes (Shi et al., 1997) and its release from median eminence in 162 

vitro (Chen and Ramirez, 1981), led us to explore a possible role of 5HT in inducing the 163 

anorectic behavior of dehydrated rats by increasing TRH mRNA levels in their PVN. 164 

Therefore, we initially investigated the expression of 5HT receptors known to be present in 165 

the PVN and involved in serotonin-inhibiting feeding actions using the adult mouse 166 

hypothalamic cell line mHypoA-2/30. In parallel, we studied the intracellular pathways 167 

involved in increasing TRH mRNA by 5HT in this cell line. Then, we studied the 5HT role in 168 

regulating TRH mRNA content in the PVN of DIA rats and compared it to control and FFR 169 

animals. To achieve that, we targeted 5HT2A/2C receptors activity by injecting specific 170 
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antagonists or agonists into the PVN of DIA or FFR rats, respectively, and analyzed a 171 

possible attenuation of the anorexia in DIA or a reduced appetite in re-fed FFR animals 172 

and its association with changes in PVN TRH mRNA levels. 173 

 174 

Materials and Methods 175 

In vitro studies 176 

Cultured hypothalamic cells 177 

Adult mouse hypothalamic neuronal cell line mHypoA-2/30 (CELLutions Biosystems Inc, 178 

Toronto, Canada) was cultured to analyze the effect of 5HT on TRH expression and 179 

signaling pathways of 5HT1A, 5HT2C and 5HT6 receptors. Cells were grown in 6-well plates 180 

(Corning life Sciences, Flintshire, UK) with high glucose Dulbecco’s Modified Eagle’s 181 

Medium DMEM (4500 mg/L Sigma-Aldrich, Dorset, UK) supplemented with 5% fetal 182 

bovine serum (FBS, Gibco, Paisley UK) and 1% penicillin-streptomycin (Biochrome AG, 183 

Berlin, Germany) and maintained at 37°C and 5% CO2 until 90% confluency. 184 

Immortalized mHypoA-2/30 cells were treated with vehicle (water), 10 or 100 µM of 5HT 185 

(Sigma-Aldrich) for 24 h. In another experiment, cells were treated with the PKA inhibitor 186 

H89 (PKAi, 10 μM, Tocris Bioscience, Bristol, UK) or the PKC inhibitor chelerythrine 187 

chloride (PKCi, 1μM, Sigma-Aldrich) 15 min prior to addition of 100 µM of 5HT and 188 

incubated for 24 h. Medium was then aspired and the GenElute mammalian total RNA 189 

miniprep kit (Sigma Aldrich) used to extract total RNA from the samples. 190 

 191 

Immunoblotting 192 

In another set of experiments, the hypothalamic cell line was treated with 10 μM of PKAi or 193 

1 μM of PKCi for 1 h and then treated with vehicle or 100 µM of 5HT for 5 min. After 194 

medium removal and a PBS wash, RIPA lysis buffer (Abcam, Cambridge, UK) with 195 

protease and phosphatase inhibitors (1:100, Thermo Fisher Scientific) was used to extract 196 
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proteins. Cell lysates were collected and centrifuged at 10,400 g for 15 min. Supernatants 197 

were collected and a 10 µl aliquot was used for protein determination by the Pierce BSA 198 

protein assay kit (Thermo Fisher Scientific). The rest of the sample was diluted with the 199 

same volume of 2X Laemmli buffer (Sigma-Aldrich) and denatured at 95°C for 5 min.   200 

Protein samples (20 µg) were loaded in 10% SDS-PAGE gels for electrophoresis and after 201 

1 h, transferred to nitrocellulose membranes (Amersham, GE Healthcare, Little Chalfont, 202 

UK). Membranes were then incubated with blocking solution (GE Healthcare) during 1 h 203 

and incubated overnight with the primary antibodies for phospho-CREB (pCREB; Ser 133, 204 

1:750; 9198 Cell Signaling Technology, Hampshire UK), total CREB (1:1000; 4820 Cell 205 

Signaling Technology), phospho-ERK 1/2 (pERK1/2; Thr202/Tyr204, 1:1000; 4377 Cell 206 

Signaling Technology), total ERK 1/2 (1:1000; 4696 Cell Signaling Technology) in 3% 207 

BSA. After washings with Tris buffered saline 0.1% tween, membranes were incubated for 208 

1 h with the secondary antibody (1:20,000 anti-rabbit DyLight 800 conjugate; 5151 Cell 209 

Signaling Technology or 1:30,000 anti-mouse DyLight680 conjugate; 5470 Cell Signaling 210 

Technology) in 3% BSA. Protein bands were then visualized with the Odyssey infrared 211 

imaging system (LICOR Biosciences, Cambridge, UK). Image J software (National 212 

Institutes of Health, USA) was used for the analysis and quantification of fluorescent 213 

signals.             214 

 215 

In vivo studies 216 

Animals 217 

Female Wistar rats weighing 230-260 g were obtained from the Psychiatric National 218 

Institute’s (INPRFM) animal house and experiments were approved by the INPRFM’s 219 

Projects Commission and Ethics Committee following the regulations established by the 220 

Mexican Official Norm for the use and care of laboratory animals “NOM-062-ZOO-1999”. 221 

Animals were housed in individual cages under standard environmental conditions (lights 222 
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on from 6:30 to 18:30 h), temperature 24 ± 1ºC, maintained with ad libitum access to food 223 

(Rodent Laboratory Chow 5001, PMI Nutrition International, Brentwood, MO, USA) and tap 224 

water for one week to allow their adaptation to the housing conditions. All rats were 225 

cannulated into the PVN by stereotaxic surgery and allowed to recover for 5 days until they 226 

started to consume the amount of food eaten before surgery.   227 

On a first trial, rats were randomly assigned to three control groups: C-veh, C-DOI and C-228 

KTN which were injected with saline solution (veh), with 5HT2A/2C agonist 2,5-dimethoxy-4-229 

iodoamphetamine (DOI) or with the 5HT2 antagonist ketanserin (KTN) into the PVN (n= 230 

10/group). On a second trial, cannulated rats were subjected to the dehydration-induced 231 

anorexia (DIA) paradigm (described below) and on the last day of the experiment, a third 232 

of the control animals were injected with vehicle (C-veh), with DOI (C-DOI) or with KTN (C-233 

KTN), half of the animals of DIA group were injected with vehicle (DIA-veh) or with KTN 234 

(DIA-KTN, n= 7-10/group) and FFR were injected with vehicle (FFR-veh) or with DOI 235 

(FFR-DOI, n= 6-8/group) and then divided into two subgroups. The first subgroup with no 236 

refeeding period included C, DIA and FFR animals injected on the 5th day with vehicle or 237 

drugs (n= 4-6/group) at 18:30 h and euthanized at 19:00 h; the second subgroup with re-238 

feeding period included C, DIA and FFR animals (n= 4-6/group) injected as the first 239 

subgroup but at 19:00 h they were offered with food and allowed to eat for 1 h; quantity of 240 

food eaten was recorded and then all animals were sacrificed immediately. Brains were 241 

excised and immediately frozen at -70°C for analyzing TRH mRNA expression in their 242 

hypothalamic PVN.  243 

 244 

Surgery 245 

Rats were anesthetized with 100 mg/kg of ketamine (Anesket, PISA Agropecuaria, 246 

Guadalajara, Jal., México) and 10 mg/kg of intramuscular xylazine (Procin, PISA 247 
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Agropecuaria). After being placed in a stereotaxic apparatus, rats were unilaterally 248 

implanted with a stainless-steel guided cannula (20-gauge, BD medical, Franklin Lakes, 249 

NJ, USA), secured 3.5 mm above the PVN (anteroposterior (AP): −1.6; lateral (L): +0.3 250 

from bregma; dorsal ventral (DV): −4 from the skull) (Paxinos and Watson, 2005); reaching 251 

the DV: −7.5 mm with the injector. After five days of recovery and normalization of their 252 

food intake, animals were treated as described above. The injection site was verified with 253 

a scanned image (Scanner HP 5550) of a 60 μm medial PVN slice (−1.44 mm from 254 

bregma) of a rat injected with blue ink (Extended data Figure 3-1). 255 

 256 

Dehydration-induced anorexia (DIA) model  257 

We followed the dehydration-induced anorexia model described by Watts et al. (1999). All 258 

cannulated and recovered rats were randomly assigned to one of the 3 following groups 259 

(n= 10/group) and subjected to the experimental conditions for 5 days: 1) control (C) 260 

group, which was offered food and water ad libitum for 5 days; 2) dehydration-induced 261 

anorectic animals (DIA), which were allowed to consume as drinking liquid only a 2.5% 262 

NaCl solution and had ad libitum access to food; 3) forced-food-restricted group (FFR) 263 

receiving tap water ad libitum and a similar amount (the average of DIA’s food intake for 2 264 

previous trials) of food ingested by DIA rats (Jaimes-Hoy et al., 2008). Food intake and 265 

body weight of all groups were measured daily up to the morning of the 5th day before 266 

being injected. As described above, on the 5th day at 18:30 h, animals were injected with 267 

vehicle, DOI or KTN; then, half of each group was sacrificed at 19:00 h with no re-feeding, 268 

whereas the other half was re-fed at 19:00 for 1 h and decapitated immediately after.  269 

 270 

qRT-PCR 271 

Frozen PVN (0.84 mm to -2.04 mm from bregma) were punch-dissected from coronal 272 

slices using a 1 mm diameter sample corer and homogenized in 4 M guanidine 273 
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thiocyanate (ICN, Aurora, OH, USA). Total RNA was extracted as described elsewhere 274 

(Chomczynski and Sacchi, 1987). RNA quality of samples was verified by the O.D. 275 

absorbances of 260/280 and 260/230 nm ratios and by quantifying 28S/18S relation using 276 

agarose gel electrophoresis; samples were discarded when the ratio was not higher than 277 

1.5. 1.5 mg of RNA and oligo (dT) (100 pmol/ml) (Biotecnologías Universitarias, UNAM, 278 

Cuernavaca, Mor., México) were used to obtain cDNA (M-MLV reverse transcriptase, 279 

Invitrogen Carlsbad, CA, USA). We quantified pro-TRH mRNA levels by RT-PCR using 280 

TaqMan Universal PCR Master Mix (Applied Biosystems, Carlsbad, CA, USA) on a 7500 281 

real-time PCR system (Thermo-Fisher, Carlsbad, USA) and oligonucleotide primers: Trh 282 

(Rn00564880_m1, Applied Biosystems). Each PCR was performed in duplicate; pro-TRH 283 

mRNA expression levels were normalized using β-actin (Actb) (Rn00667869_m1) as 284 

housekeeping control gene.  285 

For the determination of genes expression in the hypothalamic cell line, cDNA was 286 

synthetized using the High-Capacity RNA to cDNA kit (Applied Biosystems, Warrington 287 

Cheshire, UK) for 1 h at 37°C. PCR reactions were performed using the Sensi FAST 288 

SYBR Lo-ROX kit reagents (Bioline, London, UK) and oligonucleotide primers: Trh 289 

(forward: 5’-GCTCTGGCTTTGATCTTCGTG-3’, reverse: 5’-CCGGACCTGGACTTTCTCC-290 

3’); 5HT1A (forward: 5’-GACAGGCGGCAACGATACT-3’, reverse: 5’-291 

CCAAGGAGCCGATGAGATAGTT-3’); 5HT2C (forward: 5’-292 

GATGGTGGACGCTTGTTTCAA-3’, reverse: 5’-GCCATGATAACGAGAATGTTGC-3’); 293 

5HT6 (forward: 5’-GCTGTGCGTGGTCATCGTA-3’, reverse: 5’-294 

CATCAGGTCCGACGTGAAGAG-3’); Actb (forward: 5’-GGCTGTATTCCCCTCCATCG-3’, 295 

reverse: 5’-CCAGTTGGTAACAATGCCATGT-3’).  296 

Changes of different mRNAs content in the PVN tissue and in the cell line were evaluated 297 

from the threshold cycle using the ΔCt method; the ΔCt value was obtained from the 298 

difference between the number of cycles for each problem gene and that of Actb to reach 299 
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the threshold (ΔCt = Ct of unknown genes− Ct Actb). Groups used as reference were the 300 

control injected with vehicle or vehicle-treated cells, whose value of fluorescence in 301 

arbitrary units was considered as 1 and the percentage of change for each gene examined 302 

was obtained by the equation: ΔΔCt = 2−(ΔCt=Ct Control –Ct experimental group). 303 

 304 

Statistics 305 

Changes in body weight and food intake of animals before receiving injections of the 306 

described drugs and subjected to the DIA paradigm were analyzed by one-way repeated 307 

measures ANOVA. PVN TRH mRNA expression and food intake of vehicle- or drugs-308 

injected animals from different groups were analyzed by two-way ANOVA (treatments x 309 

groups); comparisons of genes and proteins expression between treatments of 310 

hypothalamic cultured cells were analyzed by one-way (different 5HT doses) and two-way 311 

(5HT x inhibitors treatment) ANOVA, respectively, using the Stat-View software (SAS 312 

Institute, Cary, NC, USA). When P was < 0.05 a Tukey post-hoc test was performed.  313 

 314 

Results 315 

In vitro studies in mHypoA-2/30 cells 316 

In preliminary experiments, we identified the expression of 5HT1A, 5HT2C and 5HT6 in 317 

mHypoA-2/30 cells (Figure 1A) and observed that addition of 10 or 100 µM of 5HT 318 

increased the mRNA levels of pro-TRH by 53% and 130%, respectively, compared to 319 

control cultures (Figure 1A).  320 

As 5HT1A, 5HT2C, 5HT6 transduce signals through PKA or PKC-induced phosphorylation of 321 

CREB or ERK and as TRH gene promoter has consensus sites for pCREB and pERK1/2, 322 

we analyzed the effect of adding 5HT on pCREB or pERK levels in the presence or 323 

absence of PKA or PKC inhibitors (PKAi, PKCi). 5HT induced a modest but statistically 324 



 

 13

significant stimulation of pCREB by 17% when compared to control, which was abolished 325 

in the presence of PKAi or PKCi (Figure 1B).  326 

5HT also increased pERK1/2 levels by 26% above basal, addition of PKCi alone or in 327 

combination with 5HT blocked 5HT-induced increase of pERK levels. Addition of PKAi 328 

exerted similar effects on 5HT-induced pERK1/2 (Figure 1C). These results suggested that 329 

5HT-induced CREB and ERK1/2 phosphorylation required intact PKA and PKC activities.   330 

Figure 1D shows the increase in pro-TRH mRNA levels by 92% above basal after 331 

treatment with 100 µM of 5HT. Basal TRH mRNA expression was not affected by adding 332 

PKAi or PKCi. However, PKCi blocked the effect of 5HT on TRH mRNA levels; in contrast, 333 

mHypoA-2/30 cells treated with PKAi showed an enhanced response to 5HT, showing an 334 

increase in TRH mRNA levels by 190%, more than twice compared to 5HT response in the 335 

absence of any kinase inhibitor. 336 

 337 

In vivo studies: dehydration-induced anorexia model 338 

On the 2nd day of subjecting rats to the dehydration model, DIA group lost 12% of body 339 

weight and on the 5th day 22% when compared to C group (100%, 2nd day: 253 ± 2.6 g; 5th 340 

day: 256 ± 4.5 g). FFR rats also decreased their body weight, when compared to the C 341 

group, similarly to DIA animals (Figure 2A).  342 

DIA group reduced their food intake by 53% compared to C after 24 h of dehydration, and 343 

by the 5th day they decrease 92% of the amount ingested by C (100%, 1st day: 22 ± 1.4 g; 344 

5th day: 27 ± 1.3 g; Figure 2B).  345 

Effect of DOI and KTN on food intake of control animals 346 

We investigated whether the 5HT agonist (DOI) and antagonist (KTN) were able to induce 347 

changes in PVN TRH mRNA expression and food intake in C rats after 30 min of being 348 

injected. We observed no significant changes in food intake (Figure 3A) or in PVN TRH 349 

mRNA levels (Figure 3B) between C-veh, C-DOI and C-KTN groups. 350 
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Food intake of FFR and DIA groups after injecting DOI or KTN, respectively 351 

FFR animals were offered a very low amount of food and became hungry since they were 352 

pair-fed with anorectic rats that reduce their appetite; thus, on the afternoon of day 5, when 353 

food was offered ad libitum for 1 h, FFR-veh consumed 387% more food than C-veh 354 

(100%, 2.4 ± 0.4 g; Figure 3C). Also, the FFR-DOI group increased the amount of food 355 

eaten to 337%, when compared to the C-veh group but showed a reduction of 13% when 356 

compared to FFR-veh group (Figure 3C). Figure 3E shows that DIA-veh rats reduced their 357 

food intake 33% compared to C-veh. In contrast, the anorectic behavior of the DIA-KTN 358 

group was reversed and consumed a similar amount of food compared to C-veh (100%, 359 

2.4 ± 0.4 g).  360 

TRH expression in the hypothalamic PVN of FFR and DIA animals after DOI or KTN 361 

injection, respectively 362 

In order to analyze the effect of DOI and KTN injection on PVN TRH mRNA expression of 363 

DIA and FFR groups of rats, respectively, on the day 5 rats with no re-fed period were 364 

sacrificed 30 min after injection with vehicle or drugs. Figure 3D shows that the injection of 365 

DOI to controls (C-DOI) did not change TRH expression when compared to controls 366 

injected with vehicle (C-veh), but TRH mRNA in the PVN showed a 92% decrease in FFR-367 

veh compared to the C-veh group. DOI administration to FFR group (FFR-DOI) partly 368 

reversed this decrease in TRH expression observed in FFR-veh, showing a 5-fold increase 369 

compared to FFR-veh group.  370 

Figure 3F shows that PVN TRH mRNA expression increased in DIA-veh by 241% 371 

compared to C-veh, and that the injection of KTN in DIA group abolished the DIA effect 372 

and in fact reduced TRH mRNA expression to similar levels of those of C-veh. 373 

 374 

Discussion 375 
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Anorectic effects of TRH are well documented; when s.c., i.v., or i.c.v. injected, rodents 376 

inhibit their food intake (Choi et al., 2002; Suzuki et al., 1982; Vijayan and McCann, 1977); 377 

however, the more studied function of the PVN TRH is its role in the regulation of the 378 

hypothalamic-pituitary-thyroid (HPT) axis. This axis controls energy homeostasis and 379 

expenditure; for example, fasting, malnutrition or weight loss induce an axis adaptation 380 

leading to a reduced TRH expression in the PVN, which decelerates the HPT axis function 381 

and declines the fuel degradation rate, allowing animals to cope with their low nutrient 382 

availability (Blake et al., 1991; Van Haasteren et al., 1995).  383 

As a compensatory mechanism to the NEB, appetite of animals increases due to the 384 

activation of ARC orexigenic signals (NPY/AgRP) and the inhibition of the anorectic ones 385 

(POMC/CART). PVN TRHergic neurons receive these feeding regulatory afferent 386 

projections from the ARC (Fekete et al., 2000a, 2000b; Légrádi and Lechan, 1999, 1998), 387 

which in turn induce a decreased TRH expression favoring the food seeking behavior of 388 

rats. The reduced TRH mRNA levels in the PVN of fasting-induced hungry animals support 389 

its role as an anorectic peptide. 390 

Interestingly, DIA rats do not present the expected decrease in TRH expression in the 391 

PVN despite their NEB, implicating it in the development of their anorectic behavior 392 

(Alvarez-Salas et al., 2012; Jaimes-Hoy et al., 2008). 393 

PVN TRHergic neurons not only receive afferent signals from the ARC, but also from 394 

feeding-regulatory pathways of different brain regions. Thus, we investigated here the role 395 

of serotonin pathway in promoting PVN TRH expression of dehydrated rats, favoring their 396 

anorectic behavior. This is supported by 5HT-induced increase in TRH expression in in 397 

vitro systems (Chen and Ramirez, 1981; Shi et al., 1997) and by the high expression of 398 

5HT receptors in the PVN (Garfield et al., 2014; Lauffer et al., 2016; Marvin et al., 2010) 399 

that when activated by 5HT injection, induce a reduction of food intake in rodents (Bagdy, 400 
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1996; Doslikova et al., 2013; Leibowitz and Alexander, 1991; Weiss et al., 1986; Woolley 401 

et al., 2001). 402 

 403 

In vitro study 404 

Studies on G-protein-coupled receptors pathways of 5HT receptor subtypes have 405 

demonstrated that 5HT1A is coupled to Gi and 5HT6 to Gs, thus, their stimulation modulates 406 

CREB phosphorylation through the regulation of PKA activity (Albert and Robillard, 2002; 407 

Raymond et al., 1999). In turn, 5HT2A/2C receptors are coupled to Gq and downstream they 408 

can activate the PKC-ERK1/2 intracellular pathway (Albert and Vahid-Ansari, 2019). 409 

Interestingly, TRH promoter gene has consensus sites for both pCREB and for PKC-410 

induced AP1 transcription factor (Lee et al., 1988).  411 

As expected, we observed an increase in pERK and pCREB levels when 5HT was added 412 

to cultures given that 5HT2C and 5HT6 are expressed in the cell line used. Since the 413 

blockade of PKA or PKC prevented 5HT effect on the second messengers pERK and 414 

pCREB, our results are in agreement with in vivo and in vitro studies, showing that CREB 415 

and ERK phosphorylation is regulated by the crosstalk between PKA and PKC enzymes 416 

activities (Mao et al., 2007; Roberson et al., 1999). In fact, it is known that PKA activation 417 

by 5HT6 receptors can increase not only pCREB but also pERK levels (Hyung-Mun et al., 418 

2007), and PKC activation by 5HT2A leads to downstream phosphorylation not only of 419 

ERK1/2 but also of CREB (Chalecka-Franaszek et al., 1999). Our results suggest that 5HT 420 

signaling involves activation of PKA and PKC and downstream phosphorylation of CREB 421 

and ERK1/2. 422 

When we evaluated the effect of those treatments on 5HT-induced TRH expression, it 423 

seemed unlikely that 5HT1A was involved in TRH transcription since, as mentioned, 5HT 424 

alone was not able to decrease pCREB and TRH mRNA levels, which would be expected 425 
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after activation of Gi. Although the stimulation of 5HT1A could be activating another PKC 426 

pathway, we did not find evidence of an increase in pERK1/2 levels.  427 

The 5HT-induced pCREB expression could be due to the activation of 5HT6 (coupled to 428 

Gs) since PKAi also blocked phosphorylation of CREB when induced by 5HT. However, 429 

given that 5HT was still able to increase TRH expression even in the presence of PKAi, it 430 

seemed likely that PKC transduction pathway is involved in the regulation of TRH 431 

transcription, possibly activated by additional 5HT receptor subtypes, such as 5HT2A/2C. 432 

Our results support that different PKC-activated pathways other than pERK1/2 were able 433 

to regulate TRH transcription, such as AP1 that also has a consensus binding site in the 434 

TRH gene promoter (Lee et al., 1988). Furthermore, our results also support that PKA 435 

might restrain 5HT effects on increasing TRH mRNA content and might indicate that more 436 

than one 5HT type of receptors and/or signaling pathways are involved in TRH regulation. 437 

Further studies are needed to elucidate the upstream and downstream PKC-activated 438 

second messengers involved in TRH transcription. 439 

Given that our results suggest a more likely participation of the family 2 Gq-coupled 440 

receptors in TRH transcription, we used agonists and antagonists of 5HT2A/2C receptors for 441 

the in vivo studies  442 

 443 

In vivo study 444 

DOI decreased food intake and increased PVN TRH mRNA levels in FFR group 445 

The increased food intake observed in FFR-veh group when re-fed is known to result from 446 

the effects of different feeding-regulatory pathways including food restriction-induced 447 

inhibited serotonergic projections afferent to the PVN (Lam et al., 2010), lower 5HT brain 448 

concentration and the blockade of the 5HT release peak at the onset of the dark phase, 449 

which was the recording time of food intake here (Haleem, 2009). PVN discriminates the 450 

incoming signals, increasing food seeking behavior and compensating the high 451 
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degradation rate of the energy stores of animals due to their NEB. Our results supported 452 

the proposed food restriction-induced attenuated 5HT afferent pathway to the PVN, since 453 

reactivation of 5HT signaling by injecting the agonist DOI to FFR in that nucleus, reduced 454 

their food intake although not to control levels.  455 

The 5HT circadian release might explain the ineffectiveness of DOI to induce a further 456 

reduction of feeding in control rats; the partial effect of DOI in FFR supports the existence 457 

of redundant pathways that assure activation of feeding behavior in animals with NEB. 458 

FFR-veh rats showed the expected decrease in PVN TRH mRNA levels, as it is induced 459 

by sustained NEB (Van Haasteren et al., 1995). The modest but significant increase in 460 

TRH levels of FFR-DOI group vs. FFR-veh suggests that 5HT activation of its receptors in 461 

the PVN is partially needed to augment peptide’s transcription in FFR animals.  462 

It is important to note that 5HT was able to induce TRH transcription in cell cultures, while 463 

DOI (5HT agonist) did not increase PVN TRH mRNA levels in control rats. This 464 

discrepancy could be related to the higher potency of 5HT to induce calcium release after 465 

its administration to cell cultures that express 5HT2A and 5HT2C receptors, than that of DOI 466 

(Seitz et al., 2012). Also, TRH expression in animals depends not only on 5HT effects but 467 

on diverse interactions with different peptides’ and neurotransmitters’ pathways (Fekete et 468 

al., 2002, 2001, 2000a, 2000b; Légràdi et al., 1997; Rondeel et al., 1991) that are not 469 

present in cultured hypothalamic cells.    470 

 471 

KTN increased feeding and decreased PVN TRH mRNA levels in the DIA group  472 

Our findings suggest that serotonin pathway to the PVN is activated in DIA rats inducing its 473 

anorectic behavior since the blockade of PVN 5HT receptors with KTN reverses the 474 

feeding-inhibited behavior of DIA rats. Furthermore, the increased TRH expression found 475 

in DIA animals seemed facilitated by 5HT, since that change was avoided by antagonizing 476 

5HT2A/2C receptors in the PVN. Other animal models for anorexia support the involvement 477 
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of 5HT2C in rats’ decreased food intake: injected rats with LPS (Kopf et al., 2010), those 478 

subjected to high activity schedules (activity-based anorexia) (Rieg and Aravich, 1994), or 479 

in rats subjected to a paradigm of cachexia (Ezeoke and Morley, 2015). 480 

These results along with those found in FFR group injected with DOI confirmed a 5HT-481 

induced inverse change between PVN TRH expression and feeding behavior, involving 482 

5HT2A/2C receptors. Other studies support 5HT2A/2C receptors participation in the decreased 483 

food intake of injected rats with selective administration of 5HT agonists directly into the 484 

PVN, as well as studies in KO mice for those types of receptors (Currie et al., 2002; 485 

Nonogaki et al., 1998; Tecott et al., 1995). 486 

As the co-expression of 5HT2A/2C receptors with TRH in PVN neurons is not established, 487 

5HT could be affecting TRH transcription directly or indirectly. Different indirect 488 

mechanisms could be involved, such as a high stimulation of 5HT2C expressed in ARC-489 

projecting terminals (Wan et al., 2020) that would inhibit NPY release into the PVN, which 490 

is known to decrease TRH transcription in this nucleus (Fekete et al., 2001). This is 491 

supported by the differential expression of NPY-Y1 in the PVN of DIA vs FFR which 492 

suggests reduced content of NPY in DIA (García-Luna et al., 2010). Another involved 493 

mechanism is a reduced expression of monocarboxylate transporters of thyroid hormones 494 

(MCT) in the mediobasal hypothalamus by 5HT, which control the T3 local concentration 495 

and might avoid its repression on PVN TRH transcription, as has been previously 496 

observed (Alvarez-Salas et al., 2016; Segerson et al., 1987; Seo et al., 2011). A different 497 

possibility is that a high activated serotonin pathway enhanced the signaling of lateral 498 

hypothalamic CRHergic afferents to the PVN that is specifically observed in DIA animals 499 

(Watts et al., 1999), since the blockade of CRH receptors interferes with DOI-induced 500 

feeding inhibition in control rats (Reynolds et al., 2006). That hypothesis is in agreement 501 

with studies showing that an incoming CRH is increasing PVN TRH mRNA levels, given 502 
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that  the blockade of CRH-R2 in the PVN attenuates TRH expression and the anorexia of 503 

DIA animals (de Gortari et al., 2009). 504 

5HT is the first factor that reverses completely the anorectic behavior of dehydrated 505 

animals. Overall, our results supported that 5HT is favoring the decreased food intake of 506 

DIA rats and that the anorectic effects of 5HT are mediated by PVN TRH in these rats. 507 

 508 

References 509 

Albert PR, Robillard L (2002) G protein specificity: Traffic direction required. Cell Signal. 510 

Albert PR, Vahid-Ansari F (2019) The 5-HT1A receptor: Signaling to behavior. Biochimie. 511 

Alvarez-Salas E, Aceves C, Anguiano B, Uribe RM, García-Luna C, Sánchez E, De Gortari 512 

P (2012) Food-restricted and dehydrated-induced anorexic rats present differential 513 

TRH expression in anterior and caudal PVN. Role of type 2 deiodinase and 514 

pyroglutamyl aminopeptidase II. Endocrinology 153. 515 

Alvarez-Salas E, Mengod G, García-Luna C, Soberanes-Chávez P, Matamoros-Trejo G, 516 

de Gortari P (2016) Mct8 and trh co-expression throughout the hypothalamic 517 

paraventricular nucleus is modified by dehydration-induced anorexia in rats. 518 

Neuropeptides 56. 519 

Bagdy G (1996) Studies on the sites and mechanisms of 5-HT1A receptormediated in vivo 520 

actions. Acta Physiol Hung 84. 521 

Blake NG, Eckland DJA, Foster OJF, Lightman SL (1991) Inhibition of hypothalamic 522 

thyrotropin-releasing hormone messenger ribonucleic acid during food deprivation. 523 

Endocrinology 129. 524 

Casper RC, Voderholzer U, Naab S, Schlegl S (2020) Increased urge for movement, 525 

physical and mental restlessness, fundamental symptoms of restricting anorexia 526 

nervosa? Brain Behav 10. 527 

Chalecka-Franaszek E, Chen H, Chuang DM (1999) 5-Hydroxytryptamine(2A) receptor 528 



 

 21

stimulation induces activator protein- 1 and cyclic AMP-responsive element binding 529 

with cyclic AMP-responsive element-binding protein and Jun D as common 530 

components in cerebellar neurons. Neuroscience 88. 531 

Chen YF, Ramirez VD (1981) Serotonin Stimulates Thyrotropin-Releasing Hormone 532 

Release from Superfused Rat Hypothalami. Endocrinology 108. 533 

Choi YH, Hartzell D, Azain MJ, Baile CA (2002) TRH decreases food intake and increases 534 

water intake and body temperature in rats. Physiol Behav 77. 535 

Chomczynski P, Sacchi N (1987) Single-step method of RNA isolation by acid guanidinium 536 

thiocyanate-phenol-chloroform extraction. Anal Biochem 162. 537 

Currie PJ, Coiro CD, Niyomchai T, Lira A, Farahmand F (2002) Hypothalamic 538 

paraventricular 5-hydroxytryptamine: Receptor-specific inhibition of NPY-stimulated 539 

eating and energy metabolism. Pharmacol Biochem Behav 71. 540 

de Gortari P, Mancera K, Cote-Vélez A, Amaya MI, Martínez A, Jaimes-Hoy L, Joseph-541 

Bravo P (2009) Involvement of CRH-R2 receptor in eating behavior and in the 542 

response of the HPT axis in rats subjected to dehydration-induced anorexia. 543 

Psychoneuroendocrinology 34. 544 

Doslikova B, Garfield AS, Shaw J, Evans ML, Burdakov D, Billups B, Heisler LK (2013) 5-545 

HT2C Receptor Agonist Anorectic Efficacy Potentiated by 5-HT1B Receptor Agonist 546 

Coapplication: An Effect Mediated via Increased Proportion of Pro-Opiomelanocortin 547 

Neurons Activated. J Neurosci 33:9800–9804. 548 

Ezeoke CC, Morley JE (2015) Pathophysiology of anorexia in the cancer cachexia 549 

syndrome. J Cachexia Sarcopenia Muscle. 550 

Fekete C, Kelly J, Mihály E, Sarkar S, Rand WM, Légrádi G, Emerson CH, Lechan RM 551 

(2001) Neuropeptide Y has a central inhibitory action on the hypothalamic-pituitary-552 

thyroid axis. Endocrinology 142. 553 

Fekete C, Légrádi G, Mihály E, Huang QH, Tatro JB, Rand WM, Emerson CH, Lechan RM 554 



 

 22

(2000a) α-Melanocyte-Stimulating Hormone Is Contained in Nerve Terminals 555 

Innervating Thyrotropin-Releasing Hormone-Synthesizing Neurons in the 556 

Hypothalamic Paraventricular Nucleus and Prevents Fasting-Induced Suppression of 557 

Prothyrotropin-Releasing Hormone Gene Expression. J Neurosci 20:1550–1558. 558 

Fekete C, Mihály E, Luo LG, Kelly J, Clausen JT, Mao QF, Rand WM, Moss LG, Kuhar M, 559 

Emerson CH, Jackson IMD, Lechan RM (2000b) Association of Cocaine- and 560 

Amphetamine-Regulated Transcript-Immunoreactive Elements with Thyrotropin-561 

Releasing Hormone-Synthesizing Neurons in the Hypothalamic Paraventricular 562 

Nucleus and Its Role in the Regulation of the Hypothalamic–Pituitary–Thyroid Axis 563 

during Fasting. J Neurosci 20:9224–9234. 564 

Fekete C, Sarkar S, Rand WM, Harney JW, Emerson CH, Bianco AC, Lechan RM (2002) 565 

Agouti-Related Protein (AGRP) Has a Central Inhibitory Action on the Hypothalamic-566 

Pituitary-Thyroid (HPT) Axis; Comparisons between the Effect of AGRP and 567 

Neuropeptide Y on Energy Homeostasis and the HPT Axis. Endocrinology 143:3846–568 

3853. 569 

Fletcher PJ, Burton MJ (1986) Dissociation of the anorectic actions of 5-HTP and 570 

fenfluramine. Psychopharmacology (Berl) 89. 571 

García-Luna C, Amaya MI, Alvarez-Salas E, de Gortari P (2010) Prepro-orexin and 572 

feeding-related peptide receptor expression in dehydration-induced anorexia. Regul 573 

Pept 159. 574 

Garfield AS, Burke LK, Shaw J, Evans ML, Heisler LK (2014) Distribution of cells 575 

responsive to 5-HT6 receptor antagonist-induced hypophagia. Behav Brain Res 266. 576 

Haleem DJ (2009) Exaggerated feedback control decreases brain serotonin concentration 577 

and elicits hyperactivity in a rat model of diet-restriction-induced anorexia nervosa. 578 

Appetite 52. 579 

Hyung-Mun Y, Sunoh K, Hyun-Ji K, Evi K, Jae IK, Jae YS, Ja-Hyun B, Hyewhon R (2007) 580 



 

 23

The novel cellular mechanism of human 5-HT6 receptor through an interaction with 581 

fyn. J Biol Chem 282. 582 

Jahng JW, Houpt TA, Joh TH, Son JH (1998) Differential expression of monoamine 583 

oxidase A, serotonin transporter, tyrosine hydroxylase and norepinephrine transporter 584 

mRNA by anorexia mutation and food deprivation. Dev Brain Res 107. 585 

Jaimes-Hoy L, Joseph-Bravo P, de Gortari P (2008) Differential response of TRHergic 586 

neurons of the hypothalamic paraventricular nucleus (PVN) in female animals 587 

submitted to food-restriction or dehydration-induced anorexia and cold exposure. 588 

Horm Behav 53:366–377. 589 

Kopf BS, Langhans W, Geary N, Asarian L (2010) Serotonin 2C receptor signaling in a 590 

diffuse neuronal network is necessary for LPS anorexia. Brain Res 1306. 591 

Lam DD, Garfield AS, Marston OJ, Shaw J, Heisler LK (2010) Brain serotonin system in 592 

the coordination of food intake and body weight. Pharmacol Biochem Behav. 593 

Lauffer L, Glas E, Gudermann T, Breit A (2016) Endogenous 5-HT2C Receptors 594 

Phosphorylate the cAMP Response Element Binding Protein via Protein Kinase C-595 

Promoted Activation of Extracellular-Regulated Kinases-1/2 in Hypothalamic 596 

mHypoA-2/10 Cells. J Pharmacol Exp Ther 358:39–49. 597 

Lee SL, Stewart K, Goodman RH (1988) Structure of the gene encoding rat thyrotropin 598 

releasing hormone. J Biol Chem 263. 599 

Légràdi G, Emerson CH, Ahima RS, Flier JS, Lechan RM (1997) Leptin Prevents Fasting-600 

Induced Suppression of Prothyrotropin-Releasing Hormone Messenger Ribonucleic 601 

Acid in Neurons of the Hypothalamic Paraventricular Nucleus. Endocrinology 602 

138:2569–2576. 603 

Légrádi G, Lechan RM (1999) Agouti-Related Protein Containing Nerve Terminals 604 

Innervate Thyrotropin-Releasing Hormone Neurons in the Hypothalamic 605 

Paraventricular Nucleus. Endocrinology 140:3643–3652. 606 



 

 24

Légrádi G, Lechan RM (1998) The Arcuate Nucleus Is the Major Source for Neuropeptide 607 

Y-Innervation of Thyrotropin-Releasing Hormone Neurons in the Hypothalamic 608 

Paraventricular Nucleus. Endocrinology 139:3262–3270. 609 

Leibowitz SF (1990) The Role of Serotonin in Eating Disorders. Drugs 39. 610 

Leibowitz SF, Alexander JT (1991) Analysis of neuropeptide Y-induced feeding: 611 

Dissociation of Y1 and Y2 receptor effects on natural meal patterns. Peptides 12. 612 

Mao LM, Tang Q, Wang JQ (2007) Protein kinase C-regulated cAMP response element-613 

binding protein phosphorylation in cultured rat striatal neurons. Brain Res Bull 72. 614 

Marvin E, Scrogin K, Dudás B (2010) Morphology and distribution of neurons expressing 615 

serotonin 5-HT1A receptors in the rat hypothalamus and the surrounding diencephalic 616 

and telencephalic areas. J Chem Neuroanat 39:235–241. 617 

Nonogaki K, Strack AM, Dallman MF, Tecott LH (1998) Leptin-independent hyperphagia 618 

and type 2 diabetes in mice with a mutated serotonin 5-HT(2C) receptor gene. Nat 619 

Med 4. 620 

Paxinos G, Watson C (2005) The rat brain in stereotaxic coordinates, Fifth edit. ed. 621 

Academic Press Elsevier Inc. 622 

Raymond JR, Mukhin Y V., Gettys TW, Garnovskaya MN (1999) The recombinant 5-623 

HT(1A) receptor: G protein coupling and signalling pathways. Br J Pharmacol. 624 

Reed CH, Bauer EE, Shoeman A, Buhr TJ, Clark PJ (2021) Acute Stress Exposure Alters 625 

Food-Related Brain Monoaminergic Profiles in a Rat Model of Anorexia. J Nutr 151. 626 

Reynolds GP, Hill MJ, Kirk SL (2006) The S-HT2C receptor and antipsychotic-induced 627 

weight gain - Mechanisms and genetics. J Psychopharmacol 20. 628 

Rieg TS, Aravich PF (1994) Systemic clonidine increases feeding and wheel running but 629 

does not affect rate of weight loss in rats subjected to activity-based anorexia. 630 

Pharmacol Biochem Behav 47. 631 

Roberson ED, English JD, Adams JP, Selcher JC, Kondratick C, Sweatt JD (1999) The 632 



 

 25

mitogen-activated protein kinase cascade couples PKA and PKC to cAMP response 633 

element binding protein phosphorylation in area CA1 of hippocampus. J Neurosci 19. 634 

Rondeel JMM, De Greef WJ, Hop WC, Rowland DL, Visser TJ (1991) Effect of Cold 635 

Exposure on the Hypothalamic Release of Thyrotropin-Releasing Hormone and 636 

Catecholamines. Neuroendocrinology 54:477–481. 637 

Segerson TP, Kauer J, Wolfe HC, Mobtaker H, Wu P, Jackson IMD, Lechan RM (1987) 638 

Thyroid hormone regulates TRH biosynthesis in the paraventricular nucleus of the rat 639 

hypothalamus. Science (80- ) 238. 640 

Seitz PK, Bremer NM, McGinnis AG, Cunningham KA, Watson CS (2012) Quantitative 641 

changes in intracellular calcium and extracellular-regulated kinase activation 642 

measured in parallel in CHO cells stably expressing serotonin (5-HT) 5-HT 2Aor 5-HT 643 

2Creceptors. BMC Neurosci 13:1–14. 644 

Seo JH, Sung YH, Kim KJ, Shin MS, Lee EK, Kim CJ (2011) Effects of Phellinus linteus 645 

administration on serotonin synthesis in the brain and expression of monocarboxylate 646 

transporters in the muscle during exhaustive exercise in rats. J Nutr Sci Vitaminol 647 

(Tokyo) 57. 648 

Shi ZX, Xu W, Selmanoff MK, Wilber JF (1997) Serotonin (5-HT) stimulates thyrotropin-649 

releasing hormone (TRH) gene transcription in rat embryonic cardiomyocytes. 650 

Endocrine 6. 651 

Stallone DD, Levitsky DA (1994) Chronic fenfluramine treatment: Effects on body weight, 652 

food intake and energy expenditure. Int J Obes 18. 653 

Suzuki T, Kohno H, Sakurada T, Tadano T, Kisara K (1982) Intracranial injection of 654 

thyrotropin releasing hormone (TRH) suppresses starvation-induced feeding and 655 

drinking in rats. Pharmacol Biochem Behav 17. 656 

Tecott LH, Sun LM, Akana SF, Strack AM, Lowenstein DH, Dallman MF, Julius D (1995) 657 

Eating disorder and epilepsy in mice lacking 5-HT2C serotonin receptors. Nature 374. 658 



 

 26

Tortorella A, Brambilla F, Fabrazzo M, Volpe U, Monteleone AM, Mastromo D, Monteleone 659 

P (2014) Central and peripheral peptides regulating eating behaviour and energy 660 

homeostasis in anorexia nervosa and bulimia nervosa: A literature review. Eur Eat 661 

Disord Rev. 662 

Van Haasteren GAC, Linkels E, Klootwijk W, Van Toor H, Rondeel JMM, Themmen APN, 663 

De Jong FH, Valentijn K, Vaudry H, Bauer K, Visser TJ, De Greef WJ (1995) 664 

Starvation-induced changes in the hypothalamic content of prothyrotrophin-releasing 665 

hormone (proTRH) mRNA and the hypothalamic release of proTRH-derived peptides: 666 

Role of the adrenal gland. J Endocrinol 145. 667 

Vickers SP, Dourish CT, Kennett GA (2001) Evidence that hypophagia induced by d-668 

fenfluramine and d-norfenfluramine in the rat is mediated by 5-HT2C receptors. 669 

Neuropharmacology 41. 670 

Vijayan E, McCann SM (1977) Suppression of feeding and drinking activity in rats 671 

following intraventricular injection of thyrotropin releasing hormone (TRH). 672 

Endocrinology 100. 673 

Wan XQ, Zeng F, Huang XF, Yang HQ, Wang L, Shi YC, Zhang ZH, Lin S (2020) 674 

Risperidone stimulates food intake and induces body weight gain via the 675 

hypothalamic arcuate nucleus 5-HT2c receptor—NPY pathway. CNS Neurosci Ther 676 

26. 677 

Watts AG (1998) Dehydration-Associated Anorexia: Development and Rapid Reversal. 678 

Physiol Behav 65:871–878. 679 

Watts AG, Sanchez-Watts G, Kelly AB (1999) Distinct patterns of neuropeptide gene 680 

expression in the lateral hypothalamic area and arcuate nucleus are associated with 681 

dehydration- induced anorexia. J Neurosci 19. 682 

Weiss GF, Papadakos P, Knudson K, Leibowitz SF (1986) Medial hypothalamic serotonin: 683 

Effects on deprivation and norepinephrine-induced eating. Pharmacol Biochem Behav 684 



 

 27

25:1223–1230. 685 

Woolley ML, Bentley JC, Sleight AJ, Marsden CA, Fone KCF (2001) A role for 5-ht6 686 

receptors in retention of spatial learning in the Morris water maze. 687 

Neuropharmacology 41:210–219. 688 

 689 

 690 

Figure legends 691 

Figure 1. Expression of 5HT receptors and effects of 5HT, PKA and PKC inhibitors 692 

on intracellular second messengers’ content and in pro-TRH mRNA levels in 693 

mHypoA-2/30 cells. (A) 5HT1A, 5HT2C and 5HT6 receptors basal mRNA expression and 694 

pro-TRH mRNA levels in cell cultures treated with vehicle or different concentrations of 695 

5HT for 24 h. Data represent the mean ± SEM of the mRNA levels expressed in arbitrary 696 

units (n= 3 wells/treatment). One-way ANOVA of proTRH mRNA expression showed a 697 

significant effect of treatment: F(2,9) =7.478, *P<0.05 vs veh, ˄P<0.01 vs 5HT 10 μM; (B) 698 

pCREB and (C) pERK1/2 content in cell cultures treated with vehicle or 5HT (100 μM) 699 

during 5 min, with the PKA inhibitor H89 (PKAi, 10 μM) or the PKC inhibitor chelerythrine 700 

chloride (PKCi, 1 μM) for 1 h, or with the PKAi or PKCi for 1 h and then with 5HT for 5 min 701 

(n= 4-5 wells/treatment). Values are expressed as percent of change vs vehicle-treated 702 

cultures’ values (100%). For pCREB content, the two-way ANOVA showed a significant 703 

effect of 5HT: F(1,40)= 5.25, P<0.05, or of treatment with inhibitors: F(2,40)= 13.65, 704 

P<0.001;*P< 0.05, **P<0.01 vs veh, +P<0.05 vs 5HT. For pERK1/2, the two-way ANOVA 705 

showed a significant effect of 5HT: F(1,38)= 4.45, P<0.05, or of treatment with inhibitors: 706 

F(2,38)= 27.25, P<0.0001 and an interaction between inhibitors and serotonin treatments: 707 

F(2,38)= 8.44, P<0.0001; *P< 0.05, ****P<0.0001 vs veh, ++P<0.01, +++P<0.001 vs 5HT. (D) 708 

pro-TRH mRNA expression in cell cultures treated with vehicle, 5HT (100 μM), PKAi (10 709 
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μM), PKCi (1 μM), or PKAi or PKCi and 5HT for 24 h (n= 5-10 wells/treatment). Data are 710 

expressed as the mean ± SEM of the fold change compared to vehicle values (1). The 711 

two-way ANOVA showed a significant effect of 5HT: F(1,43)= 10.27, P<0.01, or inhibitors 712 

treatment: F(2,43)= 3.30, P<0.05; **P< 0.01 vs veh; ƔP< 0.05 vs PKAi. 713 

Figure 2. Daily body weight and food intake registers. (A) Body weight and (B) food 714 

consumption in C, DIA and FFR rats from 0 to 5 days. Data are expressed as the mean ± 715 

SEM in grams, n= 10 per group. Control (C), dehydration-induced anorexia (DIA), forced-716 

food restriction (FFR). For body weight the one-way repeated measures ANOVA showed 717 

differences through time F(5,162)= 5.436, P< 0.001, between groups: F(2,162)= 126.434, 718 

P<0.001 and a significant interaction between time and groups: F(10,162)= 3.139, P<0.001. 719 

For food intake, the one-way repeated measures ANOVA showed a significant effect of 720 

time: F(2,162)= 66.219, P<0.001; of the interaction between time and groups: F(10,162)= 2.091, 721 

P<0.05; but not of time: F(5,162)= 0.873, P= 0.482). *P<0.05; **P<0.01; ***P<0.001 DIA vs C 722 

rats. +P<0.05; ++P< 0.01; +++P< 0.001 FFR vs C-veh rats. 723 

Figure 3. Effect of the administration of DOI or KTN to female rats on their food 724 

intake and PVN TRH mRNA levels. (A) Food consumption of C rats injected with veh, 725 

DOI or KTN (Figure 3-1) and after a re-fed period of 1 h. (B) PVN pro-TRH mRNA 726 

expression of C rats after 30 min of the injection with veh, DOI or KTN. (C) Food 727 

consumption of C and FFR rats injected with veh or DOI and after a re-fed period of 1 h. 728 

(D) PVN pro-TRH mRNA expression of C and FFR rats after 30 min of the injection with 729 

veh or DOI. (E) Food consumption of C and DIA rats injected with veh or KTN and after a 730 

re-fed period of 1 h. (F) PVN pro-TRH mRNA expression of C and DIA rats after 30 min of 731 

the injection with veh or KTN. PVN TRH mRNA levels are plotted as percent of change vs 732 

vehicle animals food (100%). Values indicate the mean ± SEM in grams for food, and in 733 

arbitrary units for expression changes. Control (C), dehydration-induced anorexia (DIA), 734 

forced-food restriction (FFR). (C) Two-way ANOVA showed significant effect of groups: 735 
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F(1,14)= 233.44, P<0.001, and treatment: F(1,14)= 9.93, P<0.01. (D) Two-way ANOVA 736 

showed a significant interaction between groups and treatment: F(1,25)= 6.78, P<0.05. (E) 737 

Two-way ANOVA showed differences between groups: F(1,12)= 8.38, P<0.05. (F) Two-way 738 

ANOVA showed differences between treatments: F(1,13)= 8.34, P<0.05. #P< 0.05 FFR-DOI 739 

vs FFR-veh; &P< 0.05 DIA-KTN vs DIA-veh, *P<0.05 FFR-veh or DIA-veh vs C-veh rats, 740 

+P< 0.05 FFR-DOI or DIA-KTN vs FFR-veh or DIA-veh rats, respectively, **P<0.01 DIA vs 741 

C-veh rats, ***P< 0.001 FFR-veh or FFR-DOI vs C-veh rats, +++FFR or FFR-DOI vs DOI 742 

animals.  743 

 744 

 745 

Extended data Figure 3-1. Scanned image of a representative brain slice showing 746 

the injection site at medial PVN. Digital picture of a medial fresh slice (Scanner HP 747 

5550) (−1.44 mm from Bregma) showing blue ink in the PVN. 748 








