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Abstract

Within the hindbrain, serotonin (5-HT) functions as a modulator of the central glucagon-like 

peptide-1 (GLP-1) system. This interaction between 5-HT and GLP-1 is achieved via 5-HT2C and 

5-HT3 receptors and is relevant for GLP-1-mediated feeding behavior. The central GLP-1 system 

is activated by various stressors, activates the hypothalamic pituitary adrenocortical (HPA) axis, 

and contributes to stress-related behaviors. Whether 5-HT modulates GLP-1’s role in the stress 

response in unknown. We hypothesized that the serotonergic modulation of GLP-1-producing 

neurons (i.e., PPG neurons) is stimuli-specific and that stressed-induced PPG activity is one of the 

modalities in which 5-HT plays a role. In this study, we investigated the roles of 5-HT2C and 5-

HT3 receptors in mediating the activation of PPG neurons in the nucleus tractus solitarius (NTS) 

following exposure to three different acute stressors: lithium chloride (LiCl), noncontingent 

cocaine (Coc), and novel restraint stress (RES). Results showed that increased c-Fos expression in 

PPG neurons following LiCl and RES—but not Coc—is dependent on hindbrain 5-HT2C and 5-

HT3 receptor signaling. Additionally, stressors that depend on 5-HT signaling to activate PPG 

neurons (i.e., LiCl and RES) increased c-Fos expression in 5-HT-expressing neurons within the 

caudal raphe (CR), specifically in the raphe magnus (RMg). Finally, we showed that RMg neurons 

innervate NTS PPG neurons and that some of these PPG neurons lie in close proximity to 5-HT 

axons, suggesting RMg 5-HT-expressing neurons are the source of 5-HT input responsible for 

engaging NTS PPG neurons. Together, these findings identify a direct RMg to NTS pathway 

* Address correspondence to: Dr. Matthew R. Hayes, University of Pennsylvania, 125 South 31st St., Philadelphia, PA 19104, 
215-573-6070, hayesmr@pennmedicine.upenn.edu.
Author Contributions
RML: conceptualization of experimental hypotheses, designing research studies, conducting experiments, acquiring and analyzing 
data, writing the manuscript. TB: designing research studies, analyzing data, and manuscript revisions. LMS: development of 
FISH/IHC protocol. NAU: conducting experiments, IHC quantification. BCD: conceptualization, writing and revising manuscript. 
HDS: conceptualization, writing and revising manuscript. MRH: conceptualization of the experimental hypotheses, designing research 
studies, and writing the manuscript.

The remaining authors have nothing to disclose.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Neuropharmacology. Author manuscript; available in PMC 2022 April 01.

Published in final edited form as:
Neuropharmacology. 2021 April 01; 187: 108477. doi:10.1016/j.neuropharm.2021.108477.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



responsible for the modulatory effect of 5-HT on the central GLP-1 system—specifically via 

activation of 5-HT2C and 5-HT3 receptors—in the facilitation of acute stress responses.
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1. Introduction

Metabolic neuropeptide systems are influenced by a myriad of biological mechanisms, 

including signals not directly linked to energy balance, such as environmental stressors, 

anxiogenic factors, and exogenous substances of abuse (e.g., cocaine, alcohol) [for review 

see (Gülpinar and Yegen, 2004; Hernandez and Schmidt, 2019; Holt and Trapp, 2016; 

Kormos and Gaszner, 2013; Roubos et al, 2012)]. Disentangling the mechanism(s) by which 

different stimuli engage converging CNS systems is necessary to design more efficacious 

treatments for various clinical conditions, such as metabolic disorders (e.g., obesity and 

eating disorders), substance abuse, and mood disorders (e.g., anxiety and depression). An 

example of a metabolic system that is responsive to multiple cues is the GLP-1 system. In 

addition to glucoregulation and satiation (Barrera et al, 2011; Cabou et al, 2008; Müller et 
al, 2019), the GLP-1 system plays a role in the behavioral and physiological response to 

stress (Ghosal et al, 2013; Herman, 2018; Holt et al, 2016), nausea/emesis (De Jonghe et al, 
2016; Kanoski et al, 2012; Kinzig et al, 2003), motivated behavior (Alhadeff et al, 2012; 

Dickson et al, 2012; Hayes and Schmidt, 2016; Hernandez et al, 2019), inflammation (Lee 

and Jun, 2016; Que et al, 2019), and neurogenesis (Athauda and Foltynie, 2016; Bae and 

Song, 2017; Grieco et al, 2019). Understanding the heterogeneity of the neural response that 

engages the GLP-1 system following exposure to different stimuli is therefore required to 

discern how the central GLP-1 system accomplishes its broad range of physiological 

functions.

The relationship between GLP-1 and stress is of particular interest because of the pervasive 

role stress mechanisms play in perturbing homeostasis and the close link that exists between 

stress and pathology. There is a wealth of literature highlighting the relationship between 

GLP-1 and stress. Indeed, GLP-1-producing (preproglucagon; PPG) neurons—expressed 

almost exclusively in the NTS (Larsen et al, 1997; Trapp and Cork, 2015)—are responsive to 

a variety of stressors (De Jonghe et al, 2016; Grill et al, 2004; Maniscalco et al, 2015; 

Rinaman, 1999b; Terrill et al, 2019). The GLP-1 system engages peripheral and central 

stress centers, the sympathetic nervous system (Baggio et al, 2017; Yamamoto et al, 2002) 

and the hypothalamic-pituitary-adrenal axis (HPA) (Gil-Lozano et al, 2010; Tauchi et al, 
2008), respectively. Additionally, exogenous administration of GLP-1 and its agonists 

increase plasma levels of stress hormones such as ACTH (Kinzig et al, 2003) and 

corticosterone (Gil-Lozano et al, 2010; Schmidt et al, 2016). Further, GLP-1 receptor 

activation can induce behavioral responses similar to those invoked by stress including 

anorexia (Grill et al, 2004; Rinaman, 1999a; Terrill et al, 2018), anxiety- and depressive-like 

behaviors (Anderberg et al, 2016; Zheng et al, 2019). Previous efforts to understand the link 

between stress and the GLP-1 system have focused on a unidimensional comparison, which 
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assesses the effect of a single stressor (e.g., LiCl, LPS, restraint, or cocaine) on a single 

metabolic system (i.e., GLP-1). This one-to-one comparison has laid the groundwork for 

most of what is known about the GLP-1 system in response to stress, however, it does not 

address the overlapping role that other stress/metabolic systems may play.

Serotonin (5-hydroxytryptamine; 5-HT) is implicated in the regulation of stress and energy 

balance mechanisms (Bagdy et al, 1989; Heisler et al, 2007; Mikkelsen et al, 2004; Pollock 

and Rowland, 1981; Tafet and Nemeroff, 2016) and its actions in the hindbrain have recently 

been shown to play a role in the modulation of the central GLP-1 system (Holt et al, 2017; 

Leon et al, 2019). Suppression of food intake and body weight, as well as pica, are the only 

GLP-1-driven effects that have been shown to depend on hindbrain 5-HT signaling of PPG 

neurons (Leon et al, 2019). Whether this serotonergic engagement of the central GLP-1 

system is unique to feeding and nausea/malaise or represents a more ubiquitous relationship 

that influences other GLP-1-mediated functions remains to be determined, as does the 

source(s) of 5-HT that engages the central GLP-1 system. In this study, we set out to 
investigate whether 5-HT engages NTS PPG-neurons in response to different acute stressors 
and to identify the serotonergic sub-nucleus responsible for engaging the central GLP-1 
system in the context of stress.

Of the plethora of available acute stressors, lithium chloride (LiCl), cocaine (Coc), and novel 

restraint (RES) were chosen for this study because all three stimuli engage the HPA axis 

(Bhatnagar and Dallman, 1998; Schmidt et al, 2016; Sugawara et al, 1988), activate PPG 

neurons (Rinaman, 1999b; Schmidt et al, 2016; Terrill et al, 2019), and are different in 

nature (interoceptive stress, drug of abuse, and psychogenic stress, respectively). These 

stimuli represent stressors that have been well characterized within the GLP-1 literature see 

(Ghosal et al, 2013; Hayes et al, 2016; Herman, 2018; Hernandez et al, 2019; Holt et al, 
2016; Maniscalco and Rinaman, 2017). Of the 5-HTRs expressed in the NTS, mRNA 

transcripts for the 5-HT2C and 5-HT3 receptors are present in PPG neurons (Leon et al, 
2019) making them ideal candidates to explore the 5-HT modulation of NTS PPG neurons.

Within the brain, 5-HT is produced primarily in the raphe nucleus (Berger et al, 2009; 

Hornung, 2012), which is comprised of multiple sub-nuclei that are categorized into two 

groups based on the orientation of their projections. The rostral raphe projects mostly to the 

forebrain and contains approximately 85% of all central 5-HT neurons, while the caudal 

raphe (CR) projects mainly to the brainstem and spinal cord and accounts for the remaining 

~15% of central 5-HT neurons (Hornung, 2003). The CR is composed of the raphe pallidus 

(RPa), raphe obscurus (ROb), and raphe magnus (RMg). These nuclei are involved in a wide 

range of functions including cardiorespiratory, gastrointestinal, thermoregulatory, and motor 

control (Lovick, 1997; Ulhoa et al, 2013). Given the orientation of efferent projections from 

the caudal vs. rostral raphe and that the NTS lies caudally from the raphe, we hypothesized 

that the driver of 5-HT input into NTS PPG neurons is the CR.

The three main goals of this study are: (1) to assess the modulatory role of hindbrain 5-

HT2C and 5-HT3 receptors in mediating NTS PPG activity following various stimuli known 

to engage stress centers, (2) to investigate whether 5-HT-expressing neurons within the CR 
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are activated in response to stimuli that engage the central GLP-1 system, and (3) to 

determine whether neurons within the CR innervate NTS PPG neurons.

2. Materials and Methods

2.1 Animals

Male Sprague Dawley rats (275 g BW upon arrival; Charles River) were individually housed 

in hanging wire cages maintained at 23°C (12 h light/dark cycle) and given ad libitum chow 

(Purina LabDiet 5001) and autoclaved tap water. All procedures were approved by 

Institutional Animal Care and Use Committee at the University of Pennsylvania and were 

performed according to the guidelines determined by the National Institutes of Health.

2.2 Drugs

Central injections: Serotonin chloride (5-HT; Tocris, 3547) was dissolved in artificial 

cerebrospinal fluid (aCSF; Harvard Apparatus, 59–7316). The 5-HT3R antagonist, 

ondansetron (OND; Tocris) was dissolved in 100% DMSO to make a 12.5 μg/μl dose 

solution. This was delivered into the hindbrain via 4th ventricle (4V) administration at 2 μl 

volume (total dose 25 μg). The 5-HT2C antagonist, RS102221 (RS1; Tocris) was dissolved 

in 100% DMSO to make a 20 μg/μl dose solution and 2 μl (total dose 40 μg) was 

administered (4V).

Systemic injections: Lithium chloride (LiCl) was prepared as a 0.6M solution in 0.9% sterile 

saline (sal) and administered intraperitoneally (i.p.) in a volume of 5 ml/kg (total dose 127.2 

mg/kg). Cocaine (Coc) was obtained from the National Institute on Drug Abuse (Rockville, 

MD) and prepared into a 15mg/kg solution in 0.9% sal, administered i.p. in a 1 ml/kg 

volume (total dose 15 mg/kg).

2.3 Acute Restraint Paradigm

Rats were handled daily for at least 7 d prior to test day. On the day of testing, rats were 

removed from their home cages and immediately placed into an adjustable restraint 

apparatus (Plas-Labs, 544-RR) for 30 min in individual plastic holding cages (not their home 

cage).

2.4 Blood Collection and CORT Assay

Blood (~300 ul) from the tail vein was collected (Hare et al, 2014) into Hep-coated tubes 

(Microvitte 22043975) and centrifuged for 10 min at 1000 x g. The plasma was then stored 

at −80C until processing. For corticosterone (CORT) assessment, samples were analyzed 

using a corticosterone enzyme-linked immunoassay (ELISA) (Enzo Scientific, 50658140; 

detection limit 27 pg/ml) per the manufacturer’s instructions. Sample CORT concentrations 

were determined by nonlinear regression from the standard curves. The mean coefficient of 

intra-assay variation for all plates was below 4%, this was determined by calculating the % 

coefficient of variance (CV) for each triplicate sample present on each plate and then 

averaging them. The mean coefficient of inter-assay variation was 3.91% and was 

determined by comparing the %CV of Standards 1–5 for each plate that was run.
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2.5 Stereotaxic surgery

Fourth Ventricle (4V) Cannulation: As previously described (Leon et al, 2019).

Viral Injections: Animals received two viral injections during the same surgery. The first 

was a unilateral co-injection (60 nl) of AAV1-Cre (AAV1.hSyn.Cre.WPRE.hGH; Penn 

Vector Core; 3.28 × 1013 GC/mL) and cholera toxin B (CTB)-488 delivered into the RMg 

(coordinates: A/P −10.9 mm from Bregma, M/L 0, D/V 10.4 mm). This specific AAV1 is an 

anterograde viral tracer with a high rate of transduction in the CNS that exhibits trans-

synaptic spread properties, jumping a single synapse (Suarez et al, 2018; Zingg et al, 2017). 

AAV1 was paired with Cre recombinase to increase the efficiency of trans-neuronal spread 

(Zingg et al, 2017). CTB was used to validate injection site via the presence of CTB 

immunoreactivity the RMg. The second injection was an AAV1-Flex-tdTomato (1:2 in 0.1M 

sodium phosphate-buffered saline, pH 7.4, AAV1.CAG.Flex.tdTomato.WPRE.bGH; diluted, 

2.80 X 1013 GC/mL, Penn Vector Core) (Suarez et al, 2018) targeting the NTS (bilateral; 

100nl/hemisphere) (coordinates: AP −1 mm form occipital, ML 0, DV 8.2 mm from skull). 

This second viral injection allows for the Cre-dependent expression of the orange 

fluorescent protein tdTomato. The animals received analgesics (meloxicam, 2 mg/kg s.c.) for 

3 consecutive days following surgery.

2.6 Immunohistochemistry (IHC)

Hindbrain coronal sections (30 μm) were obtained using a cryostat (Leica, CM3050S), 

sections at the level of the NTS (~14.15–14.64 mm posterior to Bregma) and CR (9.2–14.6 

mm posterior to Bregma) were collected, placed in cryoprotectant, and stored at −20°C until 

use. Briefly, the sections were dehydrated in 50% ethanol (30min at RT), rinsed in PBS (3X 

5 min), incubated in 0.1% sodium borohydride (NaBH4) (20 min at RT), rinsed in PBS (3X 

5 min), and blocked in PBS containing 5% normal donkey serum (NDS) and 0.2% Triton-X 

(60 min at RT). Sections were incubated in primary antibodies overnight at RT and, 

following three rinses in PBS, were incubated in secondary antibodies for 2h at RT. The 

primary antibodies used were rabbit anti-GLP-1 (1:2000; T-4363, Peninsula Laboratories), 

mouse anti-c-Fos (1:500; sc-271243; Santa Cruz), donkey anti-5-HT (1:500; ab66047; 

ABCAM), and mouse anti-beta subunit Cholera Toxin (1:500; ab62429; ABCAM). 

Secondary antibodies were donkey anti-rabbit Alexa Fluor 594 (1:500), donkey anti-mouse 

Alexa Fluor 488 (1:500), and donkey anti-donkey Alexa Fluor 405 (1:500) (all from Jackson 

Immuno Research). Sections were mounted onto glass slides (Fisher), coversliped with 

mounting media, and the edges sealed with nail polish. Slides were stored at 4oC until 

imaged.

2.7 Fluorescent In-Situ Hybridization (FISH) and Immunohistochemistry (IHC)

2.7.1 Tissue preparation: Perfused hindbrain sections containing the NTS were used 

to perform FISH using a commercially available kit (Cat. No. 323100, RNAscope Multiplex 

Fluorescent v2 Assay, Advanced Cell Diagnostics).

2.7.2 FISH mRNA expression of PPG in the NTS.—NTS sections stored in 

cryoprotectant at - 20°C were rinsed in PBS and slide mounted. Following a 5min PBS rinse 

the slides were incubated for 30 min at 60oC in the HybEZ™ oven (ACD) and then post-
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fixed in 10% NBF for 15 min at 4oC. The sections were dehydrated in ascending ethanol 

solutions (5 min washes in 50, 70, 100, 100% ethanol). After the second 100% ethanol wash 

the slides were air-dried and a hydrophobic barrier was created on the slide surrounding the 

sections. The sections were treated with 0.3% H2O2 for 10min at RT, followed by diH20 

washes (3X 1min). After the last rinse, the slides were transferred into a diH20 wash inside a 

steamer (temp >99°C) for 10s to acclimate before being incubated in the Target Retrieval 

Reagent (TRR; PN 322000) for 5min (also inside the steamer). The sections were removed 

from the steamer, rinsed in diH20, incubated in 100% ethanol for 3 min, and then air dried 

for 5 min at RT. The sections were incubated with Protease III (PN 322337) for 30 min at 

40oC followed by diH20 washes (2X). Sections were then immediately incubated for 2h at 

40oC using a probe designed by ACD to label PPG mRNA (Rn-GcgsC3; 315471-C3). 

Following rinses in 1X wash buffer (PN 310091) (2X 2 min) the sections went through a 

series of amplification steps at 40oC: 30min incubation in FL v2 AMP1, 30min incubation in 

FL v2 AMP2, 15min incubation in FL v2 AMP3 (with two rinses in wash buffer between 

each step). Following the amplification steps the sections were incubated in the Multiplex 

FL v2 HRP-C3 at 40oC for 15 min and then rinsed wash buffer (2X). The sections were then 

incubated in opal dye 690 (diluted 1:1000) at 40oC for 30 min, rinsed in wash buffer (2X), 

and then incubated with FLv2 HRP blocker for 15min at 40oC. The sections were rinsed one 

last time before starting the immunohistochemical processing.

2.7.3 IHC to visualize 5-HT fibers in NTS sections.—The IHC protocol was similar 

to the description above, the only difference was the concentration of the blocking solution 

(PBS containing 3% normal donkey serum and 0.3% Triton-X) and the incubation with 

primary antibodies was done at 4oC.

2.7.4 Image acquisition, processing, and quantification.—Sections were 

visualized with a Leica SP5 X confocal microscope using the 20 and 40 oil- immersion 

objectives and the 405, 488, 594, and 647 laser lines. Image z-stacks with the 40 oil-

immersion were collected with a step size of 1 μm, while 2–3 optical zoom z-stack images 

using the same objective were collected with a step size of 0.5μm. All images were collected 

sequentially to avoid contamination of signals from other fluorophores. Co-localization of 

PPG neurons and TD-Tom positive neurons was quantified manually on Imaris following 

background subtraction. Three-dimensional rotational animations were rendered from the 

collected z-stack images using Imaris 9.5.0 (Bitplane).

2.8 Experimental procedures

2.8.1 Experiment 1: Effects of different stimuli on plasma levels of CORT.—
Three different cohorts of animals were used. The first compared Sal, LiCl, and Coc (n=15); 

the second examined RES vs. no RES (n=12); the third compared 4V administration of 5-

HT and aCSF (n=8). Testing for all cohorts began at ~1 hr before dark onset. Following an 

initial baseline blood drawn, rats were exposed to one of the following treatments: 30 min of 

novel restraint (RES), no RES, LiCl (127.2 mg/kg; i.p.), Coc (15 mg/kg; i.p.), Sal (5 ml/kg; 

i.p.), 5-HT (40μg; 4V), or aCSF (1 μl; 4V). Additional blood draws were conducted 30- and 

60-min post stimuli exposure. In the case of RES, the blood draws were prior to the start of 

restraint (0 min), right after the end of the 30 min restraint session (30 min), and after 30 
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min of being back in their home cage (60 min). The blood was processed for CORT 

measurements as described in the method section 2.4.

2.8.2 Experiment 1: Effect of hindbrain 5-HTR blockade on c-Fos expression 
on NTS PPG neurons following LiCl, cocaine, and novel restraint.—Male rats 

(n=30) were pre-treated with 4V injections of the 5-HT2C receptor antagonist (RS1; 40μg), 

the 5-HT3 receptor antagonist (OND; 25 μg), or 100% DMSO (vehicle; 2 μl). These doses 

were chosen because they do not have an effect on food intake on their own but do block the 

intake suppressive effects of 5-HT (Leon et al, 2019). Given that these drugs were delivered 

into a ventricle, instead of the parenchyma, the volume used (2 μl) is within acceptable range 

as to not cause damage (Harris, 2017; Hayes et al, 2011; Noble et al, 2018). Fifteen minutes 

following 4V injections the animals were exposed to either a systemic injection of LiCl 

(127.2 mg/kg), Coc (15 mg/kg), or Sal (5ml/kg; vehicle). The animals were transcardially 

perfused 75min later and IHC analysis was conducted on caudal and mid NTS sections 

(14.2–15.7mm posterior to bregma) looking at co-localization between c-Fos (i.e. marker of 

neuronal activation) and GLP-1 immunoreactivity. Co-localization was quantified manually 

using Image J. A separate cohort was used to analyze the effects of 5-THR antagonists on 

PPG activity induced by novel restraint (RES) (Terrill et al, 2019). Fifteen minutes following 

4V injections of 100% DMSO (veh), RS1, OND, or RS1+OND (Combo) male rats (n=33) 

were exposed to 30 min of novel restraint (RES) (methods section 2.4), the control groups 

were left uninterrupted in their cage for 30min (no RES). Similar to the previous cohort, the 

animals were transcardially perfused 75 min later and IHC analysis was conducted.

2.8.3 Experiment 2: Changes in c-Fos expression within the CR in response 
to LiCl, cocaine, and novel restraint.—Three separate cohorts were used to assess the 

effects of LiCl (n=12), Coc (n=8), or RES (n=10) on c-Fos expression in the CR. Seventy-

five minutes after being exposed to either LiCl (or Sal), Coc (or Sal), or RES (or no RES) 

the animals were transcardially perfused and the brainstems were harvested and sectioned. 

Brain sections containing the RPa, ROb, and RMg (−9.6–13.5mm posterior to bregma) were 

collected and mounted. IHC analyses was performed to determine 1) neuronal activity in the 

CR subnuclei by assessing total changes in c-Fos expression and 2) correlation between 

neuronal activity (i.e. total c-Fos expression) and activation of 5-HT neurons in the CR 

subnuclei by quantifying co-localization between c-Fos and 5-HT positive neurons. In both 

cases, manual quantification of immunoreactive cells was conducted for each of the three 

sub-nuclei that make up the CR (RPa, ROb, and RMg) (n=3–5 sections per condition), these 

individual values were then combined to get an assessment of the entire CR (labeled in 

figures as Total CR). Total c-Fos and c-Fos/5-HT co-localization were quantified manually 

using Image J.

2.8.4 Experiment 3: Monosynaptic viral tracing from the RMg to the NTS.—
Male rats (n=18 rats; 6 controls and 12 dual injections) received two viral injections 

(described above). Three weeks following the viral injections the animals were 

transcardially perfused and brains processed as described above. The site of the AAV1-Cre 

injection was verified using an anti-CTB antibody in the RMg, only animals that showed 

CTB immunoreactivity that exclusively localized within the RMg (i.e., positive control for 
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accurate viral injection) were included (4 out of 12) in the analysis. A dual FISH/IHC 

protocol using an RNA probe for PPG neurons and a 5-HT antibody (described above) was 

used to assess monosynaptic projections from the RMg to NTS PPG neurons and proximity 

to 5-HT fibers.

2.9 Statistical analyses

All data are represented as mean ± SEM. Data were analyzed using either a two-way 

ANOVA, one-way ANOVA, or an unpaired t-test (specific for each dataset). Statistically 

significant effects were probed using either Bonferroni or Tukey post hoc analysis. For all 

statistical tests, a p-value less than 0.05 was considered significant.

3. Results

3.1 Plasma corticosterone levels are increased to comparable degrees following 
exposure to LiCl, cocaine, and novel restraint.

The stimuli employed in this study—namely LiCl, cocaine (Coc), and novel restraint (RES)

—have all been shown to activate the central GLP-1 system and engage stress centers 

(Rinaman, 1999b; Schmidt et al, 2016; Terrill et al, 2019; Vahl et al, 2005). In order to 

properly categorize these three different stimuli as “stressors” in the current studies, we 

assessed their effects on plasma levels of corticosterone (CORT) (Fig. 1). Baseline levels of 

plasma CORT (0 min) did not differ between experimental and their relative control groups 

for any of the tested stimuli (Fig. 1 a–c). The first cohort of animals compared the effects of 

i.p. administration of Sal, LiCl, and Coc. There was a significant effect of time (F1,20≥17.91; 

p<0.0001), stimuli (F2,12≥4.315; p<0.05), and interaction (F4,24≥6.533; p<0.01). At 30min, 

plasma CORT of the LiCl and Coc groups were significantly higher when compared to the 

Sal group, p=0.0027 and 0.0481 respectively. At 60min, there was no significant difference 

between any of the groups, though there was a clear trend for the LiCl group (p=0.0557; 

represented with # on the graph) (Fig. 1a). In the novel restraint cohort, there was a 

significant effect of time (F2,20≥33.69; p<0.0001), stimuli (F1,10≥21.75; p<0.001), and 

interaction (F2,20≥6.533; p<0.01). The RES group had significantly higher CORT levels than 

the No RES group at 30min (p<0.0001) and 60min (p=0.0389) (Fig. 1b). It is worth noting, 

however, that the CORT levels for the RES group dropped significantly between 30 and 

60min (p=0.0069), which is supported by the literature (Vahl et al, 2005).

All three stimuli tested significantly increased plasma levels of CORT at the 30min 

timepoint. In order to provide a reference of the magnitude of relative CORT increase, 5-HT 

was infused centrally in a third cohort of rats. In the 5-HT cohort, there was a significant 

effect of time (F2,12≥4.14; p<0.05) and stimuli (F1,6≥134; p<0.001) but not of interaction 

(F2,12≥2.934; p=0.0918). When compared to its control, 5-HT increased plasma CORT at 30 

and 60min, p=0.0011 and 0.0036 respectively (Fig. 1c). When we compared CORT levels 

induced by all 4 different stimuli, the degree to which 5-HT increases CORT (at 30-min post 

exposure), is significantly higher than the increase induced by LiCl, Coc, or RES, while no 

significant differences was observed between the latter 3 stimuli (Fig. 1d).
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3.2 Pharmacological blockade of hindbrain 5-HT2C and 5-HT3 receptors decrease c-Fos 
in NTS PPG neurons following LiCl and novel restraint.

Here we set out to investigate the role of 5-HT2C and 5-HT3 receptors in mediating c-Fos 

expression in NTS PPG neurons following diverse acute stressors known to activate PPG 

neurons. To assess this, animals pre-treated with pharmacological antagonists for the 5-

HT2CR (RS1) or the 5-HT3R (OND) were exposed to either LiCl, Coc, or RES. IHC 

analysis was then used to quantify changes in c-Fos and its co-localization with PPG 

neurons.

As expected, LiCl (magenta), Coc (blue), and RES (green) all increased total NTS c-Fos 

expression (all p<0.001, Fig. 2a, 2d, 2g) as well as activation of PPG neurons indicated by 

an increase in co-localization between c-Fos and GLP-1 immunoreactivity (all p<0.01, Fig. 

2b, 2e, 2h). Administration of either antagonist, OND or RS1, had no significant effect on 

total c-Fos expression (Fig. 2a, 2d, 2g) or on c-Fos/GLP-1 co-localization (Fig. 2b, 12e, 2h) 

on its own. In the LiCl-treated groups, there was a significant interaction between LiCl and 

the 5HTR antagonists in the total expression of c-Fos (F2,14≥6.68; p<0.01) and in the PPG/c-

Fos co-localization (F2,14≥6.63; p<0.01). Post hoc analyses revealed that treatment with 

either antagonist (OND or RS1) was sufficient to reverse the increase in total NTS c-Fos 

expression (Fig. 2a) as well as the increased c-Fos/GLP-1 co-localization (Fig. 2b–c). A 

zoomed-out image of the co-localization between PPG and c-Fos immunoreactivity can be 

found in S1a.

In the Coc groups, there was a significant interaction between Coc and the 5-HTR 

antagonists in the total expression of c-Fos (F2,14≥7.21; p<0.01). This degree of interaction 

was not detected in the co-localization between PPG and c-Fos immunoreactivity. Treatment 

with either 5-HTR antagonist reversed the increase in NTS c-Fos expression (Fig. 2d), but 

the increase in c-Fos/GLP-1 co-localization was unaffected (Fig. 2e–f; S1b). In the RES 

cohort, there was a significant interaction between RES and the 5-HTR antagonists in the 

co-localization between PPG and c-Fos immunoreactivity (F2,21≥5.00; p<0.05), but not in 

the total expression of c-Fos. Although neither antagonist caused a significant effect on total 

NTS c-Fos expression (Fig. 2g), PPG activity was attenuated by pre-treatment with either 

OND or RS1 (Fig. 2h–i; S1c). Animals that received the combo treatment (OND+RS1) did 

not see an additive effect in the attenuation of PPG activity. In fact, the attenuation in c-Fos/

GLP-1 co-localization seen in the combo treated group (OND+RS1) was indistinguishable 

from the animals treated with a single antagonist (S2). Raw cell count of PPG, c-Fos, and 

co-localization of immunopositive neurons can be found in table S3. These results indicate 

that hindbrain 5-HT2C and 5-HT3 receptors play a role in mediating c-Fos expression in 

PPG neurons induced by LiCl and restraint but not cocaine supporting our hypothesis that 

the serotonergic modulation of the GLP-1 system is stimulus specific.

3.3 LiCl and novel restraint stress increase c-Fos expression in the RMg.

Next, we aimed to identify the potential source of 5-HT input responsible for engaging the 

GLP-1 system. Given the location of the NTS along the rostral-caudal plane and the 

orientation of efferent projections emerging from the raphe, we focused on the CR—and it’s 

three sub-nuclei (Fig 3a)—as the potential source of 5-HT input responsible for engaging the 
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central GLP-1 system. Total c-Fos expression was quantified in the RPa, ROb, and RMg 

(total CR = RPa + ROb + RMg) of animals that had been treated with LiCl, Coc, or RES.

LiCl increased total c-Fos expression in the CR (total CR) (p<0.01, Fig. 3b). A closer 

analysis revealed that the RMg drove this effect as it was the only sub-nuclei in which c-Fos 

expression was significantly elevated (p<0.01). The ROb and RPa had comparable c-Fos 

expression levels in the LiCl- and vehicle-treated animals (Fig. 3b). A single unsolicited Coc 

administration did not cause any changes in c-Fos expression in any of the three CR 

subnuclei (Fig. 3c). Similar to LiCl’s effects, RES also caused an increase in total c-Fos 

expression in the CR (total CR), again a RMg-driven effect (p<0.05) (Fig. 3d). These data 

suggest that the CR, specifically the RMg, is responsive to two stimuli that engage the 

GLP-1 system, namely LiCl and RES. This interpretation is supported by our NTS data 

showing that 5-HTRs in the NTS mediate the activation of PPG neurons induced by LiCl 

and RES but not Coc.

3.4 LiCl and novel restraint increase c-Fos expression in 5-HT neurons within the RMg.

Next, we tested whether the increase in c-Fos expression observed in the CR correlates with 

an increase in activation of 5-HT-expressing neurons. Co-localization between c-Fos and 5-

HT immunoreactive cells in the CR was significantly increased in the LiCl group (Total CR) 

when compared to the control group (p<0.01, Fig. 4a). When analyzed individually, the c-

Fos/5-HT colocalization in the LiCl treated brains was significantly higher in the RMg 

(p<0.005), but no difference was observed in the RPa or the ROb (Fig. 4a–b). A zoomed-out 

image of the co-localization between 5-HT and c-Fos immunoreactivity can be found in S4a. 

In the Coc group, there was no difference in the c-Fos/5-HT co-localization between the 

experimental and control groups in any of the CR sub-nuclei (Fig. 4c–d; S4b). The RES 

group saw a similar pattern to the LiCl group. There was a significant increase in c-Fos/5-

HT co-localization in the CR (Total CR) (p<0.05, Fig. 4e). The RMg experienced an 

increase in c-Fos/5-HT colocalization following restraint (p<0.05), but no difference was 

observed in the RPa or the ROb (Fig. 4e–f; S4c). Raw cell count of 5-HT, c-Fos, and co-

localization of immunopositive neurons can be found in table S5. Our data show that LiCl 

and RES engage the CR and increase activation of 5-HT neurons as read out by c-Fos, 

specifically in the RMg, identifying the RMg as the potential source of 5-HT input into NTS 

PPG neurons.

3.5 Tracing mono-synaptic projections from the RMg to the NTS.

Male rats (n=18) received an anterograde tracer expressing Cre recombinase 

(AAV1.hSyn.Cre.WPRE.hGH) in combination with CTB-488 (used to validate injection 

site) into the RMg (Fig. 5a, top left) and an AAV1 expressing Cre recombinase-dependent 

TD-Tomato (AAV1.CAG.Flex.tdTomate. WPRE.bGH) into the NTS (Fig. 5a, top right) to 

determine whether RMg neurons directly innervate NTS PPG neurons. AAV1 exhibits 

anterograde transsynaptic spread properties, jumping a single synapse (Suarez et al, 2018; 

Zingg et al, 2017). This allows for viral particles taken up by neurons in the RMg to travel 

anterogradely down the axon and be transported onto downstream neurons, ultimately 

culminating in the expression of Cre recombinase in post-synaptic neurons. Cre 

Leon et al. Page 10

Neuropharmacology. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



recombinase-dependent TD-Tomato presence in the NTS allows for fluorescent tagging of 

NTS neurons that receive mono-synaptic projections from the RMg (Fig. 5a, bottom right).

A series of different controls were first used for validation of our methods. The top panel in 

Fig. 5b shows our AAV1-Cre-positive controls animals (n=3), this group received the AAV1-

Cre but not the Cre recombinase-dependent TD-Tomato. The accuracy of the injection site 

was corroborated by CTB immunoreactivity in the RMg (green). The lack of fluorescent 

signal in the NTS is expected as this group was not injected with 

AAV1.CAG.Flex.tdTomate.WPRE.bGH. The middle panel in Fig. 5b depicts a 

representative section of another control group, which received 

AAV1.CAG.Flex.tdTomate.WPRE.bGH injection in the NTS but no 

AAV1.hSyn.Cre.WPRE.hGH in the RMg (n=3). This group lacked both CTB presence in 

the RMg and TD-Tomato signal in the NTS, the latter corroborates that the expression TD-

Tomato depends on the presence of AAV1-Cre. Finally, the bottom panel in Fig. 5b is 

showing a representative image of the RMg and NTS of animals that received both viral 

injections. Accuracy of the AAV1 Cre injection into the RMg was confined via CTB 

immunoreactivity, only animals in which CTB immunoreactivity was confined to the RMg 

were used in the analysis (4 out of 12) (Supplemental, Fig. S6). The presence of TD-

Tomato-positive neurons in the NTS confirm the presence of a mono-synaptic connection 

from the RMg to the NTS and shows a lack of bleed-through of TD-Tomato into other 

channels. These results validate our methods demonstrating our ability to successfully trace 

direct synaptic connections from the RMg to the NTS.

3.6 NTS PPG neurons that receive mono-synaptic projections from the RMg lie in close 
proximity to 5-HT axons.

Next, we examined whether RMg neurons project mono-synaptically to PPG neurons. NTS 

sections from animals that accurately received both viral injections (n=4) were processed for 

FISH/IHC using a mRNA probe for PPG neurons (green) and a 5-HT antibody (blue) (Fig. 

6). Following tissue processing required for the FISH/IHC protocol, the presence of TD-

Tomato signal was visible and did not bleed into the other channels (Fig. 6b, NTS on bottom 

panel). At this rostral-caudal plane, 5-HT fibers were observed to preferentially target the 

NTS (Supplemental, Fig. S7).

TD-Tomato positive cells (red) were identified in at every rostral-caudal plane we analyzed, 

AP-level, obex, and post-obex, as were neurons that showed PPG and TD-Tomato co-

localization (Fig. 6a–d). While there was a significant degree of co-localization, not every 

NTS neuron that received RMg input was PPG. Likewise, not every PPG neuron receives 

monosynaptic input from the RMg. Quantification of PPG/TD-Tomato co-localization 

revealed that 43% of PPG neurons receive monosynaptic input from RMg neurons, with the 

obex-level sections showing 37% co-localization, and the post-obex (caudal to obex) 

sections showing a 50% co-localization and (data were calculated as average expression per 

animal) (Fig. 6e). The low number of PPG neurons present at the AP-level of the NTS did 

not allow for proper quantification at this plane. There was no significant difference in 

PPG/TD-Tomato co-localization between hemispheres nor in the rostral-caudal, or medial-

lateral planes. A subset of PPG neurons that co-localize with TD-Tomato were found to be 
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in close proximity to 5-HT axons (Fig. 6d), this was corroborated with a three-dimensional 

rotation video of 40×z-stack overlays (Movie 1). Combined, these results suggest that the 

RMg projects mono-synaptically to NTS PPG neurons and that some of these projections 

may be from a 5-HT input.

4. Discussion

In this study we investigated whether different stressors engage the central GLP-1 system 

via 5-HT2CR and 5-HT3R signaling. Our results showed that activation of NTS PPG 

neurons following exposure to LiCl and novel restraint is dependent on 5-HT2CR and 5-

HT3R signaling, whereas cocaine-induced activation of PPG neurons does not appear to rely 

on a hindbrain serotonergic mechanism. Changes in c-Fos expression within the CR 

identified the RMg as a potential source of 5-HT input into NTS PPG neurons. Finally, 

employing a viral tracing technique we showed that NTS PPG neurons are innervated 

directly by RMg neurons and that a sub-set of these neurons are in close proximity to 5-HT 

axons. These results support the hypothesis that the modulatory effect of 5-HT on the GLP-1 

system extends beyond the realm of feeding to include modulation of PPG activity following 

some, but not all, acute stressors.

4.1 Effect of LiCl, cocaine, and novel restraint on plasma levels of CORT.

The increase in plasma CORT observed following LiCl, Coc, and RES provides a readout 

corroborating that these manipulations significantly increase levels of stress hormones and 

as such can be referred to as “stressors”. This data is supported by other groups that have 

found similar results (Hare et al, 2014; Schmidt et al, 2016; Sugawara et al, 1988). Further, a 

direct comparison of CORT levels at 30min across experimental groups revealed that LiCl, 

Coc, and RES elevate CORT to comparable levels (~150–200ng/ml). These results suggest 

that all three acute stressors employed in this study produce a similar release of CORT and 

on a comparable timeline, thus providing validity for the comparison of neuronal activity 

induced by these three stimuli.

Despite the congruence in levels of elevated CORT at 30min, there are differences in the 

overall temporal CORT response induced by these different stressors. Despite not reaching 

significance it is worth noting that the LiCl-treated animals showed a trend towards 

increased CORT at 60 min (p=0.0557) when compared to its control. It is likely that CORT 

levels induced by LiCl continue to increase after the 30 min of exposure. In fact, one study 

showed increase CORT up to 2 h post LiCl injection (Jacobs, 1978). The difference 

observed in our study could be due to differences in experimental design or individual 

variability. The effect of Coc on CORT levels is pronounced but short-lived, 60min post 

injection CORT levels were on par with the control group. Despite the increased CORT 

levels observed in the RES group at 60 min, this value was significantly lower than CORT 

levels measured at 30min. This is supported by the literature (Vahl et al, 2005) which 

indicates that CORT levels following novel restraint of 30 min peaks immediately after the 

animals are removed from the restraint apparatus.

Leon et al. Page 12

Neuropharmacology. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4.2 Effect of hindbrain 5-HT2C and 5-HT3 receptors in mediating LiCl-induced PPG 
activity

LiCl is a well-established model of interoceptive stress, it induces pro-inflammatory effects 

and mimics patho-physiological (e.g. inhibition of gastric motility) and behavioral responses 

(e.g. anorexia) observed during systemic malaise (Kinzig et al, 2003; Kinzig et al, 2008; 

Koehnle and Rinaman, 2010; McCann et al, 1989; Nassar and Azab, 2014; Rinaman, 1999a, 

b; Sugawara et al, 1988). While the exact mechanisms through which LiCl engages stress 

centers remains elusive, activity of the GLP-1 (Rinaman, 1999a, b) and 5-HT (Limebeer et 
al, 2018; Sheard and Aghajanian, 1970) systems are both enhanced following systemic LiCl. 

The impact LiCl has on the central 5-HT system has been predominantly studied in 

forebrain structures (Limebeer et al, 2018; Sheard et al, 1970). To the best of our knowledge, 

the effect LiCl has on hindbrain 5-HT activity or the relationship this effect may have on the 

central GLP-1 system has not previously been studied.

In this study we showed that pharmacological blockade of hindbrain 5-HT2CRs or 5-HT3Rs 

was sufficient to block the LiCl-induced increase in total NTS c-Fos expression as well as 

the PPG/c-Fos co-localization. This indicates that hindbrain 5-HT2CRs and 5-HT3Rs 

mediate LiCl-induced PPG activation and are significant drivers of total NTS neuronal 

activity following LiCl. While it remains to be confirmed, this newfound association 

between 5-HT and GLP-1 likely underlies some of the behavioral effects induced by LiCl, 

such as hypophagia and malaise. Support for this comes from studies showing that systemic 

5-HT3R antagonism reduces LiCl-induced gaping (i.e. a marker of visceral malaise) (Rock 

and Parker, 2013) and hindbrain 5-HT3R blockade reverses the acute anorectic effect (Leon 

et al, 2019) of LiCl. Additionally, blockade of GLP-1Rs attenuate LiCl-induced hypophagia 

(Rinaman, 1999a) and pica (i.e. kaolin consumption, a validated proxy for malaise) (Seeley 

et al, 2000). The ability of LiCl to activate the HPA axis and increase plasma levels of stress 

hormones (Jahng and Lee, 2015) could be explained by the engagement of the HPA via 

GLP-1 signaling, given that PPG neurons activated by LiCl project to the PVN (Rinaman, 

1999b) and that central GLP-1 increases both ACTH and CORT levels (Kinzig et al, 2003). 

We have identified that LiCl engages the GLP-1 system via hindbrain 5-HTRs and discussed 

how this interaction may play a role in the behavioral and mechanistic stress response 

elicited by LiCl. However, future studies are required to decipher the mechanism through 

which LiCl activates the 5-HT system.

4.3 Effect of hindbrain 5-HT2C and 5-HT3 receptors in mediating PPG activity induced by 
novel restraint

Unlike LiCl, psychogenic stressors—such as acute, novel restraint—are not physically 

painful and thus rely on the perception of a threat (Doremus-Fitzwater et al, 2009; Herman 

and Cullinan, 1997). Restraint activates PPG neurons (Maniscalco et al, 2015; Terrill et al, 
2019) and increases brain levels of 5-HT (McIntyre et al, 1999; Mo et al, 2008). Here, we 

show that blockade of hindbrain 5-HT2CRs and/or 5-HT3Rs attenuates the activation of 

PPG neurons induced by novel restraint without affecting total NTS neuronal activity. This 

indicates that hindbrain 5-HT2CRs and 5-HT3Rs play a role in mediating the specific 

engagement of the central GLP-1 system following exposure to novel restraint. The 

attenuation of RES-mediated PPG activity in the RS1+OND combo group was comparable 
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to animals that received individual treatment of either antagonist. The observed lack of 

additive/synergistic effect could be explained by the significant overlap of 5-HT2C and 5-

HT3 receptor expression among PPG neuronal populations. In fact, ~90% of PPG neurons 

express the 5-HT2C receptor and over 50% of PPG neurons co-express both the 5-HT2C 

and 5-HT3 receptors. Considering this degree of overlap, manipulation of either receptor 

type alone may be sufficient to engage the central GLP-1 system. There are two additional 

points worth discussing in more detail. First, in response to novel restraint— in contrast to 

LiCl— PPG activation is only partially dependent on hindbrain 5-HT signaling. Given the 

complexity of psychogenic stressors, it’s not too surprising that a single system (i.e., 5-HT) 

does not have an all-or-nothing effect on the neuronal activity produced by novel restraint. 

Second, the lack of effect on total NTS neuronal activity (total c-Fos) indicates that a 

significant portion of NTS neurons activated by novel restraint are not PPG in nature. This is 

substantiated by the inability of RS1 to significantly attenuate total NTS c-Fos expression 

despite 5-HT2CRs being present on ~90% of PPG neurons (Leon et al, 2019). Both points—

partial dependence on 5-HT and RES activating non-PPG neurons—can be addressed by 

reports indicating that restraint engages other neuronal populations within the NTS, most 

notably noradrenergic neurons (Bundzikova-Osacka et al, 2015; Maniscalco et al, 2012). 

The lack of effect on total NTS c-Fos expression in response to 5-HT2CR and 5-HT3R 

blockade could result from restraint activating other neuronal populations within the NTS. 

This could also help explain the inability of hindbrain 5-HTR blockade to fully reverse RES-

induced PPG activity as it is possible that PPG activation is a second- or third-order response 

to novel restraint. In one scenario, novel restraint could be engaging NTS neurons (e.g. NA, 

Glu) which then activate PPG neurons. However, it’s also possible that novel restraint 

engages PPG neurons via forebrain mechanisms such as projections from the central nucleus 

of the amygdala (Mohammad et al, 2000; Saha, 2005). The involvement of the 5-HT/GLP-1 

interaction in mediating restraint-induced PPG activity opens the door to many questions 

regarding its role in modulating the physiological response to other psychogenic stressors 

[e.g. social defeat (Razzoli et al, 2015)].

4.4 Cocaine-induced PPG activity is not mediated by hindbrain 5-HT2C and 5-HT3 
receptors

Despite their rewarding properties, drugs of abuse—such as ethanol, cocaine, and 

methamphetamine—cause aversive-like behaviors in rodents when administered in a 

noncontingent manner as was done in this study (Davies and Parker, 1990; Parker, 1993; 

Turenne et al, 1996). While cocaine is not considered a traditional stressor, its acute 

administration engages stress centers such as the HPA axis and increases plasma ACTH and 

CORT (Cleck and Blendy, 2008; Manetti et al, 2014; Schmidt et al, 2016). Cocaine engages 

the central GLP-1 and 5-HT systems, it increases endogenous 5-HT in the ventral pallidum 

(Matsui and Alvarez, 2018) and activates NTS PPG neurons (Schmidt et al, 2016). 

Additionally, GLP-1Rs in the ventral tegmental area (Hernandez et al, 2018) and nucleus 

accumbens (Hernandez et al, 2019) have been implicated in mediating cocaine-seeking 

behavior in rats. Our results showed that hindbrain blockade of either the 5-HT2CR or 5-

HT3R following an acute noncontingent systemic infusion of cocaine attenuates total 

neuronal activation within the NTS but has no effect on the specific activation of PPG 

neurons. This indicates that hindbrain 5-HT2C and 5-HT3 receptors do not mediate cocaine-
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induced activation of PPG neurons, however, they do play a role in mediating cocaine’s 

actions on NTS neuronal activity, via a non-PPG mechanisms. It would be of interest in 

future studies to characterize the NTS neuronal population that is engaged by cocaine and 

susceptible to 5-HT modulation. Although the mechanism(s) through which cocaine engages 

PPG neurons remains unclear, glucocorticoids appear to be an attractive candidate. Schmidt 

et al showed that central administration of CORT attenuates cocaine self-administration, this 

effect was blocked by pretreatment with the GLP-1R antagonist, exendin (9–39) (Schmidt et 
al, 2016). Additionally, glucocorticoid receptors (GRs) are expressed extensively in the NTS 

(Härfstrand et al, 1986; Herman, 1993) and, thus, are likely to be present on PPG neurons. 

However, future experiments are needed to test this hypothesis.

4.5 Potential source of 5-HT driving engagement of NTS PPG neurons

Identifying the source of 5-HT responsible for mediating GLP-1 signaling is critical in better 

understanding how these two systems interact and the range of biological influence this 

interaction may have. Of the CR sub-nuclei, we focused on the RMg given that it contains 

the highest level of 5-HT neurons (Hornung, 2003). Here we showed that LiCl and novel 

restraint (stressors that require 5-HT2C and 5-HT3 receptors in order to engage NTS PPG 

neurons) increased total neuronal activity in the CR. This effect was driven by the RMg and 

correlated with an increase in 5-HT neuronal activity. This neuronal responsivity indicates 

that the CR, specifically the RMg, is engaged by stressors that activate the GLP-1 system. 

These data identify the RMg as a potential source of 5-HT responsible for modulating the 

central GLP-1 system—at least in response to certain stressful stimuli.

The RMg is known to project to the NTS (Thor and Helke, 1989), however, the neuronal 

population(s) it targeted remained unknown. Combining the viral tracing with a FISH/IHC 

protocol we showed that 43% of NTS PPG neurons receive mono-synaptic projections from 

the RMg. Additionally, we found a sub-set that were in close opposition to 5-HT axons. This 

suggests that at least a portion of the RMg input into NTS PPG neurons comes from a 5-HT 

source. A direct connection between PPG neurons and 5-HT fibers can only be confirmed 

using electron microscopy (EM) and remains a topic for future studies. In addition to 

confirming a direct synaptic connection between RMg 5-HT neurons and NTS PPG neurons 

it would be of interest to assess the behavioral relevance of 5-HT input onto PPG neurons on 

feeding or other stress-mediated responses. Assessing whether the interaction between 5-HT 

and GLP-1 is preserved between sexes was not addressed in this study and remains to be 

determined. Given the species-specific differences between mice and rats in regard to the 

central GLP-1 system (Cork et al, 2015; Lachey et al, 2005), it would be important to 

conduct electrophysiological studies aimed at characterizing the direct impact of 5-HT 

receptor activation on activity of NTS PPG neurons in rats once PPG-Cre transgenic rat lines 

become available.

Collectively, our results indicate that LiCl and novel restraint activate 5-HT neurons in the 

RMg of the CR and require 5-HT2C and 5-HT3 receptor signaling in the NTS in order to 

engage the central GLP-1 system. The stressors chosen in this study are different in nature 

and thus provide solid support for the idea that 5-HT modulates GLP-1 in response to stress. 

However, given that acute and chronic stress generate different neuroendocrine responses 
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and, in some instances, opposing effects on feeding behavior (Rabasa and Dickson, 2016), it 

would be of interest to investigate whether the modulatory effect 5-HT has on central GLP-1 

changes under long-term exposure to stress. While this study focused on 5-HT2C and 5-HT3 

receptors, the role of other 5-HT receptor subtypes and their ability to modulate PPG activity 

following acute and chronic exposure to stress still needs to be investigated. In particular the 

5-HT2A receptor, given its presence in the NTS (Hosford et al, 2015) and its well-

established role in stress-related disorders including depression and post-traumatic stress 

disorder (Carr and Lucki, 2011; Murnane, 2019; Nutt, 2015).

5. Conclusion

Taken together, the NTS and CR data indicate that hindbrain 5-HT signaling—putatively 

originating in the RMg—acting through 5-HT2C and 5-HT3 receptors expressed on NTS 

PPG neurons mediate the neural activation of PPG neurons by LiCl and novel restraint, but 

not cocaine. These results support our initial hypothesis and show that the relationship 

between 5-HT and GLP-1 is not only relevant in the context of feeding (Leon et al, 2019), 

but that 5-HT also mediates GLP-1 in response to different acute stressors. The ability of 5-

HT to control NTS PPG activity in response to different stressors highlights complexity and 

multidimensional nature of the central 5-HT/GLP-1 interaction.
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Highlights

• Hindbrain 5HT2C and 5HT3 receptors mediate activity of PPG neurons in 

response to lithium chloride and novel restraint.

• LiCl and novel restraint activate 5-HT neurons in the Raphe Magnus (RMg)

• RMg neurons monosynaptically innervate NTS PPG neurons
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Fig 1. Changes in circulating CORT levels in response to different stimuli.
Levels of plasma CORT were measured at 0, 30, and 60 min following exposure to LiCl 

(127.2 mg/kg; i.p.) (a), Coc (15 mg/kg; i.p.) (a), RES (30 min) (b), or 5-HT (40 μg; 4V) (c). 

All of these stimuli significantly increased plasma CORT 30 min post-exposure when 

compared to their relative controls (a-c). CORT levels at 30 min post stimuli-exposure were 

compared for all experimental groups, LiCl, Coc, and RES groups were all similar to each 

other but were significantly lower than the CORT levels of 5-HT-treated group (d). All data 

expressed as mean ± SEM (n = 4–6 per treatment group). Panels (a-c) were analyzed using a 

two-way ANOVA followed by Bonferroni post-hoc analysis (*P<0.05; **P<0.01; 

****P<0.0001; #P=0.0557). Panel (d) was analyzed using a one-way ANOVA followed by 

Tukey post-hoc analysis (P<0.0001).
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Fig 2. Pharmacological blockade of hindbrain 5-HT2C and 5-HT3 receptors decrease c-Fos 
expression in NTS PPG neurons following LiCl and novel restraint.
Pre-treatment with hindbrain (4V) RS1 (40 μg) or OND (20 μg) was followed by LiCl 

(127.2 mg/kg; i.p.) (a-c), Coc (15 mg/kg; i.p.) (d-f), or RES (30 min) (g-i). In the LiCl-

treated groups, the increase in NTS c-Fos expression (a) and the increase in co-localization 

between c-Fos and GLP-1 immunoreactive cells (b) were both reversed by pre-treatment 

with either OND or RS1. Treatment with either 5-HTR antagonist reversed the increase in 

NTS c-Fos expression induced by Coc (d), however, the co-localization between c-Fos and 
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GLP-1 immunoreactive cells was unaffected (e). The increase in NTS c-Fos expression 

induced by RES was not significantly affected by pre-treatment with OND or RS1 (g). 

Treatment with OND or RS1 caused an attenuation in co-localization between c-Fos and 

GLP-1 immunoreactive cells (h). Representative images of co-localization between c-Fos 

(green) and GLP-1 (red) immunoreactivity for the main treatment groups (c, f, i). All data 

expressed as mean ± SEM and were analyzed using a two-way ANOVA (n = 3–6 per 

treatment group). Different letters are significantly different from each other (p<0.05) 

according to Tukey post hoc analyses.
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Fig 3. Increased c-Fos expression in the CR in response to stimuli that engage the central GLP-1 
system is driven by the RMg.
Representative sections of the RPa, ROb, and RMg showing the presence of 5-HT neurons 

in each of the three CR sub-nuclei (a). Exposure LiCl and RES caused a significant increase 

in c-Fos immunoreactivity in the CR (Total CR), within the individual nuclei there was a 

significant increase in the RMg, but not in the RPa or ROb (b-c). Treatment with Coc had no 

effect on total c-Fos expression in any of the CR sub-nuclei (d). Total CR = RPa + ROb + 

RMg. All values are expressed as MEAN +/− SEM (n = 3–6 per treatment group). Data were 

analyzed using an unpaired t-test (p < 0.05).
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Fig 4. Systemic LiCl and novel restraint increase c-Fos expression in 5-HT neurons in the RMg.
LiCl (a-b) and RES (e-f) significantly increased co-localization between 5-HT and c-Fos 

immunoreactive cells in the CR (Total CR). In both groups the increase in co-colocalization 

was significant in the RMg but not in the ROb or RPa. Treatment with Coc did not cause 

significant changes in 5-HT/c-Fos co-localization in any of the CR sub-nuclei (c-d). 

Representative images of co-localization between c-Fos (green) and 5-HT (red) 

immunoreactivity for the main treatment groups in each of the CR sub-nuclei (b,d,f). Total 
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CR = RPa + ROb + RMg. All values are expressed as MEAN +/− SEM (n = 3–6 per 

treatment group). Data were analyzed using an unpaired t-test (p<0.05).
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Fig 5. Methods and controls for mono-trans-synaptic viral tracing from the RMg to the NTS.
Rats (n=18) received a cocktail injection containing an AAV1 Cre anterograde tracer and 

cholera toxin B (CTB)-488 (50nl) into the RMg and a Cre-dependent AAV1-FLEX-TD-

Tomato (100nl /hemisphere) virus into the NTS (a). Three weeks following the viral 

injections the animals were transcardially perfused, brains were harvested, and tissue was 

processed for FISH/IHC analysis. The site of injection was verified using anti-CTB antibody 

in the RMg (a, bottom left). The trans-synaptic properties of the AAV1 Cre was confirmed 

via the presence of TD-Tomato-expressing neurons in the NTS (a, bottom right). Validation 

for injection site specificity (b, top panels), dependency on the presence of Cre for the 

expression of TD-Tomato (b, middle panels), and lack of bleed-through of TD-Tomato into 

other channels (b, bottom panels).
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Fig 6. RMg neurons project mono-synaptically to PPG neurons in the NTS.
FISH/IHC was conducted on TD-Tom tagged NTS sections using an mRNA probe for PPG 

neurons (green) and a 5-HT antibody (blue) (n = 4). Neurons showing PPG/TD-Tom co-

localization were identified in the AP- level NTS (a), Obex-level NTS (b), and Post-Obex 

NTS (c) sections. A representative obex-level NTS section at ×20 and x40 magnification is 

shown in (b), PPG are shown in green, TD-Tomato-expressing neurons in red, and 5-HT 

fibers in blue. Subpanel b-1 shows an optical zoom of two neurons co-localizing PPG and 

TD-Tom. Representative frame of three-dimensional rotational video showing PPG and TD-

Tom co-expressing neurons in close opposition to 5-HT axons Subpanel b-2 (video can be 

found in the supplement data). The video was obtained from a z-stack collected from the 

mNTS at the level of the obex with the × 40 oil-immersion objective and a 4–5 optical zoom. 

A total of 43% of PPG neurons co-localized with TD-Tom, at the level of the pre-obex there 

was a 50% co-localization while at the obex-level there was a 37% co-localization (c).
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