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a b s t r a c t

Infusion of 5-hydroxytryptamine (5-HT) in conscious rats results in a sustained (up to 30 days) fall in
blood pressure. This is accompanied by an increase in splanchnic blood flow. Because the splanchnic
circulation is regulated by the sympathetic nervous system, we hypothesized that 5-HT would: 1)
directly reduce sympathetic nerve activity in the splanchnic region; and/or 2) inhibit sympathetic
neuroeffector function in splanchnic blood vessels. Moreover, removal of the sympathetic innervation of
the splanchnic circulation (celiac ganglionectomy) would reduce 5-HT-induced hypotension. In anaes-
thetized Sprague-Dawley rats, mean blood pressure was reduced from 10174 to 6373 mm Hg during
slow infusion of 5-HT (25 μg/kg/min, i.v.). Pre- and postganglionic splanchnic sympathetic nerve activity
were unaffected during 5-HT infusion. In superior mesenteric arterial rings prepared for electrical field
stimulation, neither 5-HT (3, 10, 30 nM), the 5-HT1B receptor agonist CP 93129 nor 5-HT1/7 receptor
agonist 5-carboxamidotryptamine inhibited neurogenic contraction compared to vehicle. 5-HT did not
inhibit neurogenic contraction in superior mesenteric venous rings. Finally, celiac ganglionectomy did
not modify the magnitude of fall or time course of 5-HT-induced hypotension when compared to
animals receiving sham ganglionectomy. We conclude it is unlikely 5-HT interacts with the sympathetic
nervous system at the level of the splanchnic preganglionic or postganglionic nerve, as well as at the
neuroeffector junction, to reduce blood pressure. These important studies allow us to rule out a direct
interaction of 5-HT with the splanchnic sympathetic nervous system as a cause of the 5-HT-induced fall
in blood pressure.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

While 5-HT is well known as a vasoconstrictor, we found that
5-HT infused over 7–30 days in conscious rats produces a lasting
reduction in mean arterial blood pressure. This was observed in
multiple strains and in both male and female rats (Diaz et al., 2008;
Tan et al., 2011; Davis et al., 2012, 2013). Unexpectedly, 5-HT nearly
normalized arterial blood pressure in the deoxycorticosterone acet-
ate (DOCA) salt hypertensive rat (Diaz et al., 2008). These findings

make it important to identify the mechanism(s) by which 5-HT
reduces blood pressure. 5-HT causes a robust fall in total peripheral
resistance that is not caused by direct relaxation of arteries, includ-
ing mesenteric arteries (Davis et al., 2012). However, microsphere
studies demonstrated the ability of 5-HT to increase blood
flow to the splanchnic circulation (Seitz and Watts, 2014), providing
the regional focus for the current study. Since the sympathetic
nervous system contributes significantly to total peripheral resis-
tance regulation, removal of sympathetic tone is a means by which
blood pressure could be reduced by 5-HT, and this is the focus of the
current study. Another possibility is that 5-HT increases venous
capacitance to increase blood flow, but this was not investigated
presently.

There are several levels at which 5-HT could act to inhibit the
function of the sympathetic nervous system. First, 5-HT can inhibit
norepinephrine (NE) release at the sympathetic neuroeffector
junction in blood vessels through interactions with presynaptic
inhibitory 5-HT receptors (Gothert et al., 1991; Molderings et al.,
1990, 2006). Second, 5-HT modifies sympathetic outflow centrally
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(Barnes and Sharp, 1999; Ramage and Villalon, 2008), reflected in
changes in activity of preganglionic sympathetic nerves. Third, 5-
HT both decreases and increases sympathetic ganglionic activity
such that postganglionic sympathetic nerve activity is influenced
(Hertzler, 1961; Jones et al., 1995; Meehan and Kreulen, 1991;
Pickering et al., 1994; Ramage and Villalon, 2008; Sheng-Rong
et al., 1999; Watkins and Newberry, 1996).

We investigated each of these potential levels in the splanchnic
circulation of the rat, depicted in Fig. 1. We hypothesized that 5-HT
would: 1) reduce sympathetic nerve activity directly at either the
preganglionic (potential central effect) and/or postganglionic level
(ganglionic inhibition); and/or 2) directly inhibit sympathetic neu-
roeffector function. We used agonists of 5-HT receptors that have
either been shown to acutely lower blood pressure and/or inhibit
sympathetic neurotransmission. These experiments were done with
an acute infusion of 5-HT. To connect these findings with the role of
the sympathetic nervous system in chronic infusion of 5-HT, we
examined whether removal of the primary source of sympathetic
innervation to the splanchnic bed would affect the hypotension
caused by 5-HT during a one week administration.

2. Materials and methods

2.1. Animal

The Michigan State University Institutional Animal Care and Use
Committee (IACUC) approved all protocols. Male Sprague Dawley
rats (300–400 g, Charles River Laboratories) were used in this study.

2.2. Methods for studies of sympathetic nerve activity

2.2.1. Anesthesia
Sprague Dawley rats used for recordings of sympathetic nerve

activity were anesthetized with urethane (1–1.1 g/kg i.p.) and
paralyzed with gallamine triethiodide (initial dose of 20 mg/kg i.v.;
supplemental doses administered as needed to maintain paralysis)
following induction with isoflurane. The trachea was cannulated for
maintenance of artificial respiration using positive pressure ventila-
tion (Harvard Apparatus Inspira ASV ventilator). Rectal temperature
was maintained near 37 1C with the aid of a heat lamp.

2.2.2. Catheterization
Arterial and venous catheters were introduced into the femoral

artery and femoral vein. The arterial catheter was connected to a
pressure transducer to monitor changes in blood pressure. Venous
catheter(s) were used to deliver drugs to the anesthetized rat.

2.2.3. Nerve recording
Potentials were recorded monophasically from the cut central

ends of the preganglionic or postganglionic sympathetic splanch-
nic nerve placed on platinum bipolar electrodes. The capacity-
coupled preamplifier bandpass was set at 1–1000 Hz. Preganglio-
nic or postganglionic sympathetic nerve activity (SNA) was then
rectified and integrated (1-V reset). This signal was then quantified
in 1- or 10-min data blocks at baseline and during 5-HT infusion.
Hexamethonium (10 mg/kg, i.v.) was administered at the end of

each experiment to verify that recordings were from preganglionic
or postganglionic branches of the splanchnic nerve.

2.3. Methods for studies involving infusion of 5-HT in conscious
animals

2.3.1. Anesthesia
All rats were anesthetized with isoflurane (2% in 100% O2). Rats

were treated with amoxicillin (150 mg/kg/i.m.) following surgery
and 3 days thereafter. All rats were treated with rimadyl (5 mg/kg,
s.c. for 2 days) for general analgesia.

2.3.2. Blood pressure probe
Radiotelemeters (DSI PhysioTel PA series transmitter model PA-

C40) were implanted through subcutaneous incisions in the lower
abdomen and catheters introduced into the left femoral artery.
Incisions were closed with silk suture. Pressure sensing tips were
advanced into the thoracic aorta. All rats were given 7 days to
recover prior to any measure. Mean arterial pressure (MAP) and
heart rate (HR) were recorded at 10-min intervals (10 s recording)
for the duration of the study.

2.3.3. Alzet osmotic pump
A small incision was made at the base of the neck. Blunt dissection

was used to create a small subcutaneous pocket between the scapulae.
The pump (Alzet Osmotic Pump, Model 2ML1, Duret Corporation,
Cupertino, CA, 10 μl/h 7 days) was inserted and the skin sutured
closed. To each pump, a 5-HT creatinine complex [(25 μg/kg/min) in
1% ascorbic acid as antioxidant] or vehicle (1% ascorbic acid) was
loaded. The solution was dissolved in 1 M HCl, and a pH-balance (�7)
was achieved with 4 M NaOH.

2.4. Methods used for ganglionectomy and surgical validation

2.4.1. Celiac ganglionectomy
While rats were under general anesthesia (2% isoflurane in 100%

O2), a ventral midline abdominal incisionwas performed and the small
intestines were gently retracted and placed on warm saline soaked
gauze. The celiac plexus located between the aorta, celiac artery and
mesenteric artery was dissected free and removed (CGx). The small
intestines were placed back into the abdominal cavity and lavaged
with warm saline. The midline abdominal incision was sutured closed
in layers. The sham group (SGx) underwent a sham operation that was
performed by accessing and exposing the celiac plexus only. All rats
were given an intra-muscular injection of piperacillin. Animals were
used after a recovery period of five days before implantation of a 5-HT
or vehicle containing pump and radiotelemeters for blood pressure
measurements (described above). Rats were sacrificed by pneu-
mothorax following deep anesthesia induced by an intraperitoneal
injection of sodium pentobarbital (60–80mg/kg, i.p.). The liver, spleen,
and small intestine were dissected and stored at �80 1C prior to
isolation of amines for measurements in HPLC.

2.4.2. High pressure liquid chromatography
Catecholamine measures were made by homogenizing the tissue

in four times their weight of 0.1 M percholoric acid, centrifugation and
taking samples through a 30 kDa filtration tube; the filtrate was
analyzed by HPLC. The HPLC system (ESA Biosciences, Chelmsford
MA) consisted of a Coulochem III electrochemical detector set at
�350mV with separation of the analytes on an HR-80 reverse-phase
column (Thermo Scientific, Waltham MA). Cat-A-Phase II (Thermo)
was the mobile phase with a flow rate of 1.1 ml/min and the sepa-
ration column was maintained at 35 1C. Quantification of the analytes
was accomplished by performing a standard curve periodically and
the limit of detection was 0.1 ng/ml for catecholamines.

Fig. 1. Depiction of potential sites of action of 5-HT to reduce sympathetic outflow
to the splanchnic bed. ?¼questions examined in the present manuscript.
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2.5. Methods for electrical field stimulation

2.5.1. Tissue preparation
Rats were anesthetized with pentobarbital (60 mg/kg, i.p.) and the

superior mesenteric artery and vein were removed together, with
in situ adipose tissue, and placed in physiological salt solution (PSS)
containing (mM): NaCl 130; KCl 4.7; KH2PO4 1.8; MgSO4 �7H2O 1.7;
NaHCO3 14.8; dextrose 5.5; CaNa2EDTA 0.03, CaCl2 1.6 (pH 7.2). The
superior mesenteric vein was embedded in the fat around the artery.
Under a microscope, the vein was carefully dissected away from the
artery with fat remaining. Similarly, the artery was dissected away
from the vein with fat remaining. Both vein and artery were cut into
rings (�3–5mm wide) for measurement of isometric contractile
force. Separate animals were used for the artery and vein experiments.

2.5.2. Isolated tissue bath
Two parallel stainless steel hooks were introduced into the

lumen of the vessel. One segment was fixed within the warmed
(37 1C), and aerated (95% O2, 5% CO2) tissue bath (30 ml). The other
was connected to a Grass isometric force transducer (FT03; Grass
instruments, Quincy, MA, USA), which was connected to an
ADInstruments PowerLab running Charts version 7.0 (ADInstru-
ments, Colorado Springs, CO.). Tissues were placed under optimal
resting tension (artery: 1200 mg; vein: 400 mg) and allowed to
equilibrate for 1 h before an initial challenge with a maximal

concentration of phenylephrine (PE) or noradrenaline (NA;
10�5 M). After this challenge, tissues were washed until tone ret-
urned to baseline.

2.5.3. Electrical field stimulation and isometric contraction
Superior mesenteric artery and vein segments with surrounding

fat were mounted between two platinum electrodes (positioned
within the tissue bath) connected to a Grass Instruments stimulator
(S88; Quincy, MA). An electrical stimulus was delivered according to
the following protocol: 30 stimuli, stimulus duration 0.5 ms, fre-
quency 0.3–20 Hz, voltage 14 V. For each stimulus, isometric con-
tractile force was measured in an isolated tissue bath as outlined
above. An initial 20 Hz maximal stimulus was delivered to each
vascular segment. To validate the neural origin of the EFS-induced
contractile response, the nerve impulse propagation blocker, tetro-
dotoxin (TTX; 300 nM) was added to the tissue bath after a brief
wash out period following the initial 20 Hz stimulus. A second 20 Hz
stimulus was delivered to validate that contraction was abolished in
the presence of TTX. In preliminary experiments, we validated that
electrical field-induced contraction was sympathetically mediated as
the α1 adrenergic receptor antagonist prazosin (50 nM) abolished the
20 Hz-induced contraction. Once the neurogenic origin of contraction
was established, tissues were taken through one of two protocols.
First, 5-HT (10�9–10�5 M) was added to the tissue baths in a
cumulative fashion to construct a concentration response curve in
tissues prepared for electrical field stimulation. Second, and in
separate experiments, tissues were exposed to either vehicle or
agonist (5-HT, 5-carboxamidotryptamine, 8-OH-DPAT, CP93129,
UK14304) for 5 min prior to an electrical field stimulus. Tissues were
washed three times, bringing back tension to baseline and another
5 min incubation with agonist and electric field stimulus occurred.
Tissues were exposed to only one drug, building a frequency
response curve in this way. Vehicle and agonist-incubated arterial
segments came from the same animal.

2.6. Materials

Materials were purchased from US companies and solubilized in
the carrier noted in parentheses. 5-carboxamidotryptamine maleate
(water), 5-HT creatinine sulfate (water), ascorbate (water), gallamine,
hexamethonium, ketanserin (DMSO, used dilutions in water), nora-
drenaline hydrochloride (water), phenylephrine hydrochloride
(water) and urethane were obtained from Sigma Chemical Company
(St. Louis, MO, USA). 8-OH-DPAT (water), CP93129 (water), TTX
(water) and UK14304 (dimethylsulfoxide) were purchased from
Tocris (R&D systems, Minneapolis, MN, USA). Fatal Plus (Pentobarbi-
tal 390 mg/ml) was purchased from Vortech Pharmaceutical (Dear-
born MI USA). Isoflurane (IsofloTM) was purchased from Abbott
(USA) and Enrofloxacin from Bayer Healthcare LLC (USA).

2.7. Data analysis

For sympathetic nerve activity data analysis, group differences
were assessed by a two-way mixed design ANOVA and post-hoc
testing at each time point was performed using Bonferroni's
procedure to correct for multiple comparisons (GraphPad Prism 6).
In all cases, a P-value of o0.05 was considered significant. A paired
t-test was used to compare the level of blood pressure changes
during control periods versus at the nadir during 5-HT infusion.
Electrical field stimulations were expressed as a percentage of the
initial 20 Hz maximal contraction. An unpaired students t-test was
used to compare differences in maximal electrical field stimulated
response(s) between groups. In all cases, Po0.05 was considered
significant. All results are presented as the mean7S.E.M.
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Fig. 2. 5-HT-induced fall in mean arterial blood pressure of conscious animals
receiving 5-HT chronically for one week (5-HT 25 μg/kg/min; A) or anesthetized
animals receiving 5-HT (25 μg/kg/min) over the course of a 30–60 min infusion (B).
Bars represent mean arterial pressure in normotensive Sprague Dawley rats before
(control) and following 5-HT (reported at nadir of the depressor response) for the
number of animals in parentheses. * statistically significant difference (Po0.05) vs.
appropriate control.
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3. Results

3.1. The effect of 5-HT on blood pressure

5-HT (25 μg/kg/min, Alzet pump) reduced mean arterial pres-
sure after one week in conscious rats as measured telemetrically
(Fig. 2A). Similarly, 5-HT given acutely (25 μg/kg/min over 30–
60 min) caused a fall in blood pressure (Fig. 2B), supporting the
idea that the mechanisms we observe in the acute situation likely
applies to that of the chronic situation.

3.2. The effect of 5-HT on sympathetic nerve activity in the
splanchnic bed

In urethane-anesthetized rats, we first investigated whether 5-
HT reduced sympathetic activity at the pre- and/or post-ganglionic
level by recording from the splanchnic sympathetic nerve. Figs. 3A
and 4A show representative examples of the effect of 5-HT on
preganglionic and postganglionic sympathetic nerve activity in the

splanchnic nerve, respectively. While 5-HT caused a robust fall in
blood pressure in both experiments (top tracing in panel A), there
was no change in integrated sympathetic nerve activity (lower
tracings of panel A, integrated in panel B of each Figure). Removal
of 5-HT infusion (Fig. 4A, right arrow) resulted in a rebound in
blood pressure that, in some cases was accompanied by an
increase in sympathetic nerve activity. In some experiments, the
alpha adrenergic agonist phenylephrine (PE) was used to elicit a
reflex-induced inhibition. PE robustly inhibited preganglionic
activity, suggesting that we would be able to detect a 5-HT-
induced inhibition of sympathetic nerve activity if it occurred.

3.3. Effect of 5-HT on sympathetic synaptic transmission in
mesenteric artery and vein

Another potential site of action for 5-HT is on the presynaptic
terminal of the sympathetic nerve that innervates the mesenteric
vasculature. Fig. 5A shares a frequency-dependent contraction in the

Fig. 3. Effect of acute 5-HT infusion on preganglionic sympathetic nerve activity. A:
Tracing of mean arterial pressure (MAP), preganglionic sympathetic nerve activity
(SNA), and integrated (Integ. Spl) preganglionic nerve activity following intrave-
nous 5-HT infusion in the Sprague Dawley rat. Arrow marks the point at which
5-HT was delivered. B: Time course of changes in preganglionic sympathetic nerve
activity (SNA) based on integrated records in the Sprague Dawley rat. Bars
represent integrated preganglionic sympathetic nerve activity (mean7S.E.M.) at
time(s) indicated following the start of intravenous 5-HT infusion for the number of
animals in parentheses.

Fig. 4. Effect of acute 5-HT infusion on postganglionic sympathetic nerve activity.
A. Tracing of mean arterial pressure (MAP), postganglionic splanchnic sympathetic
nerve activity (SNA), and integrated (Integ. Spl) postganglionic splanchnic nerve
activity following intravenous 5-HT infusion in the Sprague Dawley rat. First arrow
marks the point at which 5-HT was delivered and second arrow when 5-HT
infusion was stopped. B: Time course of changes in postganglionic sympathetic
nerve activity (SNA) based on integrated records in the Sprague Dawley rat. Bars
represent integrated postganglionic sympathetic nerve activity (mean7S.E.M) at
time(s) indicated following the start of intravenous 5-HT infusion for number of
animals indicated in parentheses.
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superior mesenteric artery (left) and baseline contraction to 5-HT
(right) where the shaded concentrations that did not cause direct
contractionwere identified as ones to use in electric field stimulation
experiments. Data in Fig. 5B supports the idea that the stimulated
contraction is electrogenic as it was abolished by tetrodotoxin.
Presynaptic inhibition was identifiable in our experimental protocol
given the reduction of electric field stimulated contraction by the α2

adrenoceptor agonist UK14304 (Fig. 5C). Similar control experiments
were done in the vein (not shown). These control experiments
allowed us to proceed in testing the ability of 5-HT to inhibit electric
field stimulated contraction.

At concentrations that did not directly cause contraction, 5-HT (3,
10 and 30 nM) did not inhibit electrical field stimulated contraction in
the superior mesenteric artery when compared to vehicle (Fig. 6A). 5-
HT did not inhibit electrical field stimulation even with the addition of

the 5-HT2A/2C receptor antagonist ketanserin (50 nM or 1 μM) to mask
contractile receptors. Similarly, 5-HT did not modify electrical field
stimulation in the presence of fluoxetine to prevent 5-HT uptake
(1 μM; data not shown). A maximal concentration of the 5-HT1B
receptor agonist CP93129 was also unable to inhibit electrical field
stimulated contraction (Fig. 6B); this receptor has been linked with
sympathetic presynaptic inhibition. The 5-HT1A receptor agonist 8-OH-
DPAT and 5-HT1/7 receptor agonist 5-carboxamidotryptamine (5-CT)
were also tested as they have been linked to reduction in blood
pressure. Even at a high concentration, 8-OH-DPAT did not significantly
reduce stimulated contraction (Fig. 7A), nor did 8-OH-DPAT change
baseline tone. 5-CT (10, 30 nM, no change in baseline contraction) did
not reduce stimulated contraction (Fig. 7B). 5-HT (3–30 nM, no change
in baseline contraction) also did not inhibit field-stimulated contrac-
tion in the isolated superior mesenteric vein (Fig. 7C).
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3.4. Effect of celiac ganglionectomy on 5-HT-induced hypotension

Our last approach was to remove the primary source of sympa-
thetic innervation of the splanchnic circulation to determine if this
would prevent 5-HT from causing hypotension. The celiac ganglion
provides at least part of this innervation (Czaja et al., 2002). Removal
of the celiac ganglion did not change the nadir of 5-HT-induced
hypotension, nor the progression of rebound in blood pressure
through the week of administration when compared to sham rats
(Fig. 8A). Reflexive heart rate increases are reported in Fig. 8B.
Successful ganglionectomy was validated in that noradrenaline
content was reduced in tissues from rats that underwent gang-
lionectomy compared to those with sham ganglionectomy (content
ng/g tissue: liver [SGx¼49.8714.6; CGx¼3.772.7*], small intestine
[SGx¼242.7730; CGx¼101.9741.78*], spleen [SGx¼644.87176;
CGx¼1.670.57*], Po0.05 vs. SGx).

4. Discussion

This study took three different approaches to determine whether
5-HT caused the withdrawal of sympathetic tone from the splanch-
nic vasculature. Overall, our studies support the idea that a reduction
in sympathetic nerve activity, at least to the splanchnic bed, does not
contribute to the depressor response that accompanies an intrave-
nous or chronic infusion of 5-HT. This valuable information helps
form a direction for further studies investigating the mechanisms of
5-HT-induced hypotension.

4.1. 5-HT and inhibition of the sympathetic nervous system: direct
activity measures

Diaz et al. (2008) demonstrated that 5-HT-induced hypotension in
the conscious rat was reduced by hexamethonium, a ganglionic
blocker. This suggested that 5-HT may be inhibiting or causing a

withdrawal of sympathetic tone, such that there is less to be reduced
by hexamethonium. We appreciate an alternative conclusion, namely
that the effect of hexamethonium may be smaller because blood
pressure has already been reduced by 5-HT. Nonetheless, sufficient
literature supports the idea that 5-HT modifies sympathetic nerve
activity through ganglionic or central pathways (Hertzler, 1961; Lewis
and Coote, 1990; Pickering et al., 1994). However, we did not observe a
change in either pre- or post-ganglionic splanchnic sympathetic nerve
activity during a slow infusion of 5-HT that was firmly associated with
a fall in blood pressure. These nerves were clearly sensitive to stimuli
that change blood pressure (e.g. PE) and could invoke the appropriate
physiological response. This suggests that 5-HT is not acting directly at
the ganglion to inhibit transmission of sympathetic outflow. These
studies do not, however, permit conclusions as to whether 5-HT
inhibited release of noradrenaline from sympathetic endings, and thus
the next series of experiments was necessary.

4.2. 5-HT and inhibition of the sympathetic nervous system:
presynaptic inhibition

A number of conditions were employed so as to maximize
the opportunity to observe interaction of 5-HT with a presynaptic
receptor. While we observed robust inhibition of electrical field
stimulation-induced contraction by the α2 adrenergic agonist
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UK14304, inhibition was not observed, in any situation, with 5-HT in
either the isolated mesenteric artery or vein. It was important to
have tested 5-HT in vitro without any other interventions (e.g. ant-
agonists, reuptake inhibitors) given that 5-HT is infused in this way
into whole animals to cause a fall in blood pressure. 5-HT, through
multiple 5-HT receptors, can cause presynaptic inhibition of sympa-
thetic nerves in other blood vessels (Gothert et al., 1991; Kubo and
Su, 1983; Molderings et al., 1990), and presynaptic inhibition was
reviewed by Feuerstein (2008). We chose agonists of the 5-HT
receptors most commonly cited for mediating presynaptic inhibition
of sympathetic nerves, 5-HT1B/1D, 5-HT1A and 5-HT7 receptors, and
agonists which have been associated with an acute fall in blood
pressure. It should be noted that there is not a large literature
relative to the effects of 5-HT on sympathetic neuroeffector junction
function. The agonists used (CP93129, 8-OH-DPAT, 5-carboxamido-
tryptamine) were unable to inhibit electrical field stimulated con-
traction. 5-Carboxamidotryptamine, which has significant affinity
for 5-HT7 and 5-HT1 receptors, was effective in inhibiting very low
(0.6 Hz) stimulated contractions in the rabbit pulmonary artery but
only above a 100 nM concentration (Molderings et al., 2006). 5-
carboxamidotryptamine also caused direct contraction in the super-
ior mesenteric artery at this concentration (not shown), so the field
stimulation experiments were not performed. We did not use more
selective agonists such as AS-19 to investigate the 5-HT7 receptor
further, given that both 8-OH-DPAT and 5-carboxoamidotryptamine
were ineffective and have established affinity for the 5-HT7 receptor
(http://pdsp.med.unc.edu/kidb.php). In our hands, AS-19 has not
proven to be efficacious in 5-HT7 receptor activation, and thus we do
not have confidence in its use at the present time. Our findings
suggest that neither the 5-HT1 nor the 5-HT7 receptors are playing a
role to inhibit sympathetic neuroeffector activation in the superior
mesenteric artery, and the lack of efficacy of CP93129 supports this
idea. We did not investigate the 5-HT1D receptor more specifically
with use of an agonist such as L-694,247 because we have not been
able to observe the existence of this receptor in this tissue, and
published data support the 5-HT1D receptor in the rat as not being
involved in sympathetic inhibition (Garcia et al., 2005; Moran et al.,
2010). By contrast, a recent report by Garcia-Pedraza et al. (2013)
implicates the 5-HT1D receptor in serotonergic inhibition of

adrenergic neurotransmission in 5-HT2 receptor blocked rats. The
preponderance of evidence suggests the 5-HT1D receptor is not
involved in this process.

Our work does not agree with a study by Kubo and Su (1983).
They indirectly suggested that 5-HT can inhibit presynaptic recep-
tors in the mesenteric artery because the ability of 5-HT to pot-
entiate electrical field stimulation-induced contraction was less than
that of potentiating NE-induced contraction directly. The protocols
of our respective studies were too different to compare, and the
interpretation of the experiments by Kubo and Su is arguable. Our
findings suggest that 5-HT cannot inhibit presynaptic receptors in
the superior mesenteric artery.

4.3. 5-HT and inhibition of the sympathetic nervous system: celiac
ganglionectomy

The last approach to testing our hypothesis was done in vivo. We
removed the celiac ganglion as a source of sympathetic activity with
which 5-HT might interact. Consistent with the other data in this
study, removal of the celiac ganglion did not influence the progression
or magnitude of 5-HT-induced hypotension. HPLC validated successful
ganglionectomy by a significant reduction in the noradrenaline
content of tissues known to be targets of the celiac ganglion. An
alternative explanation is that a sympathetic source other than that
supplied by the celiac ganglion, such as the suprarenal ganglion,
contributes to sympathetic tone of the mesenteric bed. Given that
removing the celiac ganglion would remove the axons from the
suprarenal ganglion, it is likely that both sources were removed with
the ganglionectomy performed in the present study.

4.4. Limitations, comparisons and moving forward in understanding
mechanisms of 5-HT-induced hypotension

There are a few limitations to our study. 5-HT can exert an
inhibitory influence on the sympathetic regulation of some vascular
beds. 5-HT can inhibit NA release at sympathetic terminals within
other blood vessels (Gothert et al., 1991; Molderings et al., 1990,
2006), inhibit and facilitate transmission in autonomic ganglia
(Hertzler, 1961; Jones et al., 1995; Watkins and Newberry, 1996),
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modify central sympathetic outflow (Barnes and Sharp, 1999;
Ramage and Villalon, 2008) and inhibit peripheral sympathetic
pressor responses in rats under a number of different conditions
(Moran et al., 1994, 2010; Garcia et al., 2005; Garcia-Pedraza et al.,
2013; Sanchez-Lopez et al., 2003). Our results are consistent with an
inability of exogenous 5-HT to inhibit sympathetic function, at any of
several levels, within the splanchnic circulation. Second, we have not
taken a global measure of sympathetic nerve activity such as global
noradrenaline overflow (Esler et al., 1989) or turnover. However such
a measure may not be helpful if 5-HT is functioning discretely to
influence a particular bed. In addition, the splanchnic bed is the only
bed we studied with these multiple approaches. This choice, though,
was guided by microsphere experiments that suggested that this was
a site of action for 5-HT to increase flow; dilation of either venous or
arterial beds could result in this observation (Seitz and Watts, 2014).
However, 5-HT did not inhibit electrically-stimulated contraction in
both the arterial and venous parts of splanchnic circulation. These
findings guide us back to the work of De Vries et al. (1999) in
considering different mechanisms by which 5-HT elicits reduction in
blood pressure. They suggest that the 5-HT7 receptor mediates the 5-
HT-induced decrease in arterial pressure in the vagosympathetco-
mized, anesthetized and ritanserin-(5-HT2 receptor antagonist) trea-
ted rat. This particular model supports the lack of importance of the
sympathetic nervous system to 5-HT-induced reduction in blood
pressure but is more instrumented than our conscious model. The
question becomes where the 5-HT7 receptor would be located in the
body to effect the hypotension. This is likely not presynaptic as the
concentrations of 5-carboxytryptamine we tested have sufficient
affinity for the 5-HT7 receptor, and this drug was not able to inhibit
electrical field stimulated contraction. Additionally, our previous
work suggests it cannot be in the arterial vasculature as 5-HT7
receptor agonists did not cause relaxation whether in the absence or
presence of 5-HT2 receptor blockade (Davis et al., 2012). Future work
will be dedicated to this conundrum.

In summary, this study suggests 5-HT is not acting to lower
blood pressure in the normal rat through inhibition of noradrena-
line release at the neuroeffector junction or through inhibition
of pre- or postganglionic sympathetic neurons innervating the
mesentery. These valuable experiments allow us to focus on other
elements for mediating 5-HT-induced hypotension. The separation
of 5-HT from at least splanchnic sympathetic activation, supported
in this manuscript, permits focus on other mechanisms, and thus
we have narrowed the possibilities by which 5-HT can act. The
ultimate clinical implications of this work would be to take
advantage of our mechanistic knowledge of how 5-HT reduces
blood pressure and use this as a new means to reduce hyperten-
sion in the human. Blood pressure remains the primary modifiable
factor for reducing the morbidity of cardiovascular disease. How-
ever, high blood pressure is underdiagnosed, normal blood pres-
sure is achieved in only half of those with recognized
hypertension, and the problem of resistant hypertension (hyper-
tension unable to be reduced with three medications) is increasing
(http://www.cdc.gov/bloodpressure/facts.htm). We are still a dis-
tance from being able to use 5-HT or precursors of 5-HT to reduce
blood pressure, but a precise determination of mechanism would
allow for the best design of a therapy.
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