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Effect of sepsis on the action potential and cardiac
serotonin response in rats
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Abstract. The current study aimed to investigate the effect of
sepsis on rat serotonin (5-HT) responses and cardiac action
potentials. A total of 20 rats were randomly divided into a sepsis
and control group (each, n=10). Rat hearts were harvested and
perfused using the Langendorff method 18-h after the induction
of sepsis, which was assessed using cecal puncture. Cardiac
action potential was subsequently measured using a multichannel
electrophysiology instrument. Immunohistochemistry and quan-
titative analysis were performed to identify the effect of sepsis
on myocardial 5-HT expression. The results revealed that mito-
chondrial changes were present in septic rat hearts. Heart rate
(361.10£12.29 bpm vs. 348.60+12.38 bpm; P<0.05) was signifi-
cantly higher, atrial action potential duration (106.40+2.95 ms
vs. 86.60+4.12 ms; P<0.01) was significantly longer and the
area (0.62+0.06 ym? vs. 0.39+0.05 ym?; P<0.05) and number
(0.92+0.02/field vs. 0.46+0.01/field; P<0.01) of myocardial cells
were significantly higher in the septic compared with the control
group. These results demonstrated that 5-HT prolongs the atrial
action potential, increases heart rate and aggravates myocardial
injury, indicating that it may therefore be one of the factors that
leads to cardiac dysfunction in sepsis.

Introduction

Sepsis is a systemic inflammatory syndrome, which results
from infection. Due to septic shock and its deleterious effects on
cardiac function, sepsis is the leading cause of death in critically
ill patients (1). Cardiac dysfunction aggravates septic syndrome,
influences its prognosis and is very common in patients with
sepsis (2). A significantly higher mortality rate is observed
in patients with sepsis and cardiac dysfunction (70-90%)
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compared with patients exhibiting sepsis alone, implying that
sepsis-associated mortality may be associated with cardiac
dysfunction. Pro-inflammatory factors, mitochondrial struc-
tural dysfunction, dysfunction of the autonomic nervous system,
myocardial cell injury and apoptosis have all been associated
with the pathogenesis of sepsis (3-5). In particular, pro-inflam-
matory factors including cytokines, may serve a critical role in
the pathogenesis of sepsis (5). Due to the fact that heart failure
associated mortality in patients with sepsis is high, the presence
of heart failure may be used as a predictor of survival.

Serotonin (5-HT) neurons regulate the function of the
visceral sensory system, motor nervous system and autonomic
nervous system and are widely distributed in these areas (6).
5-HT and its receptors are widely distributed in the cardiovas-
cular system and serve an important role in the regulation of
cardiovascular function (1). The abnormal regulation of 5-HT
can result in the development of cardiovascular disease (7,8).
This is due to the involvement of 5-HT in cardiac remodeling,
a process that includes myocardial cell hypertrophy, apoptosis
and necrosis, which can lead to heart failure (9). High 5-HT
concentrations are associated with an increased severity of
heart failure symptoms and systolic dysfunction (10).

Mitochondria are animportant site for cellular oxidation and
provide ~95% of the energy a cell requires (11). Mitochondrial
dysfunction in the myocardium is a major cause of myocardial
impairment in sepsis (11). A previous study demonstrated that
stress may result in myocardial injury (12) with another study
identifying that stress leads to the impairment of myocardial
ultrastructure, particularly in mitochondria, resulting in the
apoptosis of myocardial cells (13). Mitochondria are impor-
tant for the maintenance of normal function in myocardial
cells (14,15). In the current study, the effects of sepsis on 5-HT
responses and cardiac action potentials were investigated
using a rat model.

Materials and methods

Animals. A total of 20 healthy adult male Sprague-Dawley
rats (weight, 180-250 g; age, 2-3 months) were provided by the
Experimental Animal Center of Southern Medical University
(qualified certificate number: 44002100014706). Rats were
housed in a specific pathogen-free facility at 21+2°C and a
humidity of 50+10%, under a 12-h light/dark cycle (lights on
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07:00-19:00), with free access to food and drinking water.
After a 1-week adaption period in the Animal Feeding Center
of Qingyuan People's Hospital, The Sixth Affiliated Hospital of
Guangzhou Medical University, rats were randomly divided into
a sepsis and a control group (each, n=10). The experiments of the
current study conformed to the Guide for the Care and Use of
Laboratory Animals,published by the National Institutes of Health
(publication no. 85-23) and were approved by the Animal Ethics
Committee of the People's Hospital of Xinjiang (Xinjiang, China).
All efforts were made to minimize the suffering and number of
rats used in the current study.

Induction of sepsis. After anesthesia the sterile intraperitoneal
administration of 10% chloral hydrate (300 mg/kg), a 3 cm
median abdominal incision was made. The cecum was ligated
with a4-0 silk suture 5 cm away from the tip. Two cecal perfora-
tions were performed using a 14-gauge needle at the free cecal
end, following which the cecum was replaced and the abdom-
inal incision closed. Penicillin (100,000-150,000 U/250 g) was
intraperitoneally administered prior to and following surgery.
Normal saline (5 ml/100 g) was subcutaneously administered
to replace body fluid lost during surgery. There were no signs
of peritonitis following anesthesia. In the normal group, a
sham procedure without cecal ligation was performed (16,17).
The rats were monitored every 6-h for 18-h of continuous
behavior observation.

Action potential duration in ex vivo atria and ventricles. At
18 h post surgery, all rats were deeply anesthetized with an
intraperitoneal injection of 10% chloral hydrate (300 mg/kg)
and subsequently sacrificed by cervical dislocation. Rat hearts
were extracted rapidly after opening the chest and perfused
using the Langendorff method (18) with Krebs-Henseleit buffer
(NaCl, 118.5 mM; KCl, 4.7 mM; CaCl,, 2.5 mM; NaHCO;,
25 mM; MgSO,, 1.2 mM; KH,PO,, 1.2 mM; glucose, 11 g;
pH=7.4) at a temperature of 36°C, with 95% O, and 5% CO,
(flow rate, 1.5 ml/min). Atrial and ventricular action potential
duration was measured 30 min after perfusion using a multi-
channel electrophysiology instrument (Lead-2000; Sichuan
Jinjiang Electronic Science and Technology Co., Ltd.).

Sample collection. Two pieces of left ventricular apical tissue
were fixed at room temperature overnight in 10% formalde-
hyde solution, embedded in paraffin, cut into 4 ym sections
and stained with hematoxylin and eosin at 37°C for 24-h or
subjected to 5-HT immunohistochemistry. The remaining
apical tissue was sectioned, fixed with 2.5% glutaraldehyde
at 37°C for 8 h, dehydrated with an acetone series (a gradient
dehydration of 85% alcohol-95% alcohol-anhydrous alcohol),
embedded with neutral resin, stained with uranyl acetate and
lead citrate at 37°C for 8 h and cut into ultrathin sections
(0.5 mm thick). The ultrastructure of the myocardial cells was
then evaluated using transmission electron microscopy.

Immunohistochemistry. Paraffin-embedded sections were
dewaxed, treated with 3% H,0, at room temperature for 10 min
to remove endogenous peroxidase activity then washed with PBS
three times. Samples were then microwave irradiated at 92-98°C
for antigen retrieval and dehydrated with an acetone series (a
gradient dehydration of 85% alcohol-95% alcohol-anhydrous

LIU et al: SEROTONIN AND ACTION POTENTIAL IN THE SEPTIC HEART

alcohol). Samples were then incubated with rabbit primary
antibody against serotonin (1:100; cat. no. PB0442; Wuhan
Boster Biological Technology, Ltd.) overnight at 4°C. Samples
were incubated with goat anti-rabbit horseradish peroxi-
dase-conjugated goat anti-rabbit secondary antibody (1:1,000;
cat. no. SV-002; Wuhan Boster Biological Technology, Ltd.)
at 37°C for 30 min then washed with PBS three times. Samples
were stained with 3,3'-diaminobenzidine (cat. no. AR1022;
Boster Biological Technology, Ltd.) at 37°C for 30 min. Distilled
water was used to dilute the kit reagents (cat. no. AR1022;
Wuhan Boster Biological Technology, Ltd.), tissue sections were
treated with a mixture of kit reagents A, B and C, developed at
room temperature then exposed to running water to terminate
the reaction. Finally, sections were counterstained with hema-
toxylin at 37°C for 30 min, cleared with ethanol and hydrochloric
acid then mounted in resin. Three sections from each tissue
were observed using an Olympus optical microscope (Olympus
Corporation). Five fields (magnification, x200) were randomly
selected in each section using the Kontron IBAS computerized
image analysis system (Carl Zeiss AG). The positive reaction
area/total area and positively stained cells/total number of cells
in the same area was measured.

Statistical analysis. Data are expressed as the mean + standard
deviation and were analyzed using SPSS 16.0 software (SPSS,
Inc.). A Student's t-test was used for comparison between the
two groups and P<0.05 was considered to indicate a statistically
significant result.

Results

Rat behavior and pathologic changes in myocardial cells. In
the sepsis group, 6-8 h after surgery, rats exhibited bradyki-
nesia, tachypnea, a hunched posture and reacted slowly to
stimuli. At 18 h after surgery, conjunctival hyperemia, watery
stool, intermittent trembling and coughing was observed. In
contrast, the rats in the control group exhibited no adverse
effects subsequent to surgery. In the sepsis group, the dissected
heart was a dark color, soft and friable, whereas the control
group heart was bright red and hard. There were no differences
in the mass of the whole heart or the mass of ventricles between
the control group (0.00267+0.000205) and the sepsis group
(0.00273+0.000192). Following hematoxylin and eosin staining,
interstitial congestion, edema and inflammatory cell infiltration
were observed in the myocardial tissue of septic rats, but not
in necrotic myocardial cells (Fig. 1A and B). Transmission
electron microscopy revealed disordered myocardial myofibers
and mitochondria, mitochondrial enlargement, swelling and
vacuolar degeneration of the mitochondrial cristae. Myocardial
fibers were arranged irregularly, some were distended, muscle
bundles were separated, Z lines and intercalated disks were
distorted. The distance between Z lines was also shortened and
the nuclear membranes were irregular. Furthermore, the mito-
chondrial membranes were fragmented, mitochondrial cristae
were absent and mitochondria were disordered and vacuolated
(Fig. 2B). However, normal histology and ultrastructure was
present in the hearts of the control group (Fig. 2A).

Heartrate anddurationof action potentials. At 18-h post-surgery,
the atrium action potentials in cardiac tissue were significantly
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Figure 1. Immunohistochemistry results of control and septic rat hearts. Hematoxylin and eosin staining of (A) control and (B) septic heart tissue
(magnification, x200). The arrows indicated inflammatory changes in myocardial tissue of septic rats.

Figure 2. Transmission electron microscopy of control and septic rat hearts. Representative images of (A) control and (B) septic rat hearts (magnifica-

tion, x10,000). The arrows indicated destruction of myocardial cell structure.

Figure 3. Serotonin immunohistochemistry of cardiac tissue in control and septic rats. Representative images of 5-HT stains in (A) control and (B) septic rat

myocardial tissue (optical microscope; magnification, x400). 5-HT, serotonin.

longer (P<0.01) and heart rate was significantly higher (P<0.05)
in the sepsis group compared with the control group. There was
no significant difference in ventricular action potential between
the sepsis and control groups (P>0.05; Table I).

Immunohistochemistry of cardiac tissue. As presented in
Table II, 5-HT-positive nerve fibers were observed in the

septic and control groups. In the control group, myocardial
fibers were arranged in an orderly manner with less interstitial
matrix, and with 5-HT-positive nerve fibers projecting along
the muscle bundles. However, in the sepsis group, myocardial
fibers were more diffuse with more interstitial matrix. The
area of 5-HT-positive myocardial cells and staining intensity
was also significantly higher (P<0.01; Fig. 3A and B; Table II).
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Table I. Rat heart rate, atrial/ventricular action potentials and heart/body mass following cecal ligation and puncture/sham surgery.

Group Number Heart rate (bpm) Atrium (ms) Ventricles (ms) Heart/body mass
Sepsis 10 361.10+£12.39* 106.40+2.95° 155.80+3.15 0.00273+0.000192
Control 10 348.60+12.38 86.60+4.12 153.10+3.84 0.00267+0.000205
t-value -2.15 -12.364 -1.717 1.116
P-value <0.045 <0.001 0.1104 0.293

“P<0.05; °P<0.01 vs. control group.

Table II. Serotonin protein expression in the left ventricular apex following cecal ligation and puncture/sham surgery.

Group Number of rats Area of positive staining (xm?) Number of positive cells (cells/field)
Control 10 0.39+0.05. 0.46+0.01

Sepsis 10 0.62+0.06 0.92+0.02°

t-value 0477 0.589

P-value <0.05 <0.001

1P<0.05; °P<0.01 vs. control group.

Discussion

Sepsis results in heart failure in ~50% of patients, accounting
for the higher mortality rate in patients with heart failure
compared with those who have sepsis alone (1). Patients with
sepsis-induced cardiac injury often demonstrate changes
in electrocardiograms. Makara et al (19) demonstrated that
within 48 h of Francisella novicida infection, R waves became
more prominent, QRS intervals were prolonged and heart rate
was higher in a rat sepsis model. In the aforementioned study,
the changes in electrocardiogram became more pronounced
at 96 h, indicating severe electrical conduction defects. The
results of the rat model used in the current study demonstrated
a higher heart rate and longer atrial action potentials, which
are indicative of altered ion channel function, an atrial elec-
trophysiologic disorder and/or altered atrial structure (20).
Atrial disease has a marked effect on cardiac function and is
associated with a high risk of arrhythmia and stroke (21,22).
The results of the current study indicated that cardiac injury
begins at the time of bacterial infection, with atrial cells
responding quickly and significantly to a pathologic stimulus.
This is consistent with the hypothesis that electrophysiological
changes in the heart caused by bacterial sepsis increase
mortality (23).

Inflammatory mediators and myocarditis are considered to
be contributors to the high incidence of sudden death, severe
arrhythmia and heart failure associated with sepsis (24). 5-HT
is an auto-active substance that is not only associated with
inflammation and the immune response, but also serves roles
in a number of other pathophysiologic processes. Humoral
immunity and/or cellular responses occur in response to tissue
damage, inducing 5-HT release, which binds to its specific
cell receptors and results in an inflammatory response (25).
When the physiologic state of the body changes, 5-HT directly

or indirectly alters the physiology or structure of target
organs (7). However, 5-HT also increases calcium conduc-
tance, triggering spontaneous pulsatile activity in resting
cells (26). In sepsis, a high concentration of 5-HT increases
myocardial free Ca®* concentration, which leads to calcium
overload in myocardial cells. Sepsis also activates the 5-HT4
receptor and enhances Ca* influx via the cAMP-dependent
pathway, triggering cardiac L-type Ca*" channels and leading
to diastolic depolarization (27). This results in atrial action
potentials being prolonged, atrial electrophysiologic disorder
and subsequently, contractile dysfunction (28).

Mitochondria are important in the maintenance of
cardiac function. Accumulating evidence has indicated that
mitochondria contribute to the pathophysiology of cardiac
dysfunction associated with infection (29). 5-HT-induced
myocardial Ca?* overload is likely the result of inflammatory
cytokines, including tumor necrosis factor-a, interleukin
(IL)-1 and IL-6, inducing apoptotic signaling in myocardial
mitochondria (25). Most cardiovascular diseases, such as
hypertension, atherosclerosis, coronary artery disease, and
myocardial infarction are associated with the opening of mito-
chondrial membrane pores (30). This is followed by a series
of events including the loss of mitochondrial transmembrane
potential, the uncoupling of the respiratory chain, leakage of
mitochondrial Ca?*, excessive production of reactive oxygen
species (15) and the release of resident mitochondrial proteins,
which include apoptosis-inducing factor cytochrome c and
second mitochondrial-derived activator caspase (31). These
events lead to mitochondrial dysfunction, which involves the
reduction of ATP production, an increase in oxidation prod-
ucts, imbalances in the regulation of mitochondrial proteins
and ultimately cell apoptosis, all of which are associated with
inadequate energy supply to the heart (11). The results of the
aforementioned studies are consistent with the contention that



abnormal mitochondrial energy metabolism is the underlying
mechanism of sepsis-associated cardiac mortality.

5-HT activates the cell apoptosis pathway and induces
the production of toxic oxygen free radicals, which aggravate
cardiac dysfunction (32). Continuous inflammation and cardiac
exposure to cytokines may lead to left ventricular dysfunction,
which results in poor muscle strength and altered myocardial
metabolism (5). This contributes to myocardial remodeling
and therefore promotes the progression of heart failure (32).
Ocxidative stress is also a cause of cardiac injury. All these
factors change the polarization and contractility of myocardial
cells, resulting in cardiac dysfunction (15). The pathologic
changes identified in the present study, which include larger
myocardial mitochondria, swollen cristae and vacuolar degen-
eration, are consistent with oxidative stress. An insufficient
energy supply to the heart may delay the recovery of myocar-
dial function, lead to cardiac electrical disorders, activate the
sympathetic nervous system, induce 4-phase depolarization,
increase heart rate and eventually result in heart failure, shock
and death (33).

The heart is a vulnerable target organ in sepsis (1,4).
Cardiac dysfunction is very common in sepsis/septic shock and
is associated with a high mortality rate. However, the molecular
mechanisms underlying the pathophysiologic changes in
myocardial cells are yet to be elucidated (34). 5-HT is a widely
distributed, endogenous monoamine that serves as a pro-inflam-
matory factor. However, its role in cardiovascular regulation
depends on the distribution of its receptor (35). In the current
study, a preliminarily investigation of the pathophysiologic role
of 5-HT in the septic heart was undertaken. During sepsis, the
regulation of 5-HT is abnormal, but whether 5-HT receptor
antagonists reverse the pathologic effects of sepsis-induced
endogenous 5-HT elevation and the dose-response associations
of 5-HT receptor antagonists in the heart, was not assessed in
the present study and therefore warrants further investigation.
Furthermore, the most appropriate parameters for the assess-
ment of cardiac dysfunction during sepsis, including markers
of oxidative stress, cytochrome c activity, mitochondrial ATP,
oxidation products and mitochondrial Ca**, should be investi-
gated in future studies.
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