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Abstract

Background—~Regulation of coronary vasomotor tone by serotonin is significantly changed after
cardioplegic arrest and reperfusion. The current study investigates whether cardiopulmonary
bypass (CPB) may also affect peripheral arteriolar response to serotonin in patients with or
without diabetes.

Methods—Human peripheral microvessels (90-180 um diameter) were dissected from harvested
skeletal muscle tissues from diabetic (DM) and non-diabetic (ND) patients before and after CPB
and cardiac surgery (n = 8/group). In-vitro contractile response to serotonin was assessed by
videomicroscopy in the presence or absence of serotonin alone (107°-107>M) or combined with
the selective serotonin 1B receptor (5-HT1B) antagonist, SB224289 (10-M). 5-HT1A/1B protein
expression in the skeletal muscle was measured by Western-blot and immunohistochemistry.

Results—There were no significant differences in contractile response of peripheral arterioles to
serotonin (107°M) pre-CPB between DM and ND patients. After CPB, contractile response to
serotonin was significantly impaired in both DM and ND patients compared to their pre-CPB
counterparts (P<0.05). This effect was more pronounced in DM patients than ND patients (P<0.05
vs ND). The contractile response to serotonin was significantly inhibited by the 5-HT1B
antagonist in both DM and ND vessels (P<0.05 vs serotonin alone). There were no significant
differences in the expression/distribution of 5-HT1A/1B between ND and DM groups or between
pre- vs. post-CPB vessels.

Conclusions—CPB is associated with decreased contractile response of peripheral arterioles to
serotonin and this effect was exaggerated in the presence of diabetes. Serotonin-induced
contractile response of the peripheral arterioles was via 5-HT1B in both DM and ND patients.
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INTRODUCTION

Cardiopulmonary bypass (CPB) is known to trigger an inflammatory cascade that may lead
to organ dysfunction across multiple organ systems.! Disturbances in the microvasculature
result in reduced myogenic tone and endothelial dysfunction in peripheral arterioles, which
may contribute to reduced vascular resistance in the peripheral microcirculation, systemic
hypotension, and organ malperfusion.1=® We and others have shown that CPB is associated
with an impaired contractile response of peripheral arterioles to a number of vaso-
modulators including phenylephrine, endothelin-1, and thromboxane A2.1-3

Furthermore, diabetes is a major contributor to increased morbidity and mortality in patients
undergoing coronary artery bypass grafting (CABG) for coronary artery disease,6-19 and
nearly 37% of patients undergoing primary CABG have comorbid diabetes.8 One
contributing factor to increased morbidity in patients with diabetes undergoing CABG may
be dysregulation of the microvasculature due to multiple factors including hyperglycemia,
inflammation, oxidative stress, and marked endothelial dysfunction.1! We have previously
demonstrated that in-vitro relaxation and contractile responses to both endothelial dependent
and independent vaso-modulators, including ADP, substance P, and sodium nitroprusside,
were significantly impaired in tissues from patients with diabetes as compared to those from
patients without diabetes.12

One important vaso-modulator in the circulation is serotonin, which acts on several receptors
in the vasculature to modulate vascular tone.13 Specifically, the serotonin 1B (5-HT1B)
receptor subtype is known to mediate a contractile response in vascular smooth muscle cells.
13 We and others have shown that regulation of coronary vasomotor tone by serotonin is
significantly changed after cardioplegic arrest and reperfusion,141° but the response to
serotonin in the peripheral arterioles after CPB is unknown. The goal of this study is to
investigate whether CPB may affect the peripheral arteriolar response to serotonin in patients
with and without diabetes, and to relate these responses to possible changes in the
expression and distribution of serotonin-specific receptors.

METHODS

Case Selection

Hemoglobin A1C (HbA1c) was measured in all patients and the patients were divided into
two groups. The non-diabetic (ND) group was defined as those patients with a normal
HbA1c (<6.2%) and no history of or treatment for diabetes. The poorly controlled diabetic
(DM) group was defined as those patients with diabetes and the most recent HbAlc = 8.5.
Exclusion criteria included patients undergoing valve surgery, patients with a cross-clamp
time greater than 120 minutes, patients with a CPB time greater than 180 minutes, and a
diagnosis of diabetes in a patient with a HbA1c less than 8.5%.

Human Subjects and Tissue Harvesting

Samples of skeletal muscle from the left internal mammary artery bed were harvested before
and after CPB from patients undergoing cardiac surgery. The pre-CPB skeletal muscle
samples were harvested from the intercostal muscles remote from the internal mammary
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harvest site with sharp dissection and not using cautery, before CPB was initiated. Generally,
the skeletal muscle sample was taken after mobilization of the internal mammary artery and
before cannulation. The CPB circuit included a Medtronic Affinity integrated hollow fiber
oxygenator/cardiotomy reservoir with trillium coating (Medtronic, Minneapolis, MN), and
an arterial 38mg-filter (Medtronic Affinity, Minneapolis, MN) with trillium coating.

After removal of the aortic cross clamp and weaning off of CPB, the post-CPB skeletal
muscle samples were harvested from a location remote from the left internal mammary
artery bed. Skeletal muscle examined in the study were not directly exposed to papaverine or
other vasoactive drugs. Sections of skeletal muscle samples were immediately frozen in
liquid nitrogen for immunoblotting, fixed in 10% formalin for 24 hours followed by
paraffinization and sectioning into 5um slices for immunohistochemical staining, or stored
in cold Krebs buffer for in-vitro analysis.

All procedures were approved by the Institutional Review Board (IRB) of Rhode Island
Hospital, Alpert Medical School of Brown University, and informed consent was obtained
from all enrolled patients prior to tissue collection and involvement in the study as required
by the IRB.

In-vitro Skeletal Muscle Microvascular Studies

Microvessels (90-180um internal diameters) from the harvested human peripheral skeletal
muscle from eight patients per ND and DM groups were dissected using a dissecting
microscope. The microvessels were placed in a microvessel chamber, cannulated with dual
glass micropipettes (40-80um in diameter), and secured in place with 10-0 nylon
monofilament sutures. Microvessel chambers contained continuously circulating Krebs
buffer solution that was oxygenated (95% oxygen and 5% carbon dioxide) and warmed to 37
degrees Celsius. The microvessels were pressurized to 40 mmHg in a no-flow state by using
a burette manometer filled with Krebs buffer solution. The microvessel image was projected
onto a monitor using an inverted microscope (40-200x, Olympus CK2, Olympus Optical)
connected to a video camera. The internal luminal diameter was measured using an
electronic dimension analyzer. Microvessels were bathed in the chamber for at least 30
minutes prior to pharmacological intervention. In-vitro contractile response to serotonin was
assessed by videomicroscopy in the presence or absence of serotonin alone (10°-107°M) or
combined with the selective 5-HT1B antagonist, SB224289 (10-M).

Immunoblotting

Peripheral skeletal muscle tissue samples from six patients per ND and DM groups were
dissected and cleaned of connected tissues and solubilized in SDS-PAGE buffer. Total
protein (70ug) was fractionated on an 8-16% SDS-PAGE gel, transferred to a
polyvinylidene difluoride membrane (Millipore Corporation, Bedford, MA), and membranes
were incubated for an hour at room temperature with 1:1000 dilutions of individual rabbit
polyclonal primary antibodies to 5-HT1A and 5-HT1B receptors (ABCAM). The
membranes were then washed and incubated with goat polyclonal anti-rabbit secondary
antibody at 1:3000 dilutions, washed, and processed for chemiluminescent detection and
captured with a digital camera system (G-box, Syngene, Cambridge, England). All
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membranes were probed with GAPDH (Cell Signaling, Danvers, MA) to correct for loading
error. Densitometric analysis of band intensity was performed using NIH Image J software.

Immunohistochemistry

Formalin-fixed skeletal muscle tissue samples from four patients from each group were
deparaffinized in xylene and rehydrated in graded ethanol and phosphate-buffered saline
solution (PBS). Samples were incubated in Dako Target Retrieval Solution for antigen
unmasking, rinsed in PBS, incubated in 3% hydrogen peroxide, washed, and incubated in
5% goat serum in PBS at room temperature for 2 hours for blocking. After washing, samples
were incubated in rabbit polyclonal primary antibodies to 5-HT1A and 5-HT1B at 1:500
dilutions each. Immunoreactivity was detected with the appropriate biotinylated secondary
antibody at a 1:800 dilution and the enhanced avidin biotinylated peroxidase complex
(\Vector Laboratories, Burlingame, CA). Color was developed with diaminobenzidine
substrate and samples were mounted using Permount SP 15-150. Photomicrographs were
taken with a Zeiss LSM510 confocal microscope system (Carl Zeiss Microlmaging, Inc.,
Thornwood, NY) equipped with a digital camera (Photodoc, Upland, CA).

Data Analysis

Microvessel responses are expressed as percentage of contraction compared to baseline.
Microvascular reactivity data were analyzed using repeated measures ANOVA followed by
student t test. Western blot data were analyzed using paired t tests to compare densitometry
of samples before and after CPB and in ND vs DM patients. Data are reported as mean and
standard error of the mean (SEM). Probability values <0.05 were considered significant.

RERULTS

Patient Characteristics

The patient characteristics are listed in Table 1. Tissue samples from 16 patients were
studied, with 8 patients in the ND group and 8 patients in the DM group. In the ND group,
the mean age was 686 years with 6 male and 2 female patients. In the DM group, the mean
age was 70+7 years with 7 male and 1 female patients. All patients underwent CABG, and
patients in both ND and DM groups had comparable cross clamp times (ND = 90£10 min;
DM = 93£11 min) and CPB times (ND = 104+12 min; DM = 106+11 min). All patients
received low dose vasopressor support after separation from cardiopulmonary bypass
(generally norepinephrine and/or epinephrine) to maintain adequate vascular tone, but no
patient suffered from low cardiac output syndrome and all patients had an unremarkable
postoperative recovery. The average preoperative blood HbAlc was 5.4+0.4 in the ND group
and 8.9+0.5 in the DM group. All patients in the DM group were on pre-operative insulin.
Patients with preoperative hypertension included 6 in the ND group and 8 in the DM group,
and all of these patients were on appropriate antihypertensive medications (B-blockers,
calcium channel blockers, and/or angiotensin-converting enzyme inhibitors) and received
perioperative B-blockers.
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Microvascular Reactivity

There were no significant differences in the baseline diameters of peripheral arterioles in the
ND and DM groups or pre-CPB and post-CPB groups. There were no significant differences
in the contractile response of peripheral arterioles to serotonin pre-CPB between ND and
DM patients (67+8% versus 64+11%; p=0.63; Figure 1).

After CPB, the contractile response to serotonin was significantly impaired in both ND and
DM patients compared to their pre-CPB counterparts (ND from 67+8% pre-CPB to 47+7%
post-CPB; DM from 64+11% pre-CPB to 31+14% post-CPB; p<0.05; Figure 1). This effect
was more pronounced in DM patients than in ND patients (p<0.05; Figure 1). The
contractile response to serotonin was significantly inhibited by the 5-HT1B antagonist
SB224289 in both DM and ND vessels (ND pre-CPB 28+8%; ND post-CPB 20+7%; DM
pre-CPB 25+10%; DM post-CPB 17+4.4%; p<0.05 vs serotonin alone; Figure 1).

Effect of CPB on Expression of Serotonin Receptors

Immunoblot staining of peripheral skeletal muscle showed no significant differences in
expression of the 5-HT1A or 5-HT1B receptors between ND and DM patients or between
pre-CPB and post-CPB samples (Figure 2).

Effect of CPB on Distribution of Serotonin Receptors

Immunohistochemical staining of peripheral skeletal muscle showed no significant
differences in distribution of the 5-HT1A or 5-HT1B receptors between ND or DM patients
or between pre-CPB and post-CPB samples (Figure 3. 5-HT1A not shown).

DISCUSSION

In this study, we demonstrated using an in-vitro model that the contractile response of
human peripheral skeletal muscle arterioles to serotonin as mediated by the 5-HT1B
receptor was impaired after CPB in patients undergoing CABG. This contractile response
was further impaired in arterioles from patients with poorly controlled diabetes as compared
to that from non-diabetic patients. There was no change in the expression or distribution of
the 5-HT1B receptor, indicating a change in the functionality of this receptor rather than a
change in quantity or localization. The significance of these changes is underscored by the
role of the peripheral microcirculation, specifically arterioles with an internal diameter of

<200 micrometers, in regulating systemic vascular resistance and ultimately tissue perfusion.
1,2,15-17

Serotonin is a biogenic monoamine with a family of receptors that contains at least 15
members, the majority of which belong to the G protein coupled receptor family, and are
found in almost all tissues.13 Serotonin release is stimulated by ischemia and contact with
artificial surfaces, as occurs in a CPB circuit.13 Further, peripheral serotonin is stored in the
blood, specifically in the dense granules of platelets. Platelet activation can cause a marked
local concentration of serotonin and other platelet products. Physiological roles of serotonin
in the periphery include platelet aggregation for hemostasis and cardiovascular regulation
including vasoconstriction and vasodilation.13 Serotonin has been shown to activate
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phospholipase A2, which results in release of arachidonic acid, an important precursor via
the enzymatic action of cyclooxygenase (COX) to a number of inflammatory mediators
including thromboxane A2 and prostacyclin.1819 Furthermore, there is an increase in
COX-2 expression/activation in peripheral arterioles of patients post-CPB compared to pre-
CPB and this increase is higher in patients with diabetes compared to patients without
diabetes.20 These changes may contribute to the altered peripheral microvascular reactivity
to serotonin in patients with diabetes following cardiac surgery and CPB.

One specific regulator of vascular tone in the serotonin family of receptors is the 5-HT1B
receptor, which is located on both vascular smooth muscle and endothelial cells and
mediates a contractile response.13 The 5-HT1A receptor also has a role in vasomotor tone
with a vasodilatory effect in the peripheral vasculature.?1.22 Qur study demonstrated an
impairment in the contractile function of the 5-HT1B receptor after cardiopulmonary bypass
which was worsened in patients with poorly controlled diabetes. The mechanism of this
impairment is likely mediated by multiple factors. First, an inflammatory cascade that is
initiated by CPB as blood comes into contact with artificial surfaces leads to an increased
release of serotonin.1:13 The sustained increase of serotonin in vivo or prolonged exposure
in-vitro may lead to loss of serotonin-mediated vascular smooth muscle cell contraction.
Furthermore, CPB leads to the activation and release of prostaglandins, oxygen free radicals,
complement, nitric oxide, and inflammatory cytokines, which may contribute to vasomotor
dysfunction via increased vascular permeability and changes in vasodilatory and
vasoconstrictive responses.1:2:16.23.24

It is known that diabetes may lead to microvascular complications such as retinopathy,
nephropathy, and peripheral arterial disease, and that intensive glycemic control significantly
reduces these complications.2>:26 Furthermore, intensive glycemic control is associated with
improved outcomes after CABG.27 The mechanism of worsened impairment of microvessel
constriction in patients with diabetes compared to non-diabetic patients may be related to the
increased oxidative and nitrosative stress responses that occur in skeletal muscle and
microvessels in patients with sub-optimally controlled diabetes.1? In addition, advanced
glycosylation end products may affect the microvascular responses. These changes may
contribute to the diminished functionality of the 5-HT1B receptor as suggested in our study.

Our findings in this study are consistent with our previous work with other vasomodulators
following CPB. We found that CPB leads to an impaired in-vitro contractile response of
peripheral arterioles to phenylephrine, endothelin-1, and thromboxane A2,1-3 and an
impaired relaxation response to both endothelial dependent and independent vasodilators
after CPB.12 The changes in endothelial dependent vasodilatory responses were more
pronounced in patients with higher HbAlc levels when compared to non-diabetic patients
and patients with well controlled diabetes.12 Extending these findings to the current study,
future investigations comparing the microvascular response to serotonin in patients with
controlled versus uncontrolled diabetes may yield significant differences.

There are several limitations to the present study. First, the sample size is limited with eight
patients per group. Also, given that the study involved human samples, one factor that may
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affect our results is the heterogeneity of the patients enrolled. Differences in medications and
incidence of coexisting disease processes may have affected our findings. Finally, this
current study lacks extensive clinical outcome data, which would help correlate our findings
to clinical outcomes. Future studies with this data may help to correlate microvascular and
signaling changes with clinical outcomes. Finally, this study did not examine all of the
factors or mechanisms that may contribute to the altered receptor function in the setting of
cardiac surgery or diabetes.

In conclusion, CPB is associated with decreased contractile function of human peripheral
skeletal muscle microvessels in response to serotonin as mediated by the 5-HT1B receptor
subtype. This contractile dysfunction is worsened in patients with poorly controlled diabetes
as compared to non-diabetic patients. There was no significant change in the expression or
distribution of the 5-HT1B receptor in peripheral microvessels indicating a change in the
functional status of the receptor. These results may have implications regarding the cause of
vasomotor dysfunction in patients after cardiac surgery.
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120- Bl Serotonin
100 - Serotonin + SB224289

Figure 1.
The in-vitro contractile response of peripheral arterioles to serotonin (10™°M) in the

presence or absence of the 5-HT1B receptor antagonist SB224289 (10~°M). *P<0.05 vs.
ND-Pre-CPB or DM-Pre-CPB. @P<0.05 vs. Pre-CPB, #P<0.05 vs. Post-CPB. n=8/group,
ND, non-diabetic patients, DM, diabetic patients.
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A, C Western blots of serotonin receptor proteins in peripheral microvasculature comparing
expression of (A) 5-HT1A and (C) 5-HT1B in ND and DM, pre- and post-CP/CPB.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control. ND
and DM samples were run on separate membranes and the corresponding GAPDH blot is
shown below the respective ND or DM group. n=6/group. B, D. Fold changes in optical
density from western blot analysis of (B) 5-HT1A and (D) 5-HT1B in ND and DM samples
pre- and post- CP/CPB. There was no significant difference in the expression of 5-HT1A or
5-HT1B between ND and DM groups or between pre-and post- CPB vessels.
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Figure 3.
A. Immunohistochemical staining of peripheral skeletal muscle with 5-HT1B receptor

antibodies (brown). B. 5-HT1B receptor distribution optical densities (OD) found using
immunoperoxidase staining and image analysis. There were no significant differences
between ND and DM groups or between pre- and post- CP/CPB vessels (n=4/group).
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Baseline characteristics. ND: non-diabetic patients; DM: diabetic patients; HbAlc: hemoglobin Alc; CABG:
coronary artery bypass grafting.

Baseline characteristics ND (n=8) DM (n=8)
HbALC (%) 54+x04 89%05
Male/Female 6/2 711

Age (y) 68+6 70+7
CABG (n) 8 8
Pre-operative Insulin (n) 0 8
Peri-operative Insulin (n) 2 8
Hypertension (n) 6 8
Hypercholestesterolemia (n) 7 8

Cross Clamp Time (min) 90+ 10 93+11
CPB Time (min) 104 + 12 106 + 11
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