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Abstract

This study examined factors contributing to increased vascular resistance and plexiform lesion
formation in broiler chickens susceptible to idiopathic pulmonary arterial hypertension (IPAH). A
diet supplemented with excess tryptophan (high-Trp diet), the precursor for serotonin, was used to
accelerate the development of IPAH. Broilers fed the high-Trp diet had higher pulmonary arterial
pressures than broilers fed the control diet, and plexiform lesion incidences tended to be higher (P
= 0.11) in the high-Trp group than in the control group at 30 d of age. The intrapulmonary arteries
were assessed for vasoconstriction in response to serotonin and adenosine triphosphate (ATP) and
for activities of key metabolic enzymes for serotonin and ATP. The pulmonary artery (defined as
the first major branch of the pulmonary artery inside the lung) and the primary pulmonary arterial
rami (defined as the second major branch of the pulmonary artery inside the lung) both exhibited
vasoconstriction in response to serotonin and ATP. This is the first study to demonstrate
purinergic-mediated vasoconstriction in intrapulmonary arteries from broilers. Arteriole
responsiveness did not differ between broilers fed the control diet or the high-Trp diet. Therefore,
the high-Trp diet enhanced the development of IPAH but did not affect the artery’s sensitivity to
serotonin or ATP. Monoamine oxidase activity, responsible for the breakdown of serotonin, was
severely impaired in pulmonary arteries from broilers in the high-Trp group. Accordingly,
serotonin may persist longer and elicit an amplified response in broilers fed the high-Trp diet.
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INTRODUCTION

Idiopathic pulmonary arterial hypertension (IPAH) in broiler chickens is characterized by
increased pulmonary arterial pressure and excessively elevated pulmonary vascular
resistance. Efforts to clarify the pathogenesis of IPAH have focused on deducing the
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underlying causes of the excessive resistance to pulmonary blood flow (Peacock et al., 1989;
Wideman, 2000, 2001; Chapman and Wideman, 2001, 2006a,b; Wideman et al., 2004,
2007). In addition to chemical mediators of vasoconstriction (Wideman et al., 2004, 2007),
increases in pulmonary vascular resistance also may be attributed to pathological changes
within the arterioles, including medial hypertrophy (hypertrophy and hyperplasia of smooth
muscle), intimal proliferation (endothelial proliferation), and the formation of obstructive
plexiform lesions. Indeed, broilers serve as a unique animal model for the spontaneous
development of plexogenic arteriopathy (Wideman et al., 2007, 2011;Wideman and Hamal,
2011).

Pulmonary vascular pressure profiles have demonstrated repeatedly that the precapillary
vasculature is the predominate site of increased resistance to blood flow in IPAH-susceptible
broilers (Chapman and Wideman, 2001; Wideman et al., 2007, 2010; Lorenzoni et al.,
2008). Nevertheless, the specific anatomical locations and mechanisms contributing to
elevated vascular resistance and lesion formation in the pulmonary arterial tree remain to be
elucidated. Serotonin (5-hydroxytryptamine, 5-HT) is a potent pulmonary vasoconstrictor
and mitogen that has been implicated in the pathogenesis of IPAH in mammals and broilers.
Serotonin can be released from pulmonary neuroendocrine cells or from circulating platelets
and thrombocytes (MacLean et al., 2000). Serotonin acts via specific receptors on
pulmonary smooth muscle and endothelial cells to cause vasoconstriction and exuberant
cellular proliferation, which is thought to precede plexogenic arteriopathy (Tuder et al.,
1998a,b; Eddahibi et al., 2001a,b, 2006; Wideman et al., 2010, 2011; Wideman and Hamal,
2011). Adenosine triphosphate (ATP) is released from sympathetic nerves, and purinergic-2
(P2X) receptors have been linked to progression of lung disease in mammalian models
(McMillan et al., 1999; Mortaz, et al., 2010; Ohata et al., 2011). However, the presence of
purinergic receptors in the resistance vasculature of chicken lungs has not been confirmed,
nor is it known if these receptors cause vasoconstriction in broilers. Evidence from
mammalian studies suggests that serotonin may act on P2X receptors to elicit excessive
vasoconstriction (Zhang et al., 2004; Dergacheva et al., 2008). Therefore, there may be an
important interaction between serotonin and ATP that contributes to increased vascular
resistance in IPAH.

The purpose of this study was to investigate mechanisms that may contribute to the
development of IPAH. To further clarify the anatomical sites of excessive pulmonary
vasoconstriction, we evaluated the responsiveness of the pulmonary artery (defined as the
first major branch of the pulmonary artery within the lung) and the pulmonary rami (defined
as the second major branch of the pulmonary artery within the lung) to graded levels of
serotonin and ATP. Chickens require the serotonin precursor tryptophan (Trp) as an essential
amino acid in their diet (Corzo et al., 2005a,b; Fatufe et al., 2005; Emadi et al., 2011).
Supplemental levels of tryptophan increase the quantities of serotonin that are synthesized
and released (Rosebrough, 1996). It was our hypothesis that chickens fed a diet
supplemented with high levels of tryptophan should spontaneously develop increased
pulmonary arterial pressures, increased plexiform lesion incidences, and greater sensitivity
to vasoconstrictors, such as serotonin and ATP. We also evaluated the activity of the
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enzymes that metabolize serotonin and ATP, as changes in the activities of these enzymes
could alter the concentrations of serotonin and ATP available for vasoconstriction.

MATERIALS AND METHODS

Histology

Animal procedures were approved by the University of Arkansas Institutional Animal Care
and Use Committee. Male broiler chicks were reared in environmental chambers
(dimensions: 3.7 m long x 2.5 m wide x 2.5 m high) within the Poultry Environmental
Research Lab. Single-pass ventilation was maintained at a constant rate of 6 m3 per minute
per chamber. The photoperiod was set for 23L:1D for the first 4 d and 16L:8D thereafter.
Thermoneutral temperatures were maintained throughout: 32°C ford 1 to 3, 31°C ford 4 to
6, 29°C for d 7 t010, 26°C for d 11 to 14, and 24°C thereafter. Chicks were initially placed
on the floor on wood-shavings litter at a density of 930 cm?/bird, and by 6 wk of age, the
bird density had been reduced to = 2,000 cm?/bird. A corn and soybean meal-based feed
formulated to meet or exceed the minimum NRC (1994) standards for all ingredients (22.7%
CP, 3,059 kcal of ME/kg, 1.5% arginine, and 1.43% lysine) was provided to the control
group. The control diet was formulated to contain approximately 0.22% tryptophan (Trp) by
weight (2.2 g of Trp/kg of feed). The high-Trp group received the same diet blended with
sufficient additional Trp added to achieve 0.88% Trp by weight. Feed and water were
available ad libitum throughout the study.

All procedures have been described previously (Wideman et al., 2011). At 30 and 42 to 48 d
of age, randomly selected birds (control n = 8, high-Trp n =7 on d 30; control n =9, high-
Trp n =9 on d 42 to 48) were anesthetized to a surgical plane with intramuscular injections
of allobarbitol (5,5-diallylbarbituric acid, 3.0 mL, 25 mg/mL; Sigma-Aldrich, St. Louis,
MO) and ketamine HCI (1.0 to 2.5 mL of 100 mg/mL; Henry Schein Inc., Melville, NY).
Heparinized saline with papaverine (2 mL per bird of 200 units/mL ammonium heparin in
0.9% NaCl containing 0.4 mg/mL papaverine) was injected intravenously, after which the
birds were euthanized by exsanguination. The sternum was retracted to expose the heart, the
right atrium was clamped with a hemostat, the left atrium was opened for drainage, and
polyethylene tubing (2.5-mm ID) was inserted via a slit in the right ventricle to flush the
pulmonary vasculature with 200 mL of 0.9% NaCl containing 50 units/mL ammonium
heparin and 0.1 mg/mL papaverine at room temperature. The lungs were then fixed in situ
by transcardiac perfusion with 200 to 400 mL of freshly prepared 4% phosphate-buffered
paraformaldehyde at room temperature. Carboys containing the saline and the
paraformaldehyde were positioned at an elevation sufficient to obtain a gravimetric
perfusion pressure of 46 cm of H,O (34 mmHg) at the level of the heart. The thoracic cavity
was flooded with 4% paraformaldehyde and the lungs remained fixing in situ for a minimum
of 8 h, after which they were removed and cut in the transverse plane at the 4 major rib
indentations (costal sulci). These tissues were immersed for 24 h in 4% phosphate-buffered
paraformaldehyde, after which they were rinsed briefly in tap water, dehydrated in 25% and
50% ethanol for 30 min each, and stored in 70% ethanol. One inter-rib division from the
middle of each lung was embedded in paraffin, sectioned at 5- to 7-um thickness, and
stained with hematoxylin and eosin. One slide per lung division was searched for plexiform
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lesions using overlapping fields of view and sequential horizontal traverses at 40x total
magnification.

Pulmonary Vascular Pressure Profiles

Between 4 and 5 wk of age, broilers (n = 16 for the control group, and n = 16 for the high-
Trp group) were anesthetized to a surgical plane with intramuscular injections of allobarbitol
(5,5-diallylbarbituric acid, 3.0 mL, 25 mg/mL) and ketamine HCI (1.0 to 2.5 mL of 100 mg/
mL). The anesthetized broilers were fastened in dorsal recumbency on a surgical board.
Lidocaine HCI (2%) was injected subcutaneously around the basilica vein (major wing
vein), and then the proximal end of a Silastic catheter (0.012 in 1D, 0.025 in OD; Dow
Corning Corp., Midland, M) filled with heparinized saline (200 1U of heparin/mL of 0.9%
NaCl) was inserted into the vein. The distal end of the catheter was attached to a blood
pressure transducer interfaced through a Transbridge preamplifier (World Precision
Instruments, Sarasota, FL) to a Biopac MP100 data acquisition system using Acgknowledge
software (Biopac Systems Inc., Goleta, CA). Venous pressure was recorded with the catheter
inserted approximately 2 cm into the basilica vein. Characteristic pulse pressures were
monitored to identify the catheter’s location as it was slowly advanced through the wing vein
to the right atrium, right ventricle, main trunk of the pulmonary artery, and onward, until a
sudden drop in the pressure indicated the tip of the catheter had become wedged in a small
arterial branch. A sudden rise in the pressure as the catheter was slightly withdrawn
confirmed that the wedge pressure had been obtained. The catheter was then gradually
withdrawn to again record the pulmonary arterial, right ventricular, right atrial, and venous
pressures. Typical blood pressure recordings from individual broilers undergoing wedge
pressure experiments have been published previously (Chapman and Wideman, 2001;
Lorenzoni et al., 2008).

Concentration Response Curves

The lungs were removed from euthanized broilers, and the pulmonary artery and pulmonary
rami were dissected and prepared for wire myography. The pulmonary arteries were
identified as the first major branch within the lung after the pulmonary artery, including the
arteria pulmonalis dextra and the arteries pulmonalis sinistra. The pulmonary rami were
identified as the second major branch of the pulmonary artery within the lung, including the
cranial, caudomedial, and caudolateral rami. Once the vessels were dissected, they were
mounted on tungsten triangular hangers connected to force transducers and placed in 15-mL
tissue baths containing modified Krebs-Henseleit buffer solution (Sigma, St. Louis, MO)
with HEPES (10 mM, Sigma), sodium bicarbonate (25 mAM, Sigma-Aldrich), and calcium
chloride (0.95 mM, Sigma). The tension of the vessels was set at 0.4 g for 30 min at pH 7.4
and 37°C to allow stabilization. Baths were continuously bubbled with a mixture of 5% CO»,
and 30% O,.Viability of the smooth muscle was assessed by at least 10% increase in
contraction to serotonin (107 M), and the viability of endothelium was assessed by at least
20% relaxation to acetylcholine (107> M see Figure 1 for a diagram of the tension
experiments). The vessels were then stimulated by an electrical current delivered via 2
parallel platinum electrodes placed on both sides of the vessel. The electrical current was
supplied by a voltage stimulator set at 15 V, using a 2 msec pulse width. Baseline tension
was increased by 0.05 g until the developed tension failed to increase by 10% in response to
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the stimulation. Peak contraction to potassium chloride (80 mA4) plus norepinephrine (107>
M) was also measured. Concentrations response curves of serotonin (10712 to 10 M) and
ATP (1077 to 1073 M) were recorded and collected using a Powerlab 16/30 with Chart
software (version 5.2; ADI instruments, Colorado Springs, CO). Tissue baths were set at
37°C and increasing concentrations were added every 2 min.

Phosphatase Activity

A QuantiChrom ATPase/GTPase assay kit was used from BioAssay Systems (Hayward, CA)
to detect free phosphate in the vessel. The QuantiChrom ATPase/GTPase assay has been
shown to be highly sensitive (Samizo et al., 2001) and has previously been used to measure
organic and inorganic phosphates (Cogan et al., 1999). The assay included a phosphate
standard and reagent (proprietary formula, Bioassay Systems). Free phosphate was detected
by measuring absorbance using the PowerWave XS (Bio-Tek Instruments Inc., Winooski,
V/T) plate-reading spectrophotometer. KCJunior software (Winooski, VT) was used to
calculate phosphate concentration of each sample from a standard curve, and phosphate
concentration was directly proportional to nucleotidase activity.

All solutions were brought to room temperature. A premix was made by mixing 40 uL of 1
mmol phosphate standard with 960 pL of distilled water. Different concentrations of the
phosphate standard were prepared using the premix and distilled water to make 8
concentrations: 40 umol, 32 pmol, 24 umol, 16 pmol, 12 umol, 8 umol, 4 pmol, and 0 pmol
of phosphate. The standards were pipetted (50 L) in duplicate into a clear-bottom 96-well
plate to obtain a standard curve for phosphate concentration from the absorbance read.
Duplicate empty wells were used as blanks, and in each well, 100 uL of reagent was added.
The wells were mixed at 500 rpm for 60 s using a plate shaker.

The lungs were dissected to remove a 2-mm portion of the pulmonary artery and pulmonary
rami (making sure to remove blood within the vessels). Vessel segments were then
transferred into sample wells containing 100 pL of reagent (described above) and 0.2 mA/ of
adenosine triphosphate (Sigma-Aldrich). Whole vessel segments were used to reduce the
possibility of detecting phosphate from intracellular sources of nucleotidases, such as
myosin phosphatase activity within the vessel. The whole segments were left in the well
during the incubation period (30 min) and then removed with tweezers before the plate was
read. These vessels were assessed for the activity of the enzymes that break down adenine
nucleotides using the QuantiChrom ATPase/GTPase assay kit (BioAssay Systems) and
manufacturer’s guidelines were followed. The assay is highly sensitive, being able to detect
as little as 2 pmol of phosphate. Free phosphate was detected by measuring absorbance at
620 nm using the PowerWave XS (Bio-Tek Instruments Inc.) plate-reading
spectrophotometer. KCJunior software was used to calculate phosphate concentration of
each sample from a standard curve, and phosphate concentration was directly proportional to
phosphatase activity. Phosphatase activity was further normalized by total protein content
using a Micro BCA spectrophotometric protein assay. Each vessel was homogenized in
saline solution after completion of the QuantiChrom ATPase/GTPase assay. The samples
were centrifuged at 2,000 x g for 10 min at 25°C, and then the sample supernatant was
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removed and the protein assay was conducted per manufacturer’s guidelines. Phosphatase
activity was reported as picomoles of phosphate per microgram of protein per minute.

Monoamine Oxidase Activity

Pulmonary arteries and pulmonary rami were also dissected and prepared for an analysis of
monoamine oxidase activity using a 2-step luminometric assay (MAO-Glo, Promega,
Madison, WI). Arteries were cut into 2-mm segments, homogenized in 120 uL of enzyme
buffer (100 mM of HEPES, 5% glycerol; pH = 7.4), and the supernatant was removed for
MAQ analysis after centrifugation at 2,000 x g for 10 min at 25°C. In the first step, an
aminopropylether analog to methyl ester luciferin is oxidized to form an imine, followed by
hydrolysis to an aldehyde, and then spontaneous conversion to methyl ester luciferin. The
second step involves the addition of esterase and luciferase, with the former converting
methyl ester luciferin to luciferin, and the latter converting luciferin to oxyluciferin and
light. Relative luminescence units were proportional to MAO activity. The plates were read
using a Biotek Luminometer (Biotek Instruments Inc.) using a sensitivity setting of 125, a
delay before measurement of 1,000 ms, and a delay between measurements of 1,250 ms.
The values from the assay are expressed as relative luminescent units because the absolute
values from one luminometer to another vary depending on the manufacturer and model of
the luminometer.

Data Analysis

RESULTS

Histology

All data are reported as mean = standard deviation. Plexiform lesion incidences were
calculated as (number of lung sections with = 1 plexiform lesion)/(number of lung sections
examined). Plexiform lesion incidences were compared between diet groups within each age
using a Ztest (Jandel Scientific, 1994). Statistical comparisons of vascular pressures across
different anatomical locations and between groups within an anatomical location were
assessed by one-way ANOVA. Differences in tension by diet group were evaluated using a
2-way ANOVA (group by concentration). When comparing pulmonary arteries versus
pulmonary rami, the data were reported as a percentage of the peak tension during the
potassium chloride plus norepinephrine challenge to normalize for differences in arterioles.
Baseline was set to zero by subtracting the normalized baseline from the values at each
concentration. The data were then analyzed using a 2-way ANOVA (vessel by
concentration). Phosphatase and monoamine oxidase activity were analyzed using a 2-way
ANOVA (vessel by group). For all ANOVA, a Tukey post hoc analysis was used when
appropriate. A £< 0.05 was used as the level of significance.

The plexiform lesion incidence at 30 d of age was 78.6% (11/14 lungs had lesions) in the
high-Trp group and 43.8% (7/16 lungs) in the control group (P = 0.11). No difference was
detected at 42 to 48 d of age, when lungs from birds fed the high-Trp diet exhibited a 55.6%
incidence of plexiform lesions (10/18 lungs), as compared with a 61.1% incidence of lesions
(12/18 lungs) in the lungs from birds fed the control diet (P=0.79). Figure 2 is a
representative photomicrograph of a plexiform lesion from a 30-d-old broiler. No differences
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in the histology of plexiform lesions were apparent between the control and high-Trp
groups. Plexiform lesions primarily develop at the points where muscularized
interparabronchial arteries branch from their parent arteries. Mature lesions typically
consisted of a matrix of intimal proliferating cells and embedded macrophages having a
foam-type appearance that tend to be arrayed adjacent to the remnants of the dilated, often
indistinct remnants of the arterial wall. Sparse, slit-like vascular channels within the lesions
generally appeared to be free of erythrocytes in well-perfused lungs, giving the lesions their
characteristic glomeruloid appearance (Figure 2).

Pulmonary Vascular Pressures

Pulmonary vascular pressure profiles are shown for the control and high-Trp groups in
Figure 3. These profiles include the pressures recorded as a catheter was advanced from the
wing vein forward through the vascular tree: venous pressure 1 (VP1); right atrial pressure 1
(RAL); right ventricular pressure 1 (RV1); pulmonary arterial pressure 1 (PAPL); and the
wedge pressure (WP). The pressures were recorded again as the catheter was withdrawn
from the vascular tree (PAP2, RV2, RA2, and RV 2). The transpulmonary pressure gradient
(TPG) was calculated as the difference between the PAP and WP: (TPG = PAP — WP).
Broilers fed the high-Trp diet had higher values for PAP1, PAP2, RV1, RV2, and VP2 than
broilers fed the control diet. Values for VP1, RA1, RA2, and WP did not differ between the
control and high-Trp groups. In both groups, the PAP was higher than the RV pressure,
which in turn was higher than the WP. Venous pressures were lower than WP but higher than
RA pressures within each group. The TPG was markedly higher in the high-Trp group than
in the control group. Ascites fluid accumulation was detected in one bird in the high-Trp
group and none of the birds in the control group.

Concentration Response Curves

One of the pulmonary arteries was judged to be nonviable and was not used for data
collection. There were no significant differences in baseline tensions by group (control vs.
high-Trp) or vessel type (pulmonary artery vs. pulmonary rami). The average baseline
tension for the pulmonary artery was 0.39 £ 0.02 g and for the pulmonary rami was 0.40

+ 0.02 g. The peak tension produced by the addition of potassium chloride + norepinephrine
was not different between the control and high-Trp group. However, pulmonary arteries
produced more tension (1.60 £ 0.86 g) than pulmonary rami (0.84 £ 0.26 g; < 0.03). As a
result, when comparing pulmonary arteries and pulmonary rami, the data are expressed as a
percentage of peak potassium chloride + norepinephrine tension.

Serotonin- and ATP-Mediated Vasoconstriction

A cumulative concentration response curve to serotonin for the pulmonary arteries for both
groups is represented in Figure 4A. Both the high-Trp (n = 9) and the control group (n = 10)
showed an increase in tension as serotonin concentrations increased within the pulmonary
arteries (P < 0.05 different from baseline). The pulmonary rami in both groups showed
similar increases in tension when serotonin concentrations increased (Figure 4B). The
pulmonary arteries (control, n = 10; high-Trp, n = 9) showed an increasing tension in both
groups as ATP concentrations increased (£ < 0.05 different from baseline), with most of the
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tension developing between 10~ A/to 103 M ATP (Figure 5A). Both groups showed a
similar responsiveness to ATP within the pulmonary rami (control, n = 11; high-Trp, n = 9;
Figure 5B). As the ATP concentrations increased, both groups exhibited increased tension.
To assess the type of purinergic receptor present, a.,-methylene ATP (10~° M), an ATP
analog specific to P2X receptors, was added to pulmonary arteries and pulmonary rami (n =
2, each). The a,p-methylene ATP resulted in vasoconstriction in the pulmonary arteries
(average peak tension: 1.26 + 0.24 g) and in the pulmonary rami (average peak tension: 0.64
+ 0.01 g). The serotonin-mediated and ATP-mediated contraction in pulmonary arteries and
pulmonary rami are compared in Figure 6. Because there were no differences in the diet
groups, the groups were combined for the following data (pulmonary arteries, n = 19;
pulmonary rami, n = 20).When data was reported as a percentage of potassium chloride +
norepinephrine peak tension and corrected for the baseline, there were no differences in
response to serotonin (Figure 6A) or ATP (Figure 6B).

Enzyme Activities

There was no effect of diet (control vs. high-Trp) on phosphatase activity in the pulmonary
artery and the pulmonary rami. However, the pulmonary rami had greater phosphatase
activity (8.35 + 9.34 pM phosphate/ug of protein per minute; range: 0.65-39.57 uM
phosphate/ug of protein per minute, n = 20) compared with the pulmonary artery (3.80

+ 2.43 uM phosphate/ug of protein per minute; £< 0.05; range: 0.50-9.34 pM phosphate/pg
of protein per minute, n = 20). Monoamine oxidase activity was also assessed in the
pulmonary arteries and the pulmonary rami. In the control group, 5 of the pulmonary arteries
were excluded because they had too much blood embedded in the vessel to accurately assess
monoamine oxidase activity in the vessel wall. Monoamine oxidase activity in the control
group (3,559 + 1,169 relative luminescence units, n = 3) was greater in magnitude than in
the high-Trp group (83 * 186 relative luminescence units, £< 0.05, n = 5) in the pulmonary
arteries. In the high-Trp group, 4 pulmonary arteries exhibited no detectible monoamine
oxidase activity, but all of the vessels in the control group had measureable monoamine
oxidase activity. For the pulmonary rami, monoamine oxidase activities did not differ
between the control group (340 + 602 relative luminescence units, n = 7) and the high-Trp
group (0 £ O relative luminescence units, n = 8). There was no detectible monoamine
oxidase activity in any of the pulmonary rami from the high-Trp group or in 5 of the arteries
from the control group.

DISCUSSION

In the present study, broilers in the high-Trp group tended to develop a higher incidence of
plexiform lesions than broilers in the control group at 30 d of age (£ = 0.11), but no
difference was evident between the groups at 42 to 48 d of age. Clearly, plexiform lesions
developed rapidly in relatively immature birds, during the exponential phase of growth when
broilers are most likely to succumb to spontaneous IPAH (Wideman and Hamal, 2011). The
relatively low incidence of vascular obstruction by plexiform lesions in broiler lungs does
not seem likely to have substantially increased the pulmonary vascular resistance, because
an extremely low proportion of the vascular channels are obstructed. Accordingly,
plexogenic arteriopathy appears to be a consequence rather than the proximate cause of the
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pulmonary hypertension in broilers that develop IPAH (Wideman et al., 2011). In agreement
with previous studies, the results of the present study demonstrated that broilers from the
high-Trp group had pulmonary arterial pressures that were higher than those of the control
group, yet the wedge pressures did not differ between the groups. These observations, in
combination with the higher transpulmonary pressure gradient for the high-Trp group,
indicate that the pulmonary hypertension attributable to supplemental dietary tryptophan was
the net result of elevated precapillary resistance to blood flow (pulmonary arterial
hypertension) rather than to postcapillary resistance (pulmonary venous hypertension;
Chapman and Wideman, 2001; Lorenzoni et al., 2008; Wideman et al., 2010).

Serotonin and ATP caused contraction in intrapulmonary arteries. The finding that ATP
causes contraction in chicken intrapulmonary arteries has not been shown previously and has
not been explored previously as a potential mechanism for IPAH. For serotonin and ATP, the
high-Trp diet did not significantly alter pulmonary artery and pulmonary rami responses or
receptor sensitivity. There were no differences in tension development between the
pulmonary rami and the pulmonary arteries for serotonin or ATP. In the Wistar rat,
pulmonary arteries and pulmonary rami were similar in response to serotonin, suggesting
that the number of receptors and their sensitivity were comparable in both vessels. However,
when an agonist for 5-HT1 receptor was used, tension development was greater in the
pulmonary rami than in the arteries, suggesting that regional differences exist in the
intrapulmonary vasculature of mammals (Rodat-Despoix et al., 2008). Human pulmonary
arteries also have 5-HT1 and 5-HT2 receptor-mediated vasoconstriction that is modulated by
a combination of intracellular and extracellular calcium (Rodat-Despoix et al., 2009).
Calcium sources for serotonin-mediated contraction also appear to be an important regional
difference in the pulmonary arterial tree. Previous work in rats indicates that serotonin-
mediated vasoconstriction in pulmonary arteries was more sensitive to blockade of calcium
from the sarcoplasmic reticulum, when compared with second order arteries (Rodat-Despoix
et al., 2008). If there is a level of the arterial tree that is more responsible for the
development of pulmonary hypertension, further investigation into the mechanisms of
vasoconstriction and the receptors involved is critically important. The serotonin transporter
and the 5-HT1A, 5-HT2A, 5-HT-1B, and 5-HT2B receptors are present in broiler lungs, and
increased expression of the 5-HT1A and 5-HT2B receptors was correlated with pulmonary
hypertension in broilers (Hamal et al., 2010).

Purinergic vasoconstriction in broilers is a unique finding and suggests that some of the
purinergic receptors are expressed in the intrapulmonary arteries. Previous work in rats
showed that, a.,p-methylene ATP, a specific P2X agonist, was the most potent in causing
constriction in small and large intrapulmonary arteries (Chootip et al., 2002). Smaller
arteries exhibited greater tension development to the specific P2X agonist, a,-methylene
ATP, compared with larger intrapulmonary arteries. These results demonstrate
pharmacological evidence for P2X receptors on intrapulmonary arteries in mammals
(Chootip et al., 2002). Pilot data collected for this study (reported in the Results) indicate
that P2X receptors are also present within broiler pulmonary arteries and pulmonary rami.
Although a,B-methylene ATP was not used for dose-response curves in the current study,
increasing ATP concentrations did elicit increased vasoconstriction within broiler pulmonary
artery and pulmonary rami, suggesting the presence of purinergic receptors in the broiler
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intrapulmonary arteries. The purinergic 2 receptor subtype remains to be identified.
Vasoconstriction in response to ATP should be considered as a potential mechanism
contributing to excessive vascular resistance in broilers susceptible to IPAH.

A unique aspect of this study was to include metabolic activity of the key family of enzymes
that metabolize serotonin and ATP. We measured the activity of phosphatases that are
responsible for breaking down ATP, and monoamine oxidase that is responsible for breaking
down serotonin. Phosphatase activity was not influenced by the diet treatment, but
pulmonary rami did have more relative phosphatase activity when compared with the
pulmonary arteries. Phosphatase activity may play an important role in modulating the
amount of ATP that reaches the purinergic receptors and thus blunt some of the
vasoconstriction caused by ATP.

In contrast, there was a significant effect of diet on monoamine oxidase activity such that the
high-Trp group had little to no detectible activity in the pulmonary arteries and the
pulmonary rami. Low monoamine oxidase activity implies that serotonin may linger longer
in the high-Trp group compared with the control group. Considering that supplemental
levels of tryptophan increase the quantities of serotonin that are synthesized and released
(Rosebrough, 1996), even in the absence of higher serotonin receptor sensitivity, broilers in
the high-Trp group may exhibit amplified serotoninmediated vasoconstriction because
locally acting serotonin is not as easily neutralized. This hypothesis was not tested in this
study, but previous work suggests that genetic deletion or inhibition of monoamine oxidase
does result in enhanced serotonin-mediated vasoconstriction and mitogenic activity (Lairez
et al., 2009; Seto et al., 2009).There is no previous data suggesting that tryptophan itself
inhibits monoamine oxidase activity. It is more likely that the inhibition of activity or
reduced expression of monoamine oxidase in the highTrp group was a secondary effect of
higher pulmonary pressures. These results should be interpreted with caution because
monoamine oxidase is not the only enzyme that breaks down serotonin, and the sample size
for these experiments was small.

In conclusion, broilers fed a commercial diet supplemented with excess tryptophan
developed higher pulmonary arterial pressures than broilers fed a control diet. Plexiform
lesion incidences tended to be higher (£=0.11) in the high-Trp group than in the control
group at 30 d of age, although lesion incidences for both groups had converged by 42 to 48 d
of age. The pulmonary arteries and pulmonary rami both exhibited constriction in response
to serotonin and ATP. This is the first study to demonstrate purinergic-mediated constriction
in broiler intrapulmonary arteries. Metabolic activity of ATP phosphatases was greater in
pulmonary rami.
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Figure 1.
Diagram of vessel tension experiments.
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Figure 2.
Lung section from a 30-d-old broiler showing an arteriole with its lumen occluded by a

plexiform lesion. The affected arteriole lies in the connective tissue septum separating 2
adjacent parabronchi (PB). The lesion consists of a matrix of proliferating intimal cells (IP)
with foam-type macrophages (m®) arrayed around the remnants of the vascular wall. The
perivascular connective tissue and gas exchange parenchyma contain nucleated avian
erythrocytes and heterophils. The glomeruloid-like structure of this mature plexiform lesion
is indicated by the multiple vascular channels (c) that have been cleared of erythrocytes by
perfusion fixation. The 5-um-thick section is stained with hematoxylin and eosin. Color
version available in the online version of this paper.
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Figure 3.
Pulmonary vascular pressure profiles for the control (n = 16) and high-Trp (n = 16) groups.

Pressures (mmHg) were recorded as a catheter was advanced through the basilica vein
(VP1), into the right atrium (RAL), right ventricle (RV1), and pulmonary artery (PAP1),
until the wedge pressure (WP) was obtained. Vascular pressures were also recorded as the
catheter was withdrawn (PAP2, RV2, RA2, and VP2). The transpulmonary pressure gradient
(TPG) was calculated as PAP — WP. @NValues with different letters differed significantly (2
< 0.05).
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Serotonin (5HT)-mediated vasoconstriction in the pulmonary arteries and pulmonary rami.
In the pulmonary arteries (A) and the pulmonary rami (B), increasing concentrations of
serotonin caused an increase in vessel tension. There was no difference between diet groups
(control n = 10; high-Trp, n = 9) in the pulmonary arteries or the pulmonary rami.
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Adenosine triphosphate (ATP)-mediated vasoconstriction in the intrapulmonary arteries.
There were no differences between the control (n = 10) and high-Trp groups (n = 9) with
ATP-mediated vasoconstriction. The ATP caused vasoconstriction in the pulmonary arteries
(A) and in the pulmonary rami (B).
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Comparison of the agonist response curve in the pulmonary arteries versus the pulmonary
rami. Diet groups are combined because there was no diet-group effect. Serotonin (5HT)-
mediated vasoconstriction (A) was not different in pulmonary rami (n = 19) and pulmonary

arteries (n = 20). The addition of adenosine triphosphate (ATP)

produced an increase in

relative tension in the pulmonary artery and rami (B). NE = norepinephrine.
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