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Actions of thromboxane (TXA2) to alter airway resistance were first
identified over 25 years ago. However, the mechanism underlying this
physiological response has remained largely undefined. Here we
address this question using a novel panel of mice in which expression
of the thromboxane receptor (TP) has been genetically manipulated.
We show that the response of the airways to TXA2 is complex: it
depends on expression of other G protein-coupled receptors but also
on the physiological context of the signal. In the healthy airway,
TXA2-mediated airway constriction depends on expression of TP
receptors by smooth muscle cells. In contrast, in the inflamed lung, the
direct actions of TXA2 on smooth muscle cell TP receptors no longer
contribute to bronchoconstriction. Instead, in allergic lung disease,
TXA2-mediated airway constriction depends on neuronal TP recep-
tors. Furthermore, this mechanistic switch persists long after resolu-
tion of pulmonary inflammation. Our findings demonstrate the pow-
erful ability of lung inflammation to modify pathways leading to
airway constriction, resulting in persistent changes in mechanisms of
airway reactivity to key bronchoconstrictors. Such alterations are
likely to shape the pathogenesis of asthmatic lung disease.

prostanoid; asthma; nerve; airway smooth muscle

CONSTRICTION OF THE AIRWAYS can be triggered both by the direct
interaction of ligands with receptors directly on airway smooth
muscle (ASM) or indirectly by activation of the nerves that
regulate its tone. Thromboxane (TXA2) is one of the most
potent endogenous bronchoconstrictors, and this activity is
conserved across several species, including humans, dogs, cats,
guinea pigs, and rodents (4, 31, 45, 55).

TXA2 is a prostanoid lipid mediator; its synthesis is initiated
by the oxidation of arachidonic acid by either cyclooxygen-
ase-1 or cyclooxygenase-2 into prostaglandin H2 (PGH2). The
thromboxane synthase enzyme catalyzes the isomerization of
PGH2 to generate TXA2, which has a very short half-life in
aqueous solution and is rapidly hydrolyzed to the stable,
inactive metabolite thromboxane B2 (TXB2). Although inac-
tive, TXB2 can be used as a marker for in vivo TXA2 synthesis
(19). TXA2 exerts its biological functions through interactions
with the heterotrimeric G protein-coupled thromboxane-pro-
stanoid (TP) receptor (34, 43, 49, 52). All of the known

physiological functions of TXA2 are dependent upon the ex-
pression of this receptor, which associates with the Gq family
of proteins and mediates most of its physiological actions
through the activation of phospholipase C and increases in
intracellular calcium concentrations ([Ca2�]i).

Enhanced TXA2 biosynthesis is seen in the airways of atopic
asthmatic subjects following allergen challenge (51, 61) and in
patients with chronic obstructive pulmonary disease (15).
Thromboxane has also been shown to be released after activa-
tion of human alveolar macrophages and mast cells (36, 47). In
addition, inhibition of TP receptors attenuates allergic airway
constriction in guinea pig and human precision-cut lung slices,
further implicating TXA2 in the asthmatic response (45, 65).
Despite the overwhelming evidence demonstrating an impor-
tant role for this mediator in modulating airway tone, the
mechanism(s) of these actions are poorly defined. The TP
receptor is broadly expressed in the lung (7, 12, 27, 30, 33, 38,
42, 56). Its expression by smooth muscle together with in vivo
studies demonstrating altered intracellular Ca2� levels in cul-
tured smooth muscle cells exposed to TXA2 agonists (29, 30)
support a model in which TXA2 acts directly on these cells to
induce bronchoconstriction. However, a number of studies
suggest more complex regulation, including indirect actions of
TXA2 to induce bronchoconstriction by stimulating neurons
(31, 48, 50). However, the relative roles of these pathways in
determining airway tone in the normal and diseased lung in the
intact animal are not clear.

Airways are primarily innervated by sensory and parasym-
pathetic fibers carried in the vagus nerve. The sensory neurons
include myelinated stretch receptors and unmyelinated C fi-
bers. Slowly and rapidly adapting stretch receptors (SARs and
RARs, respectively) respond to mechanical forces caused by
inflation and deflation during respiration. SARs respond to
changes in tension across the airway wall and are thought to
regulate changes in bronchial tone with inspiration. Activation
of these receptors leads to inhibition of inspiration and para-
sympathetic activity, resulting in relaxation of ASM. RARs are
stimulated by mechanical, chemical, and inflammatory stimuli.
Activation of these receptors leads to increases in respiratory
rate, inspiratory effort, and parasympathetic output, resulting in
contraction of ASM, mucus secretion, and the cough reflex
(13). However, the most abundant sensory nerves in the air-
ways are C fibers (2). While typically quiescent during tidal
breathing, C fiber activation can provide excitatory input to
neuronal pathways driving autonomic output to the airways,
resulting in bronchoconstriction, mucus secretion, and vasodi-
lation (8, 37). The somata for these neurons are in the nodose
and jugular ganglia. They send projections to nucleus tractus
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solitarius, relaying information from the lung and airways to
the medulary respiratory centers. When stimulated, either me-
chanically or by irritants such as noxious substances or locally
released mediators, these afferents can initiate a tachykinergic
process that can influence activation of the efferent parasym-
pathetic neurons. These parasympathetic neurons, also carried
to the lung by the vagus, terminate on ganglia within the
airway wall. Postganglionic fibers release acytelcholine, which
acts on the smooth muscle, establishing tone in the healthy
airway and causing constriction during cholinergic reflex (6).

TP receptors are broadly expressed in the nervous system,
including on cell bodies in the nodose ganglia (5, 9, 58). A
recent paper also suggests a role for TP receptors in stimulation
of sensory neurons in the skin (5). Physiological studies show
that bronchoconstriction initiated by direct physical stimula-
tion of the parasympathetic pathways in the vagus can be
augmented by TXA2 (31, 48, 50), indicating that TXA2 may
act by enhancing ACh release in the postganglionic neurons.
These findings support a model in which TXA2 acts directly on
TP receptors in neurons to stimulate a reflex activation of
parasympathetic pathways. Involvement of neuronal pathways
in TXA2-mediated bronchoconstriction is also supported by
our recent demonstration that vagotomy and anticholinergic
agents dramatically attenuate TXA2-induced bronchoconstric-
tion (4).

Distinguishing between these possible models has proved
difficult using traditional pharmacological and physiological
approaches. To circumvent these obstacles we have generated
mouse lines with a conditional thromboxane A2 receptor
(Tbxa2r) allele. Using this genetic approach, we show that
pathways utilized by TXA2 to modulate airway physiology are
dynamic and susceptible to change, depending on the back-
ground of inflammation in the lung.

MATERIALS AND METHODS

Mice. 129/SvEv Tbxa2r�/� mice were generated as previously
described (52). Wild-type 129/SvEv mice were purchased from Jack-
son Laboratories. All animal studies were conducted in accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals guidelines and were reviewed and approved by
the Institutional Animal Care and Use Committee of the University of
North Carolina at Chapel Hill.

Generation of mice carrying a Tbxa2r locus sensitive to Cre-
mediated disruption. Cell-specific deletion of TP receptors was car-
ried out using the Cre/loxP recombination system (Fig. 1). The
strategy targeted exon 2 of Tbxar2, which encodes six of the seven
transmembrane domains of the TP receptor. Specifically, three frag-
ments of the Tbxar2 gene were amplified using PCR, a 3,073-bp
region upstream of exon 2, a 1,032-bp region containing exon 2, and
a 4,424-bp region downstream of exon 2 using the following primer sets:
5=-ATAAGCTTGCGGCCGCAGTTTCCCTGGTGGTAC GTG-3= and
5=-ATATCGATTAGCCCTAGCTGTCCTGGAA-3=, 5=-GCTGCCT-
CAAAG AAAGGGTA-3= and 5=-GTGCGG CCGCTCCTAAAGC-
CCCAAAGACCT-3=, and 5=-GTGGATCCCTGCAGGATGTAAC-
AGGAAAGA-3= and 5=-GTGGTACCAGAACCCATCCCAG-
TTCTGA-3=, respectively. These fragments were subcloned into the
pCR 2.1 vector (Invitrogen) and sequenced to verify that the PCR
amplification did not introduce mutations into essential sequences.
The fragment corresponding to intron 2 was directly cloned into the
pXenaLF2 vector, 3= to the neomycin cassette and 5= to the pgk-tk
cassette. The pXenaLF2 vector contains the selectable marker gene
for neomycin resistance (pgk-neo) flanked on both 5= and 3= sides
by a loxP and frt site. The fragments corresponding to intron 1 and

exon 2 of Tbxar2 were subcloned 5= and 3= of the loxP cassette,
respectively, in the pNebLox vector. This generated a fragment of
Tbxar2 DNA with a loxP site placed in intron 1. This newly
generated 5= arm-loxP-exon 2 cassette was subsequently removed
from pNebLox and cloned into the pXenaLF2 vector, 5= to its loxP
cassette. The targeting plasmid was linearized and introduced into
embryonic stem (ES) cells derived from 129/SvEv mice, and
transformants were isolated using standard methodologies (40).

ES cells in which the plasmid integrated by homologous recombi-
nation and contained the loxP-exon2-loxP-flp-neo-flp cassette were
used to generate chimeric animals, which in turn were bred to generate
animals heterozygous for the floxed allele (F/�). The neomycin gene
was then removed by breeding the heterozygous mice with C57BL/6J
mice that express flp recombinase in the germline [B6;SJL-
Tg(ACTFLPe)9205Dym/J; Jackson Laboratories].

Generation of mice with tissue-specific deletion of TP receptors. To
generate mice with tissue-specific deletion in smooth muscle cells,
Tbxa2r floxed homozygous mice (F/F) were crossed to Tgln-cre mice
[STOCK Tg(Tagln-cre)1Her/J; Jackson Laboratory]. Mice expressing
cre recombinase under the control of the Nestin promoter are also
commercially available [B6.Cg-Tg(Nes-cre)1Kln/J; Jackson Labora-
tory] and were used to generate mice with tissue-specific deletion of
TP receptors on neurons. The introduction of these transgenes onto the
129/SvEv background was initiated, and animals were backcrossed
for seven generations. The resultant animals were bred to Tbxa2r�/�

mice to introduce the null (�) allele and to generate the following
genotypes to be used for experiments: F/� (wild type), F/� cre
(heterozygous), F/� (heterozygous), F/� cre (tissue-specific null).

Genotyping. To identify transformant ES cells, a DNA probe
corresponding to the region immediately downstream of the targeted
region (3= probe) was generated as previously described (52), and a
probe corresponding to exon 2 of Tbxa2r (internal probe) was gen-
erated using the following primer sets: 5=-GCTGCCTCAAAG-
AAAGGGTA-3= and 5=-GTGCGGCCGCTCCTAAAGCCCCAAA-
GACCT-3=. These probes were used to identify targeted ES cells by
Southern blot and were used to confirm the incorporation of loxP sites
in successfully targeted ES cells. These probes were also used to
genotype the resultant mice. Following digestion with BamHI, the
exon 2 probe discussed above was used to confirm the removal of the
neomycin cassette.

To identify tissue-specific deletion of Tbxa2r in the mice, a DNA
probe corresponding to the region immediately 5= of the targeted region
was generated by PCR (5=-AACCTGAGTCTGTGGGGTTG-3= and 5=-
ACAAGCATCAAGGAGGGATG-3=) and was used to assess exon 2
removal by cre/lox in selected tissues. The use of this probe in conjunc-
tion with a BamHI digestion of DNA resulted in the following DNA
fragments corresponding to the various alleles: 11.2 kb (�), 4.5 kb (F),
4.1 kb (�), and 3.3 kb (removal of F).

Measurement of TP receptor expression in cultured ASM cells and
peripheral nerves. ASM was isolated from tracheal explants. Briefly,
the trachea between the larynx and the main stem bronchi was
removed and placed in a sterile petri dish containing HBSS solution
with a 2� concentration of antibiotic/antimycotic (penicillin/strepto-
mycin/genomycin). The trachea was dissected free of surrounding
tissues, and epithelium was removed by rubbing the luminal surface
with a plastic blade. The trachea was then dissected into 2- to 3-mm
segments and placed intima side down in a sterile culture dish.
Explants were allowed to adhere to the dish and then were covered
with 3 ml of DMEM � 20% FCS � 2� antibiotic/antimycotic and
incubated at 37°C in a humidified chamber. After 3 days of cell
growth, FCS was reduced to 10% and antibiotic/antimycotic to 1�. At
confluent density, cells were harvested for RNA collection. Addition-
ally, tracheas were excised from animals, cut longitudinally, and
splayed open. Tissue was gently scraped to remove epithelial cells,
rinsed briefly in PBS, and frozen on dry ice and homogenized before
RNA isolation.

L141INFLAMMATION-INDUCED MECHANISTIC SWITCH

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00152.2011 • www.ajplung.org

 by guest on January 27, 2013
http://ajplung.physiology.org/

D
ow

nloaded from
 

http://ajplung.physiology.org/


Nodose and superior cervical ganglia were collected from five to
six mice and snap-frozen on dry ice. Pools of ganglia were homoge-
nized using a glass pestle before RNA collection. RNA was collected
using RNAbee reagent (Qiagen) and was converted to cDNA using a
High Capacity cDNA RT kit (Applied Biosystems), and TP receptor
expression was assessed by qPCR using a commercially available TP

probe and 18S probe as an internal control (Applied Biosystems).
Data are shown relative to 129Sv/Ev Tbxa2r�/�.

Measurement of airway reactivity in intubated mice. Mice were
anesthetized with 70–90 mg/kg pentobarbital sodium (American
Pharmaceutical Partners, Los Angeles, CA), tracheostomized, and
mechanically ventilated at a rate of 300 breaths/min, tidal volume of

P

Fig. 1. Schematic depicting the generation of a floxed Tbxa2r allele in embryonic stem (ES) cells. The organization of the endogenous locus, the targeting
plasmid, and the Tbxa2r allele generated after homologous recombination of the plasmid with the wild-type Tbxa2r allele are shown. The DNA fragments
required for assembly of the targeting plasmid were prepared from genomic DNA isolated from 129/SvEv-derived ES cells, and primers were designed using
the sequence for the Tbxa2r gene available in the Celera mouse genome. Fragments were cloned into the vector pXenaLF2. LoxP sites are denoted with triangles,
frt sites by diamonds, and the NEO gene is represented by the shaded arrow. Relevant restriction sites are abbreviated as follows: B, BamHI; A, ApaI; E, EcoRI.
TP, thromboxane-prostanoid receptor. Gray boxes represent coding exons.
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6 ml/kg, and positive end-expiratory pressure of 3–4 cmH2O with a
computer-controlled small-animal ventilator (Scireq, Montreal, Can-
ada). Once ventilated, mice were paralyzed with 0.8 mg/kg pancuro-
nium bromide. Following baseline assessments, mice were exposed to
aerosol challenges via an ultrasonic AeroNeb nebulizer (Scireq)
connected through the inspiratory line of the ventilator circuit. Ani-
mals were ventilated at a rate of 200 breaths/min for 30 s with a tidal
volume of 0.15 ml. Airway mechanics using the Forced Oscillatory
Technique were determined every 10 s for the following 3 min, as
previously described (59). Briefly, following passive expiration, a
broadband (1–19.625 Hz) volume perturbation was applied to the
lungs while the pressure required to generate the perturbations was
assessed (25, 53, 59). The resultant pressure and flow data were fit into
a constant-phase model as previously described (26, 59). Similar to
other studies assessing forced oscillatory mechanics, we confined our
analysis to Raw (Newtonian resistance), which assesses the flow
resistance of the conducting airways (53, 59). To assess TXA2-
mediated airway reactivity, mice were exposed to aerosol challenges
of the stable thromboxane analog U-46619 (Cayman Chemical, Ann
Arbor, MI) as previously described (4). Briefly, mice were exposed to
a 30-s aerosol dose-response challenge of 10�5, 10�4, and 10�3 M.
Following each aerosol challenge, airway responses were assessed for
3 min. In some cases, a bilateral vagotomy or surgical sham was
performed immediately before baseline measurements as previously
described (4, 14).

Because thromboxane has been suggested to be synergistic with
ACh, we also assessed the increases in airway mechanics to metha-
choline (MCh), an ACh analog, following pretreatment with a mildly
provoking dose of U-46619 in naïve mice. Airways were exposed to
a 30-s aerosol dose of U-46619 (10�5 M) or vehicle (10% ethanol),
and changes in airway mechanics were assessed for 3 min. Following
this exposure, mice were challenged with a 30-s aerosol dose of MCh
(3 mg/ml; Sigma Chemical, St. Louis, MO).

Induction of allergic airway disease. To evaluate the role of
tissue-specific deletion of TP receptors in inflammatory cell recruit-
ment and airway reactivity, mice were sensitized by intraperitoneal
injection of 20 �g ovalbumin (OVA) emulsified in 2.25 mg aluminum
hydroxide gel in a total volume of 200 �l on day 1. Mice were
challenged (1 h) via the airways with OVA (1% in saline) for 3 days
(days 14–16) using an ultrasonic nebulizer (DeVillbiss Health Care,
Somerset, PA). On day 17, mice were anesthetized, placed on a
ventilator, and challenged with increasing doses of U-46619 (10�5 to
10�3 M). In some experiments, mice were analyzed on day 38 to
allow for resolution of airway inflammation. Airway measurements
were taken every 10 s for 3 min. To assess lung inflammation,
bronchoalveolar lavage was performed five times with 1.0 ml of
sterile HBSS each time. The cellularity of the bronchoalveolar lavage
fluid (BALF) was determined using a hemocytometer.

Statistical analysis. Data are presented as means � SE. ANOVA
followed by the Tukey-Kramer Honest Significant Difference for
multiple comparisons was performed on complex data sets. Statistical
significance for single data points was assessed by the Student’s
two-tailed t-test. A P value of �0.05 was considered statistically
significant.

RESULTS

Generation of mice with tissue-specific loss of the TP
receptor. The generation of a Tbxa2r allele sensitive to Cre-
mediated deletion (F) is shown in Fig. 1. Loss of TP receptors
in smooth muscle was verified by Southern blot (Fig. 2A) and
qPCR (Fig. 2B). Additionally, the ability of the Nestin-cre to
mediate loss of TP receptors in neurons was evaluated by
Southern blot (Fig. 3A) and qPCR (Fig. 3B). Taken together,
these results show that Tgln- and Nestin-driven cre transgenes

can be used to generate mice in which the loss of TP expression
is restricted to either smooth muscle or neurons, respectively.

Airway constriction by TXA2 agonist is unaffected in mice
lacking TP receptors in neurons. Exposure of human and
mouse airways to thromboxane results in airway constriction,

Fig. 2. Characterization of smooth muscle thromboxane-prostanoid (TP) re-
ceptor-deficient mice. A: to evaluate the efficiency of cre-mediated excision of
exon 2 from the Tbxa2r allele in airway smooth muscle cells, three denuded
tracheas were pooled together and DNA extracted and analyzed by Southern
blot. As expected, an 11.2-kb BamH1 fragment corresponding to the wild-type
allele was present in DNA prepared from Tbxa2rF/�Tgln-cre and Tbxa2rF/�

littermates. In addition, the 4.5-kb BamH1 fragment generated from the
Tbxa2rF allele could also be detected. A 3.3-kb band in mice containing the
transgene was also detected, consistent with cre-mediated loss of exon 2 in
tracheal smooth muscle. To examine this further, the Tgln-cre was moved
onto the Tbxa2r�/� genetic background, generating Tbxa2r�/� Tgln-cre ani-
mals. These were intercrossed with mice homozygous for the conditional allele
generating Tbxa2rF/�Tgln-cre animals and controls. In these animals, bands
corresponding to the null allele (4.1 kb) and the floxed allele (4.5 kb) were
observed. Again, a 3.3-kb band was also observed in samples from mice
containing the transgene. B: primary cultures of tracheal smooth muscle cells
were prepared from Tbxa2rF/� mice, as well as littermates that express the
Tgln-cre and evaluated by qPCR (n � 3). Additional cultures were established
from wild-type mice and Tbxa2r�/� mice. Expression of the TP receptor in
smooth muscle cells derived from Tbxa2rF/�Tgln-cre mice did not differ
significantly from Tbxa2r�/� mice, confirming the loss of TP receptor expres-
sion in airway smooth muscle of Tbxa2rF/� Tgln-cre mice.
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which can be blocked by anti-cholinergic agents (4, 48). In the
mouse, changes in airway mechanics in response to thromox-
ane can be measured in intubated, ventilated animals, and this
response is lost in mice in which the vagus nerve has been
severed (4). We therefore first asked whether this response to
thromboxane was dependent on neuronal expression of TP
receptors. TP null (�/�) mice were included in experiments to
define the extent of TXA2-mediated responses. Mice were
anesthetized, tracheostomized, and exposed to increasing doses
of the TP agonist U-46619, and changes in airway resistance
(Raw) were measured. As expected, a dose-dependent increase
in Raw was observed in response to U-46619 in control mice
with heterozygous TP receptor expression (F/�). In compari-
son, U-46619 had no effect on airway resistance in mice
homozygous for the null allele, indicating the dependence of
this response on TP receptors. By contrast, despite the apparent
requirement of the cholinergic reflex for U-46619-induced

constriction in the naïve lung (4), elimination of TP receptors
from neuronal tissues (F/-Nestin-cre) had no effect on this
bronchoconstrictor response (Fig. 4). Thus, TP receptors on
neurons are not required for TXA2-dependent bronchoconstric-
tion in the normal lung.

Elimination of TP receptors from smooth muscle attenuates
airway reactivity after exposure to a TXA2 agonist. Neural
disruption of Tbxa2r did not affect airway reactivity to
U-46619, suggesting that TXA2-mediated airway constriction
may be mediated by other cell types in the lungs known to
express this receptor. TP expression by smooth muscle cells is
well documented, as is the ability of TP activation to mediate
increases in [Ca2�]i in cultured human primary ASM cells
(46). To determine whether TXA2 acts directly on ASM to
mediate changes in airways resistance in vivo, we generated mice
lacking TP receptors in smooth muscle, as described above. Mice
were anesthetized, tracheostomized and exposed to increasing
doses of U-46619. Once again, U-46619 induced a significant,
dose-dependent increase in Raw in heterozygous (F/�) mice,
whereas TP receptor-deficient animals (�/�) were completely
unresponsive (Fig. 5). Similarly, the Raw response was signifi-
cantly attenuated in the tissue-specific null (F/-Tgln-cre) mice,
indicating that this response depends primarily on activation of TP
receptors in smooth muscle cells.

Synergy between TXA2 and ACh in airway constriction.
Previous reports indicate that exposure to low doses of TXA2

can sensitize the airways to other bronchoconstricting agents,
including ACh (32). To verify that this action occurs in the
mouse and that it was mediated by TP receptors, wild-type and
TP null mice were exposed to subconstrictor doses of U-46619
(10�5 M). The initial treatment with U-46619 was followed, 3
min later, by exposure to a nonprovoking concentration of MCh
(3 mg/ml), a stable ACh analog that does not induce airway
constriction by itself. Pretreatment with 10�5 M U-46619 induced
a robust MCh response in wild-type animals, but this effect was
abrogated in the TP receptor-deficient animals, indicating its

Fig. 4. U-46619-induced airway reactivity in mice deficient in neural TP
receptors. Tbx2rF/� mice and Tbxa2rF/�Nestin-cre littermates were anesthe-
tized, tracheostomized, and exposed to increasing doses of the TP agonist
U-46619, and changes in airway resistance were measured. Tbx2r�/� mice
were included in experiments to define TP-mediated responses. Neural-specific
deletion of TP receptors does not significantly affect airway resistance induced
by U-46619 aerosol challenge. Tbxa2r�/�, n � 4; Tbxa2rF/� Nestin-cre, n �
8; Tbxa2rF/�, n � 4. *P � 0.05 and #P � 0.05.

Fig. 3. Characterization of neural TP-deficient mice. A: the activity of the
Nestin-cre in the brain and intestine was evaluated by Southern blot analysis.
As expected, the 3.3-kb fragment indicative of cre-mediated excision of exon
2 of Tbxa2r was observed only in DNA prepared from the brain of Tbxa2rF/�

animals expressing the transgene, confirming neural-specific loss of the TP
receptor. B: to determine whether expression of the nestin-cre transgene also
results in loss of TP receptors in autonomic neurons, nodose/superior cervical
(SCG) ganglia were isolated, and RNA was prepared and analyzed by qPCR
(n � 3). Cre-mediated excision of the conditional allele resulted in TP
expression in Tbxa2rF/�Nestin-cre mice that was not significantly different
from that observed in ganglia prepared from Tbxa2r�/� animals, confirming
loss of TP receptor expression in peripheral nerves.
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dependence on TP receptors (Fig. 6A). In contrast, U-46619
pretreatment did not enhance responsiveness to stimulation with
noncholinergic agonists, including serotonin (5-HT), adenosine,
PGD2, or PGF2� (data not shown).

To determine whether actions of TXA2 agonists to enhance the
cholinergic responsiveness depend on TP receptors expressed on
smooth muscle, mice with conditional loss of TP receptors on
ASM and controls were exposed to low doses of U-46619 fol-
lowed by administration of suboptimal doses of MCh. The en-
hanced airway constriction to MCh was significantly attenuated in
the smooth muscle TP-deficient mice (Fig. 6B). Thus, sensitiza-
tion of cholinergic responses by exposure to TXA2 is primarily
mediated by TP receptors in smooth muscle.

Pathways for thromboxane-mediated airway constriction
are altered in the inflamed lung. Bronchoconstrictors mediate
key clinical features of allergic lung disease, and we were
therefore interested in testing the characteristics of TXA2-
mediated airway constriction in the inflamed lung. Accord-
ingly, we induced inflammation by sensitization and repeated
aerosol challenges with the antigen OVA, a well-accepted
model of robust allergic lung disease. We compared responses
in control heterozygous, TP receptor-null, and smooth muscle
TP-deficient mice. Animals of each genotype were sensitized
to OVA followed by aerosol challenge with saline or OVA
(Fig. 7, A and B, all mice were examined concurrently but
separated in panels for clarity). Twenty four hours after the
final antigen challenge, changes in airway mechanics in re-
sponse to increasing doses of aerosolized U-46619 were mea-
sured. Altered TP receptor expression did not affect the extent
of inflammation in the OVA-exposed animals (data not
shown). The responses of heterozygous controls from each
group that were OVA sensitized but challenged with saline
were identical to the previous studies in nonsensitized mice
(Figs. 7A and 5, respectively). As expected, U-46619 failed to
induce constriction in TP null mice, either in the mice sensi-
tized and challenged with OVA or saline. However, when mice
with allergic airway disease were examined, there was brisk
airway constriction to U-46619 in the mice lacking TP recep-
tors only in smooth muscle that was virtually identical to the
response seen in the heterozygous controls (Fig. 7B). Thus, in

the presence of lung inflammation, TP receptors in smooth
muscle are not required for TXA2-dependent bronchoconstric-
tion, indicating that this response must be mediated by recep-
tors expressed by other cell lineages.

TP receptors in neuronal cells mediate bronchoconstriction
in the inflamed airway. To determine the key pathways for
TXA2-dependent bronchoconstriction in allergic lung disease,
we tested a possible role for neural TP receptors. Allergic lung
disease was induced in appropriate cohorts of mice as above,
including groups of neural TP-deficient mice. To assess the
neural pathways, we first analyzed the ability of wild-type mice
to respond to U-46619 challenge following bilateral vagotomy
or a surgical sham. The response to U-46619 challenge was
abolished following vagotomy in both the naïve and inflamed
airway (Fig. 8A), verifying the contribution of the cholinergic
reflex in naïve mice (4) and indicating a neural dependence for
U-46619-induced constriction in the inflamed airways. To
determine if the neural contribution in the inflamed airways
was dependent on TP receptors located on the nerves, we

Fig. 6. Nonprovoking dose of U-46619 increases airway sensitivity to cholin-
ergic stimuli. Airways were exposed to low levels of U-46619 (10�5 M)
followed by subsequent cholinergic stimulation with low levels of methacho-
line (MCh, 3 mg/ml). Within 3 min of vehicle or U-46619 treatment, mice
were exposed to an aerosol produced from a 3 mg/ml solution of MCh, which
has been demonstrated to be only mildly provoking. A: Tbxa2r�/� mice
exhibited increased sensitivity to cholinergic stimuli after challenge with a
nonprovoking dose as demonstrated by an increase in Raw. Sensitivity of
Tbxa2r�/� mice to MCh did not change following U-46619 challenge. B: con-
trol Tbxa2rF/� heterozygous mice behaved similarly to wild-type animals;
sensitivity of the airway MCh was significantly increased following U-46619
challenge. Mice lacking TP receptors in smooth muscle (Tbxa2rF/�Tgln-cre)
failed to exhibit increased sensitivity to cholinergic stimuli following U-46619
challenge. MCh only: Tbxa2r�/�, n � 4; Tbxa2r�/�, n � 3; Tbxa2rF/�

Tgln-cre, n � 3; Tbxa2rF/�, n � 4. U-46619 � MCh: Tbxa2r�/�, n � 7;
Tbxa2r�/�, n � 6; Tbxa2rF/� Tgln-cre, n � 7; Tbxa2rF/�, n � 8. *P � 0.05
and #P � 0.05.

Fig. 5. U-46619-induced airway reactivity in mice deficient in smooth muscle
TP receptors. Tbx2rF/� mice and Tbxa2rF/�Tgln-cre littermates were anesthe-
tized, tracheostomized, and exposed to increasing doses of the TP agonist
U-46619, and changes in airway resistance were measured. Tbx2r�/� mice
were included in experiments to define TP-mediated responses. Smooth mus-
cle-specific deletion of TP receptors significantly attenuates airway resistance
induced by U-46619 aerosol challenge. Raw, airway resistance. Tbxa2r�/�,
n � 5; Tbxa2rF/� Tgln-cre, n � 6; Tbxa2rF/�, n � 4. *P � 0.05 and **P � 0.01.
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assessed the response of neural TP-deficient mice to respond to
U-46619 in the allergic setting. Loss of neuronal TP receptor
expression did not alter the development of inflammation in the
OVA-challenged animals (data not shown). Again, in the naïve
animals and OVA-sensitized animals challenged with saline,
the loss of neuronal TP expression did not alter the response to
U-46619 (Figs. 4 and 8B, respectively). By contrast, OVA-
challenged mice lacking TP receptors only in neurons failed to
respond to U-46619 (Fig. 8C). Thus, in the inflamed lung, the
pathway mediating TXA2-dependent airway constriction is
completely switched from TP receptors in smooth muscle to
those in neuronal tissues. It can be envisioned that this mech-
anistic switch could be induced by changes in expression of the
TP receptor on either smooth muscles and/or neurons. How-
ever, preliminary studies examining TP receptor expression by
qPCR did not reveal any significant differences between cul-
tured ASM, denuded trachea, or ganglia collected from naïve
mice compared with mice with allergic lung inflammation
(Fig. 9, A–C).

Altered TP receptor-mediated airway responsiveness per-
sists after resolution of allergic inflammation. We next deter-
mined whether the characteristics of TXA2-mediated broncho-
constriction were maintained after resolution of the inflam-

Fig. 8. U-46619-induced airway reactivity is dependent on neural TP receptors.
Allergic lung disease was induced by sensitization and repeated aerosol with
OVA. Control animals were sensitized to OVA but challenged with saline.
A: naïve and inflamed wild-type (WT) mice received a single aerosol of
U-46619 (10�3 M) following a surgical sham or bilateral vagotomy, and
airway mechanics were assessed. Vagotomy abolished U-46619-induced in-
creases in airway reactivity (Raw) in both naïve mice and in those with
OVA-induced airway disease. Saline: sham, n � 3; vagotomy, n � 3. OVA:
sham, n � 5, vagotomy, n � 5. **P � 0.001. B: following saline challenge,
a dose-dependent increase in Raw was observed in both Tbxa2rF/� and
Tbxa2rF/� Nestin-cre mice in response to U-46619. No change in Raw was seen
in Tbxa2r�/� animals. Tbxa2r�/�, n � 3; Tbxa2rF/� Nestin-cre, n � 4;
Tbxa2rF/�, n � 4. *P � 0.05 and #P � 0.01. C: following OVA challenge, an
increase in airway reactivity following U-46619 challenge was seen in
Tbxa2rF/� mice but not in Tbxa2rF/� Nestin-cre mice with inflamed airways.
Tbxa2r�/�, n � 3; Tbxa2rF/� Nestin-cre, n � 4; Tbxa2rF/�, n � 6. *P � 0.05
and #P � 0.01. All animals were evaluated in the same experiment; panels
were separated for clarity.

Fig. 7. Airway reactivity of mice lacking TP receptors in smooth muscle to
U-46619 in an inflamed airway. Allergic lung disease was induced by sensi-
tization and repeated aerosol with ovalbumin (OVA). Control animals were
sensitized to OVA but challenged with saline. A: a dose-dependent increase in
Raw was observed in the saline-challenged Tbxa2rF/� heterozygous mice in
response to U-46619. Saline-challenged smooth muscle-deficient Tbxa2rF/�

Tgln-cre had no response to U-46619 at any dose, similar to Tbxa2r�/�

animals. Tbxa2r�/�, n � 3; Tbxa2rF/� Tgln-cre, n � 5; Tbxa2rF/�, n � 7.
*P � 0.05. B: OVA-challenged Tbxa2rF/� Tgln-cre mice showed significantly
increased airway reactivity compared with saline-challenged animals, similar
to that observed in Tbxa2rF/� heterozygous mice. Tbxa2r�/�, n � 3;
Tbxa2rF/� Tgln-cre, n � 5; Tbxa2rF/�, n � 6. *P � 0.05. All animals were
evaluated in the same experiment; panels were separated for clarity.
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matory response. Inflammation was induced using OVA sen-
sitization as described above, in cohorts of mice lacking TP
receptors in smooth muscle or neurons and in control litter-
mates with heterogygous expression of TP receptors (Fig. 10,
A and D). Consistent with the previous experiment, in animals
tested 24 h after the final OVA challenge, smooth muscle TP
null mice exhibited normal responsiveness to U-46619,
whereas responses in neural TP null mice were substantially
attenuated (Fig. 10, B and E). The remaining animals were
housed with no further exposure to antigen for 3 wk after
which their responsiveness to U-46619 was tested. Analysis of
BALF from these animals showed markedly reduced cellular-
ity, indicating resolution of their lung inflammation (Fig. 10, A
and D). Nonetheless, the pattern of U-46619 responses was
identical to that observed when the lung was inflamed, that is,
dependence on smooth muscle TP receptors was lost, and
airway constriction showed a persistent requirement for neural
TP receptors, even after inflammatory cells were cleared from
the airways (Fig. 10, C and F).

DISCUSSION

TXA2 is a potent airway constrictor. Our studies show that
this activity is mediated through complex pathways, which
differ in the naïve and inflamed lung. In the mouse, inhaled
TXA2 analog (U-46619) resulted in a robust and consistent
increase in central airway resistance, the specificity of which is
demonstrated by the absence of this response in mice lacking
TP receptor expression. Previous studies in our laboratory have
shown that this response was lost in vagotomized mice or in
mice lacking expression of the muscarinic acetylcholine recep-
tor 3 (mAChR3, M3) (4). This dependence of the TXA2

response on cholinergic innervation supports earlier studies
that suggest that TXA2 does not act directly on ASM but
rather that it stimulates release of ACh from parasympa-
thetic fibers that innervate the ASM (1, 3, 29, 30). However,
the studies reported here show that the response to TXA2 in
normal lung requires expression of TP receptors by smooth
muscle cells.

TP receptors are found on many types of smooth muscle
cells, including ASM cells (10). Furthermore, experiments
with cultured primary smooth muscle cells have demonstrated
TXA2-mediated increases in intracellular Ca2� (10, 18, 23, 29,
30, 62), often accompanied by contraction, indicating a direct
action of TXA2 on smooth muscle cells. Our findings likewise
suggest that TXA2 mediates ASM contraction by acting di-

rectly on ASM cells. However, our studies reveal additional
levels of complexity in this response. First, our previous
studies have shown that action of TXA2 in the airways is not
itself sufficient to bring about bronchoconstriction: it is depen-
dent on the presence of M3 receptors. Second, this action of
TXA2 on the smooth muscle is lost after induction of allergic
airway disease.

A number of models can be proposed to explain the depen-
dence of TP-mediated smooth muscle constriction on the
cholinergic pathways. The intrinsic tone of the ASM has been
shown to be dependent on cholinergic innervations, reflecting
constitutive release of ACh from parasympathetic fibers. It is
possible that intracellular Ca2� levels after TP receptor acti-
vation are insufficient to trigger constriction in completely
relaxed ASM cells in which no M3 receptors are occupied. In
this model, M3/ACh could be viewed as priming the smooth
muscle, making it responsive to secondary stimulation by
agents such as TXA2. Alternatively, TXA2 may sensitize the
smooth muscle cells, rendering them responsive to the consti-
tutive levels of local ACh present in the synaptic junctions
typically required to maintain airway tone. Our finding that
pretreatment with nonprovoking doses of TXA2 sensitized the
airway to constrict to a nonprovoking dose of MCh is consis-
tent with this model. Moreover, we show that this effect is
mediated by TP receptors in ASM. U-46619 did not sensitize
the airway to 5-HT (data not shown), another potent airway
constrictor in the mouse that has been shown to induce con-
striction in a similar muscarinic receptor-dependent fashion
(14, 60). This observation does not support a simple model in
which signaling by all Gq-coupled smooth muscle receptors is
additive. Rather, it suggests a unique and necessary role for the
ACh M3 receptor in the function of other G protein-coupled
receptors (GPCRs) that cannot be substituted by increased
activity or combined activation of these receptors. We cannot,
however, rule out the possibility that the attenuated Raw ob-
served in mice lacking smooth muscle expression of TP reflects
not only the loss of functional receptor from ASM but also loss
of the receptor from the vasculature of the lung. The Tgln
promoter drives cre expression in both vascular and ASM cells.
The potent airway constriction observed in response to this TP
receptor agonist may reflect not only the ability of TP to
constrict ASM but also its ability to constrict vascular beds and
thus alter blood flow through the lung. This constriction could
attenuate both the removal of ACh from the synapse and also
decrease clearance of inhaled MCh. The mechanism(s) medi-

Fig. 9. Expression of TP receptors in naïve and OVA-treated mice. Allergic inflammation was induced in WT 129S6/SvEv mice by sensitization and repeated
aerosol with OVA, and expression of TP receptors in cultured smooth muscle cells (A), trachea (B), and neurons (C) in mice with allergic airway disease relative
to naïve controls was assessed via qPCR. After induction of allergic inflammation, TP receptor expression in cultured smooth muscle (n � 3), trachea (n � 6),
and ganglia (n � 3 pools of 6 each) remained equal to expression in naïve animals.
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Fig. 10. Airway reactivity following resolution of allergic inflammation in neural TP-deficient mice. Allergic lung disease was induced by sensitization and
repeated aerosol with OVA in smooth muscle (Tgln) TP-deficient mice (left), neural (Nestin) TP-deficient mice (right), and their heterozygous and TP-deficient
controls. OVA aerosols resulted in significant inflammation on day 17 that was completely resolved by day 38 (A and D). Airway reactivity to U-46619 was
evaluated on both day 17 during airway inflammation (B and E) and on day 38 following resolution of inflammation (C and F). Both during inflammation and
after resolution, OVA-challenged Tbxa2rF/� Tgln-cre mice showed significantly increased airway reactivity similar to that observed in Tbxa2rF/� heterozygous
mice, whereas OVA-challenged Tbxa2rF/� Nestin-cre mice failed to respond to U-46619. BALF, bronchoalveolar lavage. Inflammation: Tbxa2r�/�, n � 3;
Tbxa2rF/� Tgln-cre, n � 5; Tbxa2rF/�, n � 6; Tbxa2rF/� Nestin-cre, n � 7; Tbxa2rF/�, n � 7. *P � 0.05, #P � 0.05, and 	P � 0.05. Resolution: Tbxa2r�/�,
n � 3; Tbxa2rF/� Nestin-cre, n � 6; Tbxa2rF/�, n � 6. **P � 0.01, *P � 0.05, #P � 0.05, and 	P � 0.05.
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ating this synergy between the M3 and TP receptors could
reflect a number of interactions between these two Gq-coupled
smooth muscle receptors, including heterodimerization, cross-
reactivity between GPCR downstream effectors, and G protein
redistribution (28). Indeed, several studies have documented
such interactions between TP receptors and other GPCRs (16,
17, 28, 63, 64).

In the inflamed lung, the pathways mediating TXA2 re-
sponses in the airway are completely modified. In this case,
elimination of TP receptors from smooth muscle had surpris-
ingly little impact on the response to TXA2. The mouse model
of allergic inflammation is characterized by significantly in-
creased mucus levels in the lung. Because mucus secretion is
under cholinergic control, the constriction seen in smooth
muscle-deficient TP mice could be simply due to mucus-
induced airway obstruction in the inflamed lung. However, this
is not supported by the fact that, although expression of mucin
genes, specifically Muc5ac, returns to naïve levels after reso-
lution of airway inflammation (data not shown), the U-46619-
induced constriction remains dependent on expression of TP by
neurons. The lack of a direct smooth muscle response to
thromboxane in the allergic lung could reflect downregulation
of the receptor on smooth muscle or an upregulation of the
receptor on neurons, perhaps as an adaptive response, resulting
in dominant neural regulation of this response. However, a
cursory examination of the expression of TP mRNA on cul-
tured smooth muscle cells, trachea denuded of epithelial cells,
and ganglia from naïve mice and mice with allergic airway
disease did not reveal significant change in expression. It is
possible that such differences will be detected in future studies
examining specific cell populations, however, at this time,
antibodies specific for the mouse TP receptor are not available.
Alternatively, it is possible that TP receptor expression is
unaffected, but alterations in signal-effector coupling may
impact the character of the downstream pathways activated in
a background of inflammation. Recent studies have also sug-
gested that, in addition to classical G protein pathways, GPCRs
may signal through alternative pathways, such as those medi-
ated by b-arrestin, and the utilization of these pathways may be
modified in disease states (reviewed in Ref. 44). Such altera-
tions in signaling may affect interactions between the TP
receptor and the M3 pathway. This may be because of effects
of inflammatory mediators, perhaps through changes in either
the expression or distribution of the M3 receptors. Finally,
changes in receptor and/or mediator expression within neuro-
nal pathways after inflammation have been well documented,
and evidence supports plasticity of both afferent and efferent
neuronal pathways in both mice and others species. For exam-
ple, Fryer and Jacoby (reviewed in Ref. 20) reported changes
in function/expression of inhibitory mAChR2 (M2) receptors in
guinea pig models of asthma. These studies suggested that
release of major basic protein by eosinophils resulted in de-
creased M2 receptors on cholinerigic fibers and consequent loss
of an essential ACh inhibitory feedback loop. Additionally,
alteration in the synthesis of neuropeptides by sensory nerves
has been reported in a number of inflammatory models (re-
viewed in Ref. 11). For example, allergic airway inflammation
in guinea pigs results in the induction of substance P in airway
nodose sensory neurons that were previously devoid of this
neuropeptide (54). Furthermore, changes in sensory neurons
have not been limited to tachykinins. A change in the expres-

sion pattern of TRPV1 was noted in rats before and after
sensitization with allergen, with the sensitized animals show-
ing expression on myelinated afferents in addition to its normal
expression on C fibers (41).

Our studies clearly show a mechanistic switch in TXA2-
mediated bronchoconstriction, from smooth muscle-dependent
actions to neuronal-mediated actions. However, because nestin
is expressed in both sensory and cholinergic neurons, we
cannot at present determine which pathway is altered with
respect to TP receptor activity in the inflamed airways. Models
in which TXA2 alters the activity of both efferent and afferent
pathways have been proposed for both the lung and other organ
systems (3, 5, 33, 57). For example, early ex vivo studies of
canine tracheas showed that TXA2 was able to increase the
amplitude of smooth muscle contraction of canine trachea
evoked using electrical field stimulation (3). Because these
changes could be observed using concentrations of TXA2 that
alone could not constrict the smooth muscle, it was suggested
that TXA2 was capable of prejunctional stimulation of cholin-
ergic neurons increasing release of ACh. Alternatively, TXA2

may act directly on sensory neurons in the inflamed airways,
since direct stimulation of pulmonary afferent nerves has been
shown for other prostanoids. For example, using preparations of
pulmonary primary sensory neurons isolated from the rat nodose
ganglia, Kwong and Lee (35) showed that exposure to PGE2

enhanced the response of these neurons to chemical stimuli.
Likewise, expression of TP receptors has been detected in at least
a subset of neurons with cell bodies located within the nodose
ganglia (58). Furthermore, stimulation of TP receptors on mouse
dorsal root ganglion neurons by U-46619 has been documented
(5), and TXA2 has been shown to contribute to myocardial
ischemia through direct stimulation of TBXA2 receptor located
within the cardiac sensory nervous system (22).

Our observation that the switch from dependence of bron-
choconstriction from TP receptors on smooth muscle to those
on neurons persisted after removal of the inflammatory stim-
ulus and resolution of much of the inflammation in the airways
was perhaps our most unexpected finding. This indicates a
long-term, adaptive change in the physiology of the ASM cells
after exposure to allergic inflammation and is not consistent
with various models of receptor desensitization or transient
changes in receptor expression, although instances of receptor
dysfunction in response to environmental exposures like ozone
and viral infection have been reported and found to depend on
inflammation and inflammatory cells such as leukocytes (21,
24). The reversibility of these signaling changes was not
examined; only animals with active airway disease were stud-
ied. Another potential mechanism might be inflammation-
induced epigenetic changes causing sustained changes to gene
expression patterns. Several studies have suggested links be-
tween environmental exposures, even prenatal exposures, and
asthma development and/or risk (reviewed in Ref. 39).

Our studies directly illustrate the profound impact of inflam-
mation on the physiology of the lung, and particularly on the
pathways regulating airway mechanics. The dramatic modifi-
cation of pathways mediating airway reactivity in response to
the potent endogenous bronchoconstrictor TXA2 from depen-
dence on smooth muscle to neuronal receptors indicates that
the lung is capable of a broad range of adaptive measures to
respond to pathological challenges. These adaptations will
have significant consequences on the pathogenesis of lung

L149INFLAMMATION-INDUCED MECHANISTIC SWITCH

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00152.2011 • www.ajplung.org

 by guest on January 27, 2013
http://ajplung.physiology.org/

D
ow

nloaded from
 

http://ajplung.physiology.org/


diseases such as asthma, including influences on responsive-
ness to bronchodilator therapies.

ACKNOWLEDGMENTS

We thank Kim Burns for assistance with histology and staining, Dr. Bob
Bagnell for help with data analysis, and Dr. Stephen Tilley for helpful
discussion.

Present addresses: J. M. Cyphert, Curriculum in Toxicology, US EPA/UNC
Toxicology research program, University of North Carolina, Chapel Hill, NC
27599; and I. C. Allen, Lineberger Comprehensive Cancer Center, University
of North Carolina at Chapel Hill, Chapel Hill, NC 27599.

GRANTS

This work was supported by National Heart, Lung, and Blood Institute
Grants NIH/NHLBI RO1HL-068141 and HL-080697 (to B. H. Koller).

DISCLOSURES

The authors have no conflicting financial interests.

REFERENCES

1. Abela AP, Daniel EE. Neural and myogenic effects of cyclooxygenase
products on canine bronchial smooth muscle. Am J Physiol Lung Cell Mol
Physiol 268: L47–L55, 1995.

2. Agostoni E, Chinnock JE, De Daly MB, Murray JG. Functional and
histological studies of the vagus nerve and its branches to the heart, lungs
and abdominal viscera in the cat. J Physiol 135: 182–205, 1957.

3. Aizawa H, Takata S, Shigyo M, Matsumoto K, Koto H, Inoue H, Hara
N. Effect of BAY u3405, a thromboxane A2 receptor antagonist, on neuro-
effector transmission in canine tracheal tissue. Prostaglandins Leukot
Essent Fatty Acids 53: 213–217, 1995.

4. Allen IC, Hartney JM, Coffman TM, Penn RB, Wess J, Koller BH.
Thromboxane A2 induces airway constriction through an M3 muscarinic
acetylcholine receptor-dependent mechanism. Am J Physiol Lung Cell Mol
Physiol 290: L526–L533, 2006.

5. Andoh T, Nishikawa Y, Yamaguchi-Miyamoto T, Nojima H, Naru-
miya S, Kuraishi Y. Thromboxane A2 induces itch-associated responses
through TP receptors in the skin in mice. J Invest Dermatol 127: 2042–
2047, 2007.

6. Barnes PJ. Neural control of human airways in health and disease. Am
Rev Respir Dis 134: 1289–1314, 1986.

7. Bresnahan BA, Le Breton GC, Lianos EA. Localization of authentic
thromboxane A2/prostaglandin H2 receptor in the rat kidney. Kidney Int
49: 1207–1213, 1996.

8. Canning BJ, Fischer A. Neural regulation of airway smooth muscle tone.
Respir Physiol 125: 113–127, 2001.

9. Cao J, Nakamura T, Kitazawa T, Yamashiki N, Yamamoto T, Ta-
neike T. Characterization of prostanoid receptors present on adrenergic
neurons innervating the porcine uterine longitudinal muscle. Prostaglan-
dins Other Lipid Mediat 86: 26–34, 2008.

10. Capra V, Habib A, Accomazzo MR, Ravasi S, Citro S, Levy-Toledano
S, Nicosia S, Rovati GE. Thromboxane prostanoid receptor in human
airway smooth muscle cells: a relevant role in proliferation. Eur J
Pharmacol 474: 149–159, 2003.

11. Carr MJ, Undem BJ. Inflammation-induced plasticity of the afferent
innervation of the airways. Environ Health Perspect 109, Suppl 4: 567–
571, 2001.

12. Chen Z, Prasad S, Cynader M. Localisation of thromboxane A2 recep-
tors and the corresponding mRNAs in human eye tissue. Br J Ophthalmol
78: 921–926, 1994.

13. Coleridge HM, Coleridge JC, Schultz HD. Afferent pathways involved
in reflex regulation of airway smooth muscle. Pharmacol Ther 42: 1–63,
1989.

14. Cyphert JM, Kovarova M, Allen IC, Hartney JM, Murphy DL, Wess
J, Koller BH. Cooperation between mast cells and neurons is essential for
antigen-mediated bronchoconstriction. J Immunol 182: 7430–7439, 2009.

15. Davi G, Basili S, Vieri M, Cipollone F, Santarone S, Alessandri C,
Gazzaniga P, Cordova C, Violi F. Enhanced thromboxane biosynthesis
in patients with chronic obstructive pulmonary disease. The Chronic
Obstructive Bronchitis and Haemostasis Study Group. Am J Respir Crit
Care Med 156: 1794–1799, 1997.

16. Djellas Y, Antonakis K, Le Breton GC. A molecular mechanism for
signaling between seven-transmembrane receptors: evidence for a redis-
tribution of G proteins. Proc Natl Acad Sci USA 95: 10944–10948, 1998.

17. Djellas Y, Antonakis K, Le Breton GC. Shifts in the affinity distribution
of one class of seven-transmembrane receptors by activation of a separate
class of seven-transmembrane receptors. Biochem Pharmacol 59: 1521–
1529, 2000.

18. Dorn GW 2nd, Becker MW. Thromboxane A2 stimulated signal trans-
duction in vascular smooth muscle. J Pharmacol Exp Ther 265: 447–456,
1993.

19. FitzGerald GA, Lawson J, Blair IA, Brash AR. Analysis of urinary
metabolites of thromboxane and prostacyclin by negative-ion chemical-
ionization gas chromatography/mass spectrometry. Adv Prostaglandin
Thromboxane Leukot Res 15: 87–90, 1985.

20. Fryer AD, Jacoby DB. Muscarinic receptors and control of airway
smooth muscle. Am J Respir Crit Care Med 158: S154–S160, 1998.

21. Fryer AD, Yarkony KA, Jacoby DB. The effect of leukocyte depletion
on pulmonary M2 muscarinic receptor function in parainfluenza virus-
infected guinea-pigs. Br J Pharmacol 112: 588–594, 1994.

22. Fu LW, Guo ZL, Longhurst JC. Undiscovered role of endogenous
thromboxane A2 in activation of cardiac sympathetic afferents during
ischaemia. J Physiol 586: 3287–3300, 2008.

23. Fukuo K, Morimoto S, Koh E, Yukawa S, Tsuchiya H, Imanaka S,
Yamamoto H, Onishi T, Kumahara Y. Effects of prostaglandins on the
cytosolic free calcium concentration in vascular smooth muscle cells.
Biochem Biophys Res Commun 136: 247–252, 1986.

24. Gambone LM, Elbon CL, Fryer AD. Ozone-induced loss of neuronal
M2 muscarinic receptor function is prevented by cyclophosphamide. J
Appl Physiol 77: 1492–1499, 1994.

25. Gomes RF, Shen X, Ramchandani R, Tepper RS, Bates JH. Compar-
ative respiratory system mechanics in rodents. J Appl Physiol 89: 908–
916, 2000.

26. Hantos Z, Adamicza A, Govaerts E, Daroczy B. Mechanical imped-
ances of lungs and chest wall in the cat. J Appl Physiol 73: 427–433, 1992.

27. Hirata M, Hayashi Y, Ushikubi F, Yokota Y, Kageyama R, Nakanishi
S, Narumiya S. Cloning and expression of cDNA for a human throm-
boxane A2 receptor. Nature 349: 617–620, 1991.

28. Huang JS, Ramamurthy SK, Lin X, Le Breton GC. Cell signalling
through thromboxane A2 receptors. Cell Signal 16: 521–533, 2004.

29. Inoue T, Ito Y. Pre- and post-junctional actions of prostaglandin I2,
carbocyclic thromboxane A2 and leukotriene C4 in dog tracheal tissue. Br
J Pharmacol 84: 289–298, 1985.

30. Janssen LJ, Daniel EE. Prejunctional and postjunctional effects of a
thromboxane mimetic in canine bronchi. Am J Physiol Lung Cell Mol
Physiol 261: L271–L276, 1991.

31. Jones GL, Lane C, O’Byrne PM. Effect of an inhaled thromboxane
mimetic (U46619) on in vivo pulmonary resistance and airway hyperre-
sponsiveness in dogs. J Physiol 453: 59–67, 1992.

32. Jones GL, Saroea HG, Watson RM, O’Byrne PM. Effect of an inhaled
thromboxane mimetic (U46619) on airway function in human subjects.
Am Rev Respir Dis 145: 1270–1274, 1992.

33. Kenagy J, VanCleave J, Pazdernik L, Orr JA. Stimulation of group III
and IV afferent nerves from the hindlimb by thromboxane A(2). Brain Res
744: 175–178, 1997.

34. Kinsella BT, OMahony DJ, Fitzgerald GA. The human thromboxane
A2 receptor alpha isoform (TP alpha) functionally couples to the G
proteins G(q) and G(11) in vivo and is activated by the isoprostane 8-epi
prostaglandin F-2 alpha. J Pharmacol Exp Ther 281: 957–964, 1997.

35. Kwong K, Lee LY. PGE(2) sensitizes cultured pulmonary vagal sensory
neurons to chemical and electrical stimuli. J Appl Physiol 93: 1419–1428,
2002.

36. MacDermot J, Kelsey CR, Waddell KA, Richmond R, Knight RK,
Cole PJ, Dollery CT, Landon DN, Blair IA. Synthesis of leukotriene B4,
and prostanoids by human alveolar macrophages: analysis by gas chro-
matography/mass spectrometry. Prostaglandins 27: 163–179, 1984.

37. Mazzone SB, Canning BJ. Central nervous system control of the airways:
pharmacological implications. Curr Opin Pharmacol 2: 220–228, 2002.

38. Miggin SM, Kinsella BT. Expression and tissue distribution of the
mRNAs encoding the human thromboxane A2 receptor (TP) alpha and
beta isoforms. Biochim Biophys Acta 1425: 543–559, 1998.

39. Miller RL, Ho SM. Environmental epigenetics and asthma: current
concepts and call for studies. Am J Respir Crit Care Med 177: 567–573,
2008.

L150 INFLAMMATION-INDUCED MECHANISTIC SWITCH

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00152.2011 • www.ajplung.org

 by guest on January 27, 2013
http://ajplung.physiology.org/

D
ow

nloaded from
 

http://ajplung.physiology.org/


40. Mohn A, Koller BH. DNA Cloning 4, edited by Glover DM, Hames BD.
New York, NY: Oxford Univ Press, 1995, p. 143–184.

41. Myers AC, Kajekar R, Undem BJ. Allergic inflammation-induced
neuropeptide production in rapidly adapting afferent nerves in guinea pig
airways. Am J Physiol Lung Cell Mol Physiol 282: L775–L781, 2002.

42. Namba T, Sugimoto Y, Hirata M, Hayashi Y, Honda A, Watabe A,
Negishi M, Ichikawa A, Narumiya S. Mouse thromboxane A2 receptor:
cDNA cloning, expression and northern blot analysis. Biochem Biophys
Res Commun 184: 1197–1203, 1992.

43. Offermanns S, Simon MI. G-alpha(15) and G-alpha(16) couple a wide
variety of receptors to phospholipase-C. J Biol Chem 270: 15175–15180,
1995.

44. Pierce KL, Lefkowitz RJ. Classical and new roles of beta-arrestins in the
regulation of G-protein-coupled receptors. Nat Rev Neurosci 2: 727–733,
2001.

45. Ressmeyer AR, Larsson AK, Vollmer E, Dahlen SE, Uhlig S, Martin
C. Characterisation of guinea pig precision-cut lung slices: comparison
with human tissues. Eur Respir J 28: 603–611, 2006.

46. Sachinidis A, Flesch M, Ko Y, Schror K, Bohm M, Dusing R, Vetter
H. Thromboxane A2 and vascular smooth muscle cell proliferation.
Hypertension 26: 771–780, 1995.

47. Salari H, Chan-Yeung M. Mast cell mediators stimulate synthesis of
arachidonic acid metabolites in macrophages. J Immunol 142: 2821–2827,
1989.

48. Saroea HG, Inman MD, O’Byrne PM. U46619-induced bronchocon-
striction in asthmatic subjects is mediated by acetylcholine release. Am J
Respir Crit Care Med 151: 321–324, 1995.

49. Shenker A, Goldsmith P, Unson CG, Spiegel AM. The G protein
coupled to the thromboxane A2 receptor in human platelets is a member
of the novel Gq family. J Biol Chem 266: 9309–9313, 1991.

50. Shirai M, Ninomiya I, Sada K. Thromboxane A2/endoperoxide receptors
mediate cholinergic constriction of rabbit lung microvessels. J Appl
Physiol 72: 1179–1185, 1992.

51. Taylor IK, Ward PS, O’Shaughnessy KM, Dollery CT, Black P,
Barrow SE, Taylor GW, Fuller RW. Thromboxane A2 biosynthesis in
acute asthma and after antigen challenge. Am Rev Respir Dis 143:
119–125, 1991.

52. Thomas DW, Mannon RB, Mannon PJ, Latour A, Oliver JA, Hoff-
man M, Smithies O, Koller BH, Coffman TM. Coagulation defects and
altered hemodynamic responses in mice lacking receptors for thrombox-
ane A2. J Clin Invest 102: 1994–2001, 1998.

53. Tomioka S, Bates JH, Irvin CG. Airway and tissue mechanics in a
murine model of asthma: alveolar capsule vs. forced oscillations. J Appl
Physiol 93: 263–270, 2002.

54. Undem BJ, Hunter DD, Liu M, Haak-Frendscho M, Oakragly A,
Fischer A. Allergen-induced sensory neuroplasticity in airways. Int Arch
Allergy Immunol 118: 150–153, 1999.

55. Underwood DC, Kriseman T, McNamara DB, Hyman AL, Kadowitz
PJ. Blockade of thromboxane responses in the airway of the cat by SQ
29,548. J Appl Physiol 62: 2193–2200, 1987.

56. Ushikubi F, Aiba Y, Nakamura K, Namba T, Hirata M, Mazda O,
Katsura Y, Narumiya S. Thromboxane A2 receptor is highly expressed
in mouse immature thymocytes and mediates DNA fragmentation and
apoptosis. J Exp Med 178: 1825–1830, 1993.

57. Wacker MJ, Tehrani RN, Smoot RL, Orr JA. Thromboxane A2

mimetic evokes a bradycardia mediated by stimulation of cardiac vagal
afferent nerves. Am J Physiol Heart Circ Physiol 282: H482–H490, 2002.

58. Wacker MJ, Tyburski JB, Ammar CP, Adams MC, Orr JA. Detection
of thromboxane A(2) receptor mRNA in rabbit nodose ganglion neurons.
Neurosci Lett 386: 121–126, 2005.

59. Wagers SS, Norton RJ, Rinaldi LM, Bates JH, Sobel BE, Irvin CG.
Extravascular fibrin, plasminogen activator, plasminogen activator inhib-
itors, and airway hyperresponsiveness. J Clin Invest 114: 104–111, 2004.

60. Weigand LA, Myers AC, Meeker S, Undem BJ. Mast cell-cholinergic
nerve interaction in mouse airways. J Physiol 587: 3355–3362, 2009.

61. Wenzel SE, Westcott JY, Smith HR, Larsen GL. Spectrum of prosta-
noid release after bronchoalveolar allergen challenge in atopic asthmatics
and in control groups. An alteration in the ratio of bronchoconstrictive to
bronchoprotective mediators. Am Rev Respir Dis 139: 450–457, 1989.

62. Wilson DP, Susnjar M, Kiss E, Sutherland C, Walsh MP. Thrombox-
ane A2-induced contraction of rat caudal arterial smooth muscle involves
activation of Ca2� entry and Ca2� sensitization: Rho-associated kinase-
mediated phosphorylation of MYPT1 at Thr-855, but not Thr-697.
Biochem J 389: 763–774, 2005.

63. Wilson SJ, Dowling JK, Zhao L, Carnish E, Smyth EM. Regulation of
thromboxane receptor trafficking through the prostacyclin receptor in
vascular smooth muscle cells: role of receptor heterodimerization. Arte-
rioscler Thromb Vasc Biol 27: 290–296, 2007.

64. Wilson SJ, Roche AM, Kostetskaia E, Smyth EM. Dimerization of the
human receptors for prostacyclin and thromboxane facilitates thrombox-
ane receptor-mediated cAMP generation. J Biol Chem 279: 53036–53047,
2004.

65. Wohlsen A, Martin C, Vollmer E, Branscheid D, Magnussen H,
Becker WM, Lepp U, Uhlig S. The early allergic response in small
airways of human precision-cut lung slices. Eur Respir J 21: 1024–1032,
2003.

L151INFLAMMATION-INDUCED MECHANISTIC SWITCH

AJP-Lung Cell Mol Physiol • doi:10.1152/ajplung.00152.2011 • www.ajplung.org

 by guest on January 27, 2013
http://ajplung.physiology.org/

D
ow

nloaded from
 

http://ajplung.physiology.org/

