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Abstract

BACKGROUND & AIMS—Patients with cholestatic disease have increased systemic 

concentrations of bile acids (BAs) and profound pruritus. The G-protein–coupled BA receptor 1 

TGR5 (encoded by GPBAR1) is expressed by primary sensory neurons; its activation induces 

neuronal hyperexcitability and scratching by unknown mechanisms. We investigated whether the 

transient receptor potential ankyrin 1 (TRPA1) is involved in BA-evoked, TGR5-dependent 

pruritus in mice.

METHODS—Co-expression of TGR5 and TRPA1 in cutaneous afferent neurons isolated from 

mice was analyzed by immunofluorescence, in situ hybridization, and single-cell polymerase 

chain reaction. TGR5-induced activation of TRPA1 was studied in in HEK293 cells, Xenopus 
laevis oocytes, and primary sensory neurons by measuring Ca2+ signals. The contribution of 

TRPA1 to TGR5-induced release of pruritogenic neuropeptides, activation of spinal neurons, and 

scratching behavior were studied using TRPA1 antagonists or Trpa1−/− mice.

RESULTS—TGR5 and TRPA1 protein and messenger RNA were expressed by cutaneous 

afferent neurons. In HEK cells, oocytes, and neurons co-expressing TGR5 and TRPA1, BAs 

caused TGR5-dependent activation and sensitization of TRPA1 by mechanisms that required Gβγ, 
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protein kinase C, and Ca2+. Antagonists or deletion of TRPA1 prevented BA-stimulated release of 

the pruritogenic neuropeptides gastrin-releasing peptide and atrial natriuretic peptide B in the 

spinal cord. Disruption of Trpa1 in mice blocked BA-induced expression of Fos in spinal neurons 

and prevented BA-stimulated scratching. Spontaneous scratching was exacerbated in transgenic 

mice that overexpressed TRG5. Administration of a TRPA1 antagonist or the BA sequestrant 

colestipol, which lowered circulating levels of BAs, prevented exacerbated spontaneous scratching 

in TGR5 overexpressing mice.

CONCLUSIONS—BAs induce pruritus in mice by co-activation of TGR5 and TRPA1. 

Antagonists of TGR5 and TRPA1, or inhibitors of the signaling mechanism by which TGR5 

activates TRPA1, might be developed for treatment of cholestatic pruritus.
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Itch induces the protective reflex of scratching that removes irritants and parasites from the 

skin. However, chronic itch that is associated with disease (eg, hepatic, renal, neurological 

disorders, eczema, certain cancers) is debilitating, poorly understood, and difficult to treat.1 

A deeper understanding of the mechanisms of disease-associated itch is required to develop 

more effective therapies.

Pruritogens induce itch by activating G-protein–coupled receptors (GPCRs) and transient 

receptor potential (TRP) ion channels on cutaneous afferent nerve endings. Histamine from 

mast cells activates the histamine H1 receptor that, via phospholipase-C signaling, sensitizes 

TRP vanilloid 1 (TRPV1), which is necessary for neuronal excitation and scratching.2 

Although antagonists of the H1 receptor are useful therapies for this acute allergic itch, 

antihistamines are ineffective for chronic itch. Pruritogens that induce histamine-

independent itch include the anti-malarial drug chloroquine, which activates the Mas-related 

GPCR MrgprA3, the endogenous peptide pruritogen BAM8-22, which activates MrgprC11,3 

and proteases that activate protease-activated receptor-2.4 MrgprA3 and MrgprC11 

respectively activate Gβγ and phospholipase-C signaling pathways that sensitize TRP 

ankyrin 1 (TRPA1), which is required for the acute excitatory and pruritogenic actions of 

chloroquine and BAM8-22.5 TRPA1 is also necessary for the exacerbated scratching of mice 

with dry skin.6 However, the contribution of TRPA1 to acute and chronic itch that is induced 

by disease-relevant endogenous pruritogens has not been studied, and the contribution of 

TRPA1 to the release of neuropeptides that transmit itch, including gastrin-releasing peptide 

(GRP)7 and natriuretic polypeptide B (NPPB),8 is unknown.

We recently identified the bile acid (BA) GPCR TGR5 as a major mediator of BA-evoked 

scratching in mice.9 Patients with cholestatic liver disease, which is characterized by 

deficient bile secretion into the intestine, can develop chronic pruritus that is so severe and 

intractable that it is an indication for liver transplantation.10 BAs may cause cholestatic 

pruritus because BA levels are increased in the circulation11 and skin12 of patients with 

cholestasis, BA chelators relieve cholestatic pruritus,13 and application of BAs to the skin 

causes itch.14 TGR5 is expressed by primary afferent neurons, and BAs induce neuronal 
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excitability, stimulate release of GRP in the spinal cord, and evoke scratching by TGR5-

dependent mechanisms.9 The role of TRPA1 in BA-evoked itch is unexplored.

Here we report on a major role for TGR5-dependent activation of TRPA1 in the pruritogenic 

actions of exogenous BAs, and define the importance of this pathway for the actions of a 

disease-relevant endogenous pruritogen.

Materials and Methods

See Supplementary Material for sources of animals and materials, and for detailed methods.

Animals

Institutional Animal Ethics Committees approved all studies.

Retrograde Tracing

1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI, 2%, 10 μL, 

intradermal) was injected to the nape of the neck and mice were recovered for 7 days.

Immunofluorescence, In Situ Hybridization

Dorsal root ganglia (DRG, C1-C7) were fixed, sectioned, and processed to detect TGR5, 

NeuN, and HuC/D by indirect immunofluorescence9 and TRPA1 by in situ hybridization.15

Single-Cell Reverse Transcription Polymerase Chain Reaction

DRG were dissociated and individual DiI-positive small diameter (<25 μm) neurons were 

aspirated.9 Polymerase chain reactions used intron-spanning mouse primers for TGR5, 

TRPA1, TRPV1, or β-actin.

Cell Lines

HEK293 cells stably expressing human TGR5 have been described.16 HEK293 cells 

expressing human TRPA1 alone or together with TGR5 were generated using a tetracycline-

inducible system.

[Ca2+]i Assays in HEK Cells

HEK cells were loaded with Fura-2/AM, and fluorescence of populations of cells was 

measured (340/380 nm excitation, 530 nm emission). Cells were challenged with 

deoxycholic acid (DCA) (100 μM, 5 minutes) and then allyl isothiocyanate (AITC, 100 μM, 

5 minutes). Cells were incubated with H89 (10 μM, protein kinase A [PKA], PKA inhibitor), 

GF109203X (10 μM, protein kinase C [PKC], PKC inhibitor), gallein (100 μM, Gβγ 

inhibitor), HC-030031 (100 μM, TRPA1 antagonist), or vehicle (control) (60-minute 

preincubation and inclusion throughout).

Isolation and Culture of Dorsal Root Ganglia Neurons

DRG from all spinal levels were dissociated and maintained for 24 hours before assays.9
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[Ca2+]i Assays in Dorsal Root Ganglia Neurons

Neurons were loaded with Fura-2/AM and fluorescence of individual small diameter 

neurons (<25 μm) was measured (340/380 nm excitation, 530 nm emission). Neurons were 

challenged sequentially with AITC (100 μM), DCA (100 μM), capsaicin (1 μM), and KCl 

(50 mM). Neurons were incubated with GF109203X (10 μM), gallein (100 μM), HC-030031 

(100 μM), or vehicle (control) (30- or 60-minute preincubation and inclusion throughout), or 

were assayed in Ca2+-free buffer containing 2 mM EDTA.

Extracellular Signal–Regulated Kinase 1/2 Activation in Dorsal Root Ganglia Neurons

Neurons were serum-starved for 6 hours, challenged with DCA (100 μM) or phorbol 12,13-

dibutyrate (200 nM, positive control) for 30 minutes at 37°C, and lysed. Extracellular 

signal–regulated kinase 1/2 activation was assessed using AlphaScreen phosphor–

extracellular signal–regulated kinase assay.

Adenosine 3′,5′-Cyclic Monophosphate Accumulation in Dorsal Root Ganglia Neurons

Neurons were serum-starved for 6 hours, incubated in activation buffer (Dulbecco's modified 

Eagle medium, 5 mM HEPES, 0.1% bovine serum albumin, 1 mM 3-isobutyl-1-

methylxanthine) for 45 minutes, challenged with DCA (100 μM) or forskolin (10 μM, 

positive control) for 30 minutes at 37°C, and lysed. Adenosine 3′,5′-cyclic monophosphate 

accumulation was assessed using AlphaScreen cAMP Assay Kit (PerkinElmer, Waltham, 

MA).

Transient Receptor Potential Ankyrin 1 Currents in Xenopus laevis Oocytes

Oocytes were injected with complementary RNA encoding human TRPA1 alone (0.5 ng) or 

both TRPA1 (0.5 ng) plus humanTGR5 (2 ng). Oocytes were studied after 2 days by 2-

electrode voltage-clamp.17 AITC (50 μM) and HC-030031 (15 μM) were used to activate 

and inhibit TRPA1 currents, respectively. DCA (500 μM) was used to activate TGR5.

Neuropeptide Release

Slices of rat spinal cord with attached dorsal roots (combined cervical, thoracic, lumbar-

sacral segments) were prepared and superfused with Krebs solution.9 Slices were stimulated 

with taurolithocholic acid (TLCA) (500 μM), AITC (100 μM), or vehicle for 60 minutes. 

Some tissues were superfused with HC-030031 (50 μM) or vehicle wiping behavior for 20 

minutes before and during the stimulus. GRP and NPPB release were determined by enzyme 

immunoassays, and peptide concentrations were calculated as fmol/g tissue wet weight.

c-fos in Spinal Neurons

Mice were sedated (isoflurane) and DCA (25 μg, 10 μL, subcutaneous [SC]) or vehicle 

(0.9% NaCl) was injected into the nape of the neck. They were either allowed to recover 

from sedation of were kept sedated to exclude scratching-induced activation of spinal 

neurons. Some groups were pretreated with HC-030031 (100 mg/kg per os [PO]) or vehicle 

(100 μL) 30 minutes before DCA. At 60 minutes after DCA, mice were anesthetized and 

transcardially fixed. Frozen sections of cervical spinal cord were made and processed to 
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detect β-galactosidase.18 β-galactosidase (c-fos)–positive cells in dorsal horn laminae I-III 

were counted by an observer unaware of the treatment.

Scratching and Nociception

Behavior was assessed in mice by an investigator unaware of treatment groups.9,19 Mice 

were sedated (isoflurane) and DCA (25 μg, 10 μL, SC) was injected into the nape of the 

neck. Some groups were pretreated with HC-030031 (100 mg/kg, PO, in 2% dimethyl 

sulfoxide, 20% cyclodextrin), AMG-9810 (40 mg/kg, intraperitoneal, in 0.9% saline) or 

vehicle (100 μL) 30 minutes before DCA injection. Scratching behavior was recorded 

approximately 2 hours after food withdrawal for 60 minutes after DCA injection.9 The 

effectiveness of AMG-9810 as a TRPV1 antagonist was determined by its capacity to 

suppress pain-related wiping behavior in response to capsaicin (3 μg, 10 μL, SC) into the 

cheek.19

Bile Acid Sequestrant

Tgr5-tg mice were treated with the BA sequestrant colestipol hydrochloride (2.5 mg/kg, PO) 

or vehicle (0.9% NaCl, PO) at 8:00 AM and 2:00 PM for 5 days. After the final dose, 

spontaneous scratching behavior was recorded for 60 minutes. Some mice received 

HC-030031 (100 mg/kg) or vehicle 30 minutes before scratching behavior was recorded.

Plasma Bile Acids

Tgr5-tg mice treated with colestipol or vehicle were killed at the end of the scratching 

assays. Blood was collected at approximately 4 hours after food withdrawal by cardiac 

puncture for assay of total plasma BAs.

Statistics

Results are expressed as mean ± SEM. Data were compared statistically using a Student t 
test (2 groups) or analysis of variance and Bonferroni or Tukey-Kramer post-hoc test 

(multiple groups). P < .05 was considered significant.

Results

TGR5 is Co-expressed With Transient Receptor Potential Ankyrin 1 in a Population of 
Primary Afferent Neurons That Innervate the Skin

To identify DRG neurons that innervate the skin, we injected the retrograde tracer DiI 

intradermally (nape of neck) in mice. TGR5 was detected using an antibody that specifically 

detects TGR5 in small-diameter neurons of wild-type but not tgr5−/− mice.9 TGR5 and the 

pan-neuronal markers NeuN or Hu-C/D were localized by immunofluorescence, and TRPA1 

was detected by in situ hybridization. All DiI-containing cells expressed NeuN 

immunoreactivity (IR) or Hu-C/D-IR, and are thus neurons (Figure 1). TGR5-IR was 

detected in a subpopulation of small-diameter (<25 μm) neurons that contained DiI, although 

some DiI-containing neurons did not express TGR5-IR (Figure 1A and B). Of the DiI-

containing neurons, 18.2% ± 2.4% expressed TGR5-IR and 81.8% ± 2.4% did not express 

detectable TGR5 (889 neurons, n = 6 mice) (Figure 1B). TGR5-IR and TRPA1 messenger 
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RNA (mRNA) were colocalized in a proportion of DiI-containing neurons (Figure 1C). 

TRPA1 mRNA was detected in 20.5% ± 1.4% and TGR5-IR and TRPA1 mRNA were co-

expressed in 4.2% ± 0.4% of all DRG neurons (1850 neurons, n = 6 mice) (Figure 1D). 

TRPA1 mRNA was detected in 28.3% ± 3.2% and TGR5-IR and TRPA1 mRNA were co-

expressed in 7.0% ± 0.7% of cutaneous afferent neurons (Figure 1D). By using single-cell 

reverse transcription polymerase chain reaction, we detected transcripts corresponding to 

TGR5 (236 bp), TRPA1 (393 bp), and TRPV1 (229 bp) in DiI-containing neurons (Figure 

1E). Analysis of 60 small-diameter DiI-containing neurons from 6 mice revealed that 37% 

(22 of 60) expressed TRPV1, 20% (12 of 60) expressed TRPA1, and 8% (5 of 60) expressed 

TGR5 (Figure 1F). All TGR5-positive neurons (5 of 5) co-expressed TRPA1.

TGR5 Activates and Sensitizes Transient Receptor Potential Ankyrin 1 in HEK293 Cells by 
a Gβγ- and Protein Kinase C-Mediated Mechanism

To examine the functional interactions between TGR5 and TRPA1, we expressed in 

HEK293 cells TGR5 and TRPA1 separately or together. We assessed TRPA1 activation by 

measuring [Ca2+]i. Cells were challenged with vehicle or DCA (100 μM), a TGR5 agonist, 

and 5 minutes later were stimulated with the TRPA1 agonist AITC (100 μM). In HEK-

TGR5 cells, vehicle, DCA, or AITC did not affect [Ca2+]i (Figure 2A, E, and F). In contrast, 

in HEK-TGR5+TRPA1 cells, DCA but not vehicle induced a prompt increase in [Ca2+]i 

(Figure 2A and E). The response of HEK-TGR5+TRPA1 cells to AITC was larger in cells 

pretreated with DCA when compared with vehicle (Figure 2A and F). The observation that 

DCA increases [Ca2+]i in HEK-TGR5+TRPA1, but not in HEK-TGR5 cells indicates that 

TGR5 can activate TRPA1 to induce an influx of extracellular Ca2+ ions. In support of this 

proposal, DCA-evoked increases in [Ca2+]i in HEK-TGR5+TRPA1 cells were abolished by 

the TRPA1 antagonist HC-030031 (100 μM) (Figure 2D and F). The finding that DCA-

pretreatment amplified the response of HEK-TGR5+TRPA1 cells to AITC suggests that 

activation of TGR5 by DCA can also sensitize TRPA1. DCA did not increase [Ca2+]i in 

HEK-TRPA1 cells, indicating that DCA cannot directly activate TRPA1 (not shown).

GPCRs activate and sensitize TRP channels via Gα and Gβγ signaling. Gβγ subunits can 

directly open certain channels,20 and Gβγ mediates MrgprA3-evoked activation of TRPA1.5 

Gα can activate PKA and PKC, which phosphorylate and activate TRP channels.21 The Gβγ 

inhibitor gallein (100 μM) and the PKC inhibitor GF109203X (10 μM) inhibited DCA-

evoked increases in [Ca2+]i in HEK-TGR5+TRPA1 cells (Figure 2B, C, and E). In contrast, 

gallein and GF109203X did not prevent DCA-induced sensitization of the response to AITC 

(Figure 2B, C, and F). Thus, Gβγ and are required for TGR5-induced activation but not 

sensitization of TRPA1. The PKA inhibitor H89 (10 μM) amplified DCA-evoked increases 

in [Ca2+]i in HEK-TGR5+TRPA1 cells without affecting DCA-induced sensitization of the 

response to AITC (Figure 2D, E, and F). PKA may desensitize TGR5, which couples to 

adenosine 3′,5′-cyclic monophosphate and PKA.22

TGR5 Stimulates Transient Receptor Potential Ankyrin 1 Currents in Xenopus laevis 
Oocytes

In oocytes expressing TRPA1 alone or TRPA1 and TGR5, AITC (50 μM) elicited a transient 

inward current that was prevented or reversed by HC-030031 (15 μM) consistent with 
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activation of TRPA1 (Figure 3A and B). To determine whether activation of TGR5 sensitizes 

TRPA1 currents, oocytes co-expressing TRPA1 and TGR5 were exposed to DCA (500 μM) 

or vehicle (control) for 30 seconds before AITC. Preincubation with DCA resulted in an 

approximately 40% increase of the AITC-evoked TRPA1 current compared with vehicle-

treated oocytes (Figure 3C). In contrast, DCA did not increase the AITC current response in 

oocytes expressing TRPA1 alone. Thus, the stimulatory effect of DCA on TRPA1 currents 

requires co-expression of TGR5, and DCA does not directly activate TRPA1. Chelation of 

intracellular Ca2+ ions using BAPTA-AM (100 μM) prevented DCA-evoked sensitization of 

TRPA1, which is Ca2+-dependent (Figure 3D). BAPTA-AM increased the baseline AITC 

response by unknown mechanisms.

TGR5 Activates Transient Receptor Potential Ankyrin 1 in Primary Afferent Neurons by a 
Gβγ-and Protein Kinase C-Mediated Mechanism

DCA (100 μM) stimulated generation of adenosine 3′,5′-cyclic monophosphate and 

activation of extracellular signal-regulated kinase 1/2 in DRG neurons isolated from wild-

type but not tgr5−/− mice (Supplementary Figure 1A and B), which indicates that DCA 

signals to DRG neurons by a TGR5-dependent process. To assess the interactions between 

TGR5 and TRP channels in DRG neurons, we measured [Ca2+]i in individual neurons, and 

determined the magnitude of responses and the proportions of responsive neurons. Neurons 

were sequentially challenged with the TRPA1 agonist AITC (100 μM), the TGR5 agonists 

DCA or TLCA (100 μM), the TRPV1 agonist capsaicin (1 μM), and finally with KCl (50 

mM). In wild-type mice, AITC, DCA, and capsaicin all caused a robust increase in [Ca2+]i 

in a subpopulation of neurons (Figure 4A). Of all small-diameter KCl-responsive neurons, 

27.1% ± 5.6% responded to DCA and 32.8% ± 7.8% responded to TLCA (1435 neurons 

from 12 mice, 846 neurons from 5 mice, respectively) (Figure 4F). Removal of extracellular 

Ca2+ ions prevented AITC-, DCA-, and capsaicin-induced increases in [Ca2+]i (Figure 4B 
and F). The responses to AITC and capsaicin were retained in neurons from tgr5−/− mice, 

and TGR5 deletion abolished the response to DCA (Figure 4C and F; Supplementary Figure 

2A). In neurons from trpa1−/− mice, the responses to both AITC and DCA were absent, and 

the response to capsaicin was retained (Figure 4D and F; Supplementary Figure 2A). In 

wild-type mice, the TRPA1 antagonist HC-030031 similarly prevented DCA- and AITC- but 

not capsaicin-evoked increases in [Ca2+]i (Figure 4E and F). The Gβγ-inhibitor gallein and 

the PKC inhibitor GF109203X both prevented DCA-evoked increases in [Ca2+]i in neurons 

from wild-type mice (Figure 4F, Supplementary Figure 2B and C). GF109203X, but not 

gallein, also inhibited the AITC response in neurons, but neither affected to capsaicin 

response. In neurons from trpv1−/− mice, the responses to AITC and DCA were preserved, 

and the response to capsaicin was absent (Figure 4F; Supplementary Figure 2D). Trpv1 
deletion reduced the proportion of DCA-responsive neurons, but the change was not 

significant.

In wild-type mice, 33.3% ± 6.2% of AITC-responsive neurons also responded to DCA. In 

addition, 27.1% ± 5.6% of wild-type neurons responded to AITC, DCA, and capsaicin, 

whereas 6.2% ± 2.1% of neurons responded to AITC and DCA but not capsaicin (Figure 

5A). Removal of extracellular Ca2+ ions suppressed responses to AITC, DCA, and capsaicin 

(Figure 5B). Deletion of TGR5 and deletion or antagonism of TRPA1 abolished responses to 
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DCA (Figure 5C, D, and E). TRPA1 deletion and antagonism also blocked responses to 

AITC (Figure 5D and E). In wild-type mice, 32.8% ± 7.8% of neurons responded to AITC, 

TLCA, and capsaicin, and 6.8% ± 1.4% of neurons responded to AITC and TLCA but not 

capsaicin (Figure 5F).

DCA and TLCA stimulate TGR5, which activates TRPA1 via Gβγ and PKC to promote the 

influx of extracellular Ca2+ ions in small-diameter DRG neurons of mice.

Bile Acids Induce Transient Receptor Potential Ankyrin 1–Dependent Release of the Itch 
Transmitters Gastrin-Releasing Peptide and Natriuretic Polypeptide B

Pruritogens stimulate release of the itch-selective transmitters GRP and NPBB in the dorsal 

horn of the spinal cord by unknown mechanisms.7,8 To study neuropeptide release, we 

superfused slices of rat dorsal spinal cord with vehicle or the TGR5 agonist TLCA (500 μM, 

60 minutes) and measured release of GRP and NPPB by enzyme-linked immunosorbent 

assay. Rats provided an adequate amount of tissue to reproducibly measure peptide release, 

and tissues were stimulated with TLCA, which is a more potent TGR5 agonist and stimulant 

of neuropeptide release than DCA.9,23,24 In vehicle-treated tissues, TLCA stimulated a 6.4-

fold release of GRP-IR and a 5.3-fold release of NPPB-IR over baseline (Figure 6A and B). 

The TRPA1 agonist AITC (100 μM, 60 minutes) stimulated release of calcitonin gene-

related peptide–IR, GRP-IR and NPPB-IR (Supplementary Figure 3A–C). HC-030031 (50 

μM) abolished TLCA- and AITC-stimulated neuropeptide release. Thus, TRPA1 activity is 

necessary for BA-evoked release of pruritogenic peptides in the spinal cord.

Bile Acids Activate Spinal Neurons by a Transient Receptor Potential Ankyrin 1–Dependent 
Mechanism

To determine whether cutaneous BAs pruritogens activate spinal neurons, we studied 

transgenic mice in which the c-fos promoter controls expression of a tau-lacZ reporter 

construct (FTL mice). DCA (25 μg, SC) or vehicle (control) was injected into the nape of the 

neck of sedated mice. Mice were either allowed to regain consciousness or were kept 

sedated, and 60 minutes later the cervical spinal cord was removed for analysis of β-

galactosidase in the dorsal horn. In conscious mice receiving vehicle, β-galactosidase was 

detected in few neurons (Figure 6C and D). In DCA-treated mice, β-galactosidase was 

detected in the soma and processes of numerous neurons in laminae I, II, and III of the 

dorsal horn, as well as in some deeper laminae (Figure 6C and D). The number of β-

galactosidase-positive neurons in superficial laminae increased from 15 ± 3.8 in vehicle-

treated mice to 34 ± 5.3 in DCA-treated mice (P < .05, n = 3 mice). HC-030031 (100 mg/kg, 

PO), administered 30 minutes before DCA, prevented DCA-evoked activation of spinal 

neurons (Figure 6D). DCA similarly induced β-galactosidase in superficial spinal neurons of 

anesthetized mice, which indicates that scratching was not necessary for c-fos induction 

(Figure 6E). Thus, cutaneous DCA activates spinal neurons, and TRPA1 is required for the 

central transmission of the pruritogenic signal.
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Bile Acids Cause Scratching by Transient Receptor Potential Ankyrin 1–Dependent 
Mechanisms

To evaluate the contribution of TRPA1 to BA-stimulated scratching, we injected DCA (25 

μg, SC) into the nape of the neck in wild-type or trpa1−/− mice, and quantified scratching for 

60 minutes. In wild-type mice, DCA stimulated a 4-fold increase in scratching over baseline 

(basal, 22.7 ± 5.2 scratches/60 min; DCA, 81.2 ± 8.3 scratches/60 min; P < .0001, n = 8–10 

mice) (Figure 7A). DCA did not cause scratching in trpa1−/− mice (21.9 ± 7.6 scratches/60 

min, n = 10 mice). To examine the therapeutic potential of a TRPA1 antagonist to treat BA-

evoked pruritus, we administered the TRPA1 antagonist HC-030031 (100 mg/kg, PO) or 

vehicle (control) to wild-type mice 30 minutes before DCA. HC-030031 prevented DCA-

evoked scratching (vehicle, 103.3 ± 27.2 scratches/60 min; HC-030031, 25.3 ± 14.4 

scratches/60 min; P < .0001, n = 6 mice) (Figure 7B). In contrast, the TRPV1 antagonist 

AMG-9810 (40 mg/kg, intraperitoneal) did not affect DCA-evoked scratching (vehicle, 

117.2 ± 10.03 scratches/60 min; AMG-9810, 133.3 ± 17.3 scratches/60 min; P = .4383, n = 

6 mice) (Figure 7C). AMG-9810 prevented cheek-wiping responses to capsaicin (3 μg, SC), 

suggesting effective antagonism of TRPV1-mediated nociceptive behavior (vehicle, 46.4 

± 7.2 wipes/20 min; AMG-9810, 10 ± 3.8 wipes/20 min; P < .005, n = 5 mice) 

(Supplementary Figure 4). Thus, DCA causes scratching in mice by a mechanism that 

requires expression and activation of TRPA1 but not TRPV1.

Endogenous Bile Acids and Transient Receptor Potential Ankyrin 1 Can Induce 
Spontaneous Pruritus

Transgenic mice overexpressing mouse TGR5 (tgr5-tg) exhibit elevated TGR5 expression in 

tissues know to express TGR525 and demonstrate exacerbated spontaneous scratching by 

unknown mechanisms.9 Because the circulating levels of BAs fluctuate during feeding and 

fasting,26 we evaluated whether endogenous circulating BAs could be responsible for the 

exacerbated scratching in tgr5-tg mice. We treated tgr5-tg mice with the BA sequestrant 

colestipol (100 mg/kg, twice a day) or vehicle (control) by gavage for 5 days, and then 

assessed scratching behavior. Vehicle-treated tgr5-tg mice scratched 2.6-fold more 

frequently than wild-type mice (wild-type, 22.7 ± 5.7 scratches/60 min; tgr5-tg, 57.1 ± 9.4 

scratches/60 min; P < .005, n = 7–8 mice) (Figure 7D). Colestipol reduced scratching of 

tgr5-tg mice by 2.1-fold (tgr5-tg, 57.1 ± 9.4 scratches/60 min; colestipol, 27.5 ± 6.6 

scratches/60 min; P < .05 compared with vehicle-treated tgr5-tg mice, n = 7–8 mice) (Figure 

7D). Colestipol also caused a 2.5-fold reduction in the plasma concentrations of total BAs (P 
< .01 compared with vehicle, n = 7 mice) (Figure 7E). HC-030031 strongly inhibited 

scratching of tgr5-tg mice when compared with vehicle (vehicle, 41.3 ± 7.8 scratches/60 

min; HC-030031, 9.4 ± 3.0 scratches/60 min; P < .01 compared to vehicle-treated tgr5-tg 
mice, n = 8 mice) (Figure 7F). Thus, endogenous circulating BAs and TRPA1 are 

responsible for exacerbated spontaneous scratching in tgr5-tg. These results highlight the 

pathophysiological importance of TGR5- and TRPA1-induced itch caused by endogenous 

BAs.
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Discussion

Our results reveal an essential role for TGR5-induced activation of TRPA1 for the 

pruritogenic actions of exogenous and endogenous BAs. We report that TGR5 and TRPA1 

are co-expressed by a subpopulation of cutaneous afferent neurons, and that TGR5 activates 

TRPA1 via Gβγ and PKC (Supplementary Figure 5). TRPA1 is necessary for BA-evoked 

release of the pruritogenic neuropeptides in the spinal cord, activation of spinal neurons, and 

scratching behavior. A major finding is that the exacerbated scratching in mice 

overexpressing TGR5 is driven by endogenous BAs and requires TRPA1 activation.

TGR5 Activates and Sensitizes Transient Receptor Potential Ankyrin 1

We found that approximately 7% of cutaneous afferent neurons co-expressed TGR5 and 

TRPA1, determined by retrograde tracing, immunofluorescence, in situ hybridization, and 

single-cell reverse transcription polymerase chain reaction. BAs induced Ca2+ signals only 

in those DRG neurons that responded to the TRPA1 agonist AITC, confirming co-expression 

of functional TGR5 and TRPA1.

Our results show that BAs, via TGR5, activate and sensitize TRPA1. Although TGR5 does 

stimulate Gαq-dependent mobilization of intracellular Ca2+ stores, BAs increased [Ca2+]i in 

HEK cells and DRG neurons co-expressing TGR5 and TRPA1. This effect was abolished by 

TRPA1 antagonism or deletion. Thus, BAs stimulate TGR5, which in turn activates TRPA1 

to cause an influx of extracellular Ca2+ ions. Gallein and GF109203X attenuated BA-evoked 

activation of TRPA1 in HEK-TGR5+TRPA1 cells and in DRG neurons, which implicates 

Gβγ and PKC in TGR5-evoked activation of TRPA1. Gβγ also mediates MrgprA3-induced 

activation of TRPA1 in NG108 cells,5 either by directly binding to TRPA120 or through 

other pathways. PKC can also mediate bradykinin-evoked activation of TRPV1, which in 

turn activates TRPA1 by a Ca2+-dependent process.27 However, we did not observe a major 

role for TRPV1 in BA-evoked Ca2+ signaling in DRG neurons. Alternatively, activated 

TGR5 could generate TRPA1 agonists, which remains to be investigated.

TGR5 can also sensitize TRPA1, because pretreatment of oocytes expressing TGR5 and 

TRPA1 with DCA amplified AITC-elicited TRPA1 currents. Chelation of intracellular Ca2+ 

ions in oocytes prevented this sensitization, which is consistent with the known ability of 

Ca2+ ions to activate TRPA1.28 DCA did not alter TRPA1 currents in oocytes expressing 

TRPA1 alone or increase [Ca2+]i in HEK-TRPA1 cells. BAs cannot directly regulate TRPA1.

Transient Receptor Potential Ankyrin 1 Is Required for TGR5-Dependent Itch

We report that TRPA1 is necessary for the central transmission of the pruritogenic signals 

from cutaneous BAs. TLCA stimulated GRP and NPPB release in the spinal cord, consistent 

with involvement of GRP in TGR5-dependent scratching.9 HC-030031 prevented TLCA-

stimulated GRP and NPPB release, which reveals a key role for TRPA1 in BA-induced 

release of neuropeptides that mediate itch transmission in the dorsal horn. TRPA1 deletion 

and antagonism also prevented cutaneous DCA-evoked activation of spinal neurons, 

revealed by c-fos expression, and scratching. Although TGR5 was co-expressed in primary 

sensory neurons with both TRPA1 and TRPV1, TRPV1 antagonism or deletion had no effect 
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on DCA-evoked scratching. This result is consistent with the retention of DCA-evoked Ca2+ 

signaling in neurons from trpv1−/− mice. With regard to its dependency for activation of 

TRPA1, but not TRPV1, for neuronal activation and scratching, TGR5 resembles MrgprA3 

and MrgprC11, which also activate TRPA1 to induce itch.5

A key finding is that the BA sequestrant colestipol inhibits exacerbated spontaneous 

scratching in gain-of-function tgr5-tg mice. BAs that are secreted into the intestinal lumen 

during feeding are absorbed in the ileum and colon, and the circulating levels of BAs wax 

and wane during feeding and fasting.26 Our observation that treatment of tgr5-tg mice with a 

BA sequestrant reduced both spontaneous scratching and circulating BA levels by 

approximately 50% suggests that endogenous BAs are sufficient to drive exacerbated 

scratching in mice that overexpress TGR5. HC-030031 reduced spontaneous scratching of 

tgr5-tg mice to that observed under basal conditions in wild-type mice, which reveals a 

requirement for TRPA1 for the pruritogenic actions of endogenous BAs.

Contributions of Bile Acid, TGR5, and Transient Receptor Potential Ankyrin 1 to 
Cholestatic Pruritus

The contribution of BAs to cholestatic pruritus is debatable. There are increased circulating 

and tissue levels of BAs in cholestatic patients,11,12 injection of BAs into the skin causes 

scratching in humans,14 and BA sequestrants are a treatment for cholestatic pruritus.13 

However, scratching severity does not correlate with circulating BAs levels in patients with 

cholestatic disease, and other factors have been implicated in cholestatic itch, including 

lysophosphatidic acid and opioids.29,30 Our finding that tgr5-tg mice exhibit spontaneous 

pruritus that depends on endogenous BAs suggests that the pathological up-regulation of 

TGR5 alone, in the absence of elevated levels of BAs, may be sufficient to induce pruritus. 

Whether TGR5 is up-regulated in patients with pruritus remains to be examined. We found 

that TRPA1 antagonism prevents exacerbated scratching of tgr5-tg mice. Thus, TRPA1 

antagonists, in addition to TGR5 antagonists, may be considered to be new treatments for 

pruritus that accompanies liver diseases and other conditions, such as pregnancy, where 

certain up-regulated progesterone metabolites can also activate TGR5.31 These possibilities 

deserve further attention. Given the intractable nature of the severe pruritus that 

accompanies hepatic diseases, potentially leading to liver transplantation, the TGR5/TRPA1 

pathway may be a therapeutic target for the histamine-independent chronic itch in which 

BAs are involved.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used in this paper

AITC allyl isothiocyanate

BA bile acid

DiI dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate

DCA deoxycholic acid

DRG dorsal root ganglia

GPCR G-protein–coupled receptor

GRP gastrin-releasing peptide

IR immunoreactivity

mRNA messenger RNA

NPPB natriuretic polypeptide B

PKA protein kinase A

PKC protein kinase C

PO per os

SC subcutaneous

TLCA taurolithocholic acid

TRP transient receptor potential

TRPA1 transient receptor potential ankyrin 1

TRPV1 transient receptor potential vanilloid 1
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Figure 1. 
Localization and expression of TGR5-IR, NeuN-IR, and TRPA1 mRNA in cutaneous 

afferent neurons. (A) Co-localization of NeuN-IR and TGR5-IR in DiI-positive cutaneous 

afferent DRG neurons (arrows). Scale bar = 100 μm. (B) Proportion of DiI-positive neurons 

with (TGR5-positive) or without (TGR5-negative) co-expression of TGR5-IR (889 or 1653 

neurons, 6 mice). (C) Co-localization of Hu-C/D-IR, TGR5-IR, and TRPA1 mRNA in DiI-

positive cutaneous afferent DRG neurons (arrows). Merged images show TGR5-IR + 

TRPA1 mRNA (left) and DiI + TGR5-IR + TRPA1 mRNA (right). Scale bar = 100 μm. (D) 

Proportion all neurons or of DiI-positive neurons expressing TGR5-IR alone or TGR5-IR + 

TRPA1 mRNA (1850 neurons, 6 mice). (E) Single-cell reverse transcription polymerase 

chain reaction of small-diameter, DiI-positive, cutaneous afferent neurons. Transcripts of 

TGR5, TRPA1, TRPV1, and β-actin were amplified. Results from 17 neurons are shown (60 

neurons, 6 mice). Red box denotes co-expression of TGR5, TRPA1, and TRPV1. RT, reverse 

transcriptase. (F) Venn diagram indicating the proportion of small-diameter, Di-positive 

cutaneous afferent neurons expressing TRG5, TRPA1, and TRPV1.
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Figure 2. 
BA and TGR5-induced activation and sensitization of TRPA1 in HEK293 cells. (A–D). 

[Ca2+]i measured in HEK-TGR5 and HEK-TGR5+TRPA1 cells treated with vehicle (Veh) 

or DCA (100 μM) and then AITC (100 μM). Some cells were treated with gallein (B), 

GF-109203X (GFX, C), H-89 or HC-030031 (D). (E, F) Pooled results showing maximal 

increase in [Ca2+]i over basal. Triplicate measurements, 3–8 independent experiments; *P < .

05 compared with vehicle (E) or AITC (F) in HEK-TGR5 + TRPA1 cells. **P < .001.
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Figure 3. 
BA and TGR5-induced activation of TRPA1 currents in Xenopus laevis oocytes. Oocytes 

expressing TRPA1 alone or TRPA1 and TGR5 were stimulated with the TRPA1 agonist 

AITC (50 μM, black bar) and the TRPA1 antagonist HC-030031 (open bar). TGR5 was 

activated by DCA (500 μM, gray bar). (A, B) Representative whole-cell current traces of 

oocytes expressing TRPA1 (A) or TRPA1 and TGR5 (B). Oocytes were treated with vehicle 

or DCA 30 seconds before AITC. (C, D) Change in AITC currents (ΔIAITC peak) in oocytes 

treated with DCA (+) or vehicle (−) (C). ΔIAITC peak in oocytes preincubated for 3 hours in 

BAPTA-AM or vehicle and subsequently treated with DCA (+) or vehicle (−) (D). Numbers 
inside the columns indicate the number of individual oocytes measured. N indicates the 

number of batches of oocytes. ***P < .001.
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Figure 4. 
TGR5- and TRPA1-dependent BA signaling in DRG neurons. [Ca2+]i was measured in small 

diameter neurons from wild-type (WT) mice (A), WT mice in Ca2+-free medium (B), 

tgr5−/− mice (C), trpa1−/− mice (D), and WT mice treated with the TRPA1 antagonist 

HC-030031 (E). They were challenged sequentially with AITC (100 μM), DCA (100 μM) 

and capsaicin (CAP, 1 μM). Responses of KCl (50 mM)-responsive neurons are shown. (F) 

Pooled data showing the proportion of DCA- or TLCA-responsive neurons in the different 

experimental groups. In (A–E), each line represents a single neuron. (F) Pooled data from 

2281 neurons, n = 17 mice. **P < .01 to DCA in WT.
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Figure 5. 
The proportion of DRG neurons responding to BAs and agonists of TRP channels. [Ca2+]i 

was measured in small diameter neurons from wild-type (WT) mice (A, F), WT mice in 

Ca2+-free medium (B), tgr5−/− mice (C), trpa1−/− mice (D), WT mice treated with the 

TRPA1 antagonist HC-030031 (E). They were challenged sequentially with AITC (100 μM), 

DCA (A–E) or TLCA (F) (both 100 μM), capsaicin (CAP, 1 μM), and finally KCl (50 mM). 

The proportion of small-diameter neurons that responded to the combinations of AITC, 

DCA or TLCA, and capsaicin are shown. Pooled data from 184–1435 neurons, n = 5–12 

mice.
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Figure 6. 
Contributions of TRPA1 to BA-evoked release of pruritogenic neuropeptides and activation 

of spinal neurons. (A, B) Release of GRP-IR (A) and NPPB-IR (B) from superfused slices 

of rat spinal cord under basal conditions and after stimulation with TLCA (500 μM, 60 

minutes). Tissues were preincubated with vehicle or HC-030031 (50 μM). n = 4; *P < .05. 

(C–E) Expression of c-fos in neurons in the dorsal horn of c-fos reporter mice. (C) 

Photomicrographs of the dorsal horn of the spinal cord (C1–C7) 60 minutes after injection 

of DCA (25 μg, SC) or vehicle to the nape of the neck of conscious mice. Scale bar, left 
panel = 100 μm; right panel = 25 μm. (D) Quantification of c-fos–expressing neurons in 

superficial laminae of the spinal cord (C1–C7) 60 minutes after injection of DCA or vehicle. 

(E) Quantification of c-fos–expressing neurons 60 minutes after injection of DCA or vehicle 

in anesthetized mice. Subgroups of the DCA-treated mice were pretreated with HC-030031 

or vehicle 30 minutes before DCA. n = 3 mice; *P < .05 to vehicle.

Lieu et al. Page 19

Gastroenterology. Author manuscript; available in PMC 2016 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Contributions of TRPA1 to scratching evoked by exogenous and endogenous BAs. (A–C) 

DCA-evoked scratching in wild-type (WT) and trpa1−/− mice. DCA was injected to the nape 

of the neck (25 μg SC) and scratching was measured for 60 minutes in WT mice and 

trpa1−/− mice (A), in wild-type mice pretreated with HC-030031 or vehicle (B), and in wild-

type mice pretreated with AMG-9810 or vehicle and in trpv1−/− mice (C). (D–F) Scratching 

and serum BAs levels in tgr5-tg mice. tgr5-tg mice were treated with colestipol or vehicle 

for 5 days before measurement of scratching (D) and plasma concentrations of total BAs 

(E). Scratching was also measured in tgr5-tg mice pretreated with HC-030031 or vehicle (F). 

n = 6–10 mice; *P < .05, **P < .01 to untreated wild-type mice (A–C) or vehicle (D–F).
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