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Abstract

The T-cell death-associated gene 8 (TDAGS) is a pH-sensing GPCR with a reported immune-specific
expression profile. Here, we demonstrate pH-induced activation of TDAGS receptor cloned from
rodent brain (rTDAG8). Cloned rTDAGS transcript showed 88-95% homology with human and
mouse transcripts of lymphoid origin. RT-PCR revealed high expression of TDAGS in forebrain
limbic regions. Extracellular acidification induced significantly elevated intracellular cyclic AMP,
and phosphorylated CREB in TDAGS8 expressing cells. Acidification-induced LDH release was
significantly attenuated in cells expressing TDAGS, suggesting neuroprotective potential against
acidosis-related cell injury. Our results open up new areas of investigation into the relevance of
TDAGS in pH homeostasis and pathological states associated with acid-base dys-regulation in the
brain such as ischemia and panic disorder.
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Introduction

The T-cell death-associated gene 8, TDAGS (also known as GPR65), is a G-protein coupled
receptor (GPCR) belonging to the G2A/OGR1 subfamily of lysophospholipid receptors [1].
TDAGS was first identified by differential MRNA display during mouse thymocyte apoptosis
induced by T-cell receptor engagement [2]. Human and mouse homologs of TDAGS indicated
90% similarity [3]. Pharmacological studies report acidification induced signaling by TDAGS,
[4,5] identifying it as a proton-sensing GPCR.

Initial publications reported selective expression of TDAG8 mRNA in lymphoid tissues,
including peripheral blood leukocytes, spleen, thymus and lymph nodes [2,6]. TDAGS8
transcription is up-regulated during glucocorticoid-induced apoptotic cell death of thymocytes
[2]. Studies using TDAGS8 knockout mice did not present a clear immune phenotype suggesting
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a permissive rather than obligatory role for TDAGS in immune development and function

[71.

Evidence on TDAGS receptor expression and characterization in other tissues is limited.
Recently, expression of TDAG8 was shown in nociceptors of dorsal root ganglion [8],
supporting TDAGS expression in neuronal tissues.

Since pH homeostasis is relevant to central nervous system (CNS) function and physiology,
we investigated the expression of TDAGS in rodent brain. Here, we report the cloning and
acid-sensing capability of TDAGS receptor predominantly expressed in rat forebrain regions.
Pharmacological studies reveal that brain TDAGS receptor acts as an acid-sensing receptor
coupled to specific cell signaling pathways. Our observations open new areas of investigation
studying contributions of brain TDAGS to cerebral pH homeostasis and perhaps pathological
states associated with central pH malfunction.

Materials and Methods

Animals

PCR template was generated from adult male Sprague-Dawley rats (Charles River; 250-300
g). Animals were maintained in constant temperature/humidity vivarium with standardized
lighting and free access to chow and water. Procedures were approved by the institutional
animal care and use committee (IACUC).

Cloning TDAGS from brain

For cloning of brain TDAGS, total RNA was prepared from amygdala, a region with significant
TDAG8 mRNA expression as identified by RT-PCR. Following cervical dislocation and brain
isolationn, amydala was rapidly dissected from 5 mm thick coronal brain slices at the level of
the hypothalamus. Our dissection procedure does not completely exclude potential inclusion
of RNA from surrounding areas such as the piriform cortex. However, we expect a
predominance of amygdalar RNA in our preparation. Total RNA was isolated by single step
guanidine thiocyanate-phenol extraction using TRI-REAGENT (Molecular Research Center,
Cincinnati, OH) following the manufacturer’s instructions. Concentration and purity of RNA
samples were determined by spectrophotometric measurements at 260 and 280 nm. First strand
cDNA was synthesized from total RNA using oligo(dT) primers (Invitrogen, Carlsbad, CA).
Reverse transcription-polymerase chain reaction (RT-PCR) using primers specific to the
predicted rat GPR65 mRNA sequence (NCBI Accession number XM_234367) and amygdalar
cDNA template was used to obtain the full-length TDAGS8 sequence. Oligonucleotides primers
corresponded to bp 1-18 and 1016-1032 and included EcorRI restriction enzyme cleavage
sites. PCR product of expected size was gel purified, digested with EcoR1 and subsequently
cloned into vector pIRESneo3 (Clontech Lab., Mountain View, CA). Sequencing at the
Cincinnati Children’s Hospital Medical Center DNA Core sequencing facility confirmed the
identity of the plasmid insert.

Primers corresponding to bp 7-29 and bp 977-1000 of the TDAG8 sequence were used for
TDAGS detection in various brain regions. PCR products were separated by electrophoresis
on 1.2 % agarose gel and stained with ethidium bromide. (Primer sequences and other details
are available in the online supplement.)

Cell culture and Stable expression of TDAG8

CHO-K1 cells (ATCC, Manassas, VA) were cultured in Ham’s F12 medium (Kaighn’s
modification) containing 10% bovine serum albumin (Invitrogen Corp.). Cells were transfected
with either the pIRES-neo3-rTDAGS vector or the empty vector using Lipofectamine 2000
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reagent (Invitrogen Corp.). After 24 hours, transient expression and functional activation of
TDAGS was confirmed by RT-PCR and cAMP assay, respectively (data not shown). Stably
transformed clonal populations were selected by successive passages in G418 (0.4 mg/ml) and
tested for functional activity. The T6 line exhibited optimal cAMP response to pH, therefore
all pharmacological data were generated using these cells unless indicated otherwise. In initial
experiments untransfected CHO cells and vector-transfected cells were used as controls. No
significant differences in pH-induced responses were observed between untransfected and
vector-transfected cells. Therefore, all data presented here show vector-transfected cells as
controls.

Accumulation of intracellular cyclic AMP

T6 cells or vector-transfected cells were plated in twelve well plates at 0.2x10° cells/well. 24
hours before experimentation the media was changed to fresh serum-free F12-Ham’s
containing 0.1% bovine serum albumin to reduce serum-induced basal activation of cells. For
the experiment, cell monolayers were rinsed once with medium and pre-incubated at 37 °C for
10 min in assay buffer (pH 7.6). After pre-incubation, stimulation was initiated by replacing
the neutral buffer with assay buffer of various pHs for 30 min. To cover a wide pH range, the
assay medium was buffered with HEPES/EPPS/MES (HEM; 8mM each). Following
incubation, cells were washed twice with assay buffer and exposed to 1 ml of lysis buffer
(Amersham cAMP kit). Intracellular cAMP concentration was measured by an ELISA kit
(Amersham Pharmacia Biotech). (see online supplement).

Measurement of intracellular pCREB

The PathDetect CREB Signal Transduction pathway trans-reporting systems (Stratagene) was
used as described [9]. CHO cells were co-transfected with pCREB and luciferase reporter
plasmids and either TDAGS or vector plasmids. 24 hours following transfection, cells were
incubated with physiological or acidic medium for 30 min, washed and incubated for another
4 hr. Luciferase assays were performed with 50 pL of cell extract and 100 pL luciferase
substrate (Promega) using a Tropix TR717 Microplate Luminometer, Applied Biosystems.
(see online supplement)

Measurement of Lactate Dehydrogenase (LDH) release

Acidosis induced cell injury was assessed quantitatively from LDH release using a cytotoxicity
detection kit (Roche Diagnostics, Indianapolis, IN). Cells were exposed to media of varying
pH for one hour, followed by regular growth medium for another 16 hr. Cells were then
incubated with kit reagents for 15 min. Absorbance measurements were read at 490 nm using
a 96 well microplate reader (SoftmaxPro ELISA plate reader, Molecular Devices Corp.). LDH
units per sample were calculated and expressed as a ratio of LDH released/LDH total (LDH
released + LDH extracted post lysis).

Statistical Analysis

Results

Data were analyzed by a two-way analysis of variance (ANOVA) using transfection and pH
as variables and the Bonferroni’s test for post hoc analysis (GraphPad Prism, GraphPad Inc.
San Diego, CA)

Cloning and expression of TDAGS8 receptor in rat brain

A full-length rTDAG8 cDNA sequence was amplified from rat brain (GenBank accession
number EF405799). Phylogenetic analysis revealed that rTDAGS is closely related to the G2A/
OGR1 family of pH-sensing G-protein coupled receptors, and a member of the TDAGS sub-
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family. The deduced amino acid sequence revealed a 337 amino acid protein (Fig 1A)
homologous to mouse and human TDAGS sequences (approximately 95% and 88% identity,
respectively). Primary sequence of rTDAGS8 contains potential N-linked glycosylation sites
(residues 4, 81 and 168) similar to mouse and human TDAGS receptors. Importantly, rTDAG8
sequence contains residues specific to the G2A receptor family. Histidine residues (H12 and
H16) assumed to be critical for proton sensing exist in the N terminal region of rTDAGS in
alignment with mouse and human TDAGS (Fig 1A). Additionally, a histidine residue in TM6
conserved in all proton-sensing G2A family GPCRs is also present in the rTDAGS sequence.

rTDAG8 mRNA is expressed in forebrain regions

RT-PCR revealed a single amplification product of the predicted size of TDAGS8 ~ 1Kb (Fig
IB). TDAGS is expressed in multiple brain regions including hypothalamus, amygdala,
hippocampus, frontal cortex, striatum and medulla (Fig 1B). Amplification of rTDAGS
transcript from DNAGse treated samples confirmed that amplicons were generated from RNA
and not from contaminating genomic DNA. High expression was apparent in forebrain and
diencephalic limbic regions. Negligible expression of rTDAG8 mRNA was observed in
cerebellum, pons, spinal cord and midbrain (data not shown).

Extracellular acidification increases intracellular cyclic AMP and phosphoCREB
concentrations in TDAG8-expressing cells

We generated CHO cell clones stably expressing TDAG8 (T4 and T6, Fig Il A). The T6 clone
elicited higher acid-induced activation of cAMP despite similar rTDAGS8 expression between
clones (data not shown). No expression of rTDAG8 was observed in CHO cells expressing
empty pIRES vector (11and 12, Fig 11 A); these cells served as control. Significantaccumulation
of intracellular cCAMP was observed in T6 cells on exposure to pH 6.5 and 6.0 (Fig 11 B) [pH,
F(4,19) = 7.045; p<0.0012]. A significant effect of transfection was observed since vector
transfected cells did not elicit elevated CAMP levels at acidic pH [transfection, F; 19y = 41.28;
p<0.0001]. Post hoc analysis revealed significant effects at pH 6.5 and 6.0, but not at other pH
values, indicating that TDAGS activation may occur across a selective range of acidification.
Collective data from independent experiments confirmed optimal activation at pH 6.5 (Fig Il
C).

Downstream effectors associated with acid-evoked signaling have not been investigated.
Exposure of TDAGB8-expressing CHO cells to pH 6.5 resulted in a significant increase in
pCREB over basal levels (Fig I11). Two-way ANOVA revealed significant effects [transfection
F(1,4=904.82; p<0.0001] and [pH F 1 4)=151.96; p<0.0002]. In vector-transfected CHO cells
pCREB expression did not rise significantly above basal levels upon acidification. Baseline
pCREB expression was higher in TDAGS cells as compared to controls, possibly due to the
constitutive activity of TDAGS receptor.

Attenuation of acidosis-induced toxicity in cells expressing TDAGS8

Prolonged extracellular acidification may contribute to cellular toxicity. Vector and TDAGS-
expressing cells were exposed to acidified medium and lactate dehydrogenase (LDH) release
was measured to assess cell damage. Relative to controls, T6 cells released significantly less
LDH following exposure to acidic pH (Fig 1V). Two-way ANOVA revealed significant effects
[transfection F(;, 20)=34.31; p<0.0001] and [pH F4, 20)=120.0; p<0.0001]. Thus, TDAG8
mediated resistance to pH- induced toxicity at acidic pH is consistent with cAMP response and
pCREB activation at this pH range.
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Discussion

To our knowledge this is the first report of expression and signaling by acid-sensing receptor
TDAGS in the brain, a tissue where fluctuations in pH may have significant implications. Our
observations are supported by recent work demonstrating expression of TDAGS in the
peripheral and central nervous system using similar techniques [8]. Itis likely that the RT-PCR
protocol is more sensitive than northern blot analysis used in earlier studies atleast for TDAG8
detection. The presence of rTDAGS in brain is not surprising. Expression of Ovarian G protein
coupled receptor-1 (OGR1), another member of the G2A group, has been detected in the CNS
[10], although acidification induced functional responses have not been reported to date.

Rat brain TDAG8: a member of the G2A family of proton-sensing receptors

High homology (88-95%) between rTDAGS and previously cloned sequences from mouse
and human lymphoid tissue [2,3] suggests that rTDAG8 belongs to this subfamily within the
G2A family. Phylogenetic analysis further confirmed this classification. Structural evidence
strongly supports the potential of rTDAGS as a pH-sensing receptor. Functionally relevant
conserved histidine residues (H10, H14 or H243) are present at analogous positions in the
rTDAGS sequence as in human TDAGS sequence. These residues have been shown to be
relevant for proton-dependent cAMP accumulation [5].

rTDAGS8 is widely expressed in forebrain limbic regions

Profiling of rTDAGS distribution revealed expression in multiple brain regions. Our results
suggest a predominance of TDAGS in forebrain limbic regions such as hypothalamus,
amygdala, hippocampus, frontal cortex and striatum. Expression was also detected in the
medulla, a region rich in chemosensory and acid-sensing mechanisms [12,13]. Parallels can
be drawn between rTDAGS and central expression of the acid sensing ion channel ASIC1
[14]. The ASICL also shows predominant expression in the hippocampus and amygdala,
suggesting that proton sensing may be important in physiological processes and behaviors
controlled by the limbic system.

Transduction of acid-induced signaling by central TDAGS8

To date, well-characterized acid-sensing mechanisms in the brain have been ion-channels or
transporters [15,16,17,18]. Our results provide the first evidence of pH-induced signaling by
a GPCR cloned from rat brain. Intracellular cAMP concentration increased significantly
following acid-induced activation of the rTDAGS receptor. This agrees with TDAG8-mediated
signaling in the periphery [4,5,19]. Therefore, TDAG8 may be a central chemoreceptor that
can detect interstitial fluid pH changes. The G2A family of proton-sensing GPCRs, including
TDAGS, are fully activated at pH 6.4-6.8 in vitro, a physiologically attainable range.
Extracellular acidosis also resulted in accumulation of downstream effector pCREB in
TDAGS-expressing cells suggesting activation of the rTDAGS receptor may couple to the
cAMP-PKA-pCREB signaling pathway. Interestingly, acidosis mediated activation of the
cAMP-pCREB pathway is reported in skeletal tissue via a proton sensing GPCR, suspected to
be TDAGS [20].

Our pharmacological data suggests that the TDAGS receptor is capable of transducing
extracellular pH changes into cellular responses at the transcriptional level involving factors
like phosphoCREB.

TDAGS promotes cell survival

Previous literature supports a protective role of cAMP and pCREB in cell survival [21,22,
23]. Therefore, we questioned whether TDAGS activation may lead to improved cell survival.
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Significantly reduced LDH release by TDAG8-expressing cells following acidosis suggests a
mechanism whereby rTDAGS activation may engage neuroprotective signaling cascades and
promote cell survival. In contrast, pro-apoptotic responses have been reported for the TDAGS8
receptor in the immune system [24]. Although downstream effector coupling has not been
established for the peripheral receptor, it is possible that these pathways differ between central
and peripheral TDAGS receptors.

Functional implications of rTDAGS8 activity and relevance of a pH-sensing GPCR in brain

Currently, our knowledge of proton-sensing GPCRs, particularly TDAGS, is limited. Studies
with TDAG8 knockout mice reported normal immune development and function [7] suggesting
this receptor may not be critical for immunologic homeostasis. One can speculate the functional
relevance of centrally expressed TDAGS; extracellular pH in the brain is a fundamental signal
for regulating homeostatic arousal such as breathing and behavior. In the intact brain in vivo,
the interstitial pH is generally ~7.1 to 7.25, but can fluctuate to 6.5, for example in response
to hypoventilation [25]. Moreover, electrical stimulation can significantly lower extracellular
pH [26,27]. Synaptic pH can fall substantially during neurotransmitter release, as the
intravesicular pH is ~5.2-5.7 [28]. These pH values are well within the range for rTDAG8
stimulation and signaling. TDAG8 may therefore contribute to synaptic physiology and
homeostatic functions by responding to localized pH reductions in the synapse. Moreover,
rTDAGS activation by pH fluctuations has the capability to impact synaptic plasticity via
pCREB signaling [23].

The profile of rTDAGS8 expression in the brain suggests specialized physiological function(s)
for this receptor. Most noteworthy is the preferential expression of rTDAGS receptor in the
forebrain limbic areas, particularly hypothalamus, amygdala, hippocampus, and cortex.
Collectively, these regions are tied together in the control of stress homeostasis and integration.
pH-sensing in the amygdala may be relevant to the physiology of panic disorder, as this
condition involves a disturbance in acid-base homeostasis [29,30]. Recent studies on the
regulation of fear conditioning behaviors by acid-sensing ion channels suggest that acid-
sensing mechanisms may be relevant in stress regulation and emotional behaviors [14,32].
TDAG8-mediated effects may also be relevant in neuroprotection/injury, especially in
pathologic states like cerebral ischemia where acid-base balance in brain is severely
compromised. These speculations need to be tested in follow up studies. Studies with TDAGS8
knockout mice may provide relevant information on function(s) associated with brain TDAG8
receptor.

The role of pH-sensing in the brain has gained significant interest in recent years. The field of
proton-sensing GPCRs is relatively new. In contrast to ionotropic changes induced by H*-
linked ion channels [32,33], a proton-sensing GPCR could propel the metabotropic activities
of a variety of signaling molecules upon stimulation by extracellular acidosis. This opens up
a new area of investigation with several pharmacotherapeutic possibilities.

Here we provide the first evidence on the functional activation of a pH-sensing GPCR, TDAG8
cloned from rat brain. Presence of a pH-sensing GPCR in the brain could have important and
exciting implications for acidosis-related physiology and pathology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Sequence alignment of rTDAGS cloned from brain with mouse (mMTDAGS8) and human
(hTDAGS) sequences previously cloned from lymphocytes. Alignments were created using
multiple sequence alignment software using Clustal W algorithm. Conserved residues between
sequences are denoted by a (-). Residues within transmembrane regions (TM1-TM7) are
shaded. Potential N-glycosylation sites are marked (*). Black boxes show conserved histidine
residues important for proton sensing.
(B) Distribution of rTDAG8 mRNA expressed in rat brain: Amygdala (Am), Hypothalamus
(Hy), Hippocampus (Hi), striatum (Str), Medulla (Med), cerebellum (Cer) and frontal cortex

Figure I.

(FC).
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Figure 11.

Extracellular acidification increases intracellular cyclic AMP concentration in rTDAG8
expressing Chinese Hamster Ovary cells. (A) Generation of stable clones T4 and T6
(expressing TDAGS) and 11 and 12 (empty vector). All data was generated with the T6 line
since functional response was greater in these cells. (B) pH dependence of intracellular cAMP
induction. TDAGS8-transfected T6 cells ( 4 ) and vector transfected CHO-K cells ( =) were
incubated in assay buffer adjusted to pH 5.5-7.6, supplemented with 5 mM theophylline (see
online supplement). After 30 minutes cells were solubilized and cAMP concentrations
measured in lysates. Plot of cCAMP concentration versus pH values are shown. Data are
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representative of three independent experiments with similar results. (C) Optimal activation
of TDAGS at pH 6.5. Data represent mean of three independent experiments with each sample
run in triplicate.

* p<0.05 versus vector transfected cells.
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Figure 111.

Elevation in intracellular phosphorylated cAMP response element binding protein (pCREB)
concentration in rTDAG8 and vector expressing CHO cells in response to neutral (7.6) and
acidic (6.5) pH. pCREB was assessed using the PathDetect CREB Signal Transduction
pathway trans-reporting system. Relative luminescence units were measured to assess pPCREB-
luciferase activity. Data are representative of three experiments with each sample run in
triplicate. * p<0.05 versus vector transfected cells; ** p<0.05 versus pH 7.6
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Figure IV.

Acidosis induced LDH release from rTDAGS and pIRES expressing cell lines. For effect of
pH acidification on LDH release, cells were exposed to specified pH solutions for 1 hr and
LDH release was assessed 16 hr later. Data show means from a representative experiment using
triplicate wells and repeated thrice. p<0.05 versus pIRES vector expressing cells.
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