The Journal of Neuroscience, October 3, 2007 - 27(40):10703-10713 + 10703

Neurobiology of Disease

Inflammation Activates the Interferon Signaling Pathways in
Taste Bud Cells

Hong Wang,' Minliang Zhou,' Joseph Brand,'? and Liquan Huang'
"Monell Chemical Senses Center, Philadelphia, Pennsylvania 19104-3308, and 2Department of Biochemistry, School of Dental Medicine, University of
Pennsylvania, Philadelphia, Pennsylvania 19104

Patients with viral and bacterial infections or other inflammatory illnesses often experience taste dysfunctions. The agents responsible
for these taste disorders are thought to be related to infection-induced inflammation, but the mechanisms are not known. As a first step
in characterizing the possible role of inflammation in taste disorders, we report here evidence for the presence of interferon (IFN)-
mediated signaling pathways in taste bud cells. IEN receptors, particularly the IFN-vy receptor IFNGR1, are coexpressed with the taste
cell-type markers neuronal cell adhesion molecule and a-gustducin, suggesting that both the taste receptor cells and synapse-forming
cells in the taste bud can be stimulated by IFN. Incubation of taste bud-containing lingual epithelia with recombinant IFN-« and IFN-y
triggered the IFN-mediated signaling cascades, resulting in the phosphorylation of the downstream STATI1 (signal transducer and
activator of transcription protein 1) transcription factor. Intraperitoneal injection of lipopolysaccharide or polyinosinic:polycytidylic
acid into mice, mimicking bacterial and viral infections, respectively, altered gene expression patterns in taste bud cells. Furthermore, the
systemic administration of either IFN-« or IFN-y significantly increased the number of taste bud cells undergoing programmed cell
death. These findings suggest that bacterial and viral infection-induced IFNs can act directly on taste bud cells, affecting their cellular
function in taste transduction, and that IFN-induced apoptosis in taste buds may cause abnormal cell turnover and skew the represen-
tation of different taste bud cell types, leading to the development of taste disorders. To our knowledge, this is the first study providing

direct evidence that inflammation can affect taste buds through cytokine signaling pathways.
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Introduction

Chemosensory disorders (taste and smell) impact negatively on
general health and quality of life (Deems et al., 1991; Graham et
al., 1995; Schiffman and Graham, 2000). The number of people
suffering from these disorders is estimated to be in the millions
(Hoffman et al., 1998; Murphy et al., 2002; Briamerson et al.,
2004; Landis et al., 2004). Although a number of conditions, such
as nutritional compromise, oral appliances, medications, and ag-
ing, can contribute to or exacerbate taste deficits, viral and bac-
terial infections are among the most common causes (Mistretta,
1984; Bartoshuk et al., 1987; Goodspeed et al., 1987; Heald et al.,
1998; Cullen and Leopold, 1999; Pribitkin et al., 2003).

The immune response to viral and bacterial infections is me-
diated by cytokines. Interferons (IFNs) are one of the major
groups of cytokines critical in fighting these invaders (Kalvako-
lanu, 2003; Stetson and Medzhitov, 2006), yet, in excess, [FNs are
also potentially toxic, contributing to anorexia, cachexia, and a
variety of inflammatory and autoimmune illnesses (Yeh and
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Schuster, 1999; Crow, 2003; Theofilopoulos et al., 2005; Banche-
reau and Pascual, 2006). Intriguingly, some patients with chronic
inflammatory and autoimmune diseases often complain of taste
dysfunctions (Mann, 2002; Bromley and Doty, 2003). Finally,
long-term use of IFN-« as medication for cancer or viral infec-
tion is associated with taste and smell disorders (Jones and Itri,
1986; Kellokumpu-Lehtinen et al., 1989; Kraus and Vitezic, 2000;
Abdollahi and Radfar, 2003).

A common thread running through many of these chemosen-
sory disorders is the likely presence of inflammation. Several in-
vestigations have reported that inflammation induced by radia-
tion to the oral cavity often leads to hypogeusia or ageusia
(Conger and Wells, 1969; Esses et al., 1988; Nelson, 1998; Ya-
mashita et al., 2006). These studies have shown alterations in taste
bud cell structure, extensive loss of taste bud cells, or even entire
taste buds. In addition, alterations in taste cell structure have
been reported in taste bud biopsies from patients with
postinfluenza-like hypogeusia (Henkin et al., 1975).

Until now, the reports of the likely contribution of inflamma-
tion to taste disorders have been generally descriptive, with the
actual mechanisms being primarily a matter of speculation
(Mann, 2002). In the present study, we hypothesize that IFNs
produced during infection and chronic inflammation induce
taste bud cell apoptosis, triggering the development of taste dis-
orders. To test this hypothesis, we sought to characterize possible
IFN signaling pathways in rodent taste epithelium. Here we re-
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port the expression of type I and type II ~ Table 1. RT-PCR primers
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IFN receptors and their downstream signal-  Gene GenBank accession number Orientation Sequence Product size (bp)
ing components in functionally different o NM_010508 Forward AAGACGATGCTCGCTGTCGTG 1784
subsets of taste bud cells. Inflammation in-
. . . e . Reverse ACCTGTCAGCAGAGAAGAGCTG
duced by the viral infection-mimicking ;) NM_010509 Forward TAAGAGCTGAGCAGGATGCGTT 1575
double-stranded RNA (dsRNA) or the bac- Reverse CAGTGAACCTCTTTGGAGTCATC
terial endotoxin lipopolysaccharide (LPS) 01 M28233 Forward (CTGTCAGAGGTGTCCCTCG 1469
activated these pathways, leading to the in- Reverse GGGAGACCTTAGGACAGCTC
duction of multiple IFN-inducible genes in /g2 NM_008338 Forward CATGCGGCCTTTGCCACTGT 1004
taste epithelium. Furthermore, IFN treat- Reverse TGGTTCACGGTGTTTGGAGCAC
ment significantly increases apoptotic cell — Jak7 NM_146145 Forward CACTGGACAACCGAATAAATGCAG 3534
death in taste buds. Reverse TGGCTTGGGAGAGAAGGATTTGAT
Our results suggest that activation of T2 NM_018793 Forward CAGCCAGCACATTGAATGGTGG 3584
IEN signaling pathways may disrupt the Reverse GATGCCTTTGACTGTCAGCACA
homeostasis of cell turnover in taste buds, Jak2 NM_008413 Forward (TCAATCTGGCAACAGACAAGTGG 1094
interfere with taste signal transduction and Reverse CATCCTTCTGGCCTTGGCAATCTT
transmission, and, as a result, contribute Stat1 NM_009283 Forward GGAATCTCAAGGATGTCACAGTG 2285
to the development of taste disorders Reverse TGTCGLCAGAGAGRAATICGTGT
’ Stat? NM_019963 Forward GACCCTCAGAAGAGTCCAAATG 2803
. Reverse CATAGCTCCTAGTCCTCAGAAG
Mgterlals and, M,ethods . Irf-9 NM_008394 Forward TTCAGGATGGCCTCAGGCAAAGTA 1237
Animals. All stud.les involving animals were Reverse GAACAAGTCTATTTCCATGGAGACG M
f}:ﬁl’\f{?ﬁjua“éﬁgii‘;fafosiioszc"clzI?ifr’r‘l’:l:gtz‘{ BAcin - NM_007393 Forward GAAGGTGACAGCATTGCTTCT 214
Reverse AAGTCAGTGTACAGGCCAG

tional Animal Care and Use Committee.
C57BL/6 mice and Sprague Dawley rats were
housed in a climate-controlled environment at
the Animal Care Facility of Monell Chemical Senses Center.

Reagents. Rabbit polyclonal antibodies against signal transducer and
activator of transcription protein 1 (STAT1) p84/p91 (sc-346) (Begitt et
al.,, 2000), a-gustducin (sc-395) (Pumplin and Getschman, 2000; Finger
et al,, 2005), and the IFN-vy receptor IFNGRI1 (sc-700) (Royuela et al.,
2000; Federici et al.,, 2002), and the blocking peptide (sc-700p) to
IFNGR1 antibody were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Mouse monoclonal antibodies against neuronal cell
adhesion molecule (NCAM) (C9672) (Yee et al., 2001) and B-actin
(A5441) (Garnier et al., 2003), recombinant mouse IFN-aA, LPS, and
polyinosinic:polycytidylic acid [poly(I:C)] were purchased from Sigma
(St. Louis, MO). Rabbit polyclonal antibodies against phospho-STAT1
[tyrosine residue 701 (Tyr701); catalog #9171] (Begitt et al., 2000; Spag-
noli et al., 2002), cleaved caspase-3 (catalog #9661) (Sdnchez-Gémez et
al., 2003; Saito et al., 2004), and cleaved poly(ADP-ribose) polymerase
(PARP) (catalog #9544 ) (Garnier et al., 2003) were purchased from Cell
Signaling Technology (Danvers, MA). Cyanine 3 (Cy3)-conjugated goat
anti-rabbit and FITC-conjugated donkey anti-mouse antibodies were
purchased from Jackson ImmunoResearch (West Grove, PA). The Ze-
non rabbit antibody labeling kit was purchased from Invitrogen (Carls-
bad, CA). Recombinant murine IFN-y was from PeproTech (Rocky Hill,
NJ). Collagenase A and dispase II were from Roche Applied Science
(Indianapolis, IN).

Reverse transcription-PCR analysis. Tongues were immediately excised
from killed C57BL/6 mice and placed in the calcium-free Tyrode’s buffer
(in mm: 140 NaCl, 5 KCI, 10 HEPES, 1 MgCl,, 10 glucose, 10 Na-
pyruvate, and 2 EGTA, pH 7.4). The excised tongue was injected subepi-
thelially with a mixture of dispase II (2 mg/ml) and collagenase A (1
mg/ml) in Ca**-free Tyrode’s solution and incubated at 37°C for 20
min. The epithelium was peeled off and washed three times with calcium-
containing PBS (catalog #14040-117; Invitrogen). The circumvallate and
foliate papillae were excised, and the anterior part of the lingual epithe-
lium with the highest density of fungiform papillae was also collected.

Total RNA was extracted from taste epithelia using Trizol reagent
(Invitrogen). cDNA was synthesized from equal amounts of the total
RNA from these tissue samples using SuperScript III reverse transcrip-
tase (Invitrogen). PCR analyses were performed with these samples using
gene-specific primers that covered the entire open reading frame and
often included multiple exons [except for Janus kinase 2 (Jak2) and
B-actin] to monitor possible contamination from genomic DNA. PCR

products were cloned into pCR-Blunt II-TOPO vector (Invitrogen) and
sequenced to verify their identities. The primers used are listed in Table 1.

Quantitative real-time PCR analysis. Total RNA was extracted using
Absolutely RNA Microprep kit (Stratagene, Cedar Creek, TX) from
peeled-off epithelial pieces that either lacked taste buds (excised from
within the intermolar eminence) or contained foliate or circumvallate
taste buds. Approximately equal amounts of total RNA from these tissues
were reverse transcribed into cDNA using Superscript III reverse tran-
scriptase (Invitrogen). Power SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA) was used to set up real-time PCR reactions.
The assays were run in an ABI PRISM 7000 Sequence Detection System
(Applied Biosystems). The specificity of the PCR reactions was analyzed
by dissociation studies using the Applied Biosystems instrument and
confirmed by agarose gel electrophoresis. Gene expression levels were
quantified using the Applied Biosystems software and exported to Excel
(Microsoft, Seattle, WA) for graphic presentation. Relative quantifica-
tion was determined using the 2 ~**“* method (Livak and Schmittgen,
2001), which normalizes the expression levels of genes of interest against
those of “housekeeping” genes in the same samples and then compares
the expression levels among control and treatment samples. Real-time
PCR primers (Table 2) were designed to have nearly the same annealing
temperature.

To determine the effect of systemic administration of LPS and
poly(I:C) on the expression of IFN-inducible genes and c-fos in taste
tissues, LPS (5 mg/kg in PBS), poly(I:C) (25 mg/kg in PBS), or PBS
vehicle was injected intraperitoneally into three groups (nine per group)
of adult C57BL/6 mice, respectively. Six hours after injection, mice were
killed, and tongue epithelium was prepared as described above. Total
RNA was extracted from peeled-off epithelial pieces using Absolutely
RNA Microprep kit (Stratagene) and reverse transcribed into first-strand
cDNAs, which were used as templates for quantitative real-time PCR
with the PCR primers (Table 2) for c-fos and five IFN-inducible genes:
2-5A synthetase, IFN regulatory factor-1 (Irfl), myxovirus resistance
protein 1 (Mx1), dsSRNA-dependent protein kinase (Pkr), and StatI.

In situ hybridization. Digoxigenin (DIG)-labeled sense and antisense
cRNA probes corresponding to the entire coding region of mouse Ifngrl
and IrfI were synthesized using the DIG RNA labeling kit (Roche Applied
Science). The RNA probes were then alkaline hydrolyzed into ~300-nt-
long fragments. Fresh-frozen mouse taste sections (14 wm/section) were
attached to clean SuperFrost/Plus slides (Fisher Scientific, Pittsburgh,
PA) and processed for in situ hybridization as described previously
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Table 2. Real-time PCR primers
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described above. Fungiform, foliate, and cir-

Gene GenBank accession number  Orientation  Sequence Productsize (bp) ~ cumvallate papillae and a piece of control tissue
(lingual epithelium devoid of taste buds) were
Ifnar1 NM_010508 Forward TCCCCGCAGTATTGATGAGT 171 incubated in OptiMEM medium (Invitrogen)
Reverse (TGGTCTGTGAGCTGTACTT at 37°Cin a 5% CO, incubator for 1 h, followed
Ifnar2 NM_010509 Forward (TATCGTAATGCTGAAACGG 7m by treatment with recombinant murine
Reverse CGTAATTCCACAGTCTCTTCT IFN-aA (5 X 10 units/ml), IFN-vy (1 X 104
Ifngr1 M28233 Forward TGTTACCTAAGTCCTTGCTC 181 units/ml), or vehicle (buffer only) for an ad-
Reverse TCTTCCTGTTCTGCTGCTTC ditional 1 h. These tissues were collected, and
Ifngr2 NM_008338 Forward GTTCCTCAAATACCAAAGCC 162 protein samples were prepared in Laemli’s
Reverse ATAATTGACACGGAGTCCCA sample buffer (Bio-Rad, Hercules, CA)
2-5A synthetase NM_145211 Forward CTTTGATGTCCTGGGTCATGT 122 with B-mercaptoethanol for SDS-PAGE and
Reverse GCTCCGTGAAGCAGGTAGAG then transferred to polyvinylidene difluoride

Irf-1 NM_008390 Forward AGAGGAACCAGAGATTGACAGC 177 membranes.
Reverse GTCAGAGACCCAAACTATGGTGC To detect and quantify the phosphorylation
Mx1 NM_010846 Forward GAAGGCAAGGTCTTGGATG 82 of STAT1, Western blots were first incubated
Reverse GCTGACCTCTGCACTTGACT with phospho-STAT1 (Tyr701)-specific anti-
Pkr NM_011163 Forward AACTTCTTCACACGTGCTTC 181 body (Cell Signaling Technology) and then
Reverse CATTCAGCCAAGGTCTTCAG stripped and reprobed with anti-STAT1 rabbit
Stat1 NM_009283 Forward GACCCTAAGCGAACTGGATAC 191 polyclonal antibody (Santa Cruz Biotechnol-
Reverse TGTCGCCAGAGAGAAATTCGTGT ogy) and anti-3-actin mouse monoclonal anti-
c-fos NM_010234 Forward GAGCTGACAGATACACTCCAA 164 body (Sigma). The secondary antibodies were
Reverse TCTGGGAAGCCAAGGTCATCG horseradish peroxidase-conjugated anti-rabbit
Gapdh NM_001001303 Forward TACAGCAACAGGGTGGTGGA 139 or anti-mouse antibodies, which were detected
Reverse GTGAGGGAGATGCTCAGTGT with an enhanced chemiluminescence detec-

(Schaeren-Wiemers and Gerfin-Moser, 1993; Huang et al., 2005).
Briefly, hybridizations were performed at 70°C overnight with the hydro-
lyzed digoxigenin-labeled probes in 50% formamide, 5X SSC, 5X Den-
hardt’s solution, 250 ug/ml yeast RNA, and 500 ug/ml sperm DNA.
Sections were washed three times at 72°C with 0.2X SSC. Signals were
detected using alkaline-phosphatase-conjugated anti-digoxigenin anti-
bodies and standard chromogenic substrates (Roche Applied Science).

Immunohistochemistry. Excised mouse or rat tongue tissues were fixed
in freshly prepared 4% paraformaldehyde/PBS for 1 h on ice and then
cryoprotected in 20% sucrose/PBS solution at 4°C overnight. Tissues
were embedded in mounting medium and sliced into 10- to 12-um-thick
sections. Sections were blocked in the blocking buffer (3% BSA, 0.3%
Triton X-100, 2% goat serum, and 0.1% sodium azide in PBS) for 1 h at
room temperature and then incubated overnight at 4°C with rabbit poly-
clonal antibodies against IFNGR1 (Santa Cruz Biotechnology) or cleaved
caspase-3 (Cell Signaling Technology). The secondary antibody was Cy3-
conjugated goat anti-rabbit IgG. To test the specificity of the anti-
IFNGRI antibody, diluted antibody was first incubated with the anti-
genic peptide (sc-700p; Santa Cruz Biotechnology) at a concentration of
10 pg peptide per 1 ug antibody at room temperature for 1.5 h. The
blocked antibody was then added to the tissue sections.

To determine the coexpression of IENGR1 with other known taste
signaling proteins and cell-type markers, double immunostaining was
performed on rat taste sections because one of the primary antibodies
was mouse monoclonal antibody, which often generates high back-
ground staining on mouse tissue sections but low background on rat
sections. For the colocalization study of IFNGR1 and NCAM, we used
rabbit polyclonal antibody against IFNGR1 (Santa Cruz Biotechnology)
and mouse monoclonal antibody against NCAM (Sigma). Secondary
antibodies were Cy3- and FITC-conjugated goat anti-rabbit and donkey
anti-mouse antibodies, respectively. For colocalization of IFNGRI1 and
a-gustducin, taste sections were first incubated with anti-IFNGR1 anti-
body followed by secondary Cy3-conjugated goat anti-rabbit antibody,
washed, and then incubated with Alexa488-labeled a-gustducin anti-
body; the primary antibody labeling was performed using the Zenon
rabbit IgG labeling kit (Invitrogen). Images were taken using a Leica
(Nussloch, Germany) TCS SP2 spectral confocal microscope. Six rat cir-
cumvallate sections from two animals were examined to determine the
number of immunoreactive taste bud cells.

Western blot analyses. To characterize IFN-induced STAT1 phosphor-
ylation, mouse lingual epithelium was freed from the rest of the tongue as

tion system (ECL Western Blotting Analysis
System; GE Healthcare, Pittsburgh, PA). The
chemiluminescently exposed x-ray films were
scanned, and the signal intensities were ana-
lyzed and quantified using AlphaEaseFC/Alpha Imager 2000 software
(Alpha Innotech, San Leandro, CA). The level of STAT1 phosphorylation
was normalized against the level of B-actin in each sample. The level of
phospho-STAT1 in the vehicle-treated nontaste lingual epithelium was
arbitrarily set to 1. Five independent experiments were performed to
determine SEM.

To examine IFN-induced apoptosis in taste buds, taste and nontaste
lingual epithelia were prepared as described above and cultured for 48 h
in the culture medium only (DMEM supplemented with 10% fetal bo-
vine serum) or culture medium supplemented with the recombinant
mouse IFN-a (5 X 10 units/ml) or IEN-y (2 X 10* units/ml). Cell
lysates were prepared in Laemli’s sample buffer (Bio-Rad) with
B-mercaptoethanol and analyzed with Western blotting and antibodies
against cleaved PARP and B-actin as described above.

Measurement of IFN-induced apoptosis in taste buds. Groups of six
C57BL/6 mice with body weight of ~25 g were intraperitoneally injected
daily with PBS, IFN-« (5 X 107 units in PBS per animal), or IFN-y (2 X
10* units in PBS per animal) for 2 or 5 d. Three mice from each group
were killed on either day 2 or day 5. Tongues from these mice were fixed
and sectioned for immunostaining as described above. Serial 10-pm-
thick sections of circumvallate papillae were stained with the antibody
against cleaved caspase-3. To count the number of taste buds that were
immunoreactive to the cleaved caspase-3 antibody, 4',6-diamidino-2-
phenylindole (DAPI)-containing mounting medium was used to visual-
ize the nuclei, which helped determine the outlines of the onion-shaped
taste buds. Because the modal diameter of a mouse taste bud is ~35-40
pm (Zeng and Oakley, 1999), to avoid repetitive counting of the same
buds, every fourth section of 10-um-thick circumvallate slices was in-
cluded for determining the total number of taste buds on each section
and the number of the cleaved caspase-3-positive taste buds. On average,
data from six or seven circumvallate sections from each animal were
collected, and three animals from each group were used for each time
point.

Results

Taste epithelia express key components of the IFN

signaling pathways

In our continuing endeavors to isolate taste bud cell-specific
genes, we have frequently encountered the genes that are in-
volved in the IFN signaling pathways (Huang et al., 1999, 2005;
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Perez et al., 2002). IFNs, consisting of type
I IENs (including IFN-q, IFN-f, IFN-w,
IFN-7, IEN-8, IFN-k, and IFN-¢) and type
ITTFN (IFN-v), can, either alone or in con-
cert with other cytokines, induce apopto-
sis, inhibit cell proliferation, and adversely
affect development and maturation
(Gresser, 1990; Kalvakolanu, 2000; Tan-
iguchi and Takaoka, 2001; Chawla-Sarkar
etal., 2003; Caraglia et al., 2005). Our iso-
lation of some IFN signaling molecules
from taste bud cells and previous reports
from other laboratories showing that
IFN-a, when taken as medication, causes
taste disorders (Jones and Itri, 1986;
Kellokumpu-Lehtinen et al., 1989; Abdol-
lahi and Radfar, 2003) prompted us to
thoroughly investigate the IFN pathways
in taste cells.

To evaluate the possibility that IFNs
may be active in the etiology of taste disor-
ders, we first needed to determine whether
the genes for several key components of
IFN signaling pathways are expressed in
taste tissues. Previous studies in other tis-
sues identified several major components
of the signaling pathways for types I and II
IFNs (Darnell, 1997; Pestka, 1997; Tanigu-
chi and Takaoka, 2001; Kalvakolanu,
2003). Type I and type II IFNs initiate two
similar but distinct signaling pathways (for
details, see Fig. 1 A): type I IFNs (including
IFN-«) bind to their heterodimeric recep-
tor IFN-aR1/IFN-aR2 or IFN-a receptor
(IFNAR1)/IFNAR?2, whereas type II IFNs
(IFN-7) act on the tetrameric receptors
consisting of two polypeptides IFN-yR1,
IEN-yR2 or IFNGR1, IFNGR2. Activation
of IFN receptors triggers a number of
downstream signaling molecules, includ-
ing the JAK, protein tyrosine kinase 2
(TYK2), and the STAT transcription fac-
tors (Taniguchi and Takaoka, 2001; Kalva-
kolanu, 2003; van Boxel-Dezaire et al,
2006), which eventually leads to upregula-
tion of a large number of IFN-inducible
genes. Some of these gene products, such
as IRF-1, PKR, and the IFN-inducible pro-
tein 202, strongly suppress cell prolifera-
tion and cell differentiation and promote
apoptosis (Tanaka et al., 1994; Choubey et
al., 1996; Lee et al., 1997; Der et al., 1998;
Wang et al., 2000, 2002).
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Figure 1. The major components of both type I and type Il IFN signaling pathways found in taste epithelium. A, Schematic
drawing of IFN signaling pathways. On the left, the type | IFNs, such as IFN-c¢ and IFN-[3, bind to the IFNAR2 subunit of the
heterodimeric receptor complex composed of IFNART and IFNAR2. This binding triggers phosphorylation of JAK1 and TYK2
tyrosine kinases, which in turn phosphorylate STATT and STAT2 transcription factors. Phosphorylated STAT1 and STAT2 move into
the nucleus and form a complex with IRF-9, which activates the transcription of many IFN-inducible genes. On the right, the type
Il IFN--y binds to the IFNGR1 subunit of the tetrameric receptor complex composed of two IFNGRT and two IFNGR2 subunits. This
engagement activates JAK1 and JAK2 kinases, which subsequently phosphorylate STAT1. The phosphorylated STAT1 forms a
homodimer, translocates to the nucleus, and induces the expression of IFN--inducible genes. B, RT-PCR analyses of the expres-
sion of genes in type | IFN signaling pathway in taste epithelium. RNA from lingual epithelium containing fungiform (FF), foliate
(F), or circumvallate (CV) taste buds wasisolated, and the expression of IFNAR1, IFNAR2, JAK1, TYK2, STAT1, STAT2, and IRF-9 was
analyzed by RT-PCR. C, RT-PCR analyses of the expression of the genes Ifngr1, Ifngr2, Jak1, Jak2, and Stat1 in type Il IFN signaling
pathway in taste epithelium. D, RT-PCR of 3-actin was performed as a control. On the left and rightin B-D, 1 Kb Plus DNA Ladders
(Invitrogen) serve as references for DNA band size. RT-PCR primers and the sizes of the predicted PCR products are listed in Table 1.

A search for the likely expression of many of the signaling
molecules outlined in Figure 1A demonstrated the presence of
message for almost all. Reverse transcription (RT)-PCR analyses
with RNA samples prepared from tongue epithelium containing
fungiform, foliate, and circumvallate papillae showed that the
two IFN-a receptor subunits IFNARI and IFNAR?2, their down-
stream JAK kinases JAK1 and TYK2, and the transcription factors
STAT1, STAT2, and IRF-9 were all expressed in normal taste
epithelial samples (Fig. 1B). Interestingly, we found that two
different-sized PCR products were detected for IFNAR2 (Fig.

1 B). Sequencing showed that these were two splice variants, the
shorter one lacking exon 4 from the IFNAR2 gene. Although
other splice isoforms have been reported previously (Lutfalla et
al., 1995; Owczarek et al., 1997; Hardy et al., 2002), the splice out
of exon 4 seems particularly interesting because exon 4 encodes
part of the extracellular ligand-binding domain of the receptor
(Hardy etal., 2002), and any deletions in this region may give this
novel receptor variant a distinct binding specificity to the differ-
ent type I IFNs (van Boxel-Dezaire et al., 2006).

Similarly, for the type II IFN signaling pathway, the genes
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Figure2. Theligand-binding subunit of the IFN-c receptor complex IFNAR2 and that of the
IFN-y receptor complex IFNGR1 are expressed at higher levels in taste epithelium than in non-
taste epithelium. 4, Real-time RT-PCR analyses of the IFN-c receptor subunits IFNART and
IFNAR2 in nontaste (NT) versus circumvallate and foliate-containing (CV-F) lingual epithelium.
Relative quantification of expression level was determined using glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) as the endogenous control gene, and the expression level in nontaste
samples was arbitrarily set to 1. Error bars represent SEM. B, Real-time RT-PCR analyses of the
IFN-y receptor subunits IFNGR1 and IFNGR2 in nontaste (NT) verses circumvallate and foliate-
containing (CV-F) lingual epithelium. Data were analyzed as described in A. Real-time PCR
primers used in A and B are shown in Table 2. C, D, Mouse circumvallate sections processed for
in situ hybridization with antisense (€) and sense (D) probes to IFNGR1. Filled arrows, Repre-
sentative taste buds; open arrows, intragemmal regions lacking taste buds.

encoding the two IFN-vy receptor chains IFNGR1 and IFNGR2,
the JAK kinases JAK1 and JAK2, and the transcription factor
STATT1 are also expressed in these taste bud-containing epithelia
(Fig. 1C).

To confirm the preferential expression of IFN receptors in
taste bud cells compared with that in the surrounding nongusta-
tory epithelial cells, we performed quantitative real-time PCR on
several signaling genes. The results showed that IFNAR2, the
ligand-binding subunit of the type I IFN receptor, was more
abundantly expressed in taste epithelium compared with non-
taste epithelium, whereas IFNARI, the signaling subunit of the
type I IFN receptor, was expressed at similar levels in taste and
nontaste epithelia (Fig. 2A). Similarly, IFNGR1, the ligand-
binding subunit of the type II IFN receptor, was preferentially
expressed in taste epithelium but not the signaling subunit
IFNGR2 (Fig. 2 B). These expression patterns indicate that more
IFN binding sites were present in taste epithelium than in non-
taste lingual epithelium. In situ hybridization with antisense
probes to IFNGRI1 confirmed that the transcripts for IFNGR1
were expressed more abundantly in taste buds (indicated by filled
arrows in Fig. 2C) than in nontaste epithelium (indicated by open
arrows, Fig. 2C), whereas sense probes showed no nonspecific
hybridization to lingual tissue (Fig. 2 D). Together, these results
demonstrate the presence of IFN signaling pathways in taste tis-
sues, suggesting that both type I and type II IFNs can directly act
on taste bud cells.
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Figure3.
Immunofluorescence images of rat fungiform, foliate, and circumvallate papillae stained with
antibody against IFNGR1, showing that a subset of taste bud cells were immunoreactive to the
antibody. D, Peptide competition. A foliate papilla section was stained with IFNGR1 antibody
that had been preincubated with the antigenic peptide.

The IFN--y receptor subunit IFNGRT is expressed in a subset of taste bud cells. A—,

The IFN-7y receptor subunit IFNGRI1 proteins are localized to
a subset of taste bud cells

Mammalian taste buds are composed of a heterogeneous popu-
lation of 50-100 elongated cells and a small number of round
basal cells (Stone et al., 2002; Finger, 2005). Based on their struc-
ture and morphology, these cells have been classified into types I,
I1, 111, and IV (Murray, 1973; Kinnamon et al., 1985; Witt et al.,
2003). Recent molecular studies have shown that different types
of taste cells possess distinct molecular markers and play unique
roles in taste transduction (Finger, 2005; Huang et al., 2007). To
investigate what types of cells express the IFN signaling pathways,
we performed immuno-colocalization studies with antibodies
against the IFN-+y receptor subunit IFNGR1 and one of the two
known taste bud cell-type markers: (1) NCAM, present primarily
in type III synaptic taste bud cells, and (2) the taste G-protein
a-gustducin that occurs in type 11 taste receptor cells. Consistent
with the data from the aforementioned in situ hybridization ex-
periments, IFNGR1 antibody strongly stained a subset of taste
bud cells in rat fungiform, foliate, and circumvallate papillae (Fig.
3A-C, respectively), and preincubation of the antibody with its
antigenic blocking peptide eliminated the immunoreactivity,
confirming the specificity of this antibody (Fig. 3D).

In rat, double immunostaining with antibodies against
IFNGR1 and NCAM showed that the majority of NCAM-
positive type III cells also express IENGRI (Fig. 4A): 166 of 175
(95%) NCAM-expressing cells also expressed IFNGR1, whereas
166 of 201 (82.5%) IFNGRI-expressing cells also expressed
NCAM. Conversely, 48 of 85 (56%) of a-gustducin-positive type
IT cells expressed IFNGR1 (Fig. 4 B), whereas 48 of 116 (41%) of
IFNGRI1-positive cells were immunoreactive to the gustducin an-
tibody. This result suggests that both type II and type III taste
receptor cells can be stimulated by IFN-vy.



10708 - J. Neurosci., October 3, 2007 - 27(40):10703-10713

IFNGR1

Recombinant IFNs activate cultured A
taste bud cells

Activation of the IFN signaling pathways
often leads to phosphorylation of STAT1
transcription factor (Taniguchi and
Takaoka, 2001; Kalvakolanu, 2003; van
Boxel-Dezaire et al., 2006). To investigate
whether the IFN signaling pathways
present in taste buds can be functionally
stimulated, we treated isolated taste and B
nontaste epithelia with the recombinant
IFN-« and IFN-vyand then determined the
STAT1 phosphorylation levels using
Western blot analyses with an antibody
specifically against STAT1 phosphorylated
at Tyr701.

As shown in Figure 5A (top, p-STAT1),
both TFN-« and IFN-vy induced a marked
increase in the phosphorylation of STAT1
in taste bud-containing samples (lane FF,
fungiform epithelium; lane CV-F, circum-
vallate and foliate epithelium), whereas
much less increase was detected in non-
gustatory lingual epithelia (NT) (Fig.
5A,B). The noticeably low level of STAT1 phosphorylation in
mock-treated control circumvallate and foliate samples may re-
flect basal IFN activity in these papillae or a minimal damage-
induced inflammation brought about during the peeling of the
epithelium. These results suggest that taste bud-containing epi-
thelium is more sensitive to the action of IFNs than the nongus-
tatory epithelium.

IFNGR1

Figure 4.

Systemic inflammation upregulates the expression of IFN-
inducible genes and downregulates the c-Fos expression in
taste buds in vivo

The above-described studies using a primary culture of taste
papillae-containing epithelium showed that IFN receptors likely
located on the taste bud cells can be activated by exogenous IFNs.
To further investigate whether the IFNs generated in vivo during
infections are sufficient to trigger the IFN signaling pathways of
the taste bud cells, we used two infection models: (1) the intra-
peritoneal injection of lipopolysaccharide, a major component of
Gram-negative bacteria cell wall, which mimics bacterial infec-
tion by evoking systemic immune responses with the release of a
spectrum of cytokines, including IFNs (Guha-Thakurta and Ma-
jde, 1997; Sakaguchi et al., 2003; Wang et al., 2003; Hodgson,
2006); (2) the intraperitoneal injection of the synthetic dsSRNA
poly(I:C), which can mimic an acute viral infection and release
significant amounts of IFNs (Lengyel, 1987; Kimura-Takeuchi et
al., 1992; Majde, 2000).

To verify the efficacy of these two compounds within the con-
text of our conditions, we first tested the induction of IFNs in the
spleen using real-time RT-PCR. Both agents could induce the
expression of IFN-q, IFN-f, and IFN-v in the spleen (data not
shown).

To monitor the activation of IFN signaling pathways in taste
tissue, we examined the change in expression levels of five well
characterized IFN-inducible genes and the cellular activity-
related gene c-fos. Quantitative real-time RT-PCR revealed that
both LPS and poly(I:C) significantly increased the mRNA levels
of 2-5A synthetase, Irfl, Mx1, Pkr, and StatI genes in taste epithe-
lium and, to a much lesser extent, in nongustatory lingual epithe-
lium, as well (Fig. 6A).
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NCAM Merge
IFNGR1
NCAM
Gustducin Merge
IFNGR1
Gustducin

IFNGRT is partially coexpressed with NCAM and gustducin in taste bud cells. 4, B, Coimmunofluorescence images of
circumvallate papillae stained with antibodies against IFNGRT (red), NCAM (green), and gustducin (green). Merged images show
partial colocalization of IFNGRT with NCAM and gustducin. Venn diagrams on the right represent colocalization of populations of
IFNGR1-positive cells with NCAM- or gustducin-positive cells from circumvallate sections.
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Figure5.  IFN-and IFN-y induce phosphorylation of STAT1 at Tyr701 in taste epithelium.
Lingual epithelial pieces were excised from regions that either were devoid of any taste buds
(NT) or contained fungiform (FF) or circumvallate and foliate (CV-F) taste buds. Three parallel
sets of samples were treated with recombinant murine IFN-c (5 X 10 units/ml), IFN- (1 X
10* units/ml), or buffer only (control) for 1 h. A, Top, Western blot using phospho-STAT1
(p-STAT1, Y701)-specific antibody. Middle and bottom, The membrane used in the top was
stripped and reblotted with a polyclonal antibody against total STAT1 covering both STAT1«x
and STAT (STAT1, middle) and a monoclonal antibody against 3-actin (bottom). B, Plot of
signal intensities from Western blots in A analyzed using imaging software. The relative levels
of p-STAT1 were normalized against the levels of 3-actin in each sample. The level of p-STAT1
in the control nontaste sample was arbitrarily set to 1. Error bars represent SEM.

To confirm that it was the taste bud cells that were the princi-
pal sources for the marked elevation in the expression of these
IFN-inducible genes, we performed in situ hybridization with
probes to one of the five genes, Irfl, on circumvallate sections
from LPS-treated mice. Figure 6 B shows that, after the treatment
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Figure6. Inflammation induces the expression of IFN-inducible genes and decreases the level of c-fos mRNA in taste buds. 4,
Mice were injected intraperitoneally with either placebo (PBS) or inflammatory stimuli [LPS, 5 mg/kg in PBS, or poly(l:C), 25
mg/kg in PBS]. Six hours after injection, total RNA was isolated from nontaste (NT) and taste [circumvallate and foliate (CV-F)]
lingual epithelium. Gene expression was analyzed by quantitative real-time RT-PCR. Data for five IFN-inducible genes (2—5A
synthetase, Irf1, Mx1, Pkr, and StatT) and the c-fos gene are shown. The relative expression levels of these genes were normalized
using Gapdh as the endogenous control. The expression levels of these genes in PBS-treated nontaste samples were set to 1. Error
bars represent SEM. The PCR primers used in this experiment are listed in Table 2. B, Expression of /rf7 in taste bud cells after LPS
treatment. Mice were injected intraperitoneally with 5 mg/kg LPS. Six hours after injection, circumvallate tissues were processed
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IFN treatments increase apoptotic cell
death in taste buds

The increase in IRF-1 expression in taste
bud cells during induction of systemic in-
flammation strongly suggests that, under
these conditions, apoptosis of taste bud
cells may be accelerated. Such acceleration
can disrupt normal cell turnover of taste
cells (Beidler and Smallman, 1965; Mis-
tretta and Hill, 2003). To determine
whether the elevated IRF-1 can initiate
taste cell apoptosis, we examined the pres-
ence of two important indicators of cellu-
lar death: cleaved caspase-3 and cleaved
PARP (Fig. 7). Intact caspase-3 has little
proteolytic activity, yet when cleaved at a
specific position, it is activated and able to
degrade many other physiologically im-
portant proteins, including PARP (Ni-
cholson et al., 1995). Functional PARP is
known to be essential for the survival of
cells, and fragmented PARP is used as a
molecular marker of apoptosis (Garnier et
al., 2003).

Our results showed that daily dosing of
IFN-« and IFN-vy for 2 or 5 d resulted in a
significant increase in the number of taste
buds that were immunoreactive to cleaved
caspase-3 (Fig. 7A, B). Western blot anal-
yses showed that incubation of cultured
taste epithelium with either IFN-a or
IFN-vy elevated the amount of cleaved
PARP preferentially in taste epithelium
compared with nongustatory lingual epi-
thelium (Fig. 7C), which is in agreement
with the aforementioned results that the
ligand-binding subunits of IFN receptors

for in situ hybridization with antisense (AS) or sense (S) probes to /rf1.

with LPS, Irfl expression was predominantly in taste bud cells
(left panel), whereas the negative control sense probe displayed
little hybridization signal (right panel). Together, these two lines
of evidence, one from real-time PCR and the other from in situ
hybridization, suggest that both taste and nontaste lingual epi-
thelia are sensitive to viral and bacterial infection-mediated in-
flammation but that IFNs can stimulate a more robust response
in taste bud cells, including the modulation of genes such as Irfl
that play pivotal roles in initiating apoptosis (Tanaka et al., 1994;
Novelli et al., 1996; Bernabei et al., 2001).

To investigate whether the inflammation-induced IFNs may
also be able to alter the physiological function of the taste bud
cells, we analyzed the level of c-fos mRNA in taste versus nontaste
tissues in response to LPS and poly(I:C) treatment (Fig. 6 A, bot-
tom right). c-fos expression has been used extensively as a marker
for cellular activity (Cao et al., 2002; Travers, 2002; Chan et al.,
2004; Norlin et al., 2005). Our results show that c-fos expression is
much higher in circumvallate and foliate papillae (CV-F) than in
nontaste epithelium in control mice (PBS); however, the LPS and
poly(I:C) treatments markedly reduced its expression in taste
papillae but not in nontaste epithelium. This result indicates that
inflammation may impair taste bud cell function and dampen
taste signal transduction.

IFNAR2 and IFNGRI1 are more abun-

dantly present in taste papillae than in the

nontaste lingual epithelium. These results
suggest that IFN-triggered apoptosis in taste buds may be one of
the mechanisms causing taste disorders.

Discussion

Recent studies suggest that inflammation contributes to the de-
velopment of various chronic diseases, including neurodegenera-
tive diseases, cancer, diabetes, and obesity (Coussens and Werb,
2002; Nathan, 2002; Shoelson et al., 2006; Zipp and Aktas, 2006).
Its role in the pathogenesis of taste disorders has also been sug-
gested because infections of various natures are often associated
with chemosensory disorders, including those of taste (Henkin et
al., 1975; Bartoshuk et al., 1987; Goodspeed et al., 1987; Cullen
and Leopold, 1999; Bromley, 2000; Mann, 2002; Harris et al.,
2006). More direct evidence that inflammation and taste are
linked comes from the clinical observation that IFN therapy is
very often accompanied by taste disorders (Jones and Itri, 1986;
Kellokumpu-Lehtinen et al., 1989). To date, there has been a
dearth of studies searching for inflammatory pathways that may
contribute to gustatory disorders. To our knowledge, the present
study is the first to demonstrate that taste buds express the [FN
signaling pathways and that inflammation activates these path-
ways, resulting in upregulation of IFN-inducible genes and
downregulation of c-fos mRNA in taste bud cells. Our study has
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also demonstrated that IFN treatment A
markedly increase apoptotic cell death in
taste buds, which, we suggest, could be the
cellular mechanism underlying taste dys-
functions associated with IFN therapy.
Results from the present study show
that key components of both type I and
type II IEN signaling pathways are ex-
pressed in taste epithelium (Fig. 1). Our
quantitative real-time PCR and in situ hy-
bridization experiments reveal that the
ligand-binding subunits of the IFN-« and
IFN-vy receptor complexes, IFNAR2 and
IFNGRI1, respectively, are preferentially
expressed in taste buds (Fig. 2). Further-
more, immunostaining using antibodies
to IFNGRI clearly labels subsets of taste
bud cells in fungiform, foliate, and cir-
cumvallate papillae (Fig. 3). Immuno-
colocalization studies show that most of
these cells are NCAM-positive type III
taste cells, with a smaller proportion of
a-gustducin-positive type II cells (Fig. 4).
The coexpression of IFNGRI1 with
NCAM and, to a lesser extent, with
a-gustducin in taste bud cells suggests that
these cells should be sensitive to IFN-+.
Indeed, in our in vitro IFN stimulation ex-
periment, IFN-v induced a dramatic in-

Cleaved
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PBS IFN-a. IFN-y
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crease of STAT1 phosphorylation in the
circumvallate and foliate samples com-
pared with IFN induction of these proteins
in nongustatory samples (Fig. 5). IFN-vy
has been shown to induce apoptosis in nu-
merous cell types (Chin et al., 1997; Furuta
et al., 2002; Chawla-Sarkar et al., 2003;
Konur et al.,, 2005), and this IFN activity
correlates with the amplitude and speed of
STAT1 phosphorylation (Bernabei et al.,
2001).

Consistent with these results, IFN-«
and IFN-vy significantly increased the
number of apoptotic taste bud cells, most probably type I or type
III cells (Fig. 7). Parallel observations have been made in another
model of taste loss. In radiation-induced taste loss, degeneration
of NCAM-positive (type I1I) taste cells was consistently observed
(Nelson, 1998). In olfactory epithelium, increased apoptotic cell
death caused by inflammation disturbs the balance of cell turn-
over and appears to be associated with olfactory dysfunction
(Kern et al., 2004). Our study suggests that inflammation may
contribute to taste disorders by similar mechanisms.

IFNs regulate the expression of many downstream genes (Sen
and Lengyel, 1992; Der et al., 1998). The proteins encoded by
these genes mediate the various functions of IFNs. Our results
show that the expression of IFN-inducible genes in taste buds can
be markedly elevated by inflammatory stimuli (Fig. 6). Among
the five IFN-inducible genes investigated in our study, Stat1, Pkr,
and IrfI play important roles in IFN-induced apoptosis (Chin et
al., 1997; Balachandran et al., 2000; Chawla-Sarkar et al., 2003).
However, in normal cell turnover in taste buds, the p53- and
Bax-dependent cell death pathway may be involved (Zeng and
Oakley, 1999). Future experiments are needed to determine

Figure 7.

on the left.

2 days

5 days

IFN treatments increase apoptotic cell death in taste buds. Mice were injected intraperitoneally with PBS, IFN-«
(5 10° units in PBS per mouse), or IFN- (2 X 10* units in PBS per mouse) daily for 2 or 5 d as indicated. A, Representative
immunofluorescence images of circumvallate sections from PBS-treated or IFN--y-treated mice (5 d) stained with cleaved
caspase-3 antibody (top) or corresponding images of DAPI staining (bottom). Arrows in the top point to cleaved caspase-3-
positive taste cells; their corresponding taste buds in DAPI images of the bottom are marked by circles. B, The apoptotic index of
circumvallate taste buds is represented as the percentage of cleaved caspase-3-positive taste buds. Error bars represent SEM;
*p < 0.05; **p << 0.001. C, Peeled-off nontaste or taste [circumvallate and foliate (CV-F)] tongue epithelium was incubated for
48 hiin culture medium only (control) or culture medium containing IFN-cx (5 X 10° units/ml) or IFN-7y (2 > 10 units/mI). Cell
lysates were assayed by Western blot analysis for cleaved PARP and 3-actin. The positions of molecular weight markers are shown

whether and how the IFN pathways crosstalk with the p53 or
other cell death pathways in taste cells.

Interestingly, inflammation induced by LPS and poly(I:C)
also altered the expression of c-fos mRNA in taste buds, but, in
this case, the expression is suppressed. c-fos expression in taste
buds has not been characterized before. Our results showed that
the c-fos gene is preferentially expressed in taste buds and likely
playsarole in gustatory signaling. The reduced expression of c-fos
in taste buds implies that inflammation, in addition to its effect
on taste cell turnover, may also obstruct taste signal transduction.

In addition to the end organs of taste, inflammation can also
act on the nervous systems. Previous studies have documented
activity of IFNs and other cytokines on both the CNS and periph-
eral nervous system (PNS) (Popko et al., 1997; Aubert and
Dantzer, 2005; Dafny and Yang, 2005; Hagberg and Mallard,
2005). The blood—brain barrier of the CNS normally restricts
access of components of the immune system to the brain. Never-
theless, repeated insults or a single high dose of an inflammation-
inducing agent often result in the transport of inflammatory sig-
nals across either the intact or the compromised CNS blood—
brain barrier. Immune attacks on the nervous systems affect food
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Figure 8. A model for inflammation-induced taste disorders. Inflammation caused by im-

mune responses to infection, tissue damage, or autoimmunity releases type | (IFN-c/3) and
type Il (IFN--y) IFNs. IFNs bind to type | or Il IFN receptors (IFNAR or IFNGR) on taste bud cells and
trigger the phosphorylation of STAT proteins. Phosphorylated STAT proteins form active tran-
scription complexes and stimulate the expression of IFN-inducible genes, including /rf1, Pkr,
and Stat1. Highly induced expression of these genes increases apoptotic cell death in taste bud
cells and results in a net loss of functional taste receptor cells.

and fluid intake and also taste sensation (Landis et al., 2005).
Although of great value in understanding the impact of inflam-
mation on the activity of gustatory neurons, such studies are
beyond the scope of our current research. Rather, our data are
consistent with the suggestion that IFN stimulation of taste bud
cells is one mechanism by which inflammation leads to taste
deficits. These may exacerbate any effects attributable to CNS
compromise. More functional studies are needed to determine
the impact of the immune system on taste buds, the peripheral
nervous system, and the CNS.

Our model for inflammation-induced taste bud-mediated
taste dysfunctions is described in Figure 8. Bacterial and viral
infection, tissue damage, or autoimmune factors trigger inflam-
mation and elevates the level of IFNs. IFNs activate their recep-
tors (INFAR and INFGR) on taste bud cells, which in turn acti-
vate protein kinases that phosphorylate STAT1 and STAT2.
Phosphorylated STAT proteins are transposed to the nucleus and
there form active transcription complexes, inducing the expres-
sion of a number of genes. The expression of one of the inducible
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genes, IRF-1, promotes apoptosis of taste bud cells, eventually
leading to the loss of taste sensation.

The concept emerging from our work suggests that IFN path-
ways play critical roles in the pathogenesis of taste disorders by
robust induction of IFN-inducible genes and augmentation of
apoptosis in taste receptor cells. However, because of the com-
plexity of the cytokine network, it is possible that other inflam-
matory cytokines may also be involved. In this regard, our work
suggests that, to prevent and mitigate taste disorders, nonsteroi-
dal anti-inflammatory drugs or possible interferon antagonists
could be administrated before and during inflammatory illnesses.

In summary, the results presented here show that taste bud
cells, in particular, type IIT and some type Il receptor cells, express
IFN signaling pathways. These pathways can be activated by
inflammation-induced factors and increase apoptotic cell death
in taste buds. These results provide the first direct evidence that
inflammation may affect taste tissue through cytokine signaling
pathways and suggest a molecular basis for understanding the
roles that IFNs may play in taste disorders.
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