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The environment is filled with beneficial and harmful compounds. The gustatory
system provides a tool to screen them, guiding intake and avoidance. Five human taste
perceptions-sweet, sour, bitter, salty, and umami-provide information for this task. For
example, compounds perceived as sweet tasting are highly appetitive, and identify energy
rich simple sugars like glucose. Alternatively compounds eliciting the perception of
bitterness, an adverse sensation, identify structural motifs associated with toxins. These
characteristics outline how taste perceptions help determine the biological impact of the
substances in our surroundings.
Recent discoveries of taste receptor expression in extraoral tissues, further
supports the importance of these receptors. Extraoral taste receptors propagate non-taste
associated responses. For example, sweet taste receptors located in entero-endocrine cells
of the gut signal for proper utilization of energy rich sugars. By contrast, bitter taste
receptors in the upper and lower airways detect irritants and initiate actions helpful in
eliminating or reducing pathogens or toxins.
Expression of extraoral bitter taste receptors (T2Rs) and their role in recognition
and response to toxins has formed the basis of my research, with my thesis focusing on

characterization of T2Rs in the human thyroid. My research findings are subdivided into
three studies. The first characterized expression of T2Rs in the thyroid using molecular
biological analysis and immunohistochemical techniques, which identified mRNA and
protein expression of thyroid T2Rs and the taste associated G protein subunit αgustducin. The second study identified a functional role of thyroid T2Rs utilizing Ca2+
and iodide signaling assays. Stimulation of thyroid cells with various levels of thyroid
stimulating hormone (TSH) with or without T2R agonists indicates that bitter-tasting
stimuli inhibit TSH-mediated Ca2+ signaling and iodide efflux. The third study aimed to
test the effects of T2R agonists on thyroid hormone production in vivo, by assessing
changes in mouse thyroxine levels after exposure to T2R agonists.
My findings implicate thyroid T2Rs in the regulation of TSH signaling in
thyrocytes and suggest that these receptors in turn modulate thyroid hormone production.
T2R-mediated thyroid hormone modulation may serve as a protective response to toxin
ingestion.
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1. AN INTRODUCTION TO THE THYROID
1.1

A Summary of the Thyroid
The thyroid gland is an important component of the endocrine system. The

endocrine system is a complex network of glands, cells, and tissues that secrete hormones
directly into the bloodstream, as opposed to secretion via ducts (exocrine system). Bloodborne secretions interact with cells throughout the body, whereas those secreted through
ducts generally only act locally.
The thyroid is predominately responsible for the concentration and storage of
iodide, necessary for the production of the hormones triiodothyronine (T3) and thyroxine
(T4) (44-50,70-72). T3 and T4 circulate throughout the body regulating gene expression
and cell signaling in a number of tissues, resulting in systemic modulation of several
metabolic functions (51-52).
1.1.1 Gross Anatomy of the Thyroid
The human thyroid is a large butterfly-shaped gland (18-20 g) located on the
anterior (front) surface of the trachea and larynx directly below the thyroid cartilage
(Adam’s apple). The gland takes a convex shape when viewed anteriorly, as a result of
affixing around the airway via fibrous tissue. A thin tissue layer known as the thyroid
isthmus separates the gland into two lobes, lobus dexter (right) and lobus sinister (left).
From the isthmus the two lobes extend approximately 1.25 cm in both the cranial and
caudal directions (73). The thyroid is well perfused with capillary beds providing ample
blood supply superiorly by the external carotid artery and inferiorly by the subclavian
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(73). Rich blood-flow aids in the thyroids ability to concentrate iodide, which is present
in fairly low concentrations within the blood.
Although considered an independent gland, the parathyroid resides on the
posterior surface of the thyroid, and may not initially be recognized as separate.
Typically, two parathyroid glands are located on each lobe of the thyroid, which appear as
circular structures arranged laterally (73,74). The parathyroid gland does not produce T3
or T4 but rather produces parathyroid hormone, which acts to increase blood calcium
levels and reduces phosphate reabsorption.
1.1.2

Cellular Anatomy of the Thyroid
Thyroid anatomy is essential to thyroid function. Without appropriate

organization at the cellular level hormone production cannot occur. The production of T3
and T4 is facilitated by thyroid follicular cells or thyrocytes, which are the predominant
cell type in the thyroid (59-60,70-72). Individual thyrocytes, although possessing the
required cellular machinery to produce thyroid hormone, cannot do so in the absence a of
secondary structure, the thyroid follicle. To produce T3 and T4 numerous thyrocytes must
associate to form follicles, spherical structures designed to concentrate the essential
essential dietary ion iodide. (44-50,70-72).
Thyroid follicles are composed of a single layer of polarized thyrocytes creating
an enclosed structure separating the external environment from an enclosed lumen
(Fig. 1). The thyrocyte layer creates an apical and basolateral surface allowing for the
transport and concentration of iodide from blood capillaries (basolateral) to the follicular
lumen (apical) (44-50). On the apical membrane, in a reaction catalyzed by the enzyme
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thyroid peroxidase (TPO), iodide is oxidized by H202 and coupled to tyrosine residues by
on the protein thyroglobulin (TG). When cleaved from thyroglobulin iodine coupled
tyrosine residues form the T3 and T4 precursors MIT and DIT (59-60,70-72). Without the
defined anatomic structure of the thyroid follicle, iodide cannot be trapped or utilized for
hormone production.
The thyroid is composed of thyrocytes and a secondary cell type, the
parafollicular cell or C cell. Parafollicular cells are located within connective tissue
adjacent to follicles, and function to produce and secrete calcitonin (75). Calcitonin
decreases calcium concentration in the blood, a counter-balance to parathyroid hormone
that increases blood calcium concentrations (76). Parathyroid hormone is produced by
chief cells located in the parathyroid glands, small glands residing on the posterior (back)
surface of each lobe of the thyroid. Typically there are four parathyroid glands, two per
thyroid lobe (73-74).
Figure 1: Thyroid Anatomy - The human thyroid is located directly below the thyroid
cartilage (Adam’s Apple) here it wraps around the anterior surface of the trachea. Cross
sections of the thyroid reveal the cellular structure of the gland. A single layer of
thyrocytes (the main cell type in the thyroid) form spherical structures called follicles.
Follicles are the units used for iodide storage and hormone production.
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1.2

Thyroid Signaling
Thyroid signaling occurs at both the organ and cellular levels. On the organ level,

three endocrine glands-the hypothalamus, pituitary, and thyroid-interact via a number of
different excitatory and inhibitory signals to control thyroid hormone production. At the
cellular level, control revolves around the trafficking and utilization of iodide.
1.2.1 The Hypothalamic-Pituitary-Thyroid Axis
The hypothalamus, pituitary, and thyroid form the Hypothalamic-PituitaryThyroid Axis. The Hypothalamic-Pituitary-Thyroid Axis is a feedback loop that controls
thyroid hormone production though the pituitary hormone, thyroid stimulating hormone
(TSH). When blood concentrations of T3 and T4 are low, the hypothalamus releases
thyrotropin-releasing factor, also known as thyrotropin-releasing hormone (TRH). TRH
signals the pituitary to release thyrotropin, which in turns stimulates the thyroid to
produce more T3 and T4 (61-72). When T3 and T4 levels within the blood rise they
inhibit the release of TRH and TSH from the hypothalamus and pituitary, respectively,
thus serving as inhibitory signals for their own production. The component of this system
with the greatest impact on thyroid function is the hormone TSH. TSH promotes T3 and
T4 production by stimulating gene transcription of thyrocyte signaling components
involved in hormone production (53-72).
1.2.2 Thyroid Stimulating Hormone and the Thyroid Stimulating Hormone Receptor
TSH is the predominant regulator of thyrocyte signaling. It is a 38 kDa
heterodimeric glycoprotein synthesized in and secreted by the pituitary (53). TSH is
composed of a specific β-subunit and a common α-subunit shared with human chorionic-
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gonadatropin, luteinizing, and follicular-stimulating hormones (53). TSH interacts with
thyrocytes via the TSH receptor (TSHR), a family A GPCR in the glycoprotein-hormone
GPCR subfamily (54-56). The TSHR has seven transmembrane domains and a short
intracelllular C-terminal region, a large leucine-rich extra cellular domain, and a hinge
region that connects the transmembrane domains to the leucine-rich domain (54-56). In
silico modeling, amino acid substitution, and x-ray crystallography techniques implicate
TSHR ligand binding within the leucine-rich domain and portions of the hinge region.
Ligand binding induces conformational changes resulting in modification in the
intracellular loops and subsequent downstream signaling cascades (54-56).
TSHR signaling cascades are rather diverse, participating in both 5,3-cyclic
adenosine monophosphate (cAMP) and Ca2+ signaling pathways via coupling of both
GαS and Gαq11 proteins (61-69). Although the specifics of TSHR-G protein coupling are
unclear, recent work using in silico modeling, site-directed mutagenesis, and X-ray
crystallography predict TSHR G protein binding to occur predominately in the
intracellular loops of the receptor (57-58). Based on shared and independent signaling
lose attributed to site-directed mutations it seems that Gαs and Gαq proteins share some
binding regions within intracellular loops 1-3 of the TSHR and maintain some
independent binding sites as well (57-58).
1.2.2a cAMP Signaling
TSHR cAMP signaling cascades are in part mediated through the GαS pathway
activated by the TSHR, leading to increased conversion of adenosine triphosphate (ATP)
to cAMP via stimulation of adenylyl cyclases (AC) III,VI, IX (66-69). Activation of

5

protein kinase A (PKA) by cAMP within thyrocytes leads to excitatory and inhibitory
effects through regulation of gene transcription (67-68). Activated PKA phosphorylates
among other elements the transcription factor cAMP response element-binding protein
(CREB).
Figure 2: TSHR cAMP Signaling - TSHR signaling involves transcriptional regulation
through activation of PKA. Activated TSHR activates adenylyl cyclase though Gαs.
Activated adenylyl cyclase coverts ATP to cAMP. Increased cellular concentrations of
cAMP activate PKA. PKA phosphorylates the transcription factors CREB and CREM.
CREB enhances and CREM inhibits the transcription of genes important to thyrocyte
function.

Phosphorylated CREB (p-CREB) binds cAMP response elements (CREs)
(sequences in promoter regions that bind p-CREB). When p-CREBs bind CREs it
induces transcription of genes vital to thyroid hormone production (45,66), genes
encoding TG (chromosome 8), the sodium iodide symporter (NIS) (chromosome 19) and
TPO (chromosome 2) (Fig. 2). cAMP signaling in thyrocytes can also inhibit gene
transcription. For example, cAMP activation of PKA leads to the phosphorylation and
activation of the cAMP-responsive element modulator (CREM). The transcription factor
6

CREM binds response elements in promoter regions of genes that results in the inhibition
of TSHR transcription (chromosome 14) (67-68). This inhibitory feedback mechanism
leads to thyrocyte desensitization after prolonged exposure to TSH. In addition to gene
transcription, cAMP mediated pathways also appear to play important roles in protein
trafficking. In in vitro cell-based assays, cAMP-mediated pathways have been shown to
increase protein trafficking of the candidate apical iodide transporter pendrin to the
membrane (50).
1.2.2b Ca2+ Signaling
Ca2+ signaling is an important regulator of thyrocyte function, and the TSHR is an
important regulator of Ca2+ signaling. The TSHR regulates Ca2+ signaling via the Gαq/11
pathway. Binding TSH causes conformational changes within the intracellular loops of
the TSHR. Conformational changes cause the dissociation of associated heterotrimeric G
proteins, leading to the release of Gαq/11. Disassociated Gαq/11 activates PLC which
cleaves membrane bound PIP2 into DAG and free cytosolic IP3 that binds the IP3R on the
endoplasmic reticulum. Activated IP3Rs releases Ca2+ stores into the cell, increasing
intracellular Ca2+ concentrations ([Ca2+]i) within thyrocytes (Fig. 3). Increased [Ca2+]i
cause a variety of downstream effects associated with increased hormone production,
including enhanced iodide efflux and H2O2 production (61-66).
Figure 3: TSHR Ca2+ Signaling - TSHR signaling causes Ca2+ release from internal
store. Activated TSHR activates PLCβ2 through Gαq/11. PLCβ2 cleaves PIP2 to IP3 and
DAG. IP3 binds the IP3 receptor on the endoplasmic reticulum leading to the release of
intra-cellular Ca2+ stores. Increased cellular Ca2+ concentrations promote the movement of
iodide into the follicular lumen.
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Enhancement of iodide efflux and iodide organification (H2O2, is required for
organification) are important regulatory actions of Ca2+ signaling associated with the
TSHR. Iodide is an essential component of thyroid hormone, and without adequate iodide
availability T3 and T4 production cannot occur. To be used for hormone production
iodide must be shuttled from thyrocytes into the follicular lumen, movement that occurs
across the apical membrane. It is well documented that TSH stimulates iodide
organification and iodide efflux (61-65). Initial experiments using the FRTL-5 rat thyroid
cell line indicated that high concentrations of TSH (as opposed to the low concentrations
of TSH associated with TSHR cAMP signaling) enhance release of radio labeled iodide
from pre-loaded cells (61,63). This action appears to be independent of cAMP signaling
since it is not reproducible using the cAMP analog bucladesine. However, decreased
thyrocyte iodide content is inducible by TSH, norepinephrine (NE), and the Ca2+
ionophore A23187, substances known to increase [Ca2+]i concentrations (61). Effects on
iodide trafficking associated with TSH and NE are limited to efflux, as iodide uptake
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rates of thyrocytes are unaffected by the presence of these compounds. Additionally
decreased intracellular iodide content after exposure to TSH and NE is unaffected by
inhibition of iodide uptake. The NIS transports sodium and iodide into thyrocytes. When
it is inhibited iodide concentrations within thyrocytes will fall, since released iodide is not
replaced. When the NIS is inhibited using thiocyanate (SCN-), iodide loss induced by
TSH or NE is not reduced (61). These findings show that TSH and NE related decreases
in thyrocyte iodide content are linked to enhanced iodide efflux and not an impairment of
influx via the NIS.
Using Ca2+ indicator dyes it has been shown that norepinephrine and high
concentrations of TSH increase [Ca2+]i in thyrocytes (63). Removal of Ca2+ from medium
does not abolish NE-associated Ca2+ signaling, indicating intracellular stores are the
sources mediating this effect. Additionally TSH-mediated Ca2+ signaling is unaffected by
previous exposure to TSH, in contrast to TSHR-mediated cAMP signaling (63). Together
these experiments provide strong evidence that the Gαq/11 pathway of the TSHR
stimulates iodide efflux, and that this mechanism is independent of TSHR-associated
cAMP signaling.
In vivo and clinical work has expanded on in vitro studies looking at effects of
TSH and the Gαq/11 pathway on iodide trafficking. Mice with Gαq/11 selectively knocked
out of thyroglobulin-expressing cells (thyrocytes) display an interesting phenotype
resulting from the inability to recruit this Ca2+ signaling pathway (64). These mice show
no decrease in iodide uptake ability or TSH-induced cAMP accumulation, indicating
proper functioning of other iodide trafficking mechanisms. Therefore any associated
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changes in physiology can be attributed to Gαq/11 and Ca2+ as opposed to GαS and cAMP.
Phenotypically these mice show enhanced TSH levels, decreased T4 levels, and a loss of
TSH-stimulated iodide organification (64). Enhanced TSH levels are a result of decreased
T4 production, and decreased T4 production can be attributed to an impairment of iodide
organification. This can be associated with either an inability to efflux adequate amounts
of iodide to the lumen or an inability to couple iodide to thyroglobulin. Based on previous
results indicating the enhancement of [Ca2+]i and iodide efflux by TSH it would appear
that decreased iodide organification in these mice is a result of impaired iodide efflux.
TSH mediated increases in [Ca2+]i can also promote hormone production through
enhanced H202 generation, via stimulation of dual oxidase 1 and 2. Dual oxidase 1 and 2
(THOX1 and 2) are thyrocyte-expressed enzymes that produce H2O2 (the chemical
compound used to oxidize iodide for iodide organification). Hydrogen peroxide is an
essential element in the oxidation of iodide. Therefore reduced Ca2+ concentration in
thyrocytes could impair hydrogen peroxide production limiting iodide organification. In
either scenario it appears clear that the Gαq/11 branch of TSHR signaling impacts multiple
components crucial to thyroid hormone production. Although based on in vitro work it
would appear more likely that impaired organification is a result of reduced iodide efflux
and not hydrogen peroxide production. But perhaps reduced Ca2+ signaling may impair
both pathways leading to amplified inhibition.
Activation of the membrane-associated proteins THOX1 and 2 and subsequent
hydrogen peroxide (H2O2) production is another important regulatory action of thyroid
Ca2+ signaling (59-60). H2O2 is needed as an electron acceptor for iodide oxidation, and
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oxidized (organic) iodide is required for hormone production. Without adequate [Ca2+]i,
Ca2+ binding sites on THOX1/2 remain empty, abolishing functional activity of the
enzyme. Based on manipulation of phosphorylation states, THOX1 and 2 may be
modulated secondarily by protein kinases (59-60). THOX2 activity is increased by IP3dependent protein kinase C (PKC) activity. Interestingly THOX1 function is not affected
by PKC, but is enhanced by PKA, a cAMP-dependent kinase (59-60,66). The varied
activation of THOX1/2 depicts an aspect of synergistic modulation by the IP3 and PLCmediated pathways, possibly serving as a redundant mechanism ensuring a fail-safe if
one of the given cascades is ineffective or absent. Alternatively it may ensure THOX
activity in either low or high TSH conditions.
Modulation of THOX1/2 activity by PKC and PKA is not the only example of
regulatory interactions shared between TSHR cAMP and PLC pathways. A number of
calmodulin-dependent cyclic nucleotide phosphodiesterases (PDEs), activated by the
PIP2 cascade, break phosphodiester bonds and degrade cAMP (66). It is known that the
TSH-induced IP3 pathway requires higher TSH concentration than the PLC pathway,
possibly due to different requirements for Gαq and Gαs activation by the TSHR. Coupling
of Gαq leading to activation of PLC may require TSH binding at multiple TSH binding
sites on TSHR monomers and homodimers, actions requiring high TSH concentrations to
saturate additional sites (98,69). Possibly breakdown of cAMP by PDEs may serve to
alleviate TSH desensitization during prolonged periods of high TSH output. Although the
complete picture regarding Ca2+ and cAMP signaling is not yet clear, based on what has
been found to date both are key regulators of thyrocyte function.
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1.3

Thyroid Hormone Production
Thyrocyte signaling cascades form a complex network of stimulatory and

inhibitory signals that are designed to regulate the production of T3 and T4.
1.3.1 Iodide Trafficking
Major components of iodide trafficking involve the movement of iodide into
thyrocytes and its transport into the follicular lumen. The main transporters mediating
this function are basolateraly-expressed NIS (shuttles iodide into thyrocytes) and the
apically expressed iodide transporters (efflux iodide into the lumen). The identities of the
apical transporters are controversial but likely include the anion transporter SLC26A4,
also known as Pendrin (44-50).
1.3.1a NIS and Iodide Uptake
Transport of iodide from blood capillaries into thyrocytes is facilitated by the NIS,
a 13-transmembrane domain glycoprotein that forms a pore in the basolateral membrane
of the cell (77). A inward-directed Na+ electrochemical gradient established by the
Na+-K+-ATPase provides the energy needed to transport and concentrate iodide into
follicular cells. Na+ concentrations are much greater outside the cell and cause strong
inward movements of sodium into the cytosol. Using the inward driving force of Na+ the
NIS is able to shuttle two Na+ and one I- at a time into the thyrocyte (77).
1.3.1b Pendrin and Iodide Efflux
The mechanisms governing apical iodide efflux are currently unclear. To date
Pendrin is the only characterized candidate for an apical iodide transporter, but the role of
pendrin as a major component of iodide efflux is a subject of some controversy (47-48).
12

Pendrin became considered for this role when mutations in its gene were found to relate
to congenital sensorineural deafness, goiter, and impaired iodide organification; a
condition known as Pendred syndrome (47-49). Support for pendrin as the apical iodide
transporter was strengthened when its expression was found on the apical membrane of
thyrocytes, and its over-expression lead to increased iodide efflux. The arguments against
it stem from varied thyroid functionality in subjects with Pendred syndrome. Some
subjects are hypothyroid (having low thyroid function), whereas others are euthyroid
(having no detectable thyroid abnormalities). In addition to these findings, creation of
transgenic pendrin knockout mice produced lines without detectable deficiencies in
thyroid function (47-48). In light of both supportive and detractive evidence it would
seem the pendrin channel serves either as an enhancer of iodide transport or as one of
multiple iodide apical transporters. Unfortunately, to date no other apical transporters
have been identified, leaving much uncertainty in the area.
Although it has been shown that TSH-induced Ca2+ signaling leads to enhanced
iodide efflux, the mechanisms governing this action are unknown (61,63). Activation of
pendrin by Ca2+ has not been reported and may be unlikely as rat thyrocytes show
increased pendrin protein abundance at the plasma membrane in response to PKAdependent pathways but not in response to PKC activation (49). This does not rule out
direct enhancement of pendrin activity by Ca2+, only that PKC and IP3 K does not play a
role in shuttling pendrin to the membrane. Perhaps a synergistic enhancement of pendrin
activity exists between both the IP3 and cAMP branches of TSHR signaling. It is not
uncommon for thyrocyte signaling networks to involve both pathways.
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1.3.2 Iodide Organification and Triidothyronine/Thyroxine
Iodide is transported into thyrocytes via the NIS. Within thyrocytes iodide is
transported into the follicular lumen through apical channels, possibly pendrin. Once
inside the lumen TPO, THOX1/2, and TG catalyze hormone production (54-56,70-72).
The first step in iodide organification is oxidation of iodide by H2O2 to iodine
through a reaction catalyzed by the enzyme TPO. TPO is an apically expressed ~100 kD
glycoprotein with a single transmembrane domain, large extracellular, and small
cytosolic regions (70-72). TPO uses H2O2 produced by the NADPH oxidases THOX1/2
to oxidize iodide (I-) to form electrophilic iodine radical (I), which readily displaces a
proton to bind with and share an electron from the aromatic ring of an available tyrosine
R-group on the protein TG. TG is a large cytosolic 660 kD protein which circulates freely
within the lumen, TG possesses 132 tyrosine residues that serve to bind iodine to form
the hormones T3 and T4 (some more easily accessible for iodination than others).
Organic iodine coupled to tyrosine (iodotyrosine) can either bind a second iodine or
couple to a second iodotyrosine, both reactions believed to be catalyzed by the enzyme
TPO (71-73) (Fig. 4).

Figure 4: TSHR Induced Iodide Efflux - The Gαq/11 branch of TSHR signaling
enhances apical iodide efflux. Activated TSHR activates PLCβ2 signaling and Ca2+
release. Ca2+ release enhances apical iodide flux. Iodide in the follicular lumen is
oxidized by H2O2 in a reaction catalyzed by the enzyme thyroid peroxidase. Iodine in the
lumen is then coupled to tyrosine residues on the protein thyroglobulin.
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Iodotyrosines are referred to as MIT and DIT. MIT is an iodotyrosine with one
bound iodine, and DIT is an iodotyrosine with two bound iodines. The coupling and
release of iodotyrosines creates T3 and T4. The coupling of two DITs forms T4, and the
coupling of an MIT to a DIT forms T3. Iodotyrosine coupling involves the binding of the
R-group of one iodotyrosine to the hydroxyl functional group of a second, which remains
bound to TG. Coupled iodotyrosines (T3 or T4) are cleaved from TG. TG is packaged
into vesicles for endocytosis into the thyrocyte through the apical membrane. In the
thyrocyte TG is moved into lysosomal compartments where T3 and T4 are proteolytically
cleaved from TG. Cleavage involves both endopeptidases, which cleave nonterminal T3
and T4 residues, and exopeptidases that further process the cleaved residues into free T3
and T4. In-vitro studies have shown that the endopeptidase cathepsin B and the
exopeptidase dipeptidase I can completely cleave T4 from a major tyrosine residue on
15

TG, residue 5 (102). Cathepsin B cleaves a T4 containing dipeptide from TG and
depeptidase I releases T4 from the dipeptide. Presumably multiple other endopeptidases
and exopeptidases direct T3 and T4 cleaveage at different tyrosine residues ( TG has 132
tyrosine residues). After T3 and T4 are removed from TG they and exocytosed from the
basolateral membrane into the circulation.
Figure 5: T3 and T4 Structure - Bond-line structures of the thyroid hormones
triiodothyronine (T3), thyroxine (T4), and the hormone precursors monoiodotyrosine
(MIT) and diiodotyrosine (DIT).

T3 and T4 are distinguished structurally based on the number and location of
iodines coupled to each aromatic ring. T4, thyroxine or 3,5,3’,5’-tetraiodothyrine,
consists of two fully iodinated tyrosines. T3 or 3,5,3’ triiodothyronine is composed of a
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fully iodinated tyrosine and an iodotyrosine R-group with one I bonded at the 3’ position
(Fig 5).
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2. AN INTRODUCTION TO GUSTATION

2.1

A Summary of Gustation
The gustatory system links either positive or negative perceptual qualities to

appetitive and repulsive foodstuffs based on the five human taste perceptions; sweet,
sour, bitter, salty, and umami (a savory meaty flavor) (1-4). However it is important to
keep in context that it is our cognitive and physiological reactions that dictate what is
considered appetitive or repulsive, and it is our perception of a given compound that
dictates whether it is perceived as tasting sweet, bitter, salty, sour, or umami. These
qualities are perceptions and not intrinsic characteristics of the compounds. Furthermore
sweet, sour, bitter, salty, and umami are taste qualities perceived by humans that may or
not be experienced similarly by other species. However for brevity the terms sweet, sour,
bitter, salty, and umami will be used to describe ligands and receptors correlated to these
human perceptions.
The five basic taste perceptions each individually impart valuable information
about the foods we eat. Sweetness is a highly appetitive taste quality that communicates
the presence of high concentrations of simple sugars such as glucose, fructose, and
sucrose, which are energy-rich compounds with high caloric content (1-3). Sourness is a
generally aversive taste quality that identifies acidity and may serve as a way to detect
and avoid unripe or spoiled food (e.g., sour milk) (1-3). Bitterness is also an aversive
taste quality and can be evoked by numerous toxins (e.g. plant toxins such as amygdalin
and the metabolite of amygdalin cyanide) (1-3). It is believed the perception of bitterness
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helps reduce intake of environmental toxins. Saltiness elicited by sodium can be both
appetitive at lower concentrations and aversive at higher concentrations. The
physiological importance of sodium versus the detrimental effects arising from its overingestion is responsible for this duality (1-3). Umami stimuli are generally appetitive and
evoke perception of the savory meaty flavor of foods containing high concentrations of
the amino acid glutamate. Umami taste allows for the detection of foods rich in amino
acids, which are important dietary elements (1-3).
2.2

Anatomy of the Peripheral Gustatory System
Sweet, sour, and umami receptors are GPCRs, whereas salty and sour receptors

are believed to be ion channels (4-6). These receptors along with associated signaling
proteins such as the G-protein alpha subunit α-gustducin and the ion channel transient
receptor potential cation channel subfamily M member 5 (TRPM5) are responsible for
the initiation of taste signaling (4-6). These elements are expressed in specialized cells in
the gustatory epithelium referred to as taste cells (TCs). TCs are clustered in structures
known as taste buds, onion shaped bundles of 50-100 TCs embedded in the gustatory
epithelium. A small opening in the epithelium known as a taste pore allows a taste bud to
interact with tastants in the oral cavity. Taste buds are bundled into distinct regions in
small convolutions on the surface of the tongue, termed lingual papillae (1,4,6). TCcontaining papillae are the circumvallate (CV), foliate, and fungiform. CV papillae are
large dome shaped invaginations of the epithelium at the posterior (back end) of the
tongue. High densities of TCs are expressed along the convolutions within the epithelial
surface created by the formation of the dome-like structures. The foliate papillae also
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contain a high density of TCs expressed in convolutions of the tongue epithelium, but are
located on the lateral margins (sides) of the tongue. The fungiform papillae are
distributed across much of the anterior (front) of the tongue. Unlike the CV or foliate
papillae, each fungiform papilla contains only a single taste bud (1,3,4) (Fig. 6).
Figure 6: Lingual Papillae of the Human Tongue - Taste buds are bundled into distinct
structures on the surface of the tongue (lingual papillae). Moving from the anterior to
posterior tongue, taste buds are found in fungiform, foliate, and circumvallate papillae.

A well-circulated but ultimately inaccurate representation of the anatomy of the
peripheral gustatory system indicated that the five basics tastes are divided into
anatomically-distinct regions of the tongue. This “Taste Map” placed sweet taste
perception at the anterior tip of the tongue, salty to the anterior and lateral, sour to the
posterior and lateral, and bitter in the far most posterior regions of the tongue. This idea
was found to be false due to the expression of all taste receptor types in all gustatory
papillae (1-5).
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2.2.1 Taste Bud Anatomy
Taste buds are heterogeneous populations of four different taste bud cell subtypes
(I, II, III, and IV) (1,2,7). All taste buds contain the four TC subtypes in roughly the same
percentages; any given taste bud will consist of ~ 50% Type I, ~25-30% Type II, 10-15%
Type III, and 10-15% Type IV. Unlike types I,II, and III type IV TC are located at the
base of taste buds and do not directly interact with the taste pore (97). Additionally the
role Type IV TCs play in propagation of taste signaling is largely unknown, for these
reasons further discussion on TC types with exclude type IV TCs. TC categorization and
nomenclature was originally based solely on differences in morphology and electron
density of the cells. However more recent work has focused on defining functional
differences and associated roles for TC subtypes. Taste buds form elongated onionshaped bodies within the gustatory epithelium which project basolaterally to associate
with ascending nerve fibers mainly the chorda tympani and glossopharyngeal (1,2,7).
Fungiform papillae contain a single taste bud located at the tip of the papillae. Taste buds
on the circumvallate (posterior) and foliate (lateral) contain multiple taste buds that are
expressed in the convolutions in the epithelial surface and not directly on the top of the
tongue. Regardless of expression location within the epithelium, taste buds are exposed to
the oral cavity via a taste pore from which converging, apical microvilli extend, allowing
for interaction with the local environment (1,2,7) (Fig. 7).
Figure 7: Human Taste Bud Anatomy - The three taste cell types (TC I, II, and II) are
predominately clustered in taste buds, onion-shaped bundles of 50-100 taste cells
embedded in the tongue epithelium. Taste buds sense chemicals on the tongue through a
gap in the epithelium (taste pore). Taste cells project information to the central nervous
system through connections with ascending nerve fibers.
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2.2.2 Taste Cell Types
Type I TCs sometimes referred to as dark cells, are the most common TC type
within taste buds, comprising approximately half of the population. Type I TCs were first
defined by dark granules located adjacent to apical microvilli, dark-appearing
protoplasm, and invaginated nuclei. Recent work suggests that Type I TCs may contribute
to salty taste perception, based on the presence of an amiloride-sensitive sodium
conductance in these cells suggesting the expression of epithelial sodium channels
(ENaCs). Type I TCs may also play a glial-like supportive role for other TC types, as they
express transporters and enzymes allowing for neurotransmitter clearance (1,3,8).
Type II TCs, occasionally referred to as light cells, are less abundant than type I,
comprising about 25% of a taste bud cell population. Morphologically Type II TCs are
identifiable by a large round nucleus, light-appearing protoplasm, and short apical
microvilli. Type II TCs contain GPCRs associated with sweet, bitter, and umami taste
detection, although any individual Type II cell will contain only one of these receptor
22

types. Type II TCs form purinergic connections (signaling through ATP) with adjacent
cells and ascending nerve fibers basolateraly (1,3,8,9).
Figure 8: Taste Cell Types I, II and III - Taste cell types I, II and III have individual
morphologies and functions. Type I cells are believed to play a glial-like role and express
proteins capable of neurotransmitter clearance. Type I cells may also be involved in salt
taste recognition, due to evidence of ENaC channel expression. Type II cells express the
GPCRs corresponding to sweet, umami, and bitter taste signaling. Type II cells release
ATP to relay information to adjacent cells and ascending nerve fibers. Type III cells
propagate information to ascending nerve fibers via serotonin release into classical
synapses. Type III cells are believed to propagate sour signal transduction.

Type III TCs, sometimes called serotonergic cells, are the least abundant TC type
in a taste bud, comprising 10-15% of the cell population. Morphologically type III cells
are identifiable by large dense core vesicles, well-developed synapses, and a solitary large
apically projecting microvillus. Type III cells release serotonin into classical synapses to
communicate with ascending nerve fibers. Type III cells appear to be involved in sour
taste perception, as some Type III cells are responsive to sour stimuli (1,3,10) (Fig. 8).
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2.3

Receptors, Ligands, and Peripheral Gustatory Signaling
The receptors that propagate sweet, bitter, and umami taste are expressed in type

II TCs and belong to the GPCR family. Whereas ion channels are believed to be the
receptors that propagate salty and sour taste, and are expressed on type I and type III TCs
respectively. Salty and sour stimulus detection and signal propagation is very different
from the GPCR mediated taste perceptions. Since this dissertation focuses on GPCR
mediated signaling, salty and sour taste perceptions will not be discussed further. The
GPCR class binds various ligands, initiating conformational changes in the receptor
leading to the disassociation of a heterotrimeric G protein. Taste-associated GPCRs often
couple the α-subunit, α-gustducin. Identification of α-gustducin in a cell type is often
used as a marker for taste associated GPCRs expression. However, sweet, bitter, and
umami signal propagation is mediated by the βγ subunit, which leads to downstream
signaling through activation of PLCβ2 (4-6). Ion channels on the other hand mediate the
passage of select ions that alter cell polarization and induce signaling (1-4).
2.3.1 Sweet, Bitter, Umami Receptors
2.3.1a Sweet Receptors
Sweet taste perception provides a valuable means to detect energy-rich simple
sugars. This perception begins with the sweet taste receptor, a heterodimeric protein
consisting of two subunits, the taste receptor type 1 member 2 (T1R2) and the taste
receptor type 1 member 3 (T1R3) (12-14) (Fig. 9). Cells expressing single T1Rs suggest
that the subunits may function to some extent independently, but a fully active receptor
appears to require both subunits (12). Both T1R2 and T1R3 are seven transmembrane
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spanning GPCRs with “venus fly-trap” like extracellular domains (VFTD). Site directed
mutagenesis and in silico modeling indicates these regions are the orthosteric agonist
binding locations. However, ligands may also interact in extracellular regions nearer the
plasma membrane, creating multiple binding sites for various ligands (12-14). This
theory may explain how the T1R2/T1R3 heterodimer binds multiple ligands with varying
chemical structures and receptor activating properties. For example, the T1R2/T1R3
heterodimer responds to natural sugars such as fructose, sucrose, and glucose as well as
several synthetic compounds, including aspartame (a dipeptide-sweetener found in
NutraSweet), saccharin (a sulfimide-sweetener found in Sweet’n Low), and lactisole (a
carboxylic acid salt that is a sweet taste inhibitor) (12-15).
2.3.1b Umami Receptors
Umami, the most recently characterized taste quality, is the taste perception of Lamino acids. Much like the T1R2/T1R3 sweet receptor the umami receptor is a
heteromeric complex of two GPCRs subunits: the taste receptor type 1 member 1 (T1R1)
T1R3. The T1R3 subunit in the sweet and umami heterodimers is one and the same. The
difference between the two heterodimeric receptors is the secondary subunit, which in
sweet is TIR2 and in umami T1R1 (3-6) (Fig. 9). Much like T1R2, the umami-specific
T1R1 GPCR has a large extracellular N-terminus containing a VFTD and seven TMDs.
The predominant umami ligand is L-glutamate (4-6,22). Site-directed mutagenesis and in
silico modeling suggest that L-glutamate binds within the VFTD of T1R1. However,
other binding sites on T1R1 may exist, as evidenced by the umami taste enhancer
inosine-5’-monophosphate, which binds at a secondary location on the VFTD (22). The
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T1R1/3 complex was the first discovered and is currently the most studied umami
receptor, but recent research utilizing T1R1 knockout mice suggests that it may not be the
only umami sensitive receptor. Metabotropic glutamate receptors may contribute to
umami taste perception as T1R1 knock out mice retain some glutamate sensing ability
that is greatly inhibited by metabotropic glutamate receptors agonists (23).
Figure 9: T1R1, T1R2, T1R3, and T2R Receptors - The receptors that propagate
sweet, umami, and bitter taste perceptions are seven transmembrane GPCRs. Sweet
receptors are heterodimers of two GPCRs T1R2 /T1R3. Umami receptors are
heterodimers of T1R1/T1R3 GPCRs. There are 25 human T2Rs. The variety of T2Rs
allows for the detection of a vast array of compounds.

2.3.1c Bitter Receptors
Like T1Rs, bitter taste receptors, taste receptor type 2s (T2Rs) are seven
transmembrane spanning GPCRs, but they do not have a (VFTD) (16-17) (Fig 9).
Receptor diversity and divergence is greater in T2Rs than T1Rs (25 human T2Rs). The
plethora of T2Rs and their associated specificities allow for the detection of a vast array
of molecules with diverse structural motifs. Receptor specificity places T2Rs into two
categories: those that are highly specific and bind few agonists, and those that are very
broadly tuned, binding well over a dozen (84). Based on in vitro functional studies and in
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silico computer modeling of T2R1 and 16, it is believed that ligands bind within loop
regions of the transmembrane domains (18,85).
T2R agonists are often environmental toxins. Thus, based on natural gustatory
aversion bitterness promotes toxin avoidance (16-19). A human need to detect a wide
array of toxic environmental compounds may be the driving force behind the large human
T2R repertoire. A greater or lesser need for toxin detection may explain why other nonhuman species show greater or reduced T2R divergence. For example the dolphin has no
functional T2R genes, whereas the mouse has 35 (20,16). The expansion of the T2R class
of receptors may result from species-specific environments and diets. Dolphins, along
with other sea and land carnivores, show a reduced number in functional T2R genes
compared to omnivores or herbivores (20-21), possibly due to the fact that many
environmental toxins are plant derived. Given that carnivores have diets with limited
intake of plant material the selective pressure to maintain a screening system for plant
toxins is absent or reduced, leaving the highly malleable T2R gene family to mutate out
of functionality. On the other hand, species such as humans need to screen a wide array of
plants as potential sources of toxins, creating evolutionary pressure to possess a diverse
set of T2Rs.
2.3.3 Peripheral Signaling
2.3.3a Sweet, Bitter, Umami Signaling
Sweet-, bitter- and umami-associated signaling cascades share many of the same
signal transduction components (4-6). For example, ligand bound receptors undergo
conformational changes that lead to the dissociation of a coupled heterotrimeric G-
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protein complex (4-6). The disassociated trimeric G-protein separates into α, and βγ
subunits (the most commonly associated subunits are α-gustducin, β3, and γ12). The βγ
subunit activates membrane associated PLCβ2 which, in turn, cleaves membrane
associated phosphatidylinositol-4,5-bisphosphate (PIP2) into free cytosolic inositol-1,4,5trisphosphate (IP3) and membrane bound diacylglycerol (DAG) (4-6). Cytosolic IP3 binds
to the IP3 receptor on the endoplasmic reticulum initiating the release of intracellular Ca2+
stores. Increases in intracellular Ca2+ activate the TRPM5 channel, allowing Na+ to enter
the cell (4-6). Inward sodium currents lead to cell depolarization and the release of the
neurotransmitter ATP, thus relaying stimulus information to neighboring cells and
ascending nerve fibers via purinergic connections (Fig. 10). This single signal
transduction cascade propagates three distinct perceptions (bitter, sweet, umami). Bitter,
sweet, and umami signals are differentiated form one another by cell designations. Only
one receptor type is expressed on an individual type II cell. A given type II taste cell will
only express either sweet, bitter, or umami receptors and is designated as a sensor cell for
these individual taste qualities. In this way, one signaling cascade can be used for three
separate perceptions (12-3).
The IP3 signal cascade is the classical pathway of sweet, bitter, and umami
signaling in Type II TCs. However, some research suggests this is not the sole mechanism
by which these taste stimuli are transduced. For example, α-gustducin knockout mice
display markedly reduced sensitivities to sweet, sour, and bitter stimuli, but retain some
activation at high concentrations of tastants. These findings suggest the existence of
secondary sweet, sour, and bitter signaling cascades (3). Additional evidence suggesting
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the existence of secondary signaling networks is retained sensitivity to sweet, bitter, and
umami stimuli in PLCβ2 and TRPM5 knockout mic (3). These finding have sparked
suggestions of alternative secondary systems utilizing cell depolarization mediated by
cAMP and PKA (14).
Figure 10: Sweet, Umami, and Bitter Signal Transduction - T1Rs and T2Rs utilize the
same signaling cascade. Activated receptors activate PLCβ2 through the β3γ12 subunit.
PLCβ2 cleaves PIP2 to IP3 and DAG. IP3 activates IP3 receptors on the endoplasmic
reticulum leading to Ca2+ release. Increased Ca2+ concentrations activate the TRPM5
channel allowing sodium to flow into the cell, causing membrane depolarization.

In this proposed system, sweet receptors activate adenylyl cyclase through an unknown G
protein, leading to a cascade in which increased intracellular cAMP activates PKA, which
leads to inhibition of K+ channels and subsequent membrane depolarization (14). This
secondary cAMP pathway may normally function as a sensory adaptive mechanism for
primary sweet signaling, working in some capacity to modulate sensory adaptation of the
PLCβ2 pathway after prolonged exposure to sweet stimuli. In this model, when the
primary system is removed by knockout, the function of the secondary system remains
and provides some activation (14).
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2.4

Extraoral Taste Receptors

On the tongue, T2Rs initiate bitter taste perception, a sensation that is intrinsically
unpleasant. This perception in believed to aid in the identification and avoidance of toxin
ingestion, as toxins are commonly bitter (4-6). Recently T2R expression has been found
in extraoral (not associated with gustation) tissues. However, in extraoral tissues T2Rs do
not initiate bitterness but rather lead to different tissue and cell specific outcomes. Some
of these outcomes have been linked to both the detection of and response to toxins or
pathogens in the T2R expressing extraoral tissue (26-36).
Like T2Rs, T1R2/3s have also been found in a number of extraoral tissues, most
notably the gastrointestinal (GI) system. In the GI system, activation of T1R2/3s has been
associated with alterations in hormone secretion from hormone-producing cells
(37-40).
2.4.1 Taste Receptor Expression and Function in the Gut
The GI tract comes into direct contact with consumed foodstuffs, allowing
frequent interactions with tastant molecules. Given this relationship with the outside
environment, it would seem reasonable for the gut to be able to recognize and respond to
ingested compounds. Recent research indicates that several GPCRs expressed in the
lingual epithelium are also expressed in gastrointestinal epithelial cells (26-29, 37-40).
T1R2s, T1R3s, and T2Rs are reported to be expressed and functional within
enteroendocrine cells, specialized gut epithelial cells that are dispersed intermittently
through the GI tract (27-19,37-40). Due to the mass of the GI system, enteroendocrine
cells are the largest population of endocrine cells in the body despite comprising only ~
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1% of GI epithelial cells (41). Although T1R2/3s have been reported to be expressed and
functional in the gut future discussion of taste receptors in this area will focus on T2Rs,
since the focus of this dissertation revolves around extraoral T2R expression and
function.
2.4.1b Bitter Taste Receptors in the Gut
Recent work has also illustrated expression and function of bitter receptors in the
GI system. RT-PCR and functional assays have shown that the human enteroendocrine
cell line NCIH716 expresses T2R9 and responds to T2R9 agonists with increased GLP-1
secretion (27). Additionally, in vivo and in vitro work on mice and mouse enteroendocrine
cell lines has shown T2r agonists enhance the release of cholecystokinin (CCK a
hormone released by intestinal I-cells that increases digestive processes and promotes
satiation) (29,43,49). RT-PCR and immunohistochemistry show the mouse
enteroendocrine cell line STC-1, expresses gene transcripts for several T2rs and αgustducin protein (43). In response to bitter agonists STC-1 cells show a marked
increases in [Ca2+]i concentrations (43) and CCK release (29,43). These findings are
further supported by elevated plasma CCK levels in mice receiving oral administrations
of T2r agonists (29). These data provide compelling evidence that T2Rs modulate the
release of intestinal hormones. Conceivably, gut T2Rs may serve to limit exposure to
toxin containing foodstuffs by increasing satiety via enhanced release of fullness
promoting hormones. However, again these effects have not been shown to be
specifically attribute to T2R receptors and may be a result of an off target non-T2Rmediated interaction.
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2.4.2 Taste Receptor Function in the Airways
Continuous contact with the outside environment puts the airways at risk to
damage and infection from inhaled toxins and pathogens. It is not unrealistic to predict
that some type of defense may be present to protect the airways against damaging effects
of inhaled irritants. Recently T2R expression has been reported in several different cell
types within the upper and lower airway epithelium. Respiratory T2Rs have been
reported to respond to the presence of toxins and pathogens by initiating defensive
functions (30-36). This evidence suggests that T2Rs expressed in the airways may serve
in a protective role. Although T1R expression (associated with the sweet receptor) has
also been shown in rodent upper-airways (predominately the nasal cavity), T1R
expression is diminished in the trachea and is absent in the lower airways (35). As T1R
expression within the airways is limited and a functional role in not clear, the following
discussion of taste receptors in this area will mainly be based on the T2R receptor set.
2.4.2a Bitter Taste Receptors in the Upper-Airways
Upper airway T2Rs have mainly been reported in solitary chemosensory cells
(SCC) and ciliated epithelial cells. Here they appear to serve as a component of the innate
immune system by sensing bacterial secretions and facilitating anti-pathogenic measures
(33,34,36). Immunohistochemistry and RT-PCR show T2R, TRPM5, and α-gustducin
SCCs of the nasal pharynx and cilia of the sinonasal epithelium (33-36). A role for SCC
T2Rs in mice has been associated with trigeminal nerve responses and breath regulation
in response to pathogen and T2R agonist exposure (35). SCCs show increased [Ca2+]i
when exposed to the T2R agonist denatonium benzoate and acyl-homoserine lactones
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(AHLs), which are quorum-sensing factors secreted by gram-negative bacteria. Quorum
sensing factors regulate group-based behaviors in bacteria. Mice exposed to denatonium
benzoate and AHLs showed slowed breathing rate, an effect associated with trigeminal
nerve activation. However, SCCs of human tissue cultures have been shown to react to
denatonium benzoate and AHLs by inducing a calcium wave that propagates to adjacent
cells through gap junctions (33). Human tissue cultures also secrete anti-bacterial
peptides such as β-defensin 1 and 2 in response to denatonium benzoate (33). An
interesting difference between mouse and human experiments is that mouse nasal SCCs
do not release anti-bacterial peptides in response to T2R agonists (33). These results
suggest that T2Rs are expressed in both mouse and human SSC, but engage in different
functions in the two species.
T2Rs in ciliated cells of human tissue cultures of upper airway epithelium have
also been shown to respond to AHLs that are additionally T2R38 agonists (34). Upon
exposure to AHLs, T2Rs in cilia activate common taste-associated signaling cascades
leading to anti-bacterial responses, such as nitric oxide production and enhanced
mucociliary clearance (34). In vitro assays using primary human sinonasal cell cultures
have shown AHLs promote particulate clearing, and pathogen killing, actions likely
attributed to increased NO production and ciliary beating (34). Together these findings
support a role for upper airway T2Rs as important components of the local innate
immune system.
Unlike other studies, these reported T2R-mediated effects have been linked to the
functionality of T2R38. Cell cultures derived from tissue explants from human patients
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expressing functional and non-functional variants of T2R38 display dramatically different
responses to AHLs. Cultures from patients with non-functional T2R38 have significantly
decreased NO production, particulate clearance, and pathogen killing abilities in response
to AHLs.
2.4.2b Bitter Taste Receptors in the Lower-Airways
T2Rs in the lower airways have been reported in airway smooth muscle (ASM)
and ciliated cells of the trachea and bronchi (30-32). T2Rs within these regions appear to
function in concert to promote the removal of lung irritants via increased ciliary beating
and bronchodilation (30-32). Based on RT-PCR and immunohistochemistry, motile cilia
of cells grown in cultures obtained from human trachea and bronchial tissue express
T2Rs and associated signaling proteins (31). Using fluorescence-based calcium assays
and plotting ciliary movement over time, ciliated cells show increases in [Ca2+]i
concentration and ciliary beat frequency when exposed to T2R agonists (31).
In addition to ciliated cells, smooth muscle cells of the lower airways have also
been reported to express T2Rs. Using qRT-PCR it has been shown that several T2Rs are
expressed in human bronchial tissue and primary cell cultures of human airway smooth
muscle (ASM) (30,32). Additionally upon exposer to T2R agonists human ASM cell
cultures shown increases in [Ca2+ ]i (30,32), a process that has been proposed to activate
Big Potassium channels and ASM relaxation. This idea is supported by decreased tension
in ASM cells and relaxation of mouse and human lung tissue when exposed to T2R
agonists (30-32). In combination, these findings support a protective irritant clearing role
for T2Rs of the lower airways. A role mediating increased lower airway passage volume
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and ciliary beat frequency, allowing for greater passage of irritants out of the lungs. These
studies provide interesting and novel roles for extraoral T2Rs, but like many other studies
do not show that proper functioning of T2Rs are essential to the reported effects
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3. T2R EXPRESSION AND FUNCTION IN THE THYROID

3.1

An Overview of Dissertation Work
Extraoral taste receptors provide a secondary detection and response system to

ingested environmental compounds. Extraoral T2Rs in particular may provide a means to
detect and respond to ingested toxins and pathogens. This idea has been supported
recently by a number of studies linking extraoral T2R expression to these types of
defensive roles (26-36). Like these studies, my dissertation focuses on effects mediated
by extraoral T2Rs. However, my studies examine the role of these receptors in the
thyroid .
My dissertation work is the first detailed investigation of T2R function in the
thyroid. For this reason, initial studies began with identifying, confirming, and
categorizing the presence of thyroid T2R transcripts and protein (experiments which will
be referred to as Study 1). This was accomplished using RT-PCR, qRT-PCR, and
immunohistochemistry, results that will be discussed in subchapter 3.2. Following Study
1, I begin to define a functional role for thyroid T2Rs in the human thyrocyte cell line
Nthy-Ori 3-1, a series of experiments referred to as Study 2. Identification of a functional
role began by assessing alterations in thyroid signaling cascades, particularly Ca2+
signaling and iodide efflux in response to exposure to T2R agonists. These results will be
discussed in subchapter 3.3. The final series of experiments in my dissertation project
(Study 3) expanded upon findings in Study 2. The objective of Study 3 was to determine
the impact of T2R agonist exposure on thyroid hormone production in vivo. Here, mice
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with varied taste thresholds to the bitter compound sucrose octaacetate (SOA), were
exposed to SOA, then their blood T4 levels were measured.
3.2

Bitter Taste Receptor Expression in the Thyroid
Study 1 identified and characterized T2R mRNA and protein expression in the

thyroid and a thyrocyte cell line. Both mRNA and protein expression studies assessed the
presence and abundance of T2Rs and T2R associated signaling machinery in Nthy-Ori
3-1 cells, mouse, and human thyroid tissue. Results from these experiments support
expression of T2R mRNA and protein in the thyroid, and promote further investigation
into a functional role for these receptors.
3.2.1 Results
3.2.1a mRNA Expression
Preliminary experiments aimed to confirm thyroid T2R expression based on the
presence of T2R transcripts in the thyroid. This goal was in part accomplished using RTPCR analyses of T2R cDNA reverse transcribed from human thyroid and Nthy-Ori 3-1
RNA. Reverse transcription was carried out using primers for the 25 human T2Rs (Table
2; for procedure see Material and Methods 5.2.2). PCR products for α-gustducin and
the majority, but not all, human T2Rs were detectable using this method (Fig. 11).
Figure 11: Transcripts for the Majority of Human T2Rs are Present in Human
Thyroid and Nthy-Ori 3-1 RNA - RT-PCR reactions were run on cDNA samples
obtained from human whole thyroid and Nthy-Ori 3-1 cells. Independent reactions were
run using gene specific primers for all 25 human T2Rs, α-Gustducin, and GAPDH. RTPCR products were run on a 2% agrose gels supplemented with ethidium bromide and
visualized using UV light. Products obtained from human thyroid cDNA are displayed on
the top panel and products from (the human follicular cell line) Nthy-Ori 3-1 cDNA are
displayed on the bottom panel. Gene names for T2Rs, α-Gustducin, and GAPDH are
indicated above each lane. RT-PCR reactions for GAPDH were run on cDNA created
with reverse transcriptase (GAPDH+RT) and without reverse transcriptase (GAPDH-RT).
37

The naming system of human T2Rs does not run from 1-25, but runs from 1-60 skipping
several numbers between 1 and 60.

Nthy-Ori 3-1 PCR products for T2Rs 4, 9, 10, 38, 42, and 43 (T2Rs of particular
interest for future studies) were purified and sequenced. All sequence results confirmed
that the PCR products did represent the expected T2R isoform. These results confirm that
T2R and α-gustducin transcripts are present in human thyroid, and in the Nthy-Ori 3-1
cell line. Lastly to confirm the presence of a key mouse T2r, T2r131, PCR reactions using
mouse thyroid cDNA and T2r131 specific primers (Table 3) were run. T2r131 was found
to be expressed in mouse thyroid mRNA, and subsequent sequencing of this product
confirmed amplification of the target gene.
qRT-PCR experiments were conducted to determine expression levels of select
T2R transcripts in human thyroid tissue and the Nthy-Ori 3-1 cell line (Fig 12). T2Rs 43,
4, and 10 were selected because they have known agonists. T2R38 was picked because it
has known agonists and well described allelic variants associated with responsive and
non-responsive receptors. Lastly, T2R42 was chosen because it has an allelic variant
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associated with altered thyroid hormone levels. qRT-PCR allows for relative comparison
of mRNA abundance based on quantification of amplified single gene transcripts (78), a
type of analysis which cannot accurately be done using RT-PCR. Gene-specific primers
were created for human T2Rs (Table 4) and subsequently tested for specificity and
efficiency. All primers targeted a single gene and amplified targets with 90% -110%
efficiency. Efficiencies were calculated by running qRT-PCR reactions on a serially
diluted stock of starting cDNA. Variations in Cq values should correlate to the known
difference in starting product. If differences in Cq value are higher or lower than expected
based on the initial staring concentrations of cDNA the deviation can be converted into a
percentage indicating over or under expression.
Figure 12: Expression levels of Human T2Rs 43, 4, 10, 42, 38, and α-Gustducin
Measured by qRT-PCR- qRT-PCR reactions were run on human thyroid (blue bars) and
Nthy-Ori 3-1 (red bars) cDNA samples. Reactions were run using gene specific primers
designed to amplify each target gene. (A) Expression levels for T2Rs 43, 4, 10, 42, 38,
and α-Gustducin are displayed in a histogram representing ratios to GAPDH. Ratios are
based on the starting concentrations of the genes of interest and GAPDH. (B)
Quantification cycle (Cq) values determined for T2Rs 43, 4, 10, 42, 38, α-Gustducin, and
GAPDH.
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T2R expression was assessed relative to Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). GAPDH expression levels were used as a reference to
compare to expression levels of our genes of interest (T2Rs 43,4,10,42,38, and αgustducin). GAPDH was chosen as a reference because it has consistent expression
levels. Cq values represent the doubling times required to reach a threshold. Higher Cq
values indicate smaller starting concentrations of a target transcript. Cq values can be
used to determine differences in expression levels between target transcripts compared to
a reference. In these experiments GAPDH was used as a reference. Graphical data
represents ratios of initial concentration of individual transcripts (Fig. 12A). T2R and αgustducin Cq values ranged from the mid 20s to the lower 30s (Fig. 12B). These were
compared to a Cq value for GAPDH of 18.3, which was normalized across both Nthy-Ori
and human thyroid (all Cq values for genes of interest were corrected for this
normalization). These experiments confirm consistent T2R expression levels between
human thyroid and Nthy-Ori 3-1 cells, supporting the usage of this cell line in further
studies. qRT-PCR experiments showed variability in thyroid T2R transcript abundance.
This information can be used to guide agonist selection for functional studies. Agonist for
highly expressed thyroid T2Rs would presumably be the best choices to use in functional
studies. qRT-PCR analysis of transcripts was focused on highly expressed T2Rs and those
of experimental interest (T2R42 has an associated SNP of interest, T2R38 is the most
well-studied T2R, and T2Rs 4 and 10 have well-characterized agonists).
Table 1: List of T2R agonists used in in vitro studies matched with the T2Rs they
activate. Agonists and cognate receptors were determined using cell based assays.
Human embryonic kidney cells were transfected with individual T2Rs and T2R-
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associated signaling machinery. Transfected cells were exposed to agonists and receptor
activation was evaluated (84).
Agonist
Camphor
Chloramphenicol
Colchicine
Cycloheximide
Denatonium Benzoate
6-n-propylthiouracil

Cognate T2Rs
4,10
10
4
10
4, 10
38

Next, we asked if T2Rs are expressed in native mouse thyrocytes. To do this I
used a gene targeted mouse line (a gift from the Meyerhof lab) that expresses a tau-green
fluorescent protein (tau-GFP) fusion protein under the control of the mouse Tas2r131
promoter. Via Cre-dependent recombination of an engineered Rosa26-loxp-stop-loxp-tauGFP locus (Tas2r131Cre/Rosa26tauGFP mice; (90) (Fig 14) we visualized the expression of
the Tas2r131 GFP reporter in mouse thyroid and taste buds.
Figure 13: Tas2r131Cre/Rosa26tauGFP Construction - The Tas2r131Cre/Rosa26tauGFP line
was generated by breeding Tas2r131Cre mice with Rosa26tauGFP mice. Offspring
possessing both inserts selectively express tau-GFP in cells with active T2r131
promoters.
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GFP signal is seen in thyrocytes surrounding thyroid follicles (Fig. 14 B), as well as in a
subset of taste receptor cells (Fig. 14 D), but was absent in mice that had not undergone
cre-dependent recombination (Fig 14 A & C)). These results indicate that mouse
thyrocytes have active T2r131 promoters.
Figure 14: T2r131 Expression in Mouse Thyroid and Circumvallate Papillae - (A-D)
Representative images of tissue sections of mouse thyroid and circumvallate papillae
(C.V.) from Rosa26tauGFP/+ and 2Tr131Cre/+/Rosa26tauGFP/+ mice. Sections were mounted
on slides and green fluorescent protein (GFP) signal was visualized on a confocal
microscope. (A&B) GFP expression in sections of thyroid from (A) Rosa26tauGFP/+ and
(B) T2r131Cre/+/Rosa26tauGFP/+. (C&D) GFP expression in sections of C.V. from (C)
Rosa26tauGFP/+ and (D) T2r131Cre/+/Rosa26tauGFP/+ mice.

42

3.2.1b Protein Expression
After confirming T2R mRNA expression in Nthy-Ori 3-1 and human thyroid
tissue, I aimed to determine if these transcripts were successfully translated into protein.
This was accomplished via immunohistochemical experiments on Nthy-Ori 3-1 cells and
human thyroid cadaver tissue. Nthy-Ori 3-1 cells (my in vitro functional modeling
system) were cultured on microscope chamber slides, fixed and labeled with validated
antibodies for α-gustducin (80) and T2R38 (79) (Fig. 15).
Figure 15: T2R38 and α-Gustducin Antibody Controls - Labeling for α-gustducin
(green) (A&B) and T2R38 (red) (C&D) in Nthy-Ori 3-1 cells incubated with (A&C) and
without (B&D) primary antibodies. Nthy-Ori 3-1 cells do not form follicular structures in
culture.
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These results indicate T2R38 and α-gustducin protein expression in Nthy-Ori 3-1 cells,
and confirm that fluorescent signals are associated with primary antibody binding and not
non-specific binding of secondary antibodies or fluorescent probes.
Immunohistochemical experiments were limited to T2R38 due to the lack of
additional validated T2R antisera (79). Although alternative T2R antibodies are
commercially available, an extensive study based on their labeling capabilities in
transfected cells indicate their usage is highly suspect (79).
In order to confirm cell surface expression of T2R38 and α-gustducin co-labeling
experiments using antibodies against a known membrane-associated protein where
conducted. Cell surface expression of these proteins is considered a general requirement
for proper signaling functions of the receptor. Nthy-Ori 3-1 cells were co-labeled with a
validated antibody for the integrin protein E-cadherin and either T2R38 or α-gustducin
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(81) (Fig. 16). E-cadherin is a protein expressed on the cell membrane that helps facilitate
cell to cell adhesions. Based on this characteristic and its common usage, I chose it as a
cell membrane marker. Images of T2R38/E-cadherin and α-gustducin/E-cadherin-labeled
Nthy cells show co-localization along the cell perimeter (Fig. 16 C&F). This indicates
T2R38 and α-gustducin protein is successfully trafficked to and associated with the cell
membrane.
Figure 16: T2R38 and α-Gustducin Co-labeled with E-Cadherin Immunohistochemical labeling for E-cadherin, α-gustducin, and T2R38 in Nthy-Ori 3-1
cells. (A&D) Image of E-cadherin (Red) labeling only. (B) Image of T2R38 (Green)
labeling only. (E) Image of α-gustducin (Green) labeling only. (C) Image of E-cadherin
and T2R38 co-labeling (Yellow). (F) Image of E-cadherin and α-gustducin co-labeling
(Yellow).

To ensure T2R protein expression is not an abnormal characteristic of the NthyOri 3-1 cell line, and to confirm that our previous findings are an accurate representation
of normal human physiology, I wanted to confirm expression of T2Rs in human thyroid.
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This was accomplished through postmortem examination of preserved human cadaver
tissue. A block of formaldehyde fixed-paraffin embedded human thyroid tissue was
obtained commercially, sectioned, mounted, and hydrated prior to labeling. Tissue
sections were labeled for α-gustducin and T2R38 (Fig. 17).
Figure 17: T2R38 and α-Gustducin Labeling in Human Thyroid Immunohistochemical staining for (A) α-gustducin (green), and (B) T2R38 (red) in
human thyroid tissue sections. nuclei are stained with DAPI (blue). The white arrows
points to a cross section of a complete follicle. In the boundaries of the follicle individual
thyrocytes can be seen.

Images taken of thyroid sections show defined thyrocytes and follicular
structures. When viewing the layer of thyrocytes that create a follicle, labeling can be
seen in the cell membrane and not in the nuclear cytoplasmic region. These results
indicate that both α-gustducin and T2R38 protein is expressed in human thyroid, and that
this expression is limited to membrane regions in thyrocytes.
3.2.2 Discussion
RT-PCR experiments show that the majority of T2Rs are expressed in both NthyOri 3-1 cells and human thyroid tissue. Interestingly there is a difference in T2R
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expression between the two sources of cDNA. T2Rs 7,31,39,40,41,42, and 50 are
amplifiable from human thyroid cDNA but not from Nthy-Ori 3-1 cDNA. Differences in
T2R expression may be explainable by the fact that the source of human thyroid RNA
was whole thyroid tissue, whereas the Nthy-Ori cell line is strictly thyrocytes. Thyrocytes
are the major cell type in the thyroid, but other cell types such as parafollicular cells and
vascular endothelial cells are also present. The additional T2Rs expressed in whole
thyroid tissue may belong to the additional cell types. Additionally T2R expressional
difference may simply reflect variations between cell culture and human tissue.
qRT-PCR experiments using qRT-PCR indicate that T2Rs are expressed at
varying levels in the thyroid. One possible reason for this could be that highly expressed
T2Rs correlate with commonly encountered thyroid toxins, or toxins with strong antithyroid properties. Additionally a number of the highly expressed T2Rs are broadly tuned
to detect multiple agonists. Therefore, it is possible that T2R expression is skewed
towards the receptors with the greatest ranges of detection.Establishment of T2R
expression in the thyroid suggests an unknown associated physiological role that
warranted further investigation.
3.3

Bitter Taste Receptor Function in the thyroid (In Vitro)
Study 2 tested and identified a functional role for thyroid-expressed T2Rs using

an in vitro model system, the Nthy-Ori 3-1 human thyrocyte line. Experiments
determined T2R agonists impact TSH mediated Ca2+ signaling, and iodide efflux, key
regulators of hormone production.
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3.3.1 Results
3.3.1a T2R Agonist Effects on TSH Mediated Ca2+ Signaling
Generally T2R signaling cascades are coupled to IP3-associated Ca2+ increases in
both gustation and extraoral signaling (16-17,30-32). Additionally, Ca2+ regulates many
thyrocyte functions linked to hormone production. With this in mind I decided to test
what effects T2R agonists had on thyrocyte Ca2+ levels by exposing Nthy-Ori 3-1 cells to
agonists of highly expressed cognate T2Rs (Fig.10) and measuring changes in [Ca2+]i.
Cells were pre-loaded with a Ca2+ indicator dye then exposed to T2R agonists, compound
administration and fluorescence ([Ca2+]i) measurements were made using a specialized
plate reader (FlexStationIII; for detailed procedure see Materials and Methods 5.5.1
Ca2+ Detection Assays). Initial studies determined that T2R agonists had no significant
effects on [Ca2+]i when administered independently. However, when Nthy-Ori 3-1 cells
were exposed to TSH significant and dose-dependent increases in [Ca2+]i are observed
(Fig. 20). Interestingly, when Nthy-Ori 3-1 cells were exposed to T2R agonists in
conjunction with TSH, a marked inhibition in TSH mediated rises in [Ca2+]i was observed
(Fig 18). Effects were seen when using the T2R agonists camphor, chloramphenicol,
colchicine, cycloheximide, and denatonium benzoate, cognate agonists for the previously
characterized thyroid T2Rs 4, 9, 10, and 43 (Table 1 & Fig. 18).
Figure 18: T2R Agonist Effects on Ca2+ Signaling - (A-F) Scatter plots representing
T2R agonists inhibit of TSH-dependent Ca2+ increases in Nthy-Ori 3-1 cells. Change in
[Ca2+]i were measured in the presence (black lines) or absence (red lines) of 333 mu/ml
TSH (+TSH/-TSH). These changes were monitored in cells exposed to concentration
gradiants of several T2R agonists. Each data point represents a n-value of 3-4. 2-way
ANOVAs (+TSH x - TSH) were run for each treatment condition (A-F) to determine a
signifcant effect of TSH: (A) F1,7=2.6, p=0.02 (B) F1,7=18.5, p=1x10-11 (C) F1,7=5.5,
p=0.0001 (D) F1,7=14.2, p=3.7x10-10 (E) F1,7=31.7, p=1x10-11 (F) F1,7=1.3, p=0.27. 1-way
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ANOVAs (T2R agonist gradient) were run for all treatment conditions to determine the
inhibitory effects of T2R agonist concentration gradients (A) + TSH, F1,7=2.8, p=0.03; TSH, F1,7=1.2, p=0.34 (B) + TSH, F1,7=36.4, p=1x10-11; - TSH, F1,7=2.4, p=0.53 (C) +
TSH, F1,7=5.2, p=9.8x10-4; - TSH, F1,7=0.3, p=0.95 (D) + TSH, F1,7=14.5, p=8.2x10-8; TSH, F1,7=1.4, p=0.26; (E) + TSH, F1,7=41.7, p=1x10-11; - TSH, F1,7=5.1, p=.0013; (F) +
TSH, F1,7 =1.3, p=.28; - TSH, F1,7 =0.470 p=0.847

However the T2R38 agonists 6-n-propylthiouracil (PROP) did not cause inhibition of
TSH-mediated Ca2+ signaling (Fig. 18), despite experimental evidence supporting both
mRNA and protein expression of this receptor (in Nthy-Ori 3-1 cells) and usage of
concentrations shown to activate the receptor (84) (Figs. 11,12,15-17). Sequencing of
amplified T2R38 PCR products indicated that the Nthy-Ori 3-1 cell line expresses a
common non-PROP responsive allelic variant of T2R38 Ala49, Val262, Ile129 (34,83)
(Fig. 19). Expression of the AVI allele provides an explanation for the inability of PROP
to impact TSH-dependent Ca2+ signaling.
Figure 19: T2R38 AVI Allele in Nthy-Ori 3-1 - Sequencing of Nthy-Ori 3-1 PCR
products indicate the cell line is homozygous for a common non-responsive T2R38 allele
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(AVI). The AVI allele is identifiable by an alanine at position 49 of the T2R38 amino acid
sequence.(marked by a blue asterisk mark *). The two sequences below display a pairwise
comparisons of a reference T2R38 amino acid sequence (from NCBI Database) (top)
aligned with a translated cDNA sequence from a T2R38 PCR product (bottom) (product
amplified from Nthy-Ori 3-1 cDNA). A total of 6 Nthy-Ori 3-1 T2R38 PCR products
were sequenced from two separate RNA isolations. All sequences indicated the
expression of an alanine at position 49.

The effects of T2R agonists on TSH-dependent Ca2+ signaling were assessed in
two ways. First, I measured the inhibitory effects of a concentration gradient of T2R
agonist against a single concentration of TSH. Second, I tested effects of both a high and
low concentration of T2R agonist measured against a concentration gradient of TSH (Fig.
20). Regardless of the experimental set-up, T2R agonists altered Ca2+ signaling in
thyrocytes when administered in conjunction with TSH: these findings implicate a
functional role for T2Rs as mediators of TSH stimulation. These findings also prompted
subsequent investigation of the T2R agonist effects on thyrocyte signaling.
Figure 20: T2R Agonist Effects on Ca2+ Signaling - Change in [Ca2+]i concentrations
with increasing TSH in the absence (black lines) or presence of a high (red lines) and low
(green lines) concentrations of the T2R agonists (A) chloramphenicol, (B)
cycloheximide, (C) denatonium benzoate, (D) or 6-n-propylthiouracil. 2-way ANOVA
(TSH concentration x T2R agonist treatment) were conducted for each treatment group to
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determine if T2R agonist concentation significantly affects the actions of TSH (A)
F2,7=15.1, p=1x10-11 (B) F1,7=5.5, p=3.4x10-8 (C) F1,7=6.6, p=4.4x10-10 (D) F1,7=1.5,
p=0.13. Error bars, s.e.m. Each point, n- values 3-12

3.3.1b T2R Agonist Effects on Iodide Efflux
To produce hormones, thyrocytes need both access to adequate concentrations of
iodide and the ability to transport it effectively into the follicular lumen. Iodide transport
in thyrocytes is controlled by a number of different factors, some of which are controlled
through TSHR mediated Ca2+ signaling. Based on a number of in vitro and in vivo
studies, it has been shown that TSH-mediated Ca2+ signaling strongly influences iodide
trafficking (see 1.2.2b; Ca2+ Signaling). Specifically, stimuli such as high concentrations
of TSH increase [Ca2]i, which subsequently, by a currently unclear mechanism, increase
iodide efflux rates. Iodide efflux refers to the movement of iodide across the apical
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membrane of thyrocytes into the follicular lumen, the area where iodide is used for
hormone production (61,63). Associations between Ca2+ signaling, iodide transport, and
the above results led me to speculate that T2R agonists may affect iodide efflux. To
determine if this was true I tested whether or not the previously used T2R agonists could
inhibit both TSH-mediated Ca2+ signaling and iodide efflux. The compounds I used to test
this were chloramphenicol and denatonium benzoate as they were the most effective
modulators of TSH-mediated Ca2+ signaling in Nthy-Ori 3-1 cells (Figs. 18, 20).
Furthermore, cognate receptors for these agonists are expressed in Nthy-Ori 3-1 cells
(Figs. 11,12 & Table 1). Briefly, the experimental set-up used to test efflux rates involved
incubating Nthy-Ori 3-1 cells with a radioactive iodide isotope 125I (loading), and then
measuring release rates of radioactivity over time (efflux) in the presence or absence of
varying stimuli (for details see Materials and Methods 5.5.2 Iodide Efflux). Iodide
efflux was assessed in loaded cells exposed to four different conditions: medium only,
medium supplemented with 333mU/mL TSH, medium supplemented with 333mU/mL
TSH and 1mM chloramphenicol, and medium supplemented with 333mU/mL TSH and
1mM denatonium benzoate (Fig. 21).
Figure 21: T2R Agonists Inhibit TSH Mediated Iodide Efflux - T2R agonists inhibit
TSH-dependent iodide efflux from Nthy-Ori 3-1 cells. Percent of 125I remaining in NthyOri 3-1 cells after TSH (333 mu/ml) stimulation in the absence or presence of the T2R
agonists chloramphenicol (Chlor 1 mM) or denatonium benzoate (DB, 1 mM) (for
detailed procedure see Materials and Methods 5.5.2 Iodide Efflux Assays). Error bars,
s.e.m. Each point, n ≥ 4. Inset, (Inset) A histogram was created using the average areaunder-the-curve (AUC) for each efflux rate line. Scheffe p < 0.05 vs. medium *, p < 0.05
vs. TSH #. Error bars, s.e.m. Each point, n-values 3-4
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The areas under the curves of the plotted lines were used to assess significant
differences in iodide efflux between the various conditions. As is illustrated in Figure 20
TSH significantly enhanced iodide efflux compared to medium only. However, when
TSH was combined with chloramphenicol, this enhancement was inhibited. Under these
conditions efflux is significantly reduced compared to TSH, and to medium. Whereas
when TSH was combined with denatonium benzoate, efflux rates were significantly
impaired compared to TSH, but not to medium. These results suggest that
chloramphenicol is the stronger calcium signaling inhibitor. This is based on the
observation that chloramphenicol caused greater inhibition of iodide efflux than
denatonium benzoate. Since iodide efflux is stimulated by [Ca2+]i, it would seem that
chloramphenicol is the stronger inhibitor of TSHR induced calcium signaling.
The results from this set of experiments indicate a significant inhibition of iodide
efflux in thyrocytes exposed to media supplemented with TSH and a T2R agonist,
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compared to those exposed to TSH-supplemented medium only. These results support a
functional role for T2Rs as mediators of thyrocyte signaling. This modulation is likely
associated with regulation of thyroid hormone production, as hormone production is
strongly linked to iodide transport.
3.3.2 Discussion
Identification of a functional role for thyroid T2Rs is vital for understanding how
and why the gland may respond to toxin insult. Additionally, knowledge of the actions of
the receptor system in this tissue may provide targets for therapeutic intervention of
thyroid disorders. Initial functional studies began by testing the effects of T2R agonists
on thyroid calcium signaling in the absence of other stimuli. These experiments showed
that T2R agonists had no effects on calcium signaling when administered alone. It was
not until T2R agonists were tested in conjunction with TSH (a well-documented regulator
of Ca2+ signaling) was a T2R-mediated effect was found. Although the mechanism of
action for this inhibition has not yet been determined it seemingly must involve some
cross communication between TSHR and T2R signaling.
During the time between these two experiments a number of other roles for
thyroid T2Rs were tested. For example experiments were conducted to test the effects of
T2R agonists on cAMP signaling and hydrogen peroxide production in thyrocytes. Both
of these sets of experiments found no T2R-mediated effects. However the hydrogen
peroxide experiments were not conducted in TSH-stimulated conditions. These
experiments were conducted before it was determined that T2R agonists inhibited TSHmediated Ca2+ signaling. Therefore the usage of TSH in the H2O2 experiments was not
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considered. However, in the future it may be useful to conduct these experiments in the
presence of TSH, since TSH stimulates Ca2+ release and Ca2+ is a key regulator of the
THOX1/2 enzymes, enzymes that produce H2O2. H2O2 is needed for the functioning of
TPO, the enzyme responsible for coupling iodide to TG (iodide organification). Since
inhibition in Ca2+ signaling is only found in cells simultaneously stimulated with TSH
and a T2R agonist, experiments looking at the effects of H2O2 production may require the
same paradigm to illustrate a detectable effect. Future experiments testing the effects of
T2R agonists on H2O2 production may prove fruitful, and can indicate thyroid T2Rs can
impact hormone production through inhibition of both iodide efflux and H2O2 production.
Experiments testing the effects of T2R agonists on [Ca2+]i indicate the T2R38
agonist PROP does not inhibit TSH-mediated rises in [Ca2+]i. This was unusual because
T2R38 mRNA and protein expression is detectable in Nthy-Ori 3-1 cells. The noneffect
was later explainable by the expression of a non-PROP-responsive T2R38 variant
expressed in the Nthy-Ori 3-1 cell line. To test if PROP noneffects are related to the AVI
(non-PROP-responsive) allele, Ca2+ experiments could be repeated in a cell line that
expresses a PROP-responsive receptor. One possible option for this is the FRTL-5 rat
thyrocyte line. If PROP was found to have an effect in a cell line with a PROP responsive
T2R it would support the dependence of T2Rs in our reported effect.
3.4

Bitter Taste Receptor Function in the Thyroid (In Vivo)
Study 3 aimed to expand on results found in Study 2, which found that T2R

agonists inhibit TSH mediated Ca2+ signaling and iodide efflux. Based on the TSHR
signaling cascade, it is reasonable to predict that these inhibitory effects lead to decreased
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thyroid hormone production. Therefore, Study 3 focused on testing the effects of T2R
agonists on T4 production in an in vivo model.
3.4.1 Results
3.4.1a Effects of SOA Exposure on T4 Levels in SWR/J and C57BL/6J Mice
Due to limitations of the Nthy-Ori 3-1 cell line, the effects of T2R agonists on
thyroid hormone production need to be studied in an alternative model system. The NthyOri 3-1 cell line in vitro model exhibits many normal thyrocyte functions but lacks the
ability to form follicular structures in our 2-dimensional cell culture system. Therefore,
these cells cannot produce thyroid hormones. To adjust for this, I switched to an in vivo
model system, the mouse. This model was selected based on ease of housing, familiarity,
and the abundance of inbred strains with varying taste thresholds to T2R agonists. Initial
studies were conducted using C57BL/6J and SWR/J strains. These two strains were
selected based on pronounced differences in taste thresholds to the bitter compound SOA.
SWR/J mice avoid SOA at concentrations as low as 1µM, whereas C57BL/6J mice show
no taste aversion at concentrations as high as 1mM (87). This difference in taste
sensitivity has been mapped to a genomic locus on chromosome 6 that contains 24 Tas2r
genes. This inter-strain difference leads us to predict that exposure to SOA would lower
T4 levels of SWR/J mice and have little to no impact on the C57BL/6J strain. Initial
experiments tested the effects of 1mM SOA (supplied in drinking water) on T4 levels in
C57BL/6J and SWR/J mice. These groups would be compared to C57BL/6J and SWR/J
mice receiving either pure water (vehicle control) or water supplemented with 3mM
PROP, an inhibitor of the TPO enzyme (positive control). Blood was collected via tail

56

vein lance prior to treatment, and after 7 days exposure time mice were euthanized and
blood was collected. Serum was separated from whole blood immediately after collection
and stored at -80° C. After all collections T4 levels in serum samples were evaluated
using a commercially available ELISA kit (Fig. 22). (for detailed procedure see
Materials Methods 5.6.2 Blood Collection and SOA and PROP Treatment).
Figure 22: SOA Effects on T4 Levels in SWR/J Mice - Supplementation of drinking
water with SOA had no noticeable impact on T4 levels in C57BL/6J or SWR/J mice
compared to levels before treatment started (Pre) or in vehicle control treated (Water)
(within strain). Water supplemented with PROP reduced T4 levels in both C57BL/6J and
SWR/J mice. Statistical analysis was not run due to small n-values. N-values (2-7), are
indicated in the graph, each dot represents one mouse. The mean for each group is
indicated by a horizontal line.

Results from these experiments suggest that SOA does not affect T4 levels in
C57BL/6J or SWR/J mice. This noneffect does not seem to be associated with a failure in
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functionality of the ELISA kit or blood sample quality as both positive and negative
controls in both strains produced expected results. PROP (positive control) a wellcharacterized antithyroid drug effectively reduced T4 levels in both strains, whereas
water alone (vehicle control) had no apparent effect on hormone levels in either strain.
Unfortunately, these experiments could not be completed because SWR/J mice
were not available in sufficient numbers. Subsequent experiments compared C57BL/6J
mice to DBA/2J mice, the latter of which are responsive to SOA in taste tests.Even so,
the noneffect associated with SOA does not definitively mean SOA is an ineffective
thyroid inhibitor in the SWR/J stain. A number of possibilities may explain the inability
of SOA to reduce hormone production. One, non-effects may be attributed to faults with
the route of exposure. SOA at the concentrations used is highly aversive to SWR/J mice.
Therefore, SWR/J may have simply refused to drink adequate quantities of SOAsupplemented water. Monitoring water consumption was difficult since the water bottles
used in the mouse cages had a tendency to drip. It could not be determined if water
released from the bottles was being consumed by the mice or simply dripping onto the
cage bedding. To adjust for taste aversion mice were given daily sub-cutaneous (SC)
injections of PROP, SOA, or saline. SC injections insures that all mice are receiving a
known concentration of a given compound on a given time interval. As SWR/J mice were
not obtainable, we revised our experiments to incorporate a different SOA-responsive
strain.
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3.4.1b Effects of SOA Exposure on T4 Levels in DBA/2J and C57BL/6J
Like SWR/J mice, the DBA/2J strain shows avoidance of SOA. At concentrations
of 1mM SOA DBA/2J mice nearly completely avoid SOA-supplemented water in a two
bottle preference test, whereas C57BL/6J mice show no aversion at this concentration
(88). Although the DBA/2J strain has a higher taste threshold for SOA compared to
SWR/J mice, both strains have greater sensitivities than C57BL/6J mice (87,88). For this
reason we believe the DBA/2J strain would be suitable to selectively test the effect of
T2R agonist exposure on thyroid hormone levels.
Similar experiments to those described above were performed in DBA/2J and
C57BL/6J mice. Mice were given pure saline or saline containing PROP or SOA via
0.5ml subcutaneous injections. Subcutaneous injections were chosen because dosage can
be controlled, the route is minimally invasive, and involves minimal mouse handling.
Intraperitoneal injections (IP) was a secondary option, but was avoided due to stress
associated to increased animal restraint and danger of damage to internal organs from the
injection procedure. Since several mice would be given injections daily for 7 days, the
route of administration that would place the least amount of strain, and risk on the
animals was chosen. Mice were given 20.4 mg/kg PROP, 36.0 mg/kg SOA in saline, or
0.9% saline (vehicle control) daily for 7 days. PROP dosage was based on previously
used concentration shown to reduce T4 levels (99,100). And SOA dosage was based
mouse taste thresholds for SOA (101). To assess initial T4 levels, prior to treatment blood
was collected via tail vein lance. After 7 days of exposure mice were euthanized and
blood was collected to assess the effects that treatments had on T4 levels. For all
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collections serum was separated from whole blood immediately after collection and
stored at -80° C. After all collections T4 levels in serum samples were evaluated using a
commercially available ELISA kit (Fig. 23) (for detailed procedure see Materials
Methods 5.6.2 Blood Collection and SOA and PROP Treatment).
Figure 23: SOA Effects on T4 Levels in DBA/2J Mice - Daily subcutaneous injections
of SOA had no significant impact on T4 levels in either C57BL/6J or DBA/2J mice
compared to levels before treatment started (Pre) or vehicle control (Saline) (within
strains). Daily subcutaneous injections of PROP significantly reduced T4 levels in both
C57BL/6J and DBA2/J mice compared to all other treatment groups (within strain).
Statistics Games-Howell, C57BL/6J - Pre vs. Saline: p=0.279 , Pre vs. SOA: p=0.312,
Pre vs. PROP: p= 5.0x10-6 Statistics DBA/2J - Pre vs. Saline: p=0.081, Pre vs. SOA:
p=0.065, Pre vs. PROP: p= 4.0x10-6. Stats calculated using 2-way ANOVA and GamesHowell Post-Hoc test. N-values (5-22), are indicated in the graph, each dot represents one
mouse. The mean for each group is indicated by a horizontal line. Games-Howell p <
0.05 vs. pretreatment # .

These experiments indicate SOA has no effect on T4 levels in the DBA/2J mouse
strain. The non-effect does not appear to be associated with technical failure of the
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experimental setup, as standards used to generate the standard curve ran accurately.
Furthermore saline (negative control) and PROP (positive control) produced expected
results within the C57BL/6J strain. Saline treatment had no significant effect on T4
levels, whereas PROP treatment significantly reduced T4 levels (significance was
measured using 2-way ANOVA and the Games-Howell post-hoc test). These results were
replicated in the DBA/2J strain but the effects were not as pronounced. T4 levels in
saline- and SOA-treated DBA/2J mice are reduced compared to T4 levels prior to
treatment. The reduction is not statistically significant but is close (pre vs. saline p-value
of .081, pre vs SOA p=0.065). Post-treatment T4 levels of DBA/2J show no significant
difference between saline or SOA treatment, however there is a significant reduction in
T4 levels of the PROP-treated group. These results suggest T4 levels in DBA/2J mice are
impacted by treatment administration (possibly stress associated with injection or
handling). It is interesting that this effect is limited to this strain, and it is difficult to
interpret why. However the impact is not enhanced or reduced with the addition of SOA.
Furthermore PROP treatment did significantly reduce T4 levels compared to all other
conditions, indicating the success of the positive control. Interestingly the DBA/2J strain
has significantly higher baseline T4 levels than C57BL/6J or SWR/J mice, whereas there
is no significant difference in T4 levels between the C57BL/6J and SWR/J strains.
Enhanced T4 levels in DBA/2J mice may make T2R-mediated thyroid modulation more
difficult to detect.
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3.4.2 Discussion
I was unable to detect significant alterations in T4 levels in SWR/J or DBA/2J
mice in response to SOA exposure. However, based on a number of uncertainties
associated with SOA and what T2r or T2rs respond to SOA the non-effect should not be
considered proof of rejection of the initial hypothesis that thyroid T2Rs modulate
hormone production.
The pharmacokinetics of SOA and which T2rs are activated by SOA is
undetermined. SOA tastes bitter to humans, and at varying concentrations different
strains of mice show aversion to SOA in a two-bottle preference test. However, it is
unknown what T2r or T2rs respond to SOA. For this reason it is uncertain whether SOA
would be a likely candidate to activate thyroid T2rs. Without knowing the cognate T2r or
T2rs for SOA, determining if the receptor or receptors are expressed in the thyroid can
not be accomplished. Based on mRNA expression patterns in Nthy-Ori 3-1 cells and
human thyroid, it appears that T2Rs are expressed at varying levels. It is possible that the
T2r/T2rs that are activated by SOA are simply not expressed in mouse thyrocytes, or are
expressed at levels too low to cause any significant effect. In this situation an SOA noneffect would be an expected result. However until the mouse SOA T2r is de-orphanized
this cannot be tested.
The unknown pharmacokinetics of SOA makes using the compound as a thyroid
T2R agonist complicated. It is unknown what concentrations of SOA may be reaching the
thyroid when administered orally or subcutaneously. It is possible that in both situations
the concentrations reaching the thyroid were not high enough to activate T2rs.
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Additionally the half-life of SOA in mice is unknown. It may be the case that SOA does
not stay intact in a mouse long enough to inhibit hormone production. Sustained T2R
activation and inhibition of iodide efflux may be required to significantly inhibit hormone
production. SOA may not be able to concentrate in the thyroid at high enough levels for
long enough periods of time to accomplish this.
The aim of in vivo studies for my thesis was to determine the effects of T2r
agonists on thyroid hormone production in a live mammalian model (mouse). Under ideal
conditions a T2r agonist would have been used that has a known cognate T2r that is
expressed at high levels in mouse thyrocytes, and has been shown to alter Ca2+ signaling
and iodide efflux in vitro. Additionally, to prove that the effect was T2r-mediated, the
effect of the T2r agonist must be abolished when the receptor is absent or non-functional.
Without this last criterion it cannot be determined if the effects are definitively T2Rmediated or a side effect of the compound. This is important because many studies
proposing extraoral T2R functions fail to address this. To progress and validate the field
of extraoral T2R function, the effects of T2R agonist administration and outcome need to
be directly linked to T2R activation. For these reasons in in vivo testing we decided that it
was only appropriate to use a T2r agonist that would have a noneffect in a given
treatment group due to an alteration in T2r function. As previously discussed, DBA/2J
and SWR/J mice have far lower thresholds for avoidance of SOA than C57BL/6J mice.
This is presumably associated with a T2r polymorphism, generating SOA tasters and nontasters. For these reasons we chose SOA. If SOA administration had an effect on either
DBA/2J or SWR/J mice and a lack of effect on C57BL/6Js, it would indicate a direct T2R
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mediated effect. Although there are a number of uncertainties associated with SOA, it is
the only bitter-tasting compound known to have varied potencies in different mouse
strains. Although other T2r agonists could be used, ones that are better understood and
have known cognate T2rs, we felt that it was most important to be able to show that
effects are directly T2R-mediated. This criterion was placed as the highest priority in
agonist selection.
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4. SUMMARY, DISCUSSION, AND FUTURE DIRECTIONS

4.1

Summary
Initial experiments determined that T2Rs are expressed in the thyroid. These

experiments focused primarily on mRNA expression assessed by RT-PCR and qRT-PCR
(see section 3.2.1a mRNA Expression). In these studies, it was found that the majority of
human T2R transcripts are present in Nthy-Ori 3-1 cells and human thyroid. Additionally,
immunohistochemical experiments determined that T2R38 and α-gustducin protein are
expressed in Nthy-Ori 3-1 cells and human thyroid tissue sections (see section 3.2.1b
Protein Expression). qRT-PCR experiments show that expression levels between T2Rs
are variable (see sections 3.2.1a; mRNA Expression). mRNA expression levels of highly
expressed T2Rs from human thyroid are similar to expression levels of the NIS, a
physiologically relevant thyrocyte-expressed membrane protein (data not shown). This
indicates highly expressed thyroid T2Rs should be present at levels sufficient to alter
thyrocyte signaling and thyroid function.
After identifying T2R mRNA and protein expression, experiments were designed
to identify a functional role for thyroid T2Rs. This was first done using the Nthy-Ori 3-1
in vitro model system (see section 3.3 Bitter Taste Receptor Function in the Thyroid
In Vitro). These studies show Nthy-Ori 3-1 thyrocytes exposed to TSH in conjunction
with a T2R agonist exhibit significant inhibition of TSH-stimulated rises in [Ca2+]i. This
effect is not reproducible using the T2R38 agonist PROP, despite mRNA and protein
expression of the receptor in Nthy-Ori 3-1 cells (see section 5.5.1 Ca2+ Detection
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Assays). This noneffect is explainable by Nthy-Ori 3-1 expression of a common nonPROP responsive T2R38 allele. (see section 5.5.1 Ca2+ Detection Assays). In addition to
alterations in Ca2+ signaling it has also been shown T2R agonists inhibit TSH mediated
iodide efflux, a event stimulated by increased [Ca2+]i (see section 5.5.2 Iodide Efflux
Assays). These T2R agonist-associated alterations in TSHR signaling predictably impact
hormone production, since [Ca2+]i and iodide efflux control iodide availability (a rate
limiting step in hormone production).
To test if T2R associated signaling impacts hormone production, the effects of a
T2R agonist were studied in an in vivo model (mouse) (see section 3.4 Bitter Taste
Receptor Function in the Thyroid In Vivo). These studies show T4 production is not
altered when mice are exposed to the bitter tasting compound SOA. The cognate T2r for
SOA is unknown. Therefore, it cannot be determined if a SOA-responsive T2r is
expressed in mouse thyroid. Additionally the uncertain pharmacokinetics of SOA makes
dosage estimation difficult. For these reasons the noneffect shouldn’t be considered proof
that thyroid T2Rs do not mediate hormone production. Despite the number of
uncertainties associated with the usage of SOA it is the only known bitter-tasting
compound to display high and low taste thresholds in different mouse strains (see section
3.4 Bitter Taste Receptor Function in the Thyroid In Vivo). Varying taste thresholds
indicate these mice have SOA responsive T2rs with varied sensitivities to SOA. For this
reason in these mouse strain differences in SOA-induced changes in T4 levels can be
associated with activity of the SOA T2r. The ability to directly associate a positive effect
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of a T2r agonist with a T2r was placed at a premium, and for this reason SOA despite its
flaws was chosen as the T2r agonist to test.
4.2

Discussion
Activation of thyroid T2Rs may decrease hormone output in response to

environmental pressures. Food shortage is a problem foreign to today’s modern societies,
however it was a fact of life for early humans. During these times the only available
nutrients may have been from undesirable plant sources containing high concentrations of
bitter toxins. Despite natural aversion to diets of this nature these situations may have
made intake of this type of foodstuff a survival necessity. In times of food shortage it
would be beneficial to reduce energy expenditure and promote energy storage. Both these
steps could be accomplished through a reduction in thyroid hormone production. For
these reasons it is conceivable that high circulation of bitter tasting plant toxins could
activate thyroid T2Rs and reduce thyroid hormone production. This could serve as a
protective measure during times of food scarcity.
The idea that thyroid T2Rs could serve as a detection and response system to
environmental restrictions on food availability is intriguing, and a mechanism governing
this possible role may be linked to experimental results outlined in my dissertation. My in
vitro studies show T2R agonists inhibit TSH mediated increases in [Ca2+]i and iodide
efflux, actions that regulate T3 and T4 production (see section 3.3 Bitter Taste Receptor
Function in the thyroid). Activation of thyroid T2Rs during times of increased bitter
plant consumption may inhibit stimulatory actions of TSH, reducing T3 and T4
production as a protective response to environmental signals. The recent discovery of a
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T2R42 SNP may also provide supportive evidence for inhibitory actions of thyroid T2Rs.
This T2R42 SNP is associated with altered T3, T4, and TSH levels in a human cohort
(unpublished data). The minor allele for this SNP is associated with decreased TSH
levels, but increased free T3 and free T4 levels. This suggests that the major allele for this
SNP is associated with TSH inhibition, and the minor allele may represent a nonfunctional T2R42 receptor. If the major and minor alleles represent functional and nonfunctional T2R42 receptors, the loss of function may result in decreased TSHR inhibition
leading to elevated hormone production. This interpretation fits with my experimental
data and supports the idea that thyroid T2Rs serve as inhibitors of TSHR signaling.
4.3 Future Directions
We have recently discovered, and begun characterization of thyroid T2Rs. Since
we have only begun to study this system our findings raise many more questions than
answers, questions such as what signaling networks do thyroid T2Rs interact with, and
how is this signal propagation different than in gustation? Furthermore, this study
outlines our recent findings of T2Rs in the thyroid. This study like other recent studies
report T2R expression in novel tissue and cell types ranging from the upper and lower
airways to the gut (26-36). The number of these recent findings raises the question, what
other areas are T2Rs expressed in, and what do they do there?
4.3.1 T2R and TSHR Signaling
Our findings indicate that thyroid T2R activation modulates TSH-induced TSHR
signaling. Application of T2R agonists inhibit TSH induced rises in [Ca2+]i (see section
3.3.1a Ca2+ Signaling). This would suggest that T2R signaling interacts with the PLC/IP3
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branch of the TSHR network. This is not entirely surprising as T2R signaling often
utilizes this pathway (4-6). However, what is surprising is that thyroid T2R signaling
appears to inhibit Ca2+ release triggered by this cascade. This is surprising because
generally T2R-mediated signals results in activation of the PLC pathway and stimulation
of Ca2+ release. Although this finding is surprising it is not completely novel. Recently
T1R2/3s in nasal solitary chemosensory cells have been implicated as inhibitors of PLC
induced Ca2+ release (36). This recent study reports a second example of inhibition of
Ca2+ signaling by a taste associated GPCR. How T1Rs in the nasal epithelium and T2Rs
in thyrocytes may be inhibiting Ca2+ release has not been determined. However, both
receptor types may be recruiting the same molecular machinery to accomplish a similar
outcome.
Variation in TSHR activity by T2R signaling seemingly involves some crosstalk
between TSHRs and T2Rs. Downstream signal from both receptors presumably converge
somewhere in the PLC/IP3 network upstream of Ca2+ release. How T2R activation may
inhibit the PLC branch of TSHR signaling is an intriguing and difficult question to
answer, particularly because of the complex nature of TSHR signaling. As has been
previously discussed, the TSHR activates both Gαq/11 and GαS signaling pathways (see
section 1.2.2 Thyroid Stimulating Hormone and the Thyroid Stimulating Hormone
Receptor). Exactly how this is accomplished is still unclear. However, it seems to involve
receptor dimerization and binding site saturation (69,91). T2Rs may somehow modulate
the ability of TSHRs to recruit Gαq/11, thus inhibiting Ca2+ release. Alternatively, T2Rs
may inhibit some branch of the Gαq/11 signaling pathway itself. Either scenario would
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reduce Ca2+ release. In both cases it would seem that T2Rs are coupling alternative G
protein subunits that lead to inhibitory actions of TSHR-dependent Ca2+ signaling.
Possibly, thyroid T2Rs could inhibit Ca2+ release through inhibition of the IP3 R. IP3 R
inhibition could occur through T2R activation of Gαs, leading to cAMP accumulation,
activation of PKA, and inhibition of the IP3 R via phosphorylation by PKA. Alternatively,
it is unknown what βγ subunits are coupling T2Rs in thyrocytes. It is possible that these
components are the ones working to generate the effects we are seeing. Investigation into
what G proteins are associated with thyroid T2Rs could possibly determine how thyroid
T2Rs inhibit TSHR signaling.
TSHR signaling networks are very interesting as the receptor is capable of
activating two pathways upon stimulation of TSH. Upon binding of TSH the TSHR can
initiate both Gαq/11 and GαS mediated pathways resulting in either cAMP or Ca2+
propagated cascades (see section 1.2.2 Thyroid Stimulating Hormone and the Thyroid
Stimulating Hormone Receptor). TSH activates the TSHR GαS signaling pathway at far
lower concentrations than what is required for Gαq/11 signaling. Understanding how the
TSHR interacts with both signaling networks may provide insight into how thyroid T2R
activation may impact TSHR signaling. Currently it is unclear how exactly the TSHR
propagates two distinct signaling cascades at different sensitivities to TSH. Some models
support a system that requires multiple TSH binding sites on a TSHR homodimer to be
occupied in order to propagate Ca2+ signaling (69,91). This evidence suggests that the
TSHR is capable of undergoing multiple conformation changes allowing it to bind and
activate multiple g-proteins. Possibly something involving T2R activation results in
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alterations of TSHR conformation, inhibiting binding or activation of Gαq/11. An
interesting direction of research could involve experiments aimed to determine if T2R
activation has any effect on TSHR dimerization or ligand binding.
Another way T2R activation may inhibit TSHR Gαq/11 signaling could involve
kinase activation and downstream inhibition of the Gαq/11 cascade. The Gαq/11 cascade
stimulates Ca2+ release via activation of the IP3 R on the endoplasmic reticulum. A
number of kinases have been associated with inhibited Ca2+ release from the IP3 R, most
notably PKA (92, 93). Possibly kinase recruitment by T2R signaling cascades could alter
binding dynamics of the TSHR. An interesting set of future experiments could involve
testing for increased kinase activity in thyrocytes exposed to T2R agonists.
4.3.2 Further Extraoral T2R Studies
The number of known T2R-expressing tissues is continually expanding, along
with an increasing number of associated functions. An example of an intriguing new
extraoral T2R function involves pathogen sensing and innate immunity. In the upper
airway, T2Rs in solitary chemosensory and ciliated epithelial cells have been associated
with innate immune defenses. Here T2Rs respond to AHLs (quorum-sensing factors
released by some bacteria) and other T2R agonists by propagating anti-pathogenic actions
(33,34). This system is very interesting because it describes a new type of pathogen
detection. The discovery of this system in the upper airways leads one to ask, what other
T2R bacterial-sensing and response systems exist in other tissue types? I would speculate
that any area of the body particularly prone to exposure and infection by bacteria,
especially bacterium that release AHL, would be likely candidates. In particular, cells of
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the stomach and gut would seem likely to express bacteria sensing T2Rs. It has been
shown that T2Rs are present in enteroendocrine cells in the gut, where they have been
associated with modulation of gut-released hormones (26-29, 43). Additionally, T2Rs and
associated signaling machinery expression have been reported in tissue samples collected
from mouse stomach and intestine (90). Furthermore T2r131 shows expression in goblet
cells of mouse colon (90). As the stomach and intestines are areas highly prone to
exposure to many types of bacteria, T2Rs in these areas may facilitate actions to rid the
environment of harmful bacteria, as occurs in the upper airways; or possibly they may
also work in some capacity to sense and regulate normal and healthy flora.
Some bacteria reside within the stomach and are the cause of chronic disease
states. A bacterium like this is Helicobacter pylori (H. pylori). H. pylori shares many
characteristics with bacteria found to secrete T2R38 agonists (89 & 33-34). A majority of
individuals, but not all, develop symptoms associated with H. pylori infection. A T2R
polymorphism could explain the susceptibility. Although this association is speculative, it
provides many avenues of interesting research.
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5. MATERIALS AND METHODS

5.1 Nthy-Ori 3-1 Cell Culture
Nthy-Ori 3-1 cells (Sigma-Aldrich) were cultured in RPMI 1640 medium
containing 2.05 mM L-Glutamine, 25.03 mM HEPES (Life Technologies, Gibco), and
10% fetal bovine serum (Atlanta Biologicals). Cells were maintained at 37 ºC with 5%
CO2, and used between passages 17 and 30.
5.2

Polymerase Chain Reaction

5.2.1 RNA and cDNA Preparation
Human and mouse thyroid RNA was purchased from BioChain Institute, Inc.
(Newark, CA) and Clontech Labroratories, Inc. (Mountain View, CA), respectively.
RNAs were confirmed DNA free by manufacturers. Nthy-Ori 3-1 RNA was collected
with Trizol (Life Technologies, Ambion) following the manufacturers protocol. Nthy-Ori
3-1 RNA samples were then DNase-treated following the manufacturers protocol (DNase
1 amplification grade; Life Technologies, Invitrogen). Nthy-Ori 3-1 and human thyroid
RNA was converted to complementary DNA (cDNA) using the “iScript Select cDNA
synthesis kit” (Bio-Rad Laboratories) following the manufacturers protocol.
5.2.2 Reverse-Transcription Polymerase Chain Reaction (RT-PCR)
Target genes from cDNA pools were amplified with gene-specific primers
(Tables 2 and 3) using TaqPro complete DNA polymerase (Denville Scientific), and a
MJ Mini thermocycler (BioRad). Amplified products were separated by electrophoresis
on ethidium bromide supplemented agrose gels. Bands were visualized using ultraviolet
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light. Selected bands were cut from gels for sequencing. DNA was extracted from cut
gels using a “QIAEX II Gel extraction kit” (Qiagen). Extracted DNA was prepared for
sequencing using either one of two techniques. Technique one, extracted DNA was
purified using a “DNA Clean & Concentrator-5” kit (Zymo Reseach). Extracted DNA
was ligated into plasmids using the pGEM-T Easy Vector System I (Promega). Plasmids
were transfected into E.coli (MAX Efficiency DH5α; Invitrogen), using 30s heat shock at
42 C. Transformed E.coli were spread on LB agar plates containing 100 mg/ml ampicillin
(Sigma). Plates where pre-coated with 20 mg/ml 5-bromo-4-chloro-3-indolyl-β-Dgalactopyranosid (X-Gal) (American Bioanalytical) and 200mg/ml isopropyl β-D-1thiogalactopyranoside (IPTG) (Sigma). Plates were pre-coated by adding 20 ul of X-gal
and 20 ul IPTG onto the plates, this was spread using glass beads, then allowed to dry.
PCR reactions using specific primers were run on selected colonies to verify the inclusion
of target DNA. Verified colonies were grown overnight, and plasmid DNA was collected
using a “QIAprep Spin Mini Prep Kit” following manufacturers protocol (Qiagen
Technologies). Collected DNA was sent to a University service for sequencing. Returned
sequences were compared to reference mRNA sequences using “NCBI BLAST
“ (software available on National Center of Biotechnology Information website). Blasted
query sequences were arranged into proper orientation and translated using MacVector
software (MacVector; Cary, NC). Pairwise comparison of querying translations and NCBI
reference protein sequences where conducted using MacVector in order to determine the
presence of amino acid variations in selected T2Rs.
Table 2: Oligonucleotide sequences for human T2Rs, α-gustducin, and GAPDH used
in RT-PCR
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Gene Product
T2R1
T2R3
T2R4
T2R5
T2R7
T2R8
T2R9
T2R10
T2R13
T2R14
T2R16
T2R20
T2R30
T2R31
T2R38
T2R39
T2R40
T2R41
T2R42
T2R43
T2R45
T2R46
TS2R48
T2R50
T2R60
α-gustducin
GAPDH

Forward Primer

5' -CACAGAAAAATGGCTCCGCTG
5’-TGATTCTGTCTGGCACTCAGTTCAC
5’-GGGTCAAAAGCCATAGAATCTCCTC
5'- TCTCGCTTGAAGACAGATTACGG
5'- GGTGATTTCCTGGATTCTACTGGG
5'- CCTCTCATCCACTTTTTCTCTGGC
5’-TTGCGATTCTTCTGGGGTCC
5’-GAAAGTCACACTTCCGTCGAGC
5'-TTACAAAGGACACAGAGACCCCAG
5'- GGTGCTGCTTCTTGTGACTTCG
5'- TGGAGCATCTACCAAGAAACAGC
5'- CCAATCATTTCAGCATCTGGCTTG
5'- TTGTTCTGGTGATACTGTTGGGG
5'- ATTCTGGTGATGCTGTTGGGGC
5’-CTGGAGTTTGCAGTGGGGTTT
5'- CTCCAGACACCAAAGAGAAGCAAC
5'- CACTGGTGACCGCATTATGTTG
5'- CCTTCTTCGTGTTGCTCTTTAGCC
5'- AGGTGGAGGATGAACGGAATG
5’-CATTCTGGTGATGTTGTTGGGG
5'- CGTTGGTAAATTCCACCGAGTG
5'- TGGCAGTCTCCAGAGTTGGTTTAC
5'- TTGTTCTGGTGATACTGTTGGGG
5'- TGTCATTCTGGTGATACTGTTGGG
5'- CGGAGAATGTTGTTGCCTTGTG
5’-GCAGAGGACCAACGACAACTTTATG
5’-CCCTCCAAAATCAAGTGGGG

Reverse Primer

5' -GCTGGCAACCTTGGCACAATAG
5’ -TGGCGATTTTCAGGCAGTAGAG
5’AAGGTCACAAACCAGACACTGCTC
5'- TCTAAAACTCCAGACCACCAGGC
5'- CATTAGGCACACACAAAAGGGG
5'- GCAATCTCTCCAAACTCCACAGC
5’-TGGCTTGATGGGAAAATGACAG
5’-AACATCCATCTCTTCCCAAGGTG
5'-CAGAAGAAAGGAGTGGCTTGAAGG
5'- AACTCCTCTGTGGGCTTTGGTG
5'- AAATAAGACGGCAAGGGACCTC
5'- CGTTTCCTTCACATTCTTCTGTCC
5'- GCTTTTATGTGGACCTTGGTGC
5'- TTATGTGGACCTTGGTGCTGGG
5’-GCAAAGAATAATACCCAGGAG
5'- CACAGAAGCCAGGGTATCAATCC
5'- ACTGACAGCCTGAGAAGCCAAG
5'- CCAGATGACCAGTTTCAGGGATG
5'- AAGCAAGGAGGTCAGGAACAGAG
5’-TTTATGTGGACCTTGGTGCTGG
5'- AATATGCTGAGGCTAGTAGCAGGC
5'-ATCAGGGTCAGAGTGAAGGGAAC
5'- TCCTTTGCTATGGAGCCGCATC
5'- TTTATGTGGACCTTGGTGCTGAG
5'- TCAGGAAGTCCCACTGGAAAGC
5’-TTGAGGAACAGGACAATGGAGG
5’-AGCAGTTGGTGGTGCAGGAG

Table 3. Oligonucleotide sequences for mouse T2rs and GAPDH
Gene Product
GAPDH
T2r131

Forward Primer

5’-CACGAGAAATATGACAACTCA
5’-TGTTTGGCAGCTTCCAGAATC

Reverse Primer

5‘-GTTCAGCTCTGGGATGACCTT
5’-CCAAATAGGAAGTGTTTCAAG

5.2.3 Quantitative Real-Time Polymerase Chain Reaction
qRT-PCR experiments were conducted using specific primers (Table 2) and
“SsoFast EvaGreen” reagent solution (Bio-Rad Laboratories) on a CFX96™ Real-Time
PCR System (Bio-Rad Laboratories). The presence of a single amplicon species was
verified by melting curve analysis as well as agarose gel electrophoresis. Expression
levels were not quantified but compared to a reference gene GAPDH.

Table 4. Oligonucleotide sequences for human T2Rs, α-gustducin, and GAPDH used in
QRT-PCR experiments
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Gene Product
T2R4
T2R10
T2R38
T2R43
α-gustducin
GAPDH

5.3

Forward Primer

5’-CTGTACATCACGCTTAGCCAG
5’-AACTACATATTTCTCTGGTTG
5’-CTGACCAATGCCTTCGTTTTC
5’-CTTCACTTAAAGAGGAGAGTT
5’-CTCAATGACTCAGCAGCTTAC
5’-CATTGACCTCAACTACATGGTT

Reverse Primer

5’-AGAAACCACTAAAGACAAGAT
5’-CGCAATGTATGCAAAATTAAG
5’-AAGCCGGCTGATGCTGAGACA
5’-AATCTCATTCATGTTTATCAC
5’-CGTTTTCACTCGAGAATGGAG
5’-CCATTGATGACAAGCTTCCC

Immunohistochemistry

5.3.1 Nthy-Ori 3-1
Nthy-Ori 3-1 cells were grown overnight to ~ 50% confluence on gelatin-coated
chamber slides (Thermo Scientific, Nunc), and then fixed with 4% paraformaldehyde
(PFA). Antibody labeling followed standard practices. In short, after fixation, tissue slides
were washed with phosphate buffer saline (PBS) 3 times for 5 min with gentle agitation
(W.G.A.). Next tissue slides were blocked in a solution of TBST (0.1M Tris-HCL 0.9%
NaCl; pH 7.4 + 0.3% Triton X-100), 1% bovine serum albumin (BSA), and 1% normal
donkey serum at room temperature for 30 min. Following blocking, tissues slides were
incubated in blocking solution with primary antibodies (see dilutions below) overnight at
4°C. Tissue slides were then washed 3 times for 5 min in TBST. Following wash, tissue
slides were incubated with secondary antibodies in blocking solution (see dilutions
below). Tissues were again washed 3 times for 5 min in TBST. When using biotinylated
secondary antibodies, tissues were incubated with streptavidin-conjugated CY2 or CY3
(see below) in blocking solution at 1:1000 for 1 hr at 4 degrees Celsius. Tissue was again
washed 3 times for 5 min in TBST at 4°C. Lastly tissue was incubated with 1:1000 4',6diamidino-2-phenylindole (DAPI) in PBS for 10 min, then rinsed twice with PBS.
Stepwise incubations were conducted for samples co-labeled with primary antibodies
from the same species. Slides were then mounted with ~100ul of fluorescent mounting
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medium (made in department Core Facility) and cover-slipped to preserve the tissue and
fluorescent molecules. Nthy-Ori 3-1 cells were labeled with the following antisera: αgustducin (sc-395; Santa Cruz) 1:500, T2R38 (ab65509; Abcam) 1;1000, and E-cadherin
(sc-7870, Santa Cruz) 1:1000. Immunoreactivity was visualized using the fluorescent
linked secondary antibodies donkey anti-rabbit CY2 (711-225-152; Jackson
Immunoresearch), biotinylated donkey anti-rabbit (711-065-152; Jackson
Immunoresearch), streptavidin-linked CY2 (016-220-084; Jackson Immunoresearch)
1:1000, and streptavidin-linked CY3 (016-160-084) 1:000 (For visualization techniques
see Materials and Methods 5.3.3 Image Collection).
5.3.2 Human Thyroid
Formalin Fixed Paraffin Embedded (FFPE) human thyroid tissue was purchased
from ILSBIO LLC (Chestertown, MD). Cryostat sections (14 µm) were collected onto
slides, and subsequently deparaffinized and rehydrated through immersion in Histoclear
(5 min then 1 min), 100% ethanol (2x 1 min) , 70% ethanol (1 min), and PBS. Human
thyroid tissue slides was labeled following the same procedure as Nthy-Ori 3-1 slides
(see Materials and Methods 5.3.1 Nthy-Ori 3-1).
5.3.3 Image Collection
Images were collected on an Olympus confocal microscope using FluoView
software (Olympus, Tokyo, Japan). Brightness and contrast levels of collected images
were adjusted on Adobe Photoshop CS (Adobe Systems, San Jose, CA, USA). All aspects
of a single image where adjusted identically, but separate images where adjusted
independently.
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5.4

Mice

5.4.1 Tas2r131Cre/+/Rosa26tauGFP/+ and Rosa26tauGFP/+ Background
T2r131Cre/+ with crossed with Rosa26-loxp-stop-loxp-tau-GFP mice, resulting in
cre-dependent recombination of the Rosa26 locus. Induced recombination in these
crosses produced mice expressing Rosa26-driven Tau-GFP in cells with an active T2r131
promoter. Rosa26tauGFP and Rosa26-loxP-stop-loxP-tau-GFP controls were a generous
gift from the labratory of Dr. Wolfgang Meyerhoff. Mice were perfused with and stored
in 4% paraformaldehyde prior to shipment. When the mice arrived thyroids were
removed and cryoprotected in 15% and 30% sucrose overnight. Tissue was embedded in
O.C.T compound (Tissue-Tek). Tissue frozen in a O.C.T. block was sectioned on a
cryostat at 10 µm and mounted onto “Superfrost Plus Microscope Slides” (Fisher
Scientific). Slides were then coverslipped with fluorescent mounting media (for
visualization techniques see Materials and Method 5.3.3 Image Collection)
5.4.2 C57BL/6J Husbandry
Male C57BL/6J mice, aged 10-14 weeks, were used in in vivo functional studies.
Mice were purchased from The University of Maryland, Baltimore Veterinary Services.
Mice were given normal chow diet and water ad libitum, with the exception of mice
given SOA and PROP supplemented water (provided ad libitum).
5.4.3 DBA/2J Husbandry
Male DBA/2J mice, aged 10-14 weeks were used in in vivo functional studies.
Mice were purchased from Jackson Laboratories. Mice were given normal chow diet and
water ad libitum.
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5.4.4 SWR/J Husbandry
Male SWR/J mice age 10-14 weeks were used in in vivo functional studies. Mice
were purchased from Jackson Laboratories. Mice were given normal chow diet and water
ad libitum, with the exception of mice given SOA and PROP supplemented water.
5.5

In Vitro Functional Studies
In vitro functional studies were subdivided into two sub-aims, which assessed

changes in follicular cell Ca2+ signaling and iodide efflux. Both experiments were
conducted using the Nthy-Ori 3-1 human follicular cell line.

5.5.1 Ca2+ Detection Assays
Nthy Ori 3-1 cells were seeded in black clear bottom 96 well plates (Corning, Life
Sciences) at a density of 20,000 cells/well. Plates were incubated overnight or until 95%
confluent in 100 µl RPMI 1640 (see Materials and Methods 5.1 Cell Culture). Cells
were loaded with a Ca2+ indicator dye using a “Fluo-4 NW Calcium Assay Kit” following
manufacturers protocol (Life Technologies; Molecular Probes). Changes in intracellular
Ca2+ were measured using a FlexStation 3 Benchtop Multi-Mode Microplate Reader
(Molecular Devices, LLC Sunnyvale CA), via assessments of light emitted after
excitation of the indicator dye. Two sets of experiments were performed. In set 1 cells
were stimulated with 333 mu/ml of bovine thyrotropic hormone (TSH) (Sigma-Aldrich)
in the absence or presence of various T2R agonists; denatonium benzoate (SigmaAldrich), chloramphenicol (Research Products International Corp.), cycloheximide
(Sigma-Aldrich), camphor (Sigma-Aldrich) colchicine (Sigma-Aldrich) and 6-npropyl-2-thiouracil (Sigma-Aldrich) at concentrations ranging from 0.0156 - 1.0 mM. In
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set 2 cells were stimulated with a high and low concentrations of denatonium benzoate,
chloramphenicol, cycloheximide, 6-n-propyl-2-thiouracil, and a concentration gradient of
TSH ranging from 10.4 - 666 mu/ml. Fluorescence measurements were collected for 3
min at 2 sec intervals following stimulation. [Ca2+]i levels were quantified in relative
fluorescent units (RFU). Alterations in fluorescence were measured using RFU peaks
above baseline. Each data point represents the average RFU peak for an n-value of at
least 3. Statistical differences between treatment groups were assessed using 2 way and 1
way ANOVAs.
5.5.2 Iodide Efflux Assays
Iodide efflux was measured using a protocol adapted from Weiss and colleagues
(61). Briefly Nthy Ori 3-1 cells were seeded in sterile 75cm cell culture flasks (NUNC) at
4,000,000 cell/flask and maintained at 37 ºC in 8mL RPMI 1640 (see 4.1 Cell Culture)
until 95% confluent. Medium was then aspirated and cells were washed twice with 5 mL
HBSS (137 mM NaCl, 5.4 mM KCl, 1.3 mM CaCl2, 0.4mM MgSO4, 0.5 mM MgCl2, 0.4
mM Na2HPO4, 0.44 mM KH2PO4, and 5.55 mM glucose with 10 mm Hepes buffer, pH
7.3). Cells were incubated in a 37 ºC water bath for 40 min with 5 ml HBSS containing
10 µM NaI (Sigma-Aldrich), 1 µCi/mL 125I (Perkin Elmer) and 10% FBS (Atlanta
Biologicals). HBSS containing 125I was aspirated and cells were washed twice with 5 mL
untreated HBSS. Cells were then incubated with 3 mL of HBSS containing 10 µm NaI
(Sigma-Aldrich) with or without 333 mu/ml TSH, 1 mm denatonium benzoate with
333mu/ml TSH, or 1mm chloramphenicol with 333mu/ml TSH. Flasks were removed
from the water bath and medium was collected at 4min, 8min, 12min, and 16min.
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Immediately after media collections cells were quickly washed with 5ml HBSS and
returned to 37º C water bath with a fresh 3ml of HBSS. After collection at 16min, cells
were incubated with 5ml ethanol to remove the remaining 125I. Radioactive content of
collected samples was assessed using a Wizard 1470 automatic gamma counter (Perkin
Elmer). The amount of 125I remaining at each time point was assessed by subtracting total
radioactivity collected up to a given time point from total radioactivity. Points were
plotted on a graph and the average area under the curve (AUC) was determined for each
line. Statistical differences in AUCs were determined using 1-way Anova and the Scheffe
Post Hoc-Test on Systat statistical software.
5.6

In Vivo Functional Studies

5.6.2 Blood Collection, SOA and PROP Treatment
C57BL/6J, SWR/J and DBA/2J strains were subjected to the following treatment
conditions. After arrival at the University of Maryland Baltimore vivarium mice were
given at least 2 days to acclimate. Following the acclimation period ~50 ul of blood was
drawn from all mice via tail vein lance. After clotting serum was obtained from collected
blood by centrifuge, and stored at -80°C. Mice were given 24 hrs to rest after blood
collection before SOA and PROP treatments began.
In oral exposure experiments 2 mice of each strain (C57BL/6J, SWR/J) were used
for each experimental condition. 2 C57BL/6J mice were given drinking water
supplemented with 3mM PROP. 2 C57BL/6J mice were given drinking water
supplemented with 1mM SOA, and 2 C57BL/6J mice were given unaltered drinking
water. T4 levels were assessed for preliminary experiments using serum samples from all
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mice for each strain in the experiment. All serum samples were run on the ELISA plate in
duplicate or triplicate. For T4 analysis post treatment serum samples where separated by
strain and treatment condition. Serum samples were run on the ELISA plate in duplicate
or triplicate.
For subcutaneous exposure experiments at least 7 mice of each strain (C57BL/6J
or DBA/2J) were used for each experimental condition (PROP, SOA, or Saline
conditions). 8 C57BL/6J mice where given 20.4 mg/kg PROP daily in a 0.5mL saline
injection. 8 C57BL/6J mice where given 36 mg/kg SOA daily in a 0.5mL saline injection,
and 7 C57BL/6J mice where given a daily 0.5mL 0.9% saline injection (vehicle control).
6 DBA/2J mice where given 20.4 mg/kg PROP daily in a 0.5mL saline injection. 6 DBA/
2J mice where given 36 mg/kg SOA daily in a 0.5mL saline injection, and 5 DBA/2J
mice where given a daily 0.5mL 0.9% saline injection (vehicle control). Serum samples
were collected from all these mice after 7 days of treatment. T4 levels in these samples
where determined by ELISA. Subcutaneous injections where given in the skin fold of the
upper back. Injections were made using sterile 25G x 5/8 inches (~ 0.260 mm inner
diameter) needles (Becton Dickson) and sterile 1mL syringes (Becton Dickson).
Pre-treatment T4 levels were assessed using serum samples from all mice used separated
by strain. Serum samples were collected from 22 DBA/2J mice, and 16 C57BL/6J mice.
T4 levels in all serum samples were determined by ELISA.Mice were euthanized after 7
days of either oral or subcutaneous exposure. Euthanasia was accomplished through
narcosis induced by CO2 exposure followed by cervical. Immediately following
euthanasia ~ 200 uL of blood was collected by opening the body cavity and collecting
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pooled blood. Serum was separated and collected from blood samples using centrifuge
and stored at -80°C.
5.6.2 Serum T4 Level Testing
T4 levels in collected serum samples were measured using a commercially
available ELISA kit following manufacturers protocol (Mouse/Rat thyroxine (T4)
ELISA; GenWay Biotech). ELISA plate was read on a FlexStation 3 Benchtop MultiMode Microplate Reader (Molecular Devices, LLC Sunnyvale CA). Statistical
significance was measured using ANOVA and post-hoc Games-Howell calculations on
SYSTAT 12 computation software
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