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Taste receptors were first described as sensory receptors located on the tongue, where they are expressed in

small clusters of specialized epithelial cells. Taste receptors and components of the coupled taste transduction
cascade are also expressed during the different phases of spermatogenesis as well as in mature spermatozoa
from mouse to humans and the overlap between the ligand spectrum of taste receptors with compounds in the
male and female reproductive organs makes it reasonable to assume that sperm “taste” these different cues in

their natural microenvironments.

sperm taste receptor

| 1. Taste Receptors and Signal Transduction

The name “Taste receptors” (TAS) derives from their first identification in the oral cavity X and their role in the
sensation of gustation. Indeed, they were first classified as sensory receptors, whose expression was limited to

small clusters of specialized epithelial cells which reside within taste buds located on the tongue 2.

The sensation of taste can be divided into five distinct categories Bl (i) sweet, for detection of sugars and
sweeteners; (i) salty, for detection of sodium; (iii) umami, for detection of all L-amino acids in rodents 2! but only
of L-glutamate in humans &, required by the body for energy balance and building proteins; (iv) sour, which
perceives acids in unripe fruit and spoiled foods and (v) bitter, which detects a variety of alkaloid substances, many
of which are toxic. However, taste receptors for non-canonical taste stimuli have been described; among them are
receptors for kokumi, a stimulus that enhances the basic taste sensations [ and fatty acid transporters (receptor
for fat), involved in oral detection of different fatty acids [J. Taste sense acts as a guardian and guides for our
eating habits: The sensations of bitter and/or sour act as a deterrent ingesting toxic substances and strong acids,
while the sensations of sweet, umami and salty lead us to prefer foods containing carbohydrates, amino acids and
sodium 8. Consequently, it is not surprising that the capability to detect and react to chemical stimuli is a trait

possessed by the simplest forms of life (.

Taste transduction signaling involves the interaction of molecules (i.e., tastants) with their specific taste receptors,
expressed by cells residing in the taste buds. Taste buds are the transducing endorgans of gustation and each bud
comprises 50-100 elongated cells located on the connective papillae of the tongue and scattered throughout the
epithelium of the soft palate and larynx. Taste buds are onion-shaped structures. They extend from the basal
lamina to the surface of the tongue, where their apical microvilli encounter taste stimuli in the oral cavity, detecting

and distinguishing between bitter, sweet, sour, salty and umami stimuli.
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Salts and acids utilize apically located ion channels for transduction, while bitter, sweet and umami (L-glutamate)
utilize G protein-coupled receptors (GPCRs) and a subsequent second-messenger signal transduction process
(Figure 1). If compared with other GPCRs, TAS are low-affinity receptors, with binding affinities in the micro- to the

millimolar range, typical for the concentration of most nutrients in foods 19,

aweeat
Tas1R2 + Tas1R3

Na*channel CcALHM1A/

s n A  CALHM3
& -

. - - panmnexin 1

AMP

Figure 1. Transduction of L-glutamate (umami), sweet and bitter stimuli in taste receptor cells on the tongue.
Ligand-induced stimulation of the umami (Taslrl+Tasl1r3), sweet (Taslr2+Taslr3) or bitter receptors (Tas2rs)
expressed at the apical membrane of type Il taste cells within a taste bud (s. drawing in the left) activates in all
cases a trimeric G protein composed of a-gustducin (Gag,s) and a complex consisting ofGB; andGy13 (GBsly13).
The released GPy-complex activates phospholipase C isoform B2 (PLCB2) which then induces production of
inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG); the second messenger IP3, in turn, activates the
IP; receptor (IPgR), an intracellular ion channel that allows Ca?* release from the intracellular endoplasmic
reticulum (ER) store (solid lines). An increase in intracellular Ca?* then activates the transient receptor potential
melastatin 5 (TRPMS5), a plasma membrane-localized sodium-selective channel which leads to depolarization and
subsequent activation of voltage-gated sodium channels (Na* channel) (dashed lines). The combined action of
elevated Ca?* and membrane depolarization opens the calcium homeostasis modulator (CALHM) channel,
composed of CALHM1 and CALHM3 and pannexinl channels, thus resulting in the release of the neurotransmitter
ATP. At the same time, a-gustducin activates a phosphodiesterase (PDE) (solid lines), which catalyzes the
hydrolysis of the second messenger cyclic-AMP (cAMP) to AMP. For the sake of simplicity, the regulatory effects of
CAMP are omitted in the model.
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Two different families of taste GPCRs have been identified: Type 1 Taste Receptors (Tasls) and Type 2 Taste
Receptors (Tas2s): Tasls encode the receptor proteins for sweet and umami taste, while Tas2s mediate bitter taste
[11][12]

Three different Tasls have been identified, which are products of
the Tasls genes: TASIR1, TASIR2 and TASIR3 L3l These receptors are activated only if assembled into
heterodimers: TAS1R3 heterodimerizes with TAS1R1, thereby forming the umami receptor (TAS1R1 + TAS1R3);
assembly of TAS1R3 with TAS1R2 led to the formation of a sweet receptor (TAS1R2 + TAS1R3), activated by
carbohydrates, artificial sweeteners and sweet proteins 1415 TAS1R3 may also serve as a low-affinity sweet
receptor alone, perhaps as a homodimer or homomultimer 28, The taste 2 receptors, consisting of a large family

including about 25 different isoforms in humans and about 35 in rodents, are responsible for the sensation of bitter
tastants [12I[L7]18]

The signaling of both TAS1Rs and TAS2Rs is mediated by the same intracellular transduction pathway in type Il
taste bud cells 192290 (Figure 1). The binding of the corresponding ligand activates a heterotrimeric G protein,
which consists in most cells of the G protein a-gustducin and B3/y;3, leading to the release of the G B/y subunits
and subsequent stimulation of phospholipase C isoform 32 (PLCB2), which, in turn, hydrolyses the membrane lipid
phosphatidylinositol 4,5-bisphosphate (PIP,) to produce the two-second messengers inositol 1,4,5-triphosphate
(IP3) and diacylglycerol (DAG) BI2920 |p, opens IP5 receptor (IP3R3) type 3 ion channels on the endoplasmic
reticulum membrane, thus releasing calcium (Ca?*) into the cytosol of the activated receptor cell. As a result, an
increase in the intracellular Ca®* level activates the cation channel transient receptor potential, melastatin family
member 5 (TRPM5) [2122 The TRPM5-triggered influx of Na* and activation of voltage-dependent sodium
channels, subsequently depolarize the cell, leading to a release of the neurotransmitter adenosine triphosphate
(ATP) through pannexin 1 and a hexameric channel composed of Calcium homeostasis modulator (CALHM) 1 and
CALHM3 [23124125]  ATP finally transmits the signal to ionotropic purinergic receptors P2X2 and P2X3 receptors on
gustatory afferent fibers (281271, Simultaneously released a-gustducin activates phosphodiesterase, thus resulting in

a decrease of intracellular levels of the second messenger cyclic adenosine monophosphate (CAMP) [28],

| 2. Taste Receptors and Spermatogenesis
2.1. Spermatogenesis

Spermatogenesis is a complex and precisely controlled cellular transformation process that ensures the production
of millions of sperm daily 22, This massive sperm production takes place in the tightly packed seminiferous tubules
of the two testes where each tubular unit contains distinct concentric layers of germ cells of different stages of
maturation (Figure 2): Diploid spermatogonia, the stem cells of the testis, are localized in the basal cell layer of the
seminiferous tubules. Upon mitotic divisions that provide the necessary cell number essential for a high sperm
output, developing spermatocytes move to the more luminal part of the seminiferous tubule where they undergo

meiosis resulting in the generation of haploid spermatids. The round spermatids subsequently run through a
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cellular transformation process called spermiogenesis in which they differentiate into spermatozoa finally localized

into the luminal region of the tubular unit B9,

Figure 2. Regulation of sperm production. (A) Hormonal control of spermatogenesis in the testis. Spermatogenesis
in the testis is under endocrine and paracrine control, which is regulated by the hypothalamus and the pituitary
gland also known as the hypothalamic-pituitary-gonadal (HPG) axis. The hypothalamus regulates the hormonal
activity of the anterior pituitary gland by secreting the tropic gonadotropin-releasing hormone (GnRH). Upon
binding of GnRH to the anterior pituitary gland production of luteinizing hormone (LH) and follicle-stimulating
hormone (FSH) is elevated which upon bloodstream transport stimulate testosterone secretion by intestinal Leydig
cells and activation of Sertoli cells by FSH. Sertoli cells as a cellular part of the tubular unit provide the optimal
environment for the developing germ cells. Negative feedback of GnRH production in the hypothalamic neurons
and LH/FSH secretion by the pituitary gland is exerted by high testosterone levels in the blood and secretion of the
proteohormone inhibin-B by Sertoli cells. Arrow: positive (green) and negative (red) feedback. (B) Schematic
drawing of a single seminiferous tubule with different stages of developing germ cells during spermatogenesis. The
cross-section shows that germ cells of a distinct developmental stage are organized in concentric layers within the
tubule: In the most basal cell layer of the tubular unit, the immature spermatogonial stem cells are located, followed
by spermatocytes, round spermatids and finally the most mature elongated spermatids which are concentrated in
the lumen of the seminiferous tubule. The regulation of spermatogenesis is mainly mediated by surrounding
interstitial Leydig cells which produce testosterone. The Sertoli cells within the seminiferous tubules have a
nurturing role for the developing germ cell and transduce the action of FSH to the closely associated germ cells.
(C) Schematic drawing showing a sagittal section through a whole testis and the overlying epididymis. The testis
contains the tightly packed seminiferous tubules where spermatogenesis takes place. The elongated duct
presenting the epididymis at the posterior margin of the testis is subdivided into three discrete segments (caput,
corpus, cauda), where the luminal fluid of each region is characterized by a unique composition of different

constituents, essential for post-testicular sperm maturation.

Continuous sperm production in adult males depends on endocrine and testicular paracrine/autocrine factors which

together coordinate proliferation and germ cell differentiation 2132l The endocrine stimulation of spermatogenesis
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involves the two gonadotropins follicle-stimulating hormone (FSH) and luteinizing hormone (LH). Their secretion by
the anterior pituitary gland is controlled through the hypothalamic-pituitary portal system with gonadotropin-
releasing hormone (GnRH) secreted by the hypothalamus BU (Figure 2A). The subsequent action of the two
glycoproteins LH and FSH require cell to cell communication within the testis which is predominantly mediated by
the two somatic cell types within the testis, the Leydig and Sertoli cells. Leydig cells, that reside between the
seminiferous tubules of the testis, produce testosterone upon LH stimulation (331 Sertoli cells, which form
cytoplasmic bridges with the developing germ cells within the seminiferous tubules, are the ‘nurse’ cell of the testes
[34] and play a more comprehensive role: Sertoli cells create an adequate ionic environment for germ cell
development, have a nurturing role for differentiating sperm, phagocytose residual bodies after spermiogenesis
and assist in the final migration of mature spermatozoa into the lumen of the seminiferous tubule 22, In addition,
since the germ cells do not possess receptors for FSH and testosterone, Sertoli cells represent the major cellular
targets for hormonal signaling so that the effect of hormones on germ cell development is indirect 8. The
hypothalamic-pituitary-gonadal (HPG) axis is a self-regulating system with two negative feedback loops (Figure
2A): on one hand, high testosterone concentrations in the peripheral blood provide a negative feedback route to
suppress hypothalamic discharge of GnRH and consequently LH release from the anterior pituitary 4. The second
loop is the release of inhibin-B by Sertoli cells. Inhibin-B has a negative feedback effect on the pituitary gland,

thereby suppressing FSH secretion 8] (Figure 2A).

2.2. Apoptosis

However, the success of germ cell proliferation and differentiation is also ensured by a dynamic balance between
germ cell development and a carefully controlled process of programmed cell death, thereby ensuring a selective
elimination of an overrun of produced germ cells and in addition deletion of abnormal and defective sperm 82,
Removal of an excess of germ cells taking place during spermatogenesis in the testis and ensuring an optimal ratio
of supporting Sertoli cells to germ cells during at all stages of development leads to a degeneration of about 75% of
spermatogonia before reaching maturity 4944 |n maturated and ejaculated sperm where apoptosis also occurs 42
the process of programmed cell death is responsible to eliminate damaged cells #9. Any imbalance in the
apoptotic process has dramatic implications for male infertility: whereas a decrease in the selective elimination of
defective developing and mature sperm causes poor sperm quality, an increase in apoptosis could potentially lead
to a reduced sperm count and thus sub-fertility 431441 Thus, identification of “death triggering signals” (43 as well as
corresponding receptor proteins that elicit activation of the apoptotic machinery is of critical importance for the
fertilization potential of males. Although not fully understood 9, the onset of apoptosis in germ cells can not only
be induced by the lack of hormones, like gonadotropins and testosterone 2 but also by a broad range of non-
hormonal and also non-physiological stimuli, such as heat stress, industrial and therapeutic agents as well as a
variety of naturally occurring toxicants 481471 |n this context, one has to consider that receptors belonging to the
taste 2 family are specialized to detect bitter compounds including extremely toxic alkaloids 48149 Since genes for
all 35 bitter receptors have been identified in mouse testis 29 bitter receptors might present promising candidates
to detect testicular toxicants. Moreover, genetic deletion of the Tasl1rl receptor, the dimerization partner of the

Tas1r3 which in taste buds on the tongue forms the functional receptor for L-glutamate (umami), leads to a
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significant increase in the number of apoptotic cells during spermatogenesis B, an observation that already

indicates that taste receptors indeed play a functional role for controlling apoptosis in the male reproductive tissue.
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