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Abstract

:

Animals strongly rely on chemical senses to uncover the outside world and adjust their behaviour. Chemical signals are perceived by facial sensitive chemosensors that can be clustered into three families, namely the gustatory (TASR), olfactory (OR, TAAR) and pheromonal (VNR, FPR) receptors. Over recent decades, chemoreceptors were identified in non-facial parts of the body, including the brain. In order to map chemoreceptors within the encephalon, we performed a study based on four brain atlases. The transcript expression of selected members of the three chemoreceptor families and their canonical partners was analysed in major areas of healthy and demented human brains. Genes encoding all studied chemoreceptors are transcribed in the central nervous system, particularly in the limbic system. RNA of their canonical transduction partners (G proteins, ion channels) are also observed in all studied brain areas, reinforcing the suggestion that cerebral chemoreceptors are functional. In addition, we noticed that: (i) bitterness-associated receptors display an enriched expression, (ii) the brain is equipped to sense trace amines and pheromonal cues and (iii) chemoreceptor RNA expression varies with age, but not dementia or brain trauma. Extensive studies are now required to further understand how the brain makes sense of endogenous chemicals.
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1. Introduction


Chemical senses play a key role in major functions. They are essential for finding food, detecting mates and predators, recognizing territories and avoiding danger [1,2,3,4,5,6,7,8,9,10,11,12,13]. Canonically, a molecule or a cocktail of molecules binds to chemoreceptors (CRs) located in the nasal and oral areas and induces electrical signals that are decoded by the central nervous system [14,15]. However, the academic view of chemical senses, making only sense of the external world, has been broadened by the discovery of ectopic CRs at the turn of the 21st century [16]. In other words, chemical senses are exteroceptive as well as interoceptive senses—they could taste and smell the non-self and the self.



Taste and olfactory receptors (TASR and OR) have been found in nearly every assessed organ. In most cases, these ectopic receptors do not exert any function in interoception, defined as the sense of the internal state of the body [17,18], since the tissue that is hosting them is not connected to the nervous system. However, they are involved in physiological functions. Bitter taste receptors have been identified in human and mouse airway smooth muscles. They reduce airway obstruction in a mouse model of asthma by producing muscle relaxation when activated [19,20,21,22]. Specific ORs play a part in spermatozoid mobility [23,24,25], skin repair [26,27,28] and may work as sentinels in the lungs and the gastrointestinal tract [29,30]. It seems that the gut “tastes” parasites before initiating immune responses [31,32,33] and kidneys “smell” fatty acids and respond by regulating blood pressure [34].



CRs are identified in the central nervous system [35,36]. Transcripts of six TASRs and of 12 ORs are present in the human frontal cortex and their expression is modulated during neurodegenerative diseases (Alzheimer, progressive supranuclear palsy, Creutzfeldt-Jakob, Parkinson and schizophrenia) [37,38,39,40]. Our team reported that the expression of two OR genes—Olfr110/111 and Olfr544—is impaired in the brain of a mouse model of Alzheimer’s disease [41]. In vertebrates, OR genes are well conserved and share a high percentage of homology as they are phylogenetically derived from nine common ancestor genes. For example, OR5V1 and OR52K1/OR52K2 are potential human orthologs of Olfr110/111 and Olfr544, respectively, with over 80% shared identity. The initial focus of the current study was to describe the expression of the latter within the human brain. Taking advantage of the freely accessible brain atlases, we used the transcriptome data (cDNA microarray, RNA sequencing) to expand our scope of investigation to a wider range of chemoreceptors and chart the genetic expression of human cerebral CRs. Nonetheless, no study has ever exhaustively mapped CRs within the encephalon.



For this purpose, we assessed the expression of taste receptors (TAS1R, TAS2R), pheromone-associated receptors (VNR—vomeronasal receptors and FPR—formyl peptide receptors), pheromone/odour-associated receptors (TAAR—trace amine-associated receptors) and olfactory receptors (ORs) as well as their canonical partners (G proteins, ion channels and elements of the transduction pathway) in human cerebral areas.




2. Results


2.1. Human Chemoreceptor Transcripts Are Expressed in the Brain


The human face harbours numerous OR-associated genes (396 coding genes and 425 pseudogenes), a smaller number of TASR-associated genes (28 coding genes and 11 pseudogenes), a few number of TAARs (six coding genes and three pseudogenes) and a variety of pheromone receptor-associated genes (VNR — four coding genes, 200 pseudogenes and FPR — three coding genes and no pseudogene). The Allen Brain transcriptome reveals that most of the CR-related coding genes are expressed in the human brain. Figure 1 summarises the main findings: 95% (376/396) of OR genes and 100% of TASRs, TAARs, VNRs and FPRs genes are expressed. Conversely, the human brain excludes most if not all chemoreceptor-linked pseudogenes: only 2% of OR and 1% of VNR pseudogenes are detected in the central nervous system.




2.2. Expression of Chemoreceptors May Vary with Age but Not Brain Diseases


We compared the mean expression of the selected 10 class I and 10 class II ORs, three type 1 and 10 type 2 TASRs. Class II ORs are significantly more expressed than class I ORs (2.46 ± 0.04 vs. 1.99 ± 0.04, respectively) and TAS2Rs significantly more than TAS1Rs (4.28 ± 0.05 vs. 2.16 ± 0.05, respectively) (Figure 2A). To assess the extent of inter-individual variations, we compared the cerebral transcript expression of two CRs (OR2L13 and TAS2R14), including donors of different ages, genders and ethnic backgrounds. A relatively stable regional expression, between donors, of OR2L13, the most produced class II OR transcript, is observed (Figure 2B). Overall, OR2L13 expression reaches a zenith in cortices—frontal, parietal, occipital—and a nadir in amygdala, basal forebrain and hypothalamus (Figure 2B, top). Conversely, the regional expression of TAS2R14, the most expressed TAS2R, varies greatly between donors (Figure 2B, bottom). Apropos of age, variations are also observed. The overall cerebral expression of OR2L13—3.70 ± 0.16 (24 years), 4.56 ± 0.09 (31 years), 3.25 ± 0.09 (39 years), 4.11 ± 0.10 (55 years), 3.29 ± 0.10 (57 years)—and TAS2R14—6.13 ± 0.11 (24 years), 6.66 ± 0.08 (31 years), 6.04 ± 0.06 (39 years), 6.42 ± 0.05 (55 years), 6.14 ± 0.08 (57 years)—indicates that both CRs mRNA are produced in lower quantity in the eldest donor. However, this finding cannot be fully associated to a more advanced age since a low expression is also noticed in the 39 year-old brain. Expression of these two receptors was also compared between a woman and a man of similar ages. The overall cerebral expression of OR2L13—4.12 ± 0.10 (male), 3.53 ± 0.12 (female)—and TAS2R14—6.43 ± 0.05 (male), 6.14 ± 0.06 (female)—does not seem to indicate a sexual dimorphism in the expression of both genes. Similarly, the regional expression of OR2L13 and TAS2R14 was comparable between the male and the female subjects (Figure 2C).



The Allen brain database includes transcript values from patients with dementia and/or traumatic brain injury and individuals without known pathology. Statistically significant differences in transcript expression were observed when pathological or traumatized brains were compared to control individuals. However, no CR RNA was found to be significantly deregulated.




2.3. Gene Expression of Brain Chemoreceptors Is Confirmed by Other Databases


To avoid a possible bias related to the use of a single atlas, we assessed the transcript expression of our selected 20 olfactory and 13 taste receptors in three other databases: GTEx, BioGPS and Human Protein Atlas (Table 1 and Table 2). Although data are unavailable for some CRs, a more or less robust expression of our candidates is observed. Similarly to what has been reported above, OR2L13 and TAS2R14 are the most transcribed genes, according to GTEx. However, according to BioGPS, OR52K1 and TAS1R3 stand as the most expressed genes. In addition, according to the Human Protein Atlas, 74% (14,518) of all human protein coding genes (19,613) are expressed in the brain and about 10% (1460) of these genes show an elevated expression in brain compared to other tissue types. Among them, OR14I1 is classified as tissue enriched and OR2L13 as tissue enhanced (https://www.proteinatlas.org/humanproteome/tissue/brain, accessed in 2020).



Analysis of the data available in several collections such as BioGPS Gene Atlas and GTEx. BioGPS data, extracted from Affymetrix chips, are expressed as fluorescent intensities, after GCRMA (GC Robust Multi-Array Average) normalisation. Values from GTEx correspond to a number of transcripts per million.



Finally, we compared the transcript expression of brain CRs to lingual CRs. No significant difference was noticed between the two tissues (Figure S1).




2.4. ORs Are Primarily Expressed by the Limbic System


We performed a more detailed analysis of the Allen brain atlas data and focused on the regionalized CR distribution in the brain of a single individual (31 year-old male). Both families of ORs—class I, class II—are expressed with an average log2 expression of 1.99 ± 0.04 and 2.46 ± 0.04, respectively (Figure 3A,B,H). On average, class II ORs are significantly more expressed than class I ORs (****, p < 0.0001) (Figure 2A). ORs are predominantly expressed in the limbic system (amygdala, basal forebrain, basal ganglia, limbic cortex and hypothalamus). For the 10 selected class I ORs, their mean expression varies as follows: amygdala (2.32 ± 0.17), hypothalamus (2.16 ± 0.13), basal forebrain (2.13 ± 0.14), limbic cortex (2.05 ± 0.27), basal ganglia (2.01 ± 0.21), frontal cortex (1.96 ± 0.29), temporal cortex (1.95 ± 0.30), parietal cortex (1.94 ± 0.30), occipital cortex (1.91 ± 0.29), mesencephalon (1.91 ± 0.22), thalamus (1.86 ± 0.19), myelencephalon (1.83 ± 0.25) and metencephalon (1.82 ± 0.22) (Figure 3A).



For the 10 selected class II ORs, the following mean expression is observed: amygdala (2.72 ± 0.24), basal forebrain (2.63 ± 0.27), hypothalamus (2.60 ± 0.26), basal ganglia (2.52 ± 0.27), myelencephalon (2.49 ± 0.35), limbic cortex (2.48 ± 0.31), thalamus (2.45 ± 0.34), metencephalon (2.42 ± 0.34), occipital cortex (2.41 ± 0.35), parietal cortex (2.34 ± 0.32), mesencephalon (2.34 ± 0.33), temporal cortex (2.34 ± 0.31) and frontal cortex (2.28 ± 0.32) (Figure 3B).



Within these two subfamilies, OR52K2 (3.82 ± 0.17) and OR2L13 (4.56 ± 0.09) stand out as the most expressed class I and class II transcripts in all studied areas (Figure 3H). Of note, within the amygdala, the strongest expression is associated to OR10A2. (Supplementary Figure S2, top).



In order to assess the most highly expressed olfactory receptors, we compared the number of copies in the four nuclei of the amygdala (Supplementary Table S1). The top seven ORs (log2 value > 7) within the amygdala are: OR2H1, OR3A1, OR4D2, OR5L2, OR10C1, OR10H2 and OR13A1. However, it should be noted that some discordant values between probes are sometimes observed. In addition, inter-individual variability was assessed by comparing the level of expression of all ORs within the amygdala of the six individuals (five men and one woman; age range: 24–55 years) included in the Allen brain atlas cohort (Supplementary Table S1). For the same receptor in the same nucleus, expression variations can range from simple to quadruple. However, no effect of age was observed.




2.5. TAS2Rs Display a Higher Expression


Both type 1 (sweet- and umami-sensing) and type 2 (bitter-sensing) TASRs are expressed in the human brain, with a mean expression of 2.16 ± 0.05 and 4.28 ± 0.05, respectively (Figure 3C,D,H). TAS2Rs are significantly more expressed than TAS1Rs (Figure 2A, ****, p < 0.0001).



TASRs are predominantly expressed in the limbic system. The mean expression of TAS1Rs varies according to the brain area, as follows: basal forebrain (2.50 ± 0.44), amygdala (2.42 ± 0.41), hypothalamus (2.39 ± 0.41), basal ganglia (2.25 ± 0.55), mesencephalon (2.21 ± 0.54), metencephalon (2.13 ± 0.45), limbic cortex (2.11 ± 0.47), frontal cortex (2.04 ± 0.40), parietal cortex (2.04 ± 0.44), occipital cortex (2.03 ± 0.39), temporal cortex (2.01 ± 0.44), myelencephalon (1.99 ± 0.46) and thalamus (1.94 ± 0.36) (Figure 3C). For the TAS2Rs, the following mean expression is noticed: basal ganglia (4.53 ± 0.55), amygdala (4.49 ± 0.51), myelencephalon (4.46 ± 0.62), basal forebrain (4.45 ± 0.52), mesencephalon (4.39 ± 0.60), occipital cortex (4.36 ± 0.57), metencephalon (4.30 ± 0.59), hypothalamus (4.21 ± 0.50), thalamus (4.20 ± 0.56), parietal cortex (4.18 ± 0.53), limbic cortex (4.13 ± 0.54), temporal cortex (3.96 ± 0.51) and frontal cortex (3.95 ± 0.52) (Figure 3D).



TAS1R1 and TAS2R14 stand out as the most expressed transcripts (2.97 ± 0.07 and 6.66 ± 0.08, respectively), when averaging all studied areas (Figure 3H). Nonetheless, the most expressed TAS2Rs vary according to the observed brain area. For example, TAS2R31 displays the highest expression in the basal forebrain and hypothalamus (Figure S2, bottom).



In addition, we describe the cerebral expression of four genes encoding candidates of sour perception—ASIC2, KCNK3 (also known as TASK-1), PKD2L1 and OTOP1. All are observed as expressed at the transcriptomic level in the human brain, with an average expression of 3.95 ± 0.20 (ASIC2: 6.55 ± 0.21; KCNK3: 4.69 ± 0.24; PKD2L1: 2.91 ± 0.69; OTOP1: 1.65 ± 0.10) (Figure 4A). They are predominantly expressed in the cortex and the hypothalamus: temporal cortex (4.67 ± 1.16), frontal cortex (4.67 ± 1.16), parietal cortex (4.56 ± 1.09), occipital cortex (4.22 ± 1.00), limbic cortex (4.17 ± 1.11), hypothalamus (3.80 ± 1.19), basal forebrain (3.74 ± 1.16), myelencephalon (3.71 ± 1.33), metencephalon (3.70 ± 1.23), mesencephalon (3.67 ± 1.24), amygdala (3.62 ± 0.98), thalamus (3.52 ± 1.18) and basal ganglia (3.32 ± 0.90) (Figure 4B).



Among these sour-associated genes, ASIC2 reaches an acme with a mean log2 expression of 6.55 ± 0.21 in the whole brain (Figure 4A).




2.6. The Human Brain Is Capable of Sensing Trace Amines and Pheromonal Cues


Trace amine and pheromonal cues are deciphered by three CR families—TAARs, VNRs, and FPRs—that are all present in the human brain, with an average log2 expression of 2.52 ± 0.06, 2.26 ± 0.04, and 2.85 ± 0.05, respectively. Their cerebral area-related distribution is as follows.



TAARs: amygdala (3.02 ± 0.49), basal forebrain (2.72 ± 0.43), hypothalamus (2.66 ± 0.43), basal ganglia (2.64 ± 0.44), mesencephalon (2.52 ± 0.54), myelencephalon (2.52 ± 0.49), limbic cortex (2.47 ± 0.47), metencephalon (2.43 ± 0.45), occipital cortex (2.39 ± 0.41), thalamus (2.38 ± 0.46), temporal cortex (2.38 ± 0.44), parietal cortex (2.34 ± 0.42) and frontal cortex (2.27 ± 0.41) (Figure 3E).



VNRs: amygdala (2.50 ± 0.57), basal forebrain (2.48 ± 0.61), basal ganglia (2.36 ± 0.70), hypothalamus (2.31 ± 0.54), metencephalon (2.29 ± 0.56), limbic cortex (2.25 ± 0.68), occipital cortex (2.24 ± 0.78), myelencephalon (2.23 ± 0.59), parietal cortex (2.18 ± 0.78), frontal cortex (2.17 ± 0.74), thalamus (2.16 ± 0.55), temporal cortex (2.16 ± 0.76) and mesencephalon (2.07 ± 0.53) (Figure 3F).



FPRs: hypothalamus (3.15 ± 0.90), basal forebrain (3.07 ± 0.98), amygdala (3.06 ± 0.73), mesencephalon (2.97 ± 1.16), basal ganglia (2.29 ± 0.85), myelencephalon (2.92 ± 1.16), metencephalon (2.83 ± 1.07), limbic cortex (2.79 ± 0.90), thalamus (2.77 ± 1.07), temporal cortex (2.68 ± 0.79), parietal cortex (2.60 ± 0.79), occipital cortex (2.64 ± 0.80) and frontal cortex (2.57 ± 0.73) (Figure 3G).



Within these three trace amine- and pheromone-associated receptors, TAAR5, VN1R1 and FPR1 stand out as the most expressed transcripts with a mean log2 score of 4.03 ± 0.06, 4.18 ± 0.09, and 4.65 ± 0.12, respectively (Figure 3H).




2.7. Canonical Chemoreceptor Partners Are Expressed in the Brain


With the exception of sour perception-associated ion channels, CRs belong to the G Protein-Coupled Receptor (GPCR) superfamily and mostly partner with Gαs, Gαq and Gαi/o G protein families. Gαq family is the most widely expressed with an average log2 score of 7.30 ± 0.05, followed by the Gαi/o (6.88 ± 0.05) and Gαs (5.97 ± 0.12) families (Figure 5G).



Their cerebral area-related distribution is as follows:



Gαs: amygdala (6.67 ± 2.19), basal forebrain (6.54 ± 2.20), hypothalamus (6.38 ± 2.35), myelencephalon (6.25 ± 2.42), mesencephalon (6.15 ± 2.43), basal ganglia (6.14 ± 2.24), metencephalon (5.97 ± 2.30), thalamus (5.85 ± 2.22), limbic cortex (5.67 ± 2.05), occipital cortex (5.55 ± 1.96), parietal cortex (5.50 ± 1.96), frontal cortex (5.46 ± 1.85) and temporal cortex (5.44 ± 1.92) (Figure 3A).



Gαq: amygdala (7.58 ± 0.21), limbic cortex (7.51 ± 0.39), mesencephalon (7.41 ± 0.25), metencephalon (7.39 ± 0.42), myelencephalon (7.38 ± 0.27), basal ganglia (7.35 ± 0.29), parietal cortex (7.28 ± 0.68), thalamus (7.28 ± 0.36), basal forebrain (7.26 ± 0.10), occipital cortex (7.26 ± 0.69), frontal cortex (7.17 ± 0.67), temporal cortex (7.14 ± 0.63) and hypothalamus (6.92 ± 0.21) (Figure 3B).



Gαi/o: mesencephalon (7.21 ± 0.43), metencephalon (7.16 ± 0.44), myelencephalon (7.14 ± 0.43), parietal cortex (6.95 ± 0.39), basal ganglia (6.87 ± 0.35), thalamus (6.85 ± 0.39), basal forebrain (6.84 ± 0.44), frontal cortex (6.84 ± 0.41), temporal cortex (6.82 ± 0.39), occipital cortex (6.79 ± 0.41), limbic cortex (6.66 ± 0.46), hypothalamus (6.73 ± 0.46) and amygdala (6.56 ± 0.42) (Figure 3C).



Within each G protein family, GNAS, GNAQ, and GNAI1 are the most expressed transcripts, reaching a log2 score of 8.64 ± 0.19, 7.58 ± 0.11, and 8.06 ± 0.07, respectively (Figure 4G). GNAL is predominantly expressed in the amygdala, basal ganglia and thalamus, while GNA11 expression is salient in the amygdala, basal forebrain, basal ganglia, and hypothalamus (Figure S3).




2.8. Canonical Chemoreception Transducers Are Expressed in the Brain


TRP and CNG channels display an average log2 expression of 4.14 ± 0.07 and 1.77 ± 0.06 (Figure 5G). Their cerebral area-related distribution is as follows:



TRP: metencephalon (4.57 ± 1.86), myelencephalon (4.47 ± 1.82), mesencephalon (4.47 ± 1.82), thalamus (4.30 ± 1.76), hypothalamus (4.20 ± 1.71), basal forebrain (4.10 ± 1.68), amygdala (4.02 ± 1.64), temporal cortex (4.01 ± 1.64), frontal cortex (3.98 ± 1.63), parietal cortex (3.98 ± 1.62), occipital cortex (3.95 ± 1.61), limbic cortex (3.92 ± 1.60) and basal ganglia (3.90 ± 1.59) (Figure 5D).



CNG: amygdala (2.26 ± 1.60), basal forebrain (2.01 ± 1.42), hypothalamus (1.89 ± 1.34), occipital cortex (1.87 ± 1.32), temporal cortex (1.77 ± 1.25), frontal cortex (1.77 ± 1.25), basal ganglia (1.72 ± 1.22), parietal cortex (1.72 ± 1.22), limbic cortex (1.70 ± 1.20), metencephalon (1.60 ± 1.13), mesencephalon (1.56 ± 1.10), myelencephalon (1.55 ± 1.10) and thalamus (1.53 ± 1.08) (Figure 5E). TRPC1 and CNGA2 are the most expressed transcripts, reaching a log2 score of 8.39 ± 0.07 and 1.54 ± 0.05 (Figure 5G).



A partner of the olfactory transduction pathway (olfactory marker protein, OMP) is expressed in the brain, with an average log2 expression of 1.89 ± 0.04. Its cerebral distribution is as follows: hypothalamus (2.12 ± 0.08), myelencephalon (2.04 ± 0.44), basal forebrain (2.03 ± 0.12), parietal cortex (2.01 ± 0.13), basal ganglia (1.99 ± 0.12), amygdala (1.92 ± 0.16), temporal cortex (1.85 ± 0.04), limbic cortex (1.82 ± 0.07), frontal cortex (1.81 ± 0.06), mesencephalon (1.76 ± 0.14), occipital cortex (1.75 ± 0.04), metencephalon (1.74 ± 0.12) and thalamus (1.68 ± 0.09) (Figure 5F,G).





3. Discussion


This study is one of the very first to assess and quantitate the transcript expression of all known CR families within the human brain. The expression of these chemosensor families within the central nervous system comes as no surprise since they were described in a pioneer study led by using the next-generation sequencing tool [42]. However, this latter description was done in whole/undetermined samples of brain, occluding potential variation of gene expression related to cerebral areas.



The cross examination of the data leads to the following conclusions: (i) most genes encoding for CRs–TASRs, TAARs, VNRs and FPRs are expressed in the brain at a rather low level, (ii) ORs, TASRs, TAARs and VNRs are mostly expressed in the limbic system, (iii) canonical CR-associated partners and transducer genes are transcribed in the brain, (iv) inter-individual variations are observed for some CRs, but no significant difference in CR expression is found when demented or traumatized brains are compared to control individuals.



Previous studies indicate that some CRs are expressed in the central nervous system. Several ORs and TASRs transcripts are expressed in the human entorhinal, frontal, prefrontal cortices as well as substantia nigra and cerebellum [37,38,39,40,43,44,45]. With respect to trace amine and pheromone receptors, TAAR1 is involved in the regulation of dopaminergic neurotransmission in rodents and primates [46], while human astrocytes and microglial cells express FPR1 and FPR2 [47]. We show here for the first time that 95% of OR transcripts (376 out of 396) and 100% of other CR mRNAs—TASRs, TAARs, VNRs, FPRs—are expressed in all studied human brain areas. Interestingly, even a few OR and VNR pseudogenes are transcribed in the human brain (respectively, 10 and two, out of 425 and 200 in the whole human genome), a finding in line with previous studies [42,48,49]. Although they are unable to produce fully functional proteins, pseudogenes can play diverse roles. Pseudogene-bound transcripts regulate the expression of their non-pseudogenic counterparts in human cancer cells [50] and, in Drosophila, pseudogene-derived ORs bind to proteins with a tissue-dependent expression [51]. It can be surmised that the 10 OR and two VNR pseudogenes transcribed in the human brain play a regulatory role in gene expression. Nevertheless, further studies are required to determine whether these pseudogene-derived CR transcripts are involved in regulatory functions or translated into functional proteins.



Overall, ectopic CR transcripts are poorly expressed [42]. More specifically, as reported in our previous studies, cerebral mRNAs coding for two ORs display a multi-fold diminished expression when compared to those produced in the olfactory mucosa [41]. The current study confirms this finding. Nonetheless, TASR transcript levels are similar in the brain and the tongue. However, mean global values could be misleading since the distribution of the various neural cell types varies considerably from one tissue to another. For instance, we showed that Olfr110/111 and Olfr544 proteins are mostly expressed by cerebral neurons that are outnumbered by glial cells, a feature not observed in the nasal cavity [41]. Similarly, the TAAR family, which plays a role in cerebral physiology and pathology [52], is expressed by a minority of neural cells, as demonstrated for TAAR1 [53]. Still, a detailed study on cell type-associated expression is required to further assess the roles of cerebral CRs.



None of the brain areas under investigation in this study is devoid of CR transcripts. Their expression is most prominent in the limbic system and the brainstem. This finding does not come up as a major surprise since chemical senses, appearing before physical senses during evolution, are strongly associated to the primal and paleo-mammalian brains. The olfactory mucosa, which harbours olfactory and pheromone receptors, is linked to the limbic system via the olfactory bulb and the piriform cortex [54]. The tongue and its taste buds convey chemical information to the nucleus of the solitary tract of the brainstem and, then, the amygdala, thalamus and hypothalamus, through the VIIth, IXth and Xth cranial nerves [54]. Olfaction and taste are of major importance to lead behaviour and survival functions. Therefore, it is tempting to assume that cerebral CRs play a role in self-preservation and several limbic system-associated functions like memory and regulation of autonomic and endocrine metabolisms, in response to emotional stimuli.



In support of this association between brain CRs and limbic system, it can be noticed that the pattern of expression of Gαs—canonically involved, via Gαolf, in the OR and TAAR signalling cascades [55,56]—is very close to CR mapping. This almost perfect juxtaposition between CRs and Gαs is, however, not true for all the second messengers. FPRs and VNRs are known to be associated to the Gαi/o family [57,58,59], but they are more consistently expressed in mesencephalic structures and the hindbrain (metencephalon and myelencephalon) than in the limbic system. Likewise, the expression of TRPs and other G proteins is ubiquitous, an unsurprising finding since these effectors are associated to many receptors not linked to chemo-perception. In respect of functionality, it can be noticed that the coupling of CRs to G proteins varies and ORs can be coupled with Gαs, Gαolf and Gα15/16 proteins [60]. In sensory olfactory neurons, the OR-Gαolf coupling ensures the recognition of odours and the local sorting of axons, while the OR-Gαs association promotes axon targeting of the appropriate glomerulus within the olfactory bulb, during maturation [61].



As demonstrated through the examples of OR2L13 and TAS2R14, patterns of expression of brain CRs can be similar or vary, in an age- and individual-specific manner. Nevertheless, the size of our cohort is too small to draw any valid conclusion. In parallel, previous studies indicated that the expression of some cerebral ORs and TASRs is modulated in patients with neuropathologies [37,38,39,40]. We assessed CR expression in brains of individuals with dementia or after a traumatic brain injury. Intriguingly, no significant variation in CR expression was observed. Such a discordant finding indicates that additional studies are required to enlighten this issue. However, it can be pointed out that the previous study on OR expression in the frontal and entorhinal cortices was performed with the PCR technique (38) while the Allen brain atlas team used cDNA microarrays.



Although exhaustive, this study is hampered by limitations. We studied all members of CR families but limited our analysis to 10 genes. Investigating the whole OR and TASR families would provide a more accurate information. A databank quantifying the level of expression of brain proteins is lacking. However, there is little doubt that CRs are translated into proteins within the central nervous system, as multiple studies conclusively demonstrated the presence of olfactory and taste receptors in several brain areas [37,38,39,40,41,62,63,64,65,66,67].



In summary, we performed a comprehensive analysis of transcript expression of CRs within the human brain using freely accessible genomic expression databases. All members of the TASR, TAAR, VNR and FPR families, as well as 95% of the OR family, are expressed in the brain. This study reveals that CR genes are mainly expressed in the limbic system, underlying the potential importance of CRs in self-preservation. Their expression patterns seem to be gene-dependent in the different brain zones, which could indicate that they have different cerebral functions. We found that CR canonical transducers are expressed in these areas, supporting the idea that CRs may be functional in the brain. This work suggests that CRs are expressed in the brain and could be involved in unknown physiological and pathological cellular mechanisms. They could act as biosensors to detect pathological states in the brain and trigger the appropriate response. Nevertheless, to be (un)validated, these hypotheses require additional comprehensive studies. Authors should discuss the results and how they can be interpreted from the perspective of previous studies and of the working hypotheses. The findings and their implications should be discussed in the broadest context possible. Future research directions may also be highlighted.




4. Materials and Methods


4.1. Gene Selection


Human CR family includes 376 ORs [68], clustered in class I and class II ORs. We limited our study to 10 class I, and 10 class II ORs. OR2D2, OR2L13, OR2T1, OR2T33, OR4F4, OR6F1, OR10G8, OR11H1, OR51E1, OR52H1, OR52L1 and OR52M1 were documented as expressed in the human brain [38,39]. OR5V1 shares 81% identity with Olfr110/111. OR52K1 and OR52K2 share 82% and 80% identity, respectively, with Olfr544. Both Olfr110/111 and 544 genes are expressed in the mouse brain [38,41]. OR10A2, OR51A4, OR51A7, OR52B6 and OR52E8 were randomly selected to reach a total of 10 ORs per class. TASRs are classified in type 1 (TAS1R), which includes three members TAS1R1, TAS1R2 and TAS1R3 [69], and type 2 (TAS2R) that comprises 25 members [70]. TAS2R4, TAS2R5, TAS2R10, TAS2R13, TAS2R14 and TAS2R50 are found in the human brain [38,39]. Other TAS2R (TAS2R1, TAS2R31, TAS2R38 and TAS2R45) were randomly selected to reach a total of 10 TAS2R (Table 3). We report the expression of VN1R1, VN1R2, VN1R4 and VN1R5 in the human brain. The cerebral expression of the six functional TAARs–TAAR1, TAAR2, TAAR5, TAAR6, TAAR8, TAAR9– and the 3 FPRs–FPR1, FPR2, FPR3–was quantified. We included the cerebral expression of described potential sour chemosensors: ASIC2 [71], KCNK3 [72], PKD2L1 [73,74], and OTOP1 [75]. We explored the brain expression of several CR-associated G proteins: Gαs family (GNAL, GNAT3, GNAS), Gαq family (GNAQ, GNA11), Gαi/o family (GNAI1, GNAI2, GNAI3, GNAO) and partners (CNGA2, CNGA4, OMP, TRPC1, TRPM4, TRPM5, TRPV2, TRPV4).




4.2. The Allen Human Brain Gene Expression Analysis


Most of the data reported were obtained from the Allen Brain Institute’s (https://www.brain-map.org, accessed in 2021). The Allen Human Brain Atlas (http://human.brain-map.org, accessed in 2021) includes RNA microarray data collected from post-mortem brains of 6 donors, with no known neuropsychiatric or neuropathological history as described in ALLEN Human Brain Atlas Normalization, Microarray Data (2013).



We analysed CR expression levels in all six donors (five men, one woman) as well as in the brains of individuals with dementia (n = 50) and/or traumatic brain injury (n = 50) and individuals with no known pathology (n = 50). Cerebral expression of selected CRs and CR-partners was assessed using microarray data available on the Allen Institute’s Allen Brain Atlas (http://human.brain-map.org/microarray/search, accessed in 2021). Details are available on the Allen Institute’s website (http://help.brain-map.org/display/humanbrain/documentation, accessed in 2021). Briefly, the log2 level of expression was collected for all genes and associated to each brain area mapped (97 areas, Figure 6). Different probes were used to detect the genes of interest, allowing to average the log2 levels and the results were compiled. To compare the level of expression of each CR family, we used a commonly expressed receptor in the central nervous system, NMDAR2B, as an internal positive control.




4.3. Gene Expression Analysis Using other Databases


To (in)validate the Allen Brain Atlas-associated findings, we analysed the data available in several collections: BioGPS Gene Atlas (http://biogps.org/, accessed in 2020), GTEx (https://gtexportal.org/home/, accessed in 2020) and Human Protein Atlas (https://www.proteinatlas.org, accessed in 2020). BioGPS data (Affymetrix chips) are expressed as fluorescent intensities, after GC Robust Multi-array Average normalisation. GTEx and Human Protein Atlas values correspond to a number of transcripts per million.




4.4. Statistical Analysis and Visuals


All data are presented as means ± SEM and were analysed using GraphPad Prism6 software. Statistical analyses were performed using non-parametric one-way ANOVAs (Kruskal–Wallis) and the post-hoc Dunn’s multiple comparison test. The Mann–Whitney test was used for significance between groups presented in Figure S1. Differences between mean values were considered statistically significant when p < 0.05 (*), p < 0.01(**), p < 0.001(***), p < 0.0001 (****). Visuals were made using GraphPad Prism6, Inkscape and Adobe Photoshop software.









Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ijms22136858/s1.





Author Contributions


F.G. collected and analysed the data, wrote the manuscript and drew figures. G.G.-C. and F.F. collected and analysed the data, wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


Edmond Roudnitska Foundation.




Data Availability Statement


Data used in this study were obtained from the Allen Brain Institute (http://human.brain-map.org), the BioGPS Gene Atlas (http://biogps.org/), GTEx (https://gtexportal.org/home/) and Human Protein Atlas (https://www.proteinatlas.org).




Acknowledgments


Fanny Gaudel was a recipient of a fellowship from the Edmond Roudnitska Foundation.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Blomquist, G.; Vogt, R. Insect Pheromone Biochemistry and Molecular Biology; Elsevier: Amsterdam, The Netherlands, 2003. [Google Scholar]

	



Doty, R.L. Handbook of Olfaction and Gustation; Marcel Dekker: New York, NY, USA, 2003. [Google Scholar]

	



Wyatt, T.D. Pheromones and Animal Behaviour: Communication by Smell and Taste; Cambridge University Press: Cambridge, UK, 2003. [Google Scholar]

	



Brennan, P.A.; Zufall, F. Pheromonal communication in vertebrates. Nature 2006, 444, 308–315. [Google Scholar] [CrossRef] [PubMed]

	



Hallem, E.A.; Dahanukar, A.; Carlson, J.R. Insect odor and taste receptors. Annu. Rev. Entomol. 2006, 51, 113–135. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, D.A.; Stevenson, R.J. Learning to Smell: Olfactory Perception from Neurobiology to Behavior; Johns Hopkins University Press: Baltimore, MD, USA, 2006; p. 309. [Google Scholar]

	



Ihara, S.; Yoshikawa, K.; Touhara, K. Chemosensory signals and their receptors in the olfactory neural system. Neuroscience 2013, 254, 45–60. [Google Scholar] [CrossRef] [PubMed]

	



Liberles, S.D. Mammalian pheromones. Annu. Rev. Physiol. 2014, 76, 151–175. [Google Scholar] [CrossRef] [PubMed]

	



Barish, S.; Volkan, P.C. Mechanisms of olfactory receptor neuron specification in Drosophila. Wiley Interdiscip. Rev. Dev. Biol. 2015, 4, 609–621. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Liberles, S.D. Aversion and attraction through olfaction. Curr. Biol. 2015, 25, R120–R129. [Google Scholar] [CrossRef] [PubMed]

	



Wicher, D. Olfactory signaling in insects. Prog. Mol. Biol. Transl. Sci. 2015, 130, 37–54. [Google Scholar] [CrossRef]

	



Wackermannova, M.; Pinc, L.; Jebavy, L. Olfactory sensitivity in mammalian species. Physiol. Res. 2016, 65, 369–390. [Google Scholar] [CrossRef]

	



Kikut-Ligaj, D.; Trzcielińska-Lorych, J. How taste works: Cells, receptors and gustatory perception. Cell. Mol. Biol. Lett. 2015, 20, 699–716. [Google Scholar] [CrossRef]

	



Buck, L.; Axel, R. A novel multigene family may encode odorant receptors: A molecular basis for odor recognition. Cell 1991, 65, 175–187. [Google Scholar] [CrossRef]

	



Dulac, C.; Axel, R. A novel family of genes encoding putative pheromone receptors in mammals. Cell 1995, 83, 195–206. [Google Scholar] [CrossRef]

	



Chen, J.-G.; Ping, N.-N.; Liang, D.; Li, M.-Y.; Mi, Y.-N.; Li, S.; Cao, L.; Cai, Y.; Cao, Y.-X. The expression of bitter taste receptors in mesenteric, cerebral and omental arteries. Life Sci. 2017, 170, 16–24. [Google Scholar] [CrossRef]

	



Khalsa, S.S.; Adolphs, R.; Cameron, O.G.; Critchley, H.D.; Davenport, P.W.; Feinstein, J.S.; Feusner, J.D.; Garfinkel, S.N.; Lane, R.D.; Mehling, W.E.; et al. Interoception and Mental Health: A Roadmap. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 2018, 3, 501–513. [Google Scholar] [CrossRef]

	



Khalsa, S.S.; Lapidus, R.C. Can Interoception Improve the Pragmatic Search for Biomarkers in Psychiatry? Front. Psychiatry 2016, 7, 121. [Google Scholar] [CrossRef]

	



Deshpande, D.A.; Wang, W.C.H.; McIlmoyle, E.L.; Robinett, K.S.; Schillinger, R.M.; An, S.S.; Sham, J.S.K.; Liggett, S.B. Bitter taste receptors on airway smooth muscle bronchodilate by localized calcium signaling and reverse obstruction. Nat. Med. 2010, 16, 1299–1304. [Google Scholar] [CrossRef]

	



Zhang, X.; Eggert, U.S. Non-traditional roles of G protein-coupled receptors in basic cell biology. Mol. BioSyst. 2013, 9, 586–595. [Google Scholar] [CrossRef]

	



Grassin-Delyle, S.; Abrial, C.; Fayad-Kobeissi, S.; Brollo, M.; Faisy, C.; Alvarez, J.-C.; Naline, E.; Devillier, P. The expression and relaxant effect of bitter taste receptors in human bronchi. Respir. Res. 2013, 14, 1–14. [Google Scholar] [CrossRef]

	



Camoretti-Mercado, B.; Pauer, S.H.; Yong, H.M.; Smith, D.C.; Deshpande, D.A.; An, S.S.; Liggett, S.B. Pleiotropic Effects of Bitter Taste Receptors on [Ca2+]i Mobilization, Hyperpolarization, and Relaxation of Human Airway Smooth Muscle Cells. PLoS ONE 2015, 10, e0131582. [Google Scholar] [CrossRef]

	



Spehr, M.; Gisselmann, G.; Poplawski, A.; Riffell, J.A.; Wetzel, C.H.; Zimmer, R.K.; Hatt, H. Identification of a testicular odorant receptor mediating human sperm chemotaxis. Science 2003, 299, 2054–2058. [Google Scholar] [CrossRef]

	



Fukuda, N.; Yomogida, K.; Okabe, M.; Touhara, K. Functional characterization of a mouse testicular olfactory receptor and its role in chemosensing and in regulation of sperm motility. J. Cell Sci. 2004, 117, 5835–5845. [Google Scholar] [CrossRef]

	



Veitinger, T.; Riffell, J.R.; Veitinger, S.; Nascimento, J.M.; Triller, A.; Chandsawangbhuwana, C.; Schwane, K.; Geerts, A.; Wunder, F.; Berns, M.W.; et al. Chemosensory Ca2+ dynamics correlate with diverse behavioral phenotypes in human sperm. J. Biol. Chem. 2011, 286, 17311–17325. [Google Scholar] [CrossRef] [PubMed]

	



Griffin, C.A.; Kafadar, K.A.; Pavlath, G.K. MOR23 Promotes Muscle Regeneration and Regulates Cell Adhesion and Migration. Dev. Cell 2009, 17, 649–661. [Google Scholar] [CrossRef] [PubMed]

	



Busse, D.; Kudella, P.; Gruning, N.M.; Gisselmann, G.; Stander, S.; Luger, T.; Jacobsen, F.; Steinstrasser, L.; Paus, R.; Gkogkolou, P.; et al. A synthetic sandalwood odorant induces wound-healing processes in human keratinocytes via the olfactory receptor OR2AT4. J. Investig. Dermatol. 2014, 134, 2823–2832. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, T.; Veitinger, S.; Peek, I.; Busse, D.; Eckardt, J.; Vladimirova, D.; Jovancevic, N.; Wojcik, S.; Gisselmann, G.; Altmuller, J.; et al. Two olfactory receptors -OR2A4/7 and OR51B5- differentially affect epidermal proliferation and differentiation. Exp. Dermatol. 2016. [Google Scholar] [CrossRef] [PubMed]

	



Breer, H.; Eberle, J.; Frick, C.; Haid, D.; Widmayer, P. Gastrointestinal chemosensation: Chemosensory cells in the alimentary tract. Histochem. Cell Biol. 2012, 138, 13–24. [Google Scholar] [CrossRef] [PubMed]

	



Gu, X.; Karp, P.H.; Brody, S.L.; Pierce, R.A.; Welsh, M.J.; Holtzman, M.J.; Ben-Shahar, Y. Chemosensory functions for pulmonary neuroendocrine cells. Am. J. Respir. Cell Mol. Biol. 2014, 50, 637–646. [Google Scholar] [CrossRef] [PubMed]

	



Jeon, T.-I.; Seo, Y.-K.; Osborne, T.F. Gut bitter taste receptor signalling induces ABCB1 through a mechanism involving CCK. Biochem. J. 2011, 438, 33–37. [Google Scholar] [CrossRef]

	



Le Nevé, B.; Foltz, M.; Daniel, H.; Gouka, R. The steroid glycoside H.g.-12 from Hoodia gordonii activates the human bitter receptor TAS2R14 and induces CCK release from HuTu-80 cells. Am. J. Physiol. Gastrointest. Liver Physiol. 2010, 299, G1368–G1375. [Google Scholar] [CrossRef]

	



Kaji, I.; Karaki, S.-I.; Fukami, Y.; Terasaki, M.; Kuwahara, A. Secretory effects of a luminal bitter tastant and expressions of bitter taste receptors, T2Rs, in the human and rat large intestine. Am. J. Physiol. Gastrointest. Liver Physiol. 2009, 296, G971–G981. [Google Scholar] [CrossRef]

	



Pluznick, J.L.; Protzko, R.J.; Gevorgyan, H.; Peterlin, Z.; Sipos, A.; Han, J.; Brunet, I.; Wan, L.X.; Rey, F.; Wang, T.; et al. Olfactory receptor responding to gut microbiota-derived signals plays a role in renin secretion and blood pressure regulation. Proc. Natl. Acad. Sci. USA 2013, 110, 4410–4415. [Google Scholar] [CrossRef]

	



Ferrer, I.; Garcia-Esparcia, P.; Carmona, M.; Carro, E.; Aronica, E.; Kovacs, G.G.; Grison, A.; Gustincich, S. Olfactory Receptors in Non-Chemosensory Organs: The Nervous System in Health and Disease. Front. Aging Neurosci. 2016, 8, 163. [Google Scholar] [CrossRef]

	



Maßberg, D.; Hatt, H. Human Olfactory Receptors: Novel Cellular Functions Outside of the Nose. Physiol. Rev. 2018, 98, 1739–1763. [Google Scholar] [CrossRef]

	



Garcia-Esparcia, P.; Schluter, A.; Carmona, M.; Moreno, J.; Ansoleaga, B.; Torrejon-Escribano, B.; Gustincich, S.; Pujol, A.; Ferrer, I. Functional genomics reveals dysregulation of cortical olfactory receptors in Parkinson disease: Novel putative chemoreceptors in the human brain. J. Neuropathol. Exp. Neurol. 2013, 72, 524–539. [Google Scholar] [CrossRef]

	



Ansoleaga, B.; Garcia-Esparcia, P.; Llorens, F.; Moreno, J.; Aso, E.; Ferrer, I. Dysregulation of brain olfactory and taste receptors in AD, PSP and CJD, and AD-related model. Neuroscience 2013, 248, 369–382. [Google Scholar] [CrossRef]

	



Ansoleaga, B.; Garcia-Esparcia, P.; Pinacho, R.; Haro, J.M.; Ramos, B.; Ferrer, I. Decrease in olfactory and taste receptor expression in the dorsolateral prefrontal cortex in chronic schizophrenia. J. Psychiatr. Res. 2015, 60, 109–116. [Google Scholar] [CrossRef]

	



Grison, A.; Zucchelli, S.; Urzi, A.; Zamparo, I.; Lazarevic, D.; Pascarella, G.; Roncaglia, P.; Giorgetti, A.; Garcia-Esparcia, P.; Vlachouli, C.; et al. Mesencephalic dopaminergic neurons express a repertoire of olfactory receptors and respond to odorant-like molecules. BMC Genom. 2014, 15, 1–16. [Google Scholar] [CrossRef]

	



Gaudel, F.; Stephan, D.; Landel, V.; Sicard, G.; Féron, F.; Guiraudie-Capraz, G. Expression of the Cerebral Olfactory Receptors Olfr110/111 and Olfr544 Is Altered During Aging and in Alzheimer’s Disease-Like Mice. Mol. Neurobiol. 2018, 56, 2057–2072. [Google Scholar] [CrossRef]

	



Flegel, C.; Manteniotis, S.; Osthold, S.; Hatt, H.; Gisselmann, G. Expression profile of ectopic olfactory receptors determined by deep sequencing. PLoS ONE 2013, 8, e55368. [Google Scholar] [CrossRef]

	



Zhao, W.; Ho, L.; Varghese, M.; Yemul, S.; Dams-O’Connor, K.; Gordon, W.; Knable, L.; Freire, D.; Haroutunian, V.; Pasinetti, G.M. Decreased level of olfactory receptors in blood cells following traumatic brain injury and potential association with tauopathy. J. Alzheimer’s Dis. 2013, 34, 417–429. [Google Scholar] [CrossRef]

	



Yuan, T.T.; Toy, P.; McClary, J.A.; Lin, R.J.; Miyamoto, N.G.; Kretschmer, P.J. Cloning and genetic characterization of an evolutionarily conserved human olfactory receptor that is differentially expressed across species. Gene 2001, 278, 41–51. [Google Scholar] [CrossRef]

	



Feldmesser, E.; Olender, T.; Khen, M.; Yanai, I.; Ophir, R.; Lancet, D. Widespread ectopic expression of olfactory receptor genes. BMC Genom. 2006, 7, 1–18. [Google Scholar] [CrossRef]

	



Jing, L.; Li, J.-X. Trace amine-associated receptor 1: A promising target for the treatment of psychostimulant addiction. Eur. J. Pharmacol. 2015, 761, 345–352. [Google Scholar] [CrossRef]

	



Migeotte, I.; Communi, D.; Parmentier, M. Formyl peptide receptors: A promiscuous subfamily of G protein-coupled receptors controlling immune responses. Cytokine Growth Factor Rev. 2006, 17, 501–519. [Google Scholar] [CrossRef]

	



Niimura, Y.; Nei, M. Evolution of olfactory receptor genes in the human genome. Proc. Natl. Acad. Sci. USA 2003, 100, 12235–12240. [Google Scholar] [CrossRef]

	



Liman, E.R. Use it or lose it: Molecular evolution of sensory signaling in primates. Pflüg. Arch. 2006, 453, 125–131. [Google Scholar] [CrossRef]

	



Kalyana-Sundaram, S.; Kumar-Sinha, C.; Shankar, S.; Robinson, D.R.; Wu, Y.-M.; Cao, X.; Asangani, I.A.; Kothari, V.; Prensner, J.R.; Lonigro, R.J.; et al. Expressed pseudogenes in the transcriptional landscape of human cancers. Cell 2012, 149, 1622–1634. [Google Scholar] [CrossRef]

	



Prieto-Godino, L.L.; Rytz, R.; Bargeton, B.; Abuin, L.; Arguello, J.R.; Peraro, M.D.; Benton, R. Olfactory receptor pseudo-pseudogenes. Nature 2016, 539, 93–97. [Google Scholar] [CrossRef]

	



Khan, M.Z.; Nawaz, W. The emerging roles of human trace amines and human trace amine-associated receptors (hTAARs) in central nervous system. Biomed. Pharmacother. 2016, 83, 439–449. [Google Scholar] [CrossRef]

	



Borowsky, B.; Adham, N.; Jones, K.A.; Raddatz, R.; Artymyshyn, R.; Ogozalek, K.L.; Durkin, M.M.; Lakhlani, P.P.; Bonini, J.A.; Pathirana, S.; et al. Trace amines: Identification of a family of mammalian G protein-coupled receptors. Proc. Natl. Acad. Sci. USA 2001, 98, 8966–8971. [Google Scholar] [CrossRef]

	



Buck, L.B.; Bargmann, C. Smell and taste: The chemical senses. Princ. Neural Sci. 2000, 4, 625–647. [Google Scholar]

	



Jones, D.T.; Reed, R.R. Golf: An olfactory neuron specific-G protein involved in odorant signal transduction. Science 1989, 244, 790–795. [Google Scholar] [CrossRef] [PubMed]

	



Liberles, S.D.; Buck, L.B. A second class of chemosensory receptors in the olfactory epithelium. Nature 2006, 442, 645–650. [Google Scholar] [CrossRef] [PubMed]

	



Ferrero, D.M.; Lemon, J.K.; Fluegge, D.; Pashkovski, S.L.; Korzan, W.J.; Datta, S.R.; Spehr, M.; Fendt, M.; Liberles, S.D. Detection and avoidance of a carnivore odor by prey. Proc. Natl. Acad. Sci. USA 2011, 108, 11235–11240. [Google Scholar] [CrossRef] [PubMed]

	



Norlin, E.M.; Gussing, F.; Berghard, A. Vomeronasal phenotype and behavioral alterations in G alpha i2 mutant mice. Curr. Biol. 2003, 13, 1214–1219. [Google Scholar] [CrossRef]

	



Tanaka, M.; Treloar, H.; Kalb, R.G.; Greer, C.A.; Strittmatter, S.M. Go protein-dependent survival of primary accessory olfactory neurons. Proc. Natl. Acad. Sci. USA 1999, 96, 14106–14111. [Google Scholar] [CrossRef]

	



Kajiya, K.; Inaki, K.; Tanaka, M.; Haga, T.; Kataoka, H.; Touhara, K. Molecular bases of odor discrimination: Reconstitution of olfactory receptors that recognize overlapping sets of odorants. J. Neurosci. 2001, 21, 6018–6025. [Google Scholar] [CrossRef]

	



Imai, T.; Sakano, H. Odorant receptor-mediated signaling in the mouse. Curr. Opin. Neurobiol. 2008, 18, 251–260. [Google Scholar] [CrossRef]

	



Goncalves, I.; Hubbard, P.C.; Tomas, J.; Quintela, T.; Tavares, G.; Caria, S.; Barreiros, D.; Cecilia, R.A.S. “Smelling” the cerebrospinal fluid: Olfactory signaling molecules are expressed in and mediate chemosensory signaling from the choroid plexus. FEBS J. 2016, 283, 1748–1766. [Google Scholar] [CrossRef]

	



Tomas, J.; Santos, C.R.; Quintela, T.; Goncalves, I. “Tasting” the cerebrospinal fluid: Another function of the choroid plexus? Neuroscience 2016, 320, 160–171. [Google Scholar] [CrossRef]

	



Raming, K.; Konzelmann, S.; Breer, H. Identification of a novel G-protein coupled receptor expressed in distinct brain regions and a defined olfactory zone. Recept. Channels 1998, 6, 141–151. [Google Scholar]

	



Shin, Y.-J.; Park, J.-H.; Choi, J.-S.; Chun, M.-H.; Moon, Y.W.; Lee, M.-Y. Enhanced expression of the sweet taste receptors and alpha-gustducin in reactive astrocytes of the rat hippocampus following ischemic injury. Neurochem. Res. 2010, 35, 1628–1634. [Google Scholar] [CrossRef]

	



Ren, X.; Zhou, L.; Terwilliger, R.; Newton, S.S.; de Araujo, I.E. Sweet taste signaling functions as a hypothalamic glucose sensor. Front. Integr. Neurosci. 2009, 3, 12. [Google Scholar] [CrossRef]

	



Abaffy, T.; Bain, J.R.; Muehlbauer, M.J.; Spasojevic, I.; Lodha, S.; Bruguera, E.; O’Neal, S.K.; Kim, S.Y.; Matsunami, H. A Testosterone Metabolite 19-Hydroxyandrostenedione Induces Neuroendocrine Trans-Differentiation of Prostate Cancer Cells via an Ectopic Olfactory Receptor. Front. Oncol. 2018, 8, 162. [Google Scholar] [CrossRef]

	



Matsui, A.; Go, Y.; Niimura, Y. Degeneration of olfactory receptor gene repertories in primates: No direct link to full trichromatic vision. Mol. Biol. Evol. 2010, 27, 1192–1200. [Google Scholar] [CrossRef]

	



Nelson, G.; Hoon, M.A.; Chandrashekar, J.; Zhang, Y.; Ryba, N.J.; Zuker, C.S. Mammalian sweet taste receptors. Cell 2001, 106, 381–390. [Google Scholar] [CrossRef]

	



Adler, E.; Hoon, M.A.; Mueller, K.L.; Chandrashekar, J.; Ryba, N.J.; Zuker, C.S. A novel family of mammalian taste receptors. Cell 2000, 100, 693–702. [Google Scholar] [CrossRef]

	



Ugawa, S.; Yamamoto, T.; Ueda, T.; Ishida, Y.; Inagaki, A.; Nishigaki, M.; Shimada, S. Amiloride-insensitive currents of the acid-sensing ion channel-2a (ASIC2a)/ASIC2b heteromeric sour-taste receptor channel. J. Neurosci. 2003, 23, 3616–3622. [Google Scholar] [CrossRef] [PubMed]

	



Lin, W.; Burks, C.A.; Hansen, D.R.; Kinnamon, S.C.; Gilbertson, T.A. Taste receptor cells express pH-sensitive leak K+ channels. J. Neurophysiol. 2004, 92, 2909–2919. [Google Scholar] [CrossRef]

	



Ishimaru, Y.; Inada, H.; Kubota, M.; Zhuang, H.; Tominaga, M.; Matsunami, H. Transient receptor potential family members PKD1L3 and PKD2L1 form a candidate sour taste receptor. Proc. Natl. Acad. Sci. USA 2006, 103, 12569–12574. [Google Scholar] [CrossRef]

	



Huang, A.L.; Chen, X.; Hoon, M.A.; Chandrashekar, J.; Guo, W.; Tränkner, D.; Ryba, N.J.P.; Zuker, C.S. The cells and logic for mammalian sour taste detection. Nature 2006, 442, 934–938. [Google Scholar] [CrossRef]

	



Tu, Y.-H.; Cooper, A.J.; Teng, B.; Chang, R.B.; Artiga, D.J.; Turner, H.N.; Mulhall, E.M.; Ye, W.; Smith, A.D.; Liman, E.R. An evolutionarily conserved gene family encodes proton-selective ion channels. Science 2018, 359, 1047–1050. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 06858 g001 550] 





Figure 1. Genome versus transcriptome comparison of human chemoreceptors (CRs). The number of genes and pseudogenes expressed in the whole genome (left pie charts) was compared to those found to be transcribed (right pie charts), for all CR families: olfactory receptors (A, green), taste receptors (B, blue), trace amine-associated receptors (C, purple), vomeronasal receptors (D, red) and formyl peptide receptors (E, brown), The coloured areas correspond to coding genes and dark grey areas to pseudogenes. The census of genes expressed in the brain transcriptome was carried out using data from all five subjects available in the Allen brain atlas. 
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Figure 2. Comparative expression of olfactory and taste receptor transcripts in the human brain, and inter-individual variations in transcript expression. (A) global expressions of class I, class II ORs, and type 1 and type 2 TASRs in the whole brain of a 31-year-old Caucasian male. ****: p < 0.0001 (non-parametric Mann–Whitney test). (B) Five subjects of various ages were compared. OR2L13 (top), one of the most expressed class II ORs in the human brain, is predominantly expressed in the frontal, parietal and occipital cortices but less expressed in regions of the limbic system such as the amygdala, basal ganglia, or hypothalamus, in all subjects. In contrast, the expression pattern of TAS2R14 (bottom) varies a lot between subjects (bottom). Maximum and minimum expression values are indicated in the bottom left panel for each representation. (C) Comparative expression and regionalisation of the OR2L13 (top) and TAS2R14 (bottom) genes between a male and a female subjects of comparable ages. Maximum and minimum expression values are indicated in the bottom left panel for each representation. 
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Figure 3. Regionalised mean expression of chemoreceptors in a human brain collected from a 31-year-old Caucasian subject. (A–G), log2 expression for class I (A, blue) and class II (B, orange) olfactory receptors, type 1 (C, pink), and type 2 (D, green) taste receptors, trace amine-associated receptors (E, purple), vomeronasal receptors (F, red), and formyl peptide receptors (G, brown). The maximum and minimum expression levels are indicated in the bottom left panel for each family representation. (H) Histogram showing the average expression for each family in the whole brain (n = 13 main areas). The most expressed members for each family is indicated inside each bar. NMDAR2B gene expression (empty bar, grey, was added as a positive control). *: p < 0.05, **: p < 0.01, ****: p < 0.0001 (Kruskal–Wallis test followed by Dunn’s multiple comparisons post hoc test). For clarity purposes, NMDAR2B was excluded from the statistical analysis. 
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Figure 4. Expression of sour chemoreceptor genes in the human brain. (A) Histogram showing the average expression of ASIC2, KCNK3, PKD2L1 and OTOP1 in the whole brain of a 31-year-old Caucasian male. (B) Regionalised mean expressions of described sour chemosensor candidates in the brain of the same subject. The maximum and minimum log2 values are indicated in the bottom left panel. 
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Figure 5. Regionalised mean expression of chemoreceptor-associated partners in a human brain collected from a 31-year-old Caucasian subject. (A–F), log2 expression for Gαs (A, red), Gαq (B, pink), Gαi/o (C, light blue), transient receptor potential channels (D, green), cyclic nucleotide-gated channels (E, dark blue), and olfactory marker protein (F, brown). The maximum and minimum expression levels are indicated in the bottom left panel for each family. (G) mean expression for each family in the whole brain (n = 13 main areas). The most expressed members for each family is indicated inside each bar. NMDAR2B gene expression (empty bar, grey, was added as a positive control). *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001 (Kruskal–Wallis test followed by Dunn’s multiple comparisons post hoc test). For clarity purposes, NMDAR2B was excluded from the statistical analysis. 






Figure 5. Regionalised mean expression of chemoreceptor-associated partners in a human brain collected from a 31-year-old Caucasian subject. (A–F), log2 expression for Gαs (A, red), Gαq (B, pink), Gαi/o (C, light blue), transient receptor potential channels (D, green), cyclic nucleotide-gated channels (E, dark blue), and olfactory marker protein (F, brown). The maximum and minimum expression levels are indicated in the bottom left panel for each family. (G) mean expression for each family in the whole brain (n = 13 main areas). The most expressed members for each family is indicated inside each bar. NMDAR2B gene expression (empty bar, grey, was added as a positive control). *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001 (Kruskal–Wallis test followed by Dunn’s multiple comparisons post hoc test). For clarity purposes, NMDAR2B was excluded from the statistical analysis.



[image: Ijms 22 06858 g005]







[image: Ijms 22 06858 g006 550] 





Figure 6. Areas of the human brain included in the study. Visual representation of the human brain with arrows indicating the main areas (top). Table detailing the substructures included in each main zone (bottom). 
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Table 1. Expression of class I and class II olfactory receptor genes in other databases. N/A, not available.
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Table 2. Expression of type 1 and type 2 taste receptor genes in other databases. N/A, not available.
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Table 3. Selected olfactory receptors (OR) and taste receptors (TASR).
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Olfactory Receptors

	




	
Class I

	
Cerebral Areas

	
References






	
OR51A4

	

	




	
OR51A7

	

	




	
OR51E1

	
EC, PFC, FC, SN, Cb

	
[25,26,27,28]




	
OR52B6

	

	




	
OR52E8

	

	




	
OR52H1

	
EC, PFC, FC, Cb

	
[27]




	
OR52K1

	
Homolog of Olfr544, found in cortex and hippocampus

	
[29]




	
OR52K2

	
Homolog of Olfr544, found in cortex and hippocampus

	
[29]




	
OR52L1

	
EC, PFC, FC, SN, Cb

	
[25,26,27,28]




	
OR52M1

	
EC, PFC, FC, Cb

	
[27]




	
Class II

	
Cerebral areas

	
References




	
OR2D2

	
EC, PFC, FC, SN, Cb

	
[25,26,27,28]




	
OR2L13

	
EC, PFC, FC, SN, Cb

	
[25,26,27,28]




	
OR2T1

	
EC, PFC, FC, Cb

	
[27]




	
OR2T33

	
EC, PFC, FC, SN, Cb

	
[25,26,27,28]




	
OR4F4

	
EC, PFC, FC, SN, Cb

	
[26,27,28]




	
OR5V1

	
Homolog of Olfr110/111, found in cortex and hippocampus

	
[26,29]




	
OR6F1

	
EC, PFC, FC, Cb

	
[27]




	
OR10A2

	

	




	
OR10G8

	
EC, PFC, FC, SN, Cb

	
[26,27,28]




	
OR11H1

	
EC, PFC, FC, SN, Cb

	
[25,26,28]




	
Taste Receptors

	




	
Type 1

	
Cerebral areas

	
References




	
TAS1R1

	

	




	
TAS1R2

	

	




	
TAS1R3

	

	




	
Type 2

	
Cerebral areas

	
References




	
TAS2R1

	

	




	
TAS2R4

	
EC, PFC, FC, SN, Cb

	
[25,26,28]




	
TAS2R5

	
EC, PFC, FC, SN, Cb

	
[25,26,28]




	
TAS2R10

	
EC, PFC, FC, SN, Cb

	
[25,26,28]




	
TAS2R13

	
EC, PFC, FC, SN, Cb

	
[25,26,28]




	
TAS2R14

	
EC, PFC, FC, SN, Cb

	
[25,26,28]




	
TAS2R31

	

	




	
TAS2R38

	

	




	
TAS2R45

	

	




	
TAS2R50

	
EC, PFC, FC, SN, Cb

	
[25,26,28]








The human OR family includes 396 members, clustered into class I, “fish-like”, and class II, “tetrapod-like”, while the TASR family is sub-divided into “sweet and umami” type 1 (TAS1R, 3 members), and “bitter” type 2 (TAS2R, 25 members). Large families were restricted to 10 genes. EC: entorhinal cortex, PFC: prefrontal cortex, FC: frontal cortex, SN: substantia nigra, Cb: cerebellum.
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