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Humans perceive their environment through various sen-
sory systems. While most of our senses including sight,
hearing, touch, thermoception, and proprioception are tuned
to the detection of physical events, the perception of smell
and taste is induced by the activation of chemoreceptor cells
in the nose and the oral cavity by volatile and nonvolatile
molecules (tastants). Taste comprises five basic taste modal-
ities, namely, bitter, sweet, sour, salty, and umami (savori-
ness), and is mediated by the activation of taste receptor cells,
which are assembled into taste buds distributed across
different papillae on the tongue and palate epithelium. In
the last decade, numerous genetic and functional studies
revealed G-protein-coupled seven-transmembrane proteins
as the chemoreceptors responding to sweet (hT1R2/
hT1R3),[1, 2] bitter (hT2Rs),[3] and umami (hT1R1/hT1R3)[2,4]

stimuli, whereas the epithelial sodium channel (ENaC)[5] and
the transient receptor potential (TRP) ion channels PKD2L1
and PKD1L3[6] were suggested as receptor proteins for salty
and sour taste, respectively. In addition, other types of oral
sensations including cooling, pungency, tingling, and astrin-
gency seem to be mediated independent of any specific
receptor cell through free afferent nerve endings of neurons
of the trigeminal nerve in the oral cavity.

Besides taste and trigeminal stimuli, our oral cavity seems
to be sensitive for CO2, the substance responsible for the fizzy
and tingling sensation we experience upon consumption of
carbonated beverages. This tingling sensation was long linked
to the activation of mechanoreceptors in response to bursting
bubbles of carbon dioxide.[7] However, experiments under
different atmospheric pressure conditions did not lead to a
difference in response to CO2, which would have supported
this assumption. Ingestion of carbonated water under hyper-
baric conditions, in which bubble formation is prevented,
resulted in the same oral sensation as that under normal
atmospheric conditions.[8] Moreover a burning, tingling, and
slightly numbing orosensation was reported to be perceived

even long after the carbonated water had been consumed,
thus supporting a chemogenic transduction mechanism.[9]

In psychophysical studies involving lingual application of
carbonated water after the tongue had been treated with
carbonic anhydrase inhibitors such as dorzolamide or acet-
azolamide (Scheme 1), drugs typically used to treat glaucoma,

epileptic seizures, and altitude sickness, the oral sensation of
carbonation was attenuated significantly.[10] Carbonic anhy-
drases belong to a family of zinc metalloenzymes that
reversibly catalyze the conversion of carbon dioxide into
hydrogen carbonate and free protons (Scheme 2). These
enzymes are of crucial importance to maintaining the acid/
base balance in the blood and other tissues as well as
transporting carbon dioxide out of tissues.[11]

Although a carbonic anhydrase was suggested to be
involved in the chemosensory response to CO2,

[11, 12] no
conclusive molecular mechanism behind “fizzy taste” of
carbonated beverages like beer, champagne, and soft drinks
had been proposed until a very recent study conducted by
Zuker and co-workers.[13] They observed dose-dependent
responses to gaseous CO2, CO2 dissolved in buffer, and
carbonated drinks when they recorded action potentials of
major nerves of taste receptor cells (TRCs), whereas stim-
ulation with pressurized air yielded no reaction.

To narrow down the types of TRCs essential to sensing
carbonation, transgenic mice were generated in which specific

Scheme 1. Carbonic anhydrase inhibitors dorzolamide (1) and acet-
azolamide (2).

Scheme 2. Carbonic anhydrase catalyzed conversion of carbon dioxide
and water to give hydrogen carbonate and free protons.
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populations of TRCs were genetically ablated by targeted
expression of attenuated diphtheria toxin. These mice, which
could not taste sweet, salty, umami etc., were analyzed for
their remaining responsiveness to CO2. The ablation of sour-
sensing cells expressing the proposed sour receptor protein
PKD2 L1 eliminated the gustatory response to acidic stimuli
and surprisingly also the response to CO2. Subsequent gene-
expression profiling of sour-sensing cells in comparison to
mRNA from taste buds of animals lacking sour-sensing cells
resulted in the identification of the gene Car4, which was
found to be highly specific for PKD2L1-expressing cells
(Figure 1) and to encode carbonic anhydrase IV (CA4). To

confirm the role of CA4, a well-known glycosylphosphatidy-
linositol-anchored membrane enzyme with a molecular
weight of 35 kDa (Figure 2),[14] as a selective CO2 sensor in
the taste system, Car4-knockout mice were analyzed for their
gustatory responses to CO2 and other taste stimuli. Basic
tastants including organic acids were still detected by the
knockout mice, whereas CO2 sensing was strongly reduced
even when high levels of 30 % CO2 were applied (Figure 3).
Furthermore, blocking of the carbonic anhydrases by the
inhibitor dorzolamide abolished quantitatively gustatory
responses to CO2, giving strong evidence for CA4 as the
primary carbon dioxide detector.[13] In addition, engineered
animals, in which the activation of nerve fibers innervating
sour-sensing cells was blocked by preventing neurotransmit-
ter release from PKD2L1-expressing TRCs, did not respond
to either sour taste stimuli or to CO2. Since these animals
were still responsive to the other basic taste modalities, sour
cells were proved to be the cellular sensors for carbonation.
As CO2 was found to act not only on the sour taste system but
also on other somatosensory pathways,[10] the fizzy and
tingling perception of carbonated beverages is likely to be
due to a multimodal sensation comprising gustatory as well as
somatosensory inputs. It is interesting to note that these
findings explain the phenomenon of the so-called “cham-
pagne blues”, which was reported already 20 years ago.[15]

Mountain climbers who had taken the carbonic anhydrase
inhibitor acetazolamide (Scheme 1) to prevent altitude sick-
ness reported that the champagne or beer consumed to
celebrate the triumph at the peak tasted “like dishwater”.[15]

This clearly demonstrates that the fizzy sensation perceived
by humans upon consumption of carbonated beverages is
mediated by carbonic anhydrase IV.

Figure 1. Immunohistochemical staining of Car4 expression (lower
panel, red) in the taste buds of transgenic mice in which sour-sensing
cells were marked by GFP fluorescence (PKD2L1-GFP; upper panel,
green); large panel shows the superimposed double labeling. Adapted
from reference [13]. Reprinted with permission from AAAS.

Figure 2. Representation of the carbonic anhydrase IV anchored to a
membrane by a glycosylphosphatidylinositol tail (yellow); the active
site zinc ion of the enzyme appears as a white sphere. Adapted from
reference [14c]. Copyright (1996) National Academy of Sciences, USA.

Figure 3. Carbon dioxide responses of wild-type (gray) and Car4-knock-
out (red) animals, after exposure to the membrane-permeable CA
blocker dorzolamide (DZA), or the cell-permeable carbonic anhydrase
inhibitor benzolamide (BZA). Adapted from reference [13]. Reprinted
with permission from AAAS.

Highlights

2976 www.angewandte.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2010, 49, 2975 – 2977

http://www.angewandte.org


Received: December 11, 2009
Published online: March 16, 2010

[1] G. Nelson, M. A. Hoon, J. Chandrashekar, Y. Zhang, N. J. P.
Ryba, C. S. Zuker, Cell 2001, 106, 381 – 390.

[2] a) X. Li, L. Staszewski, H. Xu, K. Durick, M. Zoller, E. Adler,
Proc. Natl. Acad. Sci. USA 2002, 99, 4692 – 4696; b) G. Q. Zhao,
Y. Zhang, M. A. Hoon, J. Chandrashekar, I. Erlenbach, N. J. P.
Ryba, C. S. Zuker, Cell 2003, 115, 255 – 266.

[3] a) E. Adler, M. A. Hoon, K. L. Mueller, J. Chandrashekar,
N. J. P. Ryba, C. S. Zuker, Cell 2000, 100, 693 – 702; b) B. Bufe, T.
Hofmann, D. Krautwurst, J. D. Raguse, W. Meyerhof, Nat.
Genet. 2002, 32, 397 – 401.

[4] G. Nelson, J. Chandrashekar, M. A. Hoon, L. Feng, G. Zhao,
N. J. P. Ryba, C. S. Zuker, Nature 2002, 416, 199 – 202.

[5] a) G. L. Heck, S. Mierson, J. A. DeSimone, Science 1984, 223,
403 – 405; b) F. St�hler, K. Riedel, S. Demgensky, K. Neumann,
A. Dunkel, A. T�ubert, B. Raab, M. Behrens, J. D. Raguse, T.
Hofmann, W. Meyerhof, Chem. Percept. 2008, 1, 78 – 90.

[6] a) A. L. Huang, X. Chen, M. A. Hoon, J. Chandrashekar, W.
Guo, D. Traenkner, N. J. P. Ryba, C. S. Zuker, Nature 2006, 442,
934 – 938; b) Y. Ishimaru, H. Inada, M. Kubota, H. Zhuang, M.
Tominaga, H. Matsunami, Proc. Natl. Acad. Sci. USA 2006, 103,
12569 – 12574.

[7] a) N. J. N. Yau, M. R. McDaniel, J. Sens. Stud. 1990, 5, 117 – 128;
b) N. J. N. Yau, M. R. McDaniel, Chem. Senses 1991, 16, 337 –
348.

[8] S. McEvoy, Chemical senses day XIV abstracts, Santa Rosa, CA,
1998.

[9] B. G. Green, Chem. Senses 1992, 17, 435 – 450.
[10] a) J. M. Dessirier, C. T. Simons, M. I. Carstens, M. O�Mahony, E.

Carstens, Chem. Senses 2000, 25, 277 – 284; b) C. T. Simons, J. M.
Dessirier, M. I. Carstens, M. O�Mahony, E. Carstens, J. Neurosci.
1999, 19, 8134 – 8144; c) J. M. Dessirier, C. T. Simons, M.
O�Mahony, E. Carstens, Chem. Senses 2001, 26, 639 – 643;
d) M. Komai, B. P. Bryant, Brain Res. 1993, 612, 122 – 129.

[11] a) S. Lahiri, R. E. Forster, Int. J. Biochem. Cell Biol. 2003, 35,
1413 – 1435; b) J. Hu, C. Zhong, C. Ding, Q. Chi, A. Walz, P.
Mombaerts, H. Matsunami, M. Luo, Science 2007, 317, 953 – 957.

[12] a) D. Brown, L. M. Garcia-Segura, L. Orci, Brain Res. 1984, 324,
346 – 348; b) H. Daikoku, I. Morisaki, Y, Ogawa, T. Maeda, K.
Kurisu, S. Wakisaki, Chem. Senses 1999, 24, 255 – 261.

[13] J. Chandrashekar, D. Yarmolinsky, L. von Buchholtz, Y. Oka, W.
Sly, N. J. P. Ryba, C. S. Zuker, Science 2009, 326, 443 – 445.

[14] a) T. Okuyama, A. Waheed, W. Kusumoto, X. L. Zhu, W. S. Sly,
Arch. Biochem. Biophys. 1995, 320, 315 – 322; b) W. S. Sly, P. Y.
Hu, Annu. Rev. Biochem. 1995, 64, 375 – 401; c) T. Stams, S. K.
Nair, T. Okuyama, A. Waheed, W. S. Sly, D. W. Christianson,
Proc. Natl. Acad. Sci. USA 1996, 93, 13589 – 13594.

[15] M. Graber, S. Kelleher, Am. J. Med. 1988, 84, 979 – 980.

Angewandte
Chemie

2977Angew. Chem. Int. Ed. 2010, 49, 2975 – 2977 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1016/S0092-8674(01)00451-2
http://dx.doi.org/10.1073/pnas.072090199
http://dx.doi.org/10.1016/S0092-8674(03)00844-4
http://dx.doi.org/10.1016/S0092-8674(00)80705-9
http://dx.doi.org/10.1038/ng1014
http://dx.doi.org/10.1038/ng1014
http://dx.doi.org/10.1038/nature726
http://dx.doi.org/10.1126/science.6691151
http://dx.doi.org/10.1126/science.6691151
http://dx.doi.org/10.1007/s12078-008-9006-4
http://dx.doi.org/10.1038/nature05084
http://dx.doi.org/10.1038/nature05084
http://dx.doi.org/10.1073/pnas.0602702103
http://dx.doi.org/10.1073/pnas.0602702103
http://dx.doi.org/10.1111/j.1745-459X.1990.tb00484.x
http://dx.doi.org/10.1093/chemse/16.4.337
http://dx.doi.org/10.1093/chemse/16.4.337
http://dx.doi.org/10.1093/chemse/17.4.435
http://dx.doi.org/10.1093/chemse/25.3.277
http://dx.doi.org/10.1093/chemse/26.6.639
http://dx.doi.org/10.1016/0006-8993(93)91652-9
http://dx.doi.org/10.1016/S1357-2725(03)00050-5
http://dx.doi.org/10.1016/S1357-2725(03)00050-5
http://dx.doi.org/10.1126/science.1144233
http://dx.doi.org/10.1016/0006-8993(84)90046-5
http://dx.doi.org/10.1016/0006-8993(84)90046-5
http://dx.doi.org/10.1093/chemse/24.3.255
http://dx.doi.org/10.1126/science.1174601
http://dx.doi.org/10.1016/0003-9861(95)90015-2
http://dx.doi.org/10.1146/annurev.bi.64.070195.002111
http://dx.doi.org/10.1073/pnas.93.24.13589
http://dx.doi.org/10.1016/0002-9343(88)90091-5
http://www.angewandte.org

