
DOI: 10.1126/science.1174481 
, 445 (2009); 326Science

  et al.Ned T. Sahin,
Phonological Information Within Broca’s Area
Sequential Processing of Lexical, Grammatical, and

 www.sciencemag.org (this information is current as of October 16, 2009 ):
The following resources related to this article are available online at

 http://www.sciencemag.org/cgi/content/full/326/5951/445
version of this article at: 

 including high-resolution figures, can be found in the onlineUpdated information and services,

 http://www.sciencemag.org/cgi/content/full/326/5951/445/DC1
 can be found at: Supporting Online Material

found at: 
 can berelated to this articleA list of selected additional articles on the Science Web sites 

 http://www.sciencemag.org/cgi/content/full/326/5951/445#related-content

 http://www.sciencemag.org/cgi/content/full/326/5951/445#otherarticles
, 2 of which can be accessed for free: cites 30 articlesThis article 

 http://www.sciencemag.org/cgi/content/full/326/5951/445#otherarticles
 1 articles hosted by HighWire Press; see: cited byThis article has been 

 http://www.sciencemag.org/cgi/collection/neuroscience
Neuroscience 

: subject collectionsThis article appears in the following 

 http://www.sciencemag.org/about/permissions.dtl
 in whole or in part can be found at: this article

permission to reproduce of this article or about obtaining reprintsInformation about obtaining 

registered trademark of AAAS. 
 is aScience2009 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
 (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience

 o
n 

O
ct

ob
er

 1
6,

 2
00

9 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/cgi/content/full/326/5951/445
http://www.sciencemag.org/cgi/content/full/326/5951/445/DC1
http://www.sciencemag.org/cgi/content/full/326/5951/445#related-content
http://www.sciencemag.org/cgi/content/full/326/5951/445#otherarticles
http://www.sciencemag.org/cgi/content/full/326/5951/445#otherarticles
http://www.sciencemag.org/cgi/collection/neuroscience
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org


the basic taste modalities is mediated by distinct
TRCs, with taste at the periphery proposed to be
encoded via labeled lines [i.e., a sweet line, a sour
line, a bitter line, etc. (21)]. Given that Car4 is
specifically tethered to the surface of sour-sensing
cells, and thus ideally poised to provide a highly
localized acid signal to the sour TRCs, we rea-
soned that carbonation might be sensed through
activation of the sour-labeled line. A prediction of
this postulate is that prevention of sour cell activa-
tion should eliminate CO2 detection, even in the
presence of wild-type Car4 function. To test this
hypothesis, we engineered animals in which the
activation of nerve fibers innervating sour-sensing
cells was blocked by preventing neurotransmitter
release from the PKD2L1-expressing TRCs. In es-
sence, we transgenically targeted expression of tet-
anus toxin light chain [TeNT, an endopeptidase
that removes an essential component of the syn-
aptic machinery (34–36)] to sour-sensing TRCs,
and then monitored the physiological responses of
these mice to sweet, sour, bitter, salty, umami and
CO2 stimulation. As predicted, taste responses to
sour stimuli were selectively and completely abol-
ished, whereas responses to sweet, bitter, salty and
umami tastants remained unaltered (Fig. 4 and
fig. S5). However, these animals also displayed a
complete loss of taste responses to CO2 even
though they still expressed Car4 on the surface of
PKD2L1 cells. Together, these results implicate
the extracellular generation of protons, rather than
intracellular acidification (15), as the primary sig-
nal that mediates the taste of CO2, and demonstrate
that sour cells not only provide the membrane an-
chor for Car4 but also serve as the cellular sensors
for carbonation.

Why do animals need CO2 sensing? CO2 de-
tection could have evolved as a mechanism to
recognize CO2-producing sources (18, 37)—for
instance, to avoid fermenting foods. This view
would be consistent with the recent discovery of
a specialized CO2 taste detection in insects where
it mediates robust innate taste behaviors (38). Al-
ternatively, Car4 may be important to maintain
the pH balance within taste buds, and might gra-
tuitously function as a detector for carbonation
only as an accidental consequence. Although CO2

activates the sour-sensing cells, it does not simply
taste sour to humans. CO2 (like acid) acts not only
on the taste system but also in other orosensory
pathways, including robust stimulation of the
somatosensory system (17, 22); thus, the final
percept of carbonation is likely to be a combi-
nation of multiple sensory inputs. Nonetheless,
the “fizz” and “tingle” of heavily carbonated
water is often likened to mild acid stimulation of
the tongue, and in some cultures seltzer is even
named for its salient sour taste (e.g., saurer
Sprudel or Sauerwasser).
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Sequential Processing of Lexical,
Grammatical, and Phonological
Information Within Broca’s Area
Ned T. Sahin,1,2* Steven Pinker,2 Sydney S. Cash,3 Donald Schomer,4 Eric Halgren1

Words, grammar, and phonology are linguistically distinct, yet their neural substrates are difficult
to distinguish in macroscopic brain regions. We investigated whether they can be separated in
time and space at the circuit level using intracranial electrophysiology (ICE), namely by recording
local field potentials from populations of neurons using electrodes implanted in language-related
brain regions while people read words verbatim or grammatically inflected them (present/past or
singular/plural). Neighboring probes within Broca’s area revealed distinct neuronal activity for lexical
(~200 milliseconds), grammatical (~320 milliseconds), and phonological (~450 milliseconds) processing,
identically for nouns and verbs, in a region activated in the same patients and task in functional magnetic
resonance imaging. This suggests that a linguistic processing sequence predicted on computational
grounds is implemented in the brain in fine-grained spatiotemporally patterned activity.

Within cognitive neuroscience, language
is understood far less well than sen-
sation, memory, or motor control, be-

cause language has no animal homologs, and
methods appropriate to humans [functional mag-
netic resonance imaging (fMRI), studies of brain-
damaged patients, and scalp-recorded potentials]

are far coarser in space or time than the under-
lying causal events in neural circuitry. Moreover,
language involves several kinds of abstract infor-
mation (lexical, grammatical, and phonological)
that are difficult to manipulate independently.
This has left a gap in understanding between the
computational structure of language suggested
by linguistics and the neural circuitry that imple-
ments language processing. We narrow this gap
using a technique with high spatial, temporal, and
physiological resolution and a task that distinguishes
three components of linguistic computation.

According to linguistic analyses, the ability to
identify words, combine them grammatically, and
articulate their sounds involves several kinds of
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