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Comparisons of functional brain mappings in sensory and affective aspects

following taste stimulation
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Abstract

Food is crucial for the nutrition and survival of humans. Taste system is one of the fundamental senses. Taste cells
detect and respond to five basic taste modalities (sweet, bitter, salty, sour, and umami). However, the cortical
processing of taste sensation is much less understood. Recently, there were many efforts to observe the brain activation
in response to taste stimulation using functional magnetic resonance imaging (fMRI), magnetoencephalography (MEG),
and optical imaging. These different techniques do not provide directly comparable data each other, but the
complementary investigations with those techniques allowed the description and understanding of the sequence of
events with the dynamics of the spatiotemporal pattern of activation in the brain in response to taste stimulation. The
purpose of this study is the understanding of the brain activities to taste stimuli in sensory and affective aspects and
the reviewing of the recent research of the gustotopic map by functional brain mapping.

Key words : Taste, in vivo imaging, Nucleus tractus of solitarius, Gustatory cortex, Insular cortex
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Table 1. Comparison of Common methods of functional neuroimaging
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Measurement Signal Receptor Map iZEanj(zlisis reigii?ln ;l;zquﬁzr;ll Invasiveness
Optical Imaging Summed
(OD) (Prakash et membrane Miccrfslio . ;\:ilji?l Direct High High invasive
al., 2008) potential changes P Y
Positron Emission L
Tomography Radioactivity
(PET) p031t19n chan.ge Scintillator Meta}bf) fic Indirect Low Low . non‘
(Bailey et al associated with activity -invasive
28]0 5) ? brain activity
Functional
I\L/Ecg?l(e)zi Blood flow
Resonance (hemodynamics non
. response) related RF-Coil Blood flow Indirect Middle Low . .
Imaging (fMRI) -invasive
(Frankle et al to energy use by
2005) ? brain cells
Single Photon
g:;;slf; Radioactivity
iti h L
Tomography p081t19n ¢ an.ge Scintillator Blood flow Indirect ow Low . non.
(SPECT) associated with -invasive
(Hémaldinen et brain activity
al., 1993)
SQUID(Superco
MagnetoEncephal | Weak magnetic nducting Neural non
oGraphy (MEG) | signal from ionic QuantUm activi Direct Low High invasive
(Cohen, 1968) | current of neurons | Interference vy
Devices)
Near InfRared Changes in
Ir:;) i:ltrozc\%g;l) cerebral blood Near-IR (NIR) | Metabolic Indirect Low Low non
(W};gittii stall. et flow(Oxygen in spectroscopy activity -invasive
al 5009)’ Hemoglobin)
Electg)r]::inf]ephalo Weak voltage
Py fluctuations from Neural . . non
(EEG) .. Electrodes .. Direct Low High . .
(Niedermeyer & ionic current of activity -Invasive
da Silva, 2004) fleurons
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o206 o3 WAFE o] 77+ m|zbog} &n, ZHOgawa et al., 1990; Stapleton et al., 2006), &7}
o] H]Z+e Qo= AL oA ¥irE EAESo|th X (Katz et al., 2001; Verhagen et al., 2004), Z12]3L
ool THojsle BEAo] 77 U] o] HZEHA HHAY n|zto] A3 % (Yamamoto et al., 1989)2t% & o] S
HE g BB etaste bud, MF)EhE Havle 4 T #EH AEAR A= (hedonic value)E Bte]
25 ol= oY AG ARE A} AANEL] A7 ok B o] fAsit - Bt o2 ¥
A Nz Wy, o] AgE o] )z LAz Fth(Berthoud et al., 2011). °]& A=< EH, A,
= q d QA= 9 =3
TH(Katz et al., 2001; Smith & St John, 1999). ©]Z+3] 2 A A, AP A =3 RS BAVE o, 53]
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nerve) 2 53| 4174 (petrosal ganglion), 771¢] Bt &2
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Z3W(neucleus tractus solitarius, NTS)S A% w|Z} FA|3)
© 7 A o] g R nAHRE A2k 3
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system) 0.2, o]z} FAAH T AH2ske] Aol
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(Accolla et al., 2007; Miller et al., 2002). LHZ3] H
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A glom, Kwak 5(2011)2 &5t A= F7Ha 9
&l (intermediate NST), 5% % (dorsal-medial), &
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39 tHKwak et al., 2011).

A JERAAAM A e IR w49
H= M(insula), AFH7N(frontal opercula), E =3
7H(Rolandic operculum), #A}27l(temporal operculum)
Fde] A7 A7 AHE FAE AT Cerf
Ducastel et al., 2001; Faurion et al., 1999). A}&2] w]z}
2 THPZHNTS)Y] FZ(rostral)oll A A FZ7N (frontal
operculum) €} 2151 g+ A(insula) F-917F A= th o vl
7z AR A FAMET o] AARF 2ol w9

njzb 59 Tgla o]e} AW H 3 HE3HFAK(subcortical
pr0]ect10n)§ }A] 9k=Tth(Norgren, 1983; Pritchard et

, 1986). wetx FAFFolA mIZe] i AR A g
°]'U]'—-— B2 FEo| dixnde way #yo] 9l
Ao g AlgdHY. 53] ¢Z (anterior insula)3}
z}oj oo = Thul, @k 22u)
of #HH %T Hupo o}q ZHRolls et al., 2003;
al. ZH(fat texture), =%, 18
}% T304 A= <

(Verhagen et al., 2004).
2 7 gk A= &

A A A= %} ki , 12 =2 7 W

A= 54 2ol E vEggtt vz 245l o
B34S 2 (sensory) =Y} 7 7H(hedoic)
et 7971 22 e Eo At #zh

IF m[o

2 ANt e &
oA

]

4

el

=

lo

v N

)

n

—_—
\O
(o]
®))
-
05
E

|

mlo
1_,
HSL’
ol

H—f_’f (capsalcm)

w“
4
i
il
t
roH
ot
i ri

. 2
=
i
o
s
N
N
&
X
|

=
1 o

z O &
AL

E

y
_!l}l' b

(3 o _l“ 0r me }:1

o

= S4E AFHS AR #EE v #E weE
o] Ao glo] vj$ F Q3 tKSmith et al., 2003). ©]

I3 ZIY(NTS), Z7 3l(parabrachial
9 (gustatory thalamus), 12|
3t v Z}3 A (gustatory cortex) F-912] %5t H
Agsrd  dHolHEAdA F YedTh(Sewards &
Sewards, 2002).

I 1S A3 #H AERAYE =48 A
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Fol| EAltH. BRI FY U S(central med1al)J/}
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(external lateral subnucleus) <F% F-919} w2 =3
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Figure 1. Schematic diagram of sensory taste and hedonic
taste pathways in the brain
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(Yoshimura et al., 2004). Chen 5(2011)2 7|2 t]] 3]
Ao 7153 wiFolA R AE Flstaat
two-photon calcium imaging 7] S AF&-3}e] A x| -0l
A 228k Z7H x5 (middle cerebral artery, MCA)

oA HZ | mm &)1 FHA 9 (thinal vein)d A 5

&] il—ﬂ

o
Z 1 mmollA 45 HYom, dute &uks Hols
A E=5Z(rostrodorsal) 2.5 mm FEolA &
AstES gl &, 7184 sz, A&
gt &b, Alst, s £.97F WS UrolA
= AR-EA0E wjg St wEbA ol gk
221 stk zbel| thek 2o mizh 8719 Bt 949
[e)

o Yo B drold 9ee & F Aok

4.2. 5t X1=0] hel Z2d 22 FEAE

2 wZ}e] B 7}X]E(reward value of taste) YFERH =
o] ofym, 32 Aol gk ZTRigto = & &4l
AZZ

be lg(uéfr 72.2&])4 3 IF(FET 23.94)
Zrelle Bt A= gk #A3 ARA 7 FAs] oE
S H 33T} (Jacobson et al., 2010).
#—@-O]U]-‘ﬁlﬂﬁ (orbitofrontal cortex, OFC)&= 2412
A A E UEl= 9otk IS Ed S e
—‘?LU]%J 2-M(tasteless solution)o| A 4= &= Bh
(insula)@} F7(operculum) “FF-o A EAdo] F7}81A]
Tk 7]l OFCE #H3HA] Z+=ThH(Veldhuizen et



590 olx3

al., 2007). thAl OFC WF3-& 7]thal#] eF-& gko] 2=
o &Js)A 243} k. O'Doherty 5 (2001)2 MRIZ
Tl BRI Al &E (R Bl o5 &
4 He 47te] H W 795 BEistgon, o=
OFC7} €4 Axe #® 7 (pleasantness)ol] 4

4= At} Small 5(2003)& 3

S
=t
o
2
o
i
rr
L
tlo
-
e
ol
s
e
S
il
L
rr
ot
it
i of

33

4 =
U] 30%E o]#]dt BAE Fx] ¢T3 Tk

= < 7ldst

A A I A3 GAE vk 5 HlE)] BA] e
O dde] v dgg 29, JF, 18 BAAA
= FZeo FHLg

(reward processing)$} THH T
HEL=7E &43 He As sk

A2 B sl tl@ P2e v g R4S
AA 571, A, 7197 BeE ¥e) e g
Axo] gtk 4L FalA =7t ole)d W A3
& 87} ofje Hol A Yojubs Aol webd o
mZ1g el 2214 Zua A U Fea)
olslsls AL wztw BAw w2 714

o 71He
olsfstonl Fa Wik oljel, B nl7 B A%
o g YW ASEE 8 Ao Az
249 FA2 223 A5 PEol 98 v A
o) e Aud e 717 Uxjv|zke] wWate o
Q1 b5 @k 53, w17 AFo] ahe B A
-FH G MsE FAsE e w7 A%
7 olw @ 710 FalN AT Tefsta 24
& AeEstrlE Folsked meo] | Wk ohel,
NE 9 om bRl AL 2o oY g P
s ojet Hopol H8d 4 UL Ao AmHch

REFERENCES

Accolla, R., Bathellier, B., Petersen, C. C., & Carleton,
A. (2007). Differential spatial representation of taste

modalities in the rat gustatory cortex. The Journal
of Neuroscience, 27(6), 1396-1404.

Bailey, D. L., Townsend, D. W., Valk, P. E., &
Maisey, M. N. (2005). Positron Emission
Tomography: Basic  Sciences.  Secaucus, NI:

Springer-Verlag. ISBN 1-85233-798-2.

Berthoud, H. R., Lenard, N. R., & Shin, A. C. (2011).
Food reward, hyperphagia, and obesity. American
Journal of Physiology Regulatory, Integrative and
Comparative Physiology, 300(6), R1266-77.

Cerf Ducastel, B., Van de Moortele, P. F., MacLeod,
P., Le Bihan, D., & Faurion, A. (2001). Interaction
of gustatory and lingual somatosensory perceptions
at the cortical level in the human: a functional
magnetic resonance imaging study. Chemical senses,
26(4), 371-383.

Chen, X., Gabitto, M., Peng, Y., Ryba, N. J, &
Zuker, C. S. (2011). A gustotopic map of taste
qualities in the mammalian brain.
333(6047), 1262-1266.

Cohen, D. (1968). Magnetoencephalography: evidence

Science,

of magnetic fields produced by alpha-thythm
currents. Science. 161(3843), 784-786.

de Araujo, I. E., Kringelbach, M. L., Rolls, E. T., &
Hobden, P. (2003). Representation of umami taste
in the human brain. Journal of Neurophysiology.
90(1), 313-9.

Faurion, A., Cerf, B.,, Van De Moortele, P. F., Lobel,
E., Mac Leod, P., & Le Bihan, D. (1999). Human
taste cortical areas studied with functional magnetic
resonance imaging: evidence of functional lateralization
related to handedness. Neuroscience Letters, 277(3),
189-192.

Frankle, W. G., Slifstein, M., Talbot, P. S, &
Laruelle, M. (2005). A review on brain-imaging
applications of SPECT: Neuroreceptor Imaging in
Psychiatry: Theory and Applications. [International
Review of Neurobiology, 67, 385 - 440.

Fraser, K. A., & Davison, J. S. (1993). Meal-induced
c-fos expression in brain stem is not dependent on
cholecystokinin release. American Journal

Physiology, 265, R235-239.

Haase, L., Green, E., & Murphy, C. (2011). Males and



0jZtxi=o| e 2t

females show differential brain activation to taste
when hungry and sated in gustatory and reward
areas. Appetite, 57(2), 421-434.

Hamaldinen, M., Hari, R., Ilmoniemi, R., Knuutila, J.
& Lounasmaa, O. V. (1993). Magnetoencephalography
- theory, instrumentation, and applications to noninvasive
studies of signal processing in the human brain. Reviews
of Modern Physics, 65, 413 -497.

Jacobson, A., Green, E., & Murphy, C. (2010).
Age-related functional changes in gustatory and
reward processing regions: An fMRI  study.

Neuroimage, 53(2), 602-610.

Katz, D. B., Simon, S. A., & Nicolelis, M. A. (2001).
Dynamic and multimodal responses of gustatory
cortical neurons in awake rats. The Journal of
Neuroscience, 21(12), 4478-4489.

Kobayakawa, T., Ogawa, H., Kaneda, H., Ayabe
Kanamura, S., Endo, H., & Saito, S. (1999).
Spatio-temporal analysis of cortical activity evoked
by gustatory
Senses, 24(2), 201-209.

Kwak, Y. H., Rhyu, M. R, Bai, S. J, Sa, Y. H,

M. J, & Lee, B. H. (2011).

expression in the nucleus of the solitary tract in

stimulation in humans. Chemical

Kwon, c-Fos
response to salt stimulation in rats. Korean Journal
of Physiology and Pharmacology, 15, 437-443.

Lee, K. H, Kim, U. J, Park, Y. G., Won, R., & Lee
BH. (2011).

evoked potentials in the rat cerebral cortex after

Optical imaging of somatosensory
spinal cord injury. Journal of Neurotrauma, 28(5),
797-807.

Lodish, H., Berk, A., Zipursky, S. L., Matsudaira, P.,
Baltimore, D., & Darnell, J. (1995). Molecular cell
biology. New York.

Lundy, R. F.,, & Norgren, R. (2004). Activity in the
hypothalamus, cortex

amygdala, and generates

bilateral and convergent modulation of pontine

gustatory neurons. Journal
91(3), 1143-1157.
Miller, S. L., Mirza, N., & Doty, R. K. (2002).

Electrogustomtric thresholds: relationship to anterior

of Neurophysiology,

tongue locus, area of stimulation, and number of

fungiform papilae. Physiology and Behavior, 75,

2t 3l ZMN n|ZEE Me2|ntyel 21SA ofE Hlim 591

753-757.

Nakamura, Y., Goto, T. K., Tokumori, K., Yoshiura, T.,
Kobayashi, K., Nakamura, Y., Honda, H., Ninomiya,
Y., & Yoshiura, K. (2012). The temporal change in

the cortical activations due to salty and sweet tastes

in humans: fMRI and time-intensity sensory
evaluation. Neuroreport. 23(6), 400-404.
Niedermeyer, E., & da Silva, F. L. (2004).

Electroencephalography: Basic Principles, Clinical

and Related Fields. Lippincot
Williams & Wilkins. ISBN 0-7817-5126-8.

Norgren, R. (1983). Afferent interactions of cranial

Journal of the
Autonomic Nervous System, 9(1), 67-77.

O'Doherty, J., Rolls, E., Francis, S., Bowtell, R.,, &
McGlone, F. (2001). Representation of pleasant and

Applications,

nerves involved in ingestion.

aversive taste in the human brain. Journal of
Neurophysiology, 85(3), 1315-1321.

Ogawa, H., Ito, S., Murayama, N., & Hasegawa, K.
(1990). Taste area in granular and dysgranular
insular cortices in the rat identified by stimulation
of the entire oral cavity. Neuroscience Research,
9(3), 196-201.

Prakash, N., Uhlemann, F., Sheth, S. A., Bookheimer,
S., Martin, N., & Toga, A. W. (2009). Current
trends in intraoperative optical imaging for
functional brain mapping and delineation of lesions
of language cortex. Neuroimage. 47(2), 116-126.

Pritchard, T. C., Hamilton, R. B., Morse, J. R., &

(1986).

gustatory and lingual areas in the monkey, Macaca

Norgren, R. Projections of thalamic

fascicularis. Journal of Comparative Neurology,
244(2), 213-228.

Rolls, E., Scott, T., & Doty, R. (2003). Central taste
anatomy and neurophysiology. Handbook of
Olfaction and Gustation (2nd ed), 679-705.

Schoenfeld, M. A., Neuer, G., Tempelmann, C.,
Schiissler, K., Noesselt, T., Hopf, J. M., & Heinze,
H. 1. (2004).

tomography correlates of taste perception in the

Functional magnetic resonance
human primary taste cortex. Neuroscience. 127(2),
347-353.

Scott, T. R., Yaxley, S., Sienkiewicz, Z. J., & Rolls,



592 olg3

E. T. (1986). Gustatory responses in the nucleus
tractus solitarius of the alert cynomolgus monkey.
Journal of Neurophysiology, 55(1), 182-200.

Sewards, T. V. (2004). Dual separate pathways for
sensory and hedonic aspects of taste. Brain
Research Bulletin, 62(4), 271-283.

Sewards, T. V., & Sewards, M. (2002). Separate,
parallel sensory and hedonic pathways in the
mammalian somatosensory system. Brain Research
Bulletin, 58(3), 243-260.

Smith, D. V., & St John, S. J. (1999). Neural coding of
gustatory
Neurobiology, 9(4), 427-435.

Smith, D. V., & Shepherd, G. M. (2003) Chemical
senses: taste and olfaction. In: McConnell SK,
Roberts JL, Spitzer NC, Zigmond M, Squire LR,

Bloom FE, editors. Fundamental Neuroscience. 2nd

information. Current  Opinion in

ed. San Diego: Elsevier science, p631-636.

Spetter, M. S., Smeets, P. A., de Graaf, C, &
Viergever, M. A. (2010). Representation of sweet
and salty taste intensity in the brain. Chemical
Senses, 35(9), 831-840.

Stapleton, J. R., Lavine, M. L., Wolpert, R. L.,
Nicolelis, M. A., & Simon, S. A. (2006). Rapid taste
responses in the gustatory cortex during licking. The
Journal of Neuroscience, 26(15), 4126-4138.

Stettler, D. D., & Axel R. (2009). Representations of
odor in the Neuron. 63(6),
854-864.

Veldhuizen, M. G., Bender, G., Constable, R. T., &
Small, D. M. (2007). Trying to detect taste in a

piriform  cortex.

tasteless solution: modulation of early gustatory
cortex by attention to taste. Chemical Senses, 32(6),
569-581.

Veldhuizen, M. G., Douglas, D., Aschenbrenner, K.,
Gitelman, D. R., & Small, D. M. (2011). The
anterior insular cortex represents breaches of taste
identity expectation. The Journal of Neuroscience,
31(41), 14735-14744.

Verhagen, J. V., Kadohisa, M., & Rolls, E. T. (2004).
Primate neuronal

insular/opercular taste cortex:

representations of the viscosity, fat texture,

grittiness, temperature, and taste of foods. Journal

of Neurophysiology, 92(3), 1685-1699.

Whittingstall, K., & Logothetis, N. K. (2009).
Frequency-band coupling in surface EEG reflects
spiking activity in monkey visual cortex. Neuron,
64(2), 281 - 289.

Matsuo, R., Y., &

Kitamura, R. (1989). Taste responses of cortical

Yamamoto, T., Kiyomitsu,

neurons in freely
Neurophysiology, 61(6), 1244-1258.
Yamamoto, T., & Sawa, K. (2000). Comparison of

c-fos-like

ingesting rats. Journal of

immunoreactivity in the brainstem
following intraoral and intragastric infusions of
chemical solutions in rats. Brain Research, 866(1-2),
144-151.

Yamamoto, T., Shimura, T., Sakai, N., & Ozaki, N.
(1994). Representation of hedonics and quality of
taste stimuli in the parabrachial nucleus of the rat.
Physiology & Behavior, 56(6), 1197-1202.

Yoshimura, H., Sugai, T., Fukuda, M., Segami, N., &
Onoda, N. (2004).
optical intrinsic signals in response to sucrose and
NaCl stimuli. Neuroreport, 15(1), 17-20.

Cortical spatial aspects of

4 2011.11.22
2 2012.12.11
. 2012.12.13

ol R
ot e

2 4 e

)



