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norhabditis elegans age-1 and daf-2 mutations
extend the life-span in adult organisms by 65 to
100%, by decreasing AKT-1/AKT2 signaling
and activating transcription factor DAF-16 (14,
18, 23). These changes are associated with the
induction of superoxide dismutase (MnSOD),
catalase, and the heat shock proteins HSP70
and HSP90 (14, 17). A role for oxidants in the
aging of C. elegans was confirmed by the ex-
tended survival of wild-type worms treated
with small synthetic SOD/catalase mimetics
(24). Thus, the yeast Gpr1/Cyr1/PKA/Msn2/4-
Sch9/Rim15 and the C. elegans DAF-2/AGE-
1/AKT/DAF16 pathways play similar roles in
regulating longevity and stress resistance (14).
Analogously, a Drosophila line with a mutation
in the heterotrimeric guanosine triphosphate–
binding protein (G protein)–coupled receptor
homolog MTH gene displays a 35% increase in
life-span and is resistant to starvation and para-
quat toxicity (25). Furthermore, in flies,
aconitase undergoes age-dependent oxidation
and inactivation (26 ), and the overexpression
of SOD1 increases survival by up to 40% (27,
28). A mutation in a signal-transduction gene
also increases resistance to stress and length-
ens survival in mammals. A knockout muta-
tion in the signal transduction p66SHC gene
increases resistance to paraquat and hydrogen
peroxide and extends survival by 30% in
mice (29).

We propose that yeast Sch9 and PKA and
worm AKT-1/AKT-2 evolved from common
ancestors that regulated metabolism, stress re-
sistance, and longevity in order to overcome
periods of starvation. Analogous mechanisms
triggered by low nutrients may be responsible
for the extended longevity of dietary restricted
rodents (3). The phenotypic similarities of long-
lived mutants ranging from yeast to mice (1, 2),
and the role of the conserved yeast Sch9 and
PKA and mammalian Akt/PKB in glucose me-
tabolism, raise the possibility that the funda-
mental mechanism of aging may be conserved
from yeast to humans.

References and Notes
1. T. Finkel, N. J. Holbrook, Nature 408, 239 (2000).
2. V. D. Longo, Neurobiol. Aging 20, 479 (1999).
3. C. E. Finch, Longevity, Senescence, and the Genome

(University Press, Chicago, 1990).
4. J. W. Vaupel et al., Science 280, 855 (1998).

5. N. K. Egilmez, S. M. Jazwinski, J. Bacteriol. 171, 37
(1989).

6. D. Sinclair, K. Mills, L. Guarente, Annu. Rev. Microbiol.
52, 533 (1998).

7. S.-J. Lin, P.-A. Defossez, L. Guarente, Science 289,
2126 (2000).

8. V. D. Longo, L. M. Ellerby, D. E. Bredesen, J. S. Valen-
tine, E. B. Gralla, J. Cell Biol. 137, 1581 (1997).

9. L.-L. Liou, P. Fabrizio, V. N. Moy, J. W. Vaupel, J. S.
Valentine, E. Butler Gralla, and V. D. Longo, unpub-
lished results; L.-L. Liou, thesis, University of Califor-
nia Los Angeles, Los Angeles (1999).

10. M. Werner-Washburne, E. L. Braun, M. E. Crawford,
V. M. Peck, Mol. Microbiol. 19, 1159 (1996).

11. V. D. Longo, E. B. Gralla, J. S. Valentine, J. Biol. Chem.
271, 12275 (1996).

12. V. D. Longo, L. L. Liou, J. S. Valentine, E. B. Gralla, Arch.
Biochem. Biophys. 365, 131 (1999).

13. Transposon mutagenesis and allele rescue were per-
formed as described [P. Ross-Macdonald et al., Meth-
ods Enzymol. 303, 512 (1999)] using the yeast inser-
tion library provided by M. Snyder.

14. Supplementary material is available at www.
sciencemag.org/cgi/content/1059497/DC1

15. K. A. Morano, D. J. Thiele, EMBO J. 18, 5953 (1999).
16. J. M. Thevelein, J. H. de Winde, Mol. Microbiol. 33,

904 (1999).
17. L. Guarente, C. Kenyon, Nature 408, 255 (2000).
18. S. Paradis, M. Ailion, A. Toker, J. H. Thomas, G. Ruv-

kun, Genes Dev. 13, 1438 (1999).
19. E. S. Kandel, N. Hay, Exp. Cell Res. 253, 210 (1999).
20. J. A. Flattery-O’Brien, C. M. Grant, I. W. Dawes, Mol.

Microbiol. 23, 303 (1997).
21. I. Pedruzzi, N. Burckert, P. Egger, C. De Virgilio, EMBO

J. 19, 2569 (2000).
22. P. R. Gardner, I. Fridovich, J. Biol. Chem. 267, 8757

(1992).
23. T. E. Johnson, Science 249, 908 (1990).
24. S. Melov et al., Science 289, 1567 (2000).
25. Y.-J. Lin, L. Seroude, S. Benzer, Science 282, 943 (1998).
26. L. J. Yan, R. L. Levine, R. S. Sohal, Proc. Natl. Acad. Sci.

U.S.A. 94, 11168 (1997).
27. T. L. Parkes et al., Nature Genet. 19, 171 (1998).
28. J. Sun, J. Tower, Mol. Cell. Biol. 19, 216 (1999).
29. E. Migliaccio et al., Nature 402, 309 (1999).
30. Supported by NIH grants AG 08761-10 (J. W. Vaupel,

V.D.L.) and AG09793 (T. H. McNeill), by an American
Federation of Aging Research grant (V.D.L.), and by a
John Douglas French Alzheimer’s Foundation grant
(V.D.L.). We thank J. Martin and G. Fenimore for their
generous donations, C. Finch and E. Gralla for careful
reading of the manuscript, D. Thiele, J. Hirsh, M. Carlson,
S. Garrett, A. Mitchell, and J. Field for providing yeast
plasmids, J. Vaupel for generously allowing the use of
Max Planck Institute facilities and instruments, and M.
Wei for performing data analysis.

1 February 2001; accepted 15 March 2001
Published online 5 April 2001;
101126/science.1059497
Include this information when citing this paper.

Functional Specialization in
Rhesus Monkey Auditory Cortex

Biao Tian, David Reser, Amy Durham, Alexander Kustov,
Josef P. Rauschecker*

Neurons in the lateral belt areas of rhesus monkey auditory cortex prefer complex
sounds to pure tones, but functional specializations of these multiple maps in the
superior temporal region have not been determined. We tested the specificity
of neurons in the lateral belt with species-specific communication calls pre-
sented at different azimuth positions. We found that neurons in the anterior
belt are more selective for the type of call, whereas neurons in the caudal belt
consistently show the greatest spatial selectivity. These results suggest that
cortical processing of auditory spatial and pattern information is performed in
specialized streams rather than one homogeneously distributed system.

Hearing plays a dual role in the identification
of sounds and in their localization. Although
it is undisputed that auditory cortex partici-
pates in the analysis of spectro-temporal pat-
terns for the identification of complex sound
objects, including speech and music, the neu-
ral basis of auditory spatial perception re-

mains a matter of controversy. Brainstem-
structures play a significant role in the pro-
cessing of binaural cues, which contain im-
portant information for sound localization
(1). However, lesions of auditory cortex also
impair auditory spatial analysis (2, 3). With
the recent discovery of multiple cochleotopic
maps in nonprimary auditory cortex of the
rhesus monkey (4, 5), the question arises
whether neurons in some of these areas show
greater specificity for sound source location
than in others. This could indicate the exis-
tence of a specialized cortical stream for the
processing of auditory space, similar to what
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Fig. 4. Mutations in cyr1
and sch9 delay the re-
versible inactivation of
the superoxide-sensitive
enzyme aconitase in the
mitochondria. (A) Mito-
chondrial aconitase per-
cent reactivation after
treatment of whole-cell
extracts of yeast re-
moved from cultures at
day 5 through 7 with
agents (iron and Na2S) able to reactivate superoxide inactivated [4Fe-4S] clusters. (B) Death rate
reported as the fraction of cells that lose viability in the 24-hour period following the indicated day.
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has been postulated for the visual cortical
system (6 ). Alternatively, auditory spatial in
formation may be encoded in a completely
homogeneous, distributed manner with each
cortical area contributing equally to auditory
spatial perception.

One of the cortical systems in the ma-
caque identified beyond the primary-like core
areas of the auditory cortex is the lateral belt
(7, 8). It contains at least three areas: an
anterolateral (AL), a middle lateral (ML), and
a caudolateral (CL) area (4 ). CL and AL
receive largely independent and parallel input
from different areas of the auditory core (A1
and R, respectively) and are only weakly
interconnected (9, 10). CL in addition has
strong connections with the caudomedial area
(CM) and projects to a different target region
of the prefrontal cortex than AL (10, 11). ML,
situated between AL and CL and connected
with both, shows attributes of an intermediate
stage between core and belt (10, 12). Neurons
in all three lateral belt areas respond better to
complex sounds than to pure tones (4, 13).
Stimulus preferences include band-passed
noise (BPN), frequency-modulated sweeps,
and species-specific vocalizations (“monkey
calls,” or MCs). The caudal part of the supe-
rior temporal gyrus (STG) contains neurons
that are spatially tuned to the location of a
sound stimulus presented in free field (14,
15). We therefore compared the spatial selec-
tivity of single neurons in the caudal belt
region of four rhesus monkeys with that in
more anterior areas. At the same time, by
using MCs for stimulation, we determined
the extent to which neurons in the various
belt regions differ with regard to their speci-
ficity for different kinds of sound.

First, BPN bursts of variable bandwidth
centered at different frequencies were used to
map the lateral belt areas on the STG to
determine the borders of AL, ML, and CL (4,
16 ). Then, a standard battery of seven select-
ed MCs (17 ) was used to test the spatial
tuning of the same neurons in azimuth and
evaluate their specificity for MCs (Fig. 1). To
determine a neuron’s selectivity for the seven
spatial positions with the seven MCs, we
assembled a “response profile” on the basis
of 490 stimulus presentations (18). In com-
paring response profiles of cells in AL (Fig.
2A) with those in CL (Fig. 2B), it became
evident that CL responses were often highly
specific for spatial position, whereas AL neu-
rons usually responded equally to sounds
from all locations. Some of the spatially se-
lective CL neurons were also highly specific
for the type of MC presented (Fig. 2B, right),
whereas others showed broader tuning in that
domain. AL neurons, by contrast, seemed
overall to be more specific for the kind of MC
regardless of where in space it was presented.
Because only a limited azimuth range (120°)
was tested, the overall number of spatially

tuned neurons was almost certainly underes-
timated, but this was equally true for all three
areas. Despite the different spectral band-
width of the calls, there was no overall ten-

dency for any of the call types to be associ-
ated with spatial-tuning width, nor was there
any dependency of spatial-tuning width on
the best center frequency (BFc) of the neurons

Fig. 1. Testing of spatial tuning in single neurons of macaque auditory belt cortex. (A) Loudspeakers
set up in near–free field at the height of the monkey’s ears (zero elevation) in seven different
azimuth positions. The calibrated speakers were mounted in 20° steps on a stationary horizontal
hoop with a radius of 1.14 m, thus spanning a range of 660° from the center of the animal’s head.
(B) Spectrograms of the seven standard monkey calls that were used for stimulation.
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0.75-10.5-0.750.25-0.50-0.25 Fig. 2. Response pro-
files of single neurons
in areas AL (A) and CL
(B) of macaque mon-
key auditory cortex.
Two representative ex-
amples from each area
are shown. The selec-
tivity of these neurons
for the seven commu-
nication calls is dis-
played along the verti-
cal axes, and selectivity
across the seven spatial
positions along the
horizontal axes. The 49
individual responses
were plotted according
to the color scale
shown at the top. For
display purposes, linear
interpolation was per-
formed between data
points.

R E P O R T S

www.sciencemag.org SCIENCE VOL 292 13 APRIL 2001 291

 o
n 

A
ug

us
t 2

0,
 2

00
7 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org


(r 2 5 0.002, P 5 0.4456). Selectivity for
MCs was also not simply a function of BFc,
because neurons selective for different types
of calls were found in all sections of the
cochleotopic maps within the lateral belt [MC
preference index (MCPI) versus BFc: r 2 5
0.013; P 5 0.0761]. Thus, MC selectivity is
generated by complex integrations in both
frequency and time (4, 13).

Mapping of spatial selectivity along the
cortical surface in individual monkeys again
demonstrates that neurons with great spatial
selectivity are concentrated in the caudal belt
(Fig. 3). Great care was taken to collect an
equal amount of data from either end of the
belt region (19). The interindividual variabil-
ity of both spatial and MC selectivity was
small in each area (P . 0.05, Kruskal-Wallis,
df 5 3), so individual data sets could be
combined for further analysis.

The main results of the study are summa-
rized in Fig. 4. Comparison of spatial tuning
(Fig. 4A) shows that CL neurons were by far
the most sharply tuned and AL neurons were
most broadly tuned. ML, commensurate with
its anatomical status, fell in the middle of the
tuning range with a hint of a bimodal distri-
bution. The difference between the three ar-
eas in spatial half-width was highly signifi-
cant when compared with a nonparametric
analysis of variance (P , 0.0001, Kruskal-
Wallis, df 5 2). The same result was obtained
when CL was compared individually with AL
and ML (P , 0.0001 and P 5 0.002, respec-
tively; Mann-Whitney U test) (20). Compar-
ison of MC selectivity (Fig. 4B) showed AL
to be more selective than both ML and CL
(P 5 0.0006 and P 5 0.0287, respectively;
Mann-Whitney U test). This difference was
also highly significant when all three areas

were compared together (P 5 0.0026,
Kruskal-Wallis, df 5 2). MC selectivity in
CL, when present, was often associated with
the prevailing high selectivity in the spatial
domain.

Thus, we find a clear dissociation of au-
ditory spatial tuning between anterior and
caudal belt in rhesus monkey auditory cortex.
Spatial selectivity is greatest in CL and low-
est in AL. Our findings represent physiolog-
ical evidence for a functional specialization
within the auditory cortex of primates and
support the idea of processing streams at
higher levels of the auditory system (11, 21).
Auditory spatial information is known to be
processed in posterior parietal (22, 23) as
well as dorsolateral prefrontal cortex (PFC)
(11, 22). The caudal belt provides direct input
to both of these regions (11, 13, 24 ) and
could thus be regarded as the origin of a
dorsally directed “where” stream for auditory
processing. The finding of an increased con-
centration of spatially tuned neurons in the
caudal belt is consistent with other studies
(14, 15, 25), which demonstrate that this or-
ganizational feature is indeed associated with
sound localization behavior. Other aspects of
auditory spatial perception, in which the dor-
sal cortical pathway may be involved, include
distance perception (26 ) and analysis of au-
ditory motion (23).

By contrast, AL seems to be part of an
auditory-processing stream that is rostrally
directed and continues into ventral and orbital
PFC (11, 13, 27 ). The latter route is support-
ed by recent human imaging data that dem-
onstrate an antero-ventral “what” stream for
the analysis of human speech (28–30). How-
ever, our results suggest that signals used for
auditory communication are also relayed to
the caudal STG, where they are combined, at
the single-unit level, with information about
the location of sounds in space. This type of
neuron could play an important role in sound

Fig. 3. Maps of spa-
tial selectivity in the
lateral auditory belt
from two monkeys.
Spatial half-width is
displayed on a color
scale from yellow
(most selective) to
blue (least selec-
tive), as indicated at
the bottom of the
right panel. Borders
between cortical ar-
eas AL, ML, and CL
(dashed lines) were
determined by map-
ping best center fre-
quencies with band-
passed noise bursts
along the lateral sul-
cus (ls). Electrode penetrations are denoted by the letter “p” followed by a number and are projected onto a digital picture of the cortical surface
in each animal showing vascularization pattern and major sulci (sts: superior temporal sulcus).

Fig. 4. Distribution of spa-
tial half-width (A) and
monkey call preference
index (B) in areas AL, ML,
and CL. Summary data
from all four monkeys are
shown in histogram form.
The number of units re-
corded in each area is giv-
en on the right. Neurons
in CL show significantly
greater spatial selectivity
than neurons in AL or ML.
By contrast, neurons in AL
are more selective for
monkey calls than neu-
rons in either of the other
areas.
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segregation (and possibly identification of
speakers) on the basis of spatial cues (31, 32).

The usefulness of natural complex
sounds as stimuli in higher auditory areas
has been emphasized previously (4, 13).
The selectivity for specific types of MCs,
as found in auditory belt neurons, is higher
than expected. However, even in AL, neu-
rons rarely responded to a single call [al-
though they sometimes responded to calls
within the same phonetic category (33)].
This suggests that AL is still far from the
end-stage in processing auditory objects,
and recordings from awake animals in even
more anterior and lateral areas of the STG
may be promising. On the other hand, lack
of extreme selectivity may also indicate
that complex auditory patterns, such as vo-
calizations, are coded by networks of neu-
rons rather than a single cell.
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G Protein bg Subunit–Mediated
Presynaptic Inhibition:

Regulation of Exocytotic Fusion
Downstream of Ca21 Entry

Trillium Blackmer,1,3 Eric C. Larsen,5 Michiko Takahashi,2

Thomas F. J. Martin,5 Simon Alford,2,4* Heidi E. Hamm1,3*†

The nervous system can modulate neurotransmitter release by neurotrans-
mitter activation of heterotrimeric GTP–binding protein (G protein)–coupled
receptors. We found that microinjection of G protein bg subunits (Gbg) mimics
serotonin’s inhibitory effect on neurotransmission. Release of free Gbg was
critical for this effect because a Gbg scavenger blocked serotonin’s effect. Gbg
had no effect on fast, action potential–evoked intracellular Ca21 release that
triggered neurotransmission. Inhibition of neurotransmitter release by seroto-
nin was still seen after blockade of all classical Gbg effector pathways. Thus,
Gbg blocked neurotransmitter release downstream of Ca21 entry and may
directly target the exocytotic fusion machinery at the presynaptic terminal.

A number of neurotransmitters have been
shown to modulate release from presynaptic
terminals (1, 2) through activation of a G

protein–coupled receptor (GPCR) (3, 4 ). The
two arms of activated G proteins, Ga and
Gbg, may exert their modulatory effect by
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