
and D. M. Noden, Am. J. Anat. 166,445 (1983); G.  
Serbedzija, M. Bronner-Fraser, S. F. Fraser, De- 
velopment 106, 806 (1 989). 

8. N. Le Douarin, Dev. Biol. 30, 217 (1973); C. Le 
Lievre and N. Le Douarin, J. Embryol. Exp. Mor- 
phol. 34, 125 (1 975). 

9. G. C. Tucker, H. Aoyama, M. Lipinski, T. Tursz, J. 
P. Thiery, Cell Differ. 14, 223 (1984). 

10. M. Vincent and J. P. Thiery, Dev. Biol. 103, 468 
(1 984). 

1'1. J. Sechrist, G.  N. Serbedzija, T. Scherson, S. E. 
Fraser, M. Bronner-Fraser, Development 118, 691 
(1 993). 

12. G. Zon and W. J. Stec, in Oligonucleotides and 
Analogues, F. Eckstein, Ed. (Oxford Univ. Press, 
Oxford, 1991), pp. 87-108. 

13. The random oligo mixture was synthesized to 
have an overall nucleotide composition similar 
to the average base composition of oligos A 
and B (Fig. 1) and of an antisense oligo to chick 
snail, according to the following program: AJG G 
AJGCITTCITGAJGAJGCITCITCAJGAJGA. 
The control embryos were treated with this oligo 
mixture at a concentration of 80 FM. Anti-Slug 
oligos A and B were used at 12 FM. 

14. D. A. T. New, J. Embryol. Exp. Morphol. 3, 326 
(1 955). 

15. Blastoderms of the required ages (20 to 30 hours 
of egg incubation) were explanted as for culture 
by the technique of New (14 ) ,  in which they rest 
inverted (endoderm side up), attached as they 
normally are by their periphery to the vitelline 
membrane, which is stretched over a ring. The 
membrane separates the embryo from an under- 
lying pool of growth medium composed of egg 
albumen (90%) and Pannett and Compton chick 
saline (10%). For oligo treatment, the blasto- 
derms were detached from their membranes 
and incubated, ectoderm side up, in 1 ml of a 
protein-free medium in 35-mm plastic dishes, six 
to eight per dish. This medium was composed of 
Hanks balanced salt solution (80%) and Liebo- 
vitz TCM (20%) with Ca and Mg2+, each at a 
concentration of 0.2 mM. Oligos were added 
from stock concentrates frozen as aliquots in 
diethyl pyrocarbonate-treated water to give the 
working concentrations [see text and (13)] be- 
fore incubation for 2 hours at 38°C in humidified 
air. Blastoderms were then replaced in an invert- 
ed position on the original membranes and re- 
positioned while the saline was drained from 
within the culture ring. The blastoderms reat- 
tached and continued to spread on the mem- 
branes during the following 6 to 24 hours, until 
stages of 7 to 15 segmented somites were 
reached. 

16. G. C. Schoenwolf and J. L. Smith, Development 
109, 243 (1 990) 

17. Antisense oligos to chick snail have specific ef- 
fects on somite segmentation but leave neural 
tube architecture normal (J. Cooke and M. A. 
Nieto, unpublished observations). 

18. R. Bellairs, in Developmental and Evolutionary 
Aspects of the Neural Crest, P. Maderson, Ed. 
(Wiley, New York, 1987), pp. 123-145. 

19. Candidates for regulation by Slug could be genes 
for such molecules as cadherins [M. Takeichi, 
Science 251, 1451 (1991)l or integrins [(R. 0. 
Hynes, Cell 69, 11 (1992)l. Functional interfer- 
ence studies have shown that matrix-integrin in- 
teractions are important for gastrulation [(T. Dar- 
ribere, K. M. Yamada, K. E. Johnson, J. C. 
Boucaut, Dev. Biol. 126, 182 (1988)] and for 
neural crest migration [T. Lallier and M. Bronner- 
Fraser, Science 259, 692 (1993)], that E-cadherin 
is involved in the maintenance of epithelial phe- 
notype in epiblast cells [C. A. Burdsal, C. H. 
Damsky, R. A. Pedersen, Development 118, 829 
(1993)], and that impairment of N-cadherin func- 
tion produces distorted neural tubes and ectopic 
neural crest cells [M. Bronner-Fraser, J. J. Wolf, B. 
A. Murray, Dev. Biol. 153, 291 (1992)l. 

20. K. Basler, T. Edlund, T. M. Jessell, T. Yamada, 
Cell 73, 687 (1 993). 

21. Hybridizations were done on paraformaldehyde- 
fixed embryos by use of a modification of the 

method described by D. G. Wilkinson and M. A. 22. We thank K. Roberts for help in sequencing Slug 
Nieto [Methods Enzymol. 225, 361 (1993)l. In and M. Placzek and A. Furley for criticism of 
particular, embryos up to stage 10 were treated draft manuscripts. An EDBO short-term fellow- 
with proteinase K for 5 min. Digoxigenin-labeled ship to M.A.N, allowed completion of this work. 
RNA probes corresponded to nucleotides 1 to 
358 and 493 to 1922 from the Slug sequence. 22 November 1993; accepted 1 March 1994 

Microtubule Dynamics Modulated by Guanosine 
Triphosphate Hydrolysis Activity of p-Tubulin 
Ashley Davis,* Carleton R. Sage, Cynthia A. Dougherty, 

Kevin W. Farrell 
Microtubule dynamic instability underlies many cellular functions, including spindle mor- 
phogenesis and chromosome movement. The role of guanosine triphosphate (GTP) hy- 
drolysis in dynamic instability was investigated by introduction of four mutations into yeast 
p-tubulin at amino acids 103 to 109, a site thought to participate in GTP hydrolysis. Three 
of the mutations increased both the assembly-dependent rate of GTP hydrolysis and the 
average length of steady-state microtubules over time, a measure of dynamic instability. 
The fourth mutation did not substantially affect the rate of GTP hydrolysis or the steady- 
state microtubule lengths. These results demonstrate that the rate of GTP hydrolysis can 
modulate microtubule length and hence dynamic instability. 

Microtubules are composed of tubulin, an 
a-P heterodimer that binds GTP exchange- 
ably at the P subunit E site. During micro- 
tubule assembly the E-site GTP is hydro- 
lyzed to yield a phosphate ion, which is 
temporarily bound to the microtubule, and 
guanosine diphosphate (GDP)-tubulin, 
which incorporates into the microtubule 
lattice (1). Microtubules are thought to be 
stabilized by a "cap" (2) of GTP-tubulin or 
[GDP + inorganic phosphate (Pi)]-tubulin 
subunits at microtubule ends, and the loss 
of this cap may result in rapid microtubule 
dewolvmerization. Random loss and regain 

L ,  " 
of the cap can thus account for the stochas- 
tic growing and shortening of microtubules, 
a process termed dynamic instability, which 
has been observed both in vitro (3) and in 
vivo (4). Dynamic instability is thought to 
contribute to spindle morphogenesis and 
the reorganization of microtubule arrays 
during the cell cycle (5). 

The tubulin-GTP cap model (2, 3) 
predicts that the GTPase activity of P-tu- 
bulin would be imwortant in determining - 
cap size and microtubule dynamics. To 
investigate the relation between guano- 
sine triphosphatase (GTPase) activity and 
microtubule dynamics, we combined site- 
directed muta~enesis with a wrocedure for " 
purifying assembly-competent tubulin 
from the veast Saccharomvces cerevisiae (6 ,  ~. 
7). We report on four mutations directed 
to the highly conserved-region of P-tubu- 
lin, Lys103-Gly-His-Tyr-Thr-Glu-Gly10g 
Sequence comparisons (8) suggest that 

- - 
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this region may be functionally equivalent 
to the Gly-X-X-X-X-Gly-Lys motif of 
GTPase superfamily members, which par- 
ticipates in phosphate binding and hydro- 
lysis. We substituted the conserved Lys103 
with Met, a change that removed the 
charged amino group but retained the 
similar overall size and shape of the side 
group; substitution of Lys with Met in the 
p21"' Gly-X-X-X-X-Gly-Lys motif re- 
duced that protein's GTPase activity (9). 
We also substituted p-tubulin Thr107 with 
Gly, Lys, or Trp because this amino acid 
modulates the GTPase activity of other 
superfamily members (1 0). 

Because three of the mutations (Gly107, 
Lyslo7, and Trplo7) were lethal in haploid 
cells, we purified tubulin from heterozygous 
diploid strains (Table 1). In these strains, 
one p-tubulin gene was full-length (TUB2 
wild type or TUB2-derived mutant) and the 
other (tub2-590) was missing the last 12 
codons (1 1). The tub2-590 background al- 
lowed immunological detection of full- 
length p-tubulin with a rabbit polyclonal 
antibody to the COOH-terminal 12 amino 
acids of p-tubulin. The tubulin preparations 
were therefore composed of dimers with 
full-length (wild type or mutant, as appro- 
priate) and truncated p subunits, in equal 
amounts (1 2). Purification of tubulin dimers 
containing only full-length P subunits could 
be accomplished chromatographically (1 3) ; 
however, the yields were too small to make 
the method routinely useful. The protein 
derived from each of the heterozygotes as- 
sembled into bona fide microtubules, and 
immunogold staining with the COOH ter- 
minal-specific antibody showed that both 
mutant and wild-type tubulins incorpo- 
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rated in to  the microtubules (Fig. 1A). 
The steady-state rate o f  GTP hydrolysis 

o f  control microtubules (from a TUB2ltub2- 
590 heterozygote) was 2,400 & 1,200 Pi 
min-' microtubule-' (Table 1 and Fig. 
IB), whereas the rates from the tub2- 
T 107G,K, Wltub2-590 microtubules were 4 
to  10 times higher: 10,100 5 2,400,18,700 
& 6,100, and 23,500 2 6,200 Pi min-' 
microtubule-', respectively. In contrast, 
the rate for the tub2-K103Mltub2-590 mi- 
crotubules (3,100 & 2,700 Pi min-' micro- 
tubule-') was similar to that of control 
microtubules. The different hydrolysis rates 
of the mutated tubulin samples were not  
due to differential interactions o f  the mu- 
tated P-tubulins wi th the truncated tub2- 

590 P-tubulin, because tubulin isolated 
from a tub2-T107KITUB2 strain also in- 
creased the microtubule hydrolysis rate as 
compared wi th tubulin from TUBZITUBZ 
wild-type microtubules (14). 

According to the tubulin-GTP cap mod- 
el (2, 3), an increased rate o f  GTP hydro- 
lysis should reduce the average cap size at 
the microtubule end and so increase the 
probability that the cap wi l l  be lost. Loss of 
the cap would destabilize the microtubules, 
leading to an increase both in the steady- 
state critical concentration of tubulin and 
in microtubule dynamic instability. Con- 
versely, n o  increase in either the critical 
concentration or microtubule dynamic in- 
stability would be expected for the tub2- 

K103Mltub2-590 microtubules. Consistent 
wi th these predictions, the steady-state crit- 
ical concentrations o f  microtubules wi th 
enhanced rates o f  GTP hydrolysis were 2 to  
4 times greater than that of control micro- 
tubules and 7 to 12 times greater than that 
o f  the tub2-K103Mltub2-590 microtubules 
(Table 1). 

The three mutations w i th  enhanced 
rates o f  GTP hydrolysis also increased 
microtubule dynamic instability, as mea- 
sured by the time-dependent redistribu- 
t ion of microtubule lengths at polymer 
mass steady state, wi th the mean lengths 
increasing by 140 to 180% after the attain- 
ment of steady state (Fig. 2). There was no 
detectable length redistribution wi th control 

Fig. 1. In vitro polymer- . . . .  . . ' , b  . . . . .  . . 
6 

ization properties of mu- , , . ., , . . ..{ 3 ...........:. : . 4 
. . .  . . . .  . . .  tated and wild-type tubu- , . . .,- . • . . .  . . . . . .  . . . . , : ; . _ . 

lins. The tubulin samples - ..i :. . . . .  , . .: . ' .  >A: 0 

... - . .  4 ..( .:. 2- 200 . . .. . ....... . . . .  consisted of equal quan- . . .  .. -:... ;..: : . . . .  . . .  . . .. ' f : ,* . : .  . . .  tities of truncated (tub2- ,.:, t.:. . . .  . . .  ..;, :,..-r- 2 3  
a . 590-derived) and full- ..__ . . . ..- ,..., . ..-.!&+-; . . . .  5 . .  . . . . . .  . :.. 

. ' _ length (TUB2-derived) . ' . . ; ".. .  . - . . .  .-r. ....... ; -: :: .;:'.::,:I, .. . . .  .- .. :. . .  - P .. , 5 . .  , .r. . . p-tubulins, as shown by ' ' . 0 20 40 60 80 100 120 
quantitative protein blot analysis (12). (A) lmmunogold detection of mutated tubulins in microtubules Time (min) 
(23). The number of gold particles associated with the microtubules was as follows: 1. 15.2 pm-I C 
for the control strain (TUBZ/tubZ-590); 2, 14.0 pm-l for mutant strain tub2-K103M/tub2-590; 3, 10.6 
km-' for mutant strain tub2-T107Wtub2-590; and 4, 0.6 pm-' for the control strain (TUBZ/tubZ-590) 2 
stained with preimmune serum. Bar, 0.2 pm. (B) Polymerization-dependent hydrolysis of GTP by 

$- 
mutated tubulins. GTP hydrolysis assays were performed as in (7). with modifications (24). The E Z  0.20 
phosphate evolution data were normalized to a steady-state polymer mass of 1 pM. For reasons of $3 
scale, data for only the first 40 min are shown for the tub2-T107W/tub2-590mutant; for comparison, 2g O.lo 

however, after 120 min 465 pM phosphate had been released. To obtain the steady-state hydrolysis 5 
rates (Table I), we determined the rates of phosphate release between 20 and 80 min by linear 2 0 

0 0.4 0.8 0 0.4 0.8 
regression analysis and corrected the data for the number of microtubule ends, as determined from 
the steady-state polymer masses and microtubule length measurements (25). The arrow indicates Initial tubulin concentration (rnglml) 

the time at which samples attained polymer mass steady state (-20 min). Tubulin sources: TUB2/tub2-590 (squares), tub2-K103M/tub2-590 (circles), 
tub2-T107G/tub2-590 (rectangles), tub2-T107Wtub2-590 (triangles), and tub2-T107W/tub2-590 (stars). (C) The critical concentration for assembly of 
full-length wild-type and T107K p-tubulins in the presence of GTP (left) or GMPPCP (right). Because the tub2-T107Kmutation was lethal in haploid cells, 
we purified (13) tubulin dimers containing full-length p-tubulin (tub2-T107K or TUB2) from dimers carrying the tub2-590 truncated form. The critical 
concentrations were determined from the ordinate intercepts by linear regression analysis. For wild-type tubulin, with GTP and GMPPCP, the critical 
concentrations were 140 2 4 pg ml-l and 110 2 23 ~g ml-l, respectively. The corresponding values for tub2-T107K mutated tubulin were 380 2 5 
pg ml-' and 140 2 34 k g  ml-I. Full-length wild-type tubulin (triangles), full-length T107K mutated tubulin (squares). 

Table 1. In vitro properties of mutated yeast tubulins. 

Genotype* 

Steady-state 
GTP hydrolysis 
rate (Pi min-I 

microtubule-l)t 

GTP 
hydrolysis 

rate of 
unassembled 

tubulin (P, 
min-l)t 

Tubulin critical 
concentration 

(Fg/ml)* 

GTP binding 
constant 

(nM)§ 

GTP binding 
stoichiometty 

(moles of 
GTP per 
mole of 
tubulin 
dimer)§ 

TUB2/t~b2-590 2,400 * 1,200 0.22 2 0.03 120 2 20 5 8 2  7 1.04 2 0.14 
t~b2-K103M/t~b2-590 3,100 * 2,700 0.05 2 0.04 40 2 30 5 9 2  15 0.80 ? 0.12 
tub2-TI 07G/tub2-590 10,100 2 2,400 0.19 2 0.10 500 * 70 2 1 2  2 1 .OO 2 0.17 
tub2-TI 07Wtub2-590 18,700 2 6,100 0.15 2 0.12 360 * 70 1 6 2  1 1.04 2 0.15 
tub2-T1 07W/tubb2590 23,500 2 6,200 0.16 2 0.07 500 2 90 100 2 31 1.13 2 0.18 

*All yeast strains were derived from the diploid ADYIOI (7), which is homozygous for tub2-590. The mutations were directed to TUB2with mutagenic oligonucleotides (20) 
and were introduced into ADYIOI by homologous transplacement to yield the heterozygous mutants. The presence of the mutations was confirmed by polymerase chain 
reaction sequencing of genomic DNA. ?The assembly-dependent steady-state hydrolysis rates are corrected for background GTP hydrolysis by unassembled dimers. 
The background rates were determined by sedimentation of steady-state microtubules and measurement of hydrolysis rates in the supernatants. These supernatant values 
were then subtracted from the values for microtubule-containing samples. The values in the table are the means of three experiments + 1 SEM. The nonassembly-dependent 
rates of GTP hydrolysis were determined at a tubulin concentration of 50 pg ml-I and represent the intrinsic GTPase activities of unassembled dimers. STubulin critical 
concentrations were determined as in Fig. 1C. The values are the means of six to nine determinations + 1 SEM. OGTP equilibrium binding affinities and stoichiometries 
were determined as in (21). modified for tubulin (22). Each value (+ 1 SEM) was determined for at least five GTP concentrations (3 to 1000 nM). 
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microtubules [consistent with (7)] or with 
tub2-K103Mltub2-590 microtubules. These 
results demonstrate that microtubule dynam- 
ics can be modulated by the assembly-depen- 
dent rate of GTP hydrolysis and support the 
idea that microtubule dvnamics could be 
controlled by regulating the size of a tubulin- 
GTP (or GDP + Pi) cap. 

The effects of the mutations are unlikely 
to be due to gross structural defects because 
(i) all mutated tubulins bound GTP with 
high affinities and with stoichiometries 
comparable to that of the control protein 
(TabIe 1); (ii) all mutated tubulins assem- 
bled into bona fide microtubules (Fig. 1A); 
(iii) wild-type and mutated tubulins dis- 
played similar kinetics and patterns of pro- 
teolytic digestion with proteinase K at 40°C 
(14); and (iv) the steady-state critical con- 

Time (min) 

40- 3.0 prn 4.8 pm 4.7 prn 

40- 2.8 prn 6.4 pm 6.1 prn 

20 - 
O I  

40- 1.9prn 9.2pm 11.1 prn 

0 20 40 0 20 40 0 20 40 
Microtubule length (pm) 

Fig. 2. The effects of p-tubulin mutations on the 
time-dependent redistribution of microtubule 
lengths at polymer mass steady state. (A) The 
mean lengths of the microtubule samples plot- 
ted as a function of time after assembly initia- 
tion. For each time point the lengths of 150 to 
500 microtubules were measured. The arrow 
indicates the time at which polymer mass 
steady state was attained. Tubulin sources: 
TUB2/tub2-590 (squares), tub2-K103M/tub2- 
590 (circles), tub2-T107G/tub2-590 (rectan- 
gles), tub2-T107Wtub2-590 (triangles), and 
tub2-T107W/tub2-590 (stars). (6) Representa- 
tive microtubule length distributions at 5, 40, 
and 120 min after initiation of assembly. The 
mean lengths of the microtubule distributions 
are given in each box. The length distribution of 
the tub2-T107Wtub2-590 mutant sample di- 
verged substantially from the control and tub2- 
K103M/tub2-590 mutant samples after attain- 
ment of steady state (at -20 min), despite the 
similarity of the length distributions at the early 
time point (5 min). The results for tubulins 
isolated from the tub2-T107G/tub2-590 and 
tub2-T107W/tub2-59 mutants were similar to 
those for the tub2-T107Wtub2-590 mutant. 

centrations for assembly of the wild-type 
and mutated tubulins were similar with the 
nonhydrolyzable GTP analog, GMPPCP, 
but were substantially different with GTP 
(Fig. 1C). A gross structural change would 
be ex~ected to affect both GTP- and GMP- 
PCP-induced assembly, whereas a specific 
effect on the mechanism of GTP hydrolysis 
should preferentially affect assembly with 
GTP. 

Our data do not exclude the possibility 
that the mutations affect a site on P-tubu- 
lin that is remote from the GTP-binding 
pocket and yet affects microtubule dynam- 
ics and the rate of Pi formation. However, 
the effects of the mutations clearly show 
that the Lys103-Gly-His-Tyr-Thr-Glu- 
Gly'09 region of P-tubulin is important for 
the polymerization-dependent hydrolysis 
of GTP. Mutations in the Gly-X-X-X-X- 
Gly-Lys consensus motif of GTPase super- 
family members also affect GTP hydrolysis 
(10); our results thus suggest that the 
Lys103-Gly-X-X-X-X-Gly'09 motif may be 
functionally equivalent to Gly-X-X-X-X- 
Gly-Lys, even though the sequence is 
reversed in P-tubulin. This situation may 
be comparable to that of the zinc metal- 
loendopeptidases, where a conserved mo- 
tif (His-Glu-X-X-His) has been found in 
both orientations at the active site (15). 
b ther  GTPases also display variant ar- 
rangements of the GTPase superfamily 
consensus motifs (1 6, 17). 

The correlation between GTP hydroly- 
sis rates and microtubule dynamics sug- 
gests that the P-tubulin GTPase activity 
could be regulated during mitosis to con- 
trol microtubule depolymerization and 
chromosome movement. Increasing the 
tubulin GTPase activity at anaphase could 
lead to microtubule dep~l~merization which, 
in vitro experiments suggest (I 8),  contrib- 
utes to chromosome movement toward the 
spindle poles; similarly, chromosome con- 
gression to the metaphase plate could be 
facilitated if a higher rate of tubulin-GTP 
hydrolysis were maintained at kinetochores 
proximal to the plate. Opposing kineto- 
chores of a single chromosome differ immu- 
nologically during chromosome movement 
toward the metaphase plate (1 9), suggesting 
that cellular mechanisms could exist for 
differentiating biochemical activities at op- 
posing kinetochores. 
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A Panoramic Code for Sound Location 
by Cortical Neurons 

John C. Middlebrooks,* Ann E. Clock, Li Xu, David M. Green 
By conventionql spike count measures, auditory neurons in the cat's anterior ectosylvian 
sulcus cortical area are broadly tuned for the location of a sound source. Nevertheless, an 
artificial neural network was trained to classify the temporal spike patterns of single neurons 
according to sound location. The spike patterns of 73 percent of single neurons coded 
sound location with more than twice the chance level of accuracy, and spike patterns 
consistently carried more information than spike counts alone. In contrast to neurons that 
are sharply tuned for location, these neurons appear to encode sound locations throughout 
360" of azimuth. 

I t  often is assumed that dimensions of per- 
ception are represented in the brain by 
orderly maps containing sharply tuned neu- 
rons, and such maps are well known in the 
visual and somatosensorv cortices. M a ~ s  of 
auditory space have been demonstrated at 
the level of the midbrain ( I ) ,  but physiolog- 
ical studies of the auditory cortex have failed 
to demonstrate any evidence of a space map 
containing sharply tuned neurons. This has 
been puzzling, given that auditory cortex 
lesions in human uatients and in ex~erimen- 
t3l animals result in prominent deficits in 
sound localization behavior. In the inferior 
temporal and striate visual cortices, informa- 
tion-theoretic analysis has demonstrated 
that the spike patterns of neurons, including 
both spike count and spike timing, can cany 
nearly twice the stimulus-related informa- 
tion of spike counts alone (2). We studied 
spatial coding by auditory neurons in the 
cat's anterior ectosylvian sulcus cortical area 
(area AES). We used an artificial neural 
network to classify the spike patterns of 
single neurons according to sound source 
location. We found that single neurons can 
code for sound locations throughout 360" of 
azimuth. 

Data were obtained from 67 single units 
on the posterior bank of the anterior ecto- 
sylvian sulcus of eight chloralose-anesthe- 
tized cats (3). Noise bursts, 1 to 300 ms in 
duration, were presented in an anechoic 
room from 18 loudspeakers spaced in 20" 
steus of azimuth around the horizontal 
plane. Stimulus locations were varied pseu- 

dorandomly to acquire 40 responses to stim- 
uli at each of 18 sound source locations (for 
a total of 720 responses). Units responded 
with latencies greater than 10 ms, and their 
responses typically were restricted to the 
first 50 ms after stimulus onset; thus, nearly 
all the driven spikes fell within a time 
interval of 40 ms (4). To train the artificial 
neural network, we used the responses of 
single units on odd-numbered trials (20 " 
trials per stimulus location). To test the 
network ~erformance. we used the even- 
numbered trials from the same unit. This is 
a form of cross validation, in which training 
and testing utilized independent data sets. 

The spike pattern elicited by a noise 
burst usually contained only a small number 
of spikes. The average spike counts at op- 
timal loudsueaker locations were around 
three spikes per trial, yet even at such 
optimal locations, many stimulus presenta- 
tions elicited no spikes at all. For that 
reason, we averaged the responses of a 
single neuron across multiple presentations 
of a given stimulus to estimate a spike 
density function. One way of computing 
this density function would have been to 
form. for each of the 18 stimulus locations. 
a single average of all 20 spike patterns in 
the training set and a single average of all 
20 patterns from the test set. Under that 
condition, however, the network would 
have overtrained to idiosvncrasies in the set 
of 18 average training patterns. Moreover, 
the single set of test patterns would have 
provided only one pattern per stimulus lo- 
cation with which to evaluate network 
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patterns, drawn randomly with replacement. 
Thus, a given bootstrapped pattern might 
incorporate zero, one, or more copies of any 
particular spike pattern. Repeating this pro- 
cess, we generated N,,,,, bootstrapped train- 
ing patterns from the training set and N,,,, 
bootstra~ued test uatterns from the test set. 

L .  

Network performance improved with in- 
creasing N,,,,,, nearing an asymptote for 
values of N,,,,, between 10 and 20, so we 
used a value of N,,,,, = 20. We used N,,,, = 
100 so that we could assess performance in 
terms of percent correct. In preliminary 
studies. we tested values of M (the number 
of spike patterns included in each bootstrap) 
between 1 and 32 and found that network 
performance improved monotonically with 
increases in the size of M; in the results 
presented here, we used M = 20. At each of 
the 18 stimulus locations, we generated a set 
of 20 bootstrapped training patterns and 100 
bootstrapped test patterns. 

The artificial neural network was a one- 
layer linear perceptron with 40 inputs, each 
corresponding to the estimated probability 
of a spike occurring in a l-ms poststimulus 
time bin. Two output units formed a 
weighted sum of the 40 inputs. We used the 
Widrow-Hoff learning rule (6) to adjust the 
weights so that the output units produced 
the sine and cosine of the stimulus azimuth 
(7); the sine and cosine are proportional to 
the distance of the stimulus from the mid- 
sagittal plane and the interaural plane, 
respectively. For convenience in presenting 
network output, we computed the arctan- 
gent of the two. outputs, which gave a 
continuously varying output in degrees of 
azimuth. We favored this simple network 
over more complex multilayer nonlinear 
nets because we found that it performed as 
well as more complicated nets and was less 
prone to overtraining. 

Bv traditional measures of tuning based " 
on spike counts, all of the units showed 
broad spatial tuning. For example, all but 
three of the units responded across at least 
180" of azimuth with spike counts that were 
within 50% of their maxima, and the re- 
sponses of 42% of the units never fell below 
50% of their maxima. regardless of stimulus , " 
location. Despite this broad tuning of spike 
counts, the temporal spike patterns of most 
neurons varied systematically with sound 
location. Examples of the spike patterns 
elicited from one unit are shown in a raster 
plot in Fig. 1. Patterns varied both in spike 
count and spike timing. For this unit, the 
main feature of spike timing that varied 
with location was the overall latency of the 
burst, but the intertrial variability in the 
timing of spikes within patterns frustrated 
any effort to identify patterns simply on the 
basis of first-spike latency. The performance 
of the network, which used the timing of 
spikes throughout each burst to classify 

842 SCIENCE VOL. 264 6 MAY 1994 




