
came apparent that at least one residue, Val65, did not 
fit the electron density well in e~ther solvent-flattened 
or model-phased 2F0 - F, maps. This observation 
and an inconsistent subun~t mass determined by triple 
quadropole electrospray mass spectrometry led us to 
resequence the plasmid DNA that had been used to 
overexpress LpxA. Discrepancies with the published 
DNA sequence corresponding to three altered amino 
acids were detected: SeP4-Gln, Va165-Phe, and 
Aspiz5-His (3). The new sequence is consistent with 
a derived subunit mass of 28,081 mass units, in 
agreement with the 28,083 -c 3 mass unit value de- 
termined by mass spectrometry (29). 

10. We define residues that participate in p strands 
as those with main-chain +, T angles that are 
characteristic of ordinary p structures and that form 
interstrand hydrogen bonds with backbone amide 
and carbonyl groups. 

11. J. S. Richardson, Adv. Protein Chem. 34, 167 (1981). 
12. M. S. Anderson et a/., J. Biol. Chem. 268, 19858 

(1 993). 

13. M. D. Yoder and F. Jurnak, FASEB J. 9,335 (1 995). 
14. M. D. Yoder, N. T. Keen, F. Jurnak, Science 260, 

1503 (1 993). 
15. M. D. Yoder, S. E. Lietzke, F. Jurnak, Structure 1, 

241 (1993). 
16. R. P~ckersgill, J. Jenkins, G. Harris, W. Nasser, J. 

Robert-Baudouy, Nature Struct. Biol. 1, 71 7 (1 994). 
17. S. Steinbacher et a/. , Science 265, 383 (1 994). 
18. J. S. Richardson, Proc. Nail. Acad. Sci. U.S.A. 73, 

2619 11976). 
19. K T  ~ a g a n o , ' ~ .  Mol. Biol. 109, 235 (1977). 
20. C. Chothia, ibid. 75, 295 (1973). 
21. M. J. E. Sternberg and J. M. Thornton, ibid. 11 0,269 

(1 977). 
22. K.-C. Chou, G. Nemethy, M. Pottle, H. A. Scheraga, 

ibid. 205, 241 (1987). 
23. D. N. Crowell, M. S. Anderson, C. R. H. Raetz, J. 

Bacterial. 1 68, 1 52 (1 986). 
24. U. Pfitzner, C. R. H. Raetz, S. L. Roderick, Proteins 

Struci. Funct. Genet. 22, 191 (1 995). 
25. W. Kabsch, J. Appl. Crystallogr. 21, 91 6 (1 988) 

Elementary Computation of Object Approach 
by a Wide-Field Visual Neuron 

Nicholas Hatsopoulos," Fabrizio Gabbiani, Gilles Laurent? 

An essential function of the brain is to detect threats, such as those posed by objects or 
predators on a collision course. A wide-field, movement-sensitive visual neuron in the 
brain of the locust was studied by presenting simulated approaching, receding, and 
translating objects. The neuron's responses could be described simply by multiplying the 
velocity of the image edge (d0ldt) with an exponential function of the size of the object's 
image on the retina (e-"e). Because this product peaks before the image reaches its 
maximum size during approach, this neuron can anticipate collision. The neuron's activity 
peaks approximately when the approaching object reaches a certain angular size. Be- 
cause this neuron receives distinct inputs about image size and velocity, the dendritic tree 
of a single neuron may function as a biophysical device that can carry out a multiplication 
of two independent input signals. 

Vision plays an important role in notifying 
animals of imminent danger, such as an im- 
pending collision with a predator or an envi- 
ronmental surface. One possible strategy for 
collision avoidance is for the animal to react 
when the obiect is at a given distance awav - 
from it. This would require that the animal 
estimate depth, using cues such as motion or 
binocular oarallax. Manv animals. such as ar- 
thropods, can avoid rapidly approaching ob- 
jects, but are unlikely to use this strategy 
because their binocular fields and the spacing 
between their eyes are too small. 

A second possible strategy is to react at a 
given time before collision by monitoring 
the symmetrical expansion of the image pro- 
jected on the retina by the approach~ng ob- 
ject (1 ). Behavioral and electrophysiological 
evidence from birds and flies suoDort the use 

L .  

of this strategy (2).  Imagine an object sub- 
tending an angle 0 at a distance d from the 
eye (Fig. 1A). If this object moves toward 
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the animal at a constant velocity u, its image 
on the retina will grow increasingly faster as 
the object approaches (0 will increase non- 
linearly as 0 increases; the dot means time 
derivative). The tau function ( 3 ) ,  

d sin0 cos0 0 
T(t) = 7 = - 

d 
- r if 0 small 

0 0 

where t is. time, is useful because it can 
orovide the time before collision without 
any explicit knowledge of d. The tau func- 
tion can be obtained from the optical flow 
field and requires only knowledge of 0 and 0, 
which can both be determined monocularly 
at the retina. The function ~ ( t )  ( 4 )  could be . .  . . 
encoded in the firing rate of a neuron, and 
an escape command would be triggered 
when ~ ( t )  has decreased to below a threshold 
value (Fig. 1C). Alternatively, the brain 
could compute l / ~ ( t ) ,  which peaks at colli- 
sion (Fig. 1C). In this case, an escape c9m- 
mand would be triggered when 1 / ~ ( t )  ex- 
ceeds a certain threshold. In either case, the 
timing of escape depends on determining 
that a threshold has been crossed, which is a 
difficult problem for biological systems. We 
now report that a pair of identified neurons 
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in an insect brain adopts yet a different 
strategy to track object approach, combining 
0 and 0 nonlinearly to yield a response pro- 
file similar to the function f(t) (Fig. 1C). 

We studied the LGMD and DCMD neu- 
rons (Fig. lB), two connected, motion-sensi- 
tive neurons in the brain of the locust Schis- 
tocerca americana (5-7). These visual neurons . , 

respond to novel, small contrasting object 
motion, regardless of direction or orientation, 
and are inhibited by large-field motion (such 
as flow fields generated by the animal's own 
motion) (8). More recent investigations (9, 
10) have shown that the LGMD and DCMD 
neurons respond preferentially to approaching 
rather than translating objects and have sug- 
gested that the feature most closely correlated. 
with their firing is angular acceleration of the 
image edges ( 1 1 ) . 

We recorded the response of DCMD to 
simulated "approaching" objects presented 
monocularly to the animal (1 2) and noted 
that it differs significantly from the accel- 
eration profile of the image. First, when a 
simulated object approached the animal at 
low but constant velocitv (a  condition in , . 
which image angular velocity and accelera- 
tion increase as the image grows larger), 
DCMD activity peaked before the image 
acceleration was maximal (Fig. 2A) (13). If 
DCMD tracked image acceleration. its fir- - 
ing rate should not decrease before the ac- 
celeration peak (14). The timing of the 
DCMD peak firing rate was strongly corre- 
lated with the collision time (Fig. 2C, re- 
gression coefficient = 0.963, r 2  = 0.9998) 
(15). The delay between peak firing and 
collision, however, was a function of both 
object size and object velocity (Fig. 2D). 
This indicates that DCMD does not encode 
~ ( t )  [or l / ~ ( t ) ] ,  because T is independent of 
these two parameters. Second, when the 
simulated object decelerated while ap- 
proaching the animal (image angular veloc- 
ity held constant, that is, image accelera- 
tion 0 = 0),  DCMD responded strongly at 
first and continued firing, although progres- 
sively less strongly, as the simulated object 
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"approached" (Fig. 2B). If DCMD were en- 
coding image edge acceleration, it might 
have responded briefly when the object be- 
came detectable but should not have con- 
tinued to respond during approach when 
the angular acceleration was zero. DCMD. - 
therefore, does not appear to track image 
edge acceleration (1 6). 

DCMD might rather implement an alter- 
native representation of object approach such 
as that modeled by f(t) [compare f(t) (Fig. 1C) 
to DCMD response (Fig. 2A)l. Because 8 
(image size) and 8 (angular velocity) are both 
measured at the retina, we looked for a func- 
tion of these two variables that reproduced 
the essential features of f(t) (Fig. 1C). We first 
examined the dependence of DCMD activity 
on 0. If an object, a striped pattern, or a sine 
wave grating is moved laterally (translated) in 
front of the eye (rather than in depth), the 
response of DCMD is greater if the stimulus 
subtends a small angle (8). We studied the - . .  
response of DCMD to squares of various sizes 
moving to the left or to the right, at either of 
two edge velocities (Fig. 2, E and F). We used 
constant edge velocity stimuli (17) so as not 
to confound the response with changing an- 
gular velocity signals. We observed that the 
firing rate of DCMD was well fitted by an 

Fig. 1. (A) Scheme of experimental conditions. 0, 
angle between the edge of the object [dark square 
on a bright background (12)] and the focus of 
expansion; Sob,,, half-size of the object, or the 
distance between the focus of expansion and the 
edge of the object. Movements in depth (d) were 
simulated on a computer screen by re-creating 
the changes of the image projected on the retina 
by an approaching or receding object [O and 0 
(72)l. (6) Morphology of the LGMD and DCMD 
(5-7) neurons [adapted from (6)]. The fan-shaped 
arbor of LGMD is in the lobula (third optic lobe) and 
receives inputs from small-field, motion-sensitive 
neurons in the medulla. Branch p is thought to 
collect feedforward inhibitory inputs from neurons 
sensitive to wide-field OFF and ON stimuli (8). Ar- 
rows indicate the direction of information flow. (C) 
Schematic diagram representing the evolution in 
time of three functions of 0 and 0 [ ~ ( t  ), l / ~ ( t  ), and 
f (t)] assuming a constant velocity v of approach. 

exponential function of the size of the object 
(ePae, where a is positive; Fig. 2, E and F) 
(18). 

The resnonse of DCMD to simulated ob- 
jects moving toward or away from the eye was 
then examined (12). In these experiments, 
both the size and the velocity of the retinal 
image varied in time, in a manner dependent 
on the velocity of simulated approach or re- 
cession. In all cases tested (3 velocities x 3 
sizes = 9 conditions in each of five animals), 
the response of DCMD at a particular time 
could be described by a function that simply 
multiplies the size dependence of its response 
(e-"", as determined above) by the image's 
instantaneous angular velocity (Fig. 3): 

The delay parameter 6 represents the laten- 
cv between the stimulus and DCMD re- 
sponse onsets and was set between 0 and 40 
ms (constant value for each animal), as 

Fig. 2. Responses of 
DCMD to moving objects. 
(A) Response of DCMD to 
a simulated square object 
(Sob,, = 6 cm) approaching 
at constant velocity (v = 

2.5 mls). Collision would 
be at time t,,,, = 0 ms. 
DCMD is silent during the 
first 2000 ms of the 2750 
ms of approach. The stim- 
ulus, which was limited to 
the size of the monitor, 
stopped its expansion at 
the time indicated by the 
peak of angular accelera- 
tion (0). However, DCMD 
activity started to decline 
about 150 ms before the 
stimulus peak angular ac- 
celeration (that is, while the 
object was still approach- 
ing). Agreement between 
stimulus angular accelera- 
tion and DCMD response 
(n = 1 animal, 10 trials, bin 
size = 13.9 ms, mean 2 
SEM) was poor. (6) Re- 
sponse of DCMD to simu- 
lated approach of a decel- 

suggested by experimental evidence (1 4,  
19). C is a proportionality constant (20). 
I8 I (the absolute value of 8) was chosen 
because DCMD is not directionally selec- 
tive and thus responds to object recession as 
well as approach by an increase in firing 
rate (10, 11). To gain an intuitive under- 
standing of f(t), consider an object ap- 
proaching at constant velocity u, such that 
both 8 and eae increase with time. When the 
object is far (8 small), 8 increases faster than 
e-a' decreases, resulting in an increase of 
f(t). As the object approaches, the situation 
reverses because of the exponential depen- 
dence of the last factor in Eq. 1. The func- 
tion f(t), therefore, peaks before collision. 

According to Eq. 1, the time of peak 
DCMD activity (%,,k) relative to the time 
of collision (t,,,,,.) should depend linearly on 
the ratio of the object size (Sabl,, Fig. 1A) to 
the velocity of approach (v), with a slope 
coefficient of ~ ' 2  (21 ): 

-800 -400 0 
Time (ms) 

0 500 1000 
Time (ms) 

erating square of final size 
0 = 40"; t = 0 at the onset 0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 

of approach. Angular ac- Object size (rad) Object size (rad) 
celeration is 0, with angu- 
lar velocity constant at 31.5 degrees s-l. DCMD fired during more than one-half of the period of 
approach, and its response profile differed from the acceleration profile of the image (flat). (C) Plot of the 
time of peak DCMD activity (t,,) versus collision time (t,,,,,, relative to the onset of movement). Approach 
velocity was held constant. Each data point represents a specific combination of object size and 
approach velocity, averaged over five animals. The standard deviation was too small for display (75). (D) 
Plot of the delay between peak DCMD activity and collision time as a function of Sob,/lvl, for four values 
of v and four object sizes (1 6 conditions, mean 5 SEM, n = 5 animals). Equation 1 predicts that this delay 
is a linear function of So,/lvl with a slope of (21). Data indicate that the relation is indeed linear. The 
mean value of a (8.59 rad-I), calculated from the slope, is the same as that used to fit the data from one 
animal in Fig. 3, A to C. (E and F) Plot of DCMD response (0, total number of spikes per trial), in a different 
animal, as afunction of object size for lateral movement (translation) to the left (E) and to the right (F) at a 
constant velocity of 3.57~ rad s - I  or 625 degrees s-l (0.4 rad -- 23"). Data points (mean 2 SD, n = 5 
trials) are fitted by the exponential function e-aH (18). 
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This nrediction of linearitv was verified ex- 
perimentally over a wide range of sizelve- 
locity ratios in five animals (Fig. 2D). We  
therefore used the value of a computed for 
each animal from the slope of the regression 
line (Eq. 2) to fit the DCMD activity pro- 
files (Fig. 3): The firing rates of DCMD 
have been superimposed on the values pre- 
dicted by the model in conditions of con- 
stant approach velocity w (Fig. 3, A to C )  or 
constant angular velocity 8 (Fig. 3D). 

The strength of this model lies in the 
observation that 6, a, and the exponential 
dependence on 8 were all constrained by 

, , 
0 250 500 0 300 600 

Time (ms) 

Fig. 3. Test of the model on DCMD response. (A to 
C) Response of DCMD (a, mean i. SD, n = 5 trials) 
to approaching squares [Sob,, in (A), 3 cm; (B), 4 cm; 
(C), 6 cm) under conditions of constant approach 
velocity (v) in one animal. Model prediction [line: f (t + 
6) = C 10(t)le-"8(t)] is superimposed on the data. 
Irregularities in the model prediction are due to the 
fact that image velocity and size are calculated from 
the computer-generated image rather than from the- 
oretical values. Discontinuities are therefore due to 
image pixelation and refresh and correspond to the 
exact stimulus seen by the animal, t = 0 at collision, 
a = 8.59 rad-', 6 = 14 ms, and C = 1.22 X 
(D) Response of DCMD (a, mean 5 SD, n = 5 trials) 
in a different animal to approaching squares (final 0 = 

40") under conditions of constant angular velocity 
(simulated deceleration). t = 0 at the onset of stim- 
ulus. Model prediction [line: f (t + 6) = Cl0(t)l 
is superimposed on the data (28). a = 5.73 r a d l ,  6 
= 42 ms, and C = 2.62 x 

independent experimental data and that 6 7. 

and a were fixed for all size and velocity 
conditions in each animal (Fig. 3, A to D). 
In addition, the proportionality constant C 
used to match the exact values of DCMD 
firing rates was fixed for all conditions in 
each animal. Finallv, this model also fitted , , 
the data obtained with decelerating objects 
in which the angular velocity of the image 
edges was held constant (Fig. 3D) (22, 23). 

We thus propose a simple algorithm that 8. 

describes the integrative properties of a visual 9, 
interneuron and that could, in principle, be 10, 
used by any visual system to anticipate the 
time of collision with approaching objects, 

12. 
using simple monocular signals. It has been 
proposed that whole field inputs to the locust 
LGMD are provided by feed-forward inhibi- 
tory pathways that terminate on a single prox- 
imal dendrite (Fig. lB),  separate from the 
fan-shaped arbor that collects velocity signals 
from local movement-detector elements (8) 
[although this proximal dendrite is not 
present in all LGMD-like neurons (24)l. The 
good agreement between f(t) and the DCMD 
response suggests that the dendritic tree of 
LGMD operates as a biophysical device that 
multiplies two independent inputs, the size 
(e-"') and velocity (8) signals, during object 
motion in depth. Using a logarithmic trans- 
formation, such multiplication might be ac- 
complished by linear summation of -a0 
(size) and log 8 (velocity) and an exponen- 
tial conversion of the resulting dendritic 
potential into a firing rate. Alternatively, 
this multiplication could be performed by 
way of shunting inhibition (25) of the ve- 
locity signal by the size signal on the pri- 
mary neurite. This neuron may therefore be 
ideal to study quantitatively the relation be- 
tween dendritic geometry, intrinsic mem- 
brane properties, and computational function. 
Finally, the principles derived here might be 13 

used to design artificial collision anticipation l4 

devices, through use of neuromorphic hard- 
ware implementations such as silicon retinae 
(26). 
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preferring a particular and f~xed angular size (0,,, = 
cotg-' ~ V Z ) .  It follows from Eq. 3 that, when S is not 
negl~g~ble (for example, S = 40 ms), the peak firing w~ll 
not occur for a fixed value of 0. When v 1s constant, for 

TECHNICAL COMMENTS 

Does the p53 Up-Regulated Gadd45 Protein 
Have a Role in Excision Repair? 

M a r t i n  L. Smith et al. ( I  ) report stimula- 
tion of excision repair in DNA by Gadd45 
protein. They used the repair synthesis assay 
that measures the preferential incorpora- 
tion of nucleotides into damaged DNA 
compared to undamaged DNA. As DNA 
excision repair involves two basic steps, 
excision and resvnthesis, we wished to 
know whether the' increased repair synthe- 
sis observed with Gadd45 resulted from in- 
creased excision or was a secondary effect of 
stimulation of the repair polymerase (or 
polymerases) without actually increasing 
the amount of adducts removed. We inves- 
tigated the effects of Gadd45 by the use of 
the excision assay that measures the release 
of the damaged nucleotide in the form of an 

Fig. 1. Effect of Gadd45 
on DNA repair by HeLa 
cell-free extract as mea- 
sured by the excision as- 
say. HeLa cell-free ex- 
tract (50 pg) was supple- 
mented with the indicat- 
ed amounts of Gadd45 
protein, and excision re- 
action was carried out 
under standard condi- 
tions (51 for 60 min. Hu- 

oligonucleotide (2) .  
We measured the effect of Gadd45 at 

various concentrations by the excision assay 
with HeLa cell-free extracts (Fig. 1). We did 
not observe any stimulation or inhibition 
within the concentration range used. As 
Smith et al. (I ) report stimulation of Gadd45 

Time (min) 

Fig. 2. Effect of Gadd45 on the kinetics of DNA 
excision repair with HeLa cell-free extracts. HeLa 
cell-free extracts (50 pg) were supplemented with 
340 ng of Gadd45 protein, and the excision assay 
was carried out for the indicated times. The mod- ~, 

man excinuclease excised the lesion in 25- to 27- ucts were analyzed on a 10% denaturing poly- 
nucleotide-long oligomers (6), which were resolved acrylamide gel. The level of repair was determined 
on 10% denaturing polyacrylamide gels. Lane M by analysis of the excision gels using Phosphorlm- 
contains 30- and 24-nucleotide-long oligomers ager (Molecular Dynamics, Sunnyvale, California). 
used as size markers. Arrow indicates the major Data points are averages of two experiments. Cir- 
excision product. cles, without Gadd45; triangles, with Gadd45. 

example, the peak fir~ng w~ll occur earl~er ~f the object 
1s larger. When the object size is held constant, the 
peak firing w~ll occur later if v 1s Increased. 
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in the range of 40 to 400 ng per assay, we 
conducted a kinetic experiment using 340 ng 
of the Gadd45 protein in our standard exci- 
sion reaction. Gadd45 had no effect on the 
kinetics of excision repair (Fig. 2). 

T o  eliminate the possibility of experi- 
mental artifacts resulting from nonre~air  " 

proteins in cell-free extracts that can bind to 
Gadd45 and interfere with its repair stimu- 
latory effect, we also tested the effect of 
Gadd45 protein on repair, with the use of a 
defined excision nuclease svstem reconstitut- 
ed from highly purified repair proteins (2).  
We saw no effect on excision r e ~ a i r  in this 
system with the concentration of Gadd45 
tested. We considered that the stimulatory 
effect could be unique to the cell lines used 
by Smith et al. (I ). Therefore, we performed 
the excision assay with the ML-1 cell line 
used by Smith et al. ( I  ). The cell-free extract 
from this cell line gave a weaker excision - 
signal compared to HeLa cell-free extract; 
however, as with HeLa cell-free extract and 
with the defined system, Gadd45 d ~ d  not 
have a stimulatory effect on excision by the 
ML-1 cell-free extract (Fig. 3). 

As S m ~ t h  et al. (1)  used the repair syn- 
thesis assay, and as they found that Gadd45 

Fig. 3. Effect of Gadd45 
on excision repalr with 
ML-1 cell-free extracts. 
Indicated amounts of 
Gadd45 protein were 
added to ML-I cell-free 
extracts (50 pg) and ex- 
cision assay was per- 
formed under standard 
conditions (5). 
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