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low*, The zinc and the Fe hypotheses may thus explain the low
atmospheric CO during the last glacial maximum, O
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Where we look when we steer
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STEERING & car requires visual informaton from the changing pat-
tern of the road ahead. There are many theories about what
features a driver might wse'™, and recent attempts to engineer
self-steering-vehicles have sharpened interest in the mechanisms
invalved™®. However, there is little direct information linking steer-

ing performance to the driver's direction of paze®. We have made
simultaneous recordings of steering-wheel angle and drivers’ gaze
direction during a series of drives along a tortuous road. We found
that drivers rely particularly-on: the ‘tangent point’ on the insidé
of each curve, secking this point 1-2 s before each bend and return-
ing to it throughout the bend, The direction of this point relative
to the cor's heading predicts the curvature of the road ahead, and
wi examine the way this information is used.

Steering performance was measured using & Japuar car
equipped with instruments to record and store information on
the angle of the sieering wheel, speed and other paramsters,
The car had automatic transmission and power steering, Gaze
direction was measured using a head-based video system which
imaged both the road ahead and the driver's eve®’. A computer
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FIG, 1 Simultanegus records of gaze angle relative to the car's heading
and steering-wheel angle for two drivers (ML and J.C.} driving the same
twisting road. ML drove slightly faster (45kmh™Y} than LC
{40 km b~ The performance of & third driver (A.M.) was very similar
to M.L's. The approximate locations of the edges of the road have been
added o the gaze angle traces. This was done by measuring on the
vided the positions of the skdes of the road at the distance at which
gaze direction intersected the road (typizally 20-30 m). These records
show how gaze moves to the right road edge on right-hand bends and

T42

1o the feft road . edge on lefi-hand bends. Arrawheads indicate the first
clear saccade to the tangent point preceding each bend, and £ is the
paint on the exit from egch bend where the tangent point disappears,
1.C. spends mare tme logking off the raad than ML, but =till returns
frequently to the tangeni points, These may be tracked by repeated
refisations (for exarmple, 1.C, 8-17 5] or smoath traching (M.L. 4B-51 8,
L., 56-5%5), or a combination. Records were synchronized to better
than 0.1's by camparing the steering-anple record with steering-whea|
movements seen on the gaze video, Both scales are in degrees,
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FIG. 2" 3, Contour plate showing
the distribution of the cenire points
of sll fixations made during right
bands {top), leh bends [booom)

and when no tangent point was
wisible (centre). Bends are 1aken 1o
be between the first fixation on the
tangent point {arowheads in Fig,

1
B £

1, and 5 in b) and the time of its
disappearance (£ In b). Through . |

the bends, all measurements were |
made with respect to the tangant
point itsell, and on the straight

hean steoring angle (dog) o

pans with respect 1o the vanishing

portions of the maximum value,
the zbsolute value of which is

d =
pont. Contgur imervals are pro- /{L{“nﬁly
[ L

~0.12 firstions. per degisTh

About 35% of all fixaticns lie

beyond the 0.2 contour, and are
widely spread. Figures have been
positioned so that the car's head-
ing is aligned on all three, and eor-
respongs to the centre line in the
centre figure. Data from the drivers
have been poaled; all three drivers
showed very similar distributicns

o

Propartion ol time near (angant paoing
s

-]

on-the foad #ssif, although J.C.
made relatively mare remotae fix-
ations. b, Time course of the use
of the tangent point. Top, sieering-wheeal angle adopted arcund a ‘typ-
ical' bend averaged from the 10 largest bends on the drive, synchro-
nized (o the point when the steering wheel angle is zero (05 on x-axis),
Bars indicate 1 s.e. Arrow at § shows average tirming of the first szccade
Lo tangent point, and £ the average timing of its disappearance. Bottam,

mode] of the eye was used 10 convent the recorded posilion of
the iris into direction of view relative to the head, and this was
added as a spot to the image of the road, Head movements were
monitored from the movement on the vides image of a serigs of
markers on the car's windscreen. Eye-in-head and head-in-car
coordinates were added to give eve-in-car (gaze) records {Fig.
1). Giaze measurements are repeatzhle to better than 1%, &nd the
apsolule accuracy in the central 20° region is about 1°, Thrse
expericnced drivers (1.C., A.M. and M.L.) drove at normal
speeds around Arthur's Seat in Edinburgh. This road has many
bends, but is single-lane and one way and so provides demanding
steening conditions uncomplicated by traffic,

Figure 1 shows 1-min records of steering-wheel angle and gaze
direction {rom two drivers. Both gaze records show a typical
pattern af saccades, fixations, and smooth tracking®, For driver
M.L. steering and gaze records are very similar, with the steering
wheel turned at an angle corresponding to the direction of gare
rzlative to the car’s heading, after a delay of about 0.75 5. For
driver 1.C., this relation is less obvious because he spends more
time locking off the road at the scenery but, like driver M.L.,
he keeps returning his gaze ta the sides of the road.

Viewing the videos of all three drvers, ans is immediately
struck by the way the eye seeks and retums to the ‘tangent point'
(reversal or extremal point) on the inside of each bend, where
the edge of the road reverses direction. The drivers themselves
were surprised by their consistent use of this point. Figure 2a
shows the relative numbers of fixalions in the regions around
the tangent points. The distributions are centred within a degres
of the tangent point itself on both left and right bends, As with
straight driving (centre), they are elongated horizemally, with
roughly exponential decline from the central peak, The time
distribution of these fixations is shown in Fig. 2b. Gaze is
directed to the tangent point, with 2 rather obvious saccade 1-
2 s before the car enters each bend, and remains there with Tela-
tively few excursions for ~3 5 into the bend, Half a second after
the car has entered the bend, the gaze of all three drivers is
directed to the tangent point for about 80% of the time {Fig.
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the portion of the total ime spant by the gaze of sach driver within 3°
of the tangent point It can be sean that during the first sacond Into
the turn, all three drivers look at the tangent point almast sl {=T5%)
of the time,

2B). Clearly, the tangent point is visually important to the driver
when stecring into a turs,

Why should this be 507 A likely answer is that tangent point
direction (&) relative 1o the car's heading is a very pood predicior
of the curvature of the ruad ahead®. It is casy fo show that the
curvature of the read between the car and tangent point i3 related
to & by

C=1/(dcos 6) —1/d (1)

where the curvature Cis the reciprocal of the local inner radius
of the road, and 4 is the lateral distance of the driver from
the kerb. If f can be maintained by using some independent
measurement, for example the perspective angle made by the
kerb or lans marking near the car, then C is easily obtained
from 8. And as the stesring-wheel angle is directly proportional
to C, equation (1) provides a simple steering strategy. In other
schemes, the relative motion of the tangent point (d8/ds) can
be used either to remove the need to compute d separately® or
to momtor departures from a predicted constant curvaturs
path’, Such predictions might come from the overal] veloct
fiow field, which can specify the car's heading around a curve'®
On a narrow undulating road, the langent point is almost the
only reliable cue to curvature because, unlike the general shape
of the read ahead, it is unafiected by slope changes', It is pos-
sible to steer while deliberately looking at the opposite side of
the road, but it feels wrong, and one has to dove more slowly,

Here as in other tasks™, the brain prefers a 'do it where you -

look” strategy, in which the object guiding a control stratepy is
placed close to the centre of vision. In more relaxed wide-road
driving, much mare time is spent on tasks irrclevant to steering,
which is why the importance of the tangent peint has not previ-
ously become apparent’. The performance of driver 1.0, (Fig.
1) shows that steering control can ‘time-share’ with other activi-
ties. In urban driving, where one may be called upon simulta-
neously to stesr a course, avoid other vehicles and look for
a street name, this capacity for dividing time while avoiding
erosstalk berween tasks is crucial, O
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Glutamate-mediated
astrocyte—neuron signalling
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NEUROTIANSMITTER released from newrons is known to signal to
neighbouring neurons and glia'™, Here we demonstrate an addi-
tional signalling pathway in which plutamate is released from
astrocytes and causes an NMDA (N-methyl-p-aspartate) receptor-
mediated inerease in nevronal caleium, Internal calcium was eleva-

FiG, 1 Bradykinin causes calcium-dependent
raleasa of glutamate from astrocyles. The
superfusate from astrocyte cultures was col-
lected at 1-min imtervals and levels of glula-
mate were measured  using HPLE. &,
Bradykinin (L00nM) increases glutamats
release from astrocyies (n=4) b, lonomycin
{5 uM} stimulates glutamate relesse in eul-

ted and glutamate release stimulated by application of the neuro-
ligand bradykinin to cultured astrocytes. Elevation of astrocyte
internal ealeium was aisa sufficient 1o induce glutamate release.
To determine whether this released glutamate signals to neurons,
we studied astrocyte-neuron co-cultures, Bradykinin significantly
increased calcium levels in neurons co-cultured with astrocytes,
but not in salitary neurons. The glutamate receptor antagonists o-
2-aminp-3-phosphonopentancic acid and p-glutamylglycine pre-
vented bradykinin-indoced neuronal calcium elevation. Yhen
single astrocyles were directly stimulated to increase internal cal-
cium and release glutamare, calcium levels of adjacent neurons
were increased; this increase could be blocked by p-glutamyl-
alycine, Thus, astrocytes regulate neuronal calciom levels through
the calcium-dependent release of plutamate,

The release of glutamate from neuron-free cultures of neo-
cortical astrocytes was monitored using high-performance liquid
chromategraphy {HPLC). The neuroligand bradykinin
(100 nM) increased giutamate in the superfusate (n=16;
P <0.02, paired r-test; Fig. 1g). To investigate whether internal
calcium concentration ([Ca®'])) influences glutamate release
from astrocytes, we monitored internal calcium using Fura-2 and
found that bradykinin elevated astrocyte calcium concentration
from 99 = [0 1o 568 £ 89 oM (mean 2 s.2m., n=120; Fig. 2). We
used the calcium ionophore ionomycin to determine whether
elevated internal calcium is sufficicot to stimulate glutamate
release. Addition of ionomyein (5 M) in the presence of exter-
nal calcium, but not in its-absence, stimulated release of gluta-
mate from astrocyies (Fig. 16). Furthermore, bradykinin did not
cause significant glutamate release when calcium was removed
[tom the external saline (P=0.1, paired r-test). These results
show that bradykinin induces the release of glutamate from neo-
cortical astrocytes and that elevated internal caleium can induce
glutamate release.

Therole of glutamate transporters as mediators of bradykinin-
induced plutamate release was investigated using glutamate
transport inhibitors. Consistent with previous abservations™, p-
chloromercuriphenylsulphonic acid {p-CMPS; 30pM) and
L-rrans-pyrrolidine-2 4-dicarbosylate  (PDC; 100 pM-1 mM)
raised the basal level of glutamate in the astroeyte superfusate
(P<0.02, Mann-Whitney Uitest’). Furthermore, neither

£
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tures in calglum-containing saline (+Ca, n=
&), but not in s absence {0 Ca: n=7).c. The
glutamate-transpart.  Innibitor  p-CMPS
(S0.uM) raised the basal level af glutamaie
and enhanced the bradykinim-induced sleva-
tion of glutamate in supedfusate (n=B). pre-

Cilutamate conceniration {nid}

s
- 4
]
Lh
o —— mntrol
—o— furoiemide
=
L
gca 13 to

surmably as 2 result of inhibition of glutamats "’"1 b

uptake. d. Furosemide {5 mM) blocks brady- .
kinin-induced release of glutamate (n=4} ik |

without significantly  affecting  bradykinin- e

induced astrocyte calcium mobilization, = lnnuu'nr:i/
METHODS. Cultures  from  1-—d-day-old 0 =
Sprague—Dawley rat cartices were enriched in 1001 g e
type-1 astrocytes according to ref, 2% and g
were maintzined in g-MEM medium. Thess et

cultures were neuron-<free, as revesled By
immunocylochemisiry  using an antibody
directed against the synaptic proteln synap-
totagmiin {1:250; cione 411, provided by R.
Jannl The aming-acic content of samples was determined by HALC
with flucrescence detection, Bafare injection, aliquots of samples were
darivatized with o-pnthalic aldehyde (OPA) 2-mercaptoethanol reagent
(Pierce), Chromatography was performed on g 15 cm Migrosorb-py
HPLC column {Rainin Inztrument Co.) using @ sodium acetate (pH 5.8

Tadq

Tirne {(min}

methanol gradient. Points représent mean Zs.em. Solutions: & modi
fied Ringer's solution used for perfusion contalned (in mMp: MNaCl 128,
KC11.9, KH,PO. 1.2, Cacly 2.4, MeS0s 1.3, NaHCD; 28, and glucose
10 (pH=7.4}. In ‘zero Ca’ solution, calcium was replaced by 1 mi
EGTA. 2.5 mi M250., 0.2 mM Cacly to yleld 24 nM free cafcium,
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