The Timing of Information
Transfer in the Visual
System
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1. Introduction

The mammalian visual cortex is composed ol a constellation ol cortical areas
that are mterconnected by a dense network of corticocortical connections.
Among those connections, it is usual to distinguish between feedforward and
[eedback connections. Feedforward connections carry information away [rom
arca V1 toward the parietal and the temporal lobes. whereas feedback connec-
tions carry impulses in the reverse direction (Salin and Bullier, 1995). It is
becoming increasingly apparent that, despite its complexity, the visual system
processes information very rapidly. The delay imposed by neuronal processing
i the correction ol visually guided movements is of the order of 100 msec
(Rossetti, 1997). Recent results also suggest that visual recognition of complex
scenes is possible within 100=200 msec (Thorpe of al., 1996).

The question we address is how such a complicated network ol intercon-
nected cortical areas can process inlormation so rapidly. We first review the
evidence concerning two major constraints for processing speed by neural net-
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works: the neuronal integration time and the axonal delavs. We then present
evidence for the rapid responses ol neurons to visual stimulation at different
stages ol the visual svstem. We conclude by discussing how dilferent models of
the visual system are compatible with such a rapid processing time.

2. Structural Constraints: Axonal Conduction
and Integration Times

2.1. Axonal Conduction Time

2.1.1. Minimizing the Sizes of Cortical Axons

In large-brained animals. white matter takes up a large proportion of the
brain volume. For example, in humans this proportion is estimated at 40—60%
(Hofman, T985: Murre and Sturdy, 1995). In order 1o maintain brain volume
within reasonable bounds, it is therefore important to minimize the space taken
by axons. This is particularly relevant for corticocortical axons since they make
up 99% ol the white maner underlying the cortex (Abeles, 1991).

Minimizing axonal volume is probably the major constraint that pushes
highly interconnected neurons to group together in the same cortical areas and
modules, since these are highly efficient strategies to conserve axonal volume
(M. E. Nelson and Bower, 1990; Mitchison, 1992; Murre and Sturdy, 1995).
Another way 1o reduce the volume ol white mauer is 10 reduce axon diameter.
This plnInhI\ explains why, with a few exceptions noted below, corticocortical
axons are generally small compared 10 axons of the peripheral nervous systen.
Within the gray matter of the visual cortex, most axons are smaller than 1 pm in
diameter: for example. in cat and monkey area 17. the mode of the distribution
ol axon diameter is 0.6—=0.7 pwm (Haug. 1968: Peters and Sethares, 1996). The
small size of cortical axons is also maintained in the white matter. This can be
observed in the corpus callosum, which provides a good sample of corticocortical
axons. In the macaque monkey, the mean diameter of callosal axons is less than |
pm. and in the rostral part of the corpus callosum, all axons have diameters less
than 1 pm (LaMantia and Rakic, 1990). This contrasts with the monkey optic
nerve, in which most axons are larger than I wm (Reese and Ho, T988).

A small number of giant axons (larger than 2.5 pm) is observed in the part
ol the corpus callosum containing axons between the extrastriate areas and
parietal cortex. In contrast. the region of the corpus callosum containing axons
linking together both temporal cortices does not appear to contain giant axons
(LaMantia and Rakic, 1990). This suggests that giant axons are limited to specific
networks for which high conduction velocity is necessary. We will see below tha
indeed processing speed is higher in dorsal extrastriate areas and parietal cortex
than in temporal cortex.

Since there is a lincar relationship between conduction velocity and fiber
diameter (see (Section 2.1.2). minimizing axon size for conserving space has
important consequences on delays due to conduction along axons.



2.1.2. Methods for Estimating Conduction Delays

Ihere are several wavs ol estimating delavs due to conduction of the action
potential along the axon: calculating 1t from the distribution ol axon sizes.
measuring the position of the peak with respect to the origin of the time ditfer-
ence axis in cross-correlation histograms (CCH), measuring the latencies of ex-
citatory postsynaptic potentials (EPSPs) recorded with spike-triggered averag-
ing. or measuring latencies of spikes evoked by antidromic activation lhmg
electrical stimulation. In addition. in some cases. it is possible to use Litencies of
spikes or EPSPs evoked by orthodromic electrical stimulation.

T'he morphological method consists in estimating the distribution of fiber

diameters and deducing thar of axonal conduction velocities. The diameter ol

the axon with its myelin sheath is called the fiber diameter. Axon and fiber
dhiameters are hnearly related with a coetficient of 0.77 (Waxman and Bennett,
1972) (0.64-0.87 for rabbit callosal axons: Waxman and Swadlow, 1976). Using a
coelficient of 5.5 between conduction velocity and fiber diameter (Hursh, 1939:
Waxman and Bennett. 1972). one gets 7.14 as the coelficient between conduc-
tion velocity and axon diameter. Note, however, that this linear relationship
.:|1]11|u only for myelinated fibers. For nonmvelinated axons. conduction veloc-
ity varies as the square root of the axon diameter (Rushton, 1951).

Deducing conduction velocity Irom axon diameter has the advantage of

giving an estimate of the conduction delays of all the axons ot a given pathway.
However, 1o get a proper estimate ol axon diameters, it is necessary 1o measure
themn on electron micrograph (EM) images. The EM technique is best used on
well-identified tracts such as the interhemispheric commissures, which can be
cut in a plane orthogonal o the direction ol the axons. In the case ol axons
berween two cortical arveas, for example, it is necessary to stain fibers with axonal
tracers such as biocytin or Phaseolis vulgans lencoagglutin, These techniques
ustally produce a small number ol well-stained axons and i is difficult to know
to what extent they do not Favor the Largest axons. Also. estimation for axon
diumeter from EM images is more difficult to use in that case, because of the un-
certainty concerning the angle between the section plane and the axis of the axon.
Fmally, it is known that large differences in diameter can exist between the main
axon trunk and its cortical ramifications (Houzel ¢f al.. 1994), which are olten
nonmvelinated. Measuring only the axon trunk dizmeter may therefore lead 1o a
serious underestimate of the conduction time unless the entire axon is recon-
structed.

Cross-correlation is a technique that gives the temporal relationship be-
tween the fiving times of two neurons (A and B) recorded extracellularly. The
action patentials of neuron A ave used as time markers 1o migger the averaging
ol the activity ol the other neuron (B). The cross-correlation histogram is a
measure of the probability of observing a spike in neuron B as a [unction of the
time before or alter the occurrence of an action potential in neuron A (Perkel ¢/
al.. T9GT7). Tt can also be seen as an estimate of the Niring vate of neuron B as a
function of the time before or after a spike in neuron A (Abeles. 1982). When
the firing times ol the two neurons are independent. the cross-correlation histo-
gram is flat. 11 the neuron A activates neuron B with a delay (, the cross-correla-
tion histogram shows a peak with a delay £ indicating that the firing probability
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ol the second neuron increased alter neuron A fired an action potential. When
the two neurons are simultancously activated by a third group of neurons, the
cross-correlation histogram presents a peak centered at the origin of time (due
to the common input. the discharge probability ol neuron B increases at the
same time as that of newron A).

The cross-correlation method has the major advantage that it gives the
actual average delay between the production ol one spike in a neuron and a
resultant spike in the target neuron, including axon conduction time and synap-
tic delay, Furthermore, measures derived from cross-correlation histograms are
made [rom the activity ol neurons activated by relatively “natural™ stimuli, in
contrast to electrical stimulation that artificially synchronizes the spikes ol a
large number of neurons. Calculating cross-correlation histograms is therefore
the method of choice Tor measuring delays between two neurons. Its use is
limited, however, by the difficulty of isolating more than a small number ol pairs
ol mterconnected neurons in two dilferent structures.

Spike-triggered averaging is related to the calculation of cross-correlation
histograms. Two neurons are recorded, one using intracellular and the other
extracellular recording. The membrane potential of the intracellular neuron is
averaged using the spikes of the other neuron as triggering events. In the aver-
aged intracellular records, one can sometimes identily small synaptic potentials
that are interpreted as resulting [rom the monosynaptic connection between the
two neurons. Measuring the EPSP latency provides a good estimate of conduc-
tion time in the axon and synaptic delay between the two neurons. Another
method with an even lower vield consists in recording intracellularly two neurons
at the same time and recording the Lateney of the EPSP evoked in one neuron by
stimulation ol the other neuron. The advantages (reliability of measures and
lack of artificial synchronization) and the disadvantage (low encounter rate) of
these techniques are similar 1o those ol cross-correlation.

Flectrical stimulation can be used 1o stimulate axons in the orthodromic or
anticlromic direction. When orthodromic activation is used, latencies can be
measured between the stimulus and the resulting spike in the postsynaptic neu-
ron in case ol extracellular recording, or the EPSP if the recording is intracellu-
lar. This technique should be used with caution with neural populations which
are interconnected by reciprocal connections. This is due to the fact that eleciri-
cal stimulation activates axons and not cell bodies (Nowak and Bullier, 1997a.b)
and that. because ol the presence ol recurrent collaterals, it is difficult to know
whether one neuron is activated by true orthodromic activation or whether
clectrical stimulation elicited a spike which traveled in the antidromic direction
and provided a synaptic input through recurrent collaterals ol neighboring
Neurons.

These ditficulties disappear when antidromic activation is used. Measuring
antidromic latencies with electrical stimulation is relatively casy and gives con-
duction times between structures that can be identified with electrophysiological
recordings. Besides the possibility that electrical stimulation mav be biased to-
ward large neurons, which are casier 1o record from, and toward large axons,
which are more casily activated by electrical stimuli (Ranck, 1975), one of the
difficulties related 1o this method is that of knowing the actual site of stimula-
tion. Unless small stimulating currents are used, it is dilficult to avoud the possi-
bility ol activating axons in the white matter below the stimulated area. One way



to reduce this visk is by verifving that the liminar distribution of activated
neurons conforms to that predicted by the anatomy (Swadlow and Weyand,
1981).

Assessing the validity of the electrical stimulation method can be done by
comparing the distribution of conduction velocities caleulated from antidromic
latencies and Liber length and that caleulated from the axon sizes. When this is
done on callosal connections of the macaque monkey using a coeflicient of 7.14
between conduction velocity and axon size (Swadlow ¢f al., 1978: LaMantia and
Rakic, 1990), the match is actually quite good. suggesting that antidromic laten-
cies to electrical stimulation give a proper estimate of the conduction times of all
the axons between two structures,

2.1.3. Specificity of Conduction Times in Different
Connections and Species

Each set ol connections possesses a characteristic pattern ol conduction

delays. This is well illustrated in Fig. 1. which presents the distributions of

antidromic latencies ol neurons in cortical area V1 of the awake rabbit following
clectrical stimulation i several atferent structures (Swadlow and Weyand. 1981).
The ligure shows that there are important differences between the conduction
times in corticogeniculate, corticotectal, callosal, and association corticocortical
AXONS.

[t is remarkable that the ordering ol conduction times between different
targets of cortical neurons (corticotectal short, association intermediate, and
corticothalamic long) is conserved in dilferent species such as rabbit, monkey,
and cat (see below). Tis also observed for ditferent sensory modalities: one can
find a similar ordering of Laencies or the efterent connections ol area V1, area
ST and the motor cortex of the rabbit (Swadlow, 1992, 1994). This suggests that
speed of information transfer in different corticofugal pathways is subjected 1o
the same constraints across different sensory modalities and different species.

LGNd }
V2 }
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Figure 1. Distributions ol antidvomic Luencies in vabbit area VI alter electical stimulation in the
LGN avea V2 vistal cortex of the ather hemisphere (CC), and superor colliculus (SC). The small
vertical lines vepresent the 10% . 50% (median, and 9095 centiles. Redrawn Trom Swadlow and
Wevand (1951
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Contrary to what one would expect. conduction time along a given fiber
tract is not governed mainly by fiber length. Comparison of antidromic latencies
ol callosal axons i different species (Fig. 2) shows that conduction delays are
much shorter in the cat than m rabbit, tlupm the fact that they cover a lunlru
distance. Conduction times are similar in rabbit and monkey despite the much
longer paths of callosal axons in monkey. In the corticotectal pathway, a similar
interspecies order can be observed. with axons in the cat {Ih]JLl\ms, shorter
conduction times than in the rabbit or the monkey (which do not differ signifi-
cantly: see references in Section 2.1.41). Higher conduction speed is also found
in the retinogeniculostriate pathway ol the car compared 1o that of the monkey
(Stone. 1983). This suggests that brains of different species function at different
speeds: cat brains are Taster than monkey and rabbit brains, at least for the visual
systen,

2.1.4. Axon Conduction Delays in Different Sets of Connections

2.1.4a. Three Classes of Axons in the Retinogeniculate Pathways. |he
relatively large sizes ol axons in the optic nerve and the optic tract in cats and
monkevs (Ilu"hv\- and Wiissle. 1976: Reese and Guillery, 1987: Reese and Ho.
1988) suggest that transter time between the retina and the cortex must be
rapic. Approximately hall of the conduction delay is due 1o the slow unmveli-
mated intraretinal part of the axon (Stanford. 1987). From the optic disk 1o the
dovsal lateral geniculate nucleus (LGNd). axons are myelinaed and conduct
much laster. There appears to be a compensation ol the intrarctinal delay by the
conduction velocity of the myelinated part of the axon so that the conduction
delay between the retinal ganglion cell and the LGN does not depend on the
position ol the ganglion cell in the retina (Stanford. 1987).

Conduction times between the retina and the LGN in the cat have been
measured by cross-correlation studies and shown to be around 4 msec on aver-
age, with a range of 1.8=7 msec for X and Y cells (Cleland et al., 1971: Mas-
tronarde, 1987). Delays between the LGN and the cortex appear shorter, on the
order ol 1—=6 msec as lound in cross-correlation studies (Tsumoto of al,, 1978;
Tanaka, 1983). A heroic cross-correlation experiment between retina and cortex
performed by Lee of al. (1977) showed that the delay between a spike in a retinal
vanglion cell and its cortical target is ol the order of 4.5-7.5 msec lor X or Y



cells. Such a short conduction time is remarkable given the long distance be-
tween the eve and the cortex ol area 17, 1t is interesting 1o note that it takes a
similar amount ol time to get from the eve to area 17 than between two adjacent
cortical areas (see Section 2.1 .4c¢).

Since the early recordings of George Bishop in the 1930s, it has been known
that the transter of information in optic nerves ol mammalian species is made
along three groups ol axons with different conduction velocities (Stone, 1983).
Ihese have been called XY, and Woin the cat (Stone, 1983) and M. P and K in
the monkey (Casagrande, 1994 Hendry and Yoshioka. 1994). Dillerences be-
tween these groups inaxon conduction times from retina to cortex can be sizable
because there is a positive correlation between the conduction speeds ol axons of
geniculate cells and those of their retinal alferents (Cleland ¢f al.. 1976 Marroc-
co. 19760 Wilson ef al.. 1976: Schiller and Malpeli, 1978). In the cat, for example,
il we add the retinogeniculate conduction times (Kivk ef al., 1975) to the ge-
niculocortical delays (Wilson ¢f al., 1976), we find that, on the average, Y axons
transter imlormation 1o cortex 3.0 msec laster than X axons, and X axons are
Faster by 6 msec than W axons. In the monkey, a similar calculation can be made
for M and P pathways by adding conduction times from the retina to the optic
chiasm (Gouras. 1969: Schiller and Malpeli, 1977h). from the chiasm to the LGN
(Dreher of af.. 1976: Schiller and Malpelic 1978). and from the LGN 1o cortex
(Schilley and Malpeli. 1978: Bullier and Henry., 1980). This shows that, on aver-
age. M axons take 5.5 msec less time to transfer impulses 1o cortex than P axons.
In keeping with that conclusion. the stndy of Mitzdorl and Singer (1979) shows
that, after electrical stimulation ol the optic nerve or optic chiasm, the onset
latency of synaptic potentials in area V1 is shorter by 6 msec in layer 4Ce, which
receive M omputs, than in laver 4CB. which is activated by P afferents.

2.1.4b. Intra-Area Axonal Conduction Times. Once afferent messages have
reached the cortex of area 17, they are processed by interneuronal communication
within the area and between difterent cortical areas. Little is known concerning
the axon conduction delays in these two groups of pathways. For intra-area
conduction. most data come from intracellular recordings in cortical slices ol rat
visual or somatosensory cortex. using spike-triggered averaging ol membrane
potential or double intracellular recordings. The values are remarkably long
(several milliseconds), given that the vecorded neurons are distant by only a lew
hundred micrometers (Thomson ef afl., 1988: Mason ef al.. 1991: Nicoll and
Blakemore. 1993). These correspond to very slow conduction velocities (of the
order ol a few tenths of m/scc). With antidromic activation techniques, the axon
conduction velocity for axons of intrinsic connections ranged between 0.26 and
047 m/scee within rat avea 17 (Nowak ef al., 1997) and averaged 0.28 m/sec in ral
arean iH;l (1 nlml'nm ;nul Rorig, I‘I'II}

gmul averaging (I\.unhllhil ol m’.. ]‘.N\J. Ihese are <l|.‘;u Inng {L‘. :2.‘4 msec [m
720 pm distance), corresponding to conduction velocities ol the order of 0.3
m/sec. alter subtraction ol the synaptic delav. Interestingly, the conduction ve-
locity tor the intrinsic collaterals of an axon may be very different from that of
the main trunk projecting elsewhere. Kang ot al. (1988) used spike-triggered
averaging to measure the latencies ol intracortical EPSPs evoked by pyramidal
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tract cells in cat motor cortex. When these latencies are compared with the
antidromic latencies evoked by stimulation of the pyramidal tract, itappears that
conduction delays within cortex are ol the same order of magnitude (a few
milliseconds) as transfer time in the pyramidal tract axon, despite the enormous
difference in conduction distances (a few hundred micrometers in intracortical
connections versus several centimeters for pyramidal tract axon). "This confirms
the slow nature of conduction in intracortical collaterals ol cortical axons.

These very slow conduction velocities Tor intra=area communication in rat
and cat cortex fall below the range usually associated with myelinated axons
(ddown 1o 1 or 2 m/sec: Rushion, 1951; Waxman and Bennett, 1972). This sug-
gests that intrinsic collaterals of pyramidal cell axons that make up most local
connections are usually not myelinated along their whole length. It is also in
keeping with the observation that many cortical axons are not myelinated in the
cortical gray matter (Peters and Sethares, 1996).

The low speed ol information transfer within a given cortical area raises
interesting questions concerning the temperal aspects of intra-area information
processing. Local ramifications of cortical collaterals can reach several millime-
ters (Gilbert and Wiesel, 1981: Martin and Whitteridge, 1984). With conduction
velocities of the order ol 0.3 m/sec, this means that spikes will reach the target
neurons located 3 mm away 10 msec later. This may explain the observation in /n
vivo intracellular recordings of cat cortical neurons of long delays (10-30 msec)
ol synaptic activity nlouuntl by visual stimulation in ]Jtnpiuml parts ol the
uup[l\( lield (Fregnac and Bringuier, 1996). Slow conduction velocities of
intrinsic connections may also be the reason for the slow (0.1-0.2 m/sec) spread
of synaptic activity across monkey visual cortex reveled by optical imaging (Grin-
vald of al.. 1994).

2.1.4c. Association Corticocortical Axons. Corticocortical connections be-
tween areas ol the same hemisphere are usually reciprocal and it is possible to
identily [eedlorward and feedback connections (Felleman and Van Essen, 1991;
Salin and Bullier, 1995). Besides anatomical and functional differences (Salin
and Bullier, 1995), it is possible that these two types of connections show differ-
ences in conduction delays. Such differences have been found in the thalamocor-
tical connections between LGN and cortex. For example, in the cat. most LGN
axons conduct impulses in less than 4 msec in the feedforward direction (Wilson
ot al., 1976), whereas numerous corticogeniculate axons take more than 4 msec
to transfer information in the leedback direction (Harvey, 1980: Grieve and
Sillito. 1995).

For corticocortical connections, this has been directly addressed in the rat
between areas 17 and 18a using antidromic activation of single neurons. The
results led to the conclusion that conduction times are similar in feedforward
and Feedback connections (Nowak ¢ al., 1997). Antidromic latencies ol [eedfor-
ward axons ranged between 3.7 and 7.9 msec and those of feedback between 4.1
and 8.9 msec. Differences in mean values of latencies (5.7 msec for leedforward
and 6 msee for feedback) and conduction velocities (041 and 0.38 m/sec) were
not statistically significant. In the monkey visual cortex, comparison of the diam-
eter of axons in feedtorward and leedback connections between monkey areas



Vi and V2 (Rockland and Virga, 1989, 1990) also leads to the conclusion that, in
contrast to thalamocortical connections, feedforward and Teedback corticocorti-
cal connections involve similar conduction times.

Whether measured with antidromic activation or by the onset latency of

evoked potentials (Nowak ef af.. 1997). it appears that conduction times in axons
between areas 17 and 18a in the rat are long (several msec). given the short
distance between these areas. The onset latency of synaptic responses obtained
in rat extrastriate cortex alter electrical stimulation in area 17 ranged between 3
and 10 msee, as measured by voltage-sensitive dyes i vivo (Orbach and Van
Essen, 19935),

Long conduction times were also observed in the rabbit visual cortex. Ac-

cording 1o Swadlow and Weyand (1981), the majority of antidromic latencies of

arca 17 neurons are between 2 and 12 msec (median at 6-7 msec) after electrical
stimulation in area 18, The corresponding conduction velocities range between
0.23 and 5.74 m/sec (median at 0.64 m/see), values that are only marginally
larger than in the rat.

Very litde is known concerning the conduction times in connections be-
tween cortical areas in the cat and monkey. Recording of antidromically acti-
vated neurons in cat area 17 alter stimulation in areas 18 and 19 shows that some
leedforward corticocortical axons conduct vapidly (less than 2 msec delay:
Tovama et al., 1974 Bullier e/ al.. 1988), while others are slow (2—12 msec delays:
Bullicr ¢f al., 1988). Feedback connections [rom these areas onto V1 tend 1o
mvolve small axons (below T e Henry ef al.. 1991) and are therefore likely 1o
conduct impulses slowlv. Orthodromic and antidromic latencies of area 17 neu-
rons activated by electrical stimulation in PMLS tend 1o be shorter (mostly below
3 msec: G H. Henry, personal communication) than those [rom areas 18 or 19,
['his is an interesting observation given that PMLS is often considered to be the
homologue ol area M'T in the macaque (Shipp and Grant, 1991: Payne 1993)
and that connections between arcas 17 and MT in the macaque involve very
rapidly conducting axons (see below).

In the monkey. by subtracting the Latencies of the current sinks evoked i
ares VI and V2 by electrical stimulation of the optic radiation (Mitzdorf and
Singer. 1979), it is possible to deduce that it tukes several milliseconds to transfer
information between these two areas. The short distance between areas V1 and
V2 (a lew millimeters) and the Faer thar axon diameters are ol the order of | pm
(Rockland and Virga 1990) suggest that axon conduction times are ol the order
of 1 msec. Therelore, most of the delay between areas VI and V2 probably
corresponds to svnaptic delavs and integration times.

[n contrast 1o the connections between areas VI and V2, at least some of the
neurons projecting from V1 to M1 are characterized by the presence of giant
axons. 3 wm or larger (Rockland, 1995). This predicts that very short latencies
should be measured between areas V1 and M. Indeed, despite the large separa-
tion (greater than 1 cm) between corresponding regions in areas V1 and M1,
measurements of antidromic latencies ol arca V1 neurons alter electrical stimu-
lation in avea MT gave very low values, between L1 and 1.7 msec (Movshon and
Newsome, 1996). Beyond M. there ave several areas of the parietal cortex, such
as MST and VIP, that show dense myelination in the gray matter. If we assume
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that this is a characteristic feature ol terminals of rapidly conducting axons by
analogy with area M1, we can conclude that the pathway to parietal cortex
through areas MST and VIP must involve very short conduction delays. This is
in keeping with the very short latencies to visual stimulation that have been
reported in this region (see Section 3).

There are no direct measurements of conduction delays in other corticocor-
tical connections i the monkey. Measurement of axon size in the connection
between V2 and Vi (Rocklnd, 1992) and between TEO or V4 1o V2 and VI
(Rockland ef al., 1994) gave values between 0.5 and 1.5 wm. Because of the deep
sulcr, the distance between interconnected regions i V2 and V4 must be ol the
order of 2 em. This sugeests that 1 takes several milliseconds 1o conduct im-
pulses from V2 10 VA4

More information is needed concerning the conduction delavs between
cortical areas in the monkey i order 1o umlust md the large range of latencies
to visual stimulation (see Section 3). From what we know. it appears that most
interarea axonal ransfers take several milliseconds, with the exception of the
connection between VI and M1, which appears remarkably last.

2.1.4d. Callosal Axons. Conduction times in the callosal pathway ol rabbits
has been extensively studied by Swadlow and his collaborators using electrical
stimulation. The shortest antidromic latency was 2.4 msec, but most latencies
were long, with a maximum value ol 39.8 msec (Swadlow, 1974). Swadlow and
Wevand (1981) obtained similar results, with conduction velocities ranging be-
tween 0.5 and 8.25 m/sec (median 2.8 m/sec). The large range ol conduction
velocities and the very low values tor some axons correspond to the morphologi-
cal chavacteristics of the callosal axons in the vabbit. In the posterior part of the
splenium. 45% ol the libers are not mvelinated, with diameters between 0.08
and 0.6 wm: the myelnated axons range between 0.3 and 185 pm in diameter
(Waxman and Swadlow. 1970). A few very large fibers (23 wm diameter) were
also observed.

Conduction times in cat callosal axons have been measured by several
groups (Tovama ¢t al., 1974: Harvey, 1980; Innocenti, 1980; McCourt ¢ al.,
1990). All these studies returned short conduction times, most ol them being
between I and 5 msec, corresponding 1o relatively rapid conduction velocities
(9=17 m/sec: mean 13 m/seo). This s clearly much Faster than in the vabbit (Fig.
2). The dilfevence can be explained by the high proportion of large-diameter
myelinated fibers in the cat corpus callosum (Naito ef al., 1971).

Fewer studies have been made of interhemispheric conduction delays in the
macigue monkev. As mentioned above. Swadlow and his colleagues (Swadlow #f
al., 1978) concluded that callosal axons of neurons in the prelunate gyrus ol the
monkey are relatively fast conducting (median 7.4 m/sec), leading to conduction
delays berween areas V4 ol both |lL'IIIi\]Jhl lt.\nl 2.8-22.5 msec {muimn 7 msec).
To estimate delays in other regions ol the corpus callosum, one can use the
comprehensive morphological study of LaMantia and Rakic (1990). Most axons
must conduct impulses more sluul\ than 7 m/sec and very few giant axons
conduct laster than 20 m/sec. Assuming an average axon length of 50 mm. this
correspond to interhemispheric delays longer than 7 msec for most axons and



helow 2.5 msee tor the lastest axons. In the rostral part of the corpus callosum, it
is likely that the numerous nonmyelinated axons (LaMantia and Rakic, 1990)
conduct more slowly than I m/sec. which would give interhemispheric delays
larger than 50 msed.

2.1.4e. Slow Corticogeniculate Axons. As illustrated in Fig. 1. corticotha-
lamic axons are characterized by long conduction delavs due to very low conduc-
tion velocities (mean 0.64 m/sec o the rabbit). Studies in the cat have also
identilied a population of slow corticogeniculate axons (Harvey., 1980: Grieve
and Sillito, 1995). On average. it takes several milliseconds to transfer impulses
[rom LGN to cortex and 10 msec to return to the LGN It is therefore likely that
the initial 20 msec of responses ol vapidly activated neurons in the LGN (Y cells)
is not alfecred by cortical Teedback. Such slow conduction of corticothalamic
axons suggests that either this pathway is used to modify the long-term mem-
brane properties ol relay neurons (McCormick and Van Krosigk, 1992) or that it
acts preferentially on neurons that respond late 1o visual stimulation, such as
lagged cells (Mastronarde, 1987: Saul and Humphrey, 1990).

2.1.4f. A Fast Cortical Pathway to the Superior Colliculus. Latencies mea-
sured in the cortex following electrical stimulation of the tectum are short (Fig.
1), due to the high conduction velocities of corticotectal axons (average 8.4 m/sec
in the rabbit), Similar rapid transter times in the corticotectal pathway have been
demonstrated in the cat (Palmer and Rosenquist, 1974; Tovama ¢f al., 1974;
Harvey. 1980: Thalluri and Henry, 1989: Casanova, 1993) and in the monkey
(Finlay o al., 1976).

The superior colliculus is innervated by Wand Y types of retinal axons in
the cat (Hollmann, 1973) and the monkey (Schiller and Malpeli. 1977h). 1t also
receives in addition a cortical input from neurons located in laver 5 of various
extrastriate cortical areas (Gilbert and Kellv. 1976: Fries. 1984). This indirect
input appears to be under the control of the M svstem in the monkey (Schiller
and Malpeli. 1978) and the Y system in the cat (Holfmann, 1973), 1t is interest-
ing 1o note that the fastest ser ol ompur axons from visual cortex is the cor-
ticotectal pathway (Fig. ). There seems therelore to be a [ast corticotectal cireuit
that is driven by Last retinal axons and provides rapid activation 1o the superior
colliculus. Such an organization gives SUpport 1o the idea that fast conducting
axons are associated with specitic roles requiring rapid reactions, such as activat-
11!;_'. CVE moveIments.

2.2. Neuronal Integration Time

The axonal conduction delay is not the sole parameter that determines the
time it takes to transter information [rom one structure to another, Once the
spikes have reached the axon terminals. one must consider the length of time it
takes for a depolarizing event evoked by the incoming spike to bring the mem-
brane potential of the target cell 1o spike threshold. This amount ol time, which
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we will name the “integration tme,” can be relatively long and can vary depend-
ing on the state (e.g.. the membrane potential) of Iht neuron.

2.2.1. Chronaxie Measurements

In order to characterize quantitatively the integration time in neurons. the
simplest experiment situation consists in injecting depolarizing current pulses
into intracellularly recorded neurons. 1t is then possible to determine when the
threshold for action potential is reached as a function of the current intensity.
Such studies have been performed in cat motor cortex neurons i oo and rat
visual cortex i vitro. "The vesults showed what can be expected, namely that the
threshold is reached Faster for higher current intensities. A good linear fit ol the
relationship can be obtained by plotting the inverse of the firing time as a
funcrion ol curvent mtensity, such that 1 = a/t + b with 1 the current intensity
and 1 the time ol spike occurrence. This relationship was established by Weiss
(1901) for the extracellular stimulation of frog and toad motor nerves.

The relationship I = a/t + b can be written as [ = 1,C/t + 1, (e.g.. Ranck,
1975). The constant terms ol the equation can be determined from the linear
regression between 1/ and /. The parameter [, correspond to the rheobase,
which is the current for which a spike would be obtained at a time equal to
imfimity (when 1/t — 0). The constant € is the well-known chronaxie. It corre-
sponds to the Tatency of the spike that is obtained with a current intensity set to
twice the rheobase value.

The average values ol chronaxies obtained in cat motor cortex neurons are
9.8 msec for fast pyramidal tract neurons and 27.1 msec for slow pyramidal tract
neurons (Koike ef af., 1970). In rat visual cortex, the average value obtained for
neurons of the supragranular layers is 15 msec (Nowak and Bullier, 1967a). In
other words, the (Itln between the onset of a depolarization and the spike thar
results from this depolarization varies from 1 to several tens of msec when the
current intensity is twice the threshold value. This is much larger than the
chronaxie values of axons, which are usually measured in tenths of a millisecond
(Ranck. 1975: Nowak and Bullier, 1997a).

The chronaxies of neurons are likely to be influenced by their membrane
properties. This includes the resting membrane potential, the passive time con-
stant, and ditferent conductances that are activated in the subthreshold range of
membrane potential. Such mechanisms include the potassium current £, which
acts as a brake and delays the time at which the threshold for the action potential
is reached (Segal and Barker. 1984 Eder ef al.. 1991), or the noninactivating
sodiwm current Iy, which induces an anomalous rectilication in cortical neu-
rons which increases the apparent time constant (Stalstrom ef al., 1985; Sutor
and Hablitz. 19849). "T'hus, the chronaxie, and thevefore the integration time, is
likely to be influenced by passive and active membrane properties, to an extent
that remains 1o be established. In addition, it is possible that both network
activity and neuromodulatory substances acting on these properties atfect the
integration time of cortical neurons. Integration time is therefore a parameter
that is determined by multiple factors.



2.2.2. Integration Time at Resting Membrane Potential

It is difficult 1o extrapolate the results of chronaxie measurements to the
integration time of cortical neurons when they are activated by natural stimuli.
In llww conditions, single EPSPs are 100 small o de polarize neurons from rest
to spike threshold. Neuronal depolarization requires the temporal summation
ol synaptic potentials. The number and the degree of synchronization of these
svnaptic potentials determine the speed ol the temporal summation. Altogether,
the shape of the underlying synaptic current differs from the square pulse used
tor chronaxie measurements. Nonetheless, chronaxie measurements tell us that

integration times in neurons must be of the order of several to several tens of

milliseconds.
The integration time that can be measured for natural stimulations corre-

sponds to the difference between the latency of a spike and the onset latency of

the wiggering compound synaptic potential. Despite its fundamental impor-
tance in understanding the temporal aspect of cortical processing. integration
time has been measured only ina small number of studies, because such mea-
surements require the use ol the ditficult techmque of intracellular recordings in
[RUARIR

Creutzteldtand Ito (1968) used small visual stimuli Hashed inside the recep-
tive ficld of neurons intracellularly recorded in cat area 17. They found that the
onset lutency of the EPSPs was between 30 and 40 msec after stimulus onset. The
spike latency was between 35 and 100 msec. In other words. the delay between
the onset ol the synaptic potentials and the action potential it elicited (the inte-
gration time) was between 5 and 60 msec. Integration time was also reported
recently by Volgushev et al. (1995) in cat area 17 using whole-cell patch-clamp
recording. The stimuli were bars flashed in the receptive fields of the neurons.
The integration time was 5—12 msec for optimally oriented stimuli (mean 7.6
msec) and 6-15 msec (mean 109.6 msec) for orientation close to the optimal
(nonoptimal orientation, but sulficiently close to it to elicit action potentials).

These two studies show that the integration time is much longer than what
would be predicted from the results of orthodromic electrical activation of the
retinothalamic pathway. Several studies showed that there is only a fraction of a
millisecond between the arrvival of afferent spikes in geniculate axons and the
triggering ol a spike in first-order neurons (Singer ¢f al.. 1975; Bullier and
Henry, 1979). These results indicates that cortical neurons can react with ex-
tremely fast integration times in the artificial sitnation of electrical stimulation
ol thenr afterents. when resulting EPSPs are presumably very numerous and
sviichronized by the electrical pulse. The ltldlll}ll‘shlp between current intensity
and chronaxie (see above) suggests that such Fast integration times require very
high synaptic currents that ave probably outside the physiological range.

However, as mentioned above, in response to visual stimuli, neurons reach
their firing threshold quite slowly. This slowness suggests that either a small
number of functional inputs contribute to the beginning of the response, and/or
there is a rather coarse synchronization of the atferent activity. This would be
the consequence of the small number of individual synapses established between
a thalumocortical axon and a given cortical neuron (Freund o al., 1985, 1989;
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Peters ef al., 1994), combined with the latency scatter reported for thalamic relay
cells in response to visual stimulation (see below).,

Matsumura (1979) recorded mracellularly from the motor cortex of awake
behaving monkeys, He noticed that the visual cue used to trigger the behavioural
response ol the monkey elicited an EPSP with a lateney between 80 and 180
msec. his EPSP p;uulul the movement by 70 to 180 msec. More interestingly,
the delay between the onset of this EPSP and the first spike was long: 39 = 29
msec (mean = S.D.) in pyramidal tract neurons, 77 = 63 in nonpyramidal tract
neurons. This again points to the Tact that, in normal conditions. action poten-
tials of cortical neurons may appear only very late after the fivst EPSPs. In that
case. however, it is ])()\\.Il)ll_ that the visually elicited synaptic response required
the addition of synaptic potentials proy ided by other sources of alferents to lead
to spike threshold.

2.2.3. How EPSPs Are Transformed in Spikes when Neurons
Are Close to the Firing Threshold

The preceding section concerned the time it takes for the membrane poten-
tial of a neuron to increase from rest to firing threshold. This part of the
discussion deals with the wav and the time it takes for an EPSP 1o be transtormed
into a spike when the membrane potential is already close to firing threshold.
For this, we need a tool that gives the delay between the onset of an EPSP and the
onset of the resultant spike. One way is to relate the shape ol the cross-correla-
tion histogram (CCH) peak to that ol the underlying EPSP.

In the case ol a monosynaptic connection, the shape ol a cross-correlation
histogram peak indicates at what time and with what dispersion the spike was
triggered rom the underlving EPSP. In a modelization study, Knox (1974)
established that. theoretically, the shape of a CCH peak must reflect that of the
ll\lllg phase ol the EPSP. 1 his is casy to understand: the rising part of the EPSP
is that part of the EPSP that will cross the firing threshold. Several studies have
tested the prediction ol Knox’s modelization in the spinal cord (Kirkwood and
Sears. 1978; Fetz and Gustalsson. 1983: Gustalsson and McCrea, 1983: Cope ¢
al., 1987). One general outcome from these studies was that the shape ol a CCH
peak corresponds to the temporal devivative ol the underlying EPSP when the
EPSP is ol Large amplitude. In other words, the time window during which an
EPSP is effective to trigger an action potential (which corresponds to the inte-
aration time when the neuron is sulficiently close to firing threshold) corre-
sponds to the duration of the rising part ol the EPSP. However, for EPSPs ol
small amplitude, and for EPSP in a noisy neuron, the relationship between CCH
shape and EPSP derivative no longer holds. In these conditions, the time win-
dow during which the EPSP \multl be elfective in triggering an action potential
can be as long as the whaole EPSP duration.

In neocortex, the rclntimmhip between the shape of an EPSP and the timing
ol the action potential it triggers may be more complex: due to the presence of
an active regenerative conductance (1) that is activated below spike thresh-
old (Stalstrom ¢t al.. 1985). the time lag between the onset ol an EPSP and the
resulting spike can be long. up to several tens of milliseconds (Reyes and Fetz,
1993a.b). This “delayed crossing”™ effect is less prominemt for larger EPSPs.



Among i wive studies of neocortical neurons, none has directly established
the relationship between EPSP shape and spike output timing. However, com-
paring the rise time ol EPSPs reported from m witro studies and the width of
CCH peaks obtained for monosynaptic connections reporied from in vive cross-
correlation study would allow one to determine if, indeed, the integration time is
bounded by the duration of the EPSP rvise time. The rise time ol monosynaptic
EPSPs has been determined in several studies relying on spike-triggered averag-
ing or on dual intracellular recordings in brain slices. The reported rise times
range from less than 1 msec to a fews at most 5 msec (Komatsu ef al., 1988;
Fhomson ef al., TYUSE, 1993: Mason of al.. 1991: Nicoll and Blakemore, 1993:
Thomson and West, 1993), The widdh of cross-correlation histogram |Jt'aiks cor-

responding 1o monosynaptic connections has been reported in some studies for

neurons recorded within the same cortical area. Eggermont (1192) rt-pm'u'(i
peak widths less than 5 msece. Toyama ef al. (1981) found peak durations of 5-7
msec. with some departure ina small number of cases (up to 15 msec). Michalski
et al. (1983) found peak widths between 0.5 and 6 msec (2,22 msec on average).
In the study ol Gochin et al. (1991) the majority ol monosynaptic peaks have a
width close to | msec,

Theretore, there seems to be a good match between CCH peak width and
LPSP rise time, although some CCH peaks are wider than expected. In any case,
the CCH peak width is less than that of the EPSP widih measured at hall-height
(an underestimate ol the real EPSP duration). which is between 4 and 20 msec
(Romatsu ef al., 1988: Thomson ¢of al., 1988; Mason ¢t al., 1991; Nicoll and
Blakemore, 1993),

2.2.4. Conclusion: Coincidence Detection and Temporal Summation

The amount of time required 1o trigger an action potential in a cortical
newron corresponds to the sum ol the axonal delay and the integration time.
The integration time itself depends on the state of the neuron. \\Iull the mem-
brane potential of a cell is close to iring threshold, the firing ol an action
potential can occur as soon as the EPSP has appeared and can still be observed a
few milliseconds alter EPSP onset. In that case. the mtegration time appears 1o
be very short and the time it takes for information to be transterred from one
part of the brain to another would be slightly longer than the axon conduction
delay.

I the cell is not already depolarized (i.e., it its membrane potential can be
considered at rest or il it has been hyperpolarized by inhibitory inputs), a supple-
mentary delay ol ar least 5 msec must be added. This situation applies o the
onset latency ol responses 1o visual stimulation. In that case, it would be a
mistake 1o equate the physiological transter time to the axonal delay that can be
determined either by antidromic activation or by cross-corrvelation. Hence,
knowing axonal conduction delay and integration time, it is possible 1o predict
the difference in onset latency between two different structures in the brain. In
the case of areas V1 and V2 in the monkey, it can be expected that most of the
axonal conduction delays would be a few milliseconds. Adding a minimum of 5
msec to this conduction delay. 1t is possible 10 predict a Luency difference be-
tween area V1 and V2 close to 10 msec. A value of 10 msec was indeed reported
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in two studies comparing visual latencies in areas VI and V2 under the same
conditions (Raiguel ef al., 1989; Nowak ¢f al., 1995). This 10-msee latency dilfer-
ence is much larger than expected on the basis of axonal conduction delays only.

Experimental data show that the integration time when a neuron has to be
depolarized from rest to fiving threshold is long (5 to several tens of msec). This
sluggishness can result from several factors: the small size of the incoming
EPSPs, and the possibility that only a fraction ol them arrive synchronously at
the target cell, because of the dispersion of axonal velocities and visual response
latencics in the afferents. The duration of the integration time is close to the
membrane time constant. [t is also close to the mean interspike interval observed
in cortical neurons in response to visual stimulation and, therefore, according 1o
the delinition of Komg ¢ al. (1996). 1t can be considered that neurons in that
regime behave as integrators,

However. when neurons are close to their firing threshold, their illicqr'ninn
time appears 1o be very short, since it can be reduced 1o a fraction of the rise
time (1-5 msec) ol an EPSP. Under these conditions, the larger and faster rising
EPSPs are more likely 1o trigger action potentials than small EPSPs with a slow
rising phase. Therefore, the neurons would be se nsitive to the temporal coinci-
dence ol EPSPs within a narrow time window (a ew milliseconds) and behave as
coincidence detectors under these conditions (Tollowing the delinition ol Konig
el al., 1996),

Whether a neuron functions as integrator or as coincidence detector would
be determined by the amount of time it can be considered as close 1o liring
threshold during a physiological stimulation. This has not been quantitatively
established. However, the published mracellular recordings show that, in re-
sponse to visual stimulation, neurons are not simply depolarized in a sustained
fashion during the passage of the bar stimulus. Instead, the membrane potential
undergoes marked uctuations due to the mixture of imcoming EPSPs and
inhibitory postsynaptic potentials (1PSPs) (Douglas and Martin, 1991: Ferster
and Jagadeesh, 1992: Pei ef al., 1994), Whether these large fluctuations of mem-
brane potential are compatible with a coincidence detector model remains to he
established (Tor recent reviews see Shadlen and Newsome, 1994: Softky, 1995;
Konig ¢ al., 1996).

In addition, it remains 1o be established 1o what extent neurons that show
synchronized firing also activate their target at the same time: this might be the
case when the distance between source and target cells is short, but a certain
degree of asvnchrony might be introduced in the case of |nm.{- range connections
like the callosal pathway. given the variability in axonal size and conduction
velocity that has been reported in visual cortex (see Section 2. 1.4d).

3. Timing of Information Transfer to and between
Visual Cortical Areas

With the knowledge of the neuronal integration time and axonal delay, it is
possible to interpret the latencies of neurons at different stages ol the visual



svstem to the flashed presentation of a visual stimulus. We will examine suc-
cessively the latencies ol retinal. thalamic, and cortical neurons.

3.1. Latency in the Retina and Lateral Geniculate Nucleus

3.1.1. Latencies in Cat Retina and LGN

Latencies of responses of retinal ganglion cells to visual stimulation provide
an estimate ol the processing time of the retinal network. In the report by
Cleland and Enrvoth-Cugell (1970), the shortest response latency reported was
less than 30 msec. In that of Levick (1973). the visual latency determined for 10
ganglhon cells at the highest luminance tested (32 times above threshold) was
between 20 and 55 msec. These results were obtained from unidentified cell
LVpes.

Bolz et al. (1982) measured the latencies ol cat retinal ganglion cells with
ditferent types of visual stimulation. They found that the shortest latencies were
obtained when the stimulus had the same size as the center region of the recep-
tive field. Such stimuli were also those that vielded the maximal discharge rate.
With this type of stimulation, Bolz ¢ al. observed that the latency of X cells was
longer than that of Y cells by 10=15 msec. The absolute value of lateney de-
pended on the contrast between the stimulus and the background, but the laten-
oy difference between X and Y cells remaied whatever the contrast. For high-
contrast stimulation, the absolute values ol latencies were between 31 and 44
msec for brisk sustained (X) cells and between 25 and 38 msec for brisk transient
(Y) cells.

Three important conclusions can be drawn from these studies (1) The visual
lateney of retinal ganglion cells is not less than 20 msec with the optimal stimula-
tion at the highest contrast. This shows that the intraretinal processing is slow.
For comparison, it is roughly twice the time needed for somatosensory informa-
tion to reach the cortex {“t“\(l el al.. 199! (2) The average latency of X cells is
longer than that of Y cells when activated by their respective optimal stimuli. (3)
Despite the difference of average latency. there is a scatter of response latency,
such that there is an overlap of the latency distribution of X and Y cells.

Given these results. it is not unexpected that many of the studies in which
visual response latencies have been measured in the cat LGN showed shorter
latencies Tor Y cells compared 1o X cells. The Luency difference that has been
reported in dilferent studies is between 6 and 20 msec (Orban ef al., 1985;
Sestokas and Lehmkuhle, T986; Saul and Humphrey, 1990: Hartveit and Heg-
gelund. 1992: Humphrey and Saul. 1992 Mastronarde, 1992). However, dl-

though average response latencies differ for Xoand Y cells. the distributions of

latencies show a large overlap for the two cell types. similar to what has been
found for the retina. In other word, the likelihood that a Y input reaches the
cortex alter an X input is not negligible.

The visual latencies in cat LGN are even more widespread when one consid-
ers the categories ol lagged cells that have been reported in several studies. The
range ol latences for such cells is between 100 and 1000 msec (Saul and Hum-
phrey. 1990). In the report of Humphrey and Saul (1992), the X lagged cell
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Lateney was on average 171 msec. Harvtveit and Heggelund (1992) found a mean
Luency of 101 msec for Y lagged cells and 109 msec for X lagged cells. Such
values are extremely long compared to those of cortical neurons (see Section
3.2).

Sestokas and Lehmkuhle (1986) established how visual latencies in the dor-
sal lateral geniculute nueleus of the cat are alfected by the spatial frequency and
contrast ol the grating used for stimulation. The onset and pe: ak latencies were
found 1o vary as a tunction ol spatial frequency for both X and Y cells. The
shortest onset and peak latencies for X cells were obtained with a spatial fre-
quency ol 0.5-0.75 ¢/deg. and they increased at higher or lower spatial frequen-
cies. For Y cells the shortest onset and peak latencies were obtained at around
0.17 ¢/deg (the lowest spatial frequency tested) and increased tor higher spatial
frequencies. The shortest onset latency obtained for X cells with the optimal
spatial frequency was 60 misec on average. and about 50 msec for Y cells. Again,
with their respective optimal stimuli, the onset latency of X cells was longer []mn
that of Y cells by 10 msec. At low spatial frequency, the onset latency of Y cells
was less than that of X ulla At a spatial frequency ol about 0.75—1 ¢/deg. the
latencies were similar, At high spatial frequency the onset Tatency of X cells was
shorter than that ol Y cells, but the peak latency of Y cells was never longer than
that of X cells.

The latency also depends on the contrast of the stimulus. When tested with
their optimal spatial frequency, both Xoand Y cells display their shortest latency
at the highest contrast. The relationship between contrast and latency was mo-
notonic, There was no range of contrast for which X-cell latency was shorter
than Y latency.

In conclusion, there appears to be both a difference in the average value and
an overlap of the latencies of X and Y cells in the cat retina and LGN.

3.1.2. Latencies in Primate Retina and LGN

I'he visual latencies have not been extensively investigated in the primate
retina and LGN, One study performed in the retina (Gouras and Link, 1966)
showed that, similar 1o what has been reported tor the cat retina, the intraretinal
processing is slow, visual latencies of ganglion cells being ravely less than 20 msec
even at the highest contrast. Unfortunately, this study was conducted on a small
sample ol unidentified cell types, making it impossible to determine differences
between dilterent subtypes of primate ganglion cells.

Visual response latencies have been determined in the macaque lateral ge-
niculate nuclens by Marrocco (1976). who found that the median latency of
color-opponent LGN cells (presumably parvocellular neurons of type | and 2
according 1o the classilication of Wiesel and Hube, 1966: see also Dreher of al.,
1976) is longer than that ol non-color-opponent sustained cells (probably type 3
parvocellular cells) by 10 msec and longer by 18 msec than that ol transient
nonopponent cells (likely to correspond to magnocellular type 3 cells). Notice
that this latency difference between visual latencies ol magno- and parvocellular
neurons is much longer than would be expected on the basis ol axon conduction
times only (see Section 2.1.4a). This suggests that, similar to what has been
reported for the cat, most of the difference in latency originates from different
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processing times within the retina. On the other hand. there appears to be an
overlap in the distribution of latencies tor the different cell types. A similar
tendency. concerning both shorter latencies for magnocellular neurons and
overlap of latencies for magnocellular and parvocellular neurons, has been re-
ported by Blakemore and Vital-Durand (1986).

[nterestingly, Marrocco (1976) observed a good correlation between the
lateney 1o visual stimulation and the latency ol orthodromic responses alter
clectrical stimulation of the optic chiasm. Neurons with the longest orthodromic
latencies are probably those that are innervated by the smallest axons. Since
there is a relationship between axon size and soma size (Wissle ef al., 1975),
retinal ganglion cells that drive these neurons are likely to be small and 1o have
staller dendritic arbors than other neurons of the same class. Therefore. they
may not sample as many inputs as larger neurons, which would lead to slower
temporal summation, leading to a longer latency.

The visual latency of neurons in the different subdivisions of the LGN has
heen established by Trvin ¢ al. (1986) for the galago. The mean latencies they
found were 51 msec tor neurons ol the magnocellular layers, 68 msec for those
ol the parvocellular layers, 79 msec for those of the koniocellular layers, and 82
msec for the neurons of the interlaminar zone. These last two groups ol cells are
likely to be the equivalent of the cat W cells.

These studies, therefore, show that a latencey difference of 10-20 msec
exists between the parvocellular and magnocellular layer neurons. This latency
difference is similar to that obtained between X and Y cells in the cat lateral
geniculate nucleus and retina. It remains 1o be established how the latency of
primate parvo- and magnocellular neuvons is allected by different visual stimuli.
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3.1.3. Conclusion

In cat and probably in monkey, there is a difference in the intraretinal
processing time, such that the ganglion cells that display the fastest conduction
velocity (Y cells or magnocellular neurons) are also those that display the shortest
visual latencies for a broad range of visual stimulus parameters.

This latency difference must also appear in the cortex. Indeed, with square
stimuli ol 1-2 deg width, a latency difference of 20 msec has been observed
between layer 4Ca (recipient of magnocellular inputs) and layer 4C neurons
(recipient ol parvocellular inputs) ol macaque monkey area V1 (Nowak ef al.,
1995). This Latency dilference is larger than the latencey difference that would be
expected on the basis of difference in axonal conduction delay only (5—6 msec:
see above). To establish the dilference ol functional delays that can be expected
when the differentinputs reach the cortex. the intraretinal processing time must
be taken into account.

3.2. Visual Latencies in Cat Cortex

Visual response latencies in cat area 17 have been measured in a number of
studies. Among the first studies 1o mention response latencies is that of
Creutzieldt and Tto (1968), who reported visual response latencies for spikes
between 35 and 100 msec. These relatively long latencies to visual stimulation
can be contrasted with the very short Luencies obtained for EPSPs or spikes
clicited by electrical stimulation of the subcortical afferent or spike-triggered
averaging (see Section 2. 1.4a). These long visual latencies have to be related 1o
the long intraretinal processing time, combined with the integration time and
the polysynaptic nature ol some of the cortical responses.

The observation of long visual latencies in area 17 (compared with other
sensory modalities) has been confirmed in a number of studies using extracellu-
lar recordings ol action potentials. The peak response latencies reported by
Ikeda and Wright (1975) averaged 47 msec (range 22-67 msec) for their tran-
stent cells and 57 msee (range 36-83 msec) for their sustained cells. Inter-
estingly. Tkeda and Wright reported that simple and complex cells could not be
distinguished on the basis of their visual lateney (mean latencies 50.4 and 51.3
msec. respectively), another argument 1o be added to the numerous other argu-
ments showing that, in cat primary visual cortex., simple and complex cells do not
represent successive steps in a hierarchy of information processing, but most
likely Function as two parallel systems. Eschwiler and Rauscheker (1993) found
that the onset latency (contrast 829%) ranges between 30 and 170 msec (median
(5 msec). The peak latency s between 43 and 245 msee (median 85 msec). This
indicates a large scatter of response latencies.

Best el al. (1986) measured response latencies in the different lavers of cat
arca 17. For the whole of area 17, the latency distribution also showed a large
scatter. Part ol this scatter rellects different latencies in different cortical lavers.
Indeed, the average latency for the supragranular layers was longer by 20 msec
than the average latency in layer 4. This large dilference could reflect different



pathways for the transmission of X and Y inputs, or a long integration time for
|ml\\\n.lplu responses, or both.

The visual encies in the LGN and different cortical areas (17, 18, 19,
PMLS, and arca 7) ol cat cortex have been determined by Dinse and I\r tiger
(1994). The interesting aspect of that study is that the latencies in different areas
were determined under similar expe rimental conditions. This gives the possi-
bility to determine the interareal transmission delays with visual stimulation. As
one progresses from the LGN to area 7. the mean latency is found to increase. In
parallel to an increase in mean latency. there is also an increase in latency scatter.
However, it is in area 18 that the shortest response latencies were obtained (40.4
msec on average). Those in arca 17 were longer by 12 msec (52.7 msec). This
latency difference is quite close 1o the latency difference upmwd between X
(the main mput 1o area 17) and Y (the main mput to area 18) cells in cat retina
and LGN (see Section 5.1.1).

It has been proposed that cat cortical aveas can be organized in a hievarchy
according to the pattern ol reciprocal connections between them (Felleman and
Van Essen, 1991). The hierarchy proposed by Felleman and Van Essen suggests
that the order of activation should be 17-18-19-PMLS. The order revealed |)\
the mean latencies obtained by Dinse and Kritger (1994) is clearly dilferent:
already mentioned, the carliest latencies are observed in area 18, followed h\
arca 17, then by area PMLS and area 19, Therelore, if visual cortical areas of the
cat processed information in a serial manner, as suggested by the hierarchical
arvangement, the Tunctional order would bhe 18-17-PMLS-19. This suggests that
the rank ol a given area in the anatomical hierarchy does not necessarily corre-
spond 1o that of the order ol activation. Other examples will be found among the
cortical arcas of the primate visual system in Section 3.3,

3.3. Visual Latencies in Primate Cortex

3.3.1. Latencies in Primate Areas V1 and V2

Visual response latencies have been reported for area V1 in a number of
studies in anesthetized and in awake, behaving monkevs. These studies also
differed with respect to the visual stimuli activating the neurons and 1o the
methods used 1o determine latency of the response. For these reasons, the
mean or median response latencies can differ by as much as 40 msec from
one study 1o another. At one ol the two extreme ends, one can find the laten-
cies ol Bartlett and Doty (1974) and those of Maunsell and Gibson (1992),
both using (lashed visual stimuli (median for single units, 45 msec). At the
other end. Raiguel ¢ al. (1989) obtained a median latency of 85 msee with
moving bar stimuli.

The latency distribution for some ol the studies performed in area VI is
presented in Fig. 4 below, which summarizes the results of a number of latency
studies in monkey visual cortex using flashing stimuli (with the exception ol the
work ol Kawano ¢ al, who used sudden onset of fast-moving stimuli). Even
amonyg studies using [lashing stimuli in area V1 in awake animals (all the reports

225

TIMING OF
INFORMATION
TRANSFER



226

CHAPTER 5

except that of Nowak of al., 1995). there is a large variability in absolute latency.
The median latency varies between 45 and 60 msec. Even larger Illltlh!ll(|_\_
variability is seen in the carliest and latest |.l|(?1l(‘l(‘.\. the 10% centile ol the
distribution varies between 27 and 48 msec and the 90% centile varies between
65 and 120 msec.

The latency scatter (difference between the 90% and the 10% centile) in
arca VI varies between 30 and 80 msee in different reports. It is larger in
anesthetized animals than in awake, behaving animals. This might be related 10
the influence ol anesthesia, which can modily the timing of retinal to geniculate
mformation transter for some cells (Mukerjee and Kaplan, 1995).

The latency scatter in VI can be caused by several factors: the first POssi-
bility is that the scatter observed in the LGN s wplmluutl in the cortex. This
can be determined by comparing the latency scatters in layers 41Ca and ¢ B
(Nowak ¢ al., 1995), the main recipients of the M and P channels. to those
observed for presumed magnocellular and parvocellular neurons of the LGN
(Marrocco, 1976): both studies were performed on anesthetized monkeys. It
clearly appears. then, that the latency scatter observed for the presumed magno-
cellular neurons (37.7 msec) is similar to the one obtained in layer 4Ca (45 msec).
The latency scatter observed in layer 4CB (60 msec) appears shghll}- larger than
that obtained for color opponent cells (43 msec) and for nonopponent, sustained
cells (47.5 msec). Notice also that part o the increase in latency scatter in layer 4
could be due 1o some polysynaptic transmission as well: neurons within these
layers establish contacts with cach other and receive in addition a dense innerva-
tion from laver 6 neuvons (Levite of al.. 1996).

Another lactor that can account for the latency scatter is the difference in
response onset lor neurons driven by the magnocellular pathway :nmpalul o
those driven by the |mnuullui,u pathway. I\mmmg the dillerence in latency
between M and P neurons in the LGN, it is of interest 1o inve stigate whether such
a dilference persists at the cortical level. This has been done by comparing the
Latencies ol neurons in layers 4Ca and 4GB (Nowak ¢f al., 1995). A value of 20
msec was found. in keeping with the lateney difference between M and P nen-
rons m the LGN (see Section 5.1.2), Combining this 20-msec latenev difference
to the latency scatter in fayer 4C8 gives already a total latency scatter ol 80 msec
for the whole of Taver 4. Another pu:-.mlnln_\ is that some neurons are driven by
koniocellular cells, and, if they exist in the monkey, by lagged cells of the LGN (as
mentioned above, these neurons have the longest latencies in the lateral genicu-
late nucleus).

he thivd Factor that may account for the latency scatter observed in area V1
is the polysynaptic nature of some ol the responses. Neurons at the top of the
supragranular layers. for t\dlﬂ]}h receive their inputs not directly from laver 4,
but alter an intervening relay in the lowest part of the supragranular Ll)(‘ls
(Levitt et al, 1996). Hence, these neurons are distant by two synapses [rom layer
Lo Assuming an integration time between 5 and 10 msec and a negligible axonal
delay, we have that these neurons would be activated only 10-20 msec after
neurons in layer - The latency scatter now would be close to 100 msec. This is in
tact the latency range obtained by Nowak e al. (1995) for ON responses (for OFF
responses, a flew nearons with exceptionally long latencies were observed). Final-



Iv, another path at the origin ol polysynaptic responses in area V1, leading to
long visual latency. could be one that involves feedback connections from extra-
SITTALE COTLex.

Bevond the thalamorecipient layers in VI the M and P channels appear 1o
converge in many neurons (Malpeli ¢f al.. 1981: Nealev and Maunsell, 1994:
Levitt ¢f al., 1996) and it is therefore difficult to interpret differences in latencies
of VI neurons as reflecting different types of thalamic inputs. In area V2, it is
known that the thick cviochrome oxidase bands are mainly innervated by layer
4B (the M p.uim(u Livingstone and Hubel, 1987). This may L\plmn why laten-
cies of neurons in that subdivision are among the shortest recorded in V2 (Fig. 3;
Munk ef al., 1995). The pale eyvtochrome oxidase bands receive inputs from the
interblobs i area V1 (Livingstone and Hubel, 1984). Short latencies were also
observed in the pale bands. in keeping with the convergence of M and P inputs
in the interblobs (Nealey and Maunsell. 1994: Yoshioka et al., 1994).

Although the thin eviochrome oxidase bands in V2 are driven by the cvto-
chrome oxidase blobs in V1, which themselves receive converging inputs from all
channels (Casagrande, 1994; Hendry and Yoshioka, 1994; Nealey and Maunsell,
1994: Yoshioka ef al.. 1994), their latencies are substantially longer than those
recorded in pale and thick bands (Fig. 3: Munk ¢t al., 1995). One possible reason
for these latencies is that the blobs, in contrast 1o laver 4B and to the interblobs,
do not receive direct inputs from layer 4Ca. Instead. they receive their magno-
cellular inputs indirectly, alter a relay in layer 4B (Lachica ef al., 1992: Yoshioka
et al, 1994). This additional relay may introduce a temporal delay of several
milliseconds due to the integration time.

I'he long latencies of neurons in thin cytochrome oxidase bands of V2 may
also be due to the predominance of nonoriented color-selective cells in that
subdivision (although this is a matter of debate: see Salin and Bullier, 1995, for
review). Since evtochrome oxidase blobs in V1 also contain a majority of non-
oriented color-coded cells (Livingstone and Hubel, 1984 Yoshioka and Dow,
1996). 1t 1s possible that neurons in that subdivision are mainly under the influ-
ence ol the parvocellular system, hence |t~puminlq with longer visual latencies.
Such long latencies would also be consistent with the projection of the late-
activated K channel in the eviochrome oxidase blobs (Casagrande, 1994, Hendry
and Yoshioka, 1994), A third explanation is that the blobs—thin bands chz annel
may have response latencies delayed by strong inhibitory blockade from the M
channel (1. G. Nowak, M. H. |. Munk. P. Girard, and ]. Bullier, unpublished: see
also Sato ¢t al.. 1994).

The thick cytochrome oxidase bands in V2 project to area MT (Shipp and
Zekio 1985). The short Latencies in this subdivision suggest that MT neurons are
activated rapidly, i conclusion in keeping with pul)hs]lul work (see Section 3.3.3)
and with the very fast t()lldll([lll{_. axons between V1 and MT (see Section
2.1.4¢). Area VA, the other major output ol arca V2, receives some short latency
activity through the pale bands and long latency activity through the thin b inds.
I'hin and [)dl( bands might process different aspects (color in thin bands and
orientation of bovders in pale bands) of the visual scene. There is evidence that a
scaregation between color and orientation modules also exists in V4 (Tanaka ¢
al., 19865 Yoshioka and Dow. 1996). This suggests that in V4, some modules are
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activated earlier than others. A possible interpretation of such a segregation will
bhe given in Section 1.3,

3.3.2. Transmission of Visual Signals May Rely on One Neuronal
Layer per Area

In several studies the visual latencies have been determined with the same
method in two different areas. Under these conditions it is possible to determine
the interarea information transter time. The latency difference that has been
reported between areas VI and V2is 11 msec in Raiguel ¢f al. (1989) and 10 msec
for single-unit recordings in Nowak et al. (1995). The latency ditference that has
been reported between areas V1 and MT. which are 1LU])1<Jmll\ and mono-
a\lmpm.lll\ connected, is 9 msec in the study by Raiguel et al. (1989) and 11 msec
m the results of Maunsell (1987). Hence. for cortical areas that are directly
connected. the latency difference appears to be close to 10 msec (see also Thorpe
and Imbert, 1989),

Maunsell (1987) also reported a 22-msec latency difference between the
transient cells in area V1 and neurons in V4. Areas V1 and V4 are connected
through a relay in V2. The 22-msec difference between the latencies in V1 and
V4 unlvspnml\ approximately 1o twice the interarea transter time of 10 msec.
Similar reasoning can be applied to the results obtained by Vogels and Orban
(1990, 1994). who reported visual latencies in areas V1 and lL ol macaque
monkeyvs with the same experimental p;n‘;uligm (in one monkey. recording was
done in both areas). The median latency in TE was found to be larger than the
median latency i VI by 40 msec. This 40 msec corresponds exactly to what can
be expected if the latency difference between two directly connec ted areas is 10
msec, because there are four relays between VI and TE (V2, V4, TEQ, TE).

As already mentioned, an interareal delay of 10 msec corresponds roughly
to the sum of the axonal conduction delay between two cortical areas and the
integration time. To explain a 22-msec latency ditference between areas V1 and
VA, or a A0-msec latency difference between areas V1 and TE. it must be as-
sumed l]l:tl there is unf_\ one synaptic layer per cortical avea and only one action
potential per newron (Thorpe and Imbert, 1989). This is unexpected since neurons
i layer 1 that receive information from a lower stage usually do not possess
axons projecting in other cortical areas. However, the basal dendrites of neurons
i lower layer 3 can enter in layer 1. In addition, except in monkey area V1,
neurons of the infragranular layer could be contacted on their apical dendrites
as they pass through layer 4. Furthermore, it is known that feedforward axons
olten terminate not only in layer 4, but also in the lower part of laver 3 and in the
mfragranular layers. In other words, the teedforward inputs can directly contact
output neurons. For example, terminals of feedforward inputs from area V1
onto area M1 are found in layer 4 and the lower portion of layer 3 (Rockland,
1989). It is also in the lower portion of layer 3 that neurons projecting from area
MT 1o the fronal eve field are concentrated (Schall et al., 1995).

This 10 msec per area rule is of course valid only on average for the short-
latency neurons. For the activation of long-latency neurons, there may be some
paths which involve several synaptic stages in a given area, combined with infor-
mation transterved through feedback connections.
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3.3.3. The Fast and the Slow Brain

Figure 4 presents a summary ol a number of reports of latencies to flashed
vistual stimuli recorded i different cortical areas of awake monkeyvs. Note that
there are three exceptions: the studies of Nowak ef al. and Munk ef al. were done
in anesthetized animals and the study by Kawano ¢ al. (1994) was done with
stimuli consisting ol large arvay ol dots suddenly set in motion at high speed.

What is immediately evident in Fig. 4 is the large scauer ol latencies. This
scatter is such that latencies in adjacent cortical areas overlap substantially. There
are two major groups ol areas in Fig. 4: areas with median latencies between 40
and 80 msec, which constitute what we call the Tast brain, and areas with median
latencies between 100 and 150 msec, which make up what we call the slow brain.

The fast brain corresponds in Fig. 4 to arcas VI, V2, MST. and the frontal
eve field (FEF). In addition, we saw carlier that areas M'T and V4 can also be
included in this group because their latencies are displaced with respect to VI by
only 10 or 20 msec. Short latencies of M7 and MST neurons 1o vapidly moving
stimuli have also been reported by Orban's group (Lagae ¢f al., 1994). Given the
short latencies in arcas M'T and MS'T, it is somewhat surprising that latencies in
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arcas LIP and 7a are not shorter. In the case of LIP (Bavash ef al., 1991), the
methods used 1o measure latencies tend to overestimate them by 20 msec.

The fast brain is dedicated to an early processing of visual information in
the case of V1 and occipital presiviate cortex and 1o a processing of information
related to visuomotor integration in the case of the parietal cortex and frontal
eve field. An carly activation of parictal cortex is in keeping with its major input
from the M channel in the parietal cortex via area MT. Most cortical arcas
involved in this pathway are heavily myelinated (areas MT, MST, VIP). suggest-
ing that speed ol transfer is an important parameter in this cortical region. We
also know that, at least in the case of the V1 to M'T pathway, axons are rapidly
conducting. 1t is likely that rapidly conducting axons also link areas M1, MST,
VIP, and FEF. The presence of rapidly conducting axons between M'T and FEF
would explain the early activation ol FEF neurons by visual stimuli (Bushnell ¢f
al., 1991z Bichot et al., 1996; Thompson ¢t al., 1996). despite its long distance
from area ML, which probably constitutes the major relay of visual information
toward frontal cortex.

Another potential explanation for the carly latencies in arcas of the fast
brain is the large number of bypass connections in the dorsal occipitoparietal
stream. Examples of such bypasses are found in the direct projections from V1
to V3 and MT. which bypass a relay through V2 (Felleman and Van Essen, 1991).
Another cmmplv is given by the direct projection from area V1 to area PO,
which also receives indirect inputs through area M1 (Colby ef al., 1988).

The slow brain groups most arcas of the temporal lobe and some areas of
the frontal cortex located rostral 1o the frontal eve field. The median latencies
are in the 100=150-msec range and many neurons respond as late as 200 msec
alter the presentation ol the stimulus. It is unclear at the moment which factors
are most important in determining the long latencies of neurons of the slow
brain. One could be that axons in the temporal cortex are slowly conducting. In
addition, the presence of bypass connections appears 1o be less [requent in the
ventral occipitotemporal stream, which seems to be organized in a more serial
fashion. For example. to reach TE [rom V1, information has to relay in arcas V2
VA, and TEO (although a few bypass connections also exist; Nakamura ¢f al.,
1993),

3.3.4. Latencies and the Hierarchical Model of Cortical Organization

As was the case for the cat visual cortex, latencies to visual stimulation in
monkey are not ordered as expected from the hierarchical organization based
on anatomical grounds (Felleman and Van Essen, 1991). The FEI region, which
iIs at a position close to the 1op ol the hievarchy, is activated simultaneously with
neurons ol areas V1, which belong to the first level (Bichot et al., 1996; T htmlp-
son ¢l al., 1996). The latency difference between neurons in these two areas does
not leave much time for whatever processing is supposed to occur at cach stage
ol the hierarchy. Another example that was cited earlier (Bullier and Nowak,
1995) s that ol areas V2, ML, and V4. The reasoning goes like this: The median
latency is longer by 10 msec in area V2 than in V1 when the latencies are
determined under similar experimental conditions. A 10-msec latency diller-



ence has also been reported between area VI and area M'T (Maunsell, 1987:
Raiguel of af., 1989). In other words, il one uses latency to order cortical areas,
then area M1 should leave the fifth level it occupies in the anatomyical hierarchy,
1o join area V2 at the second level (Raiguel ef al., 1989). In the anatomical
hierarchy, areas M’ and V4 occupy the same level. However, the latency differ-
ence between areas V1 and V4is 12 msec longer than that between area V1 and
avea ML (Maunsell. 1987: Raiguel of al.. 1989). In terms of latency, therefore. i
looks as if areas MT and V1 occupy two difterent hierarchical levels.

I'hus, if one assumes that latencies 1o visual stimuli provide a reasonable
estimate of the order of activation of cortical areas. it appears that this order
does not tollow the one suggested by the anatomical hierarchy of cortical areas.
The major factor that influences the speed of activation of cortical areas appears
to be whether or not a cortical area belongs to the dorsal stream that 1s almost
exclusively activated by the M channel.

4. Conclusion: How Does Cortex Process Information

So Rapidly?

4.1. What Connects Together Fires Together

Latencies in adjacent areas ditfer by 10 msec on the average. The latency
distributions in different areas show dispersions much larger than 10 msec (Fig.
). In addition. neurons of the visual cortex give responses lasting usually more
than 100 msec even to the shortest stunuli (Rolls and Tovee, 1994: Kovacs ¢ al.,
1995). Because ol the Large Latency scatter and the sustained responses of visual
neurons, neurons i adjacent cortical areas emit spikes during the same post-
stimulus period. In the case of areas VI and V2, this overlap of latency leads one
to conclude that much of the processing in these two areas is done in [);l!..l”t] and
not in a sequential fashion, as suggested by the results of reversible inactivation
of V1 (Schiller and Malpeli, 1977a; Girard and Bullier, 1989). Given the simul-
taneity of firing of neurons, it is no surprise that many pairs of neurons in
adjacent aveas give synchronized responses (|. 1. Nelson etal., 1992: Nowak et al.,
1991). Neighboring areas are also olten strongly linked mlll reciprocal connec-
tions (Felleman and Van Essen, 1991 Young. 1992). Itis tempting to suggest that
the synchronization of fiving of neurons in adjacent areas is due 10 the dense
network of reciprocal connections between them.

Bevond a certain distance on the cortical surface, connections become rare
or absent. This is particularly the case in the temporal lobe, in which connections
appear to link a small set of neighboring areas (Desimone ef al.. 1980). 1t is
interesting to remark that neurons in VI and V2 which are not directly con-
nected to areas ol the temporal cortex also display much shorter latencies. On

the contrary, despite their large separation on the cortical surface. neurons of

areas ML/MST and FEF are interconnected and display similar latencies o
visual stimulation. In other words, paraphrasing an earlier statement (Lowel and
Singer. 1992), “what connects together lives together,”
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4.2. How Rapidly Is Response Selectivity Established?

Given the rapid activation of neurons in most-cortical areas, an interesting
question, discussed carlier by Thorpe and Imbert (1989), is to determine wheth-
er the carly part of the response is already selective 1o different stimuli or
whether the response is first broadly tuned and selectivity is acquired pro-
gressively as the response develops.

Face-selective cells in the STS have visual latencies as short as 80 msec
(Perrett ef al.. 1982). Response selectivity for different views of the face and head
is already present only 5 msec alter the onset of the response, even in the case of
rapidly responding cells (Oram and Perrvett, 1992). A fast acquisition of response
selectivity has also been observed by Celebrini ef al. (1993), who found that
orientation selectivity in area V1 is already present at the onset of the response
ol even the most rapidly responding neurons. In their intracellular study of V1
neurons, Volgushey ef al. (1995) showed that the subthreshold synaptic response
is initially broadly tuned to orvientation. but acquire its definitive tuning before
action potentials are fired.

e very tast acquisition of response selectivity has an |m])utlanl conse-
quence for the neurobiological basis of receptive field construction: at least for
the rapidly responding neurons, the receptive field properties must be deter-
mined by the pattern of feedlorward inputs (Thorpe and Imbert. 1989). If, in
addition, inhibition is required in the sculpturing of vesponse selectivity (Sillito ef

al., 1980: Douglas and Martin, 1991), this lm[)ht\ that inhibitory neurons must
have very short visual latencies and a very rapid imtegration time. Whether this is
truly the case remains 1o be established for the visual cortex, but results consis-
tent with this view have been obtained in the barrel field of rat somatosensory
cortex (Welker ¢f al., 1993),

What happens to selectivity beyond the early response of the first activated
neurons: Using an analysis based on information theory, Tovee ¢f al. (1993)
observed that the quantity ol information reaches a high value very carly after
the onset ol the response. A fast rise in information content of neuronal re-
sponse has also been reported for areas VI V2, and V4 by McClurkin and
Optican (1996). However. the information content has also been found to in-
crease during later parts of the response (Richmond and Optican, 1990; Heller
et al., 1995; McClurkin and Optican, 1996). Similarly, if the results obtained by
Oram and Perrett (1992) showed a very fast acquisition of response selectivity, it
is only 80 msec afier response onset that the strongesi difference between re-
sponses is reached. Thercfore, it Tooks as il there is a very rapid acquisition of
receptive field properties, followed by a further refinement of the selectivity.
Other evidence that there are properties that develop only after the response
onset can be tound in the time course of responses of VI neurons to pop-out
stimuli (Knierim and Van Essen, 1992: Lamme, 1995).

I'he arguments presented above indicate that the rapid acquisition of re-
sponse selectivity relies only on the feedforward transmission of information
across cortical areas. However, the further refinement that follows that initial
response could be related to the overlap of visual response latencies between
different cortical arcas that could allow bidirectional interactions involving the
feedback connections.



4.3. A Functional Model of the Slow Brain

Seeing is not just detecting the orientation of a bar stimulus. There are
many situations in which ambiguities must be resolved rapidly in order to identi-
v the dilferent elements of the visual scene. We present here a model of the part
ol the visual system involved in pattern recognition, the slow brain. The model
contains several of the features that were stressed above: (1) The wave ol incom-
ing information reaching the cortex is not synchronous: it is composed of at least
three and possibly four (M. P. K. and lagged inputs) waves that are activated up
to 200 msec alter the stimulus onset. (2) Neurons function mainly as coimcidence
detectors and signal the coincidence of properly timed waves of activity. (3)
Feedback connections are used o carry different hypotheses concerning the
clements of the visual scene to be tested against the incoming waves of alferent
activity (Ullman, 19495).

The model is an elaboration ol that presented by Ullman (1995) o explain
pattern recognition with a bidirectional flow ol information. The idea is that the
M channel acts as an ignition device 1o activate representations stored in the
temporal cortex. The poor temporal resolution and the Tack of color selectivity
ol the M channel leads o a sketehy view ol the scene. Although limited
precision, thisis the first imformation that reaches the temporal cortex. Different
potential mterpretations of an object lead o activation of different neurons that
send activity down through feedback connections. As proposed in the model of
Ullman (1995). these waves ol descending activity meet the subsequent waves ol
leedlorward activity (I, K, lagged). giving rise cither o a reinforcement or to an
extinction by a mechanism ol unmulmu detection between properly timed
feedforward and feedback activity waves. The proper imterpretation of the im-
age is the one that leads to reinforced activity at all levels ol the visual cortex.

I we integrate such a model of the slow brain with the existence of the fast
brain. we arrive at the conclusion that analysis of a visual scene proceeds al
different speeds depending on which aspects are privileged. A very Fast analvysis
svstem appears o be devoted to the processing of localization and visuomotor
interactions. It corresponds to the [ast brain, is under the influence of the M
system, and may Tunction mostly in the feedlorward mode. A velatively fast
processing system, mostly under the influence of the M system in the slow brain,
achieves a coarse analvsis ol broad features in the feedlorward mode. Finally, a
slow processing system deals with the fine detail analysis and the precise recogni-
tion using P and K svstems and feedback connections.

5. References

Vheles, Mo TUSE, Local Cortical Cocuits, Springer-Verlag, Berlin,

Abeles. Mo 1991, Corticonics: Nearal Civauits ol the Cevebral Cortex. Cambricdge University Press,
Cambridge.

darash. S Bracewell, Ro M. Fogassie o Goade, [0 W and Andersen. Re AL 1991 Saccade-relared
activity e the Lneval intraparietal areas L Temporal properties: comparison with area 7a, f.
Newrophivsod. 662 10U5— 1108,

233

TIMING OF
INFORMATION
TRANSFER



234

CHAPTER 5

Bartlert, | Rocand Doty ROWL 1974 Response of units instriine cortex of squirrel monkeys to visual
and electricl stimuli, [ Newophysil. 37:02 1641,

Bavlis. Go Co Rolls: B L and Leonard, €M 1987, Functional subdivisions of the temporal lobe
neocortex, o Newroser, 725530542,

Best. .. Reuss. Sooand Dinse. T RO 1986, Lamina-specific differences of visual Luencies tollowing
photic stimudation i the car striate covtes, Braim Res, 385:356-36(0),

Bichor, N. P Schall, Do and Thompson, Ko G 1996, Visual Teature seleetivity in brontal eve lields
induced by experience in mature macaques, Nafure 381:697 -694,

Blakemore, Cooand Vigd-Durand. Foo 1986, Orvganzation and postnatal development ol the mon-
kev's Lueral gencubine nucleus, [0 Plysiol. 380455141,

Bolz. | Rosner, Gooand Wiissle, TLL 1982, Response laency of brisk-sustained (X) and brisk-transiont
(Yieells i the cat vetina, . Physol. 328: 171190,

Bullicr, [ and Henry, Go HLL 19749, Ordinal position of neurons in cat striate cortex. . Newraplysinl.
42:125 |~ 1263.

Bullier, [ and Henry Go He, 1980, Ordinal position and atlerent input ol neurons i monkey striate
vortex, [ Comp. Newrol. 193:0913-935,

Bullier. |.oand Nowak, Lo G 1995, Parallel versus serial processing: New vistas on the distributed
aorganization ol the viswal system, Cure. Opin, Newrobwl. 5:497 =504,

Bullier. J.. McCourr, Mo Eoand Tlenry, Go He 1988, Physiological studies on the feedback connection
1o the striate cortex fronn cortical areas 18 and 19 of the cat, Exp. Bram Res. T0:90-98,

Bushnell, M. CL, Goldberg, Mo EL and Robinson, DL L 1991 Behavioral enhancement ol visual
responses i monkey cerebral cortex: L Modulation in posterior parietal cortex related 1o
selective visual attention. [ Newrophvsiol. 46:755-772.

Casagrande, Vo AL 19900 A thivd visual pathway 1o primate avea V1 Trends Newroser, 17:305-5 10,

Casanova. Coo 1993, Response properties of neurvons inarea 17 projecting to the striate-recipient
comie ol the car’s Latervalis posterior-pulvinar complex: Comparison with cortico-tectal cells, Eap,
Bram Hes. 96:247-254,

Celebrini. S Thorpe: 5. Trotter, Yo and Tmbert, Mo 1995, Dyvnannics ol orientation coding inarea
VI ol the awake primate. Visual Newroser. T0:81 1-825,

Cleland. B. Gooand Envoth-Cugell, Co 1970, Quantitative aspects of gain and latency in the cat
retini [ Plysiol, 206:73-91,

Cleland. B G, Dubing MW ind Levick, Wo R TO7 1L Simultineous recording ol input and output
ol Lteral geniculate nevvons. Nafwre (New Biol.) 2311911492,

Cleled, B Gl Levicke Wo Re Movsevi TL, and Wagner, 11 Go, 1976, Lateral geniculate relay ol
slowly conducting retmal alferents 1o cat visual cortex. [, Phsiol. 255:299-32(0),

Colby, Co L, Gartass, R, Olson, Co R and Gross, Co G, T988, Topographical organization ol cortical
allerents wo extrastriane viscal area PO inthe macague: A dual vacer study, [0 Comp. Newol.
269:502—1 135,

Cope. TG, Ferg, Boboand Matsumara, M., TOURT, Cross-correlation assessment ol svoapric strength
ol single Ta {ibre connections with triceps surae motoneurones in cats. [ Plviol, 390: 161188,

Creutgleldt, O, and Troo Mo 1968, Functional synaptic organization ol primary visual cortex nei-
rons in the car, Exp. Bram Rex. 6:324-1352.

Desimone, R Fleming. Joaned Gross, G Ga, 1980, Prestriate allerents 1o inlerior wemporal cortex:
Aup TERE staeds, Brain Res, 18421155,

Dinse, HL R and Kedger, ke 1999, The timing ol processing along the visual pathway in the cat,
Newvallefrrt 53OS -8YT.

Douglas, Ro | and Mot Ko AL 19910 A Tuncnonal microcirennt for cat visual cortex, [ Pyl
(Lomiel) 440:735- 764,

Dreher, B., Fukadia, Y., and Rodheck, RoW., 1976, Tdentilication, classilication and anatomical
segregation of cells with X-like wnd Y-like properties in the laeral geniculate nucleus ol old-
world primates. [ Plysiol. 258: 1585452,

Eder. Co Ficker, o Giindeo Lo [oand Hememann, UL 1991, Owward corvems inovan enmorhinal
cortes stellate cells studied with conventional and perlforated patch recordings, Eur. [ Newrosed.,
3212711280,

Eggermont, . [ 1992 Newral interaction in cat primary awditory cortex. Dependence on recording
deptl, elecirode separation, and age, [0 Newoplsiol, 68: 12161228,



Eachwiller, Go Woand Rauschecker, ] P 1995, Temporal integration in visual cortex of cats with
strgically miduced steabismus, Fure [ Newroser, 5150115040,

Felleman, Do )amd NVan: Essens DL G 19910 Distributed hievarchical processing in the primate
cerehval cortex. Cevebial Corten 11117

Ferster, Dooand Jagadeesh, B 1992, EPSP=LPSP interactions i cat visual cortex studied with i aioo
whole-cell patch recording, [ Newrosed, 120126212744

Fetz, Il and Gustalsson, B 1985, Relation between shapes ol post-syviaptic potentials and
correlated changes in living probability ol cu motonenrones, fo Physwl. 341387110,

Finlav, Bo L Sehiller, LT and Voman, S, Fo 1976, Quantitative studies ol single-cell properties i
monkey sirie cortex. IV, Corticotectal cells. [0 Newrophysiol. 39: 1352 1361,

Fregoae, Yo, and Bringuter, V., 1996, Spatio-temporal dvimumics ol synaptic integration in cat visual
cortical veceptive helds, in: Bulogieal Basis and Compugtational Theory of Viswon (A, Aertsen and V.
Braienberg, eds. Elsevier, Amstervdan, ppe 157,

Frevne, T Marting Ko AL Somoeyi. Poand Whitteridge, 10, TS5, Tnnervation ol cat visual areas
17 aned 18 by plvsiologically identified N-and Y-vpe thalanic alferents. 1. Identilication ol
postsyiiptic trgers by GABA immunocytochemistey and Golgi impregnation, [ Comfr. Newrol.
242:275-241,

Freund, 1Fo Mating KooAL Gl Solteszs L Somogyi PLoand Whitteridge, D, 19849, Avborisation
pattern and postsyoaptic targets ol physiologically wdentitied thalamocortical alfevents in siriare
cortex of the macagque monkey, [0 Comf, Newrol. 289:515-3506,

Fries. We. 1984 Cortical projections o the superior collicalus in the macague monkey: A retrograde
studly minn horseradisle peroxidase, [ Comp Newvol, 230:55-70,

Funaliashi, S5 Broce, Co L and Godman-Rakic, oS 1990, Visuospatial coding i primate prefron-
tal newrons vevealed by oculomotor pavadigms, o Newvaphysiol. 63:8 11831,

Gilhert, G De s Retlye | P 19760 The projections ol cells in ditferent lavers ol the cat’s visual
vontes. [ Compr. Newrol, 163:81- 106,

Gilberr, Co D and Wiesel TN TOR T, Morphology ind inrracortical projections ol Lunetionally
clhunacterised nevnrons in the car visual cortes, Nature 2802120125,

Givanel, P andd Bullier, [ TO89. Visual activiny iaves V2 during reversible inactivation ol arvea 17 in
the macaque monkev, o Newroplseol. 62: 1287 - 1502,

Gochin, 1M Miller, EoML Gross, Co G, and Gerstein, G L, 1991, Functional interactions amaong
newrons mlerior wimporal cortex ol the awake macaque, Exp. Bram Res. 84:505-5 16,

Gl berg, ML Eecand Boshnell, Mo Cl 1991 Belavioral enhancement ol visual responses i monkey
cevelwal cortex. T Modulation in Iit:ntfll eve belds related wsaceades, [ Newrophysiol, 46:775-T87.

Conras, 1L 1904, Amidromic vesponses ol orthodromically identified ganghon cells i monkey
vetinit, o Physiol. 2044071149,

Gonras, P Lk, Ko 1966, Rod soid cone mervaction in dark-adapred monkey ganglion cells, /.
Phystof. 1844995 1),

Coteve, Ko Loy amed Sillive, AN 1995, Dillerential properties ol cells in the feline primary visual
cortex providing corticolugal leedback 1o the Literal gemcalate nuclens and visual chustrom. |
Newrosei. 15018081874,

GCrinvald, A Licke, Lo b Frostig. R Do and lidelshein, Re 1994, Conical poinspread Tunetion

aned fong-vange interactions revealed by real-time oprical imagining of macague prinary visual
cortes, o Newrover, V25402568,

Gustalsson, Booand MeCrea, Do 19830 Totluence ol stretch-evoked sviaptic potentials on firing
probabiliny of car spinal motonewrvones, [ Physol. 3474501451,

Hharven. Foand Heggelund, P 1992, The elfect of conmrast on the visual respanse ol lagged and

nonligged cells in the ca Teral geniculate nuclens. Vioed Newroser. 9:5 15—

[harves, AR, TS0, A physiological analysis ol subcorncal and commissaral projections ol areas 17
and 18 ol the cat, [0 Phwiol. 302:507-524,

T, LE 1968, Quantitative elekoronenmikroskopische Untersuchungen iiber den marklaseraul-
ban m der sehvinde der katze, Bram Res. 11265 -84,

Peller, L. Blevtz, 10 AL Kjaer, T W and Richimond, B L. 1995, Tnformation fow and temporal
coing i priveue pattern vision, [ Comped. Newveser, 281751403,

Hendie S0 HLCoand Yoshioka, FYL 19940 A nenvochenically distinet thivd channel in the macaque
dorsal Eoneal geniculare nocleus, Seivuee 2645750577,

235

TIMING OF
INFORMATION
TRANSFER



236

CHAPTER 5

Henry. Go T Saling P2 A and Bullier, [ 1991, Projections brom avea 18 and 149 1o cat striate cortex:
Divergence and Loninar specilicity, fur. [0 Newroser, 301862000,

Holtmann, K. 1% 1975, Conduction velocity pathways from retina to superior colliculus in the ca: A
correlation with receptive lickd praperties. [ Newvophysiol. 36:400—424,

Holbman, Mo TORG. Size and shape ol the cerebral cortex in mammals, I The cortical surbace,
Bram B, Evol. 27:28 40

Houzel, [-Co Millerer, Cooand Innocenti, Go, 1994, Morphology ol callosal axons imterconnecting
arcas 17 and I8 ol the car, Ear [0 Newroser, 6:308-917.

Hughes, A and Wissle, T, 1976, The cat optic nerve: Fibre total count and diameter specirun. [
Comp. Newrol. 169: 171184,

Humphrev, Ao Looand Saul A B 1992, Action of brain stem reticular-atlerents on lagged and
nonlagged cells in the cat Lireral geniculate nucleus, [0 Newrophysiol. 68:675-641.

Huesh, B 19309, Conduction velociy and dimerer ol nerve libers, Awe [0 Physiol 127: 151139,

Theda, FLoand Wrighto M. 1L 1975, Retinotopic distribution, visual latency and ovientation tuning of
sustained and transicnt cortical neurons woarea 17 ol the cats visual covtex, Exp. Braoe Res.
22:585-348.

Innocenti, Go M TOSO, The prinnary visual pathway through the corpus callosum: Morphological
and Tunctional aspecrs in the ca Avele Ttal: Biol. 118: 124188,

Lrvine Go Ea Norton T Sesma, My AL and Casagrande, Vo AL T986, Wolike response properties ol
interhmimar zone cells whe Tateral gentculare nucleus ol a prinmate (Gedago crassteandeatis ), Bram
Res, 362:254-274.

Rang. Y., Endo, Keoand Avakic T TOES, Excitatory synaptic actions hetween pairs ol neighboring
pvrzumidal tract cells i the motor cortex. [ Newophysol. 59:636-647,

Kawino, Ko, Shicka, Mo Watimabe, Yo and Yamane, S 1994 Newral activity in cortical area MST ol
alert monkey durimg veccular Tollowing responses, [ Newophysiol. 7123052524,

Kivk. Do Lo Cleland, B Gooand Levick, W R 1975, Axonal conduction Latencies ol car vetinal
wganglion cells, [ Newroplvsiod. 382134951402,

Kirkwood. IV AL and Seavs. AL TU78 The svnaptic connections o intercostal motoneurones as
revealed by the averige common exctation potential, f. Plisiol. 275:287-3 14,

Katerim, [ Looand Van Essen, DGV 1002, Nearonal responses to static texuure patterns e V'l
ol the alert macaque monkev, [ Newrafphysiol. 67:961 980,

Knox. Co Ko 19740 Crossscorvelation Tunction Tor a neavonal model, Biapdivs, [ 14567582,

Kaoike, 11, Mano, No. Okada. Yo, amd Oshima, T 1970, Repetitive impulses genervared o last and
slow pyramidal tract cells by inracellulaly applicd corvent steps. Expr Braog Res, 11263251

Romatsu, Yo, Nukajima, S, Tovirnae Ko and Fez, BB TOSS, Inracortical connectivity revealed by
spike-triggered averaging in shice preparations ol cu visual cortex, Bram Res. 442:3540-362,

Konig. 'L Engel. A Keand Singer, W, 1996, Tntegrnor or coincidence detector— The role ol the
cortical newrvon vevisied, Teendy Newvoser. 19: 150137,

Kovaes, G, Vouels, Boand Orvban, Go A 1995, Cortical correlate ol backward masking, Proc. Natl.
Acad, Ser. USA 9215587 -5541.

Lachica, Eo AL Beck, P D and Casagrande, Vo AL 19920 Parallel pathways in macague monkes
striate cortex: Anatomicaly delined columns i laver 1L Proe. Natl, Aead. See. 178 89:35060-
BHT0.

Lagae, Lo, Maes. T Ratguel SeNiaos De-Ke,sind Ovbin, G AL 1994, Responses ol macague ST5
neurons 1o optic How components: A comparison ol areas MT and MST, [ Newophysol,
7115071626,

LaMantio.. A-S.and Rakic, P 1990, Cytological and quantivative cinacteristics ol Tour cerebral
commissures i the vhesas monkey, [0 Compe Newrol, 291:520-557.

Lamme, VoA FL 1995, The neurophysiology of Bgure ground segregation in primary visual cortex,
S Newroser, 15: 10051615,

Lee, B B Cleland. B. Goand Crentzlelde, O Do 1977, The retinal input 1o cells inarea 17 ol the
cat’s cortex, Expn Bram Rey. 30:527-5358,

Levicks Wo R TO75. Vartation mn the response lateney ol cat retinal ganglion cells, Vision Ris, 13:857 -
N,

Levitt, By, Lo, oS0 and Yoshioka, T, 1996, Anatomical substrates Tor early stages i cortical
processing of visual mformation i the macaque monkey. Beha, Brai Res. 76:5-1Y,



Livingstone, ML Sand Habel, Do EEL 1984 Anatomy and physiology of acolor system in the printe
vistal cortes. L Newraser, 4:309-356.

Livingstone, Mo S and Tubel, DL L, TOST, Connections hetween Laver b of area 17 and the thick
evtochrome oxvidase stripes ol arca 18 inthe squirrel monkev. fo Newroser. 7033713377,

Loliminne T, and Rovig, B 1994 Long-range horizontal connections between supragranular
prramidal cells in the exrasirine visual cortex ol the vat, [ Comp, Newrof, 344:543-058,

Lowel, S..and Singer, W, 1992, Selection ol intrinsic hovizontal conmections in the visual cortex by
correlated nearonal activiey, Seenee 255:200-2 12

Malpeh. | G Schiller. P and Colby, €L Lo 981 Response properties of single cells in monkey
striate cortex during veversible iactivation ol individual genicalate laminac, [ Newvophysiol.
46: 1 102- 1114,

Mirrocco, RO, 1976, Sustained and transient cells in monkey lateral geniculate nocleus: Condue-
ton velocitios and response properties, [ Newroflivsiol, 39:3:00-353.

Matin ke A Coand Whitteridge, Do 1984 Forme function and intracortical projections ol spiny
newrons methe steate visual corvtes ol the cat. [0 Physiol, 356:163-504,

Mason. Ac Nicolle Accand Stratford. Mo TOU L Sviaptic transmission between individual pyrvamidal
neurons ol the van viswal cortes i witro, [0 Newroser, 11:72-84,

Mastronarde, Do NG TOST, Two classes ol single-input N-cells in cat Tateral geniculate nucleus. 1.
Retinal imputs and the generation of receptive-tield properties. J. Newrophysiol. 576:381-413.

Mastronarde. Do NG 19920 Nonlagged velay cells and internenrons in the can lateral geniculate
Nuelens— Receprive-Ticld properties and vetinal inputs, Vil Newoser. 8:107 41,

Matstmura, Mo 19790 Inmvacellular synaptic potentials o primate motor cortex neurons during
voluntary movement, Bram Res, 163:35 18,

Manmsell, |- He R TO87, Phvsiological evidence lor two visual subsystems. in: Maiters of intelligence
(LML Vana, edn), Rewdel. Dovdrecht, Holland. pp. 59-87.

Mannsell, | HL Recand Gibson. |- R 1992, Visual response Liencies in striate cortex ol the macaque
monkev, [ Newrofpdvaiol. 421332 1354,

MeClurkin, [ W and Optican, Lo N 199G, Primate striate and prestriate cortical newvons during
discrimination. L Sinmdtancous temporal encoding o information about color and pattern. /.
\-f':.rm’blr{l'uuf. 75481 5.

MeCormick. oA and Van Krosighe Mo 19920 Corticothaliumic activation modulates thalamic (iring
through glutamate “metabotropic™ veceptors, Proc, Natl, Acad. Sei. 1USA 89:2774-2778.

AMeCouwre, Mo E Thalluri, |oand Hears, G T, T990, Properties of area 17/18 bhorder neurons
contributing 1o the visual transcallosal pathway in the cate Vsl Newroser, 5:33-498.

Michalskic A Gestin, G L, Crarowska, |oand Tarnekin R, 1983, Interactions hetween cat striate
cortex neurons, Expe Bram Kes: 51297107,

Mitchison. G 1992, Axonal trees and cortical avchitecure, Trewds Newvoser. 15: 122126,

Mitzdorts Ul and Singer, W, 1979, Excitatory synaptic ensemble properties in the visual cortex ol
the macague monkeyt A current source density analysis ol electrically evoked potentials, J. Camp.
Newrol. 187:71-54.

Movshon |- A and Newsome, Wo T 1996, Visual response properties ol sirite cortical neurons
projecting to ares MU inmacagque monkevs, [0 Newvoser, 16:7733-7741.

Mukerjee, Pand Kaplan, Eo 1995, Dyviamics of newrons i the cat lateral genculate nuclens: fu v
clectiophysiology and computational modeling, [ Newoplysiol. 7411292 1243,

Muonk, MTLE L. Nowak, L. Go Givaed, P Chounlamonntd, Noand Bullier, | 1995, Visual itencies
- eviochrome oxidase bands ol macaque area V20 Proe. Natl, Acad. Sei. USA 92:983-992,
Murre, oML Loand Stardy, Do P EFL 19950 The connectivity of the brain: Multi-level quantitative

analvsis, Beol. Cyberuet, T3:520-515,

Naito. Tl Mivakawa, Fooand o, Noo 19710 Diameters ol callosal fibers interconnecting cat sen-
sorimotor covtes, Brane Res, 27560372,

Nakamura, He, Gantass, Re Desimone, Recand Ungerleider. L. Go 1993, The modular organization
ol projections Trom aveis V1 and V2 o areas Vb and TEO in macaques, J. Newser, 1303681 -
EGHIN

Nealev, oA and Mannsell, |0 HL R 1994 Magnocellula and parvocellular contributions to the
responses ol neurons wmacague sirite cortex, [0 Newoser, 14:2069-2074,

Nelson, |- b Saling oA Munks Mo HL o Aoz Mo and Bullier, . 1992, Spatial and temporal

237

TIMING OF
INFORMATION
TRANSFER



238

CHAPTER 5

coherence i corticocortical conmections: A cross-correlition stady inareas 17 and 18 inthe cat,
Viswal Newroser, 9:21 =05,

Nelson, Mo B and Bower, [N 1990, Bram waps and pavallel computers, Trepds Newroser. 132105
RULN

Nicoll. A and Blakemore, Coo 1995 Single-tibre EPSPs an faver 5 ol vat visual covtex i vifra,
Newvolepurt 4167170,

Nowak, L Go,and Bullier, [ 19970, Axons, but nor eell bodies, are activared by elecvical stmulation
wecortical gray matters Lo Evidence trom chronaxic measurements, Expn Bram Res.in press.

Nowik, L, G.oand Bullier, .. 19970, Axons, but not cell bodies, are activated by elecrrical stimulation
i cortical gray naner: [ Fuvidence Trom seleetive inactivation ol cell hodies and axon inirial
segrnents, B Brain Res i press,

Nowak. L. G Munk, ML L Chounlamounied, No,and Bullier, [, 1999, Temporal aspeers ol
intormation processing i areas VL and V2 of the macagque monkey, ins Osciflatory Event Related
Brain Dywamies (Co Pantey, 1o Elbert, and B Lutkenhoner. eds), Plenwm Press, New York,
pp- SH=4s.

Nowitk. Lo Go Mook, Mo HL L Gieaed, Peand Bullier, | 1995, Viswal uencies inareas V1and V2 ol
the macague monkey, Visued Newrover, 12287 1-58 1

Nowik. L. Go, James, A Coand Bullier, | 1997, Corticocortical connections hetween visual aveas 17
aned T8a ol the vat studied 7 ooz Spatial and temporal organisation of Tunctional synaptic
vesponses, Fxfn Bram Res. V172285505,

Ovam. Mo W and Pervert, D0 L 1992, Time conrse ol nenral vesponses discriminating dillerent
views ol the Face and head, [ Newroplysiol, 68:70-581.

Ovbach, TS5 and Vi Essen, D Co 19950 By e tracing ol pathwis and spatio-temporal activity
patterns in vt visual cortex using voltage sensitive dyes, Exp. Bram Res. 942071302,

Orban, Go AL HolTmann, Ke-Poand Duyssens, | 1985, Velocity selectivity in the cat visual systeni. L
Responses af LGN cells o moving b stimulis A comparison with cortical aveis 17 ad 18, /.
\}'mujfﬁ\‘uur‘, B4z 102010144,

Pabmer, T A and Rosenguist, Ao Co 1971 Visual receptive fields of single striate cortical units
projecting o the superior collicndus i the cat, Braon Res, 67:27-12,

Pavie. B R 1995, Evidence tor visual cortical area homologs in cat and macaque monkey, Gerobral
Corten 32125,

Pei, No, Vidyasagar, 1R Volgushey, Mo and Crenrzfeldr, €0 D T99 Receprive Deld analysis and
orientation selectivity of postsviaptic potentials of simple cells in cat visual contex. [o Newpo,
14:7 1307 110,

Perkel. Do 1L, Gerstenns G L and Moore. G Pl 1967, Neavonal spike trains and stochastic point
processes, Tz Sinulumeons spike teains, Bioph. [0 724 19—H10,

Pevren, 10 L, Rolls, BooLe and Caan, W 1982, Visual nenrons responsive o laces in the monkey
temporal covtex. Expn Bram Nes, 47:320-542.

Peters, Au el Setlares, Co, 1906, Myelinated axons and the pyeamidal cell modules in monkey
primary visual cortex. [0 Comp. Newrol. 365:252-255,

Peters, Ay Pavoe, B Reand Budd, L 1994, A nomerical analysis ol the geniculocortical inpun o
strie cortex in the monkey, Covediald Cortex 42215224,

Raiguel, So E Lagaes Lo Gulvas, B and Orban, Go AL 1989, Response Liencies of visual cells in
mnacaegie areas V9 V2o V3, B fes, 493: 105154,

Ranck. . B 1975, Which clements are excited i electrical stimulation of mammalian central
nervous system: A oreview, fivain Res. 98:417—4410),

Reese, B Foand Guillery, R W 1987, Distribution ol axons according 1o dimerer i the monkey's
optic it [ Comfr. Newrol. 2605455160,

Reese, By o and To, K=Y, 1988, Axon diameter distributions across the monkey's optic nerve,
Newroserwnee 27:205-2 4.

Reves, Ao D and Ferz Fola, 19950 Two modes ol interspike interval shovtening by hriel transient
depolarizations in can neocortical neurons, [o Newrophysiol. 69: 166 11672,

Reves, A Deand Ferz, 1 EL 19930, Ellects of transient depoliavizing potentials on the living rate ol
cit neocortical nevvons, [ Newophysol, 69: 16731683,

Richmond. B Lo aned Optican, LMo 1990, Temporal encoding of two dimensional patterns by
stngle units in primate primary visual cores. Tl Information teansmission. [0 Newofdaol.
641307180,




Rockland, Ko S. 1989, Bistrarificd distribution ol werminal arbors of individual axons projecting
Lram area VDo middle temporal svea (NCUY i the macaque monkey, Viseal Newyoser, 3:155-170,

Rocklmd, Ko 5. 1992, Conliguration, in serial veconstruction. ol individual axons projecting from
area V2 1o VI in the macaque monkey, Cerelyal Cortex 20353371,

Rockland., ko 5. 1995, Morphology ol imdividual axons projecting trom area V2 1o Mt in the
macaque. fo Comp. Newrol, 355:15-206.

Rockland, K. S.oand Viega, Ao 1989, Terminal arbors ol individual “leedback”™ axons projecting
from area V2 o V1 n the macaque monkev: A study using immunohistochemistry ol ante-
rogradely teamsported Phaseolus vulgaris-lencoagglutining J. Comfr. Newrol. 285:51-72,

Rockland, K. S.and Virga, AL 1990, Organization ol individual cortical axons projecting rom area
VI Gren 17) 10 V2 Gaea I18) i the macaque monkey, Visual Newroser, 411 =28,

Rockland, oS0 Saleem. ke Scand Tanaka, Ko 1994, Divergent feedback connections Trom arcas V4
and TEO. Viswal Newvoset. 115749600,

Rolls. F.Tand Tovee, M., TOO4 Processing speed in the covebral-cortex and the nenrophysiology
ol viswal masking, Proc. R Soc, Lond. B 257:9— 15,

Rosserti, Yoo 19970 Iaplicit perception in action: Short-lived motor representations ol space, in:
Addvenees i Consernnsiess Reseaveli (PGl Grosenbacher, edl), Benjumins Publishers, Amsterdam.

Rushion, Wo AL 1950, A theory of the eftects of Tibre size inomedulled nerve, [ Physiol. 115:101-
|l

Sabin, PeA and Bullier, | 1995, Corticocortical connections in the visual svstem: Stracture and
Tunction, Phwiol. Reo. 75:107<1541.

Sato, T, Katsuvama, Noo Tuomurae T, Hace Yo, and Tsumoto, 125 19494, Broad-tmed chromatic
inputs 1o color-selective nearons in the monkey visual cortex, [ Newraplysiol. 72:163-168.
Saul, A B and Tlumphrey, A L 1990, Spatial and rempaoral vesponse properties ol lagged and

non-ligged cells i cat Literal geniculate nucleus. [ Nenrophysiol. 64:206-224,

Schadl, 1o Do Movel, A King, Do ] and Buallier. | 1995, Topography ol visual-cortex connections
with Tronmal eve field i macague—Convergence and segregation ol processing streams, [,
Newroser. 15:44064—1187.

Schiller, T, and Malpeli, |G, 19770, The effecr ol striate cortex cooling on area 18 cells in the
monkey, Braie Rev. 126:566—-364,

Schiller, P HL, and Malpeli, | G 19770, Properties and tectal projections ol monkey vetinal gan-
glion cells. J. Newroplvsiol. 400428115,

Sehiller, P T and Malpeli. | Ge 1978, Funciional speciticity of Tateral genicoliae nucleus Liminae ol
the vhesus monkey, [0 Newrophysiol, 41:788=707,

Segal, Mo and Barker, ] L T84 Rat hippocampal neavons in caliure: Potassium conductances. [
Newrophiysiol. 511404914133,

Sestokas, AL K and Lelinkuhle: S0 10986, Visual Liency ol N- and Yecells in the dorsal Leral
geniculate nuclens of the cat Vision Res. 26: 104 1=105-1.

Shiadlen, M.NL and Newsome, Wo L, 1991, Nowse, neural codes and cortical organization, Curr,
I‘}‘fNIH. Newrobiol, 4:569-574.

Shipp. 5. and Grant, S 19091 Ovganization ol reciprocal connections between area 17 and the
Lateral suprasvivian area ol cat visual cortex. Visual Newroser, 6:330-355.

Shipp. S.cand Zekic S ML 185, Segregation ol pathways leading from area V2 o areas Vi4and Vi ol
macique monkey visual cortex, Nefure 315:322-325,

Sillito, A M Rempe 1A Milsor, | Ac and Berardic N 19800 A re-evaluation ol the mechanisms
underlving sinple cell orientation selectiviry, Brain Res, 194:517-5200,

Smiger. Woo Trevter. Fooand Cyvnader. Mo 19750 Orvganmizanion ol car sirtaie cortex: A correlanion ol

receptive-licld properties with alferent and ellerent connections, [ Newrophysiol. 38: 1080~
(LIRS

Soltkv, Wo Ro, 1995, Sinple codes versus ellicient codes, Curn Opan: Neurobiol, 5:230-247.

Stalstrom, CoFo Schwined, PoCo Chabb, M Cand Crill, W FLL T985, Properties ol persistent
sochinm conductance and caleiom conductance ol liver Vo neurons lrom cat sensorimotor cortex
incatitre, fo Newrophysiol. 532155170,

Stnford, Lo R 1987, Conduction velocity varkitions minimize conduction time dilferences among
retinal ganglhion cell axons, Sernee 238:358-360),

Stone. [ VOSS Payallel Processing i the Visual System. The Classifecation of Retinal Ganglion Cells gand I
tmpract on the Newrobwology of Viston, Plenum Press. New York.

239

TIMING OF
INFORMATION
TRANSFER



240

CHAPTER 5

Sutor, Booand Plabhez, |0 Lo TU890 EPSPs invar neocortical nearons i witres T Involvement ol
N-miethyvl-p-aspartate receptors in the gencration ol EPSPs. [. Newvoplysiol, 61:62 1634,

Swadlow. T AL 19740 Svstemiatic variations in the conduction velocity of slowly conducting axons in
the vabbie corpus callosum, Exp. Newrol. 432045151

Swadlow, Ho AL 1992, Momitorimg the excitability ol neocortical elfferent neurons to divect activation
by extracellulo cuvrent pulses, o Newrophysiol. 68:605—6149.

Swadlow, Lo AL 1994, Ellerent nenrons and suspected interncurons in motor cortex ol the awake
vabbir: Axonal properties, sensory receptive fields, and subthreshold synaptic inputs, [0 Newro-
fhvsead . TEART— 154,

Swadlow. Ho A and Wevand, Lo G 98T, Elferenn systems ol the rabbit visual cortex: Laminar
distribution ol the cells of ovigin, axonal conduction velocities and adentification ol axonal
h[';lll{|lc.~&,_,-"_ Comf Newrol, 203: 7040822,

Swadlow. T AL Rosene, DL L and Wasinan. S, Ge T978, Characteristios of interhemispheric impulse
conduction between prelunate gvei ol the rhesus monkey, Exp. Brain Res. 33:155—167.

Faonaka Kee 1985, Cross-correlation analysis ol geniculostriate neuronal relationships in cats, /.
Newvopiysiol. 49: 13031318,

Fanaka, Mo Weber, T and Cremzdeld, O0 D 198G, Visual properties and spatial distibution ol
nenrons i the viswal association area ol the prelunace gyrus ol the awake monkey. Exp. Brain
Rev. 65:11-147,

Phalluri. Jo.and Henry, GoHLL 19890 Neurons ol the striate cortex driven trans-sviaptically: by
clectrical stimulation ol the superior colliculus, Vision fes. 10213191323,

Fhompson, Ko G, Thanes, Do P Bichor, NP and Schall, | D 19096, Pereeproal and motor process-
ing stages identified w the activity ol macaque Trontal eve lield nenrons during visual search. /.
Newrophysl.. in press.

Fhomson, A Mo and West, DGl 19035, Fluctuations in pyramid-pyramid excitatory postsvnaptic
potentials moditicd by presynaptic Fring pattern and postsynaptic membrane potential using
paared innacelluba recordings i v neocoviex. Newroserner 54: 5293406,

Fhomson, A ML Girdlestone, Deand West, DL C TO8S, Voltage-dependent currents prolong single-
axon postsynaptic potentials in lver T pyramidal nearons inovat neocortical shices, [ Newro-
‘hh\.\mf. 60: 184614907,

Fhomson, ACAL, Deuchars, |oand West, DL T993, Single axon excitatory postynapric potentials in
neocortical imerneurons exhibi pronounced pared pulse Laciliviion, Newroserenee 54:3407-3610.

Thorpe, S, | and Tbere, Mo, 1989, Biological constraints on connectionist models, in: Connectionism
e Pevspectioe (R, Pleiller, 2, Schreter, I Fogelamn=Soulié, and L. Steels, eds.), Elsevier. Amster-
. pp. 6302,

Fhorpe. S ). Rolls, BT and Maddison, S, 1985, The orbitolrontal cortex: Neuronal activity in the
behaving monkey. Exf Bram Res. 49:95- 115,

Fhorpe, S Fize, Deand Marlon, Co 1996, Speed ol processing in the human visual systen, Natre
381:520-522.

Fovee, Mo [ Rolls, BT Treves, Acand Bellis, RoPL 1995, Information encoding and the responses
ol smgle neurvons e the prinue emporal visual cortex, Lo Nearophysaol. T0:640-65-4,

Tovama, K. Masunami, Ko Ohno. 15 and Tokashiki S0 197400 An inveacellular study ol nearonal
organisation in the visual cortex, Expn Bram Res. 212566,

Fovirn, o Rimus, Mo and Tanaka, Ko, TORT, Crossscorvelation analysis of interneuronal connec-
tivity i cat visual cortex, [ Newopibsiol. 20181201,

Fsumoto, L. Creatzelde, O, D and Legendy, Co R T97R, Functional organization ol the corticofu-
gal svstem Trom visual cortex to lateral geniculate nuclens in the car, foxpe Braim Res. 32:545-3564.

Ullan, S.. 1995, Sequence seeking and counter streams—A computational maodel for bidirectional
inlormation-flow i the visual-covtex, Coreval Cortex 5:1-11.

Vogels, R and Orban, Go AL 1990, How well do response changes of striate neurons signal differ-
ences inorientation: A study in the discriminating monkey, [0 Newvosee, 102351313558,

Vogels. Roand Orban, Go Ac 1094 Activity of inferior temporal neurons during orientation dis-
crimimation with successively presented gratings, [ Newrophysiol. T 14281451,

Volgushev, Mo, Vidvasagar, "1 R and Pei, Xoo 1995, Dvnamics of orientation tuning ol postsynaptic
porentials in the cat visual cortex, Visual Newroer, 12:621-628,

Wiissle, T, Levick, Wo R Kivk, DL L, and Cleland, By Ga, 1975, Axonal conduction velocity and
perikarval size. Fxp Newrol. 49:246-251.




Waxmain, S, Gooand Benmen, M,V L 1972, Relative conduction velocities ol small mvelinated and
non-myvelinated fibres in the central nervous system, Nature 238:217-214).

Waxnian, S, Goand Swadlow, FL AL 1976, Ulivastruciure ol visual callosal axons in the vabbit, £xp.
Newrol. 536:115—127.

Weiss, G, 90T, Sur L possibilite de vendre comparables entre cux les appareils servant i Pexcitation
clecivigue, Areh. Hal. Bind. 35:131—110.

Welker, 1, Armstrong-lames, Mo Vi der Loos, Hand Krafisik, Re 1995, The mode ol activation
ol a bavreel column: Response properties ol single units i sonstosensory cortex ol the mouse
upon whisker deflection. Eur. [o Newroser, 560 1-7 12,

Wiesel, TN and Hubel, Do L 1966, Spatial and chramatic interactions in the lateral geniculate
bodyv ol the rhesus monkes, [ Newvaplysol. 29: 11151156,

Wilson. P Do, Rowe AL HLand Stone, [ 1976, Properties ol relay cells in the cat’s lateral geniculate
nuclens: A comparison ol Weeells with X-and Yecells, Jo Newvophysiol. 39:1 1931200

Yoshiokae Tooand Dows Bo ML 1996, Color. ornentation and eviochrome oxidase reactivity inareas V1,
V2 and VA ol macaque monkey visual cortex, Behaie Bram Res. 76:71-88,

Noshioka, L. Levitt |0 Booand Lund, Jo S 19494, Independence and merger of thalamocortical
chanmels within macague monkey primaey visual cortex: Anatomy of interliminar projections.
Visad Newvoser, TLAHT—184.

Young. Mo 1992, Objective analysis of the wopological organization of the primate cortical visual
svsteny, Nafure 358: 152155,

241

TIMING OF
INFORMATION
TRANSFER


https://www.researchgate.net/publication/235914881

	nono97
	nono97_2010021118303200
	nono97_2010021118305100
	nono97_2010021118311500
	nono97_2010021118314000
	nono97_2010021118315500
	nono97_2010021118322500
	nono97_2010021118324900
	nono97_2010021118330900
	nono97_2010021118333300
	nono97_2010021118335700
	nono97_2010021118341700
	nono97_2010021118344700
	nono97_2010021118350600
	nono97_2010021118352600
	nono97_2010021118354900
	nono97_2010021118361300
	nono97_2010021118363300
	nono97_2010021118370200
	nono97_2010021118372600
	nono97_2010021118374600
	nono97_2010021118381100
	nono97_2010021118383000
	nono97_2010021118384900
	nono97_2010021118390800
	nono97_2010021118393300
	nono97_2010021118395200
	nono97_2010021118401200
	nono97_2010021118403500
	nono97_2010021118405500
	nono97_2010021118411500
	nono97_2010021118413300
	nono97_2010021118415200
	nono97_2010021118421300
	nono97_2010021118423200
	nono97_2010021118425600
	nono97_2010021118431300



