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Abstract The visual system of the cat is considered to be
organized in both a serial and parallel manner. Studies of
visual onset latencies generally suggest that parallel pro-
cessing occurs throughout the dorsal stream. These studies
are at odds with the proposed hierarchies of visual areas
based on termination patterns of cortico—cortical projec-
tions. In previous studies, a variety of stimuli have been
used to compute latencies, and this is problematic as laten-
cies are known to depend on stimulus parameters. This
could explain the discrepancy between latency and neuro-
anatomical based studies. Therefore, the first aim of the
present study was to determine whether latencies increased
along the hierarchy of visual areas when the same stimuli
are used. In addition, the effect of stimulus complexity was
assessed. Visual onset latencies were calculated for area 17,
PMLS, AMLS, and AEV neurons. Latencies were also
computed from neurons in the lateral posterior (LP)-pulvi-
nar complex given the importance of this extrageniculate
complex in cortical intercommunication. Latency distribu-
tions from all regions overlapped substantially, and no sig-
nificant difference was present, regardless of the type of
stimulus used. The onset latencies in the LP—pulvinar com-
plex were comparable to those seen in cortical areas. The
data suggest that the initial processing of information in
the visual system is parallel, despite the presence of a
neuroanatomical hierarchy. Simultaneous response onsets
among cortical areas and the LP-pulvinar suggest that the
latter is more than a simple relay station for information
headed to cortex. The data are consistent with proposals of
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the LP-pulvinar as a center for the integration and distribu-
tion of information from/to multiple cortical areas.

Introduction

A large number of visual cortical areas have been identi-
fied in both cat and monkey. Despite known parallel pro-
cessing pathways (Stone etal. 1979; Lennie 1980;
Mishkin et al. 1983), there is ample evidence that visual
information is processed in a hierarchal manner across
these areas. Neuroanatomical studies have revealed a
repetitive axonal termination pattern between cortical
areas (Rockland and Pandya 1979; Symonds and Rosen-
quist 1984) that has allowed the establishment of hierar-
chical organizations of these visual areas (Maunsell and
van Essen 1983; Felleman and Van Essen 1991; Scannell
et al. 1995; Scannell et al. 1999; Hilgetag et al. 2000). Evi-
dence of hierarchical processing also comes from single
unit recordings, which revealed that the receptive field
properties of neurons vary in a predictable manner along
the hierarchy. For example, receptive field size gets pro-
gressively larger at increasing levels of the hierarchy
(Lamme and Roelfsema 2000; Bair and Movshon 2004)
and there is an increase in complex motion selectivity
from lower to higher-order areas (Movshon et al. 1986;
Scannell et al. 1996; Villeneuve et al. 2006).

Implicit in the proposed hierarchy model, is the notion
that each subsequent level inherits processed visual infor-
mation from lower areas and is involved in additional
processing of its own. It follows that neuronal response
latencies should increase at higher echelons of the visual
system. A comparison of latency distributions in dorsal
stream cortical areas reveals a substantial overlap in both
monkey (Robinson and Rugg 1988; Raiguel et al. 1989;
Nowak etal. 1995; Schmolesky et al. 1998; Schroeder
et al. 1998; Lamme and Roelfsema 2000; Bullier 2001;
Bullier 2004) and cat (Dinse and Kruger 1994; Bullier
2004), inconsistent with a strictly organized hierarchy.
Moreover, based on the analysis of cross-correlograms it
has been suggested that, in cats, some postero-medial



lateral suprasylvian sulcus (PMLS) neurons may drive
area 17 neurons (Katsuyama et al. 1996). Thus there is an
apparent contradiction between neuroanatomically based
hierarchies and neurophysiological data.

This contradiction may be attributable to a limitation
of previous work. Studies of response latencies have rarely
involved more than two or three areas. To get a glimpse of
the temporal order of visual information processing
across the dorsal stream, latencies from different studies
must be compared. Thus the data originates from different
laboratories, each using a unique set of stimulus parame-
ters. This is problematic as visual latencies are known to
vary considerably with stimulus parameters (Creutzfeldt
and Ito 1968; Lennie 1981). Furthermore, visual stimuli
have generally been limited to flashes and static contrast
gratings, which are not likely to evoke a strong response
in areas known to be strongly motion sensitive such as
area MT in primates and PMLS cortex in cats. Until
latencies are calculated from responses to motion stimuli,
it will be difficult to determine if neuroanatomical data
and visual latencies are truly contradictory.

The above mentioned latency studies have all focused
on the timing of information processing across cortical
visual areas. Although informative, these studies have
neglected the extra-geniculate thalamus. Theoretical papers
have emphasized the functional importance of reciprocal
connections between the cortex and extra-geniculate thala-
mus (Mumford 1992; Miller 1996; Sherman and Guillery
1998). Within the context of motion processing mentioned
above, the cat’s thalamic lateral posterior-pulvinar nucleus
(LP-pulvinar complex) has been shown to contribute to
complex motion analysis (Merabet et al. 1998; Dumbrava
etal. 2001). Yet how response onsets in extra-geniculate
nuclei compare to reciprocally connected cortical areas is
unknown. Estimating the hierarchical position of a region
that does not have the prototypical laminar organization
found in cortex is difficult based solely on neuroanatomical
data (Scannell and Young 1993).

The present study had the following goals; (1) To ascer-
tain whether onset latencies across visual areas reflect the
anatomically based hierarchy when measured under identi-
cal physical conditions (luminance and contrast) using
motion stimuli. (2) To determine if, within a single visual
area, complex motion stimuli would evoke responses with
longer latencies than simple stimuli, reflecting a greater
level of processing. (3) To seek where the LP-pulvinar com-
plex is situated, according to onset latencies, as compared
to cortical areas. Parts of these findings have been pre-
sented elsewhere in abstract form (Ouellette et al. 2004a).

Methods
Single unit recordings
Single unit recording data was obtained from previously

published data in our laboratory (Dumbrava et al. 2001;
Ouellette etal. 2002; Zabouri et al. 2003; Ouellette et al.

2004Db; Villeneuve et al. 2006). Methodological details con-
cerning the recordings can be found in the above cited work.

Stimuli

Visual onset latencies were calculated at each cells pre-
ferred direction for four different motion stimuli, namely
drifting sinewave gratings, plaid patterns, simple and
complex random dot kinematograms (RDKs). Drifting
sinewave gratings were presented with optimal (eliciting
a maximal response) spatial and temporal frequencies,
determined for each cell. Plaid patterns consisted of two
sinewave gratings differing only in orientation (120° sep-
aration), the total contrast (60%) was equivalent to that
of the lone sinewave grating. Simple RDKs consisted of
a rigidly translating field of white dots on a black back-
ground (100% contrast). Complex RDKs differed in that
each dot was displaced only once before being randomly
repositioned. For stimulus details see Dumbrava et al.
(2001). For both simple and complex RDKs, the laten-
cies were computed from the test in which the optimal
dot speed and density were used. Stimuli were presented
at least four times, each presentation lasting 4 s.

A pre-stimulus blank screen of equal mean luminance
to that of the stimulus was presented for 1 s. Although
similar to the spontaneous activity (SA) condition (blank
screen lasting 4 s, as per the stimuli), the pre-stimulus
blank was separate, and its level of activity was not used
for analysis purposes. The pre-stimulus blank avoided an
initial onset response evoked by a rapid change in lumi-
nance upon stimulus appearance.

Visual onset latencies

Visual onset latencies were calculated using the cumulative
sum technique (Ellaway 1978; Vogels and Orban 1990;
Raiguel et al. 1999). As mentioned above, analyses were
carried out on the preferred direction (Fig 1a). The peri-
stimulus time histograms (PSTH) for the preferred
direction and that for the SA were calculated over the
four- second trials with a bin width of 1 ms (Fig. 1b).
Although previous studies using the cumulative sum tech-
nique have employed longer bin widths (10-25 ms), the
choice of 1 ms allowed for a greater temporal resolution.
This choice is even more appropriate given that Raiguel
etal. (1999) have demonstrated that varying bin width
does not greatly modify the reliability of the computed
values. The standard error of the mean for the SA condi-
tion was then calculated. Thereafter, the temporally corre-
sponding bin of the SA condition PSTH (bottom panel)
was subtracted from that of the preferred direction (top
panel). At each millisecond post-stimulus onset, a cumula-
tive sum of the above mentioned subtraction was then cal-
culated (Fig. 1c,). Positive and negative values indicate
that the preferred direction stimulus evoked respectively
more or less of a response than the SA condition. The time
at which the cumulative sum went above a preset thresh-
old was considered to be the onset latency (Fig. 1c,). The
threshold was defined as one standard error of the mean



above the SA condition. This value is below that chosen
by previous authors (Vogels and Orban 1990; Vogels and
Orban 1994; Raiguel et al. 1999) as fewer repetitions were
carried out in the current study, increasing measures of
variability. Thus using the same threshold as previous
authors would have led to unrealistically long latencies.
Preliminary analysis using a threshold of two standard
deviations indeed revealed late response onsets. Moreover,
absolute latency values should not be compared as they
are known to be dependent upon stimulus parameters
(Lennie 1981), rather the difference in latencies between
visual areas should be considered (Raiguel et al. 1989).

Latencies were calculated for 28 neurons in area 17, 51
in the PMLS cortex of normal animals, 34 in the antero-
medial lateral suprasylvian cortex (AMLS), 43 in the ante-
rior ectosylvian visual cortex (AEV), and 39 in the lateral
subdivision of the LP-pulvinar complex (LPI). In addition,
latencies for 40 PMLS neurons in animals with a neonatal
lesion of primary visual cortex (PMLS-lesion) were com-
puted. Note that as almost all area 17 neurons were not
direction selective to complex RDKs (Dumbrava et al.
2001; Villeneuve et al. 2006), these latencies were calcu-
lated on the direction that evoked the strongest response
(as if they were direction selective). Visual onset latencies
were not normally distributed, comparisons were thus car-
ried out using Mann—-Whitney and Kruskal-Wallis tests
and a 0.05 significance level was used.

Results
Differences aCross areas

Latencies were compared for all regions, separated
according to the type of stimulus presented (Fig. 2a-d).

Fig. 1 Cumulative sum tech-
nique. a An example direction
tuning curve. Latencies were cal-
culated using the direction evok-
ing the highest response rate,
regardless of stimulus type. The
dashed line is spontaneous activ-
ity. b The PSTH over a one sec-
ond period for the preferred
direction (fop) and spontaneous
activity (bottom) are shown. The
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The general result is that response onset latency was simi-
lar across regions. This is reflected in the considerable
degree of overlap between the distributions in panels a—
(except PMLS-lesion data in panel ¢, see the appropriate
section below). This overlap is even present between area
17 and AEV data, the two areas which would be expected
to have the greatest difference in latencies based on the
neuroanatomical hierarchy. The similarity between the
data from these two regions is present regardless of the
stimulus under study. Visually, there does appear to be a
difference in panel D, where complex RDKs evoke longer
latencies in AMLS and AEV cortex. However, both of
these regions only distinguish themselves from the other
areas once 70-75% (approximately) of neurons have
already responded. When data was collapsed over stimu-
lus type, no significant difference in latency was present
across regions (H = 5.366, P = 0.252). Note that this test
was carried out without the PMLS-lesion data, as were
subsequent test. Measures of central tendency are given in
Table 1. To aid in the visualisation of the quasi-simulta-
neous responses across areas, the values from Table 1 are
reproduced in Fig. 3a as bar graphs.

Differences between stimuli

Onset latencies to different stimuli, regardless of region,
are presented in Fig. 4. The type of stimulus had a clear
effect on the latency of the neuronal response, as revealed
by a statistically significant difference (H = 19.233,
P < 0.001). The neuronal responses can be divided into
three distinct groups based on latencies; short latency
responses to gratings, medium latencies to plaids and
longer latencies to dot based stimuli. Post hoc analyses
partially confirmed this observation, response latencies
were shorter for gratings than simple (U = 7,098,
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