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Fig. 2. Representation of degeneration of the LGN following the cortical lesions. The cases shown are from the least to the most
severely degenerated. Intact, degenerated, and heavily degenerated sections of the LGN are represented by white, light gray, and dark
gray, respectively. The sole representation of the LGN where the outline is light gray is a case where no stained sections exhibited a
form similar to that represented, likely caused by distortion attributable to the lesion.
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lesioned versus normal animals (lesion: 25/41 or 61%; normal:
39/45 or 87%), this was a statistically significant reduction ( y? =
7.44, p < 0.01). Accordingly, the mean DI was significantly lower
in animals with lesions (lesion: 0.61 + 0.32, n = 41; normal:
0.86 £ 0.21, n = 45; t = 4.1, p < 0.001;).

A yet undescribed difference in the response to sinewave
gratings was observed. In animals with a lesion, neurons exhibited
a greater modulation of their discharge rate as evidenced by the MI
(lesion: 0.80 = 0.55, n = 38; normal: 0.54 + 0.35, n = 28; ¢t =
2.19, p = 0.03). A distribution of MIs in normal and lesioned cats
is presented in Fig. 3. Note that the MI distribution is skewed to the
left among neurons recorded in normal animals (only 3/28 neurons
have a MI > 1), whereas this asymmetry is less pronounced for
animals with lesions (12/38 neurons had a MI > 1), however this
shift in the distribution is not significantly different ( y? = 2.4374,
p > 0.05).

Plaid patterns

Plaid pattern selectivity was assessed among the 24 neurons that
were direction selective to sinewave gratings. All cells that were
clearly responsive to plaid patterns were component motion selec-
tive. The response profile of such a neuron is presented in Fig. 4A
and is similar to what is found in animals without a lesion. The
distribution of response profiles for the sample of neurons is
presented in panel B. Among the 24 sinewave grating direction
selective cells tested, 15 were component motion selective, six
were unclassified, whereas an additional three neurons were non-
responsive (not shown). The ratio of unclassified and component
motion cells was not significantly different in the PMLS cortex of
animals with (6/15) and without (3/26) a lesion (x> = 2.74, p >
0.05). The three non-responsive neurons did not discharge above
spontaneous activity levels (panel C) to plaid patterns, despite
being direction selective to drifting sinewave gratings (panel D)
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Fig. 3. The distribution of modulation indices for neurons in normal (white
bars) and lesioned (black bars) animals. Note that the distribution for
normal animals was skewed to the left, whereas it was more homogeneous
for animals with a lesion. The mean MI for the lesioned and normal groups
is presented as filled and open triangles respectively.
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before and after tests with plaid patterns. Note the very narrow
direction tuning bandwidth in panel D, which was present in the
three cells. The mean bandwidth for these three cells was 10.47° as
compared to 22.96° for the whole sample.

RDKs

Direction selectivity for simple RDKs was present in 16 out of 18
neurons that had previously been assessed to be direction selective
for sinewave gratings. A tuning curve of a typical direction selec-
tive neuron is presented in panel A of Fig. 5. Generally, neurons
were not as direction selective as in normal animals (a 21%
decrease in mean DI) as revealed by a significantly lower mean DI
for lesioned animals (lesion: 0.79 + 0.31, n = 18; normal: 1.0 +
0.23, n = 35; t = 2.79, p = 0.007). In panel B, the decreased
direction selectivity is reflected as a leftward shift of the DI
distribution, however a majority (89%) of neurons nonetheless
remained direction selective with a criterion of 0.5. Mean direction
bandwidths for simple RDKs were similar between both groups
(lesion: 64 + 23.7°, n = 10; normal: 50.9 £ 21.2°, n =37;1t=1.69,
p = 0.097). The mean optimal speed was 131.3 + 74.2°S (n = 8)
and 106.1 £ 59.4 deg/s (n = 33) for lesioned and normal animals
respectively, these means were not significantly different (+ = 1.02,
p = 0.311).

Among the 16 neurons that were direction selective to simple
RDKs, 11 also signaled complex RDK direction. The direction
tuning curve for a complex RDK selective cell is presented in
Fig. 5C (same cell as in panel A). Complex RDK direction
selectivity was significantly lower among lesioned cats (lesioned:
DI = 0.64 = 0.27, n = 16; normals: DI = 0.83 + 0.34, n = 33;
t =2.04, p = 0.047). This is a 33% reduction in mean DI and can
be seen as a leftward shift in the distribution of DI values in
panel D. The majority (69%) of neurons however, are direction
selective to complex motion RDKs (DI > 0.5). Complex RDK
direction bandwidth did not significantly differ (r = 0.76, p =
0.453), the means were 62.8 + 44.9° (n = 8) for lesioned and
72.8 £ 28.9 deg (n = 28) for normal animals. The optimal
speed for complex RDKs did significantly differ (+ = 2.05,
p = 0.048), with means of 79.3 + 57.1 deg/s (n = 7) and
178.3 £ 123.9 deg/s (n = 31) for lesioned and normal animals
respectively.

Stimulus dependent direction selectivity

Direction selectivity was significantly reduced for sinewave grat-
ings, simple and complex RDKs in lesioned animals. When ob-
serving the behavior of a single neuron, this reduction of direction
selectivity could either be stimulus dependent or independent. To
distinguish between these two possibilities, three correlations were
calculated between DIs for different stimuli (Bonferroni corrected
familywise error of 0.05). There was no significant correlation of
sinewave grating DIs with those of simple (r = 0.33, p = 0.19) or
complex RDKs (r = 0.21, p = 0.41). Direction selectivity was
significantly correlated (r = 0.61, p = 0.01) between simple and
complex RDKs. The same pattern was observed in normal ani-
mals, for which there was no significant correlation between
sinewave gratings and simple (r = 0.06, p = 0.81) or complex
RDKs (r= —0.12, p = 0.61), whereas DIs for simple and complex
RDKs were significantly correlated (r = 0.55, p = 0.01). Thus
direction selectivity, at the single cell level, is stimulus dependent
in lesioned and normal animals.
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Fig. 4. Response to plaid patterns. (A) Typical sinewave grating (dashed lines) and plaid pattern (black circles) response profiles.
(B) The distribution of response profiles for plaids was presented for animals with (black circles) and without lesions (white circles).
(C, D) An example of a neuron that was non-responsive to a plaid pattern (panel C) despite being direction selective to a sinewave
grating (panel D). This type of cell was not included as an unclassified neuron in panel B. Full lines represent response amplitude,

spontaneous activity is too low to be seen.

Discussion

General observations

After neonatal lesions of VC few functional properties were al-
tered among neurons in PMLS cortex. Basic response properties
were unchanged except for an increased MI and a reduction in
direction selectivity; the latter finding is similar to that of previous
investigators (Tong et al., 1984; Guido et al., 1990a, 19905, 1992).
Regardless of stimulus type there was a reduction of the strength
of direction selectivity among PMLS neurons. However, the di-
rection selectivity of a single neuron to one stimulus was not a
good predictor of selectivity to another stimulus. The main finding
of the present study is that complex motion processing persists in
PMLS cortex despite early lesions of VC.

Unilateral nature of the lesions

One could suggest that the incomplete reduction of direction
selectivity is attributable to the unilateral nature of the lesions. This

seems improbable because unilateral and bilateral lesions have
similar effects on response properties (Guido et al., 1990a). Sim-
ilarly a lesion of the corpus callosum has little effect on the
modification of response properties following a VC lesion when
performed in very young kittens (Tong et al., 1987). It is therefore
unlikely that the intact contralateral VC played a role in the
residual direction selectivity of PMLS neurons.

Proportion of direction selective cells

A general reduction in direction selectivity for all stimuli was
observed. Of particular interest is the decrease in direction selec-
tivity for complex RDKs. This is in keeping with the first hypoth-
esis that motivated this study, in which the elimination of local
motion processing in the VC hampers complex motion integration
in PMLS cortex. It is important to note however, that the decrease
is not as severe as what could be expected, based on the first
hypothesis. The decrease in complex motion selectivity suggests
that the increase in discriminability observed by Pasternak et al.
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Fig. 5. Direction selectivity for RDKs. (A) A typical response curve for different directions of a simple RDK stimulus. The full line
represents the response amplitude, spontaneous activity was too weak to be represented. (B) Histogram of simple RDK direction indices
measured in PMLS following a lesion of VC (black bars) and in normals (white bars). (C) Typical response of a complex RDK selective
neuron. This is the same cell as in panel A. (D) Histogram of direction indices for complex RDKs in lesioned (black bars) and normal
(white bars) animals. The vertical and horizontal dashed lines represent the cutoff between non-direction selective (NDS) and direction
selective (DS) neurons. The means for lesioned and normal groups are presented as filled and open triangles respectively.

(1995) is attributable to visual areas that are higher up in the
hierarchy relative to PMLS. A direct comparison with the work of
Pasternak et al. (1995) is difficult because the lesions were not
carried out at the same ages. We reasoned that increased complex
motion selectivity would be more likely following a long-standing
early lesion, caused by neuronal plasticity. A study similar to the
present one would be necessary to definitively eliminate the
possibility that PMLS was responsible for the increased discrim-
inability of complex motion selectivity in animals with lesions in
adulthood.

Possible pathways

Despite the aforementioned reduction in the strength of direction
selectivity, a majority of PMLS neurons were nonetheless direction
selective for simple, and to a lesser extent complex motion (i.e.,

complex RDKSs). Previous authors have suggested that the rela-
tively normal response properties observed in PMLS cortex are
caused by increased and/or novel projections from either the A or
C layers of the LGN (Fig. 6Aa), a tecto-thalamo-cortical circuit six
(Ab), a retino-thalamo-cortical pathway (6Ac), or novel com-
putations that occur within PMLS (Labar et al., 1981; Tong et al.,
1984, 1991; Spear, 1988, 1995; Kalil et al., 1991; Guido et al.,
1992; Payne et al., 1993; Long et al., 1996; Payne & Lomber,
1998; Moore et al., 2001; Boire et al., 2004). All of these mech-
anisms are likely to be involved in residual direction selectivity in
PMLS. However the present results, in conjunction with previous
studies, suggest that the LGN has a central role in the transfer of
information to PMLS, at least for the initial response of the latter
neurons.

A geniculo-cortical route could potentially explain the increase
in spatial segregation of ON and OFF sub-regions among PMLS
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A Lesion pathways

Higher-order areas

PMLS

Areas 17 & 18

Superior colliculus LP-pulvinar Retina LGN
B Normal pathways
Higher-order areas PMLS Areas 17 & 18

Superior colliculus

LP-pulvinar

Retina LGN

Fig. 6. Simplified schematic representation of pathways in neonatal lesioned animals (A), equivalent pathways in normal animals are
presented in B for comparison. For ease of viewing, subcortical pathways that project to cortex are represented by black lines, whereas
pathways emanating from cortex are in gray. In panel A, the thickness of the lines represents the relative importance of the pathway
as compared to normals. Dashed lines represent pathways that are no longer present and empty circles signify pathways with at least

one synapse.

neurons, which would arise from clearly segregated ON-OFF LGN
receptive fields. The latter are known to augment their projections
to PMLS cortex following early VC lesions (Kalil et al., 1991;
Spear, 1995; Payne & Lomber, 1998). In the present experiments,
occasional sampling of data from AMLS was carried out and an
increase in MI was also observed (lesion: 1.80 + 1.59, n = 12;
normal: 0.84 + 0.49, n = 116), despite the fact that projections
from the LGN to AMLS do not increase following VC lesions
(Payne & Lomber, 1998). A similar increase in MI has been

reported in the LP-pulvinar (Desautels & Casanova, 2001). This
increased segregation of ON and OFF sub-regions in both areas
could be inherited from PMLS, because the latter sends driver
inputs to the LP-pulvinar (Huppé-Gourgue et al., 2006), and
feedforward projections to AMLS cortex (Symonds & Rosenquist,
1984; Grant & Hilgetag, 2005).

Similarly, LGN projections may explain the residual complex
motion selectivity observed in the present study for two reasons:
(1) LGN neurons have been shown to acquire non-linear response



Complex motion selectivity in PMLS cortex

characteristics (Tumosa et al., 1989) following VC lesions, which
may partially compensate for the removed cortex and (2) although
area 17 neurons, which receive their major excitatory input from
the LGN, do not signal complex RDK direction (Dumbrava et al.,
2001; Villeneuve et al., 2006), PMLS neurons could use this input
to create direction selectivity de novo. Work by Thiele et al.
(2004), suggests that the initial part of the directional response in
MT (a possible homolog of PMLS) is attributable to intra-cortical
inhibitory processes which tune non-direction selective inputs.
Moreover, response timing is not compatible with an initial PMLS
response driven by area 17 neurons (Dinse & Kruger, 1994;
Katsuyama et al., 1996; Ouellette & Casanova, 2006). An initial
LGN based response of PMLS neurons may lead to directional
responses via intra-cortical processes. It seems reasonable that
inhibitory processing, as proposed by Thiele et al. (2004), could
occur as Huxlin and Pasternak (2001) have demonstrated that
GABAergic neurons are maintained in PMLS following a VC
lesion (lesions in adults). Thus even in normal animals, the initial
PMLS response may be inherited from the LGN (Fig. 6Ba).
Furthermore, a lesion of the LGN subsequent to a neonatal VC
lesion temporarily eliminates orienting behavior in cats (Payne,
2004), arguing for the importance of geniculo-cortical pathways
after cortical lesions.

It could be argued however, that if the LGN was responsible for
the residual selectivity in PMLS then the receptive fields of the
latter should be smaller than that observed in normals. This need
not be the case for two reasons. Firstly, following lesions of VC the
remaining neurons in the LGN have larger than average receptive
fields (Murphy & Kalil, 1979; Tumosa et al., 1989). Secondly, the
size of receptive fields in PMLS have been shown to be indepen-
dent of their input (Illig et al., 2000), which suggests that large
receptive fields are an intrinsic property of PMLS neurons.

The above argument for LGN input to PMLS has focused on
the initial response. The subsequent direction selective response in
PMLS may remain dependent upon the LGN, but may also use
retino-thalamo-cortical (implicating the LP-pulvinar complex)
and/or tecto-thalamo-cortical input. This possibility does not re-
quire the assumption of any supplemental novel intra-cortical
computations. Anatomically, the known reorganization of the vi-
sual system could permit such pathways to contribute to spared
response properties observed in PMLS. In normal animals, PMLS
neurons receive projections from the LP-pulvinar (Fig. 6B b,c,d:
Updyke, 1981; Tong et al., 1982), and this input increases follow-
ing a VC lesion (Fig. 6Ab,c,d: Labar et al., 1981; Tong et al.,
1984; Payne et al., 1993; but see Boire et al., 2004 who have
shown that retino-LP-pulvinar projections may be present even in
normals). Although less conclusive, the results of physiological
studies also suggest that information passing via the LP-pulvinar is
involved in PMLS responses. For example, complex RDK selec-
tivity is present in the LP-pulvinar of normal animals (Dumbrava
et al., 2001; Villeneuve et al., 2006). Whereas this has yet to be
assessed in early VC lesioned animals, encoding of simple motion
is preserved (Desautels & Casanova, 2001) in the LP-pulvinar
following such a lesion. Destruction of the tectum changes the
response properties of neurons in PMLS cortex (Smith & Spear,
1979), specifically there is an increased responsiveness to station-
ary and slowly moving stimuli which does not occur for stimuli
moving at higher velocities. Taken together these data suggest that
past the initial response, residual direction selectivity in PMLS
cortex may be partially attributable to an extra-geniculate thalamo-
cortical pathway involving the LP-pulvinar complex. It remains to
be determined whether the input to this thalamo-cortical route is
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preponderantly a retinal and/or retino-tectal in nature. Regardless,
the mechanisms necessary for motion processing in lesioned ani-
mals may already be present in normal animals (Fig. 6B).

Role of feedback connections

It seems unlikely that feedback connections could, on their own,
evoke robust responses in PMLS because of their multisynaptic
nature. However, they could account for the residual direction
selectivity in PMLS by imposing a directional map in the absence
of highly organized VC input. The importance of feedback con-
nections from PMLS for the emergence of direction selectivity
maps in areas 17 and 18 has been previously demonstrated (Ga-
luske et al., 2002; Shen et al., 2006), however both areas remain
visually responsive despite the loss of direction selectivity. Simi-
larly, the direction selective maps in PMLS may arise from feed-
back projections from higher-order areas (Fig. 6Ae) that are not as
dependent upon VC input. For example, the tecto-thalamo-cortical
route to the lateral bank of the posterior lateral suprasylvian sulcus
(PLLS: Naito & Kawamura, 1982) could impose direction selec-
tivity to residual responses in PMLS via feedback connections
(Grant & Hilgetag, 2005). Visual response latencies also suggest a
role for feedback connections, as the profile of onset latencies in
PMLS following a lesion bear a greater resemblance to those seen
in AMLS and AEV than in normal PMLS (Ouellette & Casanova,
2006).

Comparison with primate

A direct comparison of the present data with previous work in the
primate is difficult because of the paucity of studies in which
lesions were conducted at a young age in primates (Moore et al.,
1996). The few existing studies do suggest certain similarities with
the literature in cats. Early lesions of VC lead to lesser behavioral
deficits than when conducted in adulthood (Moore et al., 1996)
and there is selective survival of larger caliber LGN neurons than
that found in normal animals (Hendrickson & Dineen, 1982). In
the adult, the effect of elimination of VC input on MT neurons is
controversial, with reports ranging from quasi-normal to non-
existent visual responses (Rodman et al., 1989, 1990; Girard et al.,
1992; Kaas & Krubitzer, 1992; Rosa et al., 2000; Azzopardi et al.,
2003; Collins et al., 2003). Interestingly, neither the VC nor the
superior colliculus are necessary for direction selective responses
in MT (Rodman et al., 1990), whereas the elimination of both
abolishes neuronal activity in MT. It is thus tempting to attribute
residual responses in MT following VC lesions to a tecto-thalamo-
cortical route. However a direct transfer of information from the
superior colliculus to MT via the pulvinar must be discarded
(Bender, 1983; Stepniewska et al., 1999) because the main tecto-
recipient portion of the pulvinar does not project to MT. Moreover,
removal of VC silences the pulvinar (Bender, 1983) making it an
unlikely candidate for the transmission of information from the
tectum to cortex in primates. Alternatively, a direct projection from
the LGN to MT is scarce to non-existent (Benevento & Yoshida,
1981; Fries, 1981; Benevento & Standage, 1982; Sorenson &
Rodman, 1999; Stepniewska et al., 1999), and hence unlikely to
explain residual responsiveness. The most likely explanation is
that connections from other cortical areas which receive input from
the tecto-recipient koniocellular layers of the LGN are responsible
for the observed responsiveness in MT (Stepniewska et al., 1999).
Supporting this, deactivation of the LGN eliminates responses in
MT (Maunsell et al., 1990), an effect that cannot be attributed
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solely to the silencing of VC (see earlier). Hence, feedforward and
feedback projections between cortical areas may play an instru-
mental role in residual responses in MT.

Implications for motion processing

Multi-stage models of motion processing have proposed an initial
analysis of local motion cues and a subsequent stage that uses the
extracted information to detect the real motion of a stimulus
(Adelson & Bergen, 1985; Nowlan & Sejnowski, 1995). The first
stage has usually been attributed to primary visual cortex and the
second to MT or PMLS in the primate and cat respectively. The
reduction in the direction selectivity of neurons in the present
study (i.e., decreased mean DI) suggests that the removal of a
preliminary stage does indeed hinder motion processing in PMLS
cortex. On the other hand, the mere presence of residual direction
selectivity to complex stimuli in PMLS suggests that the first stage
is not an absolute necessity. The normal visual system probably
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operates according to the principles of multi-stage models, whereas
this is not the only functionally viable organizational principle for
motion processing. Similar to what was proposed by Illig et al.
(2000) for receptive field size, motion selective responses ob-
served in PMLS may be relatively independent of the afferents
giving rise to them.

Within the framework of PMLS neurons receiving inputs from
a relatively fixed area of the visual field regardless of the origin of
inputs (Illig et al., 2000), the large receptive fields in PMLS would
remain ideally suited to extract the motion cues even from com-
plex motion stimuli. A simple Reichardt type model (Reichardt,
1961) may be sufficient to explain the residual direction selectivity
in PMLS based on LGN inputs. This less efficient form of motion
analysis provided by a Reichardt model may partially explain the
decrease in direction selectivity (i.e., DI) of PMLS neurons. A
Reichardt type model was created to determine whether such a
mechanism could explain the observed direction selectivity. The
direction and velocity tuning curves presented in Fig. 7 (panels
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Fig. 7. Direction (A) and velocity (B) selectivity of the Reichardt model. The model consisted of inputs that mimicked ON and OFF
LGN responses to complex RDKs. A frame by frame 2D cross-correlation of the image was then carried out. Such a model would
produce approximately equal output values regardless of direction or velocity. In order to impose selectivity on the model, certain
regions of the temporally summed cross-correlogram were filtered. This is computationally equivalent to giving greater synaptic weight
to certain spatial shift amplitudes (i.e., a displacement 1-2 versus 1-3 in panel C) and directions (i.e., 1-3 versus 3—-1). The imposed
filter can be seen in panel D. It is composed of an annulus whose intensity has a Gaussian distribution along radial lines extending from
the center, multiplied by a uni-dimensional exponentially increasing function. The position of the peak of the Gaussian equals the
preferred spatial shift (i.e., velocity, if interframe interval is kept constant), whereas velocity bandwidth increases with the width of
the Gaussian. In other words, if the filter was a single central point then the neuron would respond maximally to static stimuli. As the
annulus moves away from the center, the preferred velocity increases proportionally. The exponent of the uni-dimensional function
controls the direction selectivity, whereas the orientation of the latter function determines the preferred direction of the neuron.
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A,B) clearly show that such a model is capable of extracting
directional information, suggesting that PMLS neurons could use
LGN input to extract complex RDK direction.

Alternatively, the first stage analysis may simply be taken over
by another region. Note that this first stage analysis may partially
be taken over by the LGN itself, as some LGN neurons take on
non-linear response properties following VC lesions (Tumosa
et al., 1989). A study of PMLS cortex in VC lesioned animals
during deactivation of the LGN would be necessary to determine
which of these two possibilities is correct.

Conclusion

The present data demonstrate that complex motion selectivity is
still present, albeit reduced, among PMLS neurons following
neonatal lesions of VC. Previously observed increases in direction
discrimination (Pasternak et al., 1995) are not likely attributable to
changes in response properties in PMLS cortex. This improvement
in discrimination likely rests on changes higher up in the cortical
hierarchy. Although the data do not offer a definitive answer, the
presence of complex RDK selectivity supports the role of geniculo-
cortical and extra-geniculate thalamo-cortical pathways in main-
taining near normal response properties in PMLS cortex, coupled
with intracortical processing.
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