Tracking blue cone signals in the primate brain
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Abstract
In this paper we review the path taken by signals originating from the short
wavelength sensitive cones (S-cones) in Old-World and New-World primates.
Two types of retinal ganglion cells (RGCs) carrying S-cone signals (Blue-ON and
Blue-OFF cells) project to the dorsal lateral geniculate nucleus (dLGN) in the
thalamus. In all primates these S-cone signals are relayed through the ‘dust-like’
(konis in classical Greek) dLGN cells. In New-World primates such as common
marmoset, these very small cells are known to form distinct and spatially
extensive, koniocellular layers. Although in Old-World primates such as
macaques, koniocellular layers tend to be very thin, the adjacent parvocellular
layers contain distinct koniocellular extensions. It appears that all S-cone signals
are relayed through such konio cells whether they are in the main koniocellular
layers or in their colonies within the parvocellular layers of the dLGN. However,
in the primary visual cortex, these signals begin to merge with the signals carried
by the other two principal parallel channels, namely the magnocellular and
parvocellular channels. This article will also review the possible routes taken by
the S-cone signals to reach one of the topographically organized extrastriate
visual cortical areas, the middle temporal area (area MT). This area is the major
conduit for signals reaching the parietal cortex.
Alternative visual inputs to area MT not relayed via area V1 may provide the
neurological basis for the phenomenon of ‘blindsight’ observed in human and
non-human primates who have partial or complete damage to the primary visual
cortex. S-cone signals to area MT may also play a role in directing visual
attention with possible implications for understanding the pathology in dyslexia
and some of its treatment options.

!

2

In Old Word primates (including humans), photopic visual perception is largely based
on the signals conveyed from three classes of cones via the retino-thalamo-cortical
pathway. The cones are classified according to their spectral sensitivity peaks as Long
(L), Medium (M) and Short (S) wavelength sensitive cones. Our chromatic perception
is dependent upon how the brain processes variations in the activity among these
photoreceptors. Chromatic signals in general are processed in two parallel streams,
the red-green system by the parvocellular system1-6 (for reviews, see references 7 and
8) and the blue-yellow system by the koniocellular system6,9,10. Although substantial
amount of work has been done to identify these processing streams in the retina and
the dorsal lateral geniculate nucleus (dLGN) in the dorsal thalamus, our
understanding of the blue-yellow chromatic system in the visual cortex is still at its
infancy. This article briefly reviews the state of knowledge of the processing of the Scone signals in the visual brain of diurnal primates.

Retinal processing of S-cone signals
For a comprehensive review of the origins of the chromatic signals in the retina along
with the retinal circuitry, see reference 8. Briefly, the S-cone signal originates from
the short-wavelength cone and even though the density of S-cones in the retina is far
less than the density of the L or the M-cones, modulations of S-cone activity alone
can provide a reasonably detailed level of visual perception11. The activity of S-cones
is conveyed to the retino-recipient nuclei in the brain by so-called Blue-ON (S+) and
the Blue-OFF (S-) retinal ganglion cells. Morphologically, the Blue-ON RGCs
correspond to small bi-stratified RGCs12, 13. Although it is still unclear how the Blue
OFF signal is transmitted from the retina, at least some wide-field RGCs14 have been
shown in the macaque to contain a blue light sensitive pigment (melanopsin) and
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transmit an irradiance signal (Blue off /Yellow on). However, it is not known how
the short-wavelength signal from the S cones are transmitted to the Blue-OFF cells
that have been identified in the marmoset dLGN15.

Thalamic processing of S-cone signals
In both Old-World and New-World monkeys, retinal axons carrying the S-cone
signals appear to terminate exclusively in the koniocellular regions of the dLGN6,9.
There are no reports of S-cone inputs from the retina directly to other brain regions
such as the superior colliculus. Retinal axons to the dLGN carrying M- and L-cone
signals terminate in the parvocellular and magnocellular regions of the dLGN3,4.
Many cells of the parvocellular regions of the dLGN as well as the RGCs that project
to them correspond to the Type 1 cells1 that were first described by Hubel and Wiesel
in the macaque dLGN. The characteristic feature of Type 1 cells is that the L and M
cone signals are summed in anti-phase (spatial and chromatic opponency). In the
magnocellular RGCs and dLGN cells, as in Type III cells of Wiesel and Hubel1, the
M and L cone signals sum in-phase and there is little or no chromatic opponency
between the centre and the surround1,4,9. The koniocellular regions of the dLGN
contain a wide variety of neurones exhibiting quite heterogeneous characteristics. The
blue-yellow opponent neurones constitute one of the major subtype within this
system. An important distinction between the red-green opponent cells and the blueyellow opponent cells is that the blue/yellow opponency is made up of inputs from all
three types of cones [S-(L+M) or (L+M)-S] and that the blue-yellow opponent cells
do not show centre/surround opponency (Type II cells of Wiesel and Hubel1; cf. also
3.]. However, White and his colleagues16 described a subgroup of cells in the
koniocellular layers of the dLGN of New-World diurnal monkeys (marmosets) whose
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responses to achromatic stimuli have spatial and temporal frequency characteristics
somewhat intermediate between those of the spectrally non-selective parvocellular
and magnocellular cells.
In New World diurnal monkeys, the koniocellular layers are fairly large and
koniocellular cells are essentially not intermingled with those in the parvocellular or
magnocellular layers. In Old World monkeys, such as macaques, the koniocellular
layers are not only much thinner, but form strands or bridges that straddle the
neighbouring parvocellular regions6,17,18. We6, have shown that in macaques dLGN
neurones receiving the S-cone signal are not confined to the koniocellular layers
proper but are also present in the koniocellular extensions into the neighbouring
parvocellular regions.
Insert figure 1 here
Fig. 1A shows a coronal section through a macaque dLGN stained for Nissl
substance (ribonucleic acid, RNA). The somata of neurones contain a lot of RNA and
hence the cellular layers are clearly visible when the dLGN is stained for Nissl
substance. Careful reconstruction of electrode track allowed us identification of
dLGN layers in which functionally different types of cells were located. Compared to
the magnocellular or the parvocellular layers, koniocellular layers show up as
relatively pale areas, since the somata of cells in the koniocellular layers are not only
small but they are also sparsely distributed. Figure 1B shows the photograph of the
same dLGN section as that shown in Figure 1A. However, the picture has been
defocussed using a Gaussian blur filter, since the koniocellular regions can then be
easily visualised (Figure 1B). The two arrows mark the recording positions of two
Blue-ON neurones (open blue circles). As evident from the figure, the bottom unit
was recorded from the intercalated layer (K5) which is evident in the non-blurred
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picture. The relative position of the top unit however is unclear from Fig.1A but lies
within the koniocellular strand that straddles between layers K4 and K5. These
strands become obvious when the image is de-focussed (Fig. 1B), which can be done
with an ordinary light microscope. Koniocellular neurones are to a large extent
neurochemically distinct – unlike neurones in the parvocellular and magnocellular
layers, a high proportion of relay cells in the koniocellular layers express the 28-kDa
calcium-binding protein, calbindin17,18. In the past, the putative presence of the
koniocellular cells in the parvocellular islands of macaque’s dLGN was inferred by
the presence of scatterred calbindin expressing neurones in the parvocellular layers of
dLGN17. Thus, the image de-focussing provides a simple way of demonstrating
koniocellular regions in the macaque dLGN without using procedures such as staining
for the calcium-binding protein, calbindin. It is likely that the very thinness of
intercalated koniocellular layers plus existence of the koniocellular islands within the
parvocellular laminae contributed strongly to the apparent ‘mislocation’ to the
parvocellular layers of cells receiving S-cone inputs in early studies of the macaque
dLGN1,3,4.
Irrespective of the region from which they were recorded (koniocellular layers
themselves or the koniocellular extensions into the parvocellular layers), single
neurones that carry S-cone signals tend to have receptive fields that are larger than
those of parvocellular neurones6. Contrast sensitivity of these units to achromatic
stimuli is also poorer than for parvocellular neurones. The magnitude of neuronal
responses of these blue-yellow koniocellular neurones increases linearly with
increments over a wide range of contrasts. In other words, the responses of
koniocellular neurones which receive S-cone signals, like those of parvocellular
neurones, but unlike those of the magnocellular neurones, do not saturate at relatively
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low (30 - 40%) contrasts but continue monotonically up to 100% contrast when using
sine wave gratings6.
Cells which constitute the Blue-OFF sub-pathway within the S-cone system exhibit
considerable differences from those which constitute the Blue-ON sub-pathway. In
general, these cells are known to be relatively “sluggish” compared to the Blue-ON
cells19. Their response rates have also been reported to be at least three times lower
than those of the Blue-ON cells. While the centres of these cells receive L- and Mcone inputs, the S-cone input to the surround is often combined with other cone inputs
to varying degrees in different cells. However, it is important to note that these BlueOFF cells are still found in the K-layers and are believed to be part of the so-called
“W-like” system15 found in carnivores such as domestic cats20. Indeed in the domestic
cat, the retinal ganglion cells and dLGN cells carrying the S-cone signals exhibit
characteristics of W cells and in case of dLGN they are located exclusively in the Clayers, that is, koniocellular layers of carnivores 21, 22.
Latency of the response of a neurone to the appearance of a visual stimulus or to
electrical stimulation applied earlier along the pathway, is a measure of the speed of
transmission of the neural signal along that pathway. Thus the conduction velocity
within the retino-geniculate pathway can be measured by recording the latency of the
action potential in a dLGN cell evoked by electrical stimulation of the optic chiasm.
This technique had revealed that in macaques, magnocellular signals always took less
than 1.6 ms to travel from the chiasm to the dLGN while the parvocellular signals
take considerably more than 2 ms3,23. However, Roy and colleagues6 found that the
mean latencies of responses of koniocellular dLGN cells with S-cone input to
electrical stimulation of optic chiasma were only slightly longer than those of
red/green opponent parvocellular cells and even this difference was not statistically
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significant. This may seem a bit surprising since the smaller RGCs constituting the
early part of the koniocellular pathway presumably have axons that are thinner and
conducting more slowly than those of RGCs constituting the part of the parvocellular
pathway. However, it is possible that if only one were to measure latencies to
stimulation from a farther point such as the retina instead of the chiasm, difference in
the response latencies of koniocellular and parvocellular might have become
significant. Nevertheless, given the considerable overlap, conduction velocity cannot
be used as a signature of koniocellular cells carrying S-cone signals though it has
been a useful means for identifying magnocellular inputs3, 23.

Processing of S-cone signals in the primary visual cortex
In primates, an overwhelming majority of the relay cells in the dLGN project to the
primary visual cortex (striate cortex, cytoarchitectonic area 17 or area V1; for review
see reference 24). The dLGN neurones carrying the red/green chromatic signals of the
parvocellular system terminate in layers 4A and 4Cβ of the primary visual cortex,
while the axons of the magnocellular dLGN neurones terminate in layer 4 Cα (for
reviews see 25 and 26). These two pathways seem to be in accordance with the
classical neuronal input schemes where the major dorsal thalamic inputs terminate in
layer 4 common to most mammals27. On the other hand, axons from the koniocellular
layers of the dLGN do not terminate in layer 4. Instead, the axons from the K-layers
ventral to the two magnocellular layers (K1 and K2) project to layer 1 and the
superficial part of layer three28. The axons from K-layers ventral to the parvocellular
layers of the dLGN (K3-K6) terminate within the so-called blob areas (that is, regions
containing a lot of mitochondrial enzyme, cytochrome oxidase) of layer 2/3 with
some spill off in to the inter-blob areas and layer 1 (e.g. see figure 4 of reference 28).
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The importance of these K-layer projections to V1 is demonstrated by functional
magnetic resonance imaging (fMRI) studies which have shown that the blue-yellow
system, receiving input from only 10% of the cones, significantly modulates activity
of area V1 of human observers29,30.
In their classical model of the chromatic organisation of the primary visual cortex
Livingstone and Hubel31 proposed that there are two major parallel visual pathways, a
chromatic pathway and an achromatic pathway, that remain segregated at the level of
the primary visual cortex with the neurones with chromatic input being segregated
within the supragranular blob areas. This model has been challenged on a number of
counts. First of all, the third pathway, namely the koniocellular pathway, which has
been fully recognized only some time after Livingstone and Hubel’s proposal, needs
to be accommodated within the scheme. Second, there is considerable opportunity for
convergence of parvo- and magnocellular inputs if one studies the axonal arbours of
geniculate afferents in the V1 and the extent of the dendritic tree of V1 cells32,33.
There is also physiological evidence for convergence between different afferent
pathways23,34. Third, neurones with chromatic inputs have been found in the interblob
parts of supragranular layers of area V1 that poorly stain for cytochrome oxidase35.
Models of chromatic organisation of V1 initially also proposed that colour
preference and orientation selectivity are coded separately31,36, but more recent
experiments suggest that most colour selective cells in the primary visual cortex are
also orientation selective23,37. There is also mixing of colour signals in V1, resulting
in a wide variety of receptive field structures ranging from simple cone opponency
similar to that observed in the dLGN neurones to complex structures such as double
opponent cells38.
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In his seminal book published in 1982, David Marr39, one of the pioneers of what
we now call computational neuroscience, pointed out that coding information about
sub-parts of a visual scene in separate specialised parallel channels is far more
efficient than coding information about all aspects of visual scene in a single channel.
Thus, for natural selection, improvements, adaptations and debugging of any
deleterious phenotypical consequences in a subpart is easier to accomplish within its
corresponding channel than in a system where all sub-parts are carried within one
channel and where complex compensating changes are necessary to ensure that only
coding of one subpart is altered as per the need. However, in order to decode the
information about visual scene adequately, mixing of information from the different
parallel channels representing information along different dimensions, is essential at
some level. As mentioned earlier, some of this mixing of information carried by the
magnocellular and the other two afferent channels seems to occur already at the level
of the primary visual cortex (e.g. see references 23 and 32-34). Some of this evidence
relates also to the S-cone pathway as in the case of the example figure shown in the
study by Vidyasagar and colleagues, where magnocellular and S-cone signals are
shown to converge on a single cell (Fig. 4 of reference 23).
However, mixing of signals can also provide another advantage where the
combined signals, that may include information from the parvocellular or
koniocellular system, can be transmitted rapidly to the dorsal pathway, which can
potentially provide behaviourally relevant, feedback to facilitate complex and
selective processing of incoming sensory information as for example, in focal
attention40. This point will be elaborated further in the following section.

Processing of S-cone signals in the extra-striate cortices of primates
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Colour perception is traditionally associated with the ventral or the ‘what’ or the
‘perception’ pathway41,42. The main cortical target for chromatic signals is area V4,
which constitutes a part of and in fact a major gateway to, the ventral visual pathway
and is generally believed to be also the main colour processing area in the primate
brain (for review see reference 43). The classical ‘dogma’ has it that colour has little
or no role to play in the dorsal, also referred to as the ‘where’41 or the ‘action’42
pathway which is dominated by the colour-blind luminance signals of the
magnocellular channel44.
However, this classical model has been called into question with recent
observations from area MT, an area that is considered an integral part of the
Where/Action pathway. Studies on human observers using functional magnetic
resonance imaging or fMRI45 and visually evoked potentials46 have shown that area
MT receives S-cone inputs. There is also substantial electrophysiological evidence
from studies in non-human primates that neurones in area MT receive a significant
amount of S-cone signals47-51 (also, Jayakumar, Roy, Dreher, Martin & Vidyasagar,
under publication). It is also worth noting that in addition to the magnocellular and Scone signals, parvocellular signals from the dLGN also reach area MT, in this case
presumably mainly via a disynaptic pathway, relaying via layer 6 of area V152.. It is
also worth noting that 28kD calcium binding protein, calbindin which is expressed in
the high proportion of the cells in the koniocellular layers of dLGN of macaques, is
also strongly expressed in neurones located in the supragranular layers 2 and 3 of
areas V1 and V2 of macaques18. Furthermore, calbindin immunopositive cells
concentrate also in layers 2 and 3 of area MT of macaques53.
Although the evidence is fairly unequivocal that area MT does indeed receive Scone signals, it is still unclear as to what pathway these signals take. We have recently
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shown that the S-cone signals that project to macaque area MT reach it via V1 in
some cases and bypassing V1 in others51 (also, Jayakumar, Roy, Dreher, Martin &
Vidyasagar, under publication). We reversibly inactivated V1 either by cooling it
with a Peltier device or using iontophoretic application of the inhibitory transmitter,
GABA and recorded from cells in the topographically corresponding part of area MT
that received S-cone inputs. They showed that in many MT cells with S-cone inputs,
during inactivation of area V1, the responses to S-cone signals did not change
suggesting that these signals might be conveyed to area MT via an alternative
pathway that bypasses area V1. In other MT cells however, S-cone signals to area MT
appear to be routed through area V1, since inactivation of topographically
corresponding parts of area V1 resulted in abolition or reduction of responses to
visual stimuli that modulated exclusively the S-cones.

The most likely source of the S-cone signals to MT that bypass V1 is a direct
projection from the dLGN to area MT, since it has been claimed that the number of
axons in this projection is in fact about 10% of those projecting from V1 and arise
from the koniocellular layers of the geniculate54. As mentioned earlier6, it is very
likely that many of these koniocellular afferents to MT could carry S-cone signals,
since in the macaque, S-cone signals travel almost exclusively through the
koniocellular regions of the dLGN. It has also been shown in other studies that area
MT remains active after complete ablation55 or reversible inactivation56 of ipsilateral
area V1. However, combined removal of ipsilateral striate cortex and ipsilateral
superior colliculus results in complete unresponsiveness of area MT to visual
stimuli57. It was suggested, that the visual signal from the superior colliculus relays
through the pulvinar nucleus to MT. However, chromatically opponent signals seem

!

12

to be absent in superior colliculus58-60. More recently, inactivation of dLGN has been
shown to completely abolish all responses at the extra-striate areas61. Another source
of visual inputs to the pulvinar is the retina itself62-67, but not only is this projection
sparse but there are no indications so far that these projections could include S-cone
signals. In summary, these studies make a direct projection from the dLGN to MT as
one of the most likely paths for the S-cone signals to reach MT.
Insert figure 2 here
Figure 2 illustrates schematically the pathways taken by the S-cone signals to reach
area MT. The S-cone signals from the retina reach the koniocellular regions of the
dLGN. From the dLGN, the koniocellular projections that carry S-cone signals
terminate either in layer 1 or in the cytochrome oxidase rich blobs of supragranular
layers of area V1 with some overlap into the interblob regions. Classical model of
chromatic organisation in V1 had proposed that these S-cone signals project to the
thin cytochrome oxidase rich stripes of V2, which in turn project onto area V425.
However, it is well known that there is significant mixing of the three pathways that
happen either within V1 (see above) and/or in the V1 projection to area V2
compartments68 and/or within area MT itself44. The relay of S-cone signals in V1
may be either via layer 1 where the koniocellular axons from dLGN contact apical
dendrites of layer 4B cells or by the koniocellular afferents that stray into the
interblob areas of layer 2/328, which project to the thick cytochrome oxidase rich
stripes in V2, which in turn project to area MT69.

Implications of the S-cone pathway for behaviour
The alternative input to area MT provides an explanation for the phenomenon of
‘blindsight’, a condition where some visual function still remains after complete loss

!

13

of V1 in humans70-72. The patients usually have little awareness of visual stimuli, but
in some situations, the stimuli can be shown to be processed in tasks that require
access to some cortical areas. Many have postulated that blindsight is mediated by
inputs to area MT that bypass V161,73-75. In this context, our finding51 (also,
Jayakumar, Roy, Dreher, Martin & Vidyasagar, under publication) is particularly
relevant because a recent study on blindsight76 found that in the hemianopic field, Scone modulating stimuli were very effective, and in fact in one patient presentation of
narrow band blue stimuli (427 nm) led to excellent performance but not red stimuli
(peaking at 630 nm). Furthermore Alexander & Cowey76 found these stimuli were
effective only if they came on suddenly rather than slowly. This is consistent with our
own recent finding that area MT cells’ response to S-cone modulation was apparent
only for flashed stimuli but not for drifting stimuli51 (also, Jayakumar et al., under
publication).

The koniocellular pathway77 and S-cones themselves78 can be considered in
evolutionary terms as rather archaic. Though we do not know the fate of S-cone
signals beyond the dLGN in carnivores such as the cat, the similarity of many
response characteristics and the pattern of inputs and outputs indicate area PMLS
(posteromedial lateral suprasylvian area) in the suprasylvian cortex in cats as the
putative homologue of macaque area MT79,80. However, the fact that areas MT and
PMLS are both important way-stations in the dorsal stream and that S-cone signals
are carried exclusively by the koniocellular pathway, suggests that this pathway still
plays an important role in visual perception. This is further supported by the finding
that many S-cone inputs cells in area MT are also directionally selective49. Recent
psychophysical evidence also suggests that visual attention can be directed better by
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stimuli activating the blue/yellow opponent pathway than by the red/green opponent
pathway81. While magnocellularly mediated achromatic signals are able to direct
spatial attention far more efficiently when added to initially isoluminant red/green
stimuli82, addition of achromatic signals to blue/yellow elements in a visual search
task do not confer any advantage81. Thus, the pathways carrying S-cone signals,
being presumptively an early evolutionary invention, may have been co-opted to aid
in focal spatial attention. This might have wider implications for pathologies
involving the dorsal stream or its afferent inputs, especially with regard to the role of
the dorsal stream in attention. One of the functions of the dorsal stream that has been
discussed widely in recent years is its role in directing attention (e.g. see references 83
and 84) and in particular the possible role of posterior parietal regions in directing
visuo-spatial attention for performing complex tasks such as reading40,,85-90. It has
been suggested that the basic pathology in dyslexia may be either a deficit in the
magnocellular pathway that forms the dominant visual input to the dorsal stream or a
lesion in the dorsal stream cortical areas themselves40,90,91. If so, since in visual
search tasks, S-cone signals could direct spatial attention almost as well as
magnocellular signals81, there may be some basis for the oft-repeated claim in many
anecdotal reports and in one recent double-blind controlled study92 that coloured
overlays may be helpful in improving reading performance in children with reading
difficulties. For the small, but apparently significant benefits seen for such use
coloured overlays or tinted glasses, a neurophysiological model has been proposed
that involves the pathways carrying S-cone signals93.
The koniocellular regions of the dLGN that carry the S-cone signal also exhibit a
slow rhythm that correlates with the brain activity recorded by electroencephalogram94. Modifying this rhythm can potentially be used to alter the activity
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of much of the brain itself. If this were true, coming years may reveal the pivotal role
played by the koniocellular pathway in a range of brain functions.
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Figure Legends

Figure 1 demonstrates a technique of easy visualisation of the koniocellular strands in
the parvocellular layers of macaque’s dorsal lateral geniculate nucleus (dLGN).
Figure 1 A shows a coronal section through dLGN of macaque stained for Nissl
substance. Note a reconstructed electrode track indicating the position within the
dLGN where different types of cells were encountered. The koniocellular layers (K1K6) are the relatively pale areas compared to the magnocellular or the parvocellular
layers. Figure 1B shows the photograph of the same coronal section through the
dLGN but this time defocussed using a Gaussian blur filter. The two arrows mark the
recording positions of two Blue-ON units (open blue circles). Cell 1 was located in
the intercalated layer, K5. Cell 2 appears to lie within the koniocellular strand that
straddles between K4 and K5, which becomes evident with the simple blurring
technique.

Figure 2 illustrates the different pathways taken by the S-cone signals to reach the
extrastriate cortical areas cortex. Retinal ganglion cells (RGCs) which receive S-cone
signals project to the koniocellular regions of the dorsal lateral geniculate nucleus
(dLGN). From the dLGN, these signals are sent to the extrastriate middle temporal
area (area MT) either directly or relayed through the primary visual cortex (V1). The
koniocellular inputs to V1 terminate in layer 1 and the cytochrome oxidase rich blobs
in layers 2/ 3 with some ‘spill-over’ into the cytochrome oxidase poor interblob
regions in layers 2/ 3. These well-known projections of S-cone signals are marked
with blue arrows. From the blob and interblob regions in V1, these signals are sent via
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the thin and the pale cytochrome oxidase stripes (marked with black arrows) to the
extrastriate visual area V4. The likely pathway that these signals reach area MT is
unclear and can be either through the layer 4B neurones that project directly to area
MT or via the thick and/or pale cytochrome oxidase stripes of area V2. The S-cone
signals that reach layer 1 of V1 may contact the apical dendrites of pyramidal cells of
layer 3 and layer 4B. These putative pathways are coloured in purple.
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