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a b s t r a c t

Although primary visual cortex (V1 or striate) activity per se is not sufficient for visual apperception
(normal conscious visual experiences and conscious functions such as detection, discrimination, and
recognition), the same is also true for extrastriate visual areas (such as V2, V3, V4/V8/VO, V5/M5/MST, IT,
and GF). In the lack of V1 area, visual signals can still reach several extrastriate parts but appear incapable
of generating normal conscious visual experiences. It is scarcely emphasized in the scientific literature
that conscious perceptions and representations must have also essential energetic conditions. These
energetic conditions are achieved by spatiotemporal networks of dynamic mitochondrial distributions
inside neurons. However, the highest density of neurons in neocortex (number of neurons per degree of
visual angle) devoted to representing the visual field is found in retinotopic V1. It means that the highest
mitochondrial (energetic) activity can be achieved in mitochondrial cytochrome oxidase-rich V1 areas.
Thus, V1 bear the highest energy allocation for visual representation.

In addition, the conscious perceptions also demand structural conditions, presence of adequate dura-
tion of information representation, and synchronized neural processes and/or ‘interactive hierarchical
structuralism.’ For visual apperception, various visual areas are involved depending on context such as

stimulus characteristics such as color, form/shape, motion, and other features. Here, we focus primar-
ily on V1 where specific mitochondrial-rich retinotopic structures are found; we will concisely discuss
V2 where smaller riches of these structures are found. We also point out that residual brain states are
not fully reflected in active neural patterns after visual perception. Namely, after visual perception, sub-

liminal residual states are not being reflected in passive neural recording techniques, but require active
stimulation to be revealed.

© 2010 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

It is well known that the activities of the primary visual cor-
ex (V1) and higher visual areas (such as V2, V3, V4/V8/VO,
5/M5/MST, IT, and GF) are linked to the visual apperception (nor-
al conscious visual experiences and conscious functions such

s detection, discrimination, and recognition) of visual stimuli
epending on their characteristics and the context.1 However,

t is hardly emphasized in the scientific studies that the visual
pperception and stimulus-representations must have essential
nergetic conditions. These energetic conditions are achieved
y spatiotemporal networks of dynamic mitochondrial distri-
utions inside neurons. The generation of action potentials as
ell as synaptic transmission fundamentally depends on dynamic
itochondrial energetic/redox/Ca2+ and mitochondrial membrane

otential� m, as well as mitochondrial distributions (Tong, 2007;
y and Verstreken, 2006; Verstreken et al., 2005; Hollenbeck, 2005).

Here, we suggest that normal V1 retinotopic visual area is essen-
ial (in addition to extrastriate areas and the necessary ingredients
akefulness, working memory, attention, and re-entry (Vimal,

009c)) for the occurrence of explicit visual consciousness (Vimal,
009b, 2010b) during visual perception.2 Namely, we point out that
ynchronized (coupled) mitochondrial processes, duration of visual
epresentation, and specific mitochondrial-rich early retinotopic
tructures are elementary conditions for the explicit conscious
isual perception. Although V1 activity is not sufficient for nor-
al visual apperception and the same is also true for extrastriate

isual areas (such as V2, V3, V4/V8/VO, V5/M5/MST, IT, and GF),3

pecific mitochondrial-rich (energy-rich) retinotopic structures are
Please cite this article in press as: Bókkon, I., Vimal, R.L.P., Implications on v
BioSystems (2010), doi:10.1016/j.biosystems.2010.04.008

upplied mainly by the primary visual cortex V1.
There are three entities, namely, structure, function, and expe-

ience, which must be linked appropriately. Here, we try to link
tructure and function using the energetic framework, where

1 The color area ‘V8/V4/VO’ refers to visual area V8 of Tootell-group (Hadjikhani
t al., 1998; Tootell et al., 2003), visual area V4 of Zeki-group (Bartels and Zeki,
000), and VO of Wandell-group (Wandell, 1999); they are the same human color
rea (Tootell et al., 2003). VO is ventral-occipital cortex. V5 is visual area 5, MT is
he middle temporal area, and MST is the middle superior temporal area; they are

otion related area. IT is inferior temporal cortex related to object recognition. GF
s fusiform gyrus face area.

2 In this article, we do not deal with the ‘hard’ problem of consciousness. The
hard’ problem related to subjective experiences (SEs) aspect of consciousness is
ddressed in (Vimal, 2008a,b, 2009a,b,d,e, 2010a; Vimal and Davia, 2008) using the
ual-aspect-dual-mode PE-SE framework, where PE is proto-experience.
3 It is controversial that we are aware of neural activity in primary visual cortex

Crick and Koch, 1995a,b; Pollen, 1995, 1999, 2004). According to (LaRock, 2007),
persons with blindsight—a visual disorder caused by damage to cells in V1—can
till be conscious of certain visual features, such as motion (Printz, 2000). This is
ecause the neuronal area that correlates with the awareness of motion receives a
irect visual input that bypasses V1 (Zeki, 2003). Consequently, the evidence gath-
red thus far indicates that V1 might be necessary as a source of inputs to higher
egions of the visual cortex, but could not be the neural correlate of a feature-unified
bject of visual consciousness (cf. (Crick and Koch, 1995a); see also (Printz, 2000)).”
he “explicit conscious visual perception” and “visual apperception” include visual
ubjective experiences and visual functions such as visual detection, discrimination,
nd recognition. These involve also extrastriate areas (such as V2, V3, V4/V8/VO,
5/MT/MST, IT, and GF) in addition to V1.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00

dynamic mitochondrial energetic/redox/Ca2+ and mitochondrial
membrane potential, as well as mitochondrial distributions are
incorporated.

2. Color neural-network involves V1, V2, V4/V8/VO, IT, and
GF

First, we define a neural-network by taking color neural-
network as an example. According to (Vimal, 2009c), “the neural
correlate of color related subjective experiences is ‘V4/V8/VO’-
color-neural-network. One could hypothesize that this network
consists of: (a) the main color processing network in the ventral
pathway (retina → parvocellular layers of the LGN ↔ cytochrome
oxidase-rich blobs (and also interblobs) of the layer 2/3 of V1 ↔ thin
stripes of V2 ↔ ‘V4/V8/VO’) ↔ IT ↔ GF; (b) the attentional network
such as [fast (retinotectal: retina → SC → pulvinar → intraparietal
lobule (IPL)/parietal cortex) and slow (geniculostriate:
retina → LGN → V1 → V2 → ‘V5/MT/MST’ → IPL/parietal cortex)] →
frontal cortex/PFC (such as FEF) ↔ ‘V4/V8/VO’;4 (c) other auxiliary
networks such as emotion, face, and color related network such
amygdala system ↔ GF ↔ IT ↔ ‘V4/V8/VO’, location and color
related dorsal network such as parietal cortex ↔ FEF ↔ ‘V4/V8/VO’,
and so on; (d) the ARAS arousal system that sends projections to
thalamocortical neural-networks to bring them to wakefulness
(Wakefulness is a periodic natural brain state in which a person
is conscious and can perform coherent cognitive and behavior
responses to the external world such as communication, intake of
food and ambulation, procreation) as a baseline for consciousness
to occur; (e) the memory related areas such as PFC, parietal and
visual areas (Lamme, 2003; Pasternak and Greenlee, 2005); and (f)
Self related areas (Bruzzo and Vimal, 2007; Northoff et al., 2006).
The areas up to V2 are involved in processing local aspects of
color vision (Lennie et al., 1990). The visual area V4 is involved in
more global processing such as contextual information in color
constancy, color induction, and color discrimination (Hurvich and
Jameson, 1957; Kaiser and Boynton, 1996; Wray and Edelman,
1996; Zeki, 1983a,b). The IT is involved in color vision (Komatsu et
al., 1992), but its functional role is not clear.”

3. Energy dependence of apperception

It is scarcely stressed in the scientific papers that apperception
(conscious perception/representation/function) requires energetic
conditions. The brain can perceive, detect, discriminate, and recog-
nize consciously just those pieces of external information, which
reach a critical intrinsic energetic level (guaranteed by neuronal
isual apperception: Energy, duration, structure and synchronization.

mitochondrial activity), an adequate duration of information repre-
sentation as well as an adequate coherence levels that is provided
by complex neural structures. At the end, the brain can perceive
these signals consciously.

4 See Section 2 and (Chambers et al., 2004; LaBerge, 1997; LaBerge et al., 2000;
Rossi et al., 2009).

dx.doi.org/10.1016/j.biosystems.2010.04.008
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Nonlinear dynamic biochemical networks in living systems are
ar from thermal equilibrium (Qian and Beard, 2005) that make
ossible to pick up extreme weak different information from the
utside world. The sensory systems, which are results of nonlinear
iochemical processes of cells, have extreme sensitivity to pick up
iverse information from the external world.

Blindsight is the classic example as sensory stimuli that can
ffect behavior without being consciously perceived (Ptito and Leh,
007). However, there is evidence about analogous phenomena. For
xample, a rod cell in the eye can detect and transform a single pho-
on of light into a neural signal (Baylor et al., 1979). However, under
atural circumstances, one photon, if it is below threshold, does not

ead to conscious function (such as detection, discrimination, and
ecognition) in the brain, but it enters the brain, and it activates the
ppropriate system to some extent. The conscious hearing is not
thermal process (Sheppard, 1995); rather, it is a nonlinear pro-

ess of cells if the signal of the surroundings is strong enough. The
ar can also detect weak signal if it is at or above threshold, which
ight not be enough for discrimination and recognition. The ear
orks as a mechanic oscillating system if it gets a suitably strong

ound signal, but it can also perceive weak signals. How? Cells in the
ar may cause continuously an own ultra-weak, electromagnetic
scillation, and the signals of the surroundings could superimpose
n the cells’ own oscillation. In case of sensing smells, there also
xists a sort of non-conscious perception. It was discovered that
he human brain could perceive ultra-weak signals of molecules
pheromones) just like other mammals including rats (Leinders-
ufall et al., 2000). Various behavioral signals relate to the fact that a
sexual nose” (not conscious olfactory perception) acts besides the
thinking nose” (conscious smell perception). This “sexual nose” can
ffect unconsciously the emotions and the behavior. However, even
nformation lacks critical and adequate conditions, sensory stimuli
an enter the brain and can affect oscillation, and the signals of the
urroundings could superimpose on the cells’ own oscillation.

The above mentioned processes are analogous: representation
f various sensory information can become conscious (or explicit) in
ur mind, only if it reaches a threshold level of energy and duration
in case of sight and hearing), or concentration (in the case of olfactory
ensing), and neurostructural conditions are assured.

. Cytochrome oxidase activity corresponds to
itochondrial activity

To date, mitochondria are viewed as simple cellular energy
ources in most of scientific literature. According to Aon et al.
2008), mitochondria act as metabolic and redox hubs as well as
ey integration centers of cellular signaling pathways in eukaryotic
ells. Cytochrome oxidase (CO) is the last enzyme in the mitochon-
rial respiratory electron transport chain that is located in the
itochondrial membrane. The strict coupling between oxidative

nergy metabolism and neuronal activity is the basis for the use of
O as an endogenous metabolic marker for neurons (Wong-Riley,
989). Because CO staining intensity correlates with neuronal func-
ional activity, when we talk about cytochrome oxidase activity we
lso talk about mitochondrial activity. We should keep in mind that
ytochrome oxidase activity may have direct link with mitochondrial
ctivity, distributions, and processes (as in neuronal activity); this
as an enormous importance if we want to understand neuronal
rocesses.
Please cite this article in press as: Bókkon, I., Vimal, R.L.P., Implications on v
BioSystems (2010), doi:10.1016/j.biosystems.2010.04.008

. Mitochondrial networks can reflect the sensory
nformation within neurons during representation

In general, the mitochondrion is described as little roundest
rganelle of a size much smaller than that of the cell. However, cells
 PRESS
ems xxx (2010) xxx–xxx 3

very often contain filamentous mitochondria (Skulachev, 2001).
What is more, vertebrate mitochondria of muscular, connective,
or neuronal tissue are mostly filamentous. It is has been proven
that mitochondrial networks can be electrically coupled and can
coordinate and synchronize each other (Drachev and Zorov, 1986;
Dedov and Roufogalis, 1999; Skulachev, 2001). Namely, mito-
chondria are functionally connected and constitute a dynamical
network inside neuronal cells. Mitochondria frequently fuse and
divide and their morphology and intracellular distribution are
changed according to the energy demand of cells (Müller et al.,
2005).

Mitochondria play elementary roles in cellular life such as redox
homeostasis, ATP production, thermogenesis, free radical creation,
Ca2+ homeostasis, cell growth, apoptosis, various cell signaling, iron
metabolism, steroidogenesis, and can take up about 25% of cell vol-
ume of neurons (Kann and Kovács, 2007; Lemasters et al., 1999; Ly
and Verstreken, 2006).

Mitochondria also take essential roles in the synthesis and
secretion of neurotransmitters. Important steps in the metabolism
of the excitatory glutamate and the inhibitory GABA neuro-
transmitters are located in the mitochondrial tricarboxylic acid
cycle (Waagepetersen et al., 1999). In addition, monoamine
oxidase (MAO) flavo-enzyme, which is localized to the outer
mitochondrial membrane, plays a crucial metabolic role in the
turnover of dopamine, serotonin, norepinephrine, and epinephrine
in the central nervous system (Cohen and Kesler, 1999; Cohen,
2000).

Mitochondria and mitochondrial DNA play also critical roles
in learning and memory and these processes occur in interac-
tion of with nuclear DNA (Roubertoux et al., 2003; Battersby et
al., 2003; Desler et al., 2007). During neuronal communication,
mitochondrial DNA can modulate/regulate nuclear DNA and vice
versa.

There is a direct coupling between mitochondrial organization-
movement-activity and synaptic activity (Mattson, 2007). Infor-
mation processing of different sensory experiences by the brain
is reflected in dynamical changes of the electrical activity in
time, frequency, and space. While the brain processes informa-
tion from different perceptions, the energetic processes (dynamic
mitochondria networks and processes) must reflect the perceived
information processes because the energy demand of neuronal
electrical activity is achieved essentially by mitochondrial pro-
cesses and networks. Since sensory information processes are
directly linked to mitochondrial energetic processes, it means that
information that comes from the different perceptions have to be
represented not only by structural processes (such as neural net-
works) and neuronal electrical activity, but also by spatiotemporal
energetic/redox/Ca2+/� m processes of mitochondrial networks
within neurons. Thus, spatiotemporal mitochondrial processes can
also reflect representations within neurons during sensory experi-
ences (Fig. 1).

Recently, Tong (2007) suggested that the spatiotemporal
dynamic patterns of mitochondrial distribution can work as a
“mitochondrial memory code” that dictates the potentiation of spe-
cific synapses and the plasticity of the neuronal network. However,
spatiotemporal energetic/redox/Ca2+/� m patterns of mitochon-
drial distribution can perform an intrinsic representation patterns
within neurons during various sensory experiences.

Since mitochondrial networks play essential regulating roles in
the turnover of several neurotransmitters, Ca2+ buffering, energetic
and redox processes, and mitochondria occupy up to 25% of cell vol-
isual apperception: Energy, duration, structure and synchronization.

ume in neurons, this suggests that mitochondrial networks may act
as transient intrinsic representation systems (transient “mitochon-
drial memory codes”) inside neurons. However, mitochondria are
not only simple cellular energy sources but also bear fundamental
roles in cellular and neurocellular computational processes.

dx.doi.org/10.1016/j.biosystems.2010.04.008
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n spatiotemporal mitochondrial distributions. These new energetic/redox/calcium
nformation representation systems within neurons during sensory representation

. Methylene blue, cytochrome oxidase activity, and
emory retention

Mitochondrial cytochrome oxidase enzyme (that is an endoge-
ous metabolic marker of neuronal activity and oxidative metabolism)

s the terminal enzyme in the electron transport chain, and it
atalyzes the utilization of molecular oxygen to form water and
TP during oxidative phosphorylation. Low-dose administration of
ethylene blue (MB) can enhance memory retention in normal rats

y increasing brain cytochrome oxidase activity, thereby improving
rain energy production MB serves as a redox compound acts as an
lternative electron acceptor within mitochondria (Gonzalez-Lima
nd Bruchey, 2004; Wrubel et al., 2007). MB appears to work as a
rain metabolic enhancer by increasing mitochondrial cytochrome
xidase activity. Since MB can enhance memory retention by the
eans of mitochondrial cytochrome oxidase activity, these exper-

ments may also support our idea that mitochondrial processes
an have essential roles in the representation of information inside
eurons (Gonzalez-Lima and Bruchey, 2004; Wrubel et al., 2007).

. Activity-dependent neurotransmitter release produces
ctivity-dependent mitochondrial distributions within
Please cite this article in press as: Bókkon, I., Vimal, R.L.P., Implications on v
BioSystems (2010), doi:10.1016/j.biosystems.2010.04.008

eurons

Chen et al. (2007, 2008) showed in in vitro hippocampal neu-
ons that neurotransmitter dopamine and serotonin (5-HT) can
eversibly control mitochondrial motility and distribution via the
tribution patterns (A). Synaptic sensory input from other neurons produces changes
redistributions of mitochondrial networks in space and time can act as transient

Akt-GSK3beta signaling cascade. They found that dopamine dis-
plays a net inhibitory effect on mitochondrial movement, but
serotonin has stimulatory effect on mitochondrial movement. They
proposed that dopamine and 5-HT can determine the mitochon-
drial distribution as energy sources within neurons. However, Chen
et al.’s experiments favor our hypothesis that during various per-
ceptions, mitochondrial networks in space and time can act as
representation networks inside neurons. In other words, during
sensory representation processes, activity-dependent neurotrans-
mitter release (in our case dopamine and serotonin) can produce
activity-dependent mitochondrial distributions in neurons. Thus,
external visual and other types of information can also be rep-
resented by spatiotemporal energetic/redox/Ca++/� m patterns
processes of mitochondrial networks within neurons. Moreover,
mitochondria play crucial roles in the turnover of glutamate, GABA,
dopamine, serotonin, norepinephrine, and epinephrine in the cen-
tral nervous system; this means that mitochondrial distributions
can also regulate neurotransmitter signal processes during sen-
sory representation processes. It seems that there is a fundamental
regulation between classic neurotransmitters and mitochondrial
activity/distribution/functions in neurons.

In summary, mitochondrial distributions can be regulated by
isual apperception: Energy, duration, structure and synchronization.

neurotransmitters. Coordinated energetic/redox/Ca2+/��m distri-
bution processes of mitochondrial networks in space and time can
act as transient representation systems (transient “mitochondrial
memory codes”) in neurons during sensory representation. In other
words, mitochondrial networks can reflect the sensory informa-

dx.doi.org/10.1016/j.biosystems.2010.04.008
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high (strong) level of mitochondrial energy representation (energy
dependent conscious visual threshold). Recently, Lau and Passingham
(2007) suggested that blindsight patients might have conscious
vision, but set their threshold for reporting awareness too high.
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ion within neurons during representation. Mitochondria act as
etabolic and redox hubs as well as fundamental integration cen-

ers of cellular signaling pathways in eukaryotic cells. We should
ot forget that neuronal activity (neurobiological processes) is funda-
entally achieved by mitochondrial procedures. Finally, we should

onsider in the future that mitochondria are not only mere cellu-
ar energy sources but they also have essential roles in cellular and
eurocellular computational processes.

. Mitochondrial-rich retinotopic V1 areas

Retinotopy is a fundamental organizing principle of the visual
ortex. The expanded neural representation of the fovea found in
he retina and lateral geniculate nucleus (LGN) is maintained in the
isual cortex. In primates, LGN, the striate cortex (V1) and several
xtrastriate visual cortical areas are organized in a retinotopic man-
er, respecting the topological distribution of photon stimuli on the
etina (Martínez et al., 1999; Kaido et al., 2004).

The highest density of neurons in neocortex (number of neu-
ons per degree of visual angle) (Rockel et al., 1980; O’Kusky and
olonnier, 1982) and the highest volume of gray matter of the
etino-geniculo-striate pathway devoted to representing the visual
eld (Winter et al., 1969; Barlow, 1981; Perry and Cowey, 1985;
chein, 1988; Felleman and Van Essen, 1991) are found in V1. It is
ardly accidental that the highest mitochondrial (energetic) activ-

ty can be achieved by mitochondrial cytochrome oxidase-rich V1
reas in the brain. Thus, V1 bear the highest energy allocation for
he visual representation.

Since V1 is retinotopic and its input from LGN is monocular, all
roperties must be represented for each eye, except in binocular
eurons of V1 (Cumming and Parker, 1999). Most cells in mitochon-
rial cytochrome oxidase-rich blobs are unoriented and selective
or color, while most cells elsewhere are oriented and not selective
or color (Lu and Roe, 2008). It was concluded that the mitochon-
rial cytochrome oxidase-rich blobs represent monocular sites of
olor processing in primate striate cortex. Since cytochrome oxi-
ase is a mitochondrial respiratory chain (complex IV) enzyme,
e also can use the term mitochondrial-rich blobs. Therefore,
itochondrial-rich blobs can represent monocular sites of color

rocessing in primate striate cortex.
During visual perception, the high activity of cytochrome

xidase is connected to high mitochondrial activity because
ytochrome oxidase is a mitochondrial respiratory chain enzyme.
here is growing evidence that different CO compartments in
1 and V2 are connected in parallel and the projection from
1 cytochrome oxidase blobs (or patches) to V2 thin stripes is
esponsible for color. However, V1 and V2 may represent all sub-
odalities of vision such as color, form, motion, and depth (Sincich

nd Horton, 2005). According to Sincich and Horton (2005), “now
ake it likely that the visual attributes of color, form, and motion

re not neatly segregated by V1 into different stripe compart-
ents in V2. Instead, there are just two main streams, originating

rom cytochrome oxidase patches and interpatches, that project to
2.”

. Iterative/recursive processes during visual perception

During visual perception, the visual system may use itera-
ive/recursive neurocomputation (Deco and Schürmann, 2000)
etween top-down and bottom-up processes as long as the per-
Please cite this article in press as: Bókkon, I., Vimal, R.L.P., Implications on v
BioSystems (2010), doi:10.1016/j.biosystems.2010.04.008

eived image and the activated long-term visual information have a
imilar convergence. V1 and V2 visual areas are not only processors
f afferent information but also targets of feedback circuits of neu-
ons from numerous extrastriate and high-level visual areas. Thus,
terative neurocomputation between recognition spaces and per-
 PRESS
ems xxx (2010) xxx–xxx 5

ceptual spaces may be a basic requirement for visual apperception
(Pollen, 1995, 2008). There are about 11,000 feedback neurons in V2
and 14,000 feedforward neurons in V1 (Rockland, 1997). According
to recent findings, there is a very rapid effect of feedback connec-
tions on the visual responses of neurons in lower order areas (Hupé
et al., 2001; Girard et al., 2001). Namely, the effects of feedback con-
nections delay by less than 10 ms with respect to the beginning of
the responses of neurons in low-order visual areas. The feedback
and feedforward connections between V1 and V2 have compara-
ble fast conduction velocities (around 3.5 m/s) (Girard et al., 2001).
These fast iterative/recursive processes between V1 and V2 are also
essential for that we can consciously identify an object during visual
perception.

10. Blindsight

In humans, the primary visual cortex (V1, striate) is essential
for conscious vision.5 However, in the lack of V1 and in the absence
of awareness, some preserved ability to exactly respond to visual
inputs has been proven (Boyer et al., 2005). This phenomenon
is referred to as blindsight. The visual abilities of subjects with-
out acknowledged awareness have been called Type I blindsight
(or attention blindsight). Type I blindsight characterized by target
detection and localization by saccadic eye movements, relative
velocity discrimination, movement direction, and stimulus orien-
tation detection (Pöppel et al., 1973; Barbur et al., 1980; Weiskrantz
et al., 1995; Weiskrantz, 1986). Type II blindsight (or impaired
awareness) includes remaining visual abilities with awareness i.e.,
semantic priming from words presented in the blind field or con-
sciously detecting a fast-moving stimulus (Weiskrantz et al., 1995;
Marcel, 1998). It was suggested that blindsight might be due to
remaining function in the primary (geniculostriate visual pathway:
mediated by preserved “islands” in V1) or a secondary (retinotectal
visual pathway: projections to the superior colliculus and pulvinar
could provide indirect visual input to the extrastriate areas) pathway
(Fendrich et al., 1992).

However, hemispherectomized patients are good models for
studying remaining visual abilities because entire occipital lobe
has been removed or disconnected from the rest of the brain. In
hemispherectomized subjects, visual signals cannot be executed
by geniculoextrastriate pathways. Thus, visual information from
the blind visual field can only be achieved through the ipsilesional
superior colliculus or the contralesional pulvinar pathway on to
the intact hemisphere (Ptito and Leh, 2007). Recently, Yoshida et
al. (2008) provided evidence that blindsight occurs because visual
information is conveyed bypassing the primary visual cortex. How-
ever, the proposed visual processing mechanisms subserving these
residual visual abilities have been controversial.

11. Blindsight and destruction of V1

The destruction (removal) of V1 cortical area abolishes the pow-
erful energetic representations generated by mitochondrial-rich
networks in retinotopically organized V1 visual neurons. In other
words, without V1, visual information cannot be realized con-
sciously during perception because it cannot reach an adequate
isual apperception: Energy, duration, structure and synchronization.

5 LaRock (2006) summarized the participation of V1 in visual consciousness as
follow: “V1 may be necessary as a source of inputs to higher regions of the visual
cortex, but could not be the neural correlate of feature-unified objects of visual
consciousness (see Crick and Koch, 1995a; Printz, 2000).”

dx.doi.org/10.1016/j.biosystems.2010.04.008
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his suggestion can be in relationship with our notion about energy
ependent conscious visual threshold.

Type II blindsight might due to the preserved “islands” in V1
nd extrastriate areas which get visual information through sub-
ortical pathways that escaped the cortical damage. However, these
reserved “islands” could take a strong enough retinotopic mito-
hondrial energy representation.

In contrast, in Type I blindsight subjects, visual information can-
ot be conveyed by geniculoextrastriate pathways; thus, visual

nformation from the blind visual field can only be transported
y the ipsilesional superior colliculus or the contralesional pulv-

nar on to the intact hemisphere. As a result, hemispherectomized
atients cannot perform any residual visual awareness that is due
o the total lack of retinotopic spatiotemporal mitochondrial-rich
nergy representation in V1. Thus, only some degraded visual infor-
ation can emerge as target detection and localization by saccadic

ye movements, detection of movement direction, etc., that can be
chieved in the intact hemisphere.

According to Lamme (2001), “. . .unconscious visuo-motor
ransformations, as in blindsight, may be executed in an entirely
eedforward processing cycle, while visual awareness is critically
ependent on feedback connections to the primary visual cortex.”
owever, V1 is also essential for iterative/recursive neurocom-
utation between bottom-up and top-down processes, which is
ecessary for the conscious identification of an object during visual
erception.

2. State-dependent phosphenes

Phosphenes can originate at different levels in the visual system
Bókkon and Vimal, 2009; Vimal and Pandey-Vimal, 2007) Cowey
nd Walsh, 2000. Several studies demonstrated that patients could
erceive phosphenes only in the presence of an intact V1 visual
rea (Cowey and Walsh, 2000). Recently, Silvanto et al. (2007)
arried out a number of transcranial magnetic stimulation (TMS)
esearches. After 30 s visual adaptation to a homogeneous color,
MS stimulation was applied on the occipital cortex. This TMS
nduction could elicit phosphenes that took on the color qualities
f the adapting color. For instance, if voluntaries were adapted to a
reen color, they perceived a red negative afterimage into which
he application of TMS-induced green phosphenes (Fig. 2). The
egative afterimages lasted about 69 s. In these experiments, state-
ependent phosphenes persisted for about 91 s, meaning that the
Please cite this article in press as: Bókkon, I., Vimal, R.L.P., Implications on v
BioSystems (2010), doi:10.1016/j.biosystems.2010.04.008

nformation of perceived visual color (after 30 s visual adaptation
o a color) was not consciously represented for 91 s in early visual
reas. This subliminal temporary representation of a color became
xplicit/conscious information, for a moment, by TMS stimulation.

ig. 2. A schematic drawing of TMS-induced phosphenes within the afterimage (see
ext for explanation)
 PRESS
ems xxx (2010) xxx–xxx

These experiments may support the idea that V1 able to sustain
transient subliminal visual information for several seconds. This
sustained, transient subliminal visual information is also necessary
for iterative/recursive feedforward and feedback neurocomputa-
tion between higher and lower areas.

13. Early visual areas can preserve specific information
about visual features for many seconds

According to Harrison and Tong (2009), early visual areas can
maintain specific information about visual features held in working
memory for many seconds when no physical stimulus is present.
Harrison and Tong found that early visual areas are not only
important for processing information about the immediate sen-
sory environment, but can also maintain information in the absence
of direct input to support higher-order cognitive functions. Dur-
ing their orientation-selective tasks, fMRI was used to determine
whether activity in early visual areas could reflect the contents of
working memory. Although decoding of low amplitude signals led
to reliable prediction of the orientation held in memory, Harrison
and Tong found that the overall activity in the visual cortex fell to
near-baseline levels after prolonged delays.

14. Long-lasting subliminal visual representation in early
visual areas after visual perception

The experiments by Harrison and Tong (2009) and Silvanto et
al. (2007) suggest that residual brain states are not fully reflected in
active neural patterns after visual perception. Namely, subliminal
residual states are not being reflected in passive neural record-
ing techniques, but require active stimulation to be revealed. This
required active stimulation can be realized by artificial (external)
stimulations, like TMS, or by natural (internal) stimulations, like
active visualization processes. However, it should be considered at
the perceptional experiments to be made in the future that in many
cases this retained, subliminal visual representation processes can-
not see inevitably by the most modern neural recording procedures,
but require active stimulation to be emerged.

15. Synchronized neural processes, synchronized
mitochondrial energetic processes, and interactive
hierarchical structuralism and binding problem

Synchronized neural processes, possibly, produce synchronized
mitochondrial processes because mitochondria are the sources of
most of neural processes. One could argue that there can be a
differential synchronization rather than uniform synchronization
during visual perception. Neural synchrony has been proposed to be
dominant mechanism to address the binding problem (how various
features that are analyzed in various specific areas are bound together
for unified consciousness, see also (Vimal, 2010a)). However, it has
been criticized by (LaRock, 2006, 2007).

The “neural synchrony hypothesis emphasize that the temporal
correlation of neuronal firings (rather than physical interconnectiv-
ity) is the distinctive neural activity that underlies object feature
binding in visual consciousness” (LaRock, 2006). Furthermore,
(Crick and Koch, 1990) relate the temporal correlation of neuronal
firings with ‘binding’ as follows: “in neural terms binding means
the temporally correlated firing of the neurons involved. In other
isual apperception: Energy, duration, structure and synchronization.

words, neurons in different parts of the cortex responding to the
currently perceived object fire action potentials at about the same
time” (p. 270). Moreover, neuronal synchronies are phase-locked
and the feature ambiguity problem is addressed by the functional
role of attention (Crick and Koch, 1990).

dx.doi.org/10.1016/j.biosystems.2010.04.008
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In the lack of V1 area, visual signals can still reach several extras-
triate parts but appear incapable of generating normal conscious
visual experiences. Here, we pointed out that synchronized (cou-
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However, LaRock (2006) argues that neural synchrony fails to
xplain the unity of visual consciousness on both empirical and
hilosophical grounds: “First, neural synchrony probably cannot
ccount for the enduring character of object representations in
isual consciousness because of its fleeting nature. [. . .] Second,
emporal synchrony could play a functional role other than binding
n object’s attributes together. For example, it could be that neural
ynchrony fundamentally explains the flexibility of our cognitive
rchitecture rather than its binding capacity.”

Third, neural synchrony results primarily from moving stim-
li and is difficult to measure with stationary stimuli. In addition,
ovee and Rolls (1992) suggested that the absence of synchro-
ized neuronal activity in inferior temporal cortex (IT) implies that
synchronization-based mechanism of feature binding should be

ejected.
“Fourth, the experimental data used to confirm the tempo-

al correlation hypothesis were obtained from both anaesthetized
nd awake animals, namely, cats and monkeys . . . synchro-
ized neuronal firings in the 40 Hz range occur in response
o visually presented objects in the brains of both conscious
nd unconscious animals. . . . the same neuronal mechanism
SNFs) allegedly explains both stimulus-related binding correlated
ith consciousness and stimulus-related binding correlated with
nconsciousness” (LaRock, 2006).

Fifth, Crick and Koch (1990) try to address the feature ambiguity
roblem by invoking the attentional mechanism. This needs further
laboration.

“Finally, even if binding were to occur because of some yet to be
iscovered neural mechanism, one could argue that an explanatory
ap would still remain between binding and experience.” In addi-
ion, “the research of (Luck and Beach, 1998) adds further reason
o doubt that neural synchrony could suffice as the mechanism of
bject feature binding at intermediate/higher levels of the visual
ystem. This is because the receptive fields of cells in these areas
re too large, hence increasing the probability of the accidental syn-
hronizations of output neurons that correlate with the attributes
f different objects” (LaRock, 2007).

To address above problems LaRock (2007) proposes interac-
ive hierarchical structuralism (IHS) in place of neural synchrony
ypothesis: “This view suggests that a unified percept (i.e., a

eature-unified object of visual consciousness) is not reducible to
he activity of any cognitive capacity or to any localized neural area,
ut emerges out of the interaction of visual information organized
y spatial structuring capacities correlated with lower, higher, and

ntermediate levels of the visual hierarchy.”
Furthermore, Searle (1992) proposes a weak emergentist

iew of consciousness called biological naturalism: “Consciousness
merges only if there are sufficiently organized neurons present
o allow for suitable causal relations. [. . .] he defends emergentism

erely on grounds of the non-deducible character of consciousness,
ather than also appealing to ‘downwards causation’ in the sense
escribed and defended by those who hold to a stronger notion of
mergentism. [. . .] A stronger notion of emergentism is also ‘down-
ards causation.’ [. . .] Upwards causation leads to the production

f novel features that have their own transient careers. Down-
ards causation refers to holistic emergent processes that control

r constrain lower-level interactions (Varela and Thompson, 2003,
. 273). [. . .] for example, how the cognitive subject’s interpreta-
ions of ambiguous figures [such as Necker cube] supply implicit
vidence for a stronger variety of emergentism” (LaRock, 2007).

LaRock (2007) argues that “IHS is compatible with this stronger
Please cite this article in press as: Bókkon, I., Vimal, R.L.P., Implications on v
BioSystems (2010), doi:10.1016/j.biosystems.2010.04.008

otion of emergence in the sense that a unified percept (i.e., a
eature-unified object of visual consciousness) emerges out of the
nteraction of information organized by spatial structuring capac-
ties that correlate with lower, higher, and intermediate levels of
he visual hierarchy. [. . .] Lower-Level Spatial Structuring the rela-
 PRESS
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tion between the spatial properties of retinal images and the spatial
properties laid out on the surface area of V1 is a relation of struc-
tural coherence [.] Higher-Level Spatial Structuring. Recent evidence
suggests that structural information correlated with IT cortex con-
tributes to object perception in the sense that what is stored in (or
correlated with) IT are 3D structures whose top-down interaction
with incoming information from striate cortex assists in establish-
ing shape assignment . . . Thus, the initial retinotopically organized
V1 embodies information that operates as salient cues (e.g., shape
from shading), causing feedback from 3D structures stored in IT . . .
The visual information that interacts between V1 and IT is orga-
nized by these spatial structuring capacities in order to assist in
achieving shape assignment. . . . neural activity in IT cannot be the
sole mechanism that underlies visual consciousness of objects. [. . .]
Intermediate-Level Spatial Structuring . . . our ability to bind color
[V4/V8/VO] to shape [IT] relies, in part, upon a spatial structur-
ing capacity at the intermediate level. [. . .] IHS implies that visual
consciousness depends upon feedforward to feedback interactions
of information from lower areas to higher areas [. . .]. IHS holds
that consciousness emerges in connection with information imple-
mented upon suitably organized biological systems” (Bold mine).

From above, one could argue that processes related to interactive
hierarchical structuralism might produce IHS related mitochondrial
processes because mitochondria are the sources of most of neural
processes.6 This could be the energetic basis of binding of various
features, such as color, shape, motion and so on. This is because each
cell has mitochondria for supplying energy to cell. V1 has specific
mitochondrial-rich retinotopic structures. The relation between
the spatial properties of retinal images, the spatial properties laid
out on the surface area of V1, and mitochondrial-rich retinotopic
structures in V1 is a relation of structural coherence. V2 has smaller
riches of specific mitochondrial-rich retinotopic structures. Further
extrastriate areas must have mitochondria for supplying energy.
Retinotopic is the property of receptive fields (RF). RFs increase and
retinotopy decreases as we go from V1 to V2 to V4 to IT (shape recog-
nition) to GF. The face recognition area GF has almost no retinotopic
because RFs are very large, but GF neurons must have mitochon-
dria for supplying energy. In other words, both neural synchrony
hypothesis and IHS may have mitochondrial energetic basis.

16. Summary

Our argument is concisely summarized as follows. Without V1
representation:

• There is the absence of synchronized (coupled) powerful mito-
chondrial energetic processes (the highest density of neurons –
the highest mitochondrial (cytochrome oxidase) energetic activ-
ity – in neocortex is found in V1).

• There is the absence of adequate duration of (subliminal) infor-
mation representation.

• There is the absence of feed forward and feedback (from higher to
lower order areas) iterative/recursive processes that is essential
for the conscious identification of an object.

• There is the absence of structural condition (lack of well organized
retinotopic V1, respecting the topological distribution of photon
stimuli on the retina).
isual apperception: Energy, duration, structure and synchronization.

6 IHS is based on the emergentism hypothesis that is materialism, and has a num-
ber of problems including not closing the explanatory gap between experiences and
their respective neural correlates (Vimal, 2010b).

dx.doi.org/10.1016/j.biosystems.2010.04.008
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led) mitochondrial processes, duration of visual representation
that is also needed to the feedforward and feedback iterative/recursive
rocesses), and specific mitochondrial-rich retinotopic structures
n V1 are elementary conditions for the emergence of explicit con-
cious visual perception. We presented several arguments and new
oint of view about that these fundamental demands could be guar-
nteed mainly by the primary visual cortex. However, it is hardly
ccidental that the highest density of neurons in neocortex (num-
er of neurons per degree of visual angle) devoted to representing
he visual field is found in V1. Namely, the highest mitochondrial
energetic) activity can be achieved in mitochondrial cytochrome
xidase-rich V1 areas.

In addition, since mitochondria are not only mere cellular energy
ources but can act as metabolic and redox hubs as well as fun-
amental integration centers of cellular signaling pathways, and
hey have essential roles in cellular and neurocellular computa-
ional processes, we also suggested that mitochondrial networks
ould reflect the sensory information within neurons during rep-
esentation processes.

We also pointed out that residual brain states of early visual
reas are not fully reflected in active neural patterns after visual
erception. That is, subliminal, residual states are not being
eflected in passive neural recording techniques, but require
ctive stimulation to be revealed. Consequently, mitochondrial-
ich retinotopic V1 (early visual areas) structures are not only
lementary conditions for the emergence of explicit conscious
isual perception, but can also maintain subliminal visual repre-
entation for several seconds after visual perception.

onflict of interest

The authors report no conflicts of interest. The authors alone are
esponsible for the content and writing of the paper.

cknowledgments

We would like to thanks anonymous reviewers and Eric
aRock for critical comments and suggestions. (i) Bókkon I.
ratefully acknowledges support of this work by the BioLabor
Hungary), www.biolabor.org; Bókkon’s URL: http://bokkon-
rain-imagery.5mp.eu; and (ii) Vimal R.L.P. would like to
hank VP-Research Foundation Trust and Vision Research
nstitute research Fund for the support. Vimal’s URL:
ttp://sites.google.com/site/rlpvimal/Home.

eferences

on, M.A., Roussel, M.R., Cortassa, S., O’Rourke, B., Murray, D.B., Beckmann, M., Lloyd,
D., 2008. The scale-free dynamics of eukaryotic cells. PLoS One 3, e3624.

arbur, J.L., Ruddock, K.H., Waterfield, V.A., 1980. Human visual responses
in the absence of the geniculo-calcarine projection. Brain 103,
905–928.

arlow, H.B., 1981. Critical limiting factors in the design of the eye and visual cortex.
Proc. R. Soc. Lond. B Biol. Sci. 212, 1–34.

artels, A., Zeki, S., 2000. The architecture of the colour centre in the human visual
brain: new results and a review. Eur. J. Neurosci. 12, 172–193.

attersby, B.J., Loredo-Osti, J.C., Shoubridge, E.A., 2003. Nuclear genetic control of
mitochondrial DNA segregation. Nat. Genet. 33, 183–186.

aylor, D.A., Lamb, T.D., Yau, K.W., 1979. Responses of retinal rods to single photons.
J. Physiol. 288, 613–634.

ókkon, I., Vimal, R.L.P., 2009. Retinal phosphenes and discrete dark noises in
rods: a new biophysical framework. J. Photochem. Photobiol. B: Biol. 96,
255–259, Available: http://sites.google.com/site/rlpvimal/Home/2009-Bokkon-
Vimal-Retinal-dark-noise.pdf.

oyer, J.L., Harrison, S., Ro, T., 2005. Unconscious processing of orientation and color
Please cite this article in press as: Bókkon, I., Vimal, R.L.P., Implications on v
BioSystems (2010), doi:10.1016/j.biosystems.2010.04.008

without primary visual cortex. PNAS USA 102, 16875–16879.
ruzzo, A.A., Vimal, R.L.P., 2007. Self: an adaptive pressure arising from self-

organization, chaotic dynamics, and neural Darwinism. J. Integ. Neurosci. 6,
541–566.

hambers, C.D., Payne, J.M., Stokes, M.G., Mattingley, J.B., 2004. Fast and slow parietal
pathways mediate spatial attention. Nat. Neurosci. 7, 217–218.
 PRESS
ems xxx (2010) xxx–xxx

Chen, S., Owens, G.C., Crossin, K.L., Edelman, D.B., 2007. Serotonin stimulates
mitochondrial transport in hippocampal neurons. Mol. Cell. Neurosci. 36,
472–483.

Chen, S., Owens, G.C., Edelman, D.B., 2008. Dopamine inhibits mitochondrial motility
in hippocampal neurons. PLoS One 3, e2804.

Cohen, G., 2000. Oxidative stress, mitochondrial respiration, and Parkinson’s disease.
Ann. N.Y. Acad. Sci. 899, 112–120.

Cohen, G., Kesler, N., 1999. Monoamine oxidase inhibits mitochondrial respiration.
Ann. N.Y. Acad. Sci. 893, 273–278.

Cowey, A., Walsh, V., 2000. Magnetically induced phosphenes in sighted, blind and
blindsighted observers. Neuroreport 11, 3269–3273.

Crick, F., Koch, C., 1990. Towards a neurobiological theory of consciousness. Semin.
Neurosci. 2, 263–275.

Crick, F., Koch, C., 1995a. Are we aware of neural activity in primary visual cortex?
Nature 375, 121–123.

Crick, F., Koch, C., 1995b. Cortical areas in visual awareness—reply. Nature 377,
294–295.

Cumming, B.G., Parker, A.J., 1999. Binocular neurons in V1 of awake monkeys are
selective for absolute, not relative, disparity. J. Neurosci. 19, 5602–5618.

Deco, G., Schürmann, B.A., 2000. hierarchical neural system with attentional top-
down enhancement of the spatial resolution for object recognition. Vision Res.
40, 2845–2859.

Dedov, V.N., Roufogalis, B.D., 1999. Organisation of mitochondria in living sensory
neurons. FEBS Lett. 456, 171–174.

Desler, C., Munch-Petersen, B., Stevnsner, T., Matsui, S., Kulawiec, M., Singh, K.K.,
Rasmussen, L.J., 2007. Mitochondria as determinant of nucleotide pools and
chromosomal stability. Mutat. Res. 625, 112–124.

Drachev, V.A., Zorov, D.B., 1986. Mitochondria as an electric cable. Experimental
testing of a hypothesis. Dokl. Akad. Nauk. SSSR 287, 1237–1238.

Felleman, D.J., Van Essen, D.C., 1991. Distributed hierarchical processing in the pri-
mate cerebral cortex. Cereb. Cortex 1, 1–47.

Fendrich, R., Wessinger, C.M., Gazzaniga, M.S., 1992. Residual vision in a scotoma:
implications for blindsight. Science 258, 1489–1491.

Girard, P., Hupé, J.M., Bullier, J., 2001. Feedforward and feedback connections
between areas V1 and V2 of the monkey have similar rapid conduction velocities.
J. Neurophysiol. 85, 1328–1331.

Gonzalez-Lima, F., Bruchey, A.K., 2004. Extinction memory improvement by the
metabolic enhancer methylene blue. Learn. Mem. 11, 633–640.

Hadjikhani, N., Liu, A.K., Dale, A.M., Cavanagh, P., Tootell, R.B., 1998. Retinotopy and
color sensitivity in human visual cortical area V8. Nat. Neurosci. 1, 235–241;
Comment in: Nat. Neurosci. 1998 1, 171–173. Comment in: Nat. Neurosci. 1998
1, 335–336.

Harrison, S.A., Tong, F., 2009. Decoding reveals the contents of visual working mem-
ory in early visual areas. Nature 458, 632–635.

Hollenbeck, P.J., 2005. Mitochondria and neurotransmission: evacuating the
synapse. Neuron 47, 331–333.

Hupé, J.M., James, A.C., Girard, P., Lomber, S.G., Payne, B.R., Bullier, J., 2001. Feedback
connections act on the early part of the responses in monkey visual cortex. J.
Neurophysiol. 85, 134–145.

Hurvich, L.M., Jameson, D., 1957. An opponent-process theory of color vision. Psy-
chol. Rev. 64 (Part 1), 384–404.

Kaido, T., Hoshida, T., Taoka, T., Sakaki, T., 2004. Retinotopy with coordinates of
lateral occipital cortex in humans. J. Neurosurg. 101, 114–118.

Kaiser, P.K., Boynton, R.M., 1996. Human Color Vision, 2nd ed. Optical Society of
America, Washington, DC.

Kann, O., Kovács, R., 2007. Mitochondria and neuronal activity. Am. J. Physiol. Cell.
Physiol. 292, C641–C657.

Komatsu, H., Ideura, Y., Kaji, S., Yamane, S., 1992. Color selectivity of neurons in
the inferior temporal cortex of the awake macaque monkey. J. Neurosci. 12,
408–424.

LaBerge, D., 1997. Attention, awareness, and the triangular circuit. Conscious. Cogn.
6, 149–181.

LaBerge, D., Auclair, L., Sieroff, E., 2000. Preparatory attention: experiment and the-
ory. Conscious. Cogn. 9, 396–434.

Lamme, V.A., 2001. Blindsight: the role of feedforward and feedback corticocortical
connections. Acta Psychol. (Amst.) 107, 209–228.

Lamme, V.A., 2003. Why visual attention and awareness are different. Trends Cogn.
Sci. 7, 12–18.

LaRock, E., 2006. Why neural synchrony fails to explain the unity of visual conscious-
ness. Behav. Philos. 34, 39–58.

LaRock, E., 2007. Disambiguation, binding, and the unity of visual consciousness.
Theory Psychol. 17 (6), 747–777.

Lau, H.C., Passingham, R.E., 2007. Relative blindsight in normal observers and the
neural correlate of visual consciousness. PNAS USA 103, 18763–18768.

Leinders-Zufall, T., Lane, A.P., Puche, A.C., Weindong, Ma., Novotny, M.V., Ship-
ley, M.T., Zufall, F., 2000. Ultrasensitive pheromone detection by mammalian
vomeronasal neurons. Nature 405, 792–796.

Lemasters, J.J., Qian, T., Bradham, C.A., Brenner, D.A., Cascio, W.E., Trost, L.C.,
Nishimura, Y., Nieminen, A.L., Herman, B., 1999. Mitochondrial dysfunction in
the pathogenesis of necrotic and apoptotic cell death. J. Bioenerg. Biomembr. 31,
isual apperception: Energy, duration, structure and synchronization.

305–319.
Lennie, P., Krauskopf, J., Sclar, G., 1990. Chromatic mechanisms in striate cortex of

macaque. J. Neurosci. 10, 649–669.
Lu, H.D., Roe, A.W., 2008. Functional organization of color domains in V1 and

V2 of macaque monkey revealed by optical imaging. Cereb. Cortex 18, 516–
533.

dx.doi.org/10.1016/j.biosystems.2010.04.008
http://www.biolabor.org/
http://bokkon-brain-imagery.5mp.eu/
http://sites.google.com/site/rlpvimal/Home
http://sites.google.com/site/rlpvimal/Home/2009-Bokkon-Vimal-Retinal-dark-noise.pdf


 ING

B

ioSyst

L

L

M

M

M

M

N

O

P

P

P
P

P

P

P

P

P

Q

R

R

R

R

S

S
S

S

S

S

T

T

T

V

Zeki, S.M., 1983a. Colour coding in the cerebral cortex: the reaction of
ARTICLEModel

IO-3070; No. of Pages 9

I. Bókkon, R.L.P. Vimal / B

uck, S., Beach, N., 1998. Visual attention and the binding problem: a neurophys-
iological perspective. In: Wright, R. (Ed.), Visual Attention. Oxford University
Press, Oxford, pp. 455–478.

y, C.V., Verstreken, P., 2006. Mitochondria at the synapse. Neuroscientist 12,
291–299.

arcel, A.J., 1998. Blindsight and shape perception: deficit of visual consciousness
or of visual function? Brain 121, 1565–1588.

artínez, A., Anllo-Vento, L., Sereno, M.I., Frank, L.R., Buxton, R.B., Dubowitz, D.J.,
Wong, E.C., Hinrichs, H., Heinze, H.J., Hillyard, S.A., 1999. Involvement of stri-
ate and extrastriate visual cortical areas in spatial attention. Nat. Neurosci. 2,
364–369.

attson, M.P., 2007. Mitochondrial regulation of neuronal plasticity. Neurochem.
Res. 32, 707–715.

üller, M., Mironov, S.L., Ivannikov, M.V., Schmidt, J., Richter, D.W., 2005. Mitochon-
drial organization and motility probed by two-photon microscopy in cultured
mouse brainstem neurons. Exp. Cell Res. 303, 114–127.

orthoff, G., Heinzel, A., de Greck, M., Bermpohl, F., Dobrowolny, H., Panksepp, J.,
2006. Self-referential processing in our brain—a meta-analysis of imaging stud-
ies on the self. Neuroimage 31, 440–457.

’Kusky, J., Colonnier, M., 1982. A laminar analysis of the number of neurons, glia,
and synapses in the visual cortex (area 17) of adult macaque monkeys. J. Comp.
Neurol. 210, 278–290.

asternak, T., Greenlee, M.W., 2005. Working memory in primate sensory systems.
Nat. Rev. Neurosci. 6, 97–107.

erry, V.H., Cowey, A., 1985. The ganglion cell and cone distributions in the mon-
key’s retina: implications for central magnification factors. Vision Res. 25, 1795–
1810.

ollen, D.A., 1995. Cortical areas in visual awareness. Nature 377, 293–294.
ollen, D.A., 1999. On the neural correlates of visual perception. Cereb. Cortex 9,

4–19.
ollen, D.A., 2004. Brain stimulation and conscious experience. Conscious. Cogn. 13,

626–645.
ollen, D.A., 2008. Fundamental requirements for primary visual perception. Cereb.

Cortex 18, 1991–1998.
öppel, E., Held, R., Frost, D., 1973. Residual visual function after brain wounds

involving the central visual pathways in man. Nature 243, 295–296.
rintz, J., 2000. A neurofunctional theory of visual consciousness. Conscious. Cogn.

9, 243–259.
tito, A., Leh, S.E., 2007. Neural substrates of blindsight after hemispherectomy.

Neuroscientist 13, 506–518.
ian, H., Beard, D.A., 2005. Thermodynamics of stoichiometric biochemical networks

in living systems far from equilibrium. Biophys. Chem. 114, 213–220.
ockel, A.J., Hoirns, R.W., Powell, T.P.S., 1980. The basic uniformity of structure of

the neocortex. Brain 103, 221–244.
ockland, K.S., 1997. Elements of cortical architecture: hierarchy revisited. In: Rock-

land, K.S., Kaas, J.H., Peters, A. (Eds.), Cerebral Cortex, vol. 12. Plenum, New York,
pp. 243–293.

ossi, A.F., Pessoa, L., Desimone, R., Ungerleider, L.G., 2009. The prefrontal cortex
and the executive control of attention. Exp. Brain Res. 192, 489–497.

oubertoux, P.L., Sluyter, F., Carlier, M., Marcet, B., Maarouf-Veray, F., Chérif, C., Mar-
ican, C., Arrechi, P., Godin, F., Jamon, M., Verrier, B., Cohen-Salmon, C., 2003.
Mitochondrial DNA modifies cognition in interaction with the nuclear genome
and age in mice. Nat. Genet. 35, 65–69.

chein, S.J., 1988. Anatomy of macaque fovea and spatial densities of neurons in
foveal representation. J. Comp. Neurol. 269, 479–505.

earle, J., 1992. The Rediscovery of Mind. MIT Press, Cambridge, Mass.
heppard, A.R., 1995. Comments on “Trivial influences: a doubly stochastic Pois-

son process model permits the detection of arbitrarily small electromagnetic
signals”. Bioelectromagnetics 16, 12–16.

ilvanto, J., Muggleton, N.G., Cowey, A., Walsh, V., 2007. Neural adaptation reveals
state-dependent effects of transcranial magnetic stimulation. Eur. J. Neurosci.
25, 1874-1681.

incich, L.C., Horton, J.C., 2005. The circuitry of V1 and V2: integration of color, form,
and motion. Annu. Rev. Neurosci. 28, 303–326.

kulachev, V.P., 2001. Mitochondrial filaments and clusters as intracellular power-
transmitting cables. Trends Biochem. Sci. 26, 23–29.

ong, J.J., 2007. Mitochondrial delivery is essential for synaptic potentiation. Biol.
Bull. 212, 169–175.

ootell, R.B.H., Tsao, D., Vanduffel, W., 2003. Neuroimaging weighs in: humans meet
macaques in “primate” visual cortex. J. Neurosci. 23, 3981–3989.
Please cite this article in press as: Bókkon, I., Vimal, R.L.P., Implications on v
BioSystems (2010), doi:10.1016/j.biosystems.2010.04.008

ovee, M.J., Rolls, E.T., 1992. Oscillatory activity is not evident in the primate tem-
poral visual cortex with static stimuli. Neuroreport 3, 369–372.

arela, F., Thompson, E., 2003. Neural synchrony and the unity of mind: a neurophe-
nomenological perspective. In: Cleeremans, A. (Ed.), The Unity of Consciousness:
Binding, Integration, and Dissociation. Oxford University Press, Oxford, pp.
266–287.
 PRESS
ems xxx (2010) xxx–xxx 9

Verstreken, P., Ly, C.V., Venken, K.J., Koh, T.W., Zhou, Y., Bellen, H.J., 2005. Synaptic
mitochondria are critical for mobilization of reserve pool vesicles at Drosophila
neuromuscular junctions. Neuron 47, 365–378.

Vimal, R.L.P., 2008a. Attention and emotion. Annu. Rev. Biomed. Sci. (ARBS) 10,
84–104.

Vimal, R.L.P., 2008b. Proto-experiences and subjective experiences: classical
and quantum concepts. J. Integ. Neurosci. 7, 49–73 (Available: http://sites.
google.com/site/rlpvimal/Home/2008-Vimal-PE-SE-classical-quantum-JIN-
0701-P49.pdf).

Vimal, R.L.P., 2009a. Dual aspect framework for consciousness and its implications:
west meets east for sublimation process. In: Derfer, G., Wang, Z., Weber, M.
(Eds.), The Roar of Awakening. A Whiteheadian Dialogue Between Western Psy-
chotherapies and Eastern Worldviews. Ontos Verlag, Frankfurt/Lancaster, pp.
39–70 (Vol. 3 of Whitehead Psychology Nexus Studies, Longer and corrected ver-
sion is available: http://sites.google.com/site/rlpvimal/Home/Consciousness-
and-its-implications-recent-version.pdf).

Vimal, R.L.P., 2009b. Meanings attributed to the term ‘consciousness’: an
overview. Journal of Consciousness Studies: Special Issue on Defining Con-
sciousness (Ed. Chris Nunn), 16, 9–27, see also http://sites.google.com/
site/rlpvimal/Home/meanings-Vimal.pdf.

Vimal, R.L.P., 2009c. Necessary Ingredients of Consciousness: Integration of
Psychophysical, Neurophysiological and Consciousness Research for the
Red-Green Channel 1(1). Vision Research Institute: Living Vision and Conscious-
ness Research, Available at http://sites.google.com/site/rlpvimal/Home/Vimal-
Necessary-Ingredients-Conciousness-LVCR-2009-II.pdf.

Vimal, R.L.P., 2009d. subjective experience aspect of consciousness part i - inte-
gration of classical, quantum, and subquantum concepts. Neuroquantology
7, 390–410, Available at http://sites.google.com/site/rlpvimal/Home/PE-SE-SQ-
Vimal-LVCR-2009-III.pdf.

Vimal, R.L.P., 2009e. Subjective experience aspect of consciousness. Part II. Integra-
tion of classical and quantum concepts for emergence hypothesis. Neuroquan-
tology 7, 411–434, Available at http://sites.google.com/site/rlpvimal/Home/PE-
SE-Emergence-Vimal-LVCR-2009-IV.pdf.

Vimal, R.L.P., 2010a. Matching and selection of a specific subjective experience:
conjugate matching and subjective experience. June issue of Journal of Integra-
tive Neuroscience, Longer version is available at http://sites.google.com/site/
rlpvimal/Home/Selection-matching-Vimal-LVCR-2009-XII.pdf, forthcoming.

Vimal, R.L.P., 2010b. Quest for the Definition of Consciousness, Qualia,
Mind, and Awareness. In review, available at http://sites.google.com/site/
rlpvimal/Home/DefineC-Vimal-LVCR-2009-V.pdf.

Vimal, R.L.P., Davia, C.J., 2008. How long is a piece of time? – Phenomenal time and
quantum coherence – Toward a Solution. Quant. Biosyst. 2, 102–151.

Vimal, R.L.P., Pandey-Vimal, M.-U.C., 2007. Ancient Historical Scripture and Color
Vision. Color Research and Application 32, 332–333, Available: http://sites.
google.com/site/rlpvimal/Home/2007-Vimal-Pandey-Vimal-
AncientHistScriptColVis-CRA.pdf.

Waagepetersen, H.S., Sonnewald, U., Schousboe, A., 1999. The GABA paradox: mul-
tiple roles as metabolite, neurotransmitter, and neurodifferentiative agent. J.
Neurochem. 73, 1335–1342.

Wandell, B.A., 1999. Computational neuroimaging of human visual cortex. Annu.
Rev. Neurosci. 22, 145–173.

Weiskrantz, L., 1986. Blindsight: A Case Study and Implications. Clarendon Press,
Oxford.

Weiskrantz, L., Barbur, J.L., Sahraie, A., 1995. Parameters affecting conscious versus
unconscious visual discrimination with damage to the visual cortex (V1). PNAS
USA 92, 6122–6126.

Winter, W.D., Kado, R.T., Adey, W.R., 1969. A Stereotaxis Brain Atlas for Macaca
Nemestrina. University of California Press, Los Angeles, pp. 1–93.

Wong-Riley, M.T., 1989. Cytochrome oxidase: an endogenous metabolic marker for
neuronal activity. Trends Neurosci. 12, 94–101.

Wray, J., Edelman, G.M., 1996. A model of color vision based on cortical reentry.
Cereb. Cortex 6, 701–716.

Wrubel, K.M., Riha, P.D., Maldonado, M.A., McCollum, D., Gonzalez-Lima, F., 2007.
The brain metabolic enhancer methylene blue improves discrimination learning
in rats. Pharmacol. Biochem. Behav. 86, 712–717.

Yoshida, M., Takaura, K., Kato, R., Ikeda, T., Isa, T., 2008. Striate cortical lesions affect
deliberate decision and control of saccade: implication for blindsight. J. Neurosci.
28, 10517–10530.

Zeki, S., 2003. The disunity of consciousness. Trends Cogn. Sci. 7, 214–218.
isual apperception: Energy, duration, structure and synchronization.

cells in monkey visual cortex to wavelength and colours. Neuroscience 9,
741–765.

Zeki, S.M., 1983b. Colour coding in the cerebral cortex: the responses of wavelength-
selective and colour-coded cells in monkey visual cortex to changes in
wavelength composition. Neuroscience 9, 767–781.

dx.doi.org/10.1016/j.biosystems.2010.04.008
http://sites.google.com/site/rlpvimal/Home/2008-Vimal-PE-SE-classical-quantum-JIN-0701-P49.pdf
http://sites.google.com/site/rlpvimal/Home/Consciousness-and-its-implications-recent-version.pdf
http://sites.google.com/site/rlpvimal/Home/meanings-Vimal.pdf
http://sites.google.com/site/rlpvimal/Home/Vimal-Necessary-Ingredients-Conciousness-LVCR-2009-II.pdf
http://sites.google.com/site/rlpvimal/Home/PE-SE-SQ-Vimal-LVCR-2009-III.pdf
http://sites.google.com/site/rlpvimal/Home/PE-SE-Emergence-Vimal-LVCR-2009-IV.pdf
http://sites.google.com/site/rlpvimal/Home/Selection-matching-Vimal-LVCR-2009-XII.pdf
http://sites.google.com/site/rlpvimal/Home/DefineC-Vimal-LVCR-2009-V.pdf
http://sites.google.com/site/rlpvimal/Home/2007-Vimal-Pandey-Vimal-AncientHistScriptColVis-CRA.pdf

	Implications on visual apperception: Energy, duration, structure and synchronization
	Introduction
	Color neural-network involves V1, V2, V4/V8/VO, IT, and GF
	Energy dependence of apperception
	Cytochrome oxidase activity corresponds to mitochondrial activity
	Mitochondrial networks can reflect the sensory information within neurons during representation
	Methylene blue, cytochrome oxidase activity, and memory retention
	Activity-dependent neurotransmitter release produces activity-dependent mitochondrial distributions within neurons
	Mitochondrial-rich retinotopic V1 areas
	Iterative/recursive processes during visual perception
	Blindsight
	Blindsight and destruction of V1
	State-dependent phosphenes
	Early visual areas can preserve specific information about visual features for many seconds
	Long-lasting subliminal visual representation in early visual areas after visual perception
	Synchronized neural processes, synchronized mitochondrial energetic processes, and interactive hierarchical structuralism ...
	Summary
	Conflict of interest
	Acknowledgments
	References


