Zurich Open Repository and

University of Archive

University of Zurich

Z u I’iC h v Main Library

Strickhofstrasse 39
CH-8057 Zurich
www.zora.uzh.ch

Year: 2016

Endogenous spontaneous ultraweak photon emission in the formation of
eye-specific retinogeniculate projections before birth

Békkon, Istvan ; Scholkmann, Felix ; Salari, Vahid ; Csaszar, Noémi ; Kapocs, Gabor

Abstract: In 1963, it was suggested [Sperry, R.W. (1963). Chemoaffinity in the orderly growth of nerve
fiber patterns and connections. Proc. Natl. Acad. Sci. USA 50, 703-710.] that molecular cues can direct
the development of orderly connections between the eye and the brain (the "chemoaffinity hypothesis”).
In the same year, the amazing degree of functional accuracy of the visual pathway in the absence of any
external light /photon perception prior to birth [Wiesel, T.N and Hubel, D.H. (1963). Single-cell responses
in striate cortex of kittens deprived of vision in one eye. J. Neurophysiol. 26, 1003-1017.] was discovered.
These recognitions revealed that the wiring of the visual system relies on innate cues. However, how the
eye-specific retinogeniculate pathway can be developed before birth without any visual experience is still
an unresolved issue. In the present paper, we suggest that Miller cells (functioning as optical fibers),
Miiller cell cone (i.e. the inner half of the foveola that is created of an inverted cone-shaped zone of Miiller
cells), discrete retinal noise of rods, and intrinsically photosensitive retinal ganglion cells might have key
functions by means of retinal spontaneous ultraweak photon emission in the development of eye-specific
retinogeniculate pathways prior to birth.

DOL: https://doi.org/10.1515/revneuro-2015-0051

Posted at the Zurich Open Repository and Archive, University of Zurich
ZORA URL: https://doi.org/10.5167 /uzh-125965

Journal Article

Published Version

Originally published at:

Bokkon, Istvan; Scholkmann, Felix; Salari, Vahid; Csdszar, Noémi; Kapécs, Gébor (2016). Endogenous
spontaneous ultraweak photon emission in the formation of eye-specific retinogeniculate projections before
birth. Reviews in the Neurosciences, 27(4):411-419.

DOTI: https://doi.org/10.1515 /revneuro-2015-0051


https://doi.org/10.1515/revneuro-2015-0051
https://doi.org/10.5167/uzh-125965
https://doi.org/10.1515/revneuro-2015-0051

DE GRUYTER

Rev. Neurosci. 2016; 27(4): 411-419

Istvan Bokkon*, Felix Scholkmann, Vahid Salari, Noémi Csaszar and Gabor Kapacs

Endogenous spontaneous ultraweak photon
emission in the formation of eye-specific
retinogeniculate projections before birth

DOI 10.1515/revneuro-2015-0051
Received September 20, 2015; accepted October 25, 2015; previously
published online December 12, 2015

Abstract: In 1963, it was suggested [Sperry, RW. (1963).
Chemoaffinity in the orderly growth of nerve fiber pat-
terns and connections. Proc. Natl. Acad. Sci. USA 50,
703-710.] that molecular cues can direct the development
of orderly connections between the eye and the brain (the
“chemoaffinity hypothesis”). In the same year, the amaz-
ing degree of functional accuracy of the visual pathway in
the absence of any external light/photon perception prior
to birth [Wiesel, T.N and Hubel, D.H. (1963). Single-cell
responses in striate cortex of kittens deprived of vision in
one eye. J. Neurophysiol. 26, 1003-1017.] was discovered.
These recognitions revealed that the wiring of the visual
system relies on innate cues. However, how the eye-spe-
cific retinogeniculate pathway can be developed before
birth without any visual experience is still an unresolved
issue. In the present paper, we suggest that Miiller cells
(functioning as optical fibers), Miiller cell cone (i.e. the
inner half of the foveola that is created of an inverted
cone-shaped zone of Miiller cells), discrete retinal noise
of rods, and intrinsically photosensitive retinal ganglion
cells might have key functions by means of retinal sponta-
neous ultraweak photon emission in the development of
eye-specific retinogeniculate pathways prior to birth.
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Introduction

The retina is an extension of the brain, structured
embryonically from neural tissue. Sperry (1963), as well
as Wiesel and Hubel (1963), revealed that the wiring of
the visual system relies on innate cues. The develop-
ment and appearance of retinogeniculate pathways
take place prior to birth in the absence of external light/
photon perception. It has been suggested that the prena-
tal development of retinogeniculate pathways involves
activity-dependent mechanisms driven by spontaneous
retinal waves (Feller, 2009; Gjorgjieva and Eglen, 2011),
which is, however, controversially debated (Chalupa,
2007, 2009). The exact role of retinal waves and the ques-
tion if these may perform an instructive or a permissive
role in the construction of eye-specific projections in the
retinogeniculate pathways are not clear yet. To resolve
this issue, we recently suggested (Békkon and Vimal,
2013) a possible mechanism involving the continuous
production of spontaneous ultraweak photon emission
(UPE) caused by natural retinal lipid peroxidation that
might have an instructive role in early development
of the retinogeniculate pathways as well as the initial
appearance of the topographic organizations of the
primary visual cortex (V1) before birth. Here, we expand
our idea and point out that Miiller cells (functioning as
optical fibers as shown by Franze et al., 2007), Miiller
cell cones (i.e. the inner half of the foveola that is created
of an inverted cone-shaped zone of Miiller cells; Gass,
1999), discrete retinal noise by rods (Firsov et al., 2002),
as well as intrinsically photosensitive retinal ganglion
cells (ipRGCs) (Pickard and Sollars, 2012) might have key
functions based on the occurrence of retinal UPE (Wang
et al., 2011) in the development of eye-specific retino-
geniculate pathways prior to birth.
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Miiller cells

There are two types of macroglial cells in the vertebrate
retina: Miiller cells and astrocytes. Miiller cells are the
most common type of glial cells having a particular radial
form that spans the entire thickness of the retina (Kumar
et al., 2013). Miiller cells are rather regularly distributed
within the retina (Dreher et al., 1998). These cells are
responsible for the homeostatic and metabolic support
of retinal neurons. Miiller cells perform several functions
that are essential to the health of the retinal neurons.
These functions include, for example, retinal glucose
metabolism;  neurotransmitter  recycling/mediation;
maintenance of the blood-retinal barrier; maintenance
of survival of photoreceptors and neurons; performance
of neuronal degeneration processes; mediation of trans-
cellular ion, water, and bicarbonate transports; media-
tion of the extracellular space fluid; and being a source
of stem cells (Bringmann et al., 2009; Reichenbach and
Bringmann, 2013). Miiller cells interact with all neurons
in the retinal tissue and directly take part in the regula-
tion of synaptic activity in the inner retina (de Melo Reis
et al., 2008a). Trophic factors of Miiller cells can regulate
numerous functions of neuronal processes such as synap-
togenesis, neuroprotection, and photoreceptor survival as
well as neuron-glia interactions in the retina (de Melo Reis
et al., 2008b; Ruzafa and Vecino, 2015).

Miiller cells, N-methyl-D-aspartate
receptors, and glutamate

Glutamate (glutamic acid) is the most prevalent excitatory
neurotransmitter in the mammalian brain as well as in the
retina (Récasens et al., 2007). There are two major classes
of glutamate receptors (GluRs, G-protein-coupled recep-
tors): metabotropic GluRrs and ionotropic GluRs (Willard
and Koochekpour, 2013). When the presynaptic terminal
releases glutamate, it binds to the postsynaptic glutamate
receptors that produce the influx of Na* and Ca*, which
create membrane depolarization. The N-methyl-D-aspar-
tate receptor (NMDAR) is a subtype of ionotropic glutamate
receptors that has important functions in the experience-
dependent plasticity of the developing visual system.

In the developing retina, the neurotransmitter glu-
tamate is expressed early. This implies that it has impor-
tant functions in the emergence of specific retinal circuits
(Chang et al., 2010). In addition, in the developing rat
retina, the NMDARSs can play essential roles in mediating
neural plasticity. Within the retina, the synaptic complexes
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are surrounded by Miiller cell sheets, and Miiller cells are
surrounded by glutamatergic and GABAergic synapses
(Boulland et al., 2002). It is well known that communica-
tion between neurons is mediated by neurotransmitters;
however, there is increasing evidence that neurotrans-
mitters also affect glia cells. Puro et al. (1996) studied the
effects of the glutamate agonist NMDA on Miiller cells,
which revealed that monoclonal antibodies, specific for
the NMDAR1 subunit, were expressed by human Miiller
cells.

In darkness, the outer part of the retina continu-
ously releases glutamate from photoreceptors, and this
release can be regulated by light (Dowling and Ripps,
1972; Murakami et al., 1972; Rauen and Wiessner, 2000).
Chang et al. (2010) reported that the expression of NR1
and NR2A/B receptor subunits of NMDAR was independ-
ent of visual experience and that light deprivation did
not influenced the functional NMDARSs in the developing
retina of the rabbit.

Miiller cell cone

The macula lutea is a yellowish central portion of the
retina about 5.5 mm in diameter. The fovea centralis (or
fovea) is the center of the macula, which is approximately
1.5 mm in diameter. In this area of the retina, there are only
cone photoreceptors and no rods present. The foveola is
about 0.35 mm in diameter and is placed in the center of
the fovea with only cone cells.

It is a misconception that the foveola is completely
composed of retinal cone cells (Gass, 1999). In 1969,
Yamada investigated the fovea centralis by light and
electron microscopy in the eye of a 45-year-old woman.
Yamada pointed out that the inner half of the foveola con-
sists of an inverted cone-shaped zone of Miiller cells (also
called Miiller cell cones). The Miiller cells’ cytoplasm
was found to have low density within the cone, but in
contrast, it had a greater density elsewhere in the retina
where the Miiller cells were closely intertwined with the
receptor neurites. The Miiller cells’ cytoplasm, compos-
ing the outer portion of the Miiller cell cone, was opti-
cally empty. The internal limiting membrane lining the
inner surface of the Miiller cell cone was 10-20 nm thick
and the peripheral foveal area was 1.5 um. The Miiller
cell cone was free of neurites except near its apex, where
the long outer cone fibers extended from the outer lim-
iting membrane anteriorly and outwardly in a radiating
fashion through the Miiller cell cytoplasm into the sur-
rounding cone nuclei. Later, Hogan et al. (1971) confirmed
Yamada’s findings.
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Miiller cells as optical fibers

To date, it is still a unresolved question why the retina is
inverted in vertebrates. External photons have to go through
numerous inner retinal tissue layers before reaching the
photoreceptors. At first sight, this inverted structure should
produce blurry vision since the external light/photons
must propagate through all the reflecting and scattering
cell layers before triggering the photoreceptors. Recently,
however, new experiments revealed that Miiller cells func-
tion as optical fibers that can guide photons through the
inner retinal tissue (Franze et al., 2007; Agte et al., 2011;
Reichenbach et al., 2014). Every Miiller cell is coupled to
one cone photoreceptor cell in mammalians (Reichenbach
and Robinson, 1995). During photopic vision, the parallel
arrayed Miiller cells could preserve the initial image reso-
lution by means of guiding external photons directly to
their particular cone photoreceptor cell. The low photon
scattering of Miiller cells (increasing the signal-to-noise
ratio, minimizing light reflection) is probably due to their
special structure with abundant long thin filaments that
are oriented along the Miiller cell axis (Franze et al., 2007;
Labin and Ribak, 2010). Labin et al. (2014) recently reported
in Nature Communications that ‘... Miiller cells are wave-
length-dependent wave-guides, concentrating the green-
red part of the visible spectrum onto cones and allowing
the blue-purple part to leak onto nearby rods.” They sug-
gested that ‘...photon propagation by Miiller cells through
the retina can be considered as an integral part of the first
step in the visual process, increasing photon absorption by
cones while minimally affecting rod-mediated vision.’

Xanthophyll is concentrated within
Miiller cell cones

Gass (1999) raised the notion that xanthophyll is concen-
trated within the Miiller cell cone. The yellow color of the
human macula lutea is due to the carotenoid lutein and
zeaxanthin. The xanthophyll lutein and zeaxanthin have
the highest density in the macula, and these pigments
protect the eye from ionizing blue and ultraviolet photons
(Schalch et al., 2007). The retinal xanthophyll is mostly
concentrated within the inner part of the foveola and
perifoveolar region, which are the fiber layers (i.e. recep-
tor axon layer and inner plexiform layer) (Snodderly et al.,
1984; Whitehead et al., 2006). In the foveolar part, there is
only a minimal nerve fiber layer, which makes it likely that
most of the xanthophylls is within the Miiller cells. Xan-
thophylls may modulate light energy and perhaps serve as
a photochemical quenching agent, which is overproduced
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during photopic vision (i.e. during high-photon-intensity
exposition). It was suggested that the xanthophylls can
reduce longitudinal chromatic aberration and improve
acuity (Howarth and Bradley, 1986; Wooten and Hammond,
2002). Thus, during vision, xanthophylls within the Miiller
cells (i.e. optical fibers) may have an essential role in the
modulation of light energy and/or wavelengths. Namely,
xanthophylls do not simply protect the eye from ionizing
blue and ultraviolet photons by absorption, but they also
have a functional role in photon signaling processes while
Miiller cells function as optical fibers. This conclusion can
be related to the experiments of Labin et al. (2014), which
gave the following insight: ‘Miiller cells are wavelength-
dependent wave-guides, concentrating the green-red part
of the visible spectrum onto cones and allowing the blue-
purple part to leak onto nearby rods.’

Spontaneous UPE in neurons
and the retina

UPE (also referred to as ultraweak (bio)chemilumines-
cence, spontaneous ultraweak visible electromagnetic
radiation, biophotons, etc.) is continuously generated
by all living cells in general and in neurons in particular
without any external excitation (Tilbury and Cluickenden,
1988; Devaraj et al., 1991; Scott et al., 1991; Cohen and
Popp, 1997; Takeda et al., 1998; Chang, 2008; Rahnama
et al., 2011; Kobayashi et al., 2014; Alvermann et al., 2015).
UPE originates primarily from natural radical (redox) reac-
tions and the deactivation of excited molecules (Imaizumi
et al., 1984; Nakano, 2005; Kamal and Komatsu, 2015).
Neurons produce UPE through radical reactions during
normal metabolism (Artem’ev et al., 1967; Isojima et al.,
1995; Zhang et al., 1997; Kataoka et al., 2001; Kobayashi
et al., 1999a; Tang and Dai, 2014a; Salari et al., 2015).

The intensity of UPE has been correlated with cerebral
energy metabolism, cerebral blood flow, oxidative reactions,
and electroencephalogram (EEG) activity in the rat brain
in vivo (Kobayashi et al., 1999b), which implies that there
is neural activity-dependent UPE emission in the brain. In
addition, the addition of 10 mMm glutamate could induce
increased UPE from brain slices. UPE intensity changes are
correlated with the local tissue hemodynamic (i.e. blood
flow) and oxygenation status (Scholkmann et al., 2013).

UPE can be generated by neuronal membrane depo-
larization by means of a high concentration of K* and
attenuated by tetrodotoxin or elimination of extracellular
Ca*, as demonstrated in rat cerebellar granule neurons
in the visible range (Kataoka et al., 2001). This indicates
that the UPE is dependent on neuronal activity and on
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cellular metabolism. Additionally, UPE can be inhibited
by 2,4-dinitrophenylhydrazine, indicating that UPE could
be originated from oxidized molecules.

Recently, we presented the first experimental in vitro
proof about the existence of spontaneous and visible light-
induced UPE from freshly isolated rats’ whole eye, lens, vit-
reous humor, and retina (Wang et al., 2011). Sun et al. (2010)
revealed that ultraweak photons can be conducted along
neural fibers. Tang and Dai (2014b) reported that glutamate-
induced UPE intensity reflects UPE transmission along the
axons and in neural circuits. They found that the long-last-
ing application of a high concentration of glutamate created
a gradual and significant increase in UPE that peaked after
90 min in mouse coronal and sagittal brain slices.

Catala (2006) revealed that radicals from lipid peroxi-
dation of the photoreceptors can produce UPE in the visual
spectrum. Narici et al. (2012) also reported that lipid per-
oxidation of the photoreceptors can create UPE. It is very
likely that the so-created photons can be absorbed by the
photoreceptors that initiate a photo-transduction cascade.

It should be considered that the real UPE intensity
within cells can be fundamentally higher than one would
expect from measurements of UPE, which are generally
done macroscopically several centimeters apart from the
tissue or cell cultures (Bokkon et al., 2010). Especially the
cell/tissue interface causes a strong reflection so that a
large fraction of UPE is back-reflected to the origin and is
not measured. Thus, we conclude that a significant frac-
tion of the naturally occurring UPE cannot be measured or
quantified because it is absorbed and scattered during the
transmission from origin to the measurement device. Light
originating from biological tissue is attenuated according
to the wavelength-dependent attenuation coefficient of the
tissue (u ), given as u_=[(Gu, (1 +1.)]°%, with the absorp-
tion coefficient (1) and the reduced scattering coefficient
(u.) defined as u'=u (1-g) with the scattering coefficient (u_)
and the anisotropy factor (g). For biological tissue, u_ and
u. generally vary in the optical range u,=0.03-1.6 cm™ and
u./=1.2-40 cm’, and the anisotropy factor is in the range
of 0.7-0.9 (Sandel and Zhu, 2011). Each absorbing and
scattering structure within the tissue (e.g. chromophores)
has specific optical properties so that the final transmit-
ted light is attenuated by the sum of all attenuations by all
these diverse structures. The damping of the light intensity
follows an exponential function modeled by the modified
Beer-Lambert law (Scholkmann et al., 2014). In addition,
Blake et al. (2011) demonstrated that UPE steaming from
cells and neurons are produced mainly from natural oxida-
tion processes on the surfaces of cellular membranes.

It might be that biophotonic (i.e. based on UPE) and
bioelectronic (i.e. spike-related neural electrical signals)
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activities are associated processes within the nervous
system, and their synergistic action may play significant
roles in neural signal processing mechanisms.

Hypothesis: formation of eye-
specific retinogeniculate projections
before birth by the help of UPE

Miiller cells, UPE, and retinogeniculate
pathways prior to birth

If we consider the facts mentioned in the previous sec-
tions, it might be implied that continuously generated
UPE within the retinal system (Wang et al., 2011) may
have a functional role in early development of the retin-
ogeniculate pathways and in the initial appearance of
the topographic organizations of the lateral geniculate
nucleus (LGN) and the primary visual cortex (V1) before
birth. Retinal UPE can continuously guarantee intrinsic
cues through phototransduction cascades to the LGN and
V1 regions that ‘interpret’ these retinal UPEs as if they
originated in the external visual world. This hypothesis
can meet Chalupa’s (2009) proposal that instructive cues
for the development of eye-specific retinogeniculate path-
ways are combined with retinal waves. Thus, UPE may
guarantee specific instructive cues.

More explicitly, it is possible that Miiller cells have
essential roles in the development of the eye-specific
retinogeniculate pathways. Spontaneously emitted
ultraweak photons originating from Miiller cells (since all
living cells emit UPE; Wang et al., 2011) can also achieve
specific cues and activity on cone photoreceptors because
every Miiller cell is coupled to one cone photoreceptor cell
in mammalians.

The communication between neurons is mediated
by neurotransmitters, but neurotransmitters also affect
glia cells (bi-directional communication). It seems that
Miiller cells can express NMDARs (Puro et al., 1996). The
glutamate-induced UPE intensity reflects UPE transmis-
sion along the axons and in neural circuits (Tang and Dai,
2014a,b). The intensity of UPE correlates with cerebral
energy metabolism, cerebral blood flow, and oxidative
reactions, and glutamate could induce increased UPE
activity (Isojima et al., 1995; Kobayashi et al., 1999a,b).
Miiller cell sheets and Miiller cells are surrounded by
glutamatergic synapses (Boulland et al., 2002). On the
basis of these facts, we conclude that the bi-directional
communication between retinal neurons and Miiller cells
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by glutamate may also produce bi-directional glutamate-
induced UPE optical communication that may guarantee
specific instructive cues for the development of eye-spe-
cific retinogeniculate pathways.

Miiller cell cone, UPE, and retinogeniculate
pathways prior to birth

UPE may also have a functional role in the development
of cortico retinogeniculate topographic maps via Miiller
cell cones. In this case, endogenous UPE produced inside
Miiller cells is conducted and absorbed by natural pho-
tosensitive chromophores within Miiller cells. These
absorbed ultraweak photons then could produce excited
biomolecules, and a resonance energy transfer to nearby
biomolecules could take place. Next, these processes
could induce conformation changes and trigger complex
signal processes steps within and between (e.g. glutamate
releasing) retinal cells.

Discrete dark noise of rods, UPE, and
retinogeniculate pathways prior to birth

Spontaneous rhodopsin activation produces discrete
noise events that are indistinguishable from single-pho-
ton responses. Recently, we proposed that the discrete
dark noise of rods can be due to the naturally occurring
spontaneous UPE in the retina (Békkon and Vimal, 2009).
Namely, under physiological conditions, lipid oxidation is
a naturally occurring process in cells and also in retinal
membranes. Since natural lipid oxidation is an essential
source of UPE and since photoreceptors have the highest
oxygen demand and polyunsaturated fatty acid (PUFA)
concentration (Nielsen et al., 1986; Youdim et al., 2000;
Yu and Cringle, 2001), there can be a continuously occur-
ring UPE taking place without external photonic stimu-
lation in the retina. During photopic or scotopic vision,
retinal UPE is negligible, but in dark-adapted retinal cells,
this UPE is not negligible. Rods can absorb the released
ultraweak photons, which originated from the lipid per-
oxidation of PUFAs of adjacent rods (Bokkon and Vimal,
2009). It is also possible that a given rod generated UPE,
which changes its direction, and a little later, it might
absorb its own UPE.

However, the naturally occurring lipid peroxidation
takes place not only during scotopic vision and photopic
vision but also during the development of retinogenicu-
late pathways. It was revealed that there are gap-junction
and gap-junction-independent rod signal pathways from
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rod photoreceptors to ganglion cells in mammalian retina
(DeVries and Baylor, 1995; Brown et al., 2011). UPE from
rods may also have roles when it might absorb its own
ultraweak photons via ganglion cells during the develop-
ment of retinogeniculate pathways before birth. Thus, it
is probable that discrete noise events of rods, produced
by UPE, are in direct connection with the development of
retinogeniculate pathways prior to birth.

ipRGCs, UPE, and retinogeniculate pathways
prior to birth

Rod and cone photoreceptors transform light/photon
signals into electrical signals and convey this informa-
tion for both image- and non-image-forming visual func-
tions by means of RGCs. Among their several structural
and functional differences from the classical rod and
cone photoreceptors, ganglion cells send direct axonal
projections to the brain. In the mammalian retina, about
0.2-4% of RGCs express melanopsin photopigments that
are directly photoreceptive, termed ipRGCs. ipRGCs have
numerous functions, including photoentrainment of
the biological clock, pupillary light reflex/constriction,
light-induced suppression of pineal melatonin secretion,
sleep regulation, and some aspects of vision (Ecker et al.,
2010; Zhao et al., 2014). The most part of ipRGCs produces
extrinsic and synaptically driven photoresponses as well
as intrinsic light responses (Wong et al., 2007). ipRGC cells
can project to the superior colliculus that has a precise
retinotopic map. The superior colliculus area of the brain
can detect novel objects in the visual scene, suggesting
that ipRGCs may contribute to visual function as signals
giving information about form and motion. ipRGCs also
contribute to the modulation of retinal waves by intrareti-
nal signals via gap junctions and glutamate receptors.
RGCs project ions to the brain, one reflecting the eye of
origin and the other, retinotopic location. Recent experi-
ments by Xu et al. (2015) suggest the instructive role for
spontaneous retinal activity in both eye-specific segrega-
tion and retinotopic refinement.

Since all living cells as well as neurons continuously
emit UPE without any external excitation; since we experi-
mentally proved (Wang et al., 2011) the existence of UPE
from a freshly isolated rats’ whole eye, lens, vitreous
humor, and retina; and since the glutamate-induced UPE
intensity reflects UPE transmission along the axons and
in neural circuits (Tang and Dai, 2014a,b), we hypothesize
that UPE is also produced within ipRGCs. UPE, produced
inside ipRGCs, can be absorbed by natural photopigments
of ipRGCs that can trigger and modulate retinal waves or
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send signals to the retinotopic superior colliculus (Chan
et al., 2011) (among others structures) prior to birth.

Summary

— Before birth, UPE is produced by Miiller cells, which
may create specific cues and activity by glutamate-
induced ultraweak photons on cone photoreceptors
(because every Miiller cell is coupled to one cone
photoreceptor cell). UPE generated by Miiller cells
can be absorbed by cone photoreceptors and can be
converted into retinal electrical signals. These UPE-
induced retinotopic electrical signals may be then
conveyed to the LGN and to V1, where spike-related
electrical signals are induced along classical axonal-
dendritic pathways that may guarantee specific
instructive cues for the development of eye-specific
retinogeniculate pathways.

— The Miiller cell cone area may also guarantee specific
instructive cues for the development of retinogenicu-
late pathways, but in this case, ultraweak photons
inside Miiller cells are conducted and absorbed by
natural photosensitive chromophores (xanthophylls
may have some functions in these processes), which
may induce electric signal processes within and
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between retinal cells offering instructive signals that
are than conveyed to LGN and to V1 for the develop-
ment of eye-specific retinogeniculate pathways prior
to birth.

— UPE from rods may also have functional roles when
rods might absorb their own ultraweak photons and
with this send signals via ganglion cells in the devel-
opment of retinogeniculate pathways before birth.

— UPE created within ipRGCs may be also absorbed by
photopigments of ipRGCs that can elicit and modulate
retinal waves or send signals to the retinotopic supe-
rior colliculus prior to birth.

It is well known that there are about 6 million cone cells
and about 120 million rod cells in the human retina. What
is not known is the real UPE intensity within the retina.
Thus, in the present stage, we cannot support our hypoth-
esis by calculations or quantitave modeling. However,
experimental findings support our notion that UPE also
can induce retinotopic electrical signals conveyed to the
LGN and to V1 and initial appearance of the topographic
organizations of the primary visual cortex before birth.
Namely, rod cells in the eye can perceive and transform a
single photon into a neural signal (Field et al., 2005) and
cone cells require the coincident absorption of only four
to seven photons to generate a detectable signal (Schnapf

Intrinsically photosensitive
/ retinal ganglion cell

_.-Ganglion cell

 Rod ‘Ultraweak_ _
,.~* photon emission

Figure 1: Visualization of the retinal ultraweak photon emissions as biophysical molecular cues in the development of retinogeniculate

pathways prior to birth.

1: Before birth, UPE produced by Miiller cells may create specific cues and activity by glutamate-induced UPE on cone photoreceptors.

2: Miiller cell cone areas may also guarantee specific instructive cues for the development of retinogeniculate pathways, but in this case,
ultraweak photons inside Miiller cells are conducted and absorbed by natural photosensitive chromophores that can induce electric signal
processes within and between retinal cells. 3: UPE from rods may also have functional roles when rods might absorb their own ultraweak
photons and send signals via ganglion cells in the development of retinogeniculate pathways before birth. 4: UPE created within ipRGCs
can be absorbed by photopigments of ipRGCs that can elicit and modulate retinal waves or send signals to the retinotopic superior collicu-

lus prior to birth.
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et al., 1990; Miller and Korenbrot, 1993; Donner et al.,
1998). The fact is that rods and cones can detect extremely
weak optical signals.

We are of the opinion that the bioelectric and, pos-
sibly, biophotonic processes taking place in the retinal
system form a complex system of regulation and informa-
tion exchange, whereas the functional and complex roles
of retinal ultraweak photons might act as biophysical
molecular cues (Figure 1) in the development of retino-
geniculate pathways.

References

Agte, S., Junek, S., Matthias, S., Ulbricht, E., Erdmann, I., Wurm, A.,
Schild, D., Kds, J.A., and Reichenbach, A. (2011). Miiller glial
cell-provided cellular light guidance through the vital guinea-
pig retina. Biophys. ). 101, 2611-2619.

Alvermann, M., Srivastava, Y.N., Swain, )., and Widom, A. (2015).
Biological electric fields and rate equations for biophotons.
Eur. Biophys. J. 44, 165-170.

Artem’ev, V.V., Goldobin, A.S., and Gus’kov, L.N. (1967). Recording
of light emission from a nerve. Biofizika 12, 1111-1113.

Blake, T., Dotta, B.T., Buckner, C.A., Cameron, D., Lafrenie, R.M.,
and Persinger, M.A. (2011). Biophoton emissions from cell cul-
tures: biochemical evidence for the plasma membrane as the
primary source. Gen. Physiol. Biophys. 30, 301-309.

Bokkon, I. and 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.

Bokkon, I. and Vimal, R.L.P. (2013). Theoretical implications on
(color) visual representation and cytochrome oxidase blobs.
Act. Nerv. Super. 55, 15-37.

Bokkon, 1., Salari, V., Tuszynski, J., and Antal, I. (2010). Estimation of
the number of biophotons involved in the visual perception of
a single-object image: biophoton intensity can be considerably
higher inside cells than outside. J. Photochem. Photobiol. B
Biol. 100, 160-166.

Boulland, J.L., Osen, K.K., Levy, L.M., Danbolt, N.C., Edwards, R.H.,
Storm-Mathisen, J., and Chaudhry, F.A. (2002). Cell-specific
expression of the glutamine transporter SN1 suggests differ-
ences in dependence on the glutamine cycle. Eur. J. Neurosci.
15,1615-1631.

Bringmann, A., Pannicke, T., Biedermann, B., Francke, M., landiev, I.,
Grosche, J., Wiedemann, P., Albrecht, J., and Reichenbach, A.
(2009). Role of retinal glial cells in neurotransmitter uptake
and metabolism. Neurochem. Int. 54, 143-160.

Brown, T.M., Allen, A.E., Wynne, J., Paul, D.L., Piggins, H.D., and
Lucas, R.J. (2011). Visual responses in the lateral geniculate
evoked by Cx36-independent rod pathways. Vision Res. 51,
280-287.

Catala, A. (2006). An overview of lipid peroxidation with emphasis
in outer segments of photoreceptors and the chemilumines-
cence assay. Int. ). Biochem. Cell Biol. 38, 1482-1495.

Chalupa, L.M. (2007). A reassessment of the role of activity in the
formation of eye-specific retinogeniculate projections. Brain
Res. Rev. 55, 228-236.

I. Bokkon et al.: Ultraweak photon emission in eye-specific retinogeniculate projections —— 417

Chalupa, L.M. (2009). Retinal waves are unlikely to instruct the
formation of eye-specific retinogeniculate projections. Neural.
Dev. 4, 25.

Chan, K.C., Li, )., Kau, P., Zhou, LY., Cheung, M.M., Lau, C., Yang, ).,
So, K.F., and Wu, E.X. (2011). In vivo retinotopic mapping of
superior colliculus using manganese-enhanced magnetic reso-
nance imaging. Neuroimage 54, 389-395.

Chang, J.J. (2008). Physical properties of biophotons and their
biological functions. Indian J. Exp. Biol. 46, 371-377.

Chang, Y.C., Chen, C.Y., and Chiao, C.C. (2010). Visual experience-
independent functional expression of NMDA receptors in the
developing rabbit retina. Invest. Ophthalmol. Vis. Sci. 51,
2744-2754.

Cohen, S. and Popp, F.A. (1997). Biophoton emission of the human
body. J. Photochem. Photobiol. B Biol. 40, 187-189.

de Melo Reis, R.A., Cabral-da-Silva, Me., de Mello, F.G., and Taylor, J.S.
(2008a). Miiller glia factors induce survival and neuritogenesis of
peripheral and central neurons. Brain Res. 1205, 1-11.

de Melo Reis, R.A., Ventura, A.L., Schitine, C.S., de Mello, M.C.,
and de Mello, F.G. (2008b). Miiller glia as an active compart-
ment modulating nervous activity in the vertebrate retina:
neurotransmitters and trophic factors. Neurochem. Res. 33,
1466-1474.

Devaraj, B., Scott, R.Q., Roschger, P., and Inaba, H. (1991).
Ultraweak light emission from rat liver nuclei. Photochem.
Photobiol. 54, 289-293.

DeVries, S.H. and Baylor, D.A. (1995). An alternative pathway for
signal flow from rod photoreceptors to ganglion cells in mam-
malian retina. Proc. Natl. Acad. Sci. USA 92, 10658-10662.

Donner, K., Hemil, S., and Koskelainen, A. (1998). Light adapta-
tion of cone photoresponses studied at the photoreceptor and
ganglion cell levels in the frog retina. Vision Res. 38, 19-36.

Dowling, J.E. and Ripps, H. (1972). Adaptation in skate photorecep-
tors. ). Gen. Physiol. 60, 698-719.

Dreher, Z., Wegner, M., and Stone, ). (1998). Miiller cell endfeet at
the inner surface of the retina: light microscopy. Vis. Neurosci.
1,169-180.

Ecker, J.L., Dumitrescu, O.N., Wong, K.Y., Alam, N.M., Chen, S.K.,
LeGates, T., Renna, J.M., Prusky, G.T., Berson, D.M., and Hattar,
S. (2010). Melanopsin-expressing retinal ganglion-cell photo-
receptors: cellular diversity and role in pattern vision. Neuron
67, 49-60.

Feller, M.B. (2009). Retinal waves are likely to instruct the forma-
tion of eye-specific retinogeniculate projections. Neural Dev.
4,24,

Field, G.D., Sampath, A.P., and Rieke, F. (2005). Retinal processing
near absolute threshold: from behavior to mechanism, Annu.
Rev. Physiol. 67, 491-514.

Firsov, M.L., Donner, K., and Govardovskii, V.. (2002). pH and rate
of “dark” events in toad retinal rods: test of a hypothesis on
the molecular origin of photoreceptor noise. J. Physiol. 539,
837-846.

Franze, K., Grosche, J., Skatchkov, S.N., Schinkinger, S., Foja, C.,
Schild, D., Uckermann, 0., Travis, K., Reichenbach, A., and
Guck, J. (2007). Muller cells are living optical fibers in the ver-
tebrate retina. Proc. Natl. Acad. Sci. USA 104, 8287-8292.

Gass, J.D. (1999). Miiller cell cone, an overlooked part of the
anatomy of the fovea centralis: hypotheses concerning its
role in the pathogenesis of macular hole and foveomacualr
retinoschisis. Arch. Ophthalmol. 117, 821-823.



418 —

Gjorgjieva, ). and Eglen, S.). (2011). Modeling developmental
patterns of spontaneous activity. Curr. Opin. Neurobiol. 21,
679-684.

Hogan, M.)., Alvarado, J.A., and Weddell, J.E. (1971). Histology of the
Human Eye: An Atlas and Textbook (Philadelphia, PA, USA: WB
Saunders Co), pp. 492-497.

Howarth, P.A. and Bradley, A. (1986). The longitudinal chromatic
aberration of the human eye and its correction. Vis. Res. 26,
361-366.

Imaizumi, S., Kayama, T., and Suzuki, ). (1984). Chemiluminescence
in hypoxic brain-the first report. Correlation between energy
metabolism and free radical reaction. Stroke 15, 1061-1065.

Isojima, Y., Isoshima, T., Nagai, K., Kikuchi, K., and Nakagawa, H.
(1995). Ultraweak biochemiluminescence detected from rat
hippocampal slices. Neuroreport 6, 658—660.

Kamal, A.H. and Komatsu, S. (2015). Involvement of reactive oxygen
species and mitochondrial proteins in biophoton emission in
roots of soybean plants under flooding stress. J. Proteome Res.
14, 2219-2236.

Kataoka, Y., Cui, Y., Yamagata, A., Niigaki, M., Hirohata, T., Qishi, N.,
and Watanabe, Y. (2001). Activity-dependent neural tissue oxi-
dation emits intrinsic ultraweak photons. Biochem. Biophys.
Res. Commun. 285, 1007-1011.

Kobayashi, M., Takeda, M., Ito, K., Kato, H., and Inaba, H. (1999a).
Two-dimensional photon counting imaging and spatiotemporal
characterization of ultraweak photon emission from a rat’s
brain in vivo. ). Neurosci. Methods 93, 163-168.

Kobayashi, M., Takeda, M., Sato, T., Yamazaki, Y., Kaneko, K., Ito, K.,
Kato, H., and Inaba, H. (1999b). In vivo imaging of spontaneous
ultraweak photon emission from a rat’s brain correlated with
cerebral energy metabolism and oxidative stress. Neurosci.
Res. 34,103-113.

Kobayashi, K., Okabe, H., Kawano, S., Hidaka, Y., and Hara, K.
(2014). Biophoton emission induced by heat shock. PLoS One
9, €105700.

Kumar, A., Pandey, R.K., Miller, L.J., Singh, P.K., and Kanwar, M.
(2013). Muller glia in retinal innate immunity: a perspective on
their roles in endophthalmitis. Crit. Rev. Immunol. 33, 119-135.

Labin, A.M. and Ribak, E.N. (2010). Retinal glial cells enhance
human vision acuity. Phys. Rev. Lett. 104, 158102.

Labin, A.M., Safuri, S.K., Ribak, E.N., and Perlman, I. (2014). Miiller
cells separate between wavelengths to improve day vision with
minimal effect upon night vision. Nat. Commun. 5, 4319.

Miller, J.L. and Korenbrot, J.I. (1993). Phototransduction and adapta-
tion in rods, single cones, and twin cones of the striped bass
retina: a comparative study. Vis. Neurosci. 10, 653-667.

Murakami, M., Otsu, K., and Otsuka, T. (1972). Effects of chemicals
on receptors and horizontal cells in the retina. ). Physiol. 227,
899-913.

Nakano, M. (2005). Low-level chemiluminescence during lipid
peroxidations and enzymatic reactions. ). Biolumin. Chemilum.
4, 231-240.

Narici, L., Paci, M., Brunetti, V., Rinaldi, A., Sannita, W.G., and
De Martino, A. (2012). Bovine rod rhodopsin. 1. Bleaching by
luminescence in vitro by recombination of radicals from poly-
unsaturated fatty acids. Free Radic. Biol. Med. 53, 482-487.

Nielsen, J.C., Maude, M.B., Hughes, H., and Anderson, R.E. (1986).
Rabbit photoreceptor outer segments contain high levels
of docosapentaenoic acid. Invest. Ophthalmol. Vis. Sci. 27,
261-264.

1. Békkon et al.: Ultraweak photon emission in eye-specific retinogeniculate projections

DE GRUYTER

Pickard, G.E. and Sollars, P.J. (2012). Intrinsically photosensitive
retinal ganglion cells. Rev. Physiol. Biochem. Pharmacol. 162,
59-90.

Puro, D.G., Yuan, J.P., and Sucher, N.). (1996). Activation of NMDA
receptor-channels in human retinal Miiller glial cells inhib-
its inward-rectifying potassium currents. Vis. Neurosci. 13,
319-326.

Rahnama, M., Tuszynski, J.A., Bokkon, I., Cifra, M., Sardar, P., and
Salari, V. (2011). Emission of mitochondrial biophotons and
their effect on electrical activity of membrane via microtubules.
J. Integr. Neurosci. 10, 65-88.

Rauen, T. and Wiessner, M. (2000). Fine tuning of glutamate uptake
and degradation in glial cells: common transcriptional regula-
tion of GLAST1 and GS. Neurochem. Int. 37, 179-189.

Récasens, M., Guiramand, J., Aimar, R., Abdulkarim, A., and
Barbanel, G. (2007). Metabotropic glutamate receptors as drug
targets. Curr. Drug Targets 8, 651-681.

Reichenbach, A. and Bringmann, A. (2013). New functions of Miiller
cells. Glia 61, 651-678.

Reichenbach, A. and Robinson, S.R. (1995). Phylogenetic con-
straints on retinal organisation and development. Prog. Retin.
Eye Res. 15,139-171.

Reichenbach, A., Agte, S., Fancke, M., and Franze, K. (2014). How
light traverses the inverted vertebrate retina. E-Neuroforum 5,
93-100.

Ruzafa, N. and Vecino, E. (2015). Effect of Miiller cells on the survival
and neuritogenesis in retinal ganglion cells. Arch. Soc. Esp. 90,
522-526.

Salari, V., Valian, H., Bassereh, H., Bokkon, I., and Barkhordari, A.
(2015). Ultraweak photon emission in the brain. ). Integr.
Neurosci. 4, 419-429.

Sandel, J.L. and Zhu, T.C. (2011). A review of in vivo optical proper-
ties of human tissues and its impact on PDT. J. Biophotonics 4,
773-787.

Schalch,W., Cohn, W., Barker, F.M., Képcke, W., Mellerio, J., Bird,
A.C., Robson, A.G., Fitzke, F.F., and van Kuijk, F.J. (2007).
Xanthophyll accumulation in the human retina during sup-
plementation with lutein or zeaxanthin — the LUXEA (LUtein
Xanthophyll Eye Accumulation) study. Arch. Biochem. Biophys.
458,128-135.

Schnapf, J.L., Nunn, B.J., Meister, M., and Baylor, D.A. (1990). Visual
transduction in cones of the monkey Macaca fascicularis. ).
Physiol. 427, 681-713.

Scholkmann, F., Schraa, 0., van Wijk, R., and Wolf, M. (2013). The
effect of venous and arterial occlusion of the arm on changes
in tissue hemodynamics, oxygenation, and ultra-weak photon
emission. Adv. Exp. Med. Biol. 765, 257-264.

Scholkmann, F., Kleiser, S., Metz, A.J., Zimmermann, R., Mata Pavia,
J., Wolf, U., and Wolf, M. (2014). A review on continuous wave
functional near-infrared spectroscopy and imaging instrumen-
tation and methodology. Neurolmage 85, 6-27.

Scott, R.Q., Roschger, P., Devaraj, B., and Inaba, H. (1991). Monitor-
ing a mammalian nuclear membrane phase transition by intrin-
sic ultraweak light emission. FEBS Lett. 285, 97-98.

Snodderly, D.M., Auran, J.D., and Delori, F.C. (1984). The macular
pigment: spacial distribution in primate retinas. Invest. Oph-
thalmol. Vis. Sci. 25, 674—-685.

Sperry, R.W. (1963). Chemoaffinity in the orderly growth of nerve
fiber patterns and connections. Proc. Natl. Acad. Sci. USA 50,
703-710.



DE GRUYTER

Sun, Y., Wang, C., and Dai, ). (2010). Biophotons as neural communi-
cation signals demonstrated by in situ biophoton autography.
Photochem. Photobiol. Sci. 9, 315-322.

Takeda, M., Tanno, Y., Kobayashi, M., Usa, M., Ohuchi, N., Satomi, S.,
and Inaba, H. (1998). A novel method of assessing carcinoma cell
proliferation by biophoton emission. Cancer Lett. 127, 155-160.

Tang, R. and Dai, J. (2014a). Biophoton signal transmission and pro-
cessing in the brain. ). Photochem. Photobiol. B Biol. 139, 71-75.

Tang, R. and Dai, J. (2014b). Spatiotemporal imaging of glutamate-
induced biophotonic activities and transmission in neural
circuits. PLoS One 9, e85643.

Tilbury, R.N. and Cluickenden, T.I. (1988). Spectral and time depend-
ence studies of the ultraweak bioluminescence emitted by the
bacterium Escherichia coli. Photobiochem. Photobiophys. 47,
145-150.

Wang, C., Bokkon, 1., Dai, J., and Antal, I. (2011). Spontaneous and
visible light-induced ultra-weak photon emission from rat eyes.
Brain Res. 1369, 1-9.

Whitehead, A.J., Mares, J.A., and Danis, R.P. (2006). Macular pigment: a
review of current knowledge. Arch. Ophthalmol. 124, 1038-1045.

Wiesel, T.N and Hubel, D.H. (1963). Single-cell responses in striate
cortex of kittens deprived of vision in one eye. J. Neurophysiol.
26,1003-1017.

Willard, S.S. and Koochekpour, S. (2013). Glutamate, glutamate
receptors, and downstream signaling pathways. Int. J. Biol. Sci.
9, 948-959.

I. Bokkon et al.: Ultraweak photon emission in eye-specific retinogeniculate projections —— 419

Wong, K.Y., Dunn, F.A., Graham, D.M., and Berson, D.M. (2007). Syn-
aptic influences on rat ganglion-cell photoreceptors. J. Physiol.
582, 279-296.

Wooten, B.R. and Hammond, B.R. (2002). Macular pigment: influ-
ences on visual acuity and visibility. Prog. Retin. Eye Res. 21,
225-240.

Xu, H.P., Burbridge, T.)., Chen, M.G., Ge, X., Zhang, Y., Zhou, Z.J.,
and Crair, M.C. (2015). Spatial pattern of spontaneous retinal
waves instructs retinotopic map refinement more than activity
frequency. Dev. Neurobiol. 75, 621-640.

Yamada, E. (1969). Some structural features of the fovea centralis in
the human retina. Arch. Ophthalmol. 82, 151-159.

Youdim, K.A., Martin, A., and Joseph, J.A. (2000). Essential fatty
acids and the brain: possible health implications. Int. J. Dev.
Neurosci. 18, 383-339.

Yu, D.Y. and Cringle, S.J. (2001). Oxygen distribution and consump-
tion within the retina in vascularised and avascular retinas and
in animal models of retinal disease. Prog. Retin. Eye Res. 20,
175-208.

Zhang, ., Yu, W., Sun, T., and Popp, F.A. (1997). Spontaneous and
light-induced photon emission from intact brains of chick
embryos. Sci. China. C Life Sci. 40, 43-51.

Zhao, X., Stafford, B.K., Godin, A.L., King, W.M., and Wong, K.Y.
(2014). Photoresponse diversity among the five types of intrin-
sically photosensitive retinal ganglion cells. J. Physiol. 592,
1619-1636.



