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The review considers modern un-orthodox ideas on the origin of visual phenomena of ap-
parently various nature (photoreceptors’ dark light, negative afterimages, and various sorts
of phosphenes such as electrophosphenes, magnetophosphenes, radiation phosphenes,
and mechanophosphenes). The new framework provides a unifying explanation for all the
phenomena that are suggested to be a perception of biophotons (ultra-weak photon emis-
sion, UPE) that are generated mostly by lipid peroxidation (LPO) during routine cellular
metabolism. In the paper, the biochemical mechanism of biophotons’ generation is briefly
explained. It is concluded that the outer segments of retinal photoreceptors provide an ex-
cellent substrate for LPO thus being a good candidate for UPE production. Experiments
show that the retina in complete darkness indeed emits an extremely low level of biolumi-
nescence. Yet its intensity is two orders of magnitude below the dark-adapted visual
threshold, and over 100 times smaller than necessary to generate the photoreceptors’ dark
noise. UPE also cannot be a source of afterimages because its intensity is far too low. Be-
sides, the background light necessary to produce a negative afterimage is actually supplied
by the ambient light that passes into the eye through closed lids. All other sorts of phos-
phenes attributed to UPE cannot be produced by biophotons since it is known for at least
200 years that the phosphenes are seen in daylight, that is, at the intensities billions of times
brighter than the intensity of UPE. Thus, the new explanatory framework for all visual
phenomena based on UPE should be discarded in its entirety.
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The biophoton saga began in 1923–1924 when a Russian biologist Alexander Gurwitsch
(sometimes spelled as Gurvich) discovered a non-contact interaction between two living
tissue samples that were in the active mitotic state. A damaged and repairing area of frog
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Fig. 1. Range of UPE intensity compared with natural lighting conditions and range of human vision. Photon
flux density is for 555-nm wavelength, at the maximum of human diurnal sensitivity.
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skin, growing onion roots, or the cells of corneal epithelium induced mitoses in spatially
separated pieces of the corresponding tissue. Further, it has been shown that the interac-
tion is mediated by a sort of electromagnetic radiation, probably in the ultraviolet (UV)
part of the spectrum. Gurwitsch called the radiation “the mitogenetic rays” and connected
it to his previously conceived idea of a “mitogenetic field” that controls embryonic devel-
opment [1–3].

There was a burst of research activity in the field during 1920–1950s aimed at designing
methods of physical detection of the newly discovered radiation, and on studying its prop-
erties. The results were often disappointing, perhaps due to the insufficient sensitivity of
light detectors available at that time. The history of confusions is described in detail in a re-
cent review [4]. Finally, the entire field was qualified by Nobel physicist Langmuir as a
“pathological science” ([5], original Langmuir’s lecture of 1953 transcribed and reprinted
by Hall, 1989).

However, further development of high-sensitive photomultipliers working at liquid ni-
trogen temperature left no doubt about the existence of spontaneous weak photon emis-
sion from essentially any biological tissue. Modern cooled CCD cameras create images
of biological objects in their own light, by accumulating pixels activated by single pho-
tons [6–9]. Thus the studies of the “ultra-weak photon emission” (UPE), or biopho-
tons, form now a respectable (albeit inhomogeneous) field of research. UPE is also used
now to provide a unifying explanation of various visual phenomena not related to each
other, such as retinal “dark light,” afterimages, radiation phosphenes, electrophos-
phenes, magnetophosphenes, and mechanophosphenes. The presented review deals spe-
cifically with this field of research.

What is UPE?

There is no strict definition of the Ultraweak Photon Emission. The term mostly applies
to any sort of light emission from living sources that is too weak to be seen with a dark-
adapted human eye (Fig. 1). It is also tacitly assumed that biophotons are mostly produced
as a byproduct of routine cellular oxidative metabolism. This, at least, clearly opposes the
situations when biochemical machinery is specially designed to provide bright visible light
that is used for orientation and signalization (e.g., various versions of luciferin-luciferase
systems).
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Table 1. Main ROS responsible for UPE

Electronically excited species Emission wavelength

Triplet excited carbonyl 350–560 nm

Singlet excited pigment (melanin) 360–560 nm

Dimolar singlet oxygen 634, 703 nm

Monomolar singlet oxygen 1270 nm
However, such a definition is a bit dubious. The same biochemistry, dependent on condi-

tions, may probably generate the emission either barely detectable by best available sensors,

or quite visible with a naked eye. On the other hand, it is often implied that UPE may serve

various physiological functions within organisms, from the control of embryonic develop-

ment (“mitogenetic rays”) to information transmission in the nervous system, and con-

sciousness. Then the UPE should be produced quite purportedly in a controlled way rather

than being a waste byproduct of metabolism. In these hypothetical scenarios, “ultra-weak-

ness” may be either necessary or irrelevant, or even deteriorating to supposed functions.

Therefore, one should keep in mind that the term “UPE” or “biophotons” in the litera-

ture (and within this review) may have different meanings depending on the context.

Mechanisms of UPE generation

Biophotons are generated in reactions initiated by Reactive Oxygen Species (ROS).

There are various sorts of ROSs and multiple mechanisms of their production, for in-

stance, by UV light, ionizing electromagnetic radiation (X-rays and γ-rays), high-energy

particles, and chemically induced oxidative stress. At this place, however, we are interested

in mechanisms of ROS production by organisms in their normal functional state. The

most important of them are listed in Table 1 [10].

Among them, the triplet excited carbonyls are the most intensely emitting in the visible

part of the spectrum [10–12], so they are the most appropriate to produce visual phenomena.

Primary radicals are generated in routine cellular oxidative metabolism. There are nu-

merous reviews on the topics. Some explanation of general principles with omitting techni-

cal details is given in [10, 13, 14]. A comprehensive review [15] also provides a historical

background, including a significant body of Russian works.

Three of the most relevant intracellular sources of ROS are shown in Fig. 2.

Mitochondria

At certain steps in the electron transport chain in mitochondria, approximately 1/20

of total electron flow is diverted from the ATP-forming pathway and produces superoxide

anion  The latter is further converted by mitochondrial superoxide dismutase

(mSOD) to hydrogen peroxide (H2O2), which can exit to the cytoplasm (Fig. 2A).

5-lipooxygenase

5-lipooxygenase (5-LOX) is normally membrane-associated enzyme that is involved in

the synthesis of leukotrienes from arachidonic acid (AA). It oxidizes two AA, thus forming

two superoxide anions, which are then converted to H2O2 by cytoplasmic superoxide dis-

mutase (cSOD) (Fig. 2B).

( )2O .
−i
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Fig. 2. Three principal sources of ROS in routine cellular metabolism (after [10]). A. Cit C, cytochrome C;

UQ, ubiquinone; mt SOD, mitochondrial superoxide dismutase. B. AA, arachidonic acid; HPETE, arachidonic

acid hydroperoxide, cSOD, cytoplasmic superoxide dismutase. C. NADPH-oxidase is a multi-subunit enzyme

complex whose components are either transmembrane or cytosolic membrane-associated proteins.
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NADPH oxidase (NOX) is a transmembrane protein complex that catalyzes the pro-

duction of superoxide radicals and further H2O2 by oxidizing NADPH with extracellular O2

(Fig. 2C). The set of NOX subunits is different in phagocytic- and non-phagocytic cells.

Fig. 2C shows the composition of NOX in non-phagocytic cells.

In all the three cases, the same ROS, superoxide  is primarily formed. It is toxic, so

within the cell, it is converted by SOD to hydrogen peroxide. H2O2 further yields superox-

ide anion  and hydroperoxyl radical , which play a major role in lipid peroxida-

tion and biophoton emission.

Lipid peroxidation and chemiluminescence
The primary source of biophoton emission in living tissues is lipid peroxidation [11, 12,

15, 16]. The free-radical lipid peroxidation is a chain reaction in which one radical can ini-

tiate the oxidation of many lipid molecules, mainly phospholipids containing polyunsatu-

rated fatty acids (PUFA) (for a review see [16]).

PUFAs contain several double bonds in their carbon chain. In many, the cis-double

bonds are separated from each other by a methylene bridge (–CH2–). The bridge contains

two hydrogens that readily react with ROS, such as superoxide anion  and hydroper-

oxyl radical . As a result, water and a fatty acid radical  are formed (Fig. 3). The

radical initiates a branched-chain reaction in which multiple copies of the initial radical

(along with other products) are generated (propagation reactions, Fig. 4). The chain reac-

tion terminates in a series of reactions when two radicals interact to form a non-radical

product. One of the intermediates is a triplet excited carbonyl in the fatty acid chain that,

when returning to the singlet state, emits visible photons (Fig. 4) [10–12].

The retina contains a high concentration of PUFA, the highest of any vertebrate tissue [17].

Most of PUFAs is situated in outer segments of photoreceptor that consist of stacks of

hundreds or thousands of membrane discs. Half of all acyl chains in phospholipids of the

outer segments of photoreceptors belong to 22:6n-3 fatty acids, mainly docosahexaenoic

acid (Fig. 3, 4) [18]. High level of oxidative metabolism in retinal rods and cones and a

high content of PUFAs in their outer segments makes photoreceptors an excellent potential

source of biophoton emission whose level could depend on the cells’ state. Combined with

possible high sensitivity of rods and cones to their UPE, it makes the recent ideas that UPE

can be a source of various visual phenomena worth considering [19–21].
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Fig. 3. Formation of lipid radicals by the interaction of a superoxide anion with a methylene bridge in PUFA.
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Fig. 4. Branched-chain reactions of lipid peroxidation. In the initiation reaction (1), ROS oxidizes a lipid thus

forming a lipid radical . In propagation reaction (2),  interacts with molecular oxygen and produces various

forms of active lipids, including a copy of initial , thus starting a new chain of oxidation (reactions 3, 4). The

multiplication of chains terminates by a series of reactions when two radicals interact to yield non-radical prod-

ucts and a carbonyl instead of the methylene bridge in the fatty acid chain. The carbonyl is in the triplet excited

state and transits to the singlet state emitting a visible photon.
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Application of UPE to research, and suggested functions of biophotons
It is believed that in most cases, the UPE is produced as a byproduct of cellular metabo-

lism (see above). Hence, starting from the first successful attempts to quantitatively mea-

sure the UPE, it has been used to study the underlying biochemical mechanisms. The ex-

periments were often done in vitro on cell cultures and other bulk biochemical prepara-
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tions. This provided a large amount of the sample (hence large signal) and allowed precise

control of experimental conditions. Essentially all the available knowledge on the mecha-

nisms of UPE production is gained from this sort of research (reviewed in [8, 15, 22]).

On the other hand, UPE can serve as a sensor to study metabolic processes and their al-

terations in normal and pathological conditions in vivo on the intact organism. Alexander

Gurwitsch attempted to apply “mitogenic rays” for tumor diagnostics and was awarded in

1941 the Stalin prize supposedly for establishing the method at the governmental clinics in

Moscow [23]. Whatever real were the early results, presently, it is hoped that modern high-

sensitive techniques of UPE registration and imaging may provide a minimum-invasive di-

agnostic tool for clinical use. This is a vast area actively developing now [7, 8, 24–26].

Two above examples deal with the use of UPE as a research or diagnostic tool but say

nothing on the possible role of UPE as a driving factor of the physiological functions of the

biophoton-producing organisms. With the present surge in the number of poorly-reviewed

(or apparently not reviewed at all) online publications, there is no shortage of ideas on

what biophotons could do, or supposedly are proven doing, even in well-established areas

of research with rich experimental and theoretical background. In this review, I will select

just a small fraction of published examples of what I would call “reckless speculations.”

Biophotons are considered means of distant communication between organisms to

transmit signals of danger or stress. It is reported that a bacterial culture placed in a light-
tight metal box and chemically stressed by adding hydrogen peroxide changed the level of

its f luorescence. In turn, the second culture placed in a similar light-tight box 5 meters

apart responded by changing its bioemission [27]. UPE in the UV-A range is implied in a

bystander effect between two groups of fish, one of which was X-ray irradiated. Remark-

ably, the effect induced in the intact group was observed even if the irradiation of the ex-

perimental group was scheduled for the next day [28].

Biophotons are suggested as a means for signal propagation in the nervous system, along

with (or even instead of) well-established mechanisms of electrical and chemical transmis-

sion. Nerve fibers are supposed to be light guides conducting biophotons from a source

somewhere in the neuron body towards targets in its output structure(s) [6, 29, 30].

The idea is supported by the fact that the intensity of UPE may correlate with the level

of excitation in various parts of the brain [31]. Taking into account that UPE is mostly pro-

duced in routine cellular metabolism, one well may expect that any activity-related chang-

es in brain metabolism would be reflected in UPE production. Yet this does not mean the

reverse, that is, that changes in UPE are causing changes in neural activity.

The speculations on information processing by biophotons came to logical complete-

ness in a new theory of vision. It has been suggested that perhaps the electrical responses of

retinal photoreceptors and the following neurons may not be quite relevant to the visual

function. According to new ideas, phototransduction in rods and cones may change cellu-

lar metabolism that, in turn, produces biophotons sent to the brain along with the light

guides in the optic nerve. Further chain of alternating metabolic changes and biophoton

production eventually leads to the creation of light replicas of observed objects somewhere

in central brain structures [32, 33]. So the enigma of human vision is solved. The only re-

maining problem is where is situated the homunculus that observes the biophoton replica.

But the problem may soon be solved within the emerging framework of consciousness and

intelligence made of biophotons [34, 35].

I do not see how any meaningful discussion of the unorthodox ideas mentioned above is

possible. However, the most promising application of biophotons could be to explain vari-

ous visual phenomena. Indeed, there is a sub-field of less global theories on the role of

UPE in specific aspects of vision that can be reasonably discussed in terms of available

knowledge and subjected to experimental tests. The rest of the review will critically discuss

the possible contribution of biophotons to retinal dark noise and visual phosphenes of var-
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ious origins, based on recent experimental data on retinal UPE, and, often, on classical

knowledge of the phenomena.

Retinal dark light and UPE
The concept of the retinal “dark light” dates back to at least the 19th century [36]. Even

in complete darkness, an observer does not see something absolutely black, but rather “an

irregular feebly illuminated field with numerous f luctuating spots of light” [36, p. 12–13].

The phenomenon was called the intrinsic light of the retina, or der Eigengrau in German.

The plain experimental observations were soon incorporated into a theoretical framework.

The famous Weber–Fechner relation (“sensation is proportional to the logarithm of stim-

ulation”) was derived from psychophysical experiments on sensory thresholds. In an equiv-

alent formulation, it states that the minimum perceptible increase in the intensity of stimu-

lation ΔB is a constant fraction of the stimulus itself (B):

(1)

For vision, it essentially means the preservation of perceived contrasts in a scene inde-

pendently of changes in the level of ambient illumination. Later it was found that the eq. 1

is inaccurate at low B, and a more appropriate relation is

(2)

(The history of the equations is described in [36], p. 170–190).

It looks like a certain weak signal Bd is present in the visual system, even in complete

darkness (B = 0). This “dark light” from Equation (2) was associated with (but not neces-

sarily identical to) the intrinsic retinal light.

It was supposed in the 1940–1950s that the sense of the dark light is produced in the ret-

ina by rare spontaneous activations of molecules of the visual pigment rhodopsin, without

absorbing any photon [37–39]. The authors suggested that the activation happens due to

random thermal transitions in rhodopsin and comprises an irreducible source of the visual

noise. The noise could be the factor that limits the ultimate sensitivity of vision. Further-

more, it has been hypothesized that the noise level must depend on the spectral sensitivity

of the photoreceptor [38, 39]. Visual pigments of red-sensitive cones need low quantum

energy for activation, so they have an excellent chance to acquire it from thermal motion

and produce “dark light.” More short-wave sensitive rod visual pigments need higher ener-

gy for activation, so they are less “noisy.” Crude calculations had shown that the difference

in the photon energy at the peak sensitivity of rods and cones could explain the difference

in sensitivity between human diurnal (cone-driven) and nocturnal (rod-driven) vision.

This proposition is now known as “Horace Barlow’s hypothesis.”

It took over 20 years to experimentally prove the existence of rhodopsin-initiated dark

noise in retinal photoreceptors. Suction-pipette recordings from single rods of the vertebrate

retina have shown that in complete darkness, they produce random fluctuations of the flow-

ing current (Fig. 5). The noise consisted of two components [40, 41]. The continuous noise is

low-amplitude (few tenths of pA) oscillations that are symmetrical with respect to the dark

level of the current. Its origin is still disputable [42–44]. The discrete noise consists of ran-

domly occurring high-amplitude (in a few pA range) unipolar current waves. The waves are

virtually identical to responses of the same rod to single photons (SPRs) [41, 43, 45] (Fig. 5B).

First recorded from the rods of the toad, the SPR-like discrete noise was later detected in rods

of any tested vertebrate species.

Vertebrate photoreceptors convert the absorption of a photon by a single rhodopsin

molecule into an electrical response using a multistep amplification cascade. Each step in-

volves hundreds of molecules of proteins and low molecular weight components; the inac-

const.
B

B
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const.
d

B
B B

Δ =
+



934 GOVARDOVSKII

Fig. 5. Continuous and discrete dark noise in a toad rod. A, continuous recording of the dark current. B, compar-

ing the discrete dark events with the single-photon response of the same cell. Bold smooth line is an average of

40 responses to short f lashes activating on average 1 R*. Superimposed is an average of 15 discrete dark events

(mean ±1 SEM) that were cut off from the continuous trace in A. Recordings by Luba Astakhova.

1.5

1.0

0.5

0

0.5
0 2 4 6 8 10

B

Time, s

Time, s
0 100 200 300

A

1 pA
tivation of the cascade also needs many components (recent reviews [46–50]) (Fig. 6). It is

quite improbable that such a complex chain of concerted events could be replicated by ran-

dom fluctuations in the cascade unless it is initiated by a single molecule at its very begin-

ning, that is, by activation of rhodopsin. Thus, the Barlow’s idea of activation of rhodopsin

by internal thermal motion was generally accepted.

Barlow’s hypothesis was very fruitful because it could naturally explain important prop-

erties of vision, like different sensitivities of rods and cones, Purkinje shift, and lack of in-

frared vision in warm-blooded animals. It also predicted that there could be a trade-off be-

tween a spectral range of vision and thermal noise, so a sort of optimization of spectral sen-

sitivity in accordance with the visual environment may be possible [51–54]. Yet, already,

the first experimental confirmation of the existence of the dark noise revealed a serious

problem. Accordingly to the hypothesis, a thermal motion was to provide enough energy to

overcome the barrier between the ground and the light-exited states of rhodopsin (ΔEL).

The barrier comprises 50 to 70 kcal/mol, depending on the position of the pigment’s ab-

sorbance maximum. However, the dependence of the rate of SPR-like events on tempera-

ture demonstrated far lower thermal activation energy ΔET ≈ 22 kcal/mol [41]. Also, Bar-

low’s formula predicts a very steep increase of the thermal noise with the red shift of the vi-

sual pigment absorbance, about 6000-fold per 50 nm. Actual dependence is far less steep,

about 15-fold per the same shift (Fig. 7) [51–53].

The balance between the sensitivity to ambient light and the noise level might govern

the adaptation of visual pigments to specific light environments [55]. Not surprisingly, a

good deal of work has been done to resolve the above contradiction, to describe possible

underlying intramolecular mechanisms theoretically, and to predict their impact on visual

functions [56–58].

To reconcile the thermal noise hypothesis with the experimental data, one may assume

that the isomerization of the 11-cis to all-trans rhodopsin chromophore by light and heat

follows different routes. There is no trouble of thinking that the transition from 11-cis to

all-trans configuration may not necessarily proceed via the (photo)excited state. The dark

and activated basal states of the chromophore might be separated by an energy barrier low-
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Fig. 6. A simplified scheme of the phototransduction cascade in vertebrate rods and cones. Activation reactions are

only shown. De-activation processes are omitted to avoid clutter. Light-activated rhodopsin R* interacts at the rate

of about 100 s
–1

 with trimeric G-protein transducin and produces active transducin α-subunits Tα*-GTP. Each

Tα*-GTP binds in the ratio 1 : 1 to cyclic GMP phosphodiesterase (PDE) and activates it. In turn, each PDE* hy-

drolyzes about 100 cGMP molecules per second. Concentration of cGMP decreases, and cGMP-controlled ionic

channels of the plasma membrane close producing electrical response.
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er than ΔEL, thus allowing smoother thermal transition. Robert Barlow with co-workers

suggested that the transition follows via a de-protonated state of the chromophore that is

supposed to be less stable than the protonated one [59, 60]. Under this assumption, the fre-

quency of the SPR-like dark events should be strongly pH-dependent, increasing 10-fold

per each unit of alkalization. The proposition was tested by measuring the frequency of

dark events in Limulus photoreceptors at different pHs and indeed was supported by the

data [59]. Unfortunately, a similar test on vertebrate photoreceptors showed no effect on

pH on the discrete dark noise [54, 61].

Also, the function of Noise vs. Wavelength of maximum absorption is not unique. A few

measurements on long-wave sensitive cone visual pigments expressed in rods yielded the

noise level two orders of magnitude higher than predicted (and demonstrated) for rod pig-

ments with the same absorbance maximum [62] (Fig. 7).

Understanding that the early model of thermal excitation based on Boltzmann statistics

is an apparent oversimplification lead to the creation of more sophisticated approaches

that included attempts to compute the transitions in rhodopsin ab initio on supercomput-

ers. The present situation is discussed in [51]. It can be summarized as follows: crude pre-

dictions of existing simple theories are in general agreement with the experiment. Yet one

should humbly admit that a good molecular theory of the thermal noise is still lacking.

This does not mean, however, that the idea itself is wrong.

A radical solution to the problem was proposed a few years ago. It was suggested that rho-

dopsin molecules are activated not by heat but rather by real photons from UPE [63–67].

The reasoning is that the retina is one of the most metabolically active tissues in the organ-

ism, so it must be a good source of ROS. Besides, outer segments of rods and cones contain a

high amount of polyunsaturated fatty acids, thus providing an excellent substrate for UPE

production. There is no functional theory (actually, no theory et al.) behind the hypothesis,

but it has certain experimental support. All parts of the eye (cornea, vitreous body, and retina

of rat and frog) were studied with a high-sensitive cooled CCD camera and shown to emit

biophotons [64, 65].

Properties of the discrete noise in rods are well known, so the source of biophoton emis-

sion (if it is responsible for the noise) can be pinpointed with confidence since the discrete

noise can be recorded both from rods attached to the retina and from solitary isolated cells

(for instance [41, 43], the biophotons must be produced by photoreceptors themselves.

Moreover, discrete noise is also recorded from detached rod outer segments provided that

necessary metabolites are supplied via the perfusion solution [42]. Hence the primary

source of biophotons should be the oxidation of polyunsaturated fatty acids of the photore-

ceptor membranes.

It has been suggested that the biophoton hypothesis can explain the high noise level in

cones since cones are supposed to have bigger ellipsoids hence more active metabolism [67].

The argument is flawed for two reasons. Firstly, tightly-packed rods and cones within the ret-

ina share the same UPE pool. Secondly, cones comprise just a small fraction of photorecep-

tors (e.g., one cone per 20 to 50 rods in mammalian retinas). Therefore, no significant differ-

ence in noise level between rods and cones is expected. Critical for the biophoton hypothesis,

human red cone visual pigment produces high discrete dark noise when expressed in rods

along with their native rhodopsin [62]. High noise in red-sensitive pigment compared to rho-

dopsin (Fig. 7) could be explained in favor of the biophoton hypothesis by assuming a specif-

ic spectral composition of photoreceptors’ UPE. If the maximum intensity of UPE were in

the long-wave (red) end of the spectrum, it would excite cones far more efficiently than rods.

No real data on the spectrum of retinal UPE is available, but further experiments made this

suggestion improbable (see below).

A precise quantitative test of the biophoton hypothesis is possible. The intensity of bio-

photon emission necessary to produce the dark noise can be calculated from physiological

measurements and compared with the detected UPE level. Proper experiments were done
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on rods of frog Rana ridibunda and fish (sterlet sturgeon Acipenser ruthenus) [68]. The dark

noise level was measured with the suction recordings from solitary isolated rods. UPE was

registered from eyecups or pieces of the isolated perfused retina by a high-sensitive, broad

waveband (200 to 800 nm) photomultiplier (PMT Hamamatsu R9110). Special attention

was paid to establishing the quantitative relation between the level of rhodopsin activation

and the intensity of UPE reaching the PMT (if UPE were to produce the observed dark

noise). To do this, the retina in the experimental chamber was illuminated with a separate

light source whose intensity was calibrated in situ in the same chamber by measuring rho-

dopsin bleaching. Further, propagation of light within the measuring system was computa-

tionally traced to estimate the ratios of the lights produced, absorbed within the rod outer

segment, and reaching the PMT. In these experiments, retinal samples indeed generated

measurable UPE [68]. Importantly, its level was the same as detected earlier with the

cooled SSD camera by Li & Dai [65]. However, the intensity of the UPE was over

100 times lower than necessary to produce discrete dark noise.

The discrepancy between necessary and available light was estimated in [68] under the

assumption that the spectrum of UPE is similar to the spectrum of the LED used for in-

tensity calibration (peak at 505 nm, close to the maximum sensitivity of rods). If the UPE

were more long-wave, its efficiency to produce dark noise in rods was lower, but in cones,

it was higher. Specifically, the 1000-fold difference in cone and rod noise levels can be ex-

plained by different spectral sensitivities of their visual pigments combined with the bio-

photon spectrum peaking in red at 640–650 nm [68]. In this case, the same red UPE

would excite red cones ∼1.000 times more efficiently than rods, in accordance with experi-

mental observations [62]. Yet, to produce proper absolute noise levels in rods and cones,

biophoton emission should then be ∼1.000 times greater than the equivalent rod-activating

light at 505 nm. Since spectral sensitivity of the measuring system in [68] was f lat, the cor-

responding PMT response to the rod- and cone-activating light should be 1.000 times

more potent than shown in Fig. 8 (solid line). This would bring the discrepancy between

the biophoton hypothesis and experiment to nearly five orders of magnitude.

In sum, retina indeed produces reliably measurable UPE, but its intensity is over 100-

fold lower than necessary to explain the photoreceptor dark noise. Thus, the biophoton hy-

pothesis on the origin of retinal dark light must be rejected, and further experimental and

theoretical work on the model of thermal activation of rhodopsin retains its importance.

Biophotons and afterimages
If one looks for a while at a bright source of light and then turns the light off or shuts

eyes, a bright imprint of the source is seen for a certain time, slowly fading away. This is a

positive afterimage. When the positive image fades completely, it may convert to its dark

copy against a bleak retinal background. This is a negative afterimage. If the stimulus was

achromatic, the afterimage is also achromatic. If the stimulus was colored, the afterimage

appears in complementary colors (Cyan vs. Red, Magenta vs. Green, Yellow vs. Blue).

There is a combination of three factors that are responsible for afterimages. Firstly, there is

decaying signaling in retinal and central neural circuits that lasts for a while after the light

was turned off. It forms a positive afterimage. The second is the loss of sensitivity in the il-

luminated area due to light adaptation. The third is a certain source of excitation of the en-

tire retina that creates a light background. Then the light-adapted, low-sensitive previously

illuminated area would look dark against the background. It creates a negative afterimage.

All three factors have mostly the retinal origin. If the transmission from the eye to the

brain is blocked during the action of the inducing stimulus (for instance, by pressing the

eyeball), the afterimage gets visible after the block is released [69]. On the other hand, spe-

cific features of the afterimage (color, duration, sharpness, dependence on visual sur-

round, etc.) are affected by central mechanisms [70–72]. There is no shortage of the sites
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Fig. 8. Comparing biophoton emission with the rate of dark rhodopsin activation derived from electrophysiological

recordings. Frog retinas. The dots with error bars are the average bioemission intensities (15 retinas, mean ±1 SEM).

The high-amplitude black trace shows the bioemission signal that would produce the actual frequency of discrete

dark waves (after [68]).
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in the visual system where the signal persists, and sensitivity remains reduced after turning-

off the inducing stimulus. It has recently been shown that two necessary components of af-

terimage, lasting signaling and post-stimulus desensitization, can be found already at the

level of retinal rods at entirely physiological intensities of light [73].

The remaining problem is, what is the source of light background that is necessary to see

a negative afterimage? As formulated by proponents of biophoton theories: “What is it,

when our eyes are closed, that produces the long-lasting signal that makes static afterimag-

es within our eyes interpreted by the brain as a visual experience?” [67, p. 111]. Their an-

swer is, the stimulus-induced delayed secondary UPE.

It is supposed that the inducing stimulus changes photoreceptor metabolism, which, in

turn, evokes secondary UPE from the retina. Thus, UPE from a formerly brightly stimu-

lated area illuminates the entire eye from inside. This is the source of light background that

is necessary to see a negative afterimage even with shut eyes [67]. The secondary UPE does

exist indeed. Excised rat eye, lens, vitreous body, and retina steadily emit biophotons in

complete darkness [64]. Bright illumination of the sample induces a transient increase in

the intensity of the emission that lasts for a few minutes. Supposedly, this is the source of

the full-field background that creates a negative afterimage.

The problem with the explanation is that, as shown in the previous section, the inten-

sity of dark UPE from the retina is over two orders of magnitude below the visual thresh-

old [68]. The induced surplus from delayed emission is an extra 20- to 100-times weaker

(Fig. 1 in [64]). So the biophoton hypothesis of the afterimage must be rejected, too.

Curiously, there is no problem to solve at all. One needs not a light source within the eye

to see negative afterimages. If the inducing stimulus is delivered in complete darkness, the

only positive afterimage is seen. After it fades away, no negative afterimage appears. One

can test it by first looking at the screen of one’s smartphone in a dark room, and then turn-

ing the smartphone off. If instead of turning the screen off, one simply shuts eyes, the pos-

itive afterimage will soon turn negative. Then, keeping eyes closed and covering the shining

screen with one’s palm, one can repeatedly switch between positive and negative afterim-

ages. “What is it, when our eyes are closed, that produces the long-lasting signal that

makes static afterimages within our eyes interpreted by the brain as a visual experience?”

It is the light that passes through our tightly shut lids. It is that simple.
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Fig. 9. A hypothetical scheme of production of phosphenes by biophotons generated by lipid peroxidation in pho-

toreceptor outer segments. Various non-visual external stimuli (ionizing electromagnetic radiation, high-energy

charged particles, electric current, oscillating magnetic field, and mechanical pressure on the eyeball) are sup-

posed to change the photoreceptor metabolism thus changing the level of ROS generation and biophoton emis-

sion. After [63, 64, 67].
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Biophotons and phosphenes

The term “phosphenes” may refer to a wide range of phenomena when an observer sees

the light without any apparent light source.

Biophotons as a possible source of flashers produced by ionizing radiation

Seeing invisible light: limits of the human visible spectrum

It is commonly accepted that humans can perceive as light the electromagnetic radiation

of wavelengths between 380 and 700 nm. The invisible radiation with λ < 380 nm is classi-

fied as ultraviolet (UV), and with λ > 700 nm, as infrared (IR). The limits are rather arbi-

trary and are set to correspond to the ends of the colorful spectral band, which is created

from the sunlight by a prism or a diffraction grating. There is no sharp IR limit. Sensitivity

to the long-wave radiation decreases roughly exponentially with increased wavelengths (re-

viewed in [74]). The IR light at 1050 nm can be seen by a dark-adapted eye if its intensity is

12.5 decimal log units above the rod visual threshold at 507 nm [75, 76]. A further shift to

IR is possible with increased intensity and is only limited by the danger of vitreous and ret-

inal heat damage.

The UV limit in humans is set by the transmittance of ocular media (cornea, lens, vitre-

ous, and the retina itself). They are of yellow(ish) color and block the UV light from reach-

ing photoreceptors. The yellowness grows with age soG that the UV border can be marked-

ly different for young and elderly persons. The intrinsic sensitivity of retinal photoreceptors

is substantially wider than is routinely measured in physiological experiments. It is formed

by the absorbance spectrum of the corresponding visual pigment. The spectrum consists of

three bands of interest (Fig. 10). The most prominent is the α-band whose peak in various

pigments may lie between 350 and 630 nm (traditionally “visible” light) (reviewed in [74]).

The β-band of rhodopsin absorbance supports sensitivity to near UV between 400 and

300 nm (UVA). Quantum yield of rhodopsin activation in the β-band is equal to that in

α-band. So, the sensitivity at 350 nm is about 25% of maximum at 500–550 nm, which is

substantially higher than in the officially “visible” red part of the spectrum (≥630 nm). In

many vertebrate species, the eye media are transparent down to ≈300 nm. Therefore, a

grass frog can see UVA invisible to humans [77].
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Fig. 10. Between 250 and 650 nm, rhodopsin has three absorbance bands peaking at ≈ 500 (α), 350 (β), and

280 (γ) nm (solid line). The sensitivity of a rod in visible (α) and UV-A (β) band exactly coincides with the ab-

sorbance spectrum. Sensitivity in the γ-band is just 0.45 of the absorbance due to lower efficiency of energy

transfer from aromatic amino acids to the chromophore (dashed line) [77, 78].
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The γ-band at 280 nm (UVB) is due to the absorption of light by aromatic amino acids

(mostly by tryptophan and tyrosine) of the opsin moiety. Illumination with UVB of the rho-

dopsin solution in detergent bleaches it, forming the standard product all-trans-retinal [78].

Thus bleaching by UVB follows via the same route of 11-cis to all-trans isomerization of

chromophore as initiated by α-band and β-band absorption and could start phototransduc-

tion. Frog rods show a peak of sensitivity at 280 nm, which is even higher than in the β-band

[77] (dashed line in Figure 10). Quantum yield of rhodopsin bleaching and transduction acti-

vation at 280 nm is about 2.6 times lower than in the α-band and β-band [77, 78]. This re-

flects a relatively low efficiency of the intramolecular energy migration to the chromophore

from aromatic amino acids that partly form the chromophore pocket.

The sensitivity in the γ-band cannot be of any behavioral importance, though since the

intensity of UVB radiation in the natural environment is extremely low; besides, it is

strongly absorbed by all proteins in the light path through the eye to photoreceptors.

Thus the vertebrate vision in the spectral band from near IR to UVB is supported by a

single molecular mechanism, light-induced isomerization of the rhodopsin chromophore,

with subsequent activation of the phototransduction cascade. The situation may change at

an even shorter wavelength (higher photon energies) of X-rays and gamma-rays.

Visibility of X-rays
When Röntgen in 1895 discovered X-rays, he called them “invisible radiation.” However,

other researchers soon found that the X-rays can produce a visual sensation in a dark-adapt-

ed observer. It was characterized as a faint greenish-bluish glow filling the eye. Rather soon, it

has been shown that the sensation originates from the excitation of the retina rather than

from possible X-ray-induced fluorescence of the eye media. The early studies on the proper-

ties and mechanisms of the generation of the X-ray phosphenes are summarized in [79, 80].

Apparently, the first electrophysiological study of the retinal response to X-rays was do-

ne by Lipetz [79], who registered spike responses from retinal ganglion cells of the frog eye.

A parallel study of responses to light and X-ray stimulation revealed a similarity between

their properties. Threshold intensities were determined, and the ability of X-rays to bleach
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rhodopsin in the retina was tested. The degree of rhodopsin bleaching was estimated with-

out any quantitative method, though, just by visual inspection of the retinas’ color. It ap-

peared that the ratio of threshold intensities for electrical responses and the intensities pro-

ducing noticeable bleach was similar, of about 1 × 108, for both stimuli. The general con-

clusion was that the visual effects of light and X-rays are produced by their action on

rhodopsin. However, the estimate of the threshold-to-bleach range was quite crude, with a

possible error of an order of magnitude. Besides, bleaching doses of X-rays resulted in the

denaturation of proteins as well. So the work did not prove that the physiological response

to X-rays is caused by the isomerization of the rhodopsin chromophore, as in the case of

visible light.

Later works relied on recordings of electroretinogram (ERG) and visually evoked corti-

cal potentials. They showed that indeed the primary target for X-rays in the retina is a visu-

al pigment, rhodopsin. At moderate intensities, ERG in response to X-rays and light were

of virtually identical shapes, and their Response vs. Intensity curves were approximately

congruent [80–83]. Importantly, at low intensities, ERG to both stimuli consisted of a un-

ipolar cornea-positive b-wave; above a certain threshold intensity level, the b-wave was

preceded by a brief cornea-negative a-wave which is known to reflect the electrical activity

of photoreceptors. The electrical response of rods and cones is produced by a complex bio-

chemical cascade started by cis-trans isomerization of rhodopsin chromophore (Fig. 6).

Hence, the X-ray ERG was initiated by the action of X-rays on rhodopsin in photorecep-

tors rather than by their possible effect on secondary retinal neurons.

Also, X-rays bleached rhodopsin, both when applied to the living animals [84] and de-

tergent extracts of the visual pigment [82, 84]. As already noticed by [80], the X-ray inten-

sity that bleached a noticeable fraction of rhodopsin was 7 to 8 orders of magnitude higher

than the dose necessary to evoke a threshold ERG. This is essentially what occurs with

light stimulation, too. A threshold light ERG can be elicited by bleaching a single rhodop-

sin per rod, which may contain from 108 to 3 × 109 “dark” (unbleached) rhodopsins. The

exact comparison of rhodopsin bleaching by light and X-rays is hampered by the fact that

the doses of X-rays necessary for measurable bleach also damage the retina and denature

proteins, including rhodopsin itself [80, 84]. Thus, the loss of Rh peak absorbance at

500 nm after high X-ray exposure partly reflects rhodopsin damage rather than its photo-

activation [80, 84, 85]. Nevertheless, a substantial fraction of rhodopsin is converted to its

physiologically active conformation, metarhodopsin II, which is evidenced by the appear-

ance of meta II absorbance hump at 380 nm [85].

Cones also contribute to X-ray sensation. It is reported that the close-to-threshold bluish-

green X-ray phosphenes in humans change their color to yellowish-green at high doses [79].

However, X-ray ERG was not recorded from a pure cone retina of a lizard Phrynosoma
(horned toad) [82]. It seems that at least some cone visual pigments are less sensitive to

X-rays than rod rhodopsin. Along with generally lower sensitivity of cones compared to

rods, lower efficiency of excitation of cone visual pigments by X-rays may prevent the de-

tection of cone contribution to ERG in a pure cone or mixed rod-cone retinas.

One may conclude that X-rays of commonly used energies of quanta from 50 to 100 keV

excite retinal rods in the same manner as the visible light does, that is, by isomerizing the

rhodopsin chromophore. Various side effects caused by protein denaturation and possible

direct action on retinal neurons at high doses cannot be excluded.

Phosphenes from high-energy particles
Flashes of light seen as a wide-field glow or bright spots, and sometimes interrupted

streaks were reported by astronauts during the first long-lasting space f lights [86–89]; re-

cent reviews [90, 91]. Similar phosphenes are seen by patients with ocular and brain tumors

that receive treatment with high-energy particles from an accelerator [92, 93]. The practi-
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cal importance of accessing space travel radiation hazard and the risk of radiation damage

in medical treatment provoked a good number of works on identifying the source(s) of the

phenomenon [94–97]. Volunteers were presented with very low doses of accelerated parti-

cles of various sorts (typically just a few particles per trial) and reported their sensations. It

appeared that bright light streaks could be produced by high-energy neutrons, alpha-parti-

cles, protons, pions, muons, nitrogen nuclei, and carbon ions (review [98]). The light

streaks were seen at particles’ energies both below and above the Cerenkov radiation

threshold. Diffuse f lashes and glow only appeared if the energy of a (charged) particle ex-

ceeded the Cerenkov threshold.

There is a single work showing that low doses of deuterons with the energy of 15 MeV

(below Cerenkov threshold) evoke ERG from the isolated retina of the frog [99]. Proper-

ties of the deuteron-induced and light-induced ERGs were similar. Particle ERG showed a

distinct a-wave indicating activation of photoreceptors via a routine light-induced way,

that is, by cis-trans isomerization of the chromophore. The authors also demonstrated the

loss of rhodopsin peak at high irradiation levels. Remarkably, deuteron doses necessary to

bleach a significant amount (≈50%) of rhodopsin appeared about nine orders of magni-

tude higher than the doses that evoked a threshold ERG. High doses also denatured rho-

dopsin. Unfortunately, the formation of the light-activated rhodopsin state (Metarhodop-

sin II) by high irradiation doses has not been tested in [99]. So, it remains unclear what

fraction of rhodopsin is gone by denaturation, and what fraction was used for activation of

visual signaling. Similar results were obtained with irradiation by α-particles with energies

up to 30 MeV [99].

The results [99] have an important implication for the biophoton hypothesis of the pro-

duction of radiation phosphenes. If rhodopsin were bleached by biophotons of whatever

origin, one should expect a pretty high level of visible luminescence from the rhodopsin

samples during irradiation. It is easy to calculate that bleaching 50% rhodopsin by the light

needs illumination with 1000 lux during about 50 s that hardly qualifies as UPE. Therefore,

if rhodopsin in chemiluminescence [100] or particle irradiation experiments [99, 101] were

bleached by biophotons, the sample should shine like a torch. Yet in [99], a photomultipli-

er was used for testing the possible retinal luminescence during particle irradiation and de-

tected nothing. Thus, at least in case of deuteron- or α-particle-evoked phosphenes, the

biophoton hypothesis can be discarded.

There is only a couple of papers on the ability of UPE-type chemiluminescence or

heavy particles to produce massive rhodopsin activation detectable by standard biochemi-

cal methods [100, 101]. In the first work [100], the authors demonstrated that the chemilu-

minescence from a xanthine/xanthine oxidase system with lipids and polyunsaturated fatty

acids could bleach rhodopsin. We know since 1876 [102] that visible light bleaches rhodop-

sin, so the result of [100] is hardly surprising. The same group also reported that irradiation

by 200 MeV 12C nuclei bleaches rhodopsin in the suspension of rod outer segments (RdOS),

with the formation of Meta II-like product(s). Bleaching was supposedly caused by biopho-

tons formed by RdOS lipid peroxidation with ROS created by 12C irradiation [101]. The con-

clusion, however, is in no way supported by the presented data. The results of 12C-bleach-

ing experiments are illustrated by Fig. 1 in [101], which is just an exact duplicate of Fig. 3

from [100], where it demonstrates bleaching with visible light. Besides, no Meta II at all

could be found in 12C irradiation experiments in using [101] protocol. The mammalian

Meta II vanishes in about 5 min after formation at 37°C, by decaying to all-trans-retinal

and opsin [103–105]. In [101], the irradiated samples were heated for 45 min at 60°C prior

analysis (p. 3 in [101]), so no trace of Meta II would remain even if it were formed during

irradiation. Thus, the solely available candidate for experimental support for the biophoton

hypothesis of the origin of radiation phosphenes fails.
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It seems that no real data is supporting the idea that the radiation phosphenes of what-

ever origin are caused by biophotons generated by lipid peroxidation via radiation-pro-

duced ROSs. At low exposures, any sort of ionizing radiation can activate rhodopsin either

by real light via the Cerenkov mechanism or by energizing the rhodopsin molecule (and pos-

sibly its surround) with the following intramolecular energy transfer to the chromophore.

High exposures result in tissue damage that obscures other possible effects of radiation.

A portion of ionization products may generate biophotons, as suggested in [67, 100, 101]. Yet

there is no experimental proof of the idea.

The author of the review dares to suggest a quite simple experiment that can clarify the sit-

uation. As mentioned above, marked rhodopsin loss by chromophore activation and further

bleaching needs a substantial amount of visible light. Therefore, if rhodopsin in chemilumi-

nescence [100] or particle irradiation experiments [101] were bleached by biophotons, the

sample should shine brightly. It would be worth repeating the experiments [100, 101] using a

physical light meter. No super-sensitive device is necessary. A household-rate instrument

may suffice to settle the problem. Looking with a naked eye (if possible at a particle accel-

erator output) would also help.

Electro- and magneto-phosphenes
The light sensation can also be produced with electric or magnetic field stimulation of

the retina or visual cortex. Here, the phosphenes of the eye origin are only considered.

First observations of electric phosphenes were made already in the first half of the

19th century, in the general context of studying effects on electricity on human body. Vari-

ous sources of the electric current were used (e.g., discharges from a Leyden jar or first gal-

vanic batteries). The position of stimulating electrodes (e.g., on the forehead and the fore-

arm) usually did not allow locating the target (the eye or the brain). In a rare experiment with

local stimulation, Purkinje described phosphenes with a wire electrode placed on the cornea

between shut lids. The early results were summarized by Helmholtz (p. 13–17 in [36]) and

they are NOT of only historical interest now.

Apparently, first quantitative experiments that allowed determining the stimulated

structures and phosphene thresholds were done in 1955 by Brindley [106] who used active

electrodes pressed to conjunctiva at various places outside cornea, and the reference elec-

trode in the mouth. As a stimulus, the alternate 50-Hz current was applied to a dark-adapt-

ed or moderately light-adapted eye. Currents near 20 μA were sufficient to evoke supra-

threshold phosphenes.

Further works were aimed at discriminating between two probable targets for the cur-

rent, optic nerve and the retina proper. Spatial distribution of phosphenes within the visual

field with electrodes of various shapes and positions led to the conclusion that the phos-

phenes are produced in the retina when it is excited by the radial current, that is, by the

current f lowing perpendicular to the retinal surface. Tangential currents (f lowing parallel

to the retinal surface) that are supposed to activate axons of ganglion cells proved to be in-

effective [106].

The modern biophoton hypothesis suggests that trans-retinal currents somehow change

the metabolic processes in retinal cells, thus resulting in the production of extra UPE and

phosphenes [63, 67]. For assessing the idea, important are BOTH early (19th century) and

later (between 1960 and 1990) literature on the visual appearance of phosphenes them-

selves and their comparison with the responses to light stimulation in light- and dark-

adapted states of the eye. It appeared that electrophosphenes could be evoked equally well

in a dark-adapted and light-adapted state [36, 107, 108] and even against a light back-

ground that is equivalent to looking at a white surface illuminated with ≈7000 lux [108].

Thus, strong light adaptation does not substantially affect electrophosphenes. In turn,

electrical phosphenes do not modify the adaptational state of the retina [107]. Supposed
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biophoton emission that could override light stimuli of daylight brightness can hardly be

called UPE. Moreover, such current-evoked emission should make the eye brightly shin-

ing. Nothing of this sort was observed [36], so the suggested biophoton mechanism of elec-

trophosphenes must be discarded.

Magnetophosphenes
A rather strong changing magnetic field can also induce phosphenes. The magnetopho-

sphenes are usually described as a weak flickering light, colorless or slightly blue. The

threshold for the 30-Hz alternating field was near 10 mT [109] and only changed somewhat

between the dark-adapted state and rather strong background illumination (130 cd/m2). It

has been concluded that magnetophosphenes could actually be electrophosphenes evoked

by currents in the retina, which, in turn, are induced by an alternating magnetic field.

Attwell [110] provided a detailed theoretical analysis of currents and voltages generated

by an alternating electromagnetic field in biological tissues. The estimate of the electric

fields in a tissue at a magnetophosphene threshold was between 10 and 60 mV/m, which

translates into 1 to 10 μV per photoreceptor length. This is close to the threshold for elec-

trophosphenes (about 15 μV, see below). Some data, though, do not allow us to identify

with certainty the magnetophosphenes as electrophosphenes produced by eddy currents. It

was possible to induce magnetophosphenes in a person totally blind due to an advanced

stage of retinitis pigmentosa, whose photoreceptor cells degenerated completely, suppos-

edly losing their electrosensory structures, rod and cone synaptic terminals. This suggests

that there were other partially preserved electrosensitive cells (perhaps bipolars and gangli-

on cells) in this observer [109].

The visibility of magnetophosphenes against 130 cd/m2 light background [109] com-

pletely excludes the contribution of biophotons to the phenomenon. This background is

about seven orders of magnitude above the rod visual threshold, and hence nine orders of

magnitude above the resting biophoton emission from the retina [65, 68]. If biophotons

were responsible for magnetophosphenes, it would imply a billion-fold surge of ROS pro-

duction in the retina under modest magnetic stimulation.

Possible electrosensitive structures in the retina responsible 
for the production of electro- and magnetophosphene

It would be interesting to tentatively identify electrosensitive structures in the retina that

are responsible for the production of electro- and magnetophosphenes. Since the phos-

phenes are evoked by the radial current, the most likely targets are radially orientated reti-

nal cells. These are photoreceptor cells, bipolar cells, and radial (Müller) fibers. Photore-

ceptor cells, both rods and cones, have the unique organization of their output synapses.

Structurally, the photoreceptor synapses contain synaptic ribbons, specific dense double-

membrane structures that are surrounded by synaptic vesicles (Fig. 11) (rev. [111]). Func-

tionally, they are drastically different from “ordinary” neuro-muscular junctions (NMJ) or

axo-dendritic synapses in the rest of the nervous system. Typically, at the NMJ in a resting

state, the presynaptic membrane has a high negative potential. Therefore, the transmitter

release trough the membrane is slow if not absent altogether. The action potential that

comes along the axon and reaches the terminal is a rather brief (a few milliseconds) but it

provides a high-amplitude (a few tens millivolt) depolarization. It evokes a burst of power-

ful neurotransmitter release, which robustly excites the postsynaptic cell, mainly following

the rule of All-Or-Nothing.

In contrast, at the ribbon synapse, the presynaptic membrane is substantially depolar-

ized at rest. Therefore, the transmitter is continuously released from the presynaptic cell, at

the rate that can be modulated either way by small changes in the membrane potential. The
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Fig. 11. Small fragment of a synaptic terminal in the chicken cone. The presynaptic cone cytoplasm with a synap-

tic ribbon (arrow) is in the upper right corner; numerous synaptic vesicles containing glutamate are marked by

small triangles. HC1 and HC2 are input dendrites of two horizontal cells. BC is an input dendrite of a bipolar.

ConeConeCone

RibbenRibbenRibben

HC1HC1HC1

HC2HC2HC2

BCBCBC0.2 μm0.2 μm0.2 μm
release smoothly decreases at hyperpolarization and increases at depolarization. Corre-

spondingly, the membrane of a postsynaptic neuron can be gradually hyperpolarized or

depolarized, thus coding the input in an analog manner.

Ribbon synapses are almost unique for sensory cells. Besides retinal photoreceptors,

they are exploited by retinal bipolars, mechanoreceptors of the lateral line organs, and their

evolutionary derivatives that include the organ of Corti and equilibrium receptors of the inner

ear. In all cases, glutamate is used as an excitatory synaptic transmitter. Due to analog coding

at the synapse, mechanosensory cells produce either hyperpolarizing or depolarizing post-

synaptic response, dependent on the direction of deformation of their sensory cilia [111]. The

two-way analog coding essentially means that there is no built-in sensory threshold, and

the ability to detect weak stimuli is mostly limited by the ability to separate the useful signal

from always present background noise. The utmost sensitivity is achieved in electrorecep-

tors of ampules of Lorenzini in elasmobranch fish (sharks and rays). These organs consist

of a small (1–2 mm) cysts supplied by long channels that run under the skin. The channels

connect the cysts’ interior to various distant points on the surface of the fish body. The in-

ner wall of the cyst is covered by sensory cells that essentially are holders for ribbon synaps-

es. A few microvolt voltage applied to the ampule is sufficient to change the frequency of

spikes in the nerve fibers of the ampullary nerve [112, 113]. The sign of the spike reaction

(excitatory or inhibitory) depends on the polarity of the stimulus. In behavioral experi-

ments, a shark reacted to electric fields as small as 5 nV/cm in water [112]. This corre-

sponds to 0.05–0.1 μV voltage across the electroreceptive epithelium.

Clearly visible electrophosphenes can be evoked by the current of about 20 μA applied to

cornea [106]. Calculations show that this current would produce a voltage change of ≈15 μV

at the photoreceptor presynaptic membrane. The value is at least two orders of magnitude

higher than the sensory threshold of Lorezinian ampules, so it certainly allows direct ac-

tion of the current on photoreceptor ribbon synapse, to make phosphenes. Yet the value
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must better be compared with presynaptic responses in rods and cones at threshold light

stimulation. Single-photon response (SPR) in human rods is near 1 mV [114] which is

about two orders of magnitude higher than the threshold potential for the electrophos-

phenes. This doubts the ability of the direct electrical stimulation of the eye in situ to pro-

duce phosphenes via the rod pathway in the retina.

On the other hand, the SPR amplitude in a cone is about 15 μV [114], that is exactly what

is necessary to produce electrophosphenes. It seems that a more light-sensitive rod system in

the retina cannot produce phosphenes at electrical stimulation, while the less light-sensitive

cone system can readily react to electric currents. Though paradoxical, the conclusion fits

well what is known about the visual appearance of electrophosphenes. Already Purkinje (see

in [36]) described the electrophosphene as a mauve color sickle. Dependent on the parame-

ters of stimulations, phosphenes could vary from mauve to yellow, green, or red, but were al-

ways colored [36, 107, 108], that is, generated in the cone pathway.

Mechanophosphenes
Deformation phosphenes or mechanophosphenes are light sensations evoked by the de-

formation of the eyeball. An interesting historical review of mechanophospene studies

started from ancient Greece time through Newton and until recently is given in [115]. The

results that refute the modern biophoton idea were known from at least the 18th century. It

was shown that the deformation phosphenes could be produced at moderate diurnal light

intensities. This means that the intensity of the supposed (biophoton) light that generates

the phosphenes should be pretty high, at least 7 to 8 orders of magnitude beyond the abso-

lute visual threshold (see above, the section on electrophosphenes). In 1742, Langguth

(cited in [115]), in a completely dark room, pressed his eye in front of a mirror, producing

phosphenes and trying to see any light emerging from the eye. Nothing was seen. The ex-

periment was repeated with a second observer carefully looking at the stimulated eye of the

author. Again, no light leaving the stimulated eye was detected.

Nevertheless, mechanosensitive retinal cells responsible for the mechanophosphenes

cannot be reliably identified yet, in contrast to the situation with electrophosphenes and

magnetophosphenes. While the slightest touch with a needle tip evokes a tremendous spike

response in afferent fibers of ampullae of Lorenzini, their sensitivity to a uniform pressure

with a focused ultrasound beam is rather low [113]. Thus an obvious candidate, the photo-

receptor or bipolar ribbon synapse, is not firmly supported.

CONCLUSION

Hypothesis on possible visual effects of UPE (biophotons) can be divided into three

groups. Firstly, the UPE was considered the source of “retinal dark light” identified with

the discrete dark noise of photoreceptors. The idea was tested experimentally; it appeared

that the UPE from the retina and other parts of the eye does exist, but its intensity is at least

two orders of magnitude lower than necessary to explain the photoreceptor dark noise [65, 68].

Secondly, UPE induced by ionizing radiation (X-rays, γ-rays, and high-energy charged

particles) was supposed to be the source of phosphenes observed by astronauts during

space f light and by tumor patients treated with hard radiation from particle accelera-

tors. X-rays decidedly convert “dark” rhodopsin into its photoactivated form, Meta II, and

evoke a standard electroretinogram response. However, high doses of radiation denature

rhodopsin. Therefore, the separation of three possible effects, namely chromophore isom-

erization by intramolecular energy transfer, UPE production, and protein denaturation is

not possible based on available data.

Radiation phosphenes from high-energy particles are partly produced by Cerenkov radi-

ation within the eye. Far larger non-Cerenkov effects causing substantial rhodopsin loss

are hypothetically attributed to UPE. However, reported spectroscopically measurable
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rhodopsin bleaching needs high intensity of visible light, over 8 to 10 orders of magnitude

brighter than the UPE from any part of the eye measured till now. No real experimental

demonstration of marked rhodopsin bleaching by charged particles via a light-initiated

pathway has ever been presented.

Thirdly, the idea of production of electro-, magneto- and deformation phosphenes by

biophotons can be discarded based on experimental observations from the 18th–19th cen-

turies. All phosphenes of these sorts do not need dark adaptation and are visible at diurnal

illuminance levels. Therefore, the intra-eye light emission supposedly responsible for them

can hardly qualify for UPE. Besides, this level of emission would make stimulated eyes

shining in the dark which has never been seen by careful observers during the last 200 years.
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