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ARTICLE INFO ABSTRACT

In the current study we reported current-voltage (I/V) characteristics of Miiller cell (MC) intermediate filaments
(IFs) isolated from porcine retina. It was found that the measured I/V dependences demonstrate behavior of a
semiconductor in contact with metal (Au) electrodes. The analysis of the temperature dependence of the ex-
perimental I/V curves produced estimates of the parameter values characterizing the electrical conductivity
properties of the studied MC IFs. The I/V characteristics and the parameter values allowed to describe the MC IFs
as a semiconducting material. The observed properties clarify the mechanism of high-contrast daylight vision of
vertebrate eyes. This mechanism was extensively discussed earlier, and is directly dependent on the electric
conductivity properties of MC IFs.

Significance Statement: Retinal cones and rods are physically connected to glial Miiller cells by intermediate
filaments (IFs). Electric conductivity of IFs allows for a simple quantum mechanical description of light energy
transmission through the retina, providing a convincing mechanism that achieves high-contrast vision in ver-
tebrate eyes. Note that classic light transmission is hindered by light scattering on the retinal structures. Electric
conductivity of IFs also opens the possibility for energy exchange within and between other cell types by way of
IFs and microtubules, and the possibility that such structures may be used for signaling e.g. in the nervous
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system.

1. Introduction

Recently a significant body of work has been devoted to under-
standing of the high-contrast vision of the vertebrate eye [1-9]. Among
other ideas, mechanism of light focusing by the intracell organelles in
the photoreceptor cells was proposed [1,2]. Another classical me-
chanism extensively discussed earlier [3-9] considers glial Miiller cells
(MCs) as natural light guides. However, it is still unclear how the light
could pass through an inverted retina of vertebrates without significant
scattering, and create high-contrast visual perception. Indeed, light
scattering on subcellular structures remained a problem in all of the
previously proposed models [1-9].

It has been proposed earlier that intermediate filaments (IFs) in the
vertebrate retinal MCs have an additional function of the light energy
guide, and transfer photon energy from the inner limiting membrane
(ILM) level to the retinal photoreceptors [10-14]. To explain the IF
properties, quantum mechanism of light energy transfer has been pro-
posed [12,15]. This mechanism predicts that the extremities of the IFs
located in the apex of the MC conical endfoot absorb photons and
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generate excitons. These excitons propagate along the IFs, and arrive to
rhodopsin/opsin molecules of the photoreceptor cells [12,15]. The ex-
citon transfer to the respective rhodopsin/opsin molecules should occur
by the energy exchange contact mechanism [15]. The proposed
quantum mechanical description of the energy transfer benefited from
the postulated electrical conductivity of the MC IFs [12,15], which al-
lowed to solve the respective energy transfer models analytically. In-
deed, it was found earlier [16,17] that porcine retinal MC IFs have very
low electrical resistance, which is comparable to that of metals. How-
ever, the measurements reported earlier [16,17] were carried out at a
single bias voltage of 1.0 V. Therefore, the available results do not allow
discriminating electric conductor IFs from semiconductor IFs. This is a
very important issue for further development of the mechanism of light
energy propagation through an inverted retina without scattering.
Previously we already reported that the potential difference applied
to MC IFs isolated from porcine retina affects the efficiency of light
energy transfer along these IFs [18]. Our present goal is to understand
whether the energy transfer efficiency may be modulated by a periodic
potential difference applied to the IFs. The existence of modulation
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would enable the brain to separate the high-contrast image generated
by the quantum mechanism (QM) from the low-contrast image gener-
ated by classical mechanisms. Such modulation might be possible as the
MC membrane has an electric potential of ca. 100 mV, and the MC IFs
interact with the membrane. It is unclear whether the MC membrane
potential is in fact periodically variable; therefore, we hope that the
respective measurements will be stimulated by our recent results [18].
Note that the I/V characteristics recorded at constant temperature de-
monstrated semiconducting properties of the IFs [18]. Here we will
discuss and compare the earlier reported results [18] with the currently
obtained data.

In the present study, the I/V characteristics of porcine retinal MC IFs
were measured using a modified version of the earlier developed ap-
proach [16]. Once more, the I/V dependences were interpreted in terms
of the Schottky diode theory, and the fitting parameters estimated. Our
theoretical approach was based on the earlier proposed models [12,15]
and the properties of the Au/IF junction, used to explain its observed
behavior. The presently reported results will improve our under-
standing of high-contrast photopic vision of vertebrates.

2. Materials and methods
2.1. Isolation and characterization of IFs

Presently we used a modified isolation procedure based on that
described earlier by Perng et al. [19]. Namely, we used freshly en-
ucleated porcine eyes from a local slaughterhouse, originating from
animals routinely slaughtered for human consumption. Therefore, the
requirement for the ethics committee approval did not apply. The eyes
were stored at +4 °C. We removed four retinas from these eyes, totaling
2.341 g. This material was frozen to —70°C for 5min and finely
chopped mechanically. The homogeneously chopped material was
warmed to 20 °C and mixed with 10 mL bidistilled water. 10 mg of
microcrystalline diamond (Sigma-Aldrich) were added to the mixture
that was ultrasonicated for 30 min at + 20 °C. The mixture was then
filtered using 500 nm pore diameter paper filter (Sigma Aldrich), and
the liquid fraction was again filtered on a 20 nm pore diameter paper
filter. The second filter was placed into a glass beaker with 10 mL of
bidistilled water, and mildly ultrasonicated for 5min at +20 °C. The
suspension was centrifuged for 15 min at 25,000g on a Sorvall RC-5B,
the fraction of IFs with the 150 k <= M < 300 k apparent molecular mass
was collected and used in further experiments. The selected fraction
was diluted to the total volume of 10 mL and stored at + 4 °C. The total
yield of the IFs was ca. 47 mg. Using the earlier proposed procedure, we
estimated the IF number density [9] in the stock suspension at
3.2 x 10°cm ™3, Here we assumed that the IFs were homogeneously
distributed over the sample volume.

2.2. Electric conductivity measurements

The matrix of gold electrodes contained 1000 electrodes arranged in
500 electrode pairs. The matrix was produced using electron beam li-
thography (JBX-6300FS, JEOL), with the equivalent electrodes all
connected in parallel as schematically shown in Fig. 1.

Each electrode was 1 um wide, the distance between the electrodes
in the pair was 20 nm and the distance between the two neighboring
pairs was 20pum. The total size of the matrix active area was
10 x 20 mm?, and the total electrode surface area was ca. 80% of the
total electrode matrix area.

The electrode matrix was connected to the KEITHLEY 6430 source
meter unit, operated by a PC computer via GPIB board (National
Instruments Inc., QUANCOM PCI GPIB Card). Voltage and current were
measured to better than 1%. The data acquisition system was controlled
by the software running in LabView-8.0 environment, with the mea-
surement system recording currents down to 0.1 nA.

The electrode matrix was mounted inside a Pyrex sample cell with
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Fig. 1. Schematic drawing of the electrode matrix. The gold electrode matrix
shown is 20 X 10 mm?, with 500 electrode pairs. The gap between the elec-
trodes in the pair where the potential difference is applied is 20 nm, the elec-
trode width is 1.0 um, the distance between electrode pairs is 20 um and the
electrode length is 8.0 mm.

4.5mL total volume that contained either bidistilled water or the
sample suspension, and the cell was mounted into a water thermostat
with temperature controllable in the 5-40 °C range. The temperature
was measured to 1.0°C, and the thermostat provided temperature
control to 0.1 °C. The required number density in the measured samples
was adjusted by dilution of the stock suspension with the number

density njp = 3.2 x 10° em ™3,

3. Results and discussion

Using the earlier reported information [16,17], we carried out the I/
V measurements 800s after filling the measurement cell with the
aqueous suspension of IFs. This time interval was sufficient for the
equilibrium between the IF adsorption and desorption from the matrix
to be reached [16] Measurements were carried out at different tem-
peratures in the range from 5 °C (278 K) - 40 °C (313 K) for the aqueous
suspension of the MC IFs with n;z = 3.2 x 10%cm ™2 obtained by di-
luting the stock suspension by the factor of 10. Note that previously
[16] the samples with variable number density of MC IFs were used
studied in different measurements, where the number density was
varied in the (0.21 + 2.10) x 10%cm 3 range [16]. On the contrary,
constant number density of (3.2 = 0.1) x 10%cm ™2 was used in the
current measurements. The results obtained are shown in Fig. 2.

It can be seen in Fig. 2a that the negative and positive branches of
the I/V dependence are identical. This result may be explained by the
random directional distribution of the MC IFs adsorbed by the electrode
matrix and relatively weak interactions of the IFs with the Au electrode
surface. Taking into account this result, further on we will only discuss
the positive branches in the I/V plots. The experimental results were
fitted by the function describing the Schottky diode [12-15]:

(V) = 4”il—rz"k‘*oc(T)Tze’ZBLST[ekaVT - 1] o
where e is the absolute value of the electron charge, m is the effective
electron mass, kg is the Boltzmann constant, h is the Plank constant, T is
the absolute temperature, I is the measured current, V is the applied
voltage, Us is the Schottky barrier, a(T) is the temperature-dependent
function taking into account adsorption — desorption equilibrium of the

IFs. Consider the adsorption — desorption equilibrium:
IFpuik <> IHas

where IF,,; and IF 4 are suspended IFs and adsorbed IFs, respectively.
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Fig. 2. (a) The I/V dependence measured at 278 K at the -100 mV to + 100 mV of the external electric potential difference. (b) The I/V dependences measured in the
aqueous suspension of IFs: circles — 278 K, squares — 298 K, triangles up — 308 K, and triangles down — 313 K. All measurements were carried out for the initial IF

concentration njz = 3.2 x 108 em ™3,

In this case, denoting n.4s the number density of adsorbed IFs, and ng
the initial number density in the suspension, we define the a(T) func-
tion as follows:

_AG
e kpTng

Nads = 76~
(1+fﬁﬂ @

where ny is the initial number density of MC IFs in the suspension, and
AG is the Gibbs potential for the adsorption — desorption. Thus, Eq. (1)
may be rewritten as follows:

_AG
~e ksTny = a(T)

eUs+AG eV eUs+AG eV

I(V) = “’%"Bnoﬂe* k5T [ekBT - 1] = A,fT%  ke7 [ekBT - 1]

~ F(T)eSMV

eUs+AG
F(T) = 4”;—”;"BnOTZe* kpT
-
S(D) = 15 ®)

The values of the fitting parameters are listed in Table 1.

The fitted temperature dependences F(T) and S(T) are shown in
Fig. 3.

The values of the fitting parameters Ue + AG, f and b are
7.88 + 0.11 kcal/mol, 0.5831 = 0.0037 and (1.154 = 0.021)
10* V™ IK, respectively. Earlier we have estimated AG = —6.31 kcal/
mol [16]. Therefore, Ue = 14.19 kcal/mol = 0.62 eV. The slope of the
linear function of Fig. 3 is about (1.15 * 0.03) x 10* = e/kg. Note that
the latter value is in good agreement with the ratio of the respective
fundamental constants. We therefore conclude that the presently used
modeling approach produces reasonable results. We also conclude that
porcine MC IFs have electric properties of a semiconductor.

Note that recently [18] we reported electric field modulation of the
light energy transmitted along MC IFs isolated from porcine retina.
Such measurements were carried out using a different experimental
design. Those experiments used a sandwich capillary matrix, with three
30 um thick dielectric layers (SizN,4) interspaced by two 15 pum metal
layers (Au) and 2.5 X 10° capillary holes each 15nm in diameter. This
capillary matrix was filled by MC IFs and their electric conductivity
measured. Note that we already reported I/V dependence at 5 °C, which
is quite well reproduced in the present report. We conclude that the two

Table 1
The values of the fitting parameters F and S.
T, K F(T), pA sm, v!
278 1.02 41.7
298 2.98 38.9
308 4.85 37.7
323 9.51 35.9

independent measurements using different approaches produced the
same results, reinforcing our confidence in the correctness of the pre-
sently adopted techniques.

We should also discuss the role of Au electrodes at the Au/IF con-
tacts. Presently we are lacking a detailed knowledge of the zone
structure of the semiconducting IFs and additional experimental data
obtained with other metals, that would allow to produce a detailed
picture of the Au/IF interactions. However, we can compare Au/Si and
Au/IF contacts, using the previously reported results on the Au/Si
contacts [20]. Such contacts exhibited exponential form of the I/V de-
pendence, with the Si band gap estimated from the measured curves
[20]. The band gap thus estimated reproduced with acceptable accu-
racy the results of optical measurements. Considering Au/Si interface,
the Au layer is deposited on top of the Si crystal, and diffusion of Au
into Si could cause some changes in measured properties. On the other
hand, strong interactions are generated at the Au/Si interface, while the
effects of these interactions upon the Si bandgap are not significant. The
band gap of 0.62 eV we estimated for IFs is in the near-infrared spectral
range. We did not attempt to record the IF electronic absorption spectra
in this range, because this range should be congested with the overtones
of the IF vibrational bands. Note that all of the previously reported
optical absorption bands [17,18] may be assigned to transitions be-
tween the valence and the second conductive zone of the IFs. Com-
paring to the Au/Si contact, the interactions at the Au/IF contact should
be much weaker, as only Van der Waals forces should be present.
Therefore, we do not expect any significant effects of the Au electrodes
upon the electronic state structure and electronic properties of IFs in
presence of the Au/IF contacts. At this time we don’t have sufficient
evidence that would allow discussing the mechanism of electron
transport between Au and IFs. Therefore, we leave this issue for a
follow-up publication.

The presently reported results demonstrate interesting properties of
the natural biological fibers. These properties support and substantiate
the previously hypothetic quantum mechanism of high-contrast pho-
topic vision in vertebrate eyes [12,15]. We leave detailed quantum
chemical analysis of these results for a future study.

4. Conclusion

In the current study, we reported the I/V characteristics of the MC
IFs of the porcine retina. It was found that the results obtained may be
interpreted as the electric behavior of the semiconducting IFs touching
the gold contacts providing the electric current to these IFs. Thus, the
measured dependences were fitted by the relationship (1) describing
Schottky diodes. The analysis of the temperature dependence of the I/V
experimental curves allowed to estimate the parameter values char-
acterizing the electric conductivity of the MC IFs studied. We finally
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Fig. 3. Temperature dependences of (a) F and (b) S parameters, obtained by fitting the Eq. (3) to the experimental data shown in Fig. 2.

conclude that the MC intermediate filaments have the electric proper-
ties of a semiconductor with the band gap of 0.62 eV.
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