OPTICAL STIMULATION OF NEURONAL GROWTH
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Abstract. Optically stimulating neuronal growth is a relatively new subject which could have
numerous applications in different areas knowing that a control over neuronal growth is a
fundamental objective in biology. In this short review we will achieve a synthesis of the results
reported in the literature and of the main hypotheses proposed for the stimulation mechanisms.
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INTRODUCTION

In 1890 a Spanish neuroscientist named Santiago Ramoén y Cajal first
identified the growth cone and described it as being a highly motile sensory
structure that leads an advancing neurite. Since then, many scientists have been
trying to figure out the underlying mechanisms that determine neuronal growth, but
many of the aspects have not yet been discovered despite their effort.
Understanding the growth cone may reveal some insight into the development of
the nervous system of organisms and could lead to future techniques of nerve
regeneration and to the development of neuronal circuits in vitro [26].

During development, neurites through the growth cone are constantly probing
the extracellular medium in search for cues with the help of filopodia and
lamelipodium being controlled by guidance molecules (that are bound to cellular or
extracellular surfaces) that orient migrating and growing cells. A guidance
molecule can cause attraction, repulsion or both [19].

Due to the complexity of the chemical guidance signals, scientists have
explored various other approaches to control neuronal growth. They tried artificial
substrates such as silicon wafers where nerves have been directed by
topographically structured surfaces [15] and also tried selectively patterning the
substrate with adhesive materials for nerves [20, 33], however damaging tensions
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ripped apart the neuronal structures formed on the substrate because of the axons
tendency to straighten and stiffen in time. There also have been reports of guiding
neurons using electrodes, but the specific impact of induced electrophoresis effects
is not understood [17]. There have been attempts trying to identify ways of using
nanotechnology in psychiatry, but without specific applications in practice.
Synaptic modulation using nanoparticles may prove difficult [18]. Because of the
clinical impact, prosthetic methods were developed using electrical evaluation of
neural functioning [28]. Differences in complexity between the central nervous
system and the peripheral nervous system create an opportunity for using the
optical stimulation of neuronal growth technique first on the peripheral nervous
system, mainly because of the probable high impact at the smart prostheses level.

Keeping in mind all of the failed attempts, there was a clear need of an
alternative way to guide nerves. In 1991 Albrecht-Buehler observed a strange
phenomenon involving 3T3 cells that extend pseudopodia towards a distant
infrared laser light source [1], and in 2002 Ehrlicher succeeded in demonstrating
that a near infrared laser light source placed on or near a growth cone of NG108 or
PC12 cells can enhance the growth speed and turn the growth cone towards the
direction of the laser [17]. This discovery is outstanding and yet not even today the
mechanisms responsible for this outcome are fully understood although there are
several proposed hypotheses.

The aim of this short review is to analyze the literature reports related to the
application of optical tweezers in controlling the neuronal cone growth highlighting
the main positive results. The most promising hypotheses regarding the
mechanisms involved in the optical control of neuronal growth are discussed.

OPTICAL TWEEZERS

Arthur Ashkin first reported in 1970 the detection of optical scattering and
gradient forces on micron sized particles [5]. In 1986 in his experiments, Ashkin
described it using a high focused beam of light capable of holding microscopic
particles stable in three dimensions [6]. What he reported back then is what now
we call optical tweezers which are instruments that use a laser beam in order to
manipulate particles of nano and micrometer size with a high refraction index (Fig.
1). The narrowest point of the laser beam (beam waist) contains a powerful electric
field gradient, the region of maximum intensity being the center of the laser beam.

Essentially, the photons emitted by the laser are refracted as they enter and
exit a particle, thus a photon will change direction while passing through a particle.
Because light has a certain momentum attributed to it, this change in direction also
means a change in the momentum, therefore due to Newton's third law there should
be an equal and opposite momentum change on the particle resulting finally in a
force exerted on the particle. Being constantly bombarded by photons from
different angles, the particle is kept in the middle of the laser beam [27].
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Optical tweezers have been used to manipulate objects for the past 30 years,
being applied to single molecular and cellular studies. Many biological motors such
as kinesis [4], cytoplasmatic dynein [30], myosin [23], nucleic acid-based enzymes
[14, 32], flagellar motors [34] have been studied along with RNA and DNA
mechanics [2, 8], protein conformation changes in folding/unfolding pathway [12],
protein-protein binding/unbinding process [37] and DNA-protein interactions [23, 38].

BEAM WAIST

LASER BEAM PHOTONS

LASER SOURCE

Fig. 1. On the left side there is a drawing of a laser beam being emitted by a laser source, passing
through a microscope lens and manipulating a particle and on the right side there is an enhanced view
of the laser beam presenting the photons that change direction while passing through a particle and
keeping it in the middle of the laser beam.

GROWTH CONE

A growing axon searches for its synaptic target with the help of the growth
cone (Fig. 2). This is composed of lamelipodium and filopodia. Filopodia are made
up from actin filaments and resemble thin cylindrical extensions that can extend
from the growth cone several micrometers. The lamelipodium is made up from a
flat region that consists of dense actin meshwork [29].

Considering the cytoskeletal distribution, the growth cone can be divided into
three domains (Fig. 3).
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Fig. 2. The growth cone (personal data) — On the left side there is a picture of a neuron captured using
a 100x objective and on the right side there is a magnified view of the growth cone.

Fig. 3. The growth cone — detailed sketch presenting the three domains
and all the elements that make up the growth cone.
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The peripheral domain (P) consists of long beams of actin filaments (F-actin
bundles) which form filopodia and the dense network of F-actin which gives the
lamelipodium its structure. Additionally, individual dynamic microtubules explore
the region along with the F-actin beams.

The central domain (C) is made up of stable microtubule beams which
penetrate into the growth cone through the axonal shaft among numerous
organelles, vesicles and the central beams of actin.

The transitional domain (T) is located between domain P and domain C
where contractile actomyozin structures lie perpendicular to the F-actin bundles
and form a hemicircumferential ring [29].

OPTICAL STIMULATION OF THE GROWTH CONE

A typical experiment of optical stimulation of the growth cone consists in
exposing a viable growth cone to a laser beam by placing approximately half of the
laser beam on the growth cone and stimulating at a given frequency (e.g. for using
a 0.1 Hz frequency, the laser needs to be active 1 second and inactive 9 seconds)
and having the laser beam focused on the focal plane. The laser beam’s position is
constantly adjusted as the growth cone expands.

All experiments demonstrating optical stimulation of neuronal growth have
been done on NG108 and PC12 cells and were conducted using various inverted
microscopes that had attached to them an optical tweezer (Fig. 4) using a
wavelength between 800 nm and 1200 nm with a spot diameter between 2 um and
16 pm which was achieved by optically defocusing the beam. The laser power was
measured directly after the microscope objective to be between 4 mW and 200
mW. Some experiments used a thermostatic microscope stage that maintained a
constant temperature for the cell culture (37 °C) [16].

There are two beam shapes used in these experiments with different success
rates:

e Gaussian beam profile — 50-60% successful guidance

e Line trap beam profile — 20-25% successful guidance [9]

All of the parameters used in the literature for optical stimulation of neuronal
growth are presented in the table below (Table 1).

Ehrlicher demonstrated that optical stimulation and guidance of neuronal
growth was possible using a wavelength of 800 nm for the laser and a variety of
laser powers (20 mW, 60 mW, and 100 mW). He was able to estimate the optical
stimulated growth rate at 37.5+22.5 pm/h compared to a control growth rate of 7+3
um/h [17]. The only problem with these growth rates is that they were calculated
from one optically guided growth cone and one normal growing growth cone being
fair to say that these growth rates cannot be taken into account.
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Koch also successfully achieved laser induced optical control of neuronal
growth for PC12 and NG108 cells in 2004 by using a wavelength of 800 nm for the
laser and a wide range of experimentally explored beam powers (20 mW — 200
mW) [26].

LAMP
_ VIDEO
STAGE —, CAMERA
) RECORDER
INVERTED MICROSCOPE , _47
OBECTIVE —v !
LASER
BEAM ¥

,

DICHROIC =/ N .
MIRROR
Ve
i
BEAM
CONTROLLER
LASER
SOURCE

L |

Fig. 4. General diagram presenting a typical optical setup used for optical tweezers.

Mohanty in 2005 was the first one to use a Line Trap as a beam shape in
order to achieve optical stimulation of neuronal growth. He used a wavelength of
1064 nm for the laser and a beam power ranging between 120 mW and 200 mW
[31].

Stevenson reported the first direct comparison for optical stimulation of
neuronal growth using only one cell type at two near infra-red wavelengths
(780 nm and 1064 nm) with the same beam shape and keeping the laser power low
(9-25 mW) [35].

Carnegie using a wavelength of 1064 nm, a laser power of 35-70 mW, and a
line trap as the beam shape concluded that an asymmetric intensity profile of the
optical line trap is as effective as a symmetric intensity profile [10].
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Graves achieved optical stimulation of neuronal growth in a 3D collagen
matrix using a wavelength of 1064 nm and a laser power of 50-90 mW [21].

Jesse in 2013 demonstrated that optical stimulation of neuronal growth can
be accomplished by controlling the position and direction in 3D of a tapered optical
fiber through which the light is projected and controlling the position, angle and
power of the laser beam in order to promote neuronal growth [24].

MECHANISMS PROPOSED FOR EXPLAINING OPTICAL STIMULATION

OPTICAL FORCES MECHANISM

Albrecht-Buehler’s results in 1991 reported that the extension of pseudopodia
towards a distant infrared light source could not be attributed to temperature effects
because the infrared radiation produced by the laser only raised the local
temperature by 0.00001 °C. Cells contain approximately 85% water which has a 30
times larger absorption coefficient at 1200 nm than at 900 nm; in consequence, the
water in the cytoplasm of the irradiated cell would absorb 30 times more infrared
energy at 1200 nm than at 900 nm, but the results obtained using a wavelength of
1200 nm had a weaker response than using a wavelength of 900 nm [1].

Ehrlicher in 2002 and Koch in 2004 discussed that using the laser at a low
power does not detach the growth cone from the substrate and therefore the optical
tweezer is not used in a conventional manner, concluding that the laser spot
influences the general actin based processes, basically the optical forces can only
impact the small oligomeric structures and the globular proteins found in the
growth cone. By placing the laser beam on the growth cone, it creates an intensity
gradient for the globular proteins of the cytoplasm such as actin monomers,
concentrating them at the leading edge of the growth cone; a higher concentration
of G-actin in a growth cone resulting in a faster growing rate [17, 26].

In 2006 Stevenson et al. conducted an experiment in which he compared two
different wavelengths 780 nm and 1064 nm using exactly the same experimental
conditions and concluded that both wavelengths are equally effective in optically
stimulating neuronal growth, meaning that the light detection mechanism within
the cell is not due to a single protein with a defined activity wavelength as occurs
with the photoreceptor opsin proteins in the mammalian eye [35].

Cojoc and his colleagues, using an optical tweezers, measured in 2007 the
forces exerted by lamelipodium and filopodia during neuronal differentiation
finding values ranging from pNs(single filopodium) to tens of pNs(lamelipodium)
[13]. They showed that the presence of these forces is conditioned by the actin and
tubulin polymerization, no forces being detected in the absence of cytoskeleton
proteins polymerization. These findings may suggest a possible mechanism of light
guided cone growth by modulation of the local polymerization rate at the level of
neural cytoskeleton.
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In contrast, after building a model of a filopodium in 2008 Carnegie
calculated the optical forces and torques for several positions and orientations of
the filopodium with respect to the laser beam and concluded that there is only one
attractive equilibrium angular position for the Gaussian beam and two for the line
trap and also their experiments show that the filopodia feel a small torque that
would reorientate them in the direction of the laser beam and thus promoting
neuronal growth. In the same paper they presented the results from their
experiments using an asymmetrical line trap in the forward bias configuration and
in the reverse bias configuration and resulted in similar growth rate efficiency
suggesting that the actin flow in not being affected by the laser [10].

THERMAL MECHANISM

Ebbesen and Bruus suggested in 2012 that the effect is due to a biochemical
signaling cascade initiated by the laser beam heating the cell membrane and,
although previous reports had shown that the temperature increase is negligible,
they reported a more detailed simulation showing that the temperature increase is
actually in the range of 1 °C/100 mW of laser power. Taking into account that the
neuronal transient receptor potential channels (TRP) can be activated by an
increase in temperature [11, 36] or by depolarization of the cell membrane which is
also sensitive to small variations in temperature and also pressure [3, 7, 39, 40] and
knowing that the growth cones speed can be mediated by an asymmetric influx of
calcium ions [22] they proposed that the underlying mechanism of optical guidance
of neuronal growth is the influx of Ca®" ions due to heat-induced activation of
neuronal TRP channels [16].

CONCLUSIONS

The optical stimulation of the highly motile structure that leads an advancing
neurite called the growth cone has been clearly demonstrated over a broad range of
laser wavelengths, spot sizes, spot intensities beam shapes and beam modulation.
However, the exact underlying mechanisms that lead to these results have not yet
been pinpointed even if several mechanisms responsible for this outcome have
been suggested. Keeping in mind that none of the proposed mechanisms can
sustain the outcome on their own it is only fair to conclude that there is not a
singular mechanism that leads to the enhanced growth rate of a neuron while being
stimulated optically because they all play an important part in this. It is possible
that once an optical stimulation is started the filopodia starts aligning into the
direction of the laser beam feeling a small torque and while getting closer to the
laser beam, the growth cone would start sensing the increase in temperature and
therefore activating the TRP channels which would in turn start a biochemical
signaling cascade that would promote neuronal growth in the direction of the laser
beam.
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Although optical stimulation of neuronal growth is a rather new subject for
the science world, being able to produce such results is amazing and the focus of
this subject should be applying this technique in nerve regeneration and figuring
out how this could be achieved rather than racing to find the exact thing that
produces these results.
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