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Abstract

The research of functional stimulation of neural tissue is of great interest within the field of 
clinical neuroscience to further develop new neural prosthetics. A technique which has 
gained increased interest during the last couple of years is the stimulation of nervous 
tissue using infrared laser light. Successful results have been reported, such as stimulation 
of cells in both the central nervous system, and in the peripheral nervous system, and  
even cardiomyocytes. So far, the details about the stimulation mechanism have been a 
question of debate as the mechanism is somewhat hard to explain. The mechanism is 
believed to have a photo-thermal origin, where the light from the laser is absorbed by 
water, thus increasing the temperature inside and around the target cell. Despite the 
mechanism questions, the technique holds several promising features compared to 
traditional electrical stimulation. Examples of advantages are that it is contact free, no 
penetration is needed, it has high spatial resolution and no toxic electrochemical 
byproducts are produced during stimulation. However, since the laser pulses locally 
increase the temperature of the tissue, there is a risk of heat induced damage. Therefore, 
the effect of increased temperatures must be investigated thoroughly. One method of 
examining the changes in temperature during stimulation is to model the heating.  

This thesis is based on the work from four papers with the main aim to investigate and 
describe the response of heating, caused by laser pulses, on central nervous system cells. 
In paper one, a model of the heating during pulsed laser stimulation is established and 
used to describe the dynamic temperature changes occurring during functional 
stimulation of cerebral cortex cells. The model was used in all four papers. Furthermore, 
single cell responses, as action potentials, as well as network responses, as activity 
inhibition, were observed. In paper two, the response of rat astrocytes exposed to laser 
induced hyperthermia was investigated. Cellular migration was observed and the 
migration limit was used to calculate the kinetic parameters for the cells, i.e., the reaction 
activation energy, Ea (321.4 kJ⋅mol-1), and the frequency factor, Ac (9.47 x 1048 s-1). 
Furthermore, a damage signal ratio (DSR) for calculating a threshold for cellular damage 
was defined, and calculated to six percent. In paper three, the response of hyperthermia to 
cerebral cortex cells was investigated, in the same way as in the second paper. 
Fluorescence staining of the metabolic activity was used to reveal the heat response, and 
by using the limit of the observed increased fluorescence the kinetic parameters, Ea (333.6 
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kJ⋅mol-1), and Ac (9.76 x 1050 s-1), were calculated. The DSR for the cells was calculated to 
five percent. In paper four, the behavior of action potentials triggered by laser stimulation 
was investigated. More specifically, the time delay from the start of a laser pulse to the 
detection of an action potential, delta-t, were investigated. Two different behaviors for the 
initial action potentials were observed: fast decreasing delta-t and slow decreasing delta-t. 
The results show the dynamic behavior of action potential responses to infrared light.

The work of this thesis show the dynamic changes of the temperature during optical 
stimulation, using an infrared laser working at 1,550 nanometers. It also shows how the 
changes cause astrocytes to migrate for pulses several seconds long, and neurons to fire 
action potentials for pulses in the millisecond range.  Furthermore, a damage signal ratio 
was defined and calculated for the cell systems.

Keywords: laser, modeling, heating, Infrared Neural Stimulation, astrocytes, neurons, damage
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Sammanfattning

Inom klinisk neurokirurgi finns ett stort intresse av forskning på funktionell stimulering 
av nervvävnad. Detta på grund av möjligheterna att utveckla nästa generations  
neuroproteser, det vill säga proteser som är kopplade till nervsystemet och kan styras som 
en vanlig kroppsdel. Stimulering av nervvävnad med hjälp av infrarött laserljus har fått 
ett ökat intresse de senaste åren. Flera positiva resultat har publicerats, exempelvis 
stimulering av nervceller i både det centrala och perifera nervsystemet, och till och med 
hjärtmuskelceller. Hittills har dock teorierna om den bakomliggande orsaken gått isär då 
mekanismen har varit svår att beskriva. Den huvudsakliga orsaken tros vara fototermisk, 
det vill säga bero på att ljuset absorberas av vatten och därmed lokalt höjer temperaturen 
utanför och inuti cellen. Trots frågetecknen om mekanismen så har stimulering med 
infrarött laserljus flera fördelar jämfört med traditionell elektrisk stimulering av 
nervvävnad. Till exempel är laserstimulering kontaktfri, ingen penetration av vävnad är 
nödvändig, den spatiala upplösningen är hög och inga elektrokemiska restprodukter 
bildas vid stimulering. Då laserljuset lokalt värmer vävnaden finns dock risk för 
värmeskador och därför är det viktigt att utreda upphettningens påverkan på vävnaden. 
En metod för att utvärdera upphettningen som uppstår är att undersöka 
värmeförändringarna i en datormodell.

Avhandlingen bygger på arbetet från fyra artiklar, vars mål är att undersöka och beskriva 
värmesvaret från celler i det centrala nervsystemet. I artikel ett definierades en modell av 
uppvärmningen vid laserstimulering av en cellkultur. Denna modell användes även i de 
tre följande artiklarna. Förutom beskrivningen av modellen observerades cellsvar, både 
från enskilda celler som aktionspotentialer, och från hela nätverket som aktivitets-
inhibering. I artikel två undersöktes hur astrocyter reagerade på laserinducerad 
hypertermi. Cellmigration observerades och gränsen för migration användes för att 
beräkna cellernas kinetik-parametrar, det vill säga aktiveringsenergin, Ea (321.4 kJ⋅mlo-1) 
och frekvensfaktorn, Ac (9.47 x 1048 s-1). Dessutom definierades en skadesignal, DSR 
(damage signal ratio) som användes till att beräkna gränsvärdet för cellskada. DSR 
beräknades till sex procent. I artikel tre undersöktes hur dissocierade kortexecller 
reagerade på hypertermi, enligt samma procedur som i artikel två. En fluorescensmarkör 
för metabolisk aktivitet användes för att påvisa ett värmesvar, vilket observerades som 
ökad metabolism. Gränsen för en synlig ökning av fluorescensen användes för att beräkna 
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reaktionens kinetik-parametrar, aktiveringsenergin, Ea (333.6 kJ⋅mol-1), och 
frekvensfaktorn, Ac (9.76 x 1050 s-1). DSR-värdet beräknades till fem procent. I artikel fyra 
undersöktes det initiala beteendet hos laserinducerade aktionspotentialer i en cellkultur. 
Mer specifikt undersöktes tidsfördröjningen mellan starten på en laserpuls och en 
uppkommen aktionspotential, benämnt som delta-t. Två olika beteenden observerades, 
antingen en snabb eller en långsam minskning av delta-t. Resultaten visade ett dynamiskt 
beteende för de aktionspotentialer som uppkom av laserpulserna. 

Avhandlingens arbete visade de dynamiska temperaturförändringar som uppstod vid 
laserstimulering och hur förändringarna orsakade migration hos astrocyter för 
sekundlånga pulser, och att nervceller skickade aktionspotentialer för millisekundlånga 
pulser. Dessutom definierades en skadesignal som användes för att beräkna gränsvärdet 
för cellskada. 

Nyckelord: laser, modellering, värme, infraröd neurostimulering, astrocyter, neuroner, skada
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1! Introduction

To restore lost neural functions among patients suffering from diseases or injuries has been 
a major goal for the neural prosthetic researchers for decades. Impressive results have 
been published, such as the work by Dhillon et al.1, who connected electrodes to the nerve 
endings of upper limbs amputee patients and managed to get a direct neural feedback 
from the prosthetic, or the work by Darmanjian et al.2 who attached electrodes on the 
cortex of a monkey and connected the electrodes to a robotic arm. The monkey was then 
able to control the arm, just as the natural arm, and to use it as technical assistance to eat a 
banana. Similar work was performed by Velliste et al.3 Furthermore, Zrenner et al.4 have 
developed a retinal prothesis, able to partly restore vision among blind patients. Despite 
these promising results, there are still problems that have to be solved before it is possible 
to make a prosthetic device which can completely replace an original body part with all its 
diverse functions. These problems are, e.g., poor biocompatibility, degradation of electrode 
materials potentially leaving toxic agents in the tissue, and the challenge of fixating an 
electrode inside the body. Tentative solutions have been suggested, such as electrode 
coating of nanotubes made of conducting polymers filled with agents that can be readily 
released to suppress the immune response5 during chronic implantation. Electrode 
coatings made of hydrogels have also been presented, making the interface between tissue 
and metal softer, thus reducing the mechanical stress of the cells6. Although these 
solutions seem promising, the general problem has not been fully solved.  

Hence, to gain a wider understanding of the neural functions in the brain, there is a need 
for new, better and alternative techniques for stimulation and recording of neural activity. 
A technique that could successfully stimulate neural cells without causing damage to the 
cell itself or the surrounding tissue would be highly interesting. Furthermore, if the 
technique offered high spatial resolution and didn’t cause toxicity following implantation, 
it could serve as a new method, which alone or together with electrical stimulation could 
provide valuable support in the development of the next generation of neural prosthetic 
devices. The key to a successful neural implant lies in the ability to stimulate neurons 
without doing harm to the tissue. An emerging method that shows features in a successful 
neural implant is the use of infrared laser-light to excite neurons. The main focus of this 
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thesis is to investigate the effect of pulsed infrared laser light on cells from the central 
nervous system, and explore the resulting heating using computer modeling of the system.

1.1! Thesis Outline

The thesis is organized into 11 chapters, followed by the four included papers, on which 
this thesis is based. After this introduction, the aims of the thesis are stated. Thereafter, the 
list of included papers is presented, followed by other scientific contributions by the 
author. Background of both biological and technical aspects, relevant for the thesis is then 
presented in chapter 5. The methodology of the four papers is provided in chapter 6, 
followed by chapter 7, which includes the obtained results. The results are discussed in 
chapter 8 and the conclusions are presented in chapter 9. Finally, some aspects of the 
future work are presented in chapter 10 and followed by the references in chapter 11. The 
full versions of the separate papers can be found in the appendix. 
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2! Objectives

The aim of this thesis is to investigate the effect of infrared laser light on cultures of cells 
from the central nervous system, and to explore the heating phenomenon using finite 
element modeling. This involves the culturing of primary embryonic cells from rat, as well 
as the computer modeling of the resulting heating from the laser stimulation. The specific 
aims of each paper are listed below:

- To stimulate cerebral rat cortex cells using pulsed infrared laser-light, to record the 
activities, and to develop a computer model which can be used to describe the heating 
phenomenon during the laser stimulation (Paper I).

- To establish the damage threshold for primary rat astrocytes exposed to infrared laser 
light, and to calculate the parameters describing the kinetics of the response (Paper II).

 
- To establish the damage threshold and the kinetics for a culture of cerebral rat cortex cells 

exposed to infrared laser light, and to investigate the differences compared to a cell 
culture of astrocytes (Paper III).

- To investigate and discuss the dynamic behavior of the action potentials triggered by 
infrared laser stimulation (Paper IV).

3
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3! List of Included Papers

The thesis is based on the four papers listed below. Full versions of the papers are attached 
as appendices at the end of the thesis. 

Paper I:! Heating During Infrared Neural Stimulation. Rickard Liljemalm, Tobias 
! ! Nyberg, and Hans von Holst. Lasers in Surgery and Medicine, 45:469-481, 2013

Paper II:! Quantification of a Thermal Damage Threshold for Astrocytes Using Infrared 
! ! Laser Generated Heat Gradients. Rickard Liljemalm, and Tobias Nyberg. 
! ! Annals of Biomedical Engineering, 1-11, 2013, DOI: 10.1007/s10439-013-0940-1.

Paper III:! Damage Criteria for Cerebral Cortex Cells Subjected to Hyperthermia. 
! ! Rickard Liljemalm, and Tobias Nyberg. Manuscript.

Paper IV:! Initial Behavior of the Action Potential Delay Time During Infrared Neural 
! ! Stimulation. Rickard Liljemalm, Tobias Nyberg, and Hans von Holst. 
! ! Manuscript
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3.1! Division of Work between Authors

Paper I:! The study was planned by Liljemalm, Nyberg and von Holst. Liljemalm 
! ! performed most of the experiments, the data extraction and wrote most of 
! ! the paper after discussion with Nyberg and von Holst. Nyberg performed 
! ! some of the experiments. Nyberg and von Holst critically revised the 
! ! manuscript.

Paper II:! The study was planned by Liljemalm and Nyberg. Liljemalm performed the 
! ! experiments, the data extraction and wrote most of the paper, after 
! ! discussion with Nyberg. Nyberg made fundamental contributions to the 
! ! theory of the !paper. Nyberg critically revised the manuscript. 

Paper III: ! The study was planned by Liljemalm and Nyberg. Liljemalm performed the 
! ! experiments, the data extraction and wrote most of the paper, after 
! ! discussion with Nyberg. Nyberg critically revised the manuscript.

Paper IV:! The study was planned by Liljemalm. Liljemalm performed the experiments, 
! ! the data extraction and wrote most of the paper, after discussion with 
! ! Nyberg and von Holst. Nyberg and von Holst critically revised the 
! ! manuscript.
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4! Other Scientific Contributions

Conference proceedings and contributions

R. Liljemalm, T. Nyberg, and H. von Holst, ”Heating during Optical Stimulation of 
Neurons”, Medical Bionics, Melbourne, Australia, 20 - 23 Nov, 2011

R. Liljemalm, T. Nyberg, and H. von Holst, ”Optical Stimulation of Neurons”, 
Biophotonics ’11, annual meeting at Ven, Denmark, May 2011 
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5! Background

This chapter provides a brief background on subjects relevant for the work in this thesis, 
e.g. biological and technical background, as well as a short introduction to computer 
modeling.

5.1! The Nervous System

The nervous system is an organization of highly specified cells enabling an organism to 
receive information about both the external world and the internal body functions, to 
process that information and to produce a response. In humans, the nervous system is 

commonly divided into two major parts: the central 
nervous system (CNS), which consists of the brain and 
the spinal cord, and the peripheral nervous system (PNS), 
which consists of all nerves outside the CNS, see Figure 1. 
The nerves reach every part of the body and the main 
tasks of the nervous system are the control and regulation 
of body functions, together with the endocrine system, 
though working on different time scales. While hormones 
affect the body on second to hour timescale, nervous 
signals are initiated within milliseconds and are able to 
travel from the brain to the toes in the timescale of about 
15 milliseconds7. 

Figure 1 The central nervous system (CNS) consists of the brain and 
the spinal cord (yellow), and the peripheral nervous system (PNS) 
consists of all nerves outside of the brain and the spinal cord (blue). 

5.2! Cells in the Nervous System

The single cell can be considered to be the smallest building block of the nervous system. 
The cells can be of numerous types, but are typically divided into neurons and neural 
supporting cells (neuroglia), see Figure 2. The exact number of cells in the nervous system 
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is hard to grasp. The brain alone contains over 100 billion neurons, and billions of other 
cells as well8. The main supporting tasks for the neuroglia are to supply nutrients for the 
neurons, to provide physical support, to remove dead neurons and to support neural 
activity. Another important task is to generate an isolating layer around the neural axons, 
myelin, which is crucial for fast signal transduction. Recent research has shown that 
certain types of neuroglia participate in the neural signal transduction as well9. 

Figure 2 Sketch of two cells: first an example of a 
neuroglia, an astrocyte,  and second, a neuron with a 
myelinated axon. The astrocyte have extending processes, 
giving it a starlike shape. A neuron is usually divided into 
three parts: the soma, dendrites and the axon. 

There are believed to be hundreds of specific 
types of neurons in the human brain10. This 
gives a hint about the complexity of the brain 
and how specialized it is. Even though there are 
so many different types they all share the same 
basic properties: the ability to initiate, receive 
and pass on electrical signals along the cellular 
membrane to other neurons through special 
junctions called synapses. The synapses can be 
both electrical and chemical. The electrical 
synapses are in minority, though they exist in 
the whole nervous system7. Electrical synapses 
function by diffusion of ions and large signal 
molecules between neighboring cells via gap 
junctions, whereas chemical synapses function 
by diffusion of neurotransmitters between cells 
in a small space, called the synaptic cleft. When 
an action potential arrives to the synapse, it 
triggers the release of neurotransmitters in the 
synaptic cleft. These diffuse to the other side of 
the cleft and bind to specific receptors. The 
receptor binding triggers the initiation of an 
action potential, and thus the signal is 
transmitted from one cell to another7.

A special feature which separates neurons from many other cells is, as stated above, the 
ability to generate electrical signals. This is possible due to the ability to maintain an 
electrical potential across the cell membrane. The potential also gives the membrane 
capacitive properties, resulting in the generation of a capacitance transient if the 
membrane potential is altered. The capacitance is an effect of both the electric double layer 
and the cell membrane. This plays an important role for the electric signal propagation 
during neuronal signaling. In the membrane, neurons have certain protein complexes that 
are able to pump ions actively or allowing ions to flow passively due to concentration 
gradients. These pumps and channels are highly specific to the ion types that are allowed 
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to pass. The two most important ions for the neural signal transduction are sodium and 
potassium ions. At rest, a difference in concentration of ions exists between the interior 
and the exterior of the membrane. This difference in concentration creates an 
electrochemical potential across the membrane, called the membrane resting potential, 
with a higher concentration of potassium ions inside the cellular membrane and a higher 
concentration of sodium ions outside the cellular membrane. A typical resting potential for 
a neuron is between -40 and -90 mV, and differs between different types of neurons. 

If the membrane potential is activated, certain ion channels open resulting in a fast inflow 
of sodium ions. The membrane depolarizes and an action potential is initiated, see Figure 
3. This further changes the membrane potential to become even more positive, which 
opens more channels until all the available channels are open. This fast flow of ions 
reverses the membrane potential. The process continues with a rapid closure of all the 
open sodium channels. Sodium ions can no longer enter the cytoplasm and are now 
actively transported by ion pumps out from the cell. The increase in membrane potential 
opens up potassium channels giving a fast outflow of ions which returns the membrane 
potential to the resting potential. After an action potential has occurred there is a refractory 
period in which further potassium ions flow across the membrane making it more 
negative, called hyperpolarization. Furthermore, the sodium channels need a short time of 
recovery before they can be reopened. These features are crucial as it makes it impossible 
for an action potential to travel backwards. Thus, action potentials always travel in one 
direction only, typically away from the soma. However, if an axon is artificially stimulated 
in the middle of the axon, two action potentials will emerge and move away from the 
position of the stimulus, one towards the soma (retrograde) and the other towards the end 
of the axon (anterograde). 

Figure 3 Membrane potential changes during for an action potential11.

Certain receptors precent in the cellular membrane are capable of altering the membrane 
potential, thus able to trigger action potentials if affected by the appropriate stimulus. The 
receptor stimulus can be of a multitude of factors, such as proteins, ions, pH and external 
stresses, e.g. pressure or heat7. The receptors in the transient receptor potential vanilloid 
(TRPV) family are temperature sensitive receptors found in a variety of cell types and in 
the nervous system12-14. Different TRPV receptors respond to different threshold 
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temperatures, e.g. the TRPV-1 receptor that responds to temperatures above 43°C15. These 
receptors are interesting for the thesis, because they have been implied as a possible 
explanation to the heat response of neurons exposed to laser light, see the section Infrared 
Neural Stimulation (INS). 

Another important cell type in the nervous system is the astrocyte, see Figure 2, which is a 
neuroglial cell type. The name originates from the star-like shape and they exist in the 
whole CNS. Earlier, the astrocytes were considered only as gap fillers within the neural 
system (”glia” means glue) and the neurons were the only important cells. More recently, 
however, research has shown that the importance of the astrocytes are more significant 
than was earlier believed9. They have several crucial functions, such as to encapsulate 
synapses, regulate synaptic transmission and synaptic excitability. Furthermore, they 
remove synaptic ions and regulate the ion environment for the neurons, as well as remove 
excess of neurotransmitters during signaling. These functions affect the plasticity of the 
brain. They are also believed to be involved in the formation of memories and have been 
found to be an important factor in various disorders such as Alzheimer’s and 
schizophrenia9. All types of neuroglia in the brain communicate with both neurons and 
each other via gap junctions using calcium waves16. They have also shown to 
communicate using neurotransmitters. A recent study showed that neuroglia can control 
the action potential speed in an axon by affecting the myelin17. The role and the 
importance of the astrocytes for the neural system was therefore the reason for studying 
the astrocyte response.

5.3! The Laser

The term LASER is an acronym for Light Amplification by Stimulated Emission of 
Radiation. The theoretical foundation was initiated 1917 by Albert Einstein in his work on 
absorption and emission of radiation. However, it was not until 1960 that the first laser 
was invented by Theodore Maiman. At start, the laser was called ”a solution looking for a 
problem” 18. That opinion has changed dramatically as lasers today can be found in 
numerous fields, such as medicine, chemical analysis, military, telecommunication, 
material processing, measurement techniques and not the least in our own homes in Blu-
rays, DVDs and printers. The invention of the laser has truly changed our world and is 
certainly one of the most important inventions of the twentieth century. 

The basic principle of a laser is stimulated emission. When an electron absorbs energy, it 
gets excited to a higher discrete energy level and when it decays to a lower energy level 
the energy difference will be emitted as a photon, see Figure 4A. The emitted photons will 
not have any relationship and will be emitted in random directions. This is called 
spontaneous emission, and is the mechanism of fluorescence. According to the quantum 
mechanical theory by Albert Einstein, it is possible to force an excited electron back to the 
ground level by stimulating the electron with the same energy as would be emitted by 
spontaneous emission. This produces an additional photon, see Figure 4B. The two 
emitted photons will have the same phase, energy, polarization and direction. This is 
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called stimulated emission and in a laser the stimulated emission triggers a chain reaction 
inside the laser cavity. 

Figure 4 The principles of spontaneous emission 
and stimulated emission. A Spontaneous emission.  
An electron excited to a higher energy level (E2), 
spontaneously decays to the lower energy level 
and emits the energy difference, E2 - E1 = ∆E, as a 
photon. B Stimulated emission. An electron in its 
excited state affected by an incident photon of the 
same energy as would have been emitted 
spontaneously, may decay and emit an additional 
photon, coherent with the incident.

Laser light can be achieved at a wide 
range of wavelengths, ranging from 
ultraviolet to the far infrared with powers 
ranging from typically a few milliwatts for 
red laser pointers to many kilowatts for 

industry lasers. Usually lasers are divided into two modes of operation, continuous-wave 
operation or pulsed operation. The continuous-wave operation emits a stable output 
power over time with little fluctuations, whereas in pulsed operation the laser has a strong 
modulation over time for the power. The emitted pulses in pulsed operation can be in the 
range of femtoseconds with very high peak powers. 

Since the light from a laser source is coherent, it is possible to have high control of the 
experimental parameters regarding the light source. In comparison to a regular lamp with 
a multitude of wavelengths and for the purpose of using lasers within the medical fields, 
lasers offers several advantages. It is possible to have lasers with well-defined output 
power, which is highly important, e.g. for tissue ablation where high control of the 
resulting tissue temperature is important. Lasers can be fabricated with well-defined 
wavelengths, giving optical characteristics suitable for the use in mind, e.g. coagulation of 
only blood in port-wine stains, leaving the surrounding tissue unharmed19. Furthermore, 
fiber coupling of the laser output makes is easy to handle and gives the possibility to reach 
and expose small volumes of tissues to the light. 

5.4! Infrared Neural Stimulation (INS)

Infrared neural stimulation (INS) functions by exposing nervous tissue to laser light in the 
near-infrared region, preferably using an optical fiber, and if the parameters of the 
stimulation are appropriately selected, neurons in the light path get excited. In the 1970s, 
Fork observed that excised nerves from the sea slug Aplysia responded to visible laser 
light20, but the study received little attention and the following decades only a few papers 
were published regarding optical responses in neurons 21-23. However, in the last ten years, 
the method of using infrared laser light for functional stimulation of neurons has received 
an increased interest. Important parameters for a successful stimulation are wavelength, 
laser power, pulse length, pulse frequency and distance between the cells and the fiber tip. 

13



For INS there is no need for chromophores or other light-gated ion channels, as used in the 
field of optogenetics24. Furthermore, INS holds several promising advantages, such as 
non-contact stimulation, complete absence of electrochemical reactions during stimulation, 
variable depth of penetration, no stimulation artifacts and high spatial resolution25-27. 
These features are promising both for research purposes and future neural prosthetic 
devices. Several wavelengths have been in the infrared region28-32. 

Results have been reported about successful stimulation ranging from cell culture33, 
thalamocortical brain slices34, facial nerves35, gerbil and cat cochlea36-38 to peripheral 
nerves39,40, pacing of the embryonic heart41 and cardiomyocytes42,43. Results published 
about successful INS in the cochlea of gerbils and recently cats38,44,45, indicates that cochlea 
implants using optical stimulation may be a possible future neural implant. Using light for 
functional stimulation of excitable cells could serve as an alternative to electrical 
stimulation, which for a long time has been considered as the golden standard for neural 
stimulation. However, before INS can be fully exploited within the medical field there are 
issues that have to be solved. Perhaps the most important one is to understand the 
mechanism behind the phenomenon. Since a wide array of excitable cells is susceptible to 
infrared light, it can be anticipated that a fundamental mechanism is common for the cell 
types. According to the literature the mechanism of INS is not clear. Wells et al. ruled out 
an electric field effect, a photochemical and a photomechanical effect in favor of a transient 
thermally mediated mechanism46. However, optoacustic effects have been reported to 
stimulate mechanosensitive cells in the cochlea47,48.  The present photo-thermal theory is 
based on a mechanism where water absorbs light and heats the irradiated volume. It is 
possible that the heating may cause activation by different pathways depending on the 
type of the cell or parameters for the heating such as peak temperature and the rate of the 
temperature increase. 

An important aspect of optical stimulation is to avoid excessive heating that may cause 
damage to tissue and cells. The heat delivered by each pulse results in a temperature 
increase and thus a potential risk of damage. Furthermore, if the system is unable to 
dissipate the heat by convection or conduction (see the section Heat Transfer) the risk of 
damage increases further. To measure the changes in temperature during INS, different 
methods can be used: an infrared camera system 46, heat sensitive chromophores 49 or by 
measuring open pipette resistance 50. Another method is to use a computer model of the 
experimental setup and simulate the heating. This is a versatile tool that offers the 
possibility to vary multiple experimental parameters. 

5.5! Heat Transfer 

The definition of heat transfer is the movement of energy caused by a difference in 
temperature, and is characterized by three mechanisms; conduction, convection and 
radiation. 
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Conduction

Heat transfer through conduction is governed by a temperature gradient where more 
energetic particles in a substrate transfer energy to adjacent less energetic particles. This 
transfer of energy is described by Fourier’s law, which states that the heat flow at a given 
point is proportional to the gradient of the temperature. The following relation is given for 
the energy balance for transient conduction:

ρCρ
∂T
∂t

= ∇ k∇T( )  (1)

where ρ is the density [kg⋅m-3], Cρ is the specific heat capacity [J⋅kg-1⋅K-1], k the thermal 
conductivity [W⋅m-1⋅K-1] and T the temperature [K].

The thermal properties, i.e. density, heat capacity and thermal conductivity, depend on the 
material, i.e. different tissues have different thermal properties. Most tissues are composed 
of a mixture of water, protein and fat, implying that the magnitude of the thermal 
conductivity can be estimated if the proportion of these components is known in a certain 
tissue. Comparing the thermo-physical properties of different tissues and water gives that 
water has the highest thermal conductivity. For example, brain tissue has a thermal 
conductivity ranging from 0.16 to 0.57 W⋅m-1⋅K-1 whereas water has a conductivity of 0.63 
W⋅m-1⋅K-1. Therefore tissues with high water content, such as the grey matter, are the best 
thermal conductors and have the fastest response to thermal disturbances.  

Convection

Heat transfer by convection is governed by moving media, e.g. fluid or gases. For heat 
transfer in biological systems, thermal energy is transferred by perfusion of blood or by 
free airflow to the skin. The heat transfer between a conducting substrate and a convective 
fluid is usually described by Newton’s law of cooling. The law states that the heat flow q 
[W⋅m-2] is proportional to the difference in temperature between the bulk temperature, T∞, 
of the fluid and the surface temperature, T:

q = h T − T∞( )  (2)

where the proportional constant, h [W⋅m-2⋅K-1], is named the heat transfer coefficient. The 
temperature gradient at the surface sets the magnitude of the heat transfer coefficient.

Radiation

Heat transfer by radiation is governed by electromagnetic radiation. For heat transfer in 
tissue, conduction and convection are the main processes, whereas radiation occurs at the 
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boundary, i.e. at the skin. For modeling of internal biological processes, the effect of 
radiation is usually negligible.   

The Bio-heat Equation

For describing heat transfer due to diffusion over time in a system, e.g. tissue, the heat 
transfer equation is commonly used, taking both conduction and convection into account:

pCp
∂T
∂t

+ pCpu ⋅∇T = ∇ k∇T( ) +Q
 (3)

where p: density [kg⋅m-3], Cp: specific heat capacity at constant pressure [J⋅kg-1⋅K-1], T: 
temperature [K], t: time [s], u: velocity vector [m⋅s-1], k: thermal conductivity [W⋅m-1⋅K-1] 
and Q: heat sources other than viscous heating [W⋅m-3]. Note that if the velocity, u, is set to 
zero, and no other heat sources are considered, Equation 1 is obtained, that only governs 
heat transfer due to conduction. 

5.6! Hyperthermia of Cells

Exposing cells or tissue to temperatures above the normal physiological level, i.e. > 37°C 
for human tissue, for a prolonged time increases the risk of inducing heat damages51. For 
tissue ablation performed during surgery this is the desired effect, but for other therapies 
high control of the heating parameters is crucial to avoid damages. The main reason of 
cellular damage and cell death due to heat is assumed to be denaturation of metabolically 
important proteins52.  Cell death starts at a threshold level of denaturation of five percent 
of the cellular content. However, the specific mechanism of cellular death due to 
hyperthermia is not clear52. 

The transition of a cell from a living to a dead state was described as a first-order chemical 
reaction according to the Arrhenius model by Henriques in 194751. Several papers have 
successfully described the heat response among cells according to the Arrhenius 
model53-56. Other authors have successfully applied more complex three-state models, 
incorporating a vulnerable state in addition to the living and dead state57. 

The Arrhenius model expresses the decomposition of a chemical component, C, see 
Equation 4. The chemical component can for example be a protein in its native state that is 
denatured due to heating, resulting in cellular damage. 

dC
dt

= −C(t) ⋅ Ac ⋅ e
−

Ea
R⋅T (t )

 (4)

where C(t) is the current concentration, Ac is the frequency factor [s-1], Ea is the reaction 
activation energy [kJ⋅mol-1], R the universal gas constant [8.314 J⋅mol-1⋅K-1] and T(t) the 
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current value of the absolute temperature [K]. Equation 4 can be integrated to yield the 
resulting decrease of C in response to a heat pulse:

Ac ⋅ e
−

Ea
R⋅T (t )

⎛
⎝⎜

⎞
⎠⎟ dt

0

τ

∫ = − ln Cthreshold

C0

⎛
⎝⎜

⎞
⎠⎟  (5)

where τ is the length of the laser pulse, C0 is the initial amount of the chemical component 
C, and Cthreshold is the critical threshold where the decrease of C causes damage. C expresses 
a decrease in cell viability which can be reformulated as an increase in damage, D, to the 
cell by D1 = C0 - C1, where C1 is the remaining concentration after the cell has been 
subjected to damage. In the cases relevant for this thesis, we state that damage is caused to 
cells when the unspecified intracellular damage signal, D, increases and passes a threshold 
Dthreshold. As C0 is unknown and only the ratio Cthreshold/C0 can be calculated we define the 
damage signal ratio DSR as:

DSR =
D1
C0

= 1− C1
C0

 (6)

This relationship can be evaluated at the perimeter of a detected damage, where C1 = 
Cthreshold, to yield the DSR threshold for the damage. For isothermal heating Equation 5 can 
be adopted to:

T =
Ea

R ⋅ ln τAm( )  (7)

where

Am = − ln Cthreshold

C0

⎛
⎝⎜

⎞
⎠⎟
⋅ Ac  (8)

The value of the damage integral ln(Cthreshold/C0) is often assumed to be equal to - 1 for cell 
death51. In the cases relevant in this thesis, we cannot assume this since our damage 
criterion does not include observable cell death only. By fitting Equation 7 to the 
temperature (K) versus pulse length (s), the activation energy, Ea, and the measured 
frequency factor, Am, (containing the damage integral) can be determined. The fitting was 
performed using Matlab (Mathworks, 2010a, USA).

To determine the damage integral from Am, or from Equation 5, we need to decide the 
frequency factor, Ac. A close approximation of Ac is found using the relationship with the 
activation energy previously proposed by He et al.58:

ln Ac( ) = Ea

RTa
− 9.36 + ln U( )   (9)
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where Ta is 316.75K, R is the gas constant (8.314 x 10-3 kJ⋅mol-1⋅K-1) and U = 1 s-1. This 
relationship has been determined to be valid for most proteins, cells and tissues58.

For long pulses, they can be approximated with a square pulse, see Figure 5. Using this 
approximation neglects the heating and cooling phases, with the result that a potential 
error adds to the result, which grows for shorter pulses. For isothermal heating Equation 5 
becomes:

Ac ⋅ e
−

Ea
R⋅T

⎛
⎝⎜

⎞
⎠⎟ ⋅τ = − ln Cthreshold

C0

⎛
⎝⎜

⎞
⎠⎟  (10)

Figure 5 By approximating the temperature 
curve during laser heating with a square pulse, 
the heating phase and the cooling phase are 
neglected. Thus a potential error adds to the 
result. The error increases for shorter pulse 
lengths.  

5.7 Modeling

The modeling of various phenomena has become a crucial, if not essential, tool in various 
research fields, and along with more powerful computers the ability to perform complex 
calculations have emerged. The objective of modeling is to make a valid representation of 
the real world, which means that an experimental environment, e.g. an object, needs to be 
translated to a virtual form. Along with the translation, techniques are needed that can 
execute the translation with a minimum of errors. You also need to know what parameters 
to include in the model and which parameters to ignore. That brings up some important 
questions: how do you know that you can rely on the results and how accurate are the 
results? Is the attained accuracy enough and how do you know that you have minimized 
the error and the sources of error in the model? These are highly important questions that 
need to be considered when interpreting the results. It is highly valuable if validation 
measurements can be performed to confirm the results from the model. Often there is a 
tradeoff between computational time and how complex the model is. The more complex a 
model is, the more computational power and time it consumes. On the other hand, if you 
simplify the model too much you may lose important information. Thus, the relationship 
decides the accuracy of the model.

For the work in this thesis, the finite element method (FEM) was used to numerically solve 
partial differential equations and model a volume heated by a laser. The FEM divides the 
volume of interest into a finite element mesh, and instead of trying to solve a highly non-
linear problem on the entire volume, an approximate solution is sought in each element. If 
this element is considerably small, the physical problem is assumed to vary linearly.

18



6! Methodology

This chapter gives an overview of the methods used in Paper I - IV, i.e. modeling of the 
heating during laser pulsing, and in-vitro experiments using cultures of cells from the rat 
central nervous system to investigate the biological responses caused by the laser pulsing. 
Details of the methods can be found in the full versions of the papers in the appendix.

6.1! In-vitro experiments

Cell Culturing

The four papers in this thesis used cultures of cells from the rat central nervous system. 
For Paper I, III and IV, slices of cerebral cortex were purchased (BrainBits LLC, USA) and 
dissociated according to established protocol from BrainBits. For Paper II, primary 
astrocytes from rat were used (Invitrogen, USA). 

The cells were seeded on two different substrates; multi-electrode arrays (MEAs) from 
Multichannel Systems and in-lab fabricated glass substrates without electrodes. The MEAs 
had 60 electrodes arranged in a square pattern with either 200 μm or 500 μm inter-
electrode distance and with an electrode diameter of 30 μm. For the MEAs a glass ring was 
attached as cultivation chamber, while on the glass substrates the chamber was made of 
the polymer polydimethylesiloxane (PDMS). The chambers contained about 2 ml of 
culture medium. Besides the material of the incubation chamber and the presence of 
electrodes, the MEAs and the glass substrates shared the same properties. 

After seeding, the cerebral cortex cultures were cultured for about two weeks before the 
first experiments took place. For the astrocyte cultures, experiments started when 
confluence had been achieved (3 - 8 days after seeding and first split), i.e. the surface had 
been completely covered by the cells. 
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Laser stimulation 

An infrared laser (500 mW, butterfly laser from Modulight, Finland) working at a 
wavelength of 1,550 nanometers, was used in all experiments for the laser stimulations. To 
prepare for an experiment, a substrate was placed on a heating plate and a head stage was 
attached. The head stage contained the connecting electronics for the electrodes when 
applicable. The tip of an optical fiber was then lowered into the chamber. See Figure 6 for a 

sketch of the experimental setup. After a couple of 
minutes, the system temperature had equilibrated 
and the experiments could be performed. A 
summary of the experimental settings used in the 
four papers is shown in Table 1. These settings were 
used in the modeling as well. 

Figure 6 Sketch of the experimental setup used in all cell 
experiments (not to scale).  A multi electrode array (MEA), or 
an array without electrodes, was placed on a heating plate. 
The head stage was attached followed by lowering the laser 
fiber into the chamber. 

Table 1 The experimental settings used for the in-vitro experiments, as well as for the simulations, performed 
in Paper I - IV. *For the sub-second pulses. The second-long pulses were output as single pulses.    

Parameters Paper I Paper II Paper III Paper 
IV

Cells Cortex Only astrocytes Cortex Cortex

Laser power 300 mW 250 mW 250 mW 300 mW

Pulse length
Second-long pulses

- 2, 4, 6, 8, 10, 15, 30, 45 and 60 s 2, 4, 6, 8, 10, 15, 30, 45 and 60 s -

Pulse length 
Sub-second pulses

20 ms 20, 40, 60 and 80 ms 20, 40, 60 and 80 ms 15 and 
20 ms

Distance tip-glass 300 μm 200 μm 200 μm 300 μm

Pulse frequency 10 Hz 10 Hz* 10 Hz* 10 Hz

Substrate MEAs Glass-substrate MEAs and Glass-substrates MEAs

Start temperature 32°C 37°C 37°C 32°C

Stimulation time 10 s 30 s* 30 s* 10 s
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Electrophysiological Recordings

For Paper I, III and IV, electrophysiological measurements of the neural activity on the 
MEAs were performed. The MEA was positioned on the heat plate and a MEA-1060 
Headstage (Multichannel Systems, USA) connected to two 16 channel amplifiers (Micro 
Electrode Amplifier, model 3600, AM Systems, USA) was attached. The signal was 
amplified 10, 000 times. The amplifier output was fed into a computer, using software 
from DataWave (SciWorks v. 6.0, USA), for recording of the electrical activity from the cells 
on the MEA. The activity was analyzed and action potentials extracted. For each 
experiment, 16 electrodes were active for recording the neural activity. On the MEAs with 
the inter-electrode distance of 200 μm, the central 16 electrodes (4 x 4) were used. For the 
MEAs with the inter-electrode distance of 500 μm, the four central electrodes (2 x 2), along 
with two rows of six electrodes on each side, 2.5 mm from the center, were used.

Cellular Damage

In Paper II and III, the damage due to elevated temperatures was investigated. The cells 
were exposed to different pulse lengths, see Table 1. A criterion was set for the cellular 
damage: any observed changes in morphology of the cells exposed to the laser were taken 
as damage to the cells. As the heating decreased radially from the center of the laser beam, 
damaging laser exposures caused circular areas where differences in morphology could be 
seen. These were chosen for further examination, i.e. measurement of the diameter of the 
circles and inspection of dead/alive cells. For any pulse length the temperature at the 
perimeter signifies the lowest damage signal necessary to invoke a morphological change 
of astrocytes. Diameter measurements were performed using light microscopy (Leica DM 
Inverted Light microscope, Leica Microsystems, Switzerland) two hours after application 
of the laser pulses. Two diameters were measured for each mark and the radius was 
calculated from the average. The distance was measured from the point where no effect 
could be seen to the opposite side using microscopy software (Leica Application Suite, 
version 3.1.0, Leica Microsystems, Switzerland). For the cells used in Paper III, 
morphological changes could barely be seen in light microscopy. Therefore, a chemical dye 
had to be used, see the next section. Furthermore, if a ring of increased fluorescence was 
observed, the diameter of the inner ring was measured in the same way as well. Thus, 
potentially two average radii could be achieved for one mark: one inner radius and one 
outer radius, and used in the following damage analysis. 

Cellular Staining 

Cellular staining methods had to be performed in Paper II and III. To separate between 
living and dead cells, a live/dead assay using propidium iodide (PI)/Hoechst was 
performed in Paper II. After the laser heating of a substrate, the medium was replaced 
with preheated media containing 2.4 μM PI (stained the nucleus of cells with disrupted 
cell membranes) and 9 μM Hoechst (stained the nucleus of all cells) (Sigma, USA). The 
substrate was put in the incubator for two hours, followed by a rinse in low-fluorescent 
media (Hibernate-E, low fluorescence, BrainBits LLC, USA). The substrate was then 
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inspected in a fluorescence microscope (Leica DM Inverted Light microscope, Leica 
Microsystems, Switzerland). 

Due to difficulty to observe morphological changes following the heating of substrates in 
Paper III, a fluorescent stain had to be used. Immediately after all laser pulses had been 
applied to a substrate, the medium was changed to a medium containing ten percent of 
the chemical cell viability dye Alamar Blue (Sigma, USA) and incubated for two hours. 
After the two hours, the substrate was rinsed six times using phosphate buffered saline 
(Sigma, USA) and put into the fluorescence microscope (Leica DM, Inverted Microscope, 
Leica Microsystems, Switzerland).

Delta-t

The action potential delay time for all successful recordings in Paper I and IV, i.e. the time 
from the start of a laser pulse to the start of an action potential, was measured and defined 
as delta-t, see Figure 7 for an example. 

Figure 7 An action potential 
detected 17.5 milliseconds after the 
start of the laser during INS. Delta-t 
was defined as the delay time from 
the start of a laser pulse to the 
detection of an action potential. 
Upper trace: laser control pulse, 
lower trace: neural recording. Note 
the artifact due to the start and the 
end of the laser pulse. 

6.2! Modeling

General Model Description

The model used in Paper I - IV was created using multi-physics software from COMSOL 
(COMSOL Multiphysics, 2011, 4.2a, Sweden). For the simulations, the COMSOL interface 
non-isothermal flow was used, which couples fluid flow and heat transfer in the same 
model. Thus, two components for the heat transport were considered: conduction and 
convection. Important parameters in the model are the laser power, the pulse length, the 
frequency of the pulsing, the temperature of the surrounding media and the distance from 
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the fiber tip to the glass slide containing the cells. See Table 1 for a summary of the used 
parameters. 

Beam Approximation

The laser light exiting the fiber core (with a numerical aperture of 0.39 in air) was 
described as a Gaussian divergent beam with a spreading angle of 17.1°, with the fiber 
immersed in water, calculated using Snell’s law. The Gaussian distribution was calculated 
using experimental data from the laser (Modulight, Finland) and an intensity profile 
calculated using Matlab (Mathworks, 2010a, USA), according to the analytical function 
that is described in detail in Paper I.  The laser intensity reaching an arbitrary point 
decreased with the distance due to absorption of the light in the water according to the 
Lambert-Beer law of absorption, and due to the Gaussian function. The only contributing 
heat source to Q, see Equation 3, was the heat generated by the laser beam. By discretizing 
Q into a mesh of cubic elements, 10 μm in size, the power density for each element could 
be calculated. By converting the laser power to heating by calculating the absorbed laser 
intensity for each element, the mesh could be directly imported into COMSOL and used as 
an interpolation function in the model heat source. 

Model Geometry

The geometry of the model was set as a representation of a small part of the experimental 
setup that included the laser beam, see Figure 8A for a side view of the cell chamber with 
the fiber tip lowered into the medium. The model used a cylindrical 3-dimensional 
volume, see Figure 8B, including the central parts of the fiber tip, the full thickness of the 
glass substrate and the water in between. The electrodes were disregarded in the 
simulations since no measurements were performed with the laser beam aimed directly at 
any electrodes due to the strong infrared absorption of the material (titanium nitride) 
causing clearly distinguishable electrical artifacts. Care was also taken to avoid electrode 
leads, due to the strong absorption of the lead material (indium tin oxide). The size of the 
geometry was a chosen to be large enough for the boundary conditions not to interfere 
with the volume of interest, i.e. from the center and 200 μm radially away. It was also a 
tradeoff between computational time and resolution of the mesh size. 
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Figure 8 Sketch of the setup (not to scale). A Side view of the chamber, see Figure 6,  with the optical fiber-tip 
lowered into the cell medium. The fiber-tip was perpendicular to the cells.  The area marked by the black 
rectangular box represents the extent of the geometry used in the model. B The three-dimensional cylinder 
geometry used in the model represents a small part of the experimental setup (black box in A) and consists 
of the central parts of the fiber tip (500 μm in height), the full thickness of the glass substrate (1000 μm in 
height) and D, the thickness of the water volume (Paper I, and IV: 300 μm, and Paper II, and III: 200 μm). The 
water volume was separated into two volumes with different mesh sizes. The inner volume used a finer 
mesh compared to the outer volume to increase the detail level. 

The water volume in the geometry was separated into two volumes with different mesh 
sizes. In order to increase the level of details in the central region, a finer mesh was chosen 
for the inner volume, with a maximal element size of 37 μm and a minimal element size of 
4 μm. The outer volume had a maximum element size of 180 μm and a minimal element 
size of 32.4 μm.  

Boundary Conditions

The temperature of the upper side of the geometry in Figure 8B was fixed at the 
equilibrium temperature, 32°C for Paper I and IV, and 37°C for Paper II and III. The 
bottom side of the glass substrate, was set to a convective cooling boundary condition. 
This side was exposed to free air with a fixed temperature of 24°C. These temperatures 
were measured in the experimental setup following ten minutes of equilibration using a 
thermistor (PT-100). The rest of the outer boundaries were set to the COMSOL boundary 
condition outlet and outflow, allowing free flow of both heat and fluid. The COMSOL 
boundary condition no-slip was set between water–glass and water–fiber tip, resulting in a 
zero flow velocity at the surface.
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Validation of the Model

To validate that the results in the model could be trusted, local temperature measurements 
were performed in Paper I, by measuring the pipette current (Ag/AgCl electrode) of an 
open patch pipette, and compared with the model. Calibration of the pipette was 
performed in a saline bath by heating the solution to about 69°C, followed by passive 
cooling back to room temperature (24°C) and simultaneously measuring the tip current 
and the temperature of the solution using a thermistor. An Arrhenius plot of the data was 
used to estimate the activation energy for the solution. The temperature was calibrated 
from the current as suggested by Yao et al.50:

T =
1

1
T0

− R
Ea

log I
I0

⎛
⎝⎜

⎞
⎠⎟

  (11)

where R is the universal gas constant (8.314 J⋅mol-1⋅K-1), T0 the room temperature (24°C) 
[K], I0 the pipette current at T0 [A] and Ea the reaction activation energy [kJ⋅mol-1]. 

After calibration, the pipette was used for measuring temperature changes during laser 
stimulation in order to verify the temperature behavior predicted by the model. The 
measurements were performed using a glass-substrate without the incubation chamber, 
since it hindered access to the measurement volume. Therefore, salt water (0.9%) was 
applied on the substrate, see Figure 9, as a droplet of 2 ml of  salt water, about the same 
amount of fluid as used in the cultivation chambers. 

Figure 9 Sketch of the side view of the setup during the 
temperature measurements (not to scale). The micro-
pipette was inserted from the side. The area marked by 
the black rectangular box represents the extent of the 
geometry described in Figure 8B.  

By applying laser pulses and measuring the 
pipette current, the local temperature changes 
could be calculated and compared to the 
model. For the settings during the temperature 
measurements, see Table 2. These settings were 
used in the model as well.

The pipette was moved radially along the x-axis in 25 μm steps (± 9 μm) and when the 
centre was localized, the heating due to consecutive pulsing was measured. 
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Table 2 The experimental settings used for the local temperature measurements, as well as the simulation of 
the setup.

Laser power 300 mW

Pulse length 20 ms

Pulse frequency 10 Hz

Start temperature 24°C

Stimulation time 1 s

Distance tip-glass 215 μm

In addition to the temperature validation measurements, a sensitivity analysis was 
performed in Paper II. Three of the parameters in the heat equation (Equation 3): the 
density, the specific heat capacity, and the thermal conductivity, are temperature 
dependent. Since the model uses parameter values close to the equilibrium temperature, 
37°C, a potential error adds to the results during the heating due to the elevated 
temperatures. Therefore, simulations were performed to estimate the effect of the error. 
Parameter values for the peak temperature, 67°C at the cellular level, were chosen and 
simulations were performed for 2 s and 60 s long pulses. 
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7! Results

In this chapter an overview of the results obtained in Paper I - IV is presented. For more 
details, see the full versions of the papers in the appendix.

7.1! Paper I - Heating during Infrared Neural Stimulation

In order to verify the model, local temperature measurements using an open patch pipette 
were performed and compared to a simulation of the experimental parameters, see Figure 
10.

Figure 10 Simulated (blue) and measured 
(red) temperatures during 10 consecutive 
20 millisecond pulses at 10 Hz close to the 
center of the beam. 

Both the simulation and the 
measurements show that the 
system reaches stability four pulses 
after start. A small temperature 
difference (< 1°C) between the 
simulation and the measurement 
could be seen at 1 second. In 
addition, the heating of earlier 
published experimental settings30 
was simulated, which showed a 
good agreement with the results.

The heating of a water volume surrounding a cellular layer during laser stimulation was 
modeled. The simulation showed that there was a heat build-up in the water volume, with 
a peak temperature at the cellular layer of 48°C when the system was stable, see Figure 11. 
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Figure 11 Temperatures at five points 
situated 0.1 μm above the glass surface at 
100 μm interval radially out from the 
center during 1 second. Note the 
increasingly higher peak temperatures 
for the first four pulses. Laser power 300 
mW, pulse frequency 10 Hz, pulse length 
20 milliseconds. Initial temperature 32°C. 

The peak temperature in the 
irradiated volume was just above 
83°C, see Figure 12B. The 
simulation also showed that 
consecutive pulses reached 
increasingly higher peak 

temperatures at the cellular layer. 
Equilibrium for the peak temperatures was reached about 0.4 s after laser onset for the 
center and about 1 s after laser onset 400 μm from the center. Figure 12A shows that the 
temperature falls rapidly along the glass surface when moving radially from the center. 
The peak temperature along the z-axis was reached about 90 μm from the tip, see Figure 
12B. The temperature dropped closer to the fiber tip as well as to the glass slide.

 
Figure 12 Temperatures versus distance. A The temperature distribution radially from the center along the x-
axis at the cell glass surface 0.1 μm along the glass surface, for three different times during the last laser 
pulse seen in Figure 11. The peak temperature is obtained at the end of the pulse (0.92 second). B The 
temperature distribution along the z-axis, laser aperture at 0 μm and glass at 300 μm, for three different times 
(same as in A) during the last laser pulse seen in Figure 11. Initial temperature of simulation: 32°C.

Cell cultures on seven substrates of primary rat cortical neurons were successfully 
stimulated using infrared laser light. A pulse-by-pulse response was observed, see Figure 
13A. 
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Figure 13 Neural responses during INS. A Pulse-by-pulse neural response to three laser pulses. B Recording 
of neural activity during INS for six channels (ch. 2-7) on a MEA. For position of the recording electrodes, see 
inset (not to scale). Channel 1 was the laser trigger output. Inhibition could be seen as absence of bursts on 
channel 5 during pulsing. All recording channels were out of the range of the laser beam. Laser power 300 
mW, distance 300 μm, pulse length 20 milliseconds at 10 Hz for 10 seconds (timescale hr:min:sec).

In average 66 (± 32) action potentials were detected during 100 laser pulses (330 action 
potentials s-1) and 53 (± 42) action potentials between the laser pulses (66.25 action 
potentials s-1). Action potentials detected within five milliseconds after the laser was shut 
off seemed to be connected to the activity triggered by the laser. An inhibitory response on 
the network level was occasionally noticed on electrodes farther away from the laser 
center, followed by return to the initial activity level, see Figure 13B. The inhibition was 
seen as absence of any spontaneous bursts during pulsing (channel 5).

7.2! Paper II - Quantification of a Damage Threshold for Astrocytes Using 
! Infrared Laser induced Heat Gradients

According to the simulated temperature distribution, the cells in the center of the laser 
beam were exposed to a peak temperature of 67°C at equilibrium, see Figure 14. Radially 
along the surface the temperature decreased and 500 μm from the center, the temperature 
was below 40 °C. 

Primary rat astrocytes were exposed to second-long and sub-seconds long infrared laser 
pulses and the light caused the cells to change morphology and migrate outwards due to 
the heating of the media, see Figure 15. To distinguish between dead and living cells a 
live/dead assay was performed, see Figure 16. Threshold temperatures at the migration 
limit at the perimeter were extracted from the model to be used in the kinetic analysis, see 
Table 3.
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Table 3 The average radial distances calculated from the diameters, measured two hours following laser 
exposure, the corresponding temperatures and the number of measurements (n).

Pulse length 2 s 4 s 6 s 8 s 10 s 15 s 30 s 45 a 60 s

Radius (μm) 80.8 ± 
9.8

92.2 ± 
7.8

98.3 ± 
5.5

107.2 ± 
6.5

118.0 ± 
6.0

125.0 ± 
7.9

136.7 ± 
7.1

143.2 ± 
7.7

152.6 ± 
6.4

Temperature 
(°C)

59.5 ± 
3.2

57.7 ± 
4.0

56.8 ± 
3.6

55.5 
± 3.6

54.0
± 3.5

53.2
± 2.5

51.8
± 2.0

51.2
± 1.7

50.2
± 1.6

n 33 34 34 34 40 32 40 35 39

Figure 14 (above) Simulated temperature 
distribution radially along the x-axis, 0.1 μm above 
the surface. The cells in the center of the laser beam 
were exposed to a peak temperature of 67°C, 500 μm 
from the center the temperature dropped to just 
below 40°C. Laser power: 250 mW, distance fiber tip 
- glass surface: 200 μm, start temperature: 37°C. 

Figure 15 (right figure) Comparison between the cell 
layer just seconds after the laser application (top), 
one hour later (middle) and two hours later 
(bottom). Weak morphological changes can already 
be seen in the top image. The larger spot (left) was 
exposed to 60 s laser application, and the smaller 
(right) spot to 10 s. The diameters were measured 
according to the white lines in the bottom figure.  The 
black lines visible to the left are electrode lines. Scale 
bar: 250 μm. 
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Figure 16 The resulting marks from two laser 
pulses, 60 s (left) and 30 s (right).  A Light 
microscopy image of the effect, two hours after 
application of the laser. The exposure mark for 
the 60 s pulse was larger than the 30 s mark. 
Furthermore, more cells remained in the 
middle of the 60 s mark compared to the 30 s 
mark. The radius of the mark was used to 
extract the temperature from the temperature 
curve in Figure 14. B  Hoechst staining of the 
cell nucleus, staining all cell nuclei. C PI 
staining of the nuclei of dead cells showed a 
higher concentration of dead cells in the 
middle of the 60 s mark (left). Also, dead cells 
were seen in the 30 s mark, even though not 
concentrated to the center (right mark). Laser 
power:  250 mW, distance 200 μm. Scale bar:  150 
μm. 

By using the Arrhenius approximation, 
the activation energy, Ea, and the 
frequency factor, Ac, could be 
determined from the curve fit of the 
temperature pulse duration data, see 
Figure 17. The activation energy, Ea, 
was determined to 321.4 kJ mol-1, and 
the measured frequency factor, Am, to 
1.50 x 1050 s-1. Using Equation 9 yielded 
a calculated frequency factor, Ac, of 
9.47 x 1048 s-1.

The effect of sub-second pulses was 
investigated as well, and the 60, and 

the 80 millisecond pulses both triggered 
migrational behavior, whereas the 40 ms pulses only caused weak morphological changes. 
The 20 millisecond pulses did not cause any visible changes at all, see Table 4 for the 
measured radii.

Table 4 The average radial distances for millisecond pulses, pulsed during 30 s, and the number of 
measurements. *No morphological changes were observed.

Pulse length 20 ms 40 ms 60 ms 80 ms

Radius (μm) 0* 41 82.9 ± 2.6 115.8 ± 2.1

n 5 2 5 5
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Figure 17 Temperature (K) at the 
perimeter plotted versus laser pulse 
duration (s) and the resulting fitted 
curve (solid line) using the Arrhenius 
model, T=Ea/(R·ln(t·Am)). The fit gave 
the activation energy, Ea, of 321.4 
kJ⋅mol-1 and the measured frequency 
factor, Am, of 1.50 x 1050 s-1.  The 
goodness of the fit (R2) was 0.977, which 
indicated a good fit. 

A damage signal ratio, DSR, was 
defined according to Equation 6, 
and was calculated to just below 
six percent for the astrocytes to 
change morphology and start 
migrating. The DSR was 

calculated for every pulse length, see Figure 18, using either isothermal heating (without 
respect to the heating phase or the cooling phase of a laser pulse) or non-isothermal 
heating (with respect to both the heating phase and the cooling phase of a laser pulse). 

Figure 18 The resulting DSRs for second-
long pulses as well as sub-second pulses. 
The red filled circles were calculated with 
respect to the non-isothermal heating 
(NITH) during the initial and cooling 
phase of the laser pulses. The blue x-
marks were calculated by approximating 
the heating with a square pulse, i.e. 
isothermal heating (ITH),  giving an 
increasing error for shorter pulse 
durations. The DSR values for the sub-
second pulses were positioned at 30 s, 
which is the total length of all pulsed 
stimulation. Note that the 20 millisecond 
pulses did not give any observable effect 
on the cells. The average DSR for NITH 
was 0.057, dashed black line.

The difference between the temperature dependent heat equation parameters, relevant at 
37°C and 67°C, was less than 0.3°C in the center. At a radial distance of 400 μm from the 
center, the difference was less than 0.05°C, for both a 2 s pulse and a 60 s pulse. 

7.3! Paper III - Damage Criteria for Brain Cells Subjected to Hyperthermia

Laser-induced marks on cell cultures of primary rat cerebral cortex cells exposed to 
second-long, and sub-second long laser-pulses were barely visible, see Figure 19A. By 
using a fluorescent dye, marks could be seen for all second-long pulses, see Figure 19B. 

For pulse lengths longer than 6 seconds, a ring with high fluorescence was observed. 
Threshold temperatures at the outer and inner limit of the fluorescence ring were extracted 
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and used in the kinetic analysis, see Table 5 for the values of the outer ring. The activation 
energy, Ea, and the frequency factor, Ac, were determined from the curve fit of the 
temperature pulse duration data, as was performed in Paper II, to 333.6 kJ mol-1, and the 
measured frequency factor, Am, to 1.50 x 1052 s-1. The frequency factor Ac, was calculated to  
9.76 x 1050 s-1.

Figure 19 Light microscopy and fluorescence microscopy image of the marks of four pulse lengths (as 
indicated in the images). A The marks are barely visible in the light microscopy image, but clearly visible in 
the fluorescence image, B. The white lines in the 10 s mark indicate how the diameter measurements were 
performed (scale: μm). Scale bar: 200 μm.

Table 5 The average radial distances calculated from the outer diameters, measured two hours following 
laser exposure, the corresponding extracted temperatures and the number of measurements (n).

Pulse length 2 s 4 s 6 s 8 s 10 s 15 s 30 s 45 a 60 s

Outer Radius 
(μm)

83.6 ± 
7.0

95.5 ± 
6.8

104.2 ± 
5.8

110.6 ± 
7.2

117.4 ± 
7.8

128.0 ± 
7.0

137.6 ± 
7.0

147.4 ± 
8.6

154.5 ± 
4.8

Temperature 
(°C)

59.0 ± 
1.1

57.2 ± 
1.0

56.0 ± 
0.9

55.1 
± 1.0

54.1
± 1.1

52.8
± 0.9

51.7
± 0.8

50.7
± 0.9

50.1
± 0.5

n 29 29 27 27 29 27 27 27 26

As in Paper II, the effect of sub-second pulses was investigated as well. Of the four pulse 
lengths used, 40, 60, and 80 milliseconds gave clearly visible fluorescence marks, 
indicating increased metabolic activity and/or migrational behavior, whereas 20 
millisecond pulses did not show any elevated fluorescence, see Table 6, and Figure 20. 
Inhibition was observed on one substrate, both as lowering of the number of action 
potentials during pulsing, but also as absence of bursts. The overall number of bursts 
decreased following laser pulsing, compared to a control substrate. 
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Table 6 The average radial distances for millisecond pulses, pulsed during 30 s, and the number of 
measurements. Note that the average value for the 30 s pulse has been added, as comparison. *No marks 
were observed.

Pulse length 20 ms 40 ms 60 ms 80 ms 30 s

Outer radius (μm) 0* 57.1 ± 4.1 91.9 ± 5.3 118.8 ± 5.8 137.6 ± 7.0

n 22 17 22 22 27

Figure 20 Light -and fluorescence microscopy image of four positions exposed to sub-second pulses. Total 
stimulation time was 30 s,  with a pulse frequency of 10 Hz, i.e. 300 pulses. The 20 millisecond pulses gave no 
visible mark, whereas the other three did so. The size of the marks increased with increased pulse length. 
Scale bar: 200 μm.

A damage signal ratio, DSR, was defined and calculated to just above five percent for the 
outer limit of the marks, i.e. the threshold for the cells increased metabolism. Furthermore, 
a DSR for an inner limit of 47 percent was calculated, see Figure 21.

 
Figure 21 The calculated damage signal ratios,  DSR, for all pulse lengths. Red circles - DSR for the outer 
radii. Crosses - DSR for the inner radii. Green markers - DSR for the sub-second pulses.  Black dashed lines - 
the average DSR for outer radii (0.051) and inner radii (0.47) respectively. B Enlargement of the box in the 
lower part of A, showing the DSR for the 30 s pulse as well as for the sub-second pulses. The DSR values for 
the sub-seconds pulses were positioned at 30 s,  which is the total length of all pulsed stimulations.  Note that 
the 20 millisecond pulses did not give any observable effect on the cells.
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7.4! Paper IV - Initial Behavior of the Action Potential Delay Time during 
! Infrared Neural Stimulation (INS)

Ten substrates were successfully stimulated and chosen for investigation. On six of the 
substrates 20 millisecond pulses were used, and 15 milliseconds on the remaining four. 
From those ten substrates neural responses were selected for statistical analysis. Several 
pulse-by-pulse responses were observed for both pulse lengths, and for 100 laser pulses in 
average 66 (± 19) action potentials were detected for the 20 millisecond laser pulses (350 
action potentials s-1) and 46 (± 17) for the 15 millisecond laser pulses (230 action potentials 
s-1). In between pulses 43 (± 23) action potentials were detected for the 20 millisecond 
pulses (220 action potentials s-1) and 52 (± 48) for the 15 millisecond pulses (260 action 
potentials s-1). The number of laser pulses required before the first cellular response was 
recorded varied from one to ten pulses. During the data analysis it was noticed that neural 
activity occurring outside the laser pulses seemed to be connected to the activity triggered 
by the laser. The activity outside of the laser pulses occurred roughly five milliseconds 
after the end of a laser pulse. The action potentials could be clearly detected and it was 
possible to distinguish between different cells.

For the initial behavior of delta-t, two behaviors were observed. Either, the delta-t 
decreased rapidly (n = 6) or the decrease was slower (n = 4). For the fast decrease, the 
value dropped to 27 percent (± 5 percent) of the initial value within just a few pulses, 
followed by a slow increase. For the slow decrease, the value dropped to 50 percent (± 5 
percent) of the initial value (n = 4). For examples of the two behaviors, see Figure 22. The 
average initial delta-t was for the 20 millisecond pulses was 17.8 ms (± 4.5 ms), and 15.9 ms 
(± 2.3 ms) for the 15 ms pulses. It should be noted that no slow decreasing delta-t runnings 
were recorded for the 15 millisecond pulses, whereas the 20 millisecond pulses showed 
both slow and fast decreasing delta-t.

  
Figure 22 Examples of the two different initial behaviors of the action potential delay time, i.e. the delta-t. 
Each red dot is a calculated delta-t.  A The delta-t slowly decreases during the pulsing experiment. Note that 
the action potentials starts to occur after the end of the laser pulse, i.e. after 20 milliseconds. B The delta-t 
decreases rapidly for the first pulses followed by a slow increase.  Since only the initial behavior was 
considered in the analysis, only the first seven seconds are plotted in A, and only the first four and a half 
seconds in B. Laser power 300 mW, distance 300 μm, pulse frequency 10 Hz, total time of stimulation 10 s, 
and pulse length 20 milliseconds.
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By using the model of the temperature changes during the laser application, the 
corresponding temperatures at each delta-t could be extracted. See Figure 23 for the 
corresponding temperatures of the first 20 delta-t values in Figure 22. 

Figure 23 The extracted temperatures, corresponding to the delta-t values plotted in Figure 22, for the first 20 
delta-t values. A Temperatures corresponding to the delta-t values in Figure 22A. B Temperatures 
corresponding to the delta-t values in Figure 22B.

For the fast-decreasing delta-t, the average temperature for the first delta-t (peak value) 
was 43.6°C (± 1.5°C, n = 6) and the average lowest temperature was 37.2°C (± 2.0°C, n = 6). 

For the slow-decreasing delta-t, it was observed that the temperature fluctuated for all the 
four samples. The average temperature for all extracted delta-t values was 45.1°C (± 2.0°C, 
n = 4).
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8! Discussion

The two cornerstones in this thesis are the modeling of the heating, with the resulting 
temperature changes during laser application, and the measurements of the biological 
responses due to the heating. The model helps to understand what is happening at cellular 
level in a micro volume and thus gives valuable information to the interpretation of the 
biological responses detected. These two cornerstones will be the focus of the following 
discussion. 

Model aspects 

All four papers included in this thesis have a common thread: the finite element model of 
the heating. The model has provided important information about the temperature 
distribution during the pulsing events, helping to understand the dynamics of laser 
stimulation and the hyperthermia response of neural cells. This shows that modeling is a 
powerful tool for better understanding of biological and physiological phenomena. 
Besides Paper I - IV, recent papers also show that modeling of the heating can serve as an 
important tool for exploring the effects of local temperature changes during laser heating 
of tissue and single cells. For instance, it was found that significant biological temperature 
gradients exist during laser stimulated neuronal guidance, and that heat activated 
receptors (e.g. TRPV) were implied, including the reason behind growth cone steering59. 
This shows the importance of a precise description of the temporal temperature field to 
elucidate the mechanisms of a cellular response. A recent publication used a COMSOL 
model to calculate the electric field response from a peripheral nerve during laser 
stimulation60. Another example is the modeling of the temporal evolution of the heating. 
A simple cylindrical beam description could be used to study the time resolved TRP 
channel activation in cultured ganglion cells50. Another well-known modeling method is 
Monte Carlo, which uses statistical analysis for calculations of the light spreading within a 
turbid media61. Monte Carlo has been used to study parameters important for the laser 
stimulation, for example wavelength, distances and numerical apertures62. Furthermore, 
the Monte Carlo model was used to predict the absorbed dose, which could serve as a 
better quantity than radiant exposure. In a recent publication, Monte Carlo modeling was 
used to simulate the temperature changes from multiple heat sources63. An alternative to 
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modeling is to do analytical calculations of the heating and by this deepening the 
understanding of the criteria necessary for successful stimulation64. 

Since the mechanism of INS is still in debate, all methods that bring more information 
about the processes that occur during stimulation are valuable. Modeling offers a cost 
effective way of investigating how fast temperature changes affect a volume during 
heating. Since the literature has concluded that the main process is a photo-thermal 
mechanism where the laser light heats water, due to its absorbing properties, all methods 
that help to elucidate the heating mechanisms are of substantial value. 

The accuracy of the model is of great interest in order to trust the results from the 
simulations. Furthermore, limitations of the model must be known, as well as major 
contributing errors. The accuracy of the model was validated in Paper I, where local 
temperature measurements using a patch pipette were compared to simulated values. For 
pulsed heating, the difference was less than 1°C, showing that the validity of the model 
was satisfactory for its intended use. However, some important limitations exist in the 
model. One is that the peak temperature in the heated volume must not exceed 100°C, 
since it causes a collapse of the model due to limitations in the chosen COMSOL 
multiphysics interface for calculating phase transitions. This limits the pulse length and 
the laser power which can be used in the model, and must be considered during the 
experimental planning. Another important limitation is the step-size of the COMSOL 
solver that, depending on the computer performance used, is a tradeoff between 
computational time and amount of details in the model. A small step-size often takes 
considerably more time to compute than a longer, though more details are available for the 
former compared to the latter. An example of contributing errors to the results was 
discussed in Paper II, where differences in the temperature dependent heat equation 
variables were investigated. Even though the error could be neglected for the 
temperatures relevant for the paper, it should be kept in mind for future simulations 
dealing with higher temperatures.  

Heating aspects

The simulations performed in the thesis show that cells in a culture exposed to pulsed 
laser light are experiencing a dynamic and fast changing environment with large 
fluctuations in temperature. The temperatures relevant for the sub-second experiments 
would, if used for a prolonged period of time, most certainly cause excessive cell death. 
However, due to the relatively short pulse lengths the cells sustain and survive, at least for 
the period of experiments considered in this thesis. To achieve successful stimulation, both 
a temporal and a spatial thermal confinement are needed46. This implies that all thermal 
energy has to be delivered to the volume before it starts to dissipate due to convection or 
conduction. For wavelengths causing thermal confinement using infrared pulses, the pulse 
lengths should typically be shorter than 67 milliseconds for the deposition of 63 percent of 
the energy, according to a recent publication investigating analytical methods for INS64, 
even though other publications discuss potential pulse lengths of 200 milliseconds38. 
Excessive heating of cells and tissue is a problem that must not be neglected. So far there 
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has been a limited number of studies investigating safe thresholds and damage using 
pulse lengths in the microsecond regime. Rajguru et al. successfully stimulated auditory 
neurons in-vivo in cat cochlea using 100 μs long pulses at 200 Hz for several hours without 
any histologically detectable tissue damages37. Wells et al. concluded the feasibility of 
using INS for safe stimulation of the sciatic nerve in-vitro using 350 μs pulses between 2 
and 8 Hz29. Other studies also using pulses in the micro second regime successfully 
stimulated auditory neurons in-vivo using frequencies at 2 and 250 Hz38,65. Thus there is a 
lack of studies investigating damage thresholds for pulse lengths in the millisecond 
regime. 

Following the work of Paper I, the aim was to continue and investigate if the results 
obtained were due to hyperthermia, i.e. if the cells were responding to severe external heat 
stress and potentially dying. That resulted in Paper II and III, in which damage thresholds 
for hyperthermia were sought using a first-order chemical reaction model. Excessive heat 
could potentially damage the tissue irreversibly, and is especially important for future 
long-term in-vivo stimulation. It is important to note that the amount of damage, due to 
heat, is time dependent. The probability for heat damage increases with the time the cell is 
subjected to the elevated temperature54. It is thus possible for a short heat pulse, reaching a 
higher peak temperature than a longer pulse, to inflict less damage. Therefore it is not 
obvious how much heat damage is inflicted, if time is not considered. Thus an intriguing 
question is: what temperature and pulse length result in lethal damage to the cells? Dams 
et al.66 showed that fibroblasts exposed for a two second heat-shock at 45°C did not show 
any decreased proliferation. Cells exposed to 60°C for two seconds showed decreased 
proliferation but no increased cell death and no metabolic difference could be seen 
between 45°C and 60°C, whereas cells exposed to 90°C died within days. Two seconds is 
considerably longer than the pulse length of 20 milliseconds used in Paper I and care 
should be taken comparing the results. However, the results from Paper II and III showed 
that two seconds long pulses caused both migrational behavior in astrocytes, and 
increased metabolic activity in cerebral cortex cells. Simanovskii et al.53 exposed cells to 
heat shocks in the time span relevant for Paper I - IV (0.3 – 100 ms) and measured viability 
thresholds which showed that even temperatures normally considered deadly for cells, do 
not necessarily have to be lethal if the time is short enough (the viability threshold for 300 
μs was 130°C). 

The main reason behind cellular damage and cell death due to heat is assumed to be 
denaturation of metabolically important proteins52. Cell death is initiated at a threshold 
level of denaturation of five percent of the cellular protein content. The specific mechanism 
of cellular death due to hyperthermia is however not clear. The transition of a cell from a 
living to a dead state was described as a first-order chemical reaction according to the 
Arrhenius model by Henriques51 in 1947 and several publications have described heat 
responses among cells using the Arrhenius model53-56. In the work using an Arrhenius 
model to describe our results, the damage signal ratio, DSR, was introduced. The DSR 
calculates the damage threshold according to the criterion that as the amount of an 
internal chemical component decreases, e.g. a native protein being denatured due to heat, 
the internal damage increases and the DSR is the threshold where the damage becomes 
noticeable. For the cerebral cortex culture used in Paper III, the DSR was calculated to five 
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percent for inducing an increased level of metabolism. On the other hand, in Paper II, the 
DSR was calculated to six percent for astrocytes to change morphology. It is hard to draw 
any conclusions of the difference, since the fitted curves in the Arrhenius plots laid within 
the error margin. However, the DSR could serve as a valuable tool to investigate damage 
thresholds.

Cellular aspects

The results from the four papers representing the thesis show responses for both neurons, 
as action potentials, and for astrocytes, as migrational behavior. The neural action 
potential response has been thoroughly investigated, but as to the knowledge of the 
author, only the response of neurons has been considered in the literature. Recent research 
suggests that the importance of the neuroglia should not be omitted. Astrocytes are the 
most abundant cell type of the neuroglia in the human brain and have several crucial 
regulatory functions9. A publication from the early nineties observed differences in the 
heat response between neurons and astrocytes with the conclusion that neurons 
potentially were more sensitive to heat than astrocytes, at least regarding the heat-shock 
protein response of hsp6867. Even though the results from Paper II and III showed that 20 
millisecond long pulses did not cause any visible effect on the cellular layer, it cannot be 
out ruled that there might be an effect, ultimately causing the inhibitory response 
observed in Paper I, and potentially the phenomenon of the decreasing response timings 
presented in Paper IV. This might be due to a migrational response from the astrocytes, 
resulting in diminished neural activity. For the inhibition recordings, where the activity 
returned, astrocyte migration cannot be an explanation, due to the short time span. 
However, it should be noted that microscopic images taken, immediately after application 
of the laser, indicated changes in morphology of the cells, thus stating that the astrocytes 
did react within minutes of the applied external stress. 

The phenomenon of optical inhibition has also been reported by others68-70. However, not 
much is known of the underlying mechanism, but it might involve the activation of 
GABAergic cells, inhibiting the neural network, as was suggested by Feng et al.71. Another 
possible route was observed by Mou et al.60 who noted that one minute of continuous laser 
light created a heat block which prevented both the propagation and the generation of 
action potentials. Cayce et al.70 noted that the spot size played an important role if 
excitation or inhibition were to be triggered when stimulating the visual cortex of non-
human primates. Recently Duke et al.72 observed neural inhibition of both axon from 
Aplysia, as well as from myelinated peripheral nerves from rat, with high spatial 
selectivity. If INS could be used for inhibition, a potential use within clinical neuroscience 
would be an option for the inhibition of e.g. epilepsy seizures, or uncontrolled muscle 
movements. This might open up a new field within the research of INS.

One of the interesting aspects of INS is the difficulty to explain the cellular mechanism in 
detail. Despite years of research, the underlying phenomenon still cannot be fully 
explained, though theories have been proposed30,46,49,69. Results presented points in mainly 
three different directions; either receptor mediated, membrane driven, or intracellular 
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processes. For example, activation of heat sensitive receptors has been implied as a 
possible mechanism, particularly members of the TRPV family of cation channels sensitive 
to physiologically relevant temperatures have been reported to respond to infrared 
light28,49. Fried et al. recently showed successful functional stimulation of the rat cavernous 
nerve using both pulsed and continuous-wave laser, increasing the nerve temperature to 
around 43°C for activation to occur73,74. This temperature was also relevant in Paper I and 
is indeed the threshold temperature for the temperature-gated receptor TRPV-1. 
Furthermore, the work by Bec et al.28 concluded that an absolute threshold temperature 
was needed for a neural response to occur. This is partly contradictory to the work by 
Wells et al.46 which showed that it was the relative temperature increase, rather than an 
absolute temperature, that triggered a neural response. The study by Bec et al. is supported 
by the work by Rajguru et al.69 who reported results pointing in the same direction. 
However, recent work by Shapiro and coworkers suggests that the rapid heating from 
short laser pulses changes the properties of the ionic double layers around the cellular 
plasma membrane, resulting in changes of the membrane capacitance causing the cell to 
depolarize. This was shown for oocytes, mammalian cells and artificial lipid bilayers30. For 
the cochlea, several publications have shown that pulses in the microsecond regime trigger 
auditory neurons, supporting the theory of membrane capacity changes25,37,75. On the 
other hand, Peterson and Tyler conclude that changes in membrane capacitance cannot 
solely be responsible for depolarizing the membrane76, however, the thickness of the axon 
may play an important role. Another suggestion is an intracellular mechanism. Dittami et 
al. observed the release of intracellular calcium ions, probably released from the 
mitochondrion, in cardiomyocytes stimulated by infrared light42. However, Oyama et al. 
found contractions in cardiomyocytes to occur without measurable calcium transients32. 
An obvious question is in what direction the results in this thesis point. Paper I suggests a 
threshold temperature, which could indicate a receptor-mediated mechanism. The results 
in Paper IV, with fast decreasing delta-t values, could indicate activation of other TRPV 
receptors, e.g. TRPV-4. Even though it is hard to explain the behavior, it shows a dynamic 
response. It is not easy to explain if the response is due to normal biological variation, or 
due to physiological changes of cellular mechanisms. It should be noted that the pulse 
length used in Paper I and IV might be too long for capacitative effects to dominate. As 
has been discussed in the literature, since no specific wavelength exists where INS works 
considerably better than others, and several cell types have been successfully stimulated, 
the mechanism must be rather general. It is possible that the heating may cause activation 
by different pathways depending on the type of cell or other parameters, such as pulse 
length, peak temperature and laser power.

Clinical aspects

So far, INS can only be used for stimulation of neurons, not for recording of neural 
information, even though one published paper involved the detection of action potentials 
by measuring changes in polarization of light reflected from axons77. This suggests that a 
neural prosthetic device based on light stimulation will have its main function sending 
information into the neural system. Within neuroscience, with the need for precise neural 
stimulation, several potential clinical applications for INS exist. Two examples are deep-
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brain-stimulation treatment of epilepsy, and chronic pain, where INS potentially could 
offer an alternative route of treatment compared to traditional electrical stimulation. The 
difference would be that INS offers high spatial resolution for stimulation of a spatially 
confined volume of cells, whereas electrical stimulation pulses spread in the surrounding 
tissue. For severe epileptic seizures, the region of the brain responsible for the spasms 
sometimes needs to be surgically removed. In some cases, instead of surgery, electrical 
stimulation of the area in the brain responsible for the spasms, is an option for inhibition. 
INS could potentially be an even better alternative due to its non-penetrating 
characteristics and the possibility to vary the depth of the light penetration. INS could also 
be combined with electrical stimulation in neural prosthetics for limp amputee patients 
where electrical detection of the neural signals is used for the motion of the limb, and the 
optical stimulation is used for sending feedback to the neural system. Another example for 
using INS could be in restoring the visual system in blind patients. A recent publication by 
Cayce et al.70 shows the first successful optical stimulation experiments of the primary 
visual cortex in non-human primates. Combining the laser stimulation equipment with a 
camera system to build a visual prosthetic device could serve as a visual neural prosthetic 
device. A matrix of laser diodes could be placed on the visual cortex, stimulating the 
appropriate layer, thus potentially restoring vision. A potential problem using optical 
fibers to stimulate the cortex in a visual prosthesis, epilepsy treatment or other brain 
surface stimulation, lies in gaining access to the brain surface. It is desirable avoiding 
cables penetrating the skull due to the risk of infection and damages due to e.g. falling. 
However, a recent publication might offer a solution. Damestani et al.78 have developed a 
transparent cranium prosthesis that offers direct visible access to the brain. The prosthesis 
can thus be attached to the cranium making laser stimulation of cortical structures possible 
without craniotomies. 

Technical aspects

The results presented in this thesis show the possibility of using a diode laser working at 
1,550 nanometers for successful stimulation of neural cells. Other studies have been 
published using wavelengths close to 1,550 nanometers28,32,72,73.  Diode lasers working at 
1,550 nanometers are commonly used within fiber optic communication, and could offer a 
relatively cheap and easy handled option for INS compared to larger and more expensive 
laser systems, such as the Ho:YAG laser. The wavelengths used in the literature regarding 
INS, have typically ranged from 1,450 to 2,100 nanometers. The wavelengths used in this 
range were chosen due to the high light-absorption in water26. By choosing different 
wavelengths, different depths of optical penetration in tissues are possible, thus deciding 
the spatial resolution. The optical penetration depth, however, gives a rough view of the 
efficiency of INS and the optical penetration depth only states that at a certain depth, the 
intensity of the light has dropped to 37 percent of the initial value. Experiments have to be 
performed to couple the penetration depth to the efficient depth of INS. That gives another 
possible use of modeling, to investigate the effect of different important parameters.

The data in Paper I show the importance of high control of the experimental setup. The 
simulations showed that the temperature changes fast when alternating the distance 
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between the substrate and the tip of the fiber. Decreasing the distance with 50 μm increases 
the temperature with about 14°C and for a 100 μm decrease the temperature increases with 
22°C. This is an important aspect to consider for possible future implantation of INS 
implants. Even small changes in distance of an implant might change the intensity 
severely, altering the attended function. Since applications most likely will be working in 
areas with biological fluids, the absorbance and distance must not be omitted. A related 
issue is the light spreading from the fiber, which depends on the characteristics of the fiber 
as well as the distance. Depending on the size of an area that is intended to be stimulated, 
the choice of fiber is important, which was observed by Cayce et al.70. This makes the 
technique highly adaptable, since only the cells irradiated by the light will get triggered.

A relatively long pulse length, compared with most of the pulse lengths used in the 
literature, was used for stimulation in Paper I, even though millisecond long pulses have 
been reported31,49. Since it is possible to use microsecond long pules for e.g. stimulation of 
the cochlea, why should you use pulses in the millisecond regime that set a higher limit 
for how fast you can stimulate? It is possible that these relatively long pulses are needed 
for successful stimulation of excitable cells other than auditory neurons. A technical aspect 
is that if the shorter pulses are used, then the laser output power must be higher. If longer 
pulses are used, weaker lasers can be considered, thus consuming less electrical power. As 
long as the mechanism is not elucidated, all pulse lengths which could be used should be 
considered. For clinical use of the INS technique, millisecond pulses might be difficult to 
achieve, but potential use could be e.g. neural circuitry investigations. Because, 
nonetheless, the results in this thesis show that 20 millisecond long pulses do trigger 
activity among neurons. 
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9! Conclusions

The main objective of this thesis was to investigate some of the effects of infrared light on 
cultures of cells from the central nervous system, and to explore the heating phenomenon 
using finite element modeling. The specific conclusions based on the findings from this 
thesis are summarized below:

- The model developed offered a valuable tool for exploring the dynamic changes in 
temperatures occurring during laser stimulation in a non-turbid media. The validity of 
the model was verified by local temperature measurements (Paper I).

- The results from the neural recordings suggest that both single cell activation and 
reversible inhibition occur (Paper I).

- Cellular migration was observed as a result from temperature gradients during 
stimulation of primary rat astrocytes, and corresponding results observed in cerebral 
cortex cells showed increased metabolic activity (Paper II and III). 

- The threshold temperatures for astrocytes and other cerebral cortex cells, and the pulse 
lengths could be used to describe a first-order chemical reaction according to Arrhenius. 
As a result, the kinetic parameters could be calculated for both systems (Paper II and III). 

- A damage signal ratio, DSR, was defined, and a threshold of five percent was calculated 
for cells in a cerebral cortex culture to increase their metabolic rate as a response to 
elevated temperatures. For astrocytes, the DSR was calculated to be six percent (Paper II 
and III).

- Analysis of the action potential delay time, delta-t, for the initial responses revealed a 
dynamic behavior of the stimulated neurons (Paper IV). 
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10! Future Work

In my opinion, the future of INS is bright. It is a promising method which could find its 
way to the clinic and be used on patients. The most important advantage of using light for 
stimulation of cells must be the non-contact option, which might challenge the penetrating 
needle electrodes traditionally used for recording and stimulation. There are several 
clinical methods that could gain the benefits of laser stimulation, such as identification of 
nerves during surgery (this device is being developed), epilepsy treatment, for Parkinson’s 
disease patients, or even heart pace-makers using light stimulation. The possibility to 
stimulate individual cells could also become a powerful laboratory tool for exploring 
neural circuitry. Light stimulation of neural cells might be a new golden standard for 
exploring neural activity, within experimental neuroscience, the years to come. Another 
aspect of INS which should be investigated is the inhibition reported, both in Paper I, III, 
and in the literature, which might provide novel methods for inhibition of abnormal 
neural activity, such as in epilepsy and Parkinson’s disease. Furthermore, the method of 
optical stimulation is relatively straight-forward, making it easy to implement into clinical 
environments.  

So what would the next step be, considering the results presented in this thesis? I think 
that an interesting aspect is to investigate the astrocyte response to elevated temperatures. 
Astrocytes are able to communicate with each other using calcium signaling, and 
investigating if light stimulation affects this signaling could open up completely new fields 
of research. It would also be interesting to use shorter pulse lengths with increasing laser 
power and compare the results to results for longer pulses. It is possible that important 
information regarding the mechanism might be revealed if further investigations were to 
be performed for different pulse lengths. 
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