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Abstract 
 
A stroke is caused by interruption of the blood supply to the brain. Yearly 15 million 

people around the globe endure a stroke and the costs and suffering for the people 

involved and the society are immense. 

The aim of this thesis was to investigate the response to oxygen deprivation in 

neurons from the medial preoptic nucleus (MPN) that have a high abundance of 

neuroglobin. The long term goal is to investigate the neuroprotective role of the 

protein in relation to stroke. Initially, the electrophysiological response of neurons to 

hypoxic exposure in an open system was assessed with a conventional patch-clamp 

setup. The first aim was to see how well the conventional system worked and if it 

needed improvement. Secondly, the MPN had never been investigated regarding 

oxygen, deprivation; hence the electrophysiological response under hypoxia needed 

to be investigated.  

The conventional patch-clamp system only allowed a reduction of the oxygen 

content to a level of 3-6% but not total control of the cell environment. 

The medial preoptic neurons showed mainly an increase of their resting membrane 

potential at hypoxia. The voltage activated Ca2+ and K+ currents displayed a clear 

attenuation when cells were subjected to hypoxia. Non-L-type Ca2+ channels were 

affected by hypoxic exposure and one cell indicated participation of Ca2+ activated 

K+ channels. However, a response could only be seen in approximately fifty percent 

of the neurons in the open system. This may have been due to the fact that full 

control of the oxygen around the neurons at hypoxia could not be achieved. A new 

system with full control of the ambient oxygen had to be developed in order to 

investigate this. 

After the conclusions of the first experiments, a system was developed were a lab-

on-a-chip system was combined with the patch-clamp technique. A microfluidic 

system with a patch-clamp micropipette integrated was combined with optical 

tweezers for 3D maneuvering of the neurons. The development of patch-clamp in 

combination with a microfluidic system and optical tweezers allowed for full oxygen 

control. The experiments showed that the electrophysiological measurements were 

not affected by the laser when an infrared laser was used. The microfluidic system 

allowed very good oxygen control reaching levels of 0.5-1.5 % compared to 3-6 % in 

the open system. 

In summary, this work suggests that high voltage activated Ca2+ channels, and K+ 

channels are involved in the hypoxic depolarization of medial preoptic neurons. Full 

control of ambient oxygen in cell vicinity could be achieved by the combination of 

microfluidics, patch-clamp and optical tweezers. The results can be used in future 

studies to better understand the reaction of the brain to oxygen deprivation caused 

by. stroke.
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Chapter 2 
 

Introduction 
 

2.1 Stroke 
 
A stroke, brain attack or cerebrovascular accident (CVA) is caused by 
interruption of the blood supply to the brain, usually because a blood vessel 
bursts or is blocked by a clot. This cuts off the supply of oxygen and nutrients, 
causing damage to the brain tissue [1].  
 
The three main types of strokes are ischemic stroke, intracerebral hemorrhage 
and subarachnoid hemorrhage. Ischemic stroke is caused by a blockage 
within an artery leading to the brain or within the brain. It is the most common 
type and it accounts for near 80 % of all strokes. Intracerebral hemorrhage is 
caused by rupture of a brain artery, blood is then released into the brain and it 
compresses the brain structure. Subarachnoid hemorrhage also means that a 
brain artery has ruptured but the location of the rupture leads to blood filling of 
the space surrounding the brain rather than the inside of it [2]. Figure 2.1 
displays the different types of stroke. 
 

 
Figure 2.1: The figure to the left illustrated what happens during an ischemic stroke, 
blockage of the blood supply to the brain by a clot. The figure to the right illustrates a 
hemorrhagic stroke were a blood vessel in the brain bursts (figure source [3]).  
 

According to the World Health Organization, 15 million people suffer stroke 
worldwide each year. Of these, 5 million die and another 5 million are 
permanently disabled. In the United States 795,000 strokes occur each year 
[2]. In the European Union (EU), Iceland, Norway and Switzerland 
approximately 1.1 million stroke events occur each year [4]. In the United 
States the total cost of stroke for 2008 is estimated at $65.5 billion. In the EU 
countries the total annual cost is estimated at €27 billion [5]. 
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Consequently stroke causes much suffering for patients, relatives and the 
entire society both health wise and economically. The aim of the project is to 
develop methods to study single cells when they are exposed to different 
chemical environments in real time, a suitable tool for stroke research. 
 

2.2 Neuroglobin 
 

Globins are a family of proteins that incorporate the globin fold – a particular 
series of alpha helices. Heme proteins are metalloproteins containing the 
heme prosthetic group which consist of a porphyrin ring and a central iron 
atom. Well known globin proteins are hemoglobin and myoglobin and their 
main functions are to transport and store oxygen. But in the last decade 
several more globin proteins have been discovered and the heme protein 
research has become boosted by this. One protein that caught very much 
attention when it was discovered was the globin named Neuroglobin (Ngb) 
[6].It is a new kind of human globin protein containing a heme prosthetic group 
and it is mainly present in the nervous tissue. Figure 2.2 shows the protein 
structure of neuroglobin. 
 
Ngb has a neuroprotective role [7-11] but the mechanism of its action is still a 
matter of debate. For some time Ngb was expected to act protective through 
its binding to gaseous oxygen or nitric oxide [12], [13]. But recently new 
findings show that the affinity of the protein to oxygen and its low quantities 
suggest a different pathway [14], [15]. For instance, Ngb has been shown to 
reacts very rapidly with cytochrome c released from mitochondria during cell 
death. The reaction seams to interfere with the pathway of apoptosis. This 
suggests that the physiological role of Ngb is in apoptosis [16]. 
 

 
Figure 2.2: The protein structure of neuroglobin. This human globin is mainly present in 
nervous tissue and has a neuroprotective role (figure source [17]). 



7 
 

 

The distribution of Ngb within the body has been studied and it is expressed 
predominantly in the Central Nervous System (CNS) and Peripheral Nervous 
System (PNS). Ngb is also present within the endocrine system, in the 
pituitary and adrenal glands, the testis, and the pancreas [18]. Within the brain 
the Ngb expression is restricted to certain areas. In the fore brain the piriform 
cortex, the amygdala, the medial preoptic area, the suprachiasmatic nucleus, 
the hypothalamic paraventricular nucleus, the perifornical nucleus, the lateral 
hypothalamus all show intense Ngb expression. In the hind brain the 
laterodorsal tegmental nucleus, the pedunculo pontine tegmental nucleus, the 
locus coeruleus and the lateral parabrachial nucleus express Ngb. In the 
medulla oblongata Ngb expressing neurons were found in the nucleus of the 
solitary tract. So the Ngb expression is evident in the fore brain, hind brain and 
medulla oblongata but to specific areas within these brain sections [19].  
 

2.3 Medial preoptic nucleus (MPN) 
 

The MPN is the largest nucleus of the medial preoptic area (MPOA) situated 
rostral to the hypothalamus, see Figure 2.3. The nucleus is involved in the 
regulation of important physiological functions such as thermo-regulation [20-
22], arterial pressure [23], sleep [21], sexual behavior [24] and energy 
regulation [25]. 
 

 
Figure 2.3: The MPOA is situated rostral to the hypothalamus as displayed in the top figure 
of a rat brain (figure source [26]). The bottom figure shows a brain slice including the MPOA 
and the MPN is marked on the slice. 
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The area is also known to contain high amounts of Ngb [19]. High amounts of 
Ngb protects the brain against the effect of ischemia when applied before 
stroke onset [27] possibly through an anti-apoptotic pathway [16]. To assess 
this possibility we started out with measurement of the electrophysiological 
response of MPN neurons to acute hypoxia by means of the tight seal patch-
clamp technique [28]. 
 

2.4 Patch-clamp 
 
The patch-clamp technique was implemented in the 1980s and has become a 
widely used technique which can be varied to provide much information about 
single cells regarding their electrical signaling.  

 
Figure 2.4: Schematic figure of a conventional patch-clamp setup in the top figure and 
measurement of electrical potentials over the cell membrane from patched neurons in 
current-clamp mode in the bottom figure. The spontaneous firing of action potentials from 
one neuron (bottom left) and synaptic potentials from another neuron (bottom right). 

 
Patch-clamp experiments are performed by means of a sensitive amplifier 
which is able to distinguish and amplify currents on the picoampere level. The 
currents through individual ion channels within cell membranes can be 
obtained by use of a glass micropipette with a tip diameter of ~ 1 µm as the 
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recording electrode. The tip of the pipette is brought into close contact with the 
cell surface and negative pressure is applied by gentle suction to form a 
mechanically strong and electrically tight seal between the pipette tip and the 
cell membrane. The micropipette contains an electrolyte with an ion 
composition mimicking the cytoplasm inside cells and a reference electrode is 
placed in the bath surrounding the cell. Schematic illustration in Figure 2.4. 
Currents and potentials between the two electrodes can then be measured 
and manipulated. The technique allows high-resolution measurement of 
electrical currents and potentials over the cells plasma membrane. The two 
main modes for measurement are voltage-clamp and current-clamp. In the 
voltage-clamp mode the potential is held at a certain value while the currents 
through the membrane are measured. In the current-clamp mode currents of 
desired magnitude can be injected to the cell and the various membrane 
potentials of the cell are measured. Figure 2.4 displays a schematic patch-
clamp setup and examples of current-clamp recordings. 
 
The various configurations of patch-clamp experiments include the 
conventional whole cell patch, the perforated patch, the cell attached or cell on 
patch, the inside out patch and the outside out patch configurations, Figure 
2.5. The configurations can be used to study various parts of the ion channels 
within plasma membranes [29]. The perforated patch configuration allows 
electrical access to the entire cell membrane but avoids wash out of larger 
molecules as is evident in the conventional whole cell configuration. 
 

Figure 2.5: Different patch-clamp configurations are used to access various areas of the cell 
membrane (figure source [30]). In the perforated patch configurations (E) antibiotics of 
different kind are used to make pores for ions in the patch and thereby access the whole cell 
membrane electrically. 

PERFORATED 

PATCH 
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The principle of patch-clamp was first described by Bert Sakmann and Erwin 
Neher who where both awarded with the Nobel Prize in Physiology and 
Medicine for "their discoveries concerning the function of single ion channels 
in cells" in 1991. They have described the use of patch-clamp techniques for 
studying excitable cells [28] which has been used throughout this thesis. 
 

2.4.1 Patch-clamp measurements at oxygen deprivation 
 

Previous studies of electrophysiological response of cells upon oxygen 
deprivation have been assessed with the patch-clamp technique. To reduce 
the oxygen level around cells either hypoxic/anoxic solutions [31-42] or so-
called chemical hypoxia/anoxia by use of cyanide to inhibit the electron 
transport chain in the mitochondrion are used [43-45]. Hypoxic/anoxic 
solutions are produced by purging solutions with N2, CO2, Ar [31-42] or by 
addition of azides to the solution [45].  
 
The hypoxic/anoxic solutions which are used to perfuse sample cells and 
thereby subject them to oxygen deprivation vary from ~1.3% to ~3.9% in 
different studies[31], [32], [34], [39], [40]. In some studies the solutions are just 
purged for various amounts of time from 10 minutes in some studies to 2 
hours in others [33], [35], [36], [38]. Oxygen concentrations of solutions 
regarded as normoxic also varies between ~15% and 80% [31], [32], [34]. The 
normoxic conditions used in experiments may have very high oxygen content 
since many cells are continuously supplied with excessive oxygen during the 
preparation. To use different oxygen concentrations in experiments is in 
accordance with the fact that the oxygen content varies in various parts of the 
brain [46] but higher oxygen contents than atmospheric can hardly be 
considered as physiological. The need for full control of ambient oxygen 
during these kinds of patch-clamp experiments is evident. 
 

2.5 Development of multifunctional microfluidic system with 
full oxygen control 
 
To increase the control of ambient oxygen around the sample cell during 
patch-clamp measurements a new kind of approach was implemented. One 
important issue was to be in full control of the oxygen content in the cell 
environment and this was achieved with a lab-on-a-chip approach combining 
patch-clamp with microfluidics and optical tweezers. The main idea was to 
have a fixed patch-clamp micropipette within the microfluidic system and to 
bring the neuron towards the pipette instead of the other way around as in 
conventional patch-clamp experiments. To be able to achieve this suitable 
microfluidic system must be constructed and the neurons must be moved with 
3D precision without physical contact. The techniques used are described 
below. 
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2.5.1 Lab on a chip and microfluidics 
 
A lab-on-a-chip is a miniature laboratory that can fit under the microscope 
enabling experiment in a small scale. This fits very well for studies on single 
cells in various environments and allow for fast variation and manipulation of 
the cell surroundings. This can be achieved by use of microfluidics. 
Microfluidics is a young and rapidly expanding scientific discipline, which deals 
with fluids and solutions in miniaturized systems [47]. Effects that become 
evident in microfluidics include laminar flow, diffusion, fluidic resistance, 
surface area to volume ratio, and surface tension. The Reynolds number of a 
fluid flow describes the flow regime whether it is laminar or turbulent. It is 
described by,  
 


hpvD

Re       (1) 

 
where Re is the Reynolds number, p fluid density, v the characteristic velocity 
of the fluid, Dh the hydraulic diameter (depends on channel cross-sectional 
geometry) and µ is the fluid viscosity. Re < 2300 indicates a laminar flow which 

means that fluid passing side by side are mixed only by diffusion [48], see 
Figure 2.6. 

 
Figure 2.6: One effect that becomes apparent when working in micro scale is laminar flow. In 
a laminar flow different fluids can pass side by side and only mix by diffusion. 
 

The lab-on-a-chip approach started to be in use more than a decade ago in 
biotechnological applications [49], with the main purpose to reduce costs by 
decreasing the amount of expensive reagents and increasing the throughput 
and automation of experiments. 
 
To enable patch-clamp experiments on single cells in controlled environments 
lab-on-a-chip solutions offer exciting possibilities [49]. From my experience for 
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example, one very useful application is within research on ion channel activity. 
This research field demands use of very expensive neurotoxins and if the 
amounts of toxins needed could be reduced it would lower the expenses 
considerably. 
 

2.5.3 Optical tweezers 
 
Optical manipulation tools have emerged as a powerful instrument in the life 
science field [50]. Light consists of photons and every photon carries energy 
hv and momentum h/λ if absorbed by an object, h is Planck’ constant, v is the 
frequency and λ is the wavelength of the light. The momentum transferred 
from a light beam of power P, leads to a reaction force F on the object, given 

by 
 

c

nP
F        (2) 

 
Where c is the velocity of light and n is the refractive index of the surrounding 

medium [51]. The net force can be resolved into two components. The 
intensity profile of the beam cross-section results in a gradient force Fg which 
moves the object into the centre of the beam. If the beam incident from above 
is tightly focused, then it is possible to generate a gradient force Fg that is 
strong enough to overcome the scattering force Fs, that works like a fire-hose 
pushing the particle in the direction of the light. If Fg > Fs it can guide the 
object toward the focus. These forces can then create a three-dimensional 
trap with a single laser beam, see Figure 2.7. 

Figure 2.7: The different components of the force that affects a particle trapped in optical 
tweezers. Fg is the force that pulls the particle to the highest light intensity and Fs pulls the 
particle into the direction of the light. If the beam of light is tightly focused Fg can drag the 
particle towards the focus. 
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Chapter 3 
 

Aims 
 
The overall aim of this thesis was to investigate the response of high Ngb 
containing neurons to oxygen deprivation to investigate the proteins 
neuroprotective role in relation to stroke. The specific aims were: 
 
 To study the electrophysiological response of MPN neurons to acute 

hypoxia. In order to understand and explain how these high Ngb neurons 
react to hypoxic exposure. This was achieved by use of conventional 
patch-clamp experiments in an open system with a gravity-fed perfusion 
system.  

 

 This objective was assessed in Paper A and Paper B 
 
 To develop a system that allows total control of the oxygen concentration 

in the neuron surroundings while performing patch-clamp experiments. As 
sufficient control of ambient oxygen could not be obtained in an open 
system this was achieved by development of a multifunctional microfluidic 
system. 

 

 This objective was assessed in Paper A and Paper C 
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Chapter 4 
 

Materials and Methods 
 

4.1 Preparation of neurons 
 
Cell preparation 
 
Neurons were prepared from the brains of male Sprague Dawley rats (3 - 6 
weeks old) for experiments on MPN neurons as MPN is a sexually bimorph 
nucleus which is larger in males. For experiment within the microfluidic 
system, Paper C, rats of both sexes were used since neurons from the entire 
brain were used. The rats were decapitated without anesthetics. The brains 
were rapidly removed and placed in pre-oxygenated ice-cold (≤4 °C) 
incubation solution containing (in mM) 150 NaCl, 5 KCl, 2 CaCl2(×2H2O), 10 
HEPES, 10 glucose, 4.93 Trizma-base, pH 7.35. This solution was also used 
throughout the entire slicing procedure described below. 
 
Slicing procedure 
 
For slicing of the brain a vibratome (Vibroslicer 752 M, Campden Instruments, 
Leicestershire, UK) was used to cut 300 µm thick coronal slices either from a 
block of brain tissue containing the preoptic area or from the entire brain. 
Slices were then allowed to recover for at least 45 minutes in incubation 
solution at 27 - 28 °C before they were used in experiments. 
 
Acute dissociation of neurons 
 
For dissociation of neurons from attained slices a glass rod (~0.5 mm in 
diameter) mounted on a piezo-electric bimorph crystal, was used to apply 
mechanical vibration at the site of the MPN [52] for neurons studied in the 
open patch-clamp system. Dissociated cells were then allowed to settle at the 
bottom of a Petri dish for 10-30 min prior to initial patch-clamp measurement. 
 
For measurements inside the microfluidic system, paper C neurons where 
dissociated from areas containing mainly grey matter. The dissociated 
neurons where immediately inserted into the microfluidic system after 
dissociation to avoid sticking to Petri dish. 
 
Recording solutions  
 
Extracellular solution containing (in mM) 137 NaCl, 5.0 KCl, 1.0 
CaCl2(×2H2O), 1.2 MgCl2(×6H2O), 10 HEPES, 10 glucose, 3 µM glycine, pH 
7.4 (NaOH) was used for flushing the cells in all experiment. For recordings on 
MPN neurons in a low Ca2+ environment 2.3 mM of EGTA was either added to 
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the extra cellular solution described above or the Ca2+ was replaced by Co2+. 
In some recordings, tetrodotoxin (TTX: 2.0 μM) was used to block Na+ 
currents, or/and calciseptine (100 nM) to block L-type Ca2+ channels. 
 
The polyene antibiotic Amphotericin B (Sigma), which forms pores permeable 
for monovalent cations and anions, was added to the intracellular solution to 
increase cell contact while washing out of large molecules is avoided [53]. 
This mode of patch-clamp experiments is called perforated patch 
configuration. The intracellular solution contained (in mM) 140 K-acetate or K-
gluconate or cesium-acetate, 3.0 NaCl, 1.2 MgCl2(×6H2O), 10 HEPES, 10 
EGTA, pH 7.2 (KOH or CsOH). Amphotericin B was added from a stock 
solution (6 mg/100 μl DMSO) to a final concentration of 120 μg/ml in the 
pipette-filling solution. 
 
For experiments performed within the microfluidic system, paper C, only 
cesium containing intracellular solution was used and no antibiotic was added. 
These experiments were performed in the cell-attached patch-clamp 
configuration. 
 

4.2 Patch-clamp setup 
 
To record the electrical activity over the plasma membrane of individual 
neurons the patch-clamp technique was used [28]. A neuron-containing Petri 
dish was positioned on an up-right Olympus BX51Diaphot 200 microscope 
(Olympus, Japan) (used in papers A and B) or an inverted Zeiss Axiovert 25 
CFL microscope (Carl Zeiss Jena GmbH, Germany) (used in papers B and C). 
Micropipettes for recording were pulled from borosilicate glass (GC150, 
Harvard Apparatus Ltd., Edenbridge, Kent, UK) and pipettes with a resistance 
of 3 - 5 MΩ, when filled with intracellular solution and immersed into 
extracellular solution, were used. The recording electrode was placed within 
the recording micropipette which was attached to a neuron. Signals were 
recorded using an Axopatch 700A or 200A amplifier, a Digidata 1322A or 
1200 interface and pClamp (version 7 or 9) software (all from Axon 
Instruments, Union City, CA). Recordings were made in current-clamp and 
voltage-clamp conditions. 
 
For measurements inside the microfluidic system, paper C electrical signal 
recordings were made between a reference electrode placed in the outlet of 
the microfluidic system and a recording electrode within the patch-clamp 
micropipette integrated into the microfluidic system. 
 

4.3 Oxygen measurement 
 

The oxygen level was controlled with a fiber optic oxygen sensor probe, FOXY 
AL300, connected to a MultiFrequency Phase Fluorometer (Ocean Optics, 
Dunedin, Florida, USA). 
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To mimic normoxic conditions neurons were exposed to solutions with 
approximately 19-21% O2 (atmospheric concentration). For hypoxic conditions 
at patch-clamp experiments in the open system on MPN neurons solutions 
were continuously purged with N2 gas to maintain approximately 3-6 % O2 at a 
distance ~150-200 µm from the neuron. These concentrations were used 
while assuming that the oxygen concentration of MPN neurons corresponds to 
that in the third ventricle, 17 ± 6 % at normal conditions [46]. The solutions 
were provided to the cells by a gravity-fed perfusion system provided with gas 
tight PEEK tubings and an outlet positioned in close contact to the studied 
cell. Switching between solutions was controlled by solenoid valves.  
 

 

Figure 4.1: Displays the HPLC pump used to insert normoxic and hypoxic solutions into the 
microfluidic system. The gas-tight beaker to the right contains hypoxic solution being purged 
with N2 gas and the normoxic solution of atmospheric concentration is in jar to the left. 
 

For measurements inside the microfluidic system an oxygen level of 
approximately 0.5-1.5 % O2 at the sample was accomplished. The fluid were 
flushed into the microfluidic system by means of a HPLC pump attached to a 
gastight beaker with gas tight PEEK tubings; Figure 4.1. 
 

4.4 Optical tweezers and microfluidic system 
 
The optical tweezers were constructed on the inverted optical microscope 
(Zeiss Axiovert-25 USA) used for patch-clamp experiments. The optical trap 
was build upon an IR-diode laser (IQ1A, Power Technology, USA), operating 



18 
 

at 808nm with an average power of 200 mW. The wavelength of the laser was 
chosen to minimize heating and photodamage of the sample [54]. The laser 
beam was first expanded by two convex positive lenses of 50 and 250 mm, 
mounted on two XYZ-translation stages (Thorlabs, USA), and steered by 
mirrors (Thorlabs, USA) into the microscope. The laser beam was then guided 
to the objective throughout a dichroic mirror (750-dcspxr, Chroma Technology, 
USA); Figure 4.2. The expanded beam overfilled the back focal plane of the oil 
immersion objective (100x, 1.4 NA, Olympus, Japan) to obtain good trap 
stiffness. The trap stiffness was estimated qualitatively. Visual observations 
showed a strong and stable trap, this was assessed by fast dragging of small 
objects (cells or debris) and checking that they remained in the trap. 
 

 
Figure 4.2: Schematic image of the setup of the optical tweezers. 
 

The multifunctional microfluidic system was based on a chamber in poly-
methyl methacrylate (PMMA) that was was integrated with a patch-clamp 
micropipette. The micropipette filled with intracellular solution and the 
recording electrode connected to the patch-clamp amplifier was carefully 
inserted through a hollow screw into the intersection-zone within the 
microfluidic channel. The procedure was monitored visually and pipette 
resistances could be measured assuring that the pipette was not broken and 
contact with fluid within the microfluidic channel was accomplished. It was 
manufactured by CNC; Circuit Board milling technology, with micro-channels 
of 100 µm, sealed by a cover glass using adhesive epoxy. One inlet adjacent 
to the main channel was connected to an external HPLC pump for infusion of 
solutions with varying oxygen content. The neurons were inserted by a 
gravity-fed system which consisted of a syringe and tubing connected to an 
inlet. The microfluidic chamber was fitted on the microscope by a positioning 
stage. 
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Chapter 5 
 

General Results and Discussion 
 

5.1 Electrophysiological response of MPN neurons to 
hypoxia, papers A and B 
 
The response of MPN neurons to hypoxia was assessed by the conventional 
tight-seal patch-clamp technique. The initial study, paper A, showed an effect 
elicited by hypoxia on the noise level of the recording. The noise levels were 
increased during hypoxic exposure which indicates increased ion-channel 
activity, see Figure 5.1A. 
 
Further studies showed that the MPN neurons generally responded to hypoxia 
by changes in the resting membrane potential. The neurons mainly 
depolarized which increased the membrane potential. In a few cells 
hyperpolarization, a decrease of the potential was observed; Figure 5.1B. The 
effect elicited on the membrane potential in some cases affected the 
excitability of the neurons (for details se paper B). Investigation of currents 
evoked by hypoxia revealed involvement of either a relatively non-selective 
ion channel or several types of channels with different ion selectivity; see 
paper B.  
 

 
Figure 5.1: The effects of hypoxia in membrane potential of MPN neurons. A, the initial effect 
noted upon hypoxia was the increased noise level under hypoxic exposure which marked 
increased ion channel activity. B, the top trace is from one neuron that hyperpolarized upon 
hypoxia, decrease of the membrane potential, and the bottom trace shows the 
depolarization, increase of the membrane potential, of another neuron. Depolarization was 
the main response observed. 
 

As calcium plays a great role in neuronal signaling the influence of this ion 
type was investigated by experiments performed in environments with 
reduced calcium concentration. The results showed that the alteration of the 
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membrane potential was reduced by reduction of calcium; Figure 5.2A. 
Consistent with these findings, the hypoxia current changes were also smaller 
at reduced calcium concentration compared with control, see Figure 5.2B. 

 
 
Figure 5.2: Alteration of the hypoxic response in low calcium environment. A, the 
depolarization observed at hypoxia in control solution was diminished in environments with 
reduced calcium. B, in agreement with the potential response the inward current responses 
were also reduced. 
 

To investigate which specific calcium currents could be involved in the 
observed responses the effects of hypoxia on high voltage activated calcium 
currents were studied next. The calcium currents evoked by voltage steps 
from -14 to -74 mV were clearly reduced when cells were exposed to hypoxia 
as is evident in Figure 5.3A. But calcium as an ion does not influence the 
membrane potential but it can play a major role by activation of calcium 
dependent potassium channels. Therefore the effects of hypoxia on potassium 
currents activated by the same voltage step were examined as well. The 
results showed that the potassium currents were also reduced when cells 
were subjected to hypoxia, see Figure 5.3B. 
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Figure 5.3: The hypoxic attenuation of high-voltage gated calcium and potassium currents. 
Figure A displays how the peak currents of calcium currents evoked by potential step from  
-14 to -74 mV were decreased by hypoxia. In B the response is shown for potassium 
currents evoked by the same voltage step. 
 

To test and elucidate which ion channels that were responsible for the 
alterations observed further experiments were performed with the snake 
venom calciseptine. Calciseptine specifically blocks the L-type calcium 
channels which are known to be present in the membranes of MPN neurons. 
But the decrease of the calcium current remained even in the presence of 
calciseptine, showing that L-type channels are not responsible for the impacts 
observed; see Figure 5.4. To understand which potassium channels that were 
involved in the response seen in these currents the specific calcium-gated 
potassium channels blockers iberiotoxin and paxilline were used. In the MPN 
neurons depolarized by hypoxia the blockers completely abolished the effect 
of hypoxia, suggesting that these channels are responsible for the reaction 
observed, see paper B. 
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Figure 5.4: Non-L-type channels are responsible for the hypoxic attenuation of the high 
voltage activated calcium currents. The figure above clearly displays that the decrease of the 
peak calcium current remains in the presence of calciseptine, an L-type calcium channel 
blocker. 

 

5.2 Control of oxygen content in cell environment, papers A, 
B and C 
 
It was evident from the initial patch-clamp measurements at hypoxia in an 
open system that full control of ambient oxygen around the cells could not be 
established. The oxygen level that could be attained in the open system was 
7-9% which can be considered as hypoxia for certain areas of the brain [46]. 
But there was a significant leak of oxygen into the perfusion system, i.e. 4.3 ± 
0.5 %, sees paper A. 
 
The oxygen control was increased somewhat by the use of gas tight PEEK 
tubings but even then there was a leakage into the system and the lowest 
oxygen concentration that could be attained around the cell was 3-6 %. 
Distinct responses to hypoxic exposure could only be seen in 46 % of the 
neurons examined, paper B. One explanation for this could be the lack in 
oxygen control. 
 
By use of a closed microfluidic system a significant increase of oxygen control 
could be accomplished. Within the sealed system oxygen levels of 0.5-1.5 % 
in cell surroundings were measured, see paper C. 
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5.3 Multifunctional microfluidic system - results of oxygen 
control and patching, papers A and C 
 
To increase control of cell surroundings and especially the oxygen level a lab-
on-a-chip approach was introduced to the patch-clamp technique. The 
combination of several techniques that were implemented was already stated 
in paper A. They included, a closed microfluidic system which enables control 
over the cell environment, optical tweezers for high precision steering of 
neurons in three dimensions and a new way of patching neurons.  
 
To assure that the patch-clamp measurements would not be affected by the 
laser beam from the optical tweezers an optically trapped nerve cell was 
steered to the patch-clamp recording pipette and patched. Application of 12 
voltage steps with a delta level of 10 mV to the nerve cell can be seen in 
Figure 5.3A. The nerve cell showed no activation of voltage gated currents, 
implicating that it was probably a glial cell. The level of noise seen in the 
recording was not increased as compared to a previous recording, compare 
noise level in Figure 5.3A to 5.3B.  
 
 

 
Figure 5.3: Figure A displays voltage steps from -74 mV to +46 mV (10 mV delta level) 
applied to patched nerve cell while in the laser beam of optical trap. For comparison the 
same protocol applied to a neuron from previous recordings in the same setup is shown in 
B. The noise level does not increase in Figure A compared to B.  
 

The noise level in these results show that patching a cell by bringing it to the 
patch-clamp pipette by means of optical tweezers is possible and the optical 
tweezers do not interfere with the measurement of the electrophysiological 
activity.  
 
Several nerve cells were brought to the micropipette within the sealed 
microfluidic system by means of the optical tweezers. The cells were brought 
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into close contact with the pipette and seals up to 90 MΩ were achieved. 
However the viability of the cells was to weak for GΩ seals to be reached. 
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Chapter 6 
 

General Summary and Conclusions 
 
This licentiate thesis describes the electrophysiological response of MPN 
neurons to hypoxia. It elucidates the effects seen on the resting membrane 
potential and examines currents and ion channels involved in this process. 
The thesis also introduces a new way of measuring patch-clamp within a 
multifunctional microfluidic system and accounts for the advantages of this 
approach. 
 
Neurons from the MPN react to hypoxia mainly by depolarization of the resting 
membrane potential. High-voltage activated calcium and potassium currents 
are attenuated by hypoxia. The hypoxia evoked depolarization is abolished 
when neurotoxins blocking big conductance calcium dependent channels are 
applied. This suggests that high-voltage activated calcium channels in 
combination with big conductance calcium dependent potassium channels 
account for the observed hypoxic depolarization. 
 
Control of the ambient oxygen in cell surroundings during patch-clamp 
measurements could be achieved by means of a multifunctional microfluidic 
system. The noise levels of the electrophysiological recordings were not 
affected by the infrared laser of 808 nm used to optically trap a nerve cell. 
Neurons could be brought to the recording pipette within the microfluidic 
system and close contact was achieved. 
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Chapter 7 
 

Future Outlook 
 
In the future the continuation of the research presented in this thesis includes 
several different pathways. 
 
The assessment of which calcium channel types that is involved in hypoxic 
depolarization of MPN neurons should be examined further. We have shown 
that it is a non-L-type calcium channel that reacts upon hypoxia. However, 
there are several other high-voltage activated calcium channels present in the 
membranes of MPN neurons. The identification of which one of them that 
reacts upon hypoxia in these neurons would be of value. 
 
To be able to successful attain a GΩ seal when patching neurons inside the 
multifunctional microfluidic system is desirable. Better viability of neurons 
within the microfluidic system is necessary to be able to perform full 
experiments. This could be accomplished by a different mode of insertion of 
cells into the microfluidic system or by use of another cell preparation 
procedure. 
 
A study that could be very valuable for future stroke research is to compare 
the hypoxic response of the high Ngb containing MPN neurons to that of other 
neurons with very small or no Ngb content. 
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Abstract—Hemoproteins usually supply cells and tissue with 

oxygen. A new hemoprotein mainly present in nerve cells 

called Neuroglobin was recently discovered. Enhanced 

expression of the protein has been shown to reduce hypoxic 

neural injury but the mechanism behind this function remains 

unknown. Methods enabling investigation of the protein in 

single functional neurons need to be developed. Here, we have 

studied how the electrical signaling capacity of a neuron was 

affected by hypoxic environments. Preliminary results show a 

trend of higher noise-level when a neuron is exposed to 

hypoxic compared to normoxic surroundings, which implies 

increased ion-channel activity. The setup used today shows 

shortages such as reduced control over the oxygen content due 

to leakage. Therefore, a gas-tight, multifunctional microfluidic 

system is under development which enables us to study 

influences of Neuroglobin concentrations on neuronal activity 

during hypoxia and anoxia. For electrophysiological 

recordings a patch-clamp micro pipette will be molded into the 

walls of the microfluidic system. A single biological cell is 

steered towards the pipette and attached there by means of 

optical tweezers. The Neuroglobin oxygen binding state will be 

studied using optical spectroscopy and the neuron 

environment will be manipulated by applying flows of varying 

oxygen content through the microfluidic system. This system 

will constitute a powerful tool in the investigation of the 

Neuroglobin mechanism of action. 

 

Keywords—Neuroglobin, hypoxia, multifunctional microfluidic 

system, patch clamp, optical tweezers, optical 

spectroscopy 

INTRODUCTION  

The nerve system depends on oxygen for its survival 

and if the oxygen flow to a cell is restrained the cell 

may suffer irreparable damage or die. The oxygen 

supply to tissue and cells is usually provided by 

hemoproteins. 

In 2000, a new hemoprotein was discovered and since 

this hemoprotein is mainly present in nerve cells it has 

been named Neuroglobin (Ngb) [1]. Much research 

has been conducted to learn more about the protein. Its 

3D structure and abundance have been studied 

extensively. The function, on the other hand, is still a 

matter of debate [2]. Our main interest, i.e. the 

research performed to unravel Ngb’s possible function 

as a neuroprotectant against hypoxic or ischemic 

injury, has been examined previously [3]. Evidence 

was found that neuronal hypoxia induces Ngb 

expression, and enhanced Ngb expression reduces 

hypoxic neuronal injury. The challenge that still 

remains is to investigate the mechanism by which Ngb 

functions during oxygen deprivation.  

Previous research has mainly been implemented on the 

protein in its purified form and there is a need of better 

methods to investigate Ngb activity in a functional 

biological cell. Our research group aims to develop a 

multifunctional microfluidic system enabling 

supervision of influences of Ngb concentrations on 

neuronal activity during hypoxia and anoxia. 

METHODS 

Preparation of neurons and solutions 

Ethical approval of the procedures described was 

given by the regional ethics committees for animal 
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research (“Stockholms södra djurförsöksetiska 

nämnd”, approval No. S201/04 and “Umeå 

djurförsöksetiska nämnd”, approval No. A17-05). 

 

Cell preparation 

 Neurons were prepared from the brains of 

male Sprague Dawley rats who were decapitated 

without anesthetics, the brains were rapidly removed 

and placed in pre-oxygenated ice-cold (4 °C) 

incubation solution (150mM NaCl, 5mM KCl, 2mM 

CaCl2, 10mM HEPES, 10mM glucose, 4.93mM Tris-

base, pH 7.4) which was also used throughout the 

entire slicing procedure. 

 

Slicing procedure 

 A vibratome (Vibratome 100plus, Ted Pella, Redding, 

CA, USA, or Vibroslicer 752 M, Campden Instruments, 

Leicestershire, UK) was used to cut 200 - 300 mm thick 

coronal slices from the part of the block of brain tissue 

containing the anterior hypothalamus. Slices were then 

allowed to recover for at least one hour in incubation 

solution at room temperature (21 - 23 °C).  

 

Acute dissociation of MPN neurons 

 Neurons from the medial preoptic nucleus (MPN) were 

used here since they have been studied earlier [4] and this 

area of the brain has shown to contain Ngb [5].  

A glass rod (about 0.5 mm in diameter) mounted on a 

piezo-electric bimorph crystal, was used to apply 

mechanical vibration at the site of the MPN on the slices. 

Dissociated cells were then allowed to settle at the bottom 

of a Petri dish for approximately 10 min.  

 

Recording solutions 

 Extracellular solution (137mM NaCl, 5.0mM KCl, 

1.0mM CaCl2, 1.2mM MgCl2, 10mM HEPES, 10mM 

glucose, pH 7.4(NaOH)) was used for flushing the cells. 

Amphotericin B (Sigma) was added to the intracellular 

solution (140mM Cs-gluconate, 3.0mM NaCl, 1.2mM 

MgCl2, 10mM HEPES, 10mM EGTA, pH 7.2 (CsOH)) 

from stock solution (6 mg/100 µl DMSO) and added to a 

final concentration of 120 µg/ml pipette-filling solution.  

 

Patch-clamp technique 

To be able to register the electrical signals across the 

plasma membrane of a single neuron, the patch-clamp 

technique was implemented. [6]  

 Electric signal recordings were made between 

a ground electrode placed in the neuron containing 

Petri dish, which was positioned on the stage of an up-

right Olympus BX51Diaphot 200 microscope 

(Olympus, Japan), and a recording electrode within the 

recording pipette,  which was pulled from borosilicate 

glass (GC150, Harvard Apparatus Ltd., Edenbridge, 

Kent, UK), attached to a neuron. The pipettes had a 

resistance of 3-5 MΩ when filled with intracellular 

solutions and amphotericin B (Sigma). Signals were 

recorded using an Axopatch 700A amplifier, a 

Digidata 1322A interface and pClamp (version 9) 

software (all from Axon Instruments, Union City, 

CA).  

To allow electric contact with the cell cytoplasm while 

keeping the cells interior composition intact the 

perforated patch recording configuration using the 

perforating antibiotic amphotericin B was used [7]. 

The recordings were made in the current clamp mode. 

 

Oxygen measurement 

The neurons surroundings at normal conditions were 

mimicked by the cell being exposed to normal 

extracellular solution which had about 19-21% oxygen 

content. To achieve controlled hypoxic environment 

around the cell N2 gas was added to the extracellular 

solution until an oxygen level of around 3-5 % O2 was 

attained, creating an environment similar to that of 

neurons during hypoxic insult.  

The solutions were provided to the cells by a gravity-

fed perfusion system with an outlet positioned in close 
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contact to the studied cell. Switching between 

solutions was controlled by solenoid valves.  

The oxygen level was measured with a fiber optic 

oxygen sensor probe, FOXY AL300, connected to 

MultiFrequency Phase Fluorometer (both from Ocean 

Optics, Dunedin, Florida, USA). The neurons were 

subsequently flushed with each of the solutions to 

mimic normoxic and hypoxic conditions. 

The oxygen leakage in the system was examined by 

checking the oxygen content repeatedly in the vessel 

containing the solution compared with the oxygen 

content at the outlet of the perfusion pipette, i.e. at the 

cell. The measurements were repeated seven times. 

The result was expressed as mean ± standard error of 

mean (SEM). 

PRELIMINARY RESULTS 

 

The measurements of the oxygen content in the 

perfusion tank, from where the hypoxic extracellular 

solution was delivered, and at the outlet of perfusion 

pipette showed a significant leak of oxygen into the 

perfusion system which was adding 4,3 ± 0,5 % of 

oxygen to the extracellular solution. Consequently, the 

recorded neuron was exposed to oxygen content 

between 7-9 % during experimental hypoxic 

condition. 

Variations in membrane potentials from a neuron 

could be observed while performing patch-clamp in 

the perforated patch mode, see Fig. 1. As Fig. 1a) 

shows, a higher noise-level could be seen when the 

cell was exposed to a hypoxic solution compared to a 

normoxic solution, indicating increased ion-channel 

activity. This can also be noticed in Figs. 1b) and 1c) 

which also show that there was no dramatic change 

due to oxygen manipulation in the release of inhibitory 

neurotransmitter, gamma-aminobutyric acid (GABA), 

from adherent presynaptic terminals since the 

frequency of the spontaneous inhibitory postsynaptic 

potentials (sIPSPs) did not change. 
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Fig. 1 Variations in the cells membrane potential, Umemb (mV) versus 

Time (min). 1a) Solutions were changed from hypoxic to normoxic at t = 

8.03. Note how the noise of the signal decreases subsequently. 1b) Shows a 
zoomed in part of a recording of postsynaptic membrane potentials during 

a hypoxic period. 1c) Shows the same as 1b) but during a normoxic period. 

For both b) and c) the sIPSCs (fast negative peaks) were mediated by Cl- 
entering the cell through GABA-gated ion channels (GABAA receptors) 

upon their activation by GABA released from presynaptic terminals.. 

DISCUSSION OF PRELIMINARY RESULTS 

 The set up used today to maintain a hypoxic 

environment shows clear shortages as oxygen leaks 

into the system. Despite of that we have studied how 

the electrical signaling capacity of a neuron was 

affected by hypoxic environments by recording the 

electrical signals of the neuron. The result indicates an 

increased ion-channel activity during hypoxic 

conditions. Future experiments will aim at clarification 

of the ion-channel mechanisms underlying the noise-

level changes as well as the possible effects of hypoxia 

on the neurotransmission. Furthermore, to get better, 

statistically verified, results more data must be 

collected. 

FUTURE OUTLOOK 

The preliminary results show that better control over 

the oxygen content must be achieved. Moreover, for 

future experiments regarding the role of Ngb during 

hypoxia, the oxygen binding of Ngb in correlation 

with the cell signaling should be registered. This can 

ideally be achieved by optical spectroscopy. Our 

future approach is to combine the existing patch-clamp 

setup for electrophysiological recordings with a sealed 

multifunctional microfluidic system that enables 

optical monitoring and manipulation of a single 

neuron. The methods that will be merged into the 

existing setup are described briefly below.  

 

Microfluidic system 

 A microfluidic system usually comprises 

different channels molded into rubber silicon either 

having reservoirs or sealed in-, and outlets. The 

microfluidic systems used here are manufactured by 

soft lithography [8]. In brief, the design is first created 

with a software drawing program (CAD). Thereafter a 

high resolution mask is created by e-beam lithography. 

987
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Polydimethylsiloxane (PDMS) is molded onto the 

mask and hardened. The PDMS slab is removed from 

the mask and sealed onto a conventional cover slide.  

Optical tweezers 

 This method refers to optical manipulation by highly 

focused laser light that enables the steering of cells and 

particles with high precision in three dimensions without 

mechanical contact [9]. To achieve gentle optical trapping, 

near infrared laser light is expanded and focused through a 

microscope objective having a high numerical aperture 

(NA). Optical tweezers can easily be implemented into 

existing setups, in this case to the patch clamp microscope. 

Raman spectroscopy and absorption spectroscopy 

 Raman spectroscopy is a laser based 

technique. By illuminating molecules with well 

defined laser light they can be excited into a 

vibrational state, resulting in an energy change of the 

outgoing photons. This energy difference gives minute 

information about the structure and state of molecules.  

The method is excellent to register the oxygen binding 

state of hemoproteins, since the porphyrin ring of the 

protein strongly absorbs several wavelengths in the 

visible up to the near infrared region. By choosing a 

wavelength close to an absorption wavelength a 

resonance effect can be achieved that is strong enough 

to register the oxygen content of a cell without 

interference of other cell components. This has been 

used to study Escherichia coli bacteria that over 

express Ngb [10].  

 Absorption spectroscopy is a complementary 

method by which the oxygenation state of 

hemoproteins can be registered. Here, the sample is 

illuminated with the whole visible spectrum and the 

transmitted light is compared to the ingoing light, 

concluding which wavelengths have been absorbed by 

the sample. Since the hemoprotein changes color upon 

binding to the porphyrin ring the absorption spectrum 

changes thereafter.  

 

The fusion of the techniques 

As mentioned above, the ongoing challenge is the 

design a closed multifunctional microfluidic system, 

giving total control over the oxygen content while 

enabling measurements of both the action potential of 

a single nerve cell and the oxygen binding state of 

Ngb. This is not achieved with an ordinary open-flow 

system. Conventionally, the patch clamp pipette is 

brought in close contact with the cell by micro-

positioning. Here, a single biological cell will be 

steered with 3D-nanometer precision through the 

closed multifunctional microfluidic system with 

optical tweezers and be attached to the patch-clamp 

micropipette, as seen in Fig. 2. The micropipette is 

moulded into the PDMS walls of the microfluidic 

system which has two inlet channels that merge into 

one. The oxygen content surrounding the cell is 

controlled by means of changing the flow pressure at 

one inlet channel, while cutting off the inflow through 

the other channel. A schematic figure of the setup is 

shown in Fig. 2. 

 

Fig. 2 A schematic graph of the future setup involving a spectrometer, a 

microscope, optical tweezers and a multifunctional microfluidic system 

combined with a patch clamp setup. 

CONCLUSIONS 

 To be able to study how the electrical 

signaling capacity of neurons is affected by hypoxic 

environments and Ngb concentration the existing 
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setup is under improvement. The setup will be 

equipped with a sealed multifunctional microfluidic 

system. Furthermore, the system will be equipped with 

the optical methods described in this paper and 

thereby creating a powerful tool to establish the 

mechanism of Ngb’s function on the single cell level. 
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High-voltage activated Ca
2+

 channels and K
+
 channels are 

involved in the hypoxic depolarization of medial preoptic 
neurons 

 

N. Bitaraf, M. Druzin, E. Malinina, S. Johansson, O.A. Lindahl & K. Ramser 
 

Abstract  

 
The brain is known to be very sensitive to ischemic insult. When the blood delivery to any 
part of the brain is abruptly shut, as in the case of stroke, the neurons suffer from acute 
hypoxia. In this study neurons from the medial preoptic nucleus were exposed to hypoxia 
and the electrophysiological responses were recorded. About half of the medial preoptic 
neurons responded to hypoxia and out of the hypoxia sensitive neurons the majority 
depolarized. Both the high-voltage activated Ca2+ currents and K+ currents were reduced by 
exposure to hypoxia. The remaining response in the presence of the specific L-type Ca2+ 
channel blocker calciseptine suggested that other Ca2+ channel types were involved. The BK 
(Ca2+-dependent K+ channel) blockers iberotoxin and paxilline fully abolished the observed 
hypoxic depolarization, suggesting that the depolarization is likely to be mediated by these 
channels. In summary, the depolarization observed upon hypoxia may be mediated by non-
L-type Ca2+ channels which are inhibited and thereby decrease the opening of BK channels 
leading to a change in the membrane potential in positive direction. 
 

List of abbreviations 

 
HVA – high-voltage activated 
MPN – medial preoptic nucleus 
TTX – tetrodotoxin 
VGCC – voltage-gated calcium channels 
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The central nervous system is highly vulnerable to ischemic insult. Because the brain 
consumes very large amounts of energy, a constant supply of oxygen is crucial. Disturbance 
of the blood supply to the brain leads to so called cerebro-vascular accident, brain attack or 
stroke. Stroke is a major disease in the world, affecting around 15 million people each year 
[1]. The suffering and costs of the disease for patients and the society are immense. 
Increased understanding of the underlying mechanisms are therefore of great value. 
 
The cerebral response to oxygen deprivation is hitherto not fully understood. The oxygen 
supply may be reduced in several different ways, inducing acute or chronic hypoxia, and the 
response will be adapted thereto. The mechanisms activated by a sudden drop in oxygen 
supply are, at least in part, separate from those during prolonged hypoxia. The response to 
hypoxia must therefore be related to its functional context. In the case of stroke, the blood 
delivery of oxygen and nutrients is abruptly shut, causing acute hypoxia.  
 
Several studies have described the neuronal membrane potential responses to acute 
hypoxia [2]. Dorsal vagal neurons [3], [4] and cerebellar Purkinje cells [5] hyperpolarize when 
exposed to hypoxia, while  caudal hypothalamic neurons [6] and cerebellar granule cells 
depolarize [7]. Hippocampal neurons hyperpolarize [8], [9] or depolarize under hypoxia, but 
the response is dependent on the initial resting membrane potential [10]. The effects 
observed are mediated by various alterations in the ion channel activity of these neurons. In 
dorsal vagal neurons, KATP channels are activated [3], [4], [11], in caudal hypothalamic 
neurons TTX sensitive Na+ channels  are potentiated [6], and in cerebellar granule cells, 
TASK-1 channels (a two pore-domain K+ channel) are inhibited [7] upon hypoxia.  
 
The vulnerability to oxygen deprivation also differs among neuron types, with dorsal vagal 
neurons being very tolerant and hippocampal neurons particularly sensitive [2]. 
Hypothalamic neurons are also tolerant to hypoxia [12]. The heme protein neuroglobin, 
which is mainly present in nervous tissue has a neuroprotective role [13-17] and may 
possibly contribute to hypoxia tolerance. Neuroglobin may act protectively through its binding 
to gaseous oxygen or nitric oxide [18], [19], although recent findings suggest a different 
pathway [20], [21] where neuroglobin reacts with cytochrome c released from mitochondria 
during cell death and thereby interferes with the pathway of apoptosis [22]. 
 
In the present study, neurons from the medial preoptic nucleus (MPN) were examined. 
MPN is the largest nucleus of the preoptic area situated rostral to the hypothalamus. 
This nucleus is involved in the regulation of important physiological functions such as  
thermoregulation [23-25], arterial pressure [26], sleep [24], energy regulation [27] and 
sexual behavior [28]. The MPN is one of the areas in the brain expressing large amounts of 
neuroglobin [29-31], possibly protecting against the deleterious effects of ischemia [32]. The 
electrophysiological response of MPN to hypoxia has not yet been investigated. The aim of 
the present study was to clarify the effects of hypoxia on neurons in this neuroglobin rich 
area, to enable comparison with other areas, less rich in neuroglobin and understand the 
neuronal mechanisms activated upon hypoxia. The neurons were exposed to acute hypoxia 
and the electrophysiological properties were recorded by means of the tight-seal patch-
clamp technique [33]. Changes in membrane potential were recorded under current-clamp 
conditions and the membrane currents contributing to such changes were recorded under 
voltage-clamp conditions. 
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Methods 

 
A. Preparation of neurons and solutions 
 
Ethical approval of the procedures described was given by the regional ethics committee for 
animal research (“Umeå djurförsöksetiska nämnd”, approvals No. A13-08 and A18-11). 
 
Cell preparation 
Neurons were prepared from the brains of male Sprague Dawley rats (3 - 6 weeks old) that 
were decapitated without anesthetics. The brains were rapidly removed and placed in pre-
oxygenated ice-cold (≤4 °C) incubation solution containing (in mM) 150 NaCl, 5 KCl, 2 
CaCl2(×2H2O), 10 HEPES, 10 glucose, 4.93 Trizma-base, pH 7.35. This solution was also 
used throughout the entire slicing procedure described below. 
 
Slicing procedure 
A vibratome (Vibroslicer 752 M, Campden Instruments, Leicestershire, UK) was used to cut 
150 or 300 µm thick coronal slices from a block of brain tissue containing the preoptic area. 
All slices were then allowed to recover for at least 45 minutes in incubation solution at 27 - 
28 °C. Three hundred µm thick slices were used for dissociation of neurons and 150 µm 
slices were used for recordings in slices. 
 
Acute dissociation of neurons 
A glass rod (~0.5 mm in diameter) mounted on a piezo-electric bimorph crystal, was used to 
apply mechanical vibration at the site of the MPN for dissociation of individual neurons [34]. 
Dissociated cells were then allowed to settle at the bottom of a Petri dish for 10 - 30 min 
prior to initial patch-clamp measurement. 
 
Recording solutions 
Extracellular solution containing (in mM) 137 NaCl, 5.0 KCl, 1.0 CaCl2(×2H2O), 1.2 
MgCl2(×6H2O), 10 HEPES, 10 glucose, 3 µM glycine, pH 7.4 (NaOH) or a Ca2+-free solution 
containing either (A; in mM) 137 NaCl, 5.0 KCl, 1.0 CaCl2(×2H2O), 1.2 MgCl2(×6H2O), 10 
HEPES, 10 glucose, 2.3 EGTA, 3 µM glycine pH 7.4 (NaOH) or (B; in mM) 137 NaCl, 5.0 
KCl, 1.0 CoCl2(×6H2O), 1.2 MgCl2(×6H2O), 10 HEPES, 10 glucose, 3 µM glycine, pH 7.4 
(NaOH) was used for flushing the cells. In some recordings, tetrodotoxin (TTX: 2.0 μM) was 
used to block Na+ currents, or/ and calciseptine (100 nM) to block L-type Ca2+ channels. 
 
Amphotericin B (Sigma) was added to the intracellular solution, containing (in mM) 140 K-
acetate or K-gluconate or cesium-acetate, 3.0 NaCl, 1.2 MgCl2(×6H2O), 10 HEPES, 10 
EGTA, pH 7.2 (KOH or CsOH) from a stock solution (6 mg/100 μl DMSO) to a final 
concentration of 120 μg/ml pipette-filling solution. 
 
B. Patch-clamp recording 
The patch-clamp technique [32] was used to record the electrical signals across the plasma 
membrane of individual neurons. The neuron-containing Petri dish was positioned on the 
stage of an up-right Olympus BX51Diaphot 200 microscope (Olympus, Japan) or an inverted 
Zeiss Axiovert 25 CFL microscope (Carl Zeiss Jena GmbH, Germany). The recording 
electrode within the recording pipette, pulled from borosilicate glass (GC150, Harvard 
Apparatus Ltd., Edenbridge, Kent, UK), was attached to a neuron. Pipettes with a resistance 
of 3 - 5 MΩ, when filled with intracellular solution and immersed into extracellular solution, 
were used. Signals were recorded using an Axopatch 700A or 200A amplifier, a Digidata 
1322A or 1200 interface and pClamp (version 7 or 9) software (all from Axon Instruments, 
Union City, CA). To allow electric contact with the cell cytoplasm and avoid wash out of large 
molecules, the perforated-patch recording configuration with Amphotericin B as perforating 
substance was used [35]. Recordings were made in current-clamp and voltage-clamp 
conditions. 
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C. Oxygen measurement 
 
The oxygen level was controlled with a fiber optic oxygen sensor probe, FOXY AL300, 
connected to a MultiFrequency Phase Fluorometer (Ocean Optics, Dunedin, Florida, USA ). 
 
Normoxic conditions were mimicked by exposure to solutions with approximately 19 - 21% 
O2 (atmospheric concentration). Hypoxic conditions were achieved by purging solutions with 
N2 gas until approximately 3 - 6 % O2 was attained at a distance of ~150 - 200 µm from the 
neuron studied, assuming that the oxygen concentration of MPN neurons corresponds to 
that in the third ventricle, which is 17 ± 6 % at normal conditions [36]. The solutions were 
provided to the cells by a gravity-fed perfusion system with an outlet positioned in close 
contact to the studied cell. Switching between solutions was controlled by solenoid valves.  
 
D. Signal processing and statistics 
 
Raw data was low-pass filtered at 2 - 3 Hz, with cut-off frequency chosen after performing a 
Fourier transform on raw data and acquiring a power spectrum which displayed at which 
frequencies mainly noise could be seen. All signals were adjusted for slow linear drift by 
subtraction of a signal extrapolated from baseline slope before application of test solutions. 
Signal changes upon application of test solutions were considered as responses if larger 
than mean ± 2 SD of baseline. 
 
Results are presented as mean ± SEM. The Wilcoxon Signed-Ranks test [37] was used for 
statistical analysis when sample size was < 30 and Students t-test when sample size was > 
30. 
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Results 

 
Hypoxic effect on the membrane potential of MPN neurons 
 
The neuronal membrane potential was measured under current-clamp conditions with no 
current injected. In control solution, the resting potential (VRest) was -49.3 ± 1.8 mV (n = 46). 
Upon exposure to hypoxia for 60 s, 46 % of the neurons showed a statistically significant 
change of the VRest, on average 4.4 ± 0.8 mV (n = 46, p < 0.0001). The majority of neurons 
were depolarized (5.6 ± 0.7 mV; n = 41), but some were hyperpolarized (-5.1 ± 2.4 mV; n = 
5) by hypoxia; Fig. 1A, B.  
 
Some of the MPN neurons were spontaneously firing (n = 10). Both cells that increased (n = 
3; Fig. 1C.) and decreased (n = 2; Fig. 1D) their firing frequency upon hypoxia were 
observed. For the majority of the neurons, however, the firing frequency stayed unchanged 
(n = 5).  
 

 
Fig. 1: Effects of hypoxia on the membrane potential of MPN neurons. A, Effects of hypoxia on the 
resting membrane potential of one hyperpolarizing and one depolarizing neuron. B, Proportions of 
cells showing hyperpolarization, depolarization or no response upon hypoxia. C, D, Effects of hypoxia 
on two spontaneously firing neurons. Note that triggering of impulse firing (C) as well as reduced firing 
frequency (D) was observed upon hypoxia. 
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Currents evoked by hypoxic exposure and involvement of Ca2+ ions: 
 
To clarify the ionic mechanisms underlying the hypoxic membrane potential responses, 
current changes evoked by hypoxia at different steady holding potentials were measured 
under voltage-clamp conditions. The steady-state current evoked by hypoxia varied with 
membrane potential. For cells that were depolarized by hypoxia under current-clamp 
conditions, the hypoxia-induced current was typically inward at -44 and -14 mV, but near 
zero at +16 mV and outward at +46 mV (Fig. 2A). The slightly positive reversal potential 
suggests that the response may involve a relatively non-selective ion channel or several 
types of channels with different ion selectivity. 
 
To clarify if Ca2+, which plays a critical role in many types of neuronal signaling, is involved in 
the hypoxic effects observed, experiments with reduced extracellular Ca2+ concentration 
were performed. The Ca2+ concentration was reduced by addition of 2.3 mM EGTA, the 
concentration was calculated to chelate all free Ca2+ in the extracellular solution. This 
affected VRest as well as the responses to hypoxia. With reduced Ca2+, VRest was only -31.5 ± 
2.8 mV (n = 16) and the hypoxia-induced depolarization under current-clamp conditions was 
2.9 ± 1.0 mV (n = 16), thus smaller than in the standard, Ca2+-containing extracellular 
solution (not shown). Consistent with these findings, the hypoxia-induced current changes 
during voltage-clamp conditions were also significantly smaller at reduced extracellular Ca2+ 
concentration compared with control (Fig. 2C and D). 

Fig. 2: Currents evoked by hypoxia at different holding potentials in control solution and with reduced 
extracellular Ca

2+
 concentration. A, IV-relation for neurons that were depolarized by hypoxia. The 

number of cells studied is given at each data point. B, Raw currents from one cell, at +46 mV where 
the current was increased by hypoxia and at -44 mV where the current was reduced by hypoxia. C, 
IV-relation from 11 neurons in reduced extracellular Ca

2+
 concentration. Note the smaller currents 

compared with those in A. D, Raw currents from one cell at -14 mV, in control solution and in reduced 
extracellular Ca

2+
 concentration, as indicated. 

 

Hypoxic effect on high-voltage activated Ca2+ currents in MPN neurons: 
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The above experiments suggested that Ca2+ plays a role in the hypoxic response of MPN 
neurons. We have previously shown that MPN neurons express several types of voltage-
gated Ca2+ channels (Sundgren-Andersson & Johansson, 1998). Some of these may 
possibly show some degree of activation at the relatively positive VRest of the cells studied 
and contribute to the hypoxic response. To clarify if high-voltage activated Ca2+ currents are 
involved in the observed reactions to hypoxia, such currents were induced by voltage steps 
from -74 mV to -14 mV. When exposing the cells to hypoxia, a significant attenuation of the 
Ca2+ current was observed in 59.1% (n = 26; p < 0.0001) of the neurons (Fig. 3). The 
average current inhibition after 1 minute in hypoxia was 17.6 ± 3.5 %. 
 

 
Fig. 3: Effects of hypoxia on high-voltage activated Ca

2+
 currents. A, Peak Ca

2+
 current activated by 

voltage step from -74 to -14 mV from ten cells. Note the reduction during hypoxia. B, Raw Ca
2+

 
current from one neuron before (control), during and after (wash out) hypoxia... C, Effects of hypoxia 
on peak Ca

2+
 current in control and in the presence of calciseptine. Mean ± SEM. from ten cells. Note 

the remaining effect of hypoxia when calciseptine is present. 
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Hypoxic effect on K+ channels in MPN neurons: 
 
A reducing effect of hypoxia on Ca2+ currents per se should be hyperpolarizing rather than 
depolarizing and thus does not explain the depolarizing effect of hypoxia observed above. 
However, Ca2+ influx may also affect the resting potential via effects on Ca2+-gated K+ 
channels, several types of which were previously shown to be present in MPN neurons [38-
40],.  

 
To clarify the possible role of K+ channels in the hypoxic response of MPN neurons,  K+ 
currents were evoked under voltage-clamp conditions, by voltage steps from -74 mV to -14 
mV, in normoxic conditions and while exposing cells to hypoxia. Hypoxia attenuated the K+ 
currents in 61 % of neurons (Fig. 4B). In these neurons, the current at the end (585 - 600 
ms) of the applied voltage step was significantly reduced, by 6.3 ± 1.5% (n = 11, p ≤ 0.0018; 
Fig. 4A).  
 
Since MPN neurons express several types of K+ channels [38-40], the effect of hypoxia on 
the K+ current in the present study may conceivably be mediated either by purely voltage-
gated K+ channels or by Ca2+-dependent K+ channels. Numerous studies have shown that 
large-conductance Ca2+-dependent K+ (BK) channels contribute to spike repolarization and 
afterhyperpolarization (for review see [41]).We here investigated whether the effect of 
hypoxia on membrane potential and K+ current was mediated by BK channels. When the 

selective BK channel blockers iberiotoxin (100 nM) and paxilline (1.0 μM) were added to the 

extracellular solution, hypoxia did not significantly reduce the K+ current evoked by voltage 
steps as above. (data not shown). Further, the depolarizing effect of hypoxia on membrane 
potential observed under current-clamp conditions, was also abolished in the presence of 
the BK channel blockers (Fig. 4C). This suggests a significant role of BK channels in the 
hypoxic response of MPN neurons. 
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Fig. 4: Effects of hypoxia on K
+
 currents. A, Average mean current 585-600 ms after a voltage step 

from -74 mV to -14 mV, applied repetitively in control conditions and during hypoxia (n = 11). B, Raw 
traces of K

+
 current evoked by a voltage step from -74 mV to -14 mV in control and hypoxia, as 

indicated. C, Effect of the BK
 

channel blockers iberiotoxin and paxilline on hypoxia-evoked 

depolarization of an MPN neuron studied under current-clamp conditions.  
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Discussion 

 

Hypoxic effect on resting membrane potential of MPN neurons: 
 
In this study, the effects of acute hypoxia on the electrophysiological properties of MPN 
neurons were examined by means of the tight-seal patch-clamp technique [33]. Neurons 
were exposed to acute hypoxia and the effect on the VRest was investigated under current-
clamp conditions. A majority of MPN neurons responded to hypoxia by depolarization, 
although hyperpolarization was evident in a few cells (Fig 1A and B). The effect of hypoxia 
on spontaneously firing neurons was diverse, with some neurons increasing and others 
decreasing their firing frequency upon hypoxia (Fig. 1C, D), although the majority of neurons 
showed no change in the firing frequency.  The reasons for this variability seems likely to 
depend on the initial resting potential in combination with different proportions of channel 
types (see below) affected by hypoxia. 
 
Currents affected by hypoxia and involvement of Ca2+ ions: 
 
The changes of steady currents induced by hypoxia under voltage-clamp conditions 
depended on voltage in a non-linear manner, with a reversal potential typically between +10 
and +20 mV (Fig. 2A, C), not very near the equilibrium potential for any of the major ions 
present (Na+, K+, Ca2+ and Cl-). This suggests a possible involvement of voltage gated 
components and mixed ion types. 
 
The Ca2+ homeostasis in several other neuron types has previously been shown to be 
affected by hypoxia [8], [9], [42-46] and this appears to be the case also for MPN neurons. 
The experiments with reduced extracellular Ca2+ concentration. revealed a depolarization of 
the resting membrane. Ca2+ ions do not often directly contribute much to the VRest of neurons 
but may contribute indirectly by effects on Ca2+-activated K+ channels. Both Ca2+ channels 
[9], [42-45] and Ca2+-activated K+ channels [47], [48] have previously been shown to be 
affected by hypoxia. The hypoxia-induced depolarization here observed in control solution 
was also reduced when the Ca2+ concentration was reduced and the hypoxia-evoked current 
changes were diminished (Fig. 2C and D). This showed that Ca2+ was indeed involved in the 
hypoxic response observed.  
 
Hypoxic effect on high-voltage activated Ca2+ currents in MPN neurons: 
 
To further elucidate the role of Ca2+ in the hypoxic depolarization of MPN neurons, the effect 
on HVA Ca2+ currents was examined. Several types (L-, N-, P- and Q) of HVA Ca2+ channels 
are present in MPN neurons where they may contribute to bursting firing patterns [49], and 
possibly may show some degree of activation at the VRest between -60 and -30 mV [50]. The 
present study clearly showed that HVA Ca2+ currents in MPN neurons are depressed by 
hypoxia (Fig. 3A and B). A hypoxic effect on Ca2+ currents has been observed also in other 
studies [43], [44], [51], [52]. However, the effect in hippocampal neurons [42], inspiratory 
neurons [44] and cortical neurons [53] is an increase of Ca2+ current, opposite to the effect in 
MPN neurons.. A hypoxia-induced reduction of Ca2+ current has also been observed in 
cardiac myocytes [51]. Whereas L-type Ca2+ channels are involved in the hypoxic response 
of hippocampal neurons [42], inspiratory neurons [44], cardiac myocytes [51] and cortical 
neurons [53],  L-type Ca2+ channels do not appear to mediate the main effect of hypoxia on 
MPN neurons, since a hypoxic attenuation of Ca2+ currents was still observed in the 
presence of the L-type Ca2+ channel blocker calciseptine (Fig. 3C). 
 
Role of K+ channels in hypoxic response of MPN neurons. 
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Voltage-gated K+ currents as well as Ca2+-gated K+ currents are well known for their roles in 
controlling the neuronal membrane potential and are modulated by a number of signalling 
systems. Our results show that an altered oxygen concentration may provide one way to 
modulate K+ currents evoked by voltage steps in MPN neurons. In our previous studies, we 
have established that MPN neurons generate voltage-gated K+ currents of delayed rectifier 
type as well as Ca2+-dependent K+ currents, mediated by BK and SK (small-conductance 
Ca2+- dependent K+) channels [38-40]. We also showed that Ca2+-dependent K+ currents 
play an important role in controlling the resting membrane potential and spontaneous firing in 
MPN neurons [38]. Thus, it is likely that the membrane potential changes evoked by hypoxia 
in the present study may have been mediated by Ca2+-gated K+ channels. To test this 
hypothesis we used specific blockers of BK channels (iberiotoxin and paxilline) when 
exposing MPN neurons to hypoxia. The finding that the BK channel blockers completely 
abolished the effect of hypoxia, suggests that mainly BK channels are responsible for the 
hypoxia-induced changes of the membrane potential in the MPN neurons. This interpretation 
is, however, complicated by the finding that application of the BK-channel blockers per se 
did not mimic the effect of hypoxia (Fig. 4C). 
 

Conclusions 
 
The effects of hypoxia on MPN neurons are small but clearly significant. Near half the 
neurons in the study responded to hypoxia and out of these hypoxia sensitive neurons the 
majority responded by depolarization. This may in some cases lead to altered impulse firing 
frequency. The effects are at least partly dependent on Ca2+ and likely mediated by a 
reduction of currents through HVA Ca2+ channels not exclusively of L-type. It is tempting to 
speculate that a reduced Ca2+ influx during hypoxia affects the membrane potential via Ca2+-
gated K+ channels of BK type, but further investigation is needed to clarify the complex 
effects of hypoxia on MPN neurons. Future studies also needs to clarify whether hypoxia-
induced changes of membrane properties as described here are merely unavoidable 
negative consequences of a low oxygen concentration or if they are of adaptive value of 
importance for the function and/or survival of the neurons. 
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Abstract—Here a new approach to perform patch-clamp 

investigations under anoxic and normoxic conditions on nerve 

cells from Sprague Dawley rats is presented. A patch-clamp 

micropipette is integrated within a poly-methyl methacrylate 

(PMMA) based microchip giving optimal control over the 

oxygen content and the biochemical environment. Nerve cells 

were trapped by optical tweezers and steered towards the 

patch-clamp micropipette within the micro-channels. Several 

experiments were performed to show proof of principle. The 

oxygen content within the microfluidic chamber was measured 

to 0.5-1.5 %. The photo-induced effect of the optical tweezers 

on the nerve cells was investigated in an open Petri dish. The 

optical trapping did not influence measurements. The 

microfluidic system was further tested in patch-clamp 

experiments. This approach showed significant advantages 

regarding the tuning of the oxygen content and may be used in 

various electrophysiological investigations of single cells 

demanding optimal control of the surroundings.  

Keywords—Patch-clamp, optical tweezers and lab-on-a-

chip. 

I. INTRODUCTION  

According to the World Health Organization (WHO) 

stroke is the second common cause of death and 

disability in the western world. Resulting brain 

damage is caused by a shortage of the oxygen delivery 

to nerve cells. It is important to gain a fundamental 

understanding on how the lack of oxygen in brain 

tissue activates intrinsic bio-molecular defense 

mechanisms which reduce brain damages due to 

stroke.  

The discovery of a new hemoprotein termed 

neuroglobin (Ngb) led to intense studies showing a 

protective, but yet unknown, function of the protein 

against hypoxia-related damage. Our long term aim is 

to learn more about this neuroprotective role by 

measuring the electrophysiological activity of nerve 

cells simultaneously with the surveillance of Ngb 

related action by means of optical spectroscopy. 

The patch-clamp technique is routinely used to 

measure and analyze the electrophysiological activity 

of individual biological cells by means of the tight seal 

patch-clamp technique
1
. Numerous studies have been 

performed where the electrophysiological response of 

neurons, neuron-like cells, and myocytes upon oxygen 

deprivation was assessed with patch-clamp
2, 16

. 

The oxygen content varies under physiological 

conditions and is known to be very heterogeneous in 

various parts of the brain17. Precise control of the 

oxygen content during measurement is crucial for 

performance of accurate experiments which mimic the 

physiological environment of single nerve cells. 

Generally during experiments the reduction of oxygen 

in cell proximity is reached either by subjecting the 

cells to solutions with reduced oxygen content, i.e. 

hypoxic or anoxic solution
2-13

, or with so-called 

chemical hypoxia or anoxia by inhibition of the 

electron transport chain in the mitochondrion with 

cyanide
4-16

. Hypoxic or anoxic solutions are made by 

purging solutions with Ar, N2, CO2,
 2-13

 or by addition 
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of azides to the solution
17

. The oxygen content of the 

solutions which are used to perfuse sample cells to 

trigger oxygen deprivation varies from ~ 1.3 % (10 

mmHg) to ~ 3.9% (30 mmHg) in different studies. The 

oxygen concentrations of solutions regarded as 

normoxic also varies from ~ 15 % (120 mmHg) to 80 

% (608 mmHg).  

Microfluidic systems, so called lab-on-a-chips, consist 

of micro sized channel systems prepared on 

transparent materials
18

. They enable precise control of 

the fluid flow to deliver quick environmental 

changes
19,20

. Lab-on-a-chips have recently been 

applied for studies on biological cells were several 

techniques were combined
21

. Microfluidic devices can 

be fabricated with a broad variety of technologies such 

as photolithography, soft lithography and CNC 

(Computer Numerical Control) micromatching. They 

are made out of different types of material such as 

PDMS (Polydimethylsiloxane), PMMA (Poly-methyl 

methacrylate) or glass, and can easily be combined 

with suitable read-out techniques on optical 

microscopes.  

In many lab-on-a-chips it is necessary to control the 

location of individual cells in 3D within the micro-

channel system. This has been achieved by optical 

tweezers
23

, which provide excellent means to trap and 

manipulate the biological cells. Optical tweezers use 

light radiation forces to trap and steer small dielectric 

objects in three dimensions. Experimentally, a stable 

optical trap is achieved by focusing a laser beam 

strongly through a high-numerical aperture (NA) 

microscope objective onto the sample. The trapped 

object is usually manipulated by moving the trap 

and/or the sample stage. Microfluidic systems 

combined with optical tweezers have been applied in 

various applications of single cell investigations
22

. 

The combination of optical tweezers, lab-on-a-chips 

and patch-clamp could be desirable for many 

applications. For instance, the traditional patch-clamp 

measurements involves that a micropipette is steered 

in three dimensions to get in close contact to a 

biological cell. Consequently the possibility to patch a 

cell in a closed microfluidic system by the pipette is 

unfeasible without innovative design and 

modification.  

In our experimental work, we developed a PMMA 

based closed microfluidic chip with an integrated 

patch-clamp micro-pipette where a biological cell was 

optically trapped and guided to the tip of the patch-

clamp micropipette. The up-to date results showed the 

ability to form megaohm seal between the 

micropipette and the trapped nerve cell during rapid 

variation of environments within the closed microchip. 

The ongoing experiments are aimed to perform 

complete protocols of patch-clamp 

electrophysiological investigations on single nerve 

cells under variation of the environments.  

II. Materials and methods 

A. Preparation of neurons and solutions 

 Ethical approval of the procedures described 

was given by the regional ethics committees for 

animal research (“Umeå djurförsöksetiska nämnd”, 

approval No. A13-08 and A18-11). 

Nerve cells where prepared from the brains of Sprague 

Dawley rats (3-6 weeks old) that were decapitated 

without anesthetics. The brains were rapidly removed 

and placed in pre-oxygenated ice-cold (≤4 °C) 

incubation solution containing (in mM) 150 NaCl, 5 

KCl, 2 CaCl2 (×2H2O), 10 HEPES, 10 glucose, 4.93 

Trizma-base, pH 7.4 which was also used throughout 

the entire slicing procedure. 

The slicing procedure was performed by a vibratome 

(Vibroslicer 752 M, Campden Instruments, 

Leicestershire, UK) to cut 200 - 300 mm thick coronal 

slices which were allowed to recover for at least 45 
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minutes in Incubation solution at temperature 27-28 

°C. 

The acute dissociation of the nerve cells was 

performed by a glass rod (tip diameter of ~0.5 mm) 

mounted on a piezo-electric bimorph crystal, to apply 

mechanical vibration at sites on slices composed 

mainly of grey matter
24

. Dissociated cells were then 

inserted to a gravity fed perfusion system with very 

short tubing connected to the anoxic chamber to 

reduce mechanical damage to the cells during the 

loading. 

B. Recording solutions 

Extracellular solution (EC) containing (in mM) 137 

NaCl, 5.0 KCl, 1.0 CaCl2 (×2H2O), 1.2 MgCl2 

(×6H2O), 10 HEPES, 10 glucose, 3 µM glycine, pH 

7.4 (NaOH) was used for flushing the cells.  

Intracellular solution (IC) contining 140 Cesium-

acetate, 3.0 NaCl, 1.2 MgCl2 (×6H2O), 10 HEPES, 10 

EGTA, pH 7.2 (CsOH)) was used as pipette-filling 

solution. 

C. Patch-clamp technique 

Patch-clamp was used
1
 to register the electrical signals 

across the plasma membrane of single neurons. 

Electric signal recordings were made between an 

electrode placed in the outlet of the lab-on-a-chip 

mounted on an inverted Zeiss Axiovert 25 CFL 

microscope (Carl Zeiss, Germany) and a recording 

electrode placed in the micro-pipette that was pulled 

from borosilicate glass (GC150, Harvard Apparatus 

Ltd., UK). The recording electrode within the 

recording pipette was attached to a nerve cell. Pipettes 

with a resistance of 3-5 MΩ was filled with IC and 

inserted into the EC-filled micro-channel. Signals 

were recorded using an Axopatch 200A amplifier, a 

Digidata 1200 interface and software program pClamp 

7 (all from Axon Instruments, Union City, CA, USA). 

Recordings were made in current clamp and voltage 

clamp conditions. 

D. Oxygen measurement 

The oxygen level was controlled with a fiber optic 

oxygen sensor probe, (FOXY AL300), connected to a 

MultiFrequency Phase Fluorometer (Ocean Optics, 

Dunedin, Florida, USA). 

E. Optical tweezers  

The optical tweezers were constructed on the inverted 

optical microscope (Zeiss Axiovert-25 USA) used for 

patch-clamp, as seen in figure 1. The optical trap 

consisted of a NIR laser (IQ1A, Power Technology, 

USA), a 1:5 beam expander and mirrors
23

, as shown in 

figure 1. 

 

 

Fig.1 Schematic figure of the experimental setup including optical 

tweezers integrated on an inverted microscope. 

F. Closed microfluidic system 

The PMMA based microfluidic chamber with the 

integrated patch-clamp pipette was manufactured by 

CNC; Circuit Board milling technology
23

, with micro-

channels of 100 µm, sealed by a cover glass using 

adhesive epoxy.  The inlets adjacent to the channels 
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were connected to an external pump system for both 

the infusion of cells and the solutions with varying 

oxygen content. The microfluidic chamber was fitted 

on the microscope, see figure 2. 

  

Fig. 2 The microfluidic chamber fitted on the inverted microscope with 

a lab made head stage holder connected to a pump system. 

III. THE EXPERIMENTAL RESULTS AND DISCUSSIONS 

First the oxygen content within the lab-on-a-chip was 

measured with the fiber optic oxygen sensor probe. 

The normoxic condition was approximately 19-21% 

O2 (atmospheric oxygen concentration) while the 

anoxic conditions were achieved by purging solutions 

with N2 gas until  an oxygen content of approximately 

0.5-1.5 % O2 was achieved. The measurements 

showed that a reliable control of the oxygen level was 

established. The time required for the fluid variation 

within the micro-channel was measured to 

approximately 3s with a fluid flow rate of 0.1µl/s. 

To investigate the impact of the optical tweezers upon 

the patch-clamp experiments, an optically trapped 

nerve cell in a Petri dish was steered towards the 

patch-clamp recording pipette, where it was 

successfully patched. Application of 12 voltage steps 

from -74 mV to +46 mV, with a delta level of 10 mV, 

showed no activation of voltage-gated channels, as can 

be seen in figure 3A.The voltage-gated channels 

where not present and no synaptic events could be 

seen, which indicated that the cell was probably a glial 

cell. The level of noise seen in the recording did not 

increase as compared to a previous recording, as seen 

in figure 3C to 3D. Gap free recordings were made on 

the cell both in voltage-clamp and current-clamp 

conditions, as shown in figure 3A, B.  

 Fig. 3 A) Gap free recordings in voltage-clamp condition with a 

holding voltage of -54 mV and B) in current-clamp condition with 0 pA 

current injected, C) Previous recordings on a neuron without optical 

tweezers, D) voltage steps from -74 mV to +46 mV (10 mV delta level) 

applied to patched nerve cell while laser tweezing, figures C and D 

show no remarkable increase of the noise level.  

 

The results showed that patching a cell by bringing it 

to the patch-clamp-pipette by means of optical 

tweezers was feasible. Next, the lab-on-a-chip was 

tested. The closed microfluidic chamber with the 

integrated micropipette was placed on the microscope 

stage and connected to the pump systems for the 

insertion of cells and for the variation of the 

oxygenation state of the solution. The micropipette 

was carefully inserted through the hollow screw into 

the intersection-zone within the microfluidic channel 

and monitored visually. The cells were introduced to 

the microfluidic channel system in a low flow rate (0,1 

μl/s) to enable the selection of a healthy cell for 

experiments. Several nerve cells were brought in 

contact with the micropipette and seals up to 90 

megaohm were achieved. However, the viability of the 

cells was weak and no gigaohm seal could be reached. 
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IV. CONCLUSIONS 

We have presented a concept to combine a 

microfluidic system, patch-clamp and optical 

techniques for single cells investigations under 

optimal control of the oxygen content. The viability 

and the transport of the nerve cells within the lab-on-a-

chip need further investigations though, before full 

understanding. Improvements may include shorter 

transport of the cells with enhanced optimized flow or 

by modifying the same microfluidic chamber to act as 

a Petri dish for direct dissociation of the cells within 

the chamber.  

     The developed closed microfluidic chamber offered 

the possibility to analyze individual cells under 

environmental control with a minimal oxygen-

diffusion into the microchannels. In the future, the 

system will be refined to perform complete 

electrophysiological investigations with simultaneous 

monitoring of the biochemical composition of the 

sample by optical spectroscopy. The simplicity and 

stability of the system has excellent potential to enable 

measurements on the function of Ngb upon the 

electrophysiological functioning of neurons. 
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