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 Radiation induced activation 

of potassium-channels:  
The role of ROS and calcium 
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� �
� Die Rolle von ROS und Calcium bei der Kalium-Kanal Aktivierung nach 

ionisierender Strahlung 
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2.2.1. Ion-channels and their role in cell cycle regulation  
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Fig.  1  Ion-channels are molecular switches. 

Schematic illustration of environmental and intracellular 

factors determining the cell fate whether in the direction of 

apoptosis or proliferation. Ion-channel activity as well as the 

intracellular potassium concentration and calcium signaling 

maintain important factors in the determination of the cell fate. 

(Kunzelmann, 2005) 
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2.2.2. Calcium-activated potassium-channels: the hIK channel  
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Fig.  2  Schematic model of the complex interplay 

between Ca2+ and K+-channels in mediating cytosolic 

calcium concentrations. 

The activity of T-type calcium currents is controlled by the 

membrane potential, which is maintained by K+-channels. At 

the transition from G1 to S phase the membrane potential 

becomes hyperpolarized due to K+-channel activation. (Panner 

& Wurster, 2006) 
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Fig.  3  Structure of the hIK channel. 

Schematic illustration of the general structure and amino-acid 

composition of the hIK channel (human intermediate-

conductance calcium-activated potassium-channel; KCa3.1, 

KCNN4). The channel is super composed of four subunits each 

consisting of six transmembrane domains. A consecutively 

associated calmodulin at the C-terminus of the protein mediates 

the calcium sensitivity of the voltage-insensitive K+-channel. 

(Jensen et al., 2002) 
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2.4.1. Heavy-ion irradiation  
�
8
��7� ����� �
������ ����� �&� ��
��� 
�
��7� ������ ��
��� ����� � �������� ����
��

���	
���&������������
�
��������������������������� �7�&
@�����������������
���

�
������7� 
�
������F� ��
� ��� ����
�� d

����� ������������
�=���
7�����
�
�
��7�������
��
�����7� �&���
��������


��� 
�
��7��
��������� ��� ��
� 
��� �&���
��� �
�
������� � ����
=���
� ��� ����
�� 
����

��������?�
�����
��7��&��
��7� �����������������������
���7���
��&�������
����
��� 7���������
�F�	
����
��&���
�

�&��
�
�����
���
�
��������������������
���
��7

���
�����������
��������
�
&&
��������
�������

 

C�
��
����Q�!�������
�=�),#+D $���
�" >������
�� �
�����
�� �����
�� ��� ��
�

�7�
� � )> ������
���C���$��)D�����  %3 ������
��=����@
��������
���������
��&�

���
�������������
���������&� � )> �������������
��������7�����
��
�� C �����=�),#+F��
��
����Q�!�������
�=�

=� ),#,F� ��T������� ��� �	
 =� ),#.F� :�������=� ),,5F� *���
������ ��� �	
 =� ),##F� (���
�� Q� A����
�=�

3����
����
��������
�=���������������������
������� ����
�����������&�������@�
�����
��������@��������
 �$������

�� ���� ��&&
�
��� ��7������ 
&&
���'� #D� ��
� �����
�
�� ���� 
&&
��=� )D� ��
�  ������� 
&&
��

����������$�6����������������������	
������
������� �@������������
�����
�7��
��
����������
����������� ���������

�
��
�������������������=����
�&���
;����
��
��7 �������������������� a� �������
�=����
��������
�
��7��
���������

��� �� ���&��
�� �
����$�6�� ��������� ��� ����� ��
� 
�
�� 7� �
��������� ��� �������7� ���� ��	��
��@���� �����
� ���������

���������� ���
� ������� ������������ C!�����=� ),,+D$� ��
� 
�
��7� �
�����
�� ��� ����
�� ��� �
��
�� ���
�

�7�W�IJ��D$����������
���
�
���&&
�
����������&���� ������������������
�
�
��7��
����������
��������
�� ������


�
��7� �����&
�� C:��F� �
�JK�D$� ���� �� ����������� �&� ��&&


���������� @���� �
��
��� ��� ��
��� ������� ��� 	�������� �� �7��
��� ��
� ����
��� �&� �
�����
� 	���������� 
&&
�� ��
�
���

C%
�D�@�������
�
��
�$���
�%
������
�����	����
��	7 ������������
��������������
�	7���������������
�@�� ���

��
�������� C<��7���=�),#)D$�

����� �
������ ����� �&� ��
��� 
�
��7� ������ ��
��� ����� � �������� ����
�� C���$� �

���	
���&������������
�
��������������������������� �7�&
@�����������������
��� ���&����@�7��&���
���������
����

d�
�
������$�8
��7����� ������������ ��� �
������ $� ������

������������
�=���
7�����
�
�
��7�������
��
�����7� �&���
��������
 �� �
��
��
�$�������
��������������������
�

�� 
�
��7��
��������� ��� ��
� 
��� �&���
��� �
�
������� � ����
=���
� ��� ����
�� 
���� � �
���

�����������������������
���7���
��&�������
����
��� 7���������
�F�	
����
��&���
�

�&��
�
�����
���
�
��������������������
���
��7 ����������
���
��
�� ��7������
������
�@�7������
�����������

���
�����������
��������
�
&&
��������
������� C8�����=�),,1D$��

�

Fig.  4 Dose di

carbon-ions.  

The dose of photon irradiation like X

homogeneous distributed, whereas carbon

with an energy of 15 MeV/u show local peaks 

with a high deposed energy around the ion

Both examples show a macroscopic dose of 2 Gy. 

(Scholz, 2003) 
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Both examples show a macroscopic dose of 2 Gy. 
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2.5. Reactive oxygen species 
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Fig.  5 Timeline of the early effects of ionizing radiation. 

The physical radiolysis of water occurs within the first femto 

seconds, followed by the chemical stage, where the generated 

reactive oxygen species further react with each other and are 

recombined. The longer living radicals formed by radical 

recombination like H2O2 can be transferred via the Fenton 

reaction into more reactive radicals, which can damage DNA 

and other cellular compartments in the order of nano seconds. 

(Pouget & Mather, 2001) 
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Fig.  6  Simulation of the distribution of ROS after an ion 
traversal. 

Monte-Carlo simulation of the spatial distribution of the e-aq 

and H2O2 in liquid water after exposure to 24 meV 4He2+ ions 

(LET approximately 26 keV/µm). The ion track is displayed in 

y-axis. In the early stage the distribution of e-
aq is more dense 

than those of H2O2, but less persistent. (Muroya et al., 2006) 
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2.6. Redox-buffering in cells 
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2.7. Motivation 
�
8
�
�6�@������������
����
��
�
�����������������
=� @���������
����������7�
�
�����&�6%�������
�������� �����&�

��
����������
��
����
�����������
����������������
 ��" >������
��C�6"D$�������
;�
���
���������������
����� �

����� �������� ����%<!� ��
� ������
�� ��� ����� ��������� � �����
�� ������� ������
$�6�� ��
�&����@���� 
;�
���
� ���6�

@��������
�������
��7�������������������������	���� ���&���
�
��@���������������
���
���&�
��6%����
��= �	7�������

�
@��
�
��������&��
�
������7�
����
��&����
��
��
� �
����
��$�������
����
��
��	�
���
��
������
��
�
� ������&�

������� ���
���
�� ���
�  � )> � ���� %<!=� ��� @
��� ��
�
� 	�&&
����=� @���� �� ����� �
�� ����� ���� �������� �
��������$�

�����
����
=�6�@������������ ��
�
� �
������� �������� ���
���7������
� ����������� �&���
� �6"������
�� ���� � ��������
�

��
���������������
�
�
������7���������������
���
� ��&���
��
���$�

�

�
�
�



�

Material and methods  16 

3. Matherial and methodes 
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3.3. Cell culture 
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3.3.1. Cell culture for microscopy  
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3.3.2. Cell culture for electrophysiological recordings  
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3.4. Patch clamp recordings 
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Fig.  7  Pulse protocols used in this thesis to elicit currents in HEK293 and A549 cells.  

A standard pulse protocol with a holding voltage of -20 mV for 200 ms followed by 800 ms test pulses between -100 and + 80 mV in 20 
mV steps, with a subsequent holding voltage of -80 mV (A). A ramp protocol from -100 to +100 mV over 800 ms followed by a +20 mV 
voltage step (B). 
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3.5. Fluorescence microscopy 
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3.6. Cell irradiation 
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3.7. Matlab simulation 
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3.8. Statistical analysis 
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4. CHAPTER 1 - Activation of potassium-channels by ROS and calcium 
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4.1. Activation of the hIK channel in A549 cells by ROS and calcium 
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Fig.  8  Representative current response 
of an A549 cell with a negative reversal 
potential.  

Current voltage relation of an exemplary 
A549 cell to a standard pulse protocol with 
test voltages between -80 and + 80 mV in 
20 mV steps (A). The corresponding steady-
state IstatV relation with a Vm of -60.2 mV is 
shown in B. The current can be decomposed 
into two kinetically different conductances; 
an instantaneous (Iinst) and a time dependent 
(Itd) current component (C). The contribution 
of each conductance to the steady-state 
current is shown in D. 
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Fig.  9  Representative current response of an A549 cell with a more depolarized membrane voltage.  

Current voltage relation of an exemplary A549 cell to a standard pulse protocol with test voltages between -100 and + 80 mV in 20 mV 
steps (A). The corresponding IV relation is shown in B. Iinst and Itd contributed nearly equal to the steady-state outward current of the 
cell. Cells with a hyperpolarized Vm (-68 to -15 mV; indicated with "-"; n=15) had a significant (*** p < 0.001) larger fraction of 
instantaneous current compared to cells with depolarized Vm (-15 to +5 mV; indicated with "+"; n=44) (C).  
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Fig.  10  The instantaneous conductance is blocked with Clotrimazole. 

Current voltage relation of an exemplary A549 cell to a standard pulse protocol between -80 and +60 mV in 20 mV steps before (A) and 
after blocking with 300 nM CLT (B). The free running membrane voltage Vm depolarized by +29 mV as indicated with arrows in the 
I instV relation in C. The inactivated current is displayed in D as a difference of the IinstV curves from C. The time course of CLT blocking 
of the instantaneous current at + 40 mV is illustrated in E; the time point of CLT addition is indicated with an arrow.  
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Fig.  11  Calcium facilitates the activation of the instantaneous conductance in A549 cells.  

The instantaneous conductance increases quasi linear in the voltage range between -80 and +20 mV if [Ca2+]cyt was raised either by a 
direct increase of the free calcium concentration or by treatment with the calcium ionophore Ionomycin. The representative current 
response to a +20 mV voltage step of an A549 cell with an internal free calcium concentration of 10 nM (grey) and after perfusion of the 
internal solution to 10 µM free calcium (black) is shown in A. The corresponding IinstV curve, obtained by a voltage ramp from -100 to 
+60 mV is shown in B. Vm shifts by -35 mV if [Ca2+]cyt was elevated by the 1000-fold. The increase in conductance, as a difference of 
both curves from B is illustrated in C.  

A similar increase to a +20 mV voltage step was generated if the cells were treated with the calcium ionophore Ionomycin [1µM] (D), 
where the grey curve represents the same cell before and the black curve after [Ca2+]cyt was elevated. The cell was measured with a 
standard pulse protocol from -80 mV to +60 mV in 20 mV steps. The negative shift by -11 mV in Vm generated by activation of the 
instantaneous conductance is indicated with arrows in the corresponding IinstV curve (E). The DI instV curve in F was received by 
subtracting the IinsrV curves from E. The cell in D-F was measured with an internal EGTA concentration of 1 mM.  
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Fig.  12  ROS mainly activate the instantaneous current component.  

Increase in current density at +40 mV in cells challenged with 0.3-3 µM H2O2. The currents were normalized to the membrane capacity 
in order to account for differences in cell size (A). The variability in the cellular response was large but on average the instantaneous 
current component increased more than the time dependent one. In a total of 59 cells tested only 65 % exhibited a response to all used 
concentrations (300 nm - 300 µM H2O2). Cells, which had a hyperpolarized membrane potential prior to H2O2 treatment, did on average 
show no response to the radical. Only cells with a depolarized voltage responded to H2O2 with a hyperpolarization (B). 
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Fig.  13  ROS mediated ion-channel activation in A549 cells.  

Current response of a representative A549 cell directly before (A) and 4 minutes after treatment with 3 µM external H2O2 (B). The IinstV 
relations of the data in A and B are shown in C. The Vm value shifted by -19.4 mV negative. The current difference analysis shows that 
mainly the instantaneous conductance is activated by H2O2. The difference current was obtained by subtracting the current response to 
+40 mV in presence of H2O2 from that in the absence (D). The � I instV relation in (E) displays the amount of activated conductance 
calculated by subtraction of the two IinstV curves in C. The time course of channel activation upon H2O2 treatment was very fast, with a 
maximal increase after 4 minutes (F). 
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Fig.  14  I inst is activated with low physiological H2O2 concentrations and the activation is dependent on the membrane voltage. 

The increase in instantaneous current density to a voltage step of +40 mV of A549 cells challenged with different physiological 
concentrations of H2O2 indicates a negative correlation to the applied H2O2 concentration (A). The activation of instantaneous 
conductance, displayed as increase in current density to a voltage step of +40 mV was dependent on the membrane voltage (B). 
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Fig.  15  The inhibitor Clotrimazole blocks the H2O2 activated conductance in A549 cells.  

Current response of the same A549 cell to a pulse of +40 mV before (light grey), about 5 minutes after activation with 3 µM H2O2 
(black) and after inhibition with 300 nM Clotrimazole (CLT; grey) (A). The corresponding IinstV-curve of the H2O2 activated (filled 
symbols) and CLT inhibited (open symbols) current response are shown in B. The -3.2 mV negative shifted free running membrane 
voltage depolarized about +5.9 mV after CLT addition. The instantaneous current component was slightly elevated upon H2O2 treatment 
and reduced due to inhibition of hIK channels with CLT. The amount of blocked conductance upon CLT treatment is displayed in C 
calculated by subtracting both IinstV curves from B. 
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4.2. Activation of heterologous expressed hIK channels in HEK293 cells by ROS, calcium and  
X-ray irradiation 
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Fig.  16  Representative current response of a HEK293 cell and a HEK293 cell overexpressing hIK channels.  

Current voltage relation of an exemplary HEK293 cell (A) and a HEK293 cell overexpressing the hIK channel (C) to a standard pulse 
protocol with test voltages between -80 and + 60 mV in 20 mV steps. The corresponding IinstV relations are shown in B and D 
respectively. The conductance at a voltage pulse of +60 mV is highlighted in grey. The endogenous currents of HEK293 cells are only 
minor and HEK293 cells are therefore a popular heterologous expression system for the characterization of ion-channels.  

Both measurements were performed with an internal free calcium concentration of 10 nM. 
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G#�K*H�C���$� �#2� �� ���� �D . The result of this experiment was similar to those reported from experiments in 

which G � )> H�7� �was directly increased by perfusion. The addition of the ionophore resulted in a strong increase 

in a conductance by #.,�O����>),��� , which was linear between -80 and + 40 mV and displayed a negative 

slope at high positive voltages. 
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Fig.  17  Elevation of [Ca2+]cyt activates heterologous expressed hIK channels.  

HEK293 cells overexpressing the hIK channels were activated with an increase of [Ca2+]cyt either by exchange of the internal solution (A) 

or by treatment with the calcium ionophore Ionomycin [1 µM] (D).   

Changing the internal solution from a calcium concentration of 10 nM to 10 µM [Ca2+]cyt, activated overexpressed hIK channels. The 

current response to a +20 mV voltage step before (grey) and after (black) increasing of [Ca2+]cyt is shown in A. The IinstV curves with 

10 nM [Ca2+]cyt (open symbols) and 10 µM [Ca2+]cyt  (filled symbols) are illustrated in B. The calcium-activated conductance is displayed 

in C as difference of the IinstV curves from B and reveals the typical linear increase in conductance between -80 and +40 mV, with a 

negative slope at high positive voltages.  

A similar activation of hIK channels could be observed after treating HEK293 cells overexpressing hIK channels with the calcium 

ionophore Ionomycin [1µM]. The current response to a voltage ramp from -100 to +100 mV with a subsequent voltage step to +20 mV 

before (grey) and after treatment with 1 µM Ionomycin (black) is shown in D. The increase in conductance as difference of the measured 

voltage ramps before and after rise of the cytosolic calcium concentration is illustrated in E. The cell in D and E was measured with an 

internal free calcium concentration of 1 µM. 
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Fig.  18  Clotrimazole blocks heterologous expressed hIK channels.  

Current traces of a HEK293 cells overexpressing the hIK channels to a voltage pulse protocol from -80 to +60 mV in 20 mV steps before 
(A) and after blockage with 10 µM Clotrimazole (CLT) (B). The corresponding IinstV relation is shown in C. The free running membrane 
voltage depolarized by +12 mV, as indicated with arrows. The blocked current is shown in D. The � I instV relation was obtained by 
subtraction of the IinstV relations from C. The cell was measured with an internal free calcium concentration of 100 nM. 
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Fig.  19  ROS mediated activation of overexpressed hIK channels.  

Representative current response of a HEK293 cell transiently overexpressing hIK channels before (grey) and after addition of 300 µM 
external H2O2 (A). The current response was recorded with a ramp protocol from -100 to +100 mV and a final voltage step to +20 mV. 
The free running membrane voltage hyperpolarized by -12 mV. The DI instV-curve in B results from subtraction of the current recording 
directly before addition of H2O2 from the recording after external H2O2 was applied. The activated conductance was blocked with 
internal caesium (C), depolarizing the membrane by +16 mV (grey before and black after exchange of the internal solution). The shift in 
Vm upon challenging HEK293 cells overexpressing hIK channels with H2O2 by -11.3 ± 2.0 mV (n=3) was significant (** p < 0.05) (D). 
HEK293 wildtype cells (open symbols) showed no changes in current density, whereas the HEK293 cell which expresses hIK channels 
(filled symbols) elicited a maximal increase in current density 2 minutes after H2O2 was supplied to the external solution (E). 
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Fig.  20  Activation of overexpressed hIK channels by irradiation with 1 Gy X-rays. 

Representative current response of a HEK293 cells overexpressing the hIK channel to a ramp protocol from -100 to +60 mV before 
(grey) and after (black) irradiation with 1 Gy X-rays (A). The shift of Vm by -16 mV is indicated with arrows. The increase in 
conductance as a difference of both is shown in B. The gained instantaneous conductance at a voltage step of +40 mV carried by the 
overexpressed hIK channel is illustrated in C.  

The membrane voltage was significant hyperpolarized after irradiation by 1 Gy X-ray irradiation (*** p < 0.001; n = 7) (D). The time-
course of radiation induced hIK channel activation is illustrated in E. The time-point of irradiation with 1 Gy of X-ray is indicated with 
an arrow. The mean current of a +20 mV pulse was normalized to the current directly before irradiation and the maximum after 
irradiation. The cells were measured with an internal EGTA concentration of 1 mM. 
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Fig.  21  Radiation and ROS induced membrane hyperpolarization is dependent on the hIK channel activity.  

The scatter-plot illustrates the correlation of negative membrane voltage before treatment with H2O2 (open symbols) or X-ray irradiation 
(filled symbols) and the negative shift of the membrane voltage (DVm) of HEK293 cells overexpressing the hIK channel (A).  

A similar scatter-plot reveals that A549 cells became more hyperpolarized if their membrane voltage was depolarized before H2O2 
treatment (B). 
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4.3. ROS stimulated increase of the cytosolic calcium concentration 
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Fig.  22 The calcium signal remains stable over a long time period. 

HEK293 cells expressing the FRET based calcium sensor YC3.60 were measured over a time period of about 60 minutes. The mean of 
YC3.60 ratio ± SD of 140 cells from a single experiment is shown in A and remained very stable over this time period (2.6 ± 0.4). The 
high amplitude at the end of the measurement was induced by treatment with 5 µM Ionomycin (IM). The calcium ionophore allows the 
adaption of the internal calcium concentration to the predefined external calcium concentration of 2 mM. The blue (=0) to red (=10) 
pseudocolored image of representative cells before and after treatment with 5 µM Ionomycin are illustrated in B (scale bar 10 µm).  
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�

Fig.  23  External applied ROS stimulate calcium signals in HEK293 cells. 

Exemplary single-cell responses of HEK293 cells transiently expressing the calcium sensor YC3.60 challenged with 200 µM external 
H2O2 (arrow) are displayed in A. The starting value of the IYFP/CFP ratio is indicated in grey. The cells showed increased calcium 
concentrations about 2 minutes after treatment. Some cells exhibited oscillations in [Ca2+]cyt (B). The blue (=0) to red (=10) 
pseudocolored ratiometric images corresponding to the signal in (B) before and 10 minutes after H2O2 treatment (maximum) is shown in 
C (scale bar 10 µm). The cells were measured in solution with 2 mM [Ca2+]ext. The 10 illustrated representative single-cell responses are 
from 4 independent experiments. 
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Fig.  24  H2O2 stimulated increase of [Ca2+]cyt in A549 cells. 

Ratiometric signal of two representative A549 cells transiently expressing the calcium sensor YC3.60 after treatment with 200 µM H2O2 
(arrow). The cells exhibited after a short lag period an increase in [Ca2+]cyt (A). The blue (=0) to red (=1) pseudocolored ratiometric 
images corresponding to the black graph before treatment and at the maximal response are shown in B (scale bar 10 µm). The mean ± SD 
of 9 cells is illustrated in C. The starting value of the IYFP/CFP ratio is indicated in grey. The cells exhibited already after 2 minutes a 
significant increase of [Ca2+]cyt over baseline niveau. The maximal increase of [Ca2+]cyt of these 9 cells was observed 20.6 ± 6.3 min 
(n=9) after addition of H2O2 to the external medium. The fluorescence intensity ratio of YFP/CFP before (-) and at the maximum after 
H2O2 (+) both normalized to IYFP/CFP after Ionomycin [5µM] treatment, exhibited a significant raise �&�G � )> H�7� �C*** p < 0.001; n=60 of 
3 independent experiments) (D)$ The cells were measured in solution containing 2 mM [Ca2+]ext. 
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5. CHAPTER 2 - Generation of ROS by UV-laser micro-irradiation 
�
5.1. Establishing fluorescence based sensor proteins for in vivo monitoring of ROS and ROS 

buffering in cells after UV-laser micro-irradiation   
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Fig.  25  Fluorescence properties of the H2O2 sensor HyPer.  

HEK293 cells transiently expressing the ratiometric fluorescence sensor HyPer were monitored for 10 minutes before 50 µM H2O2 was 
added to the external solution. The background corrected fluorescence intensity at an excitation wavelength of 405 nm (I405 nm) decreased 
whereas the fluorescence intensity at an excitation wavelength of 488 nm (I488 nm) increased simultaneously (A). The fluorescence ratio, 
which was obtained by dividing I488 nm / I405 nm was increasing upon H2O2 treatment. The corresponding blue (=0) to red (=1) 
pseudocolored fluorescence images of two cells expressing the sensor before and after treatment with 50 µM H2O2 are shown in B (scale 
bar 10 µm). 
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Fig.  26  Stability of the ratiometric HyPer signal over long time recording.  

The ratio I488 nm / I405 nm of the HyPer protein expressed in HEK293 cells remained stable over more than 30 min of recording (n=7; 0.35 
± 0.03). Only after addition of 30 µM H2O2 to the external solution an increase in the ratio was obtained (A). Exemplary blue (=0) to red 
(=1) pseudocolored ratiometric images before and after addition of 30 µM H2O2 to the external solution are displayed in B (scale bar 
10 µm). Experiments were performed as in Fig.  25. 
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Fig.  27  In vivo calibration of the ratiometric fluorescence sensor HyPer. 

Representing example of the I488 nm / I405 nm ratio from HyPer in HEK293 cell in the cytoplasm and in the nucleus under the influence of 
different concentrations of external H2O2 (A). The arrows indicate the time point where 20 µM (left arrow) and 100 µM (right arrow) 
were added to the external solution of the cells consecutively. The change in I488 nm / I405 nm ratio following H2O2 treatment is reversible; 
consecutive additions of H2O2 were made once the signal had decayed back to the resting level. In these experiments the magnitude of 
the signal excursion was depending the concentration of H2O2 added to the external buffer. The corresponding blue (=0) to red (=3) 
pseudocolored images of an exemplary cell are depicted in B (scale bar 10 µm). The data show that the cytoplasm exhibited a stronger 
signal than the nucleus and that the clearance of the signal form the nucleus was faster than from the cytosol. This suggests a faster 
buffering of H2O2 from the nucleus. The calibration curve of HyPer in vivo (n=1-7 ± SD) is shown in C. The H2O2 concentration in the 
external medium is plotted on a log-scale versus the measured increase in fluorescence ratio (DI488 nm / 405 nm). The data were fitted with a 
sigmoidal-function (equation 1). The concentration of H2O2 for half-maximal (Kox) increase in I488 nm / I405 nm ratio was determined as 
31.3 µM.  
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Fig.  28  UV-laser micro-irradiation in HEK293 cells elicites the generation of H2O2. 

An exemplary HEK293 cell transiently expressing the H2O2 sensor HyPer was irradiated with a 405 nm laser (about 2 mJ/µm2) in the 
cytoplasm. An elevated H2O2 concentration was observed in the cytoplasm (black); a slight elevation of the signal was also observed in 
the un-irradiated nucleus (grey) directly after irradiation (A). The starting value of the I488 nm / 405 nm ratio is indicated in grey. The 
corresponding blue (=0) to red (=1) pseudocolored images were taken before and after micro-irradiation (B) (scale bar 10 µm). The circle 
in the left image indicates the site of irradiation. The amount of H2O2, which was produced in the cytoplasm, was depending on the 
deposed laser energy (n³ 4) (C). 
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Fig.  29  UV-laser micro-irradiation generates a rapid burst of H2O2 in the irradiated compartment. 

A549 cells transiently expressing the ratiometric fluorescence sensor HyPer were micro-irradiated with a 405 nm laser (3 mJ/µm2) either 
in the nucleus or in the cytoplasm (circles in left image). The blue (=0) to red (=1) pseudocolored ratiometric images before and directly 
after micro-irradiation are shown in A. The starting value of the I488 nm / 405 nm ratio is indicated in grey and the onset of irradiation is 
indicated by arrow. The time course of H2O2 generation as well as the recovery of the signal is shown in B.  

The irradiation elicited rise in H2O2 is shown by the rise in I488 nm / I405 nm ratio in C. The laser irradiation generated rises in H2O2 were in 
both compartments a function of the deposited energies. For the same energy doses of radiation stress the rise in H2O2 was higher in the 
nucleus (n³ 4) than in the cytoplasm (n³ 11). 
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Fig.  30  The ROS, which are elicited by laser micro-irradiation, are scavenged with the radical scavenger N-acetylcysteine.  

Ratio of Hyper in the same HEK293 cells before (pre), after micro-irradiation (m.i.) with 3 mJ/µm2 from a 405 nm laser and after treating 

the same cells with 6 mM N-acetylcyteine (NAC) in the bath medium (+NAC) (A). The radiation generated ROS were scavenged by 

NAC. Cells were also measured either in standard PBS buffer (PBS) or in a PBS buffer containing 10 mM N-acetylcysteine (NAC). 

Micro-irradiation elicited in the latter case a significantly smaller increase in the HyPer ratio (B). (** p < 0.05; *** p < 0.001) 
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Fig.  31  Laser micro-irradiation has no effect on the pH of the cytosol.  

HEK293 cells transiently expressing either HyPer (n=2) or a H2O2 insensitive cysteine mutant (C199S; SypHer; n=4 ± SD) were micro-

irradiated with about 3 mJ/µm2 of a 405 nm laser (arrow) and treated with 30 µM H2O2 in the bath medium afterwards (A). HE293 cells 

expressing HyPer displayed an increase in ratio after laser micro-irradiation, whereas the signal of the H2O2 insensitive mutant SypHer 

remained stable or decreased slightly. The H2O2 reporter HyPer exhibited after irradiation on average an increase in the I488 nm / I405 nm 

ration of 0.08 ± 0.095 (n=48); in contrast no significant change was observed if HEK293 cells expressing the cysteine mutant SypHer 

were irradiated with the same laser dose of 3 mJ/µm2. (*** p < 0.001) 
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Fig.  32  Fluorescence properties of the redox sensor Grx1-roGFP2.  

HEK293 cells transiently expressing the ratiometric fluorescence sensor Grx1-roGFP2 were treated first with 20 µM (left arrow) and 
then with 160 µM H2O2 (right arrow). The background corrected fluorescence intensity obtained with an excitation wavelength of 
405 nm (I405 nm) increased and simultaneously the fluorescence intensity for an excitation wavelength of 488 nm (I488 nm) decreased (A). 
The calculated fluorescence ratio I405 nm / 488 nm therefore increased upon H2O2 treatment; the excursion of the signal was depending on the 
H2O2 concentration. The corresponding blue (=0) to red (=1) pseudocolored fluorescence images taken before and after treatment with 
160 µM H2O2 are shown in B (scale bar 10 µm).  
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Fig.  33 The ratiometric Grx1-roGFP2 signal is stable in long time recordings. 

The I405 nm / I488 nm ratio of glutathione redox-potential sensor Grx1-roGFP2 in HEK293 cells remained stable over 30 min of recording 
(n=12; 0.36 ± 0.02). Only after addition of 30 µM H2O2 to the external solution an increase in the ratio was obtained (A). Exemplary blue 
(=0) to red (=1) pseudocolored ratiometric images before and after addition of 30 µM H2O2 to the external solution are displayed in B 
(scale bar 10 µm). 
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Fig.  34  Repetitive micro-irradiation of the cytoplasm results in an increased glutathione-redox potential in the nucleus.  

A HEK293 cell transiently expressing the glutathione-redox sensor Grx1-roGFP2 was repeatedly irradiated with 2 mJ/µm2 from the  
405 nm laser line. The blue (=0) to red (=1) pseudocolored images in A correspond to time line in B (scale bar 10 µm). The circle in the 
first image in A indicates the region in which the cell was irradiated. The dynamics of the change in I405 nm / I488 nm ratio in the nucleus as 
well as in the cytoplasm are shown in B. The time points of micro-irradiation with 2 mJ/µm2 are indicated with arrows and the starting 
value of the I405 nm / 488 nm ratio is indicated in grey. 
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Fig.  35  Selected examples of redox-buffering after laser micro-irradiation.  

HEK293 cells expressing the glutathione redox-sensor Grx1-roGFP2 were micro-irradiated either in the nucleus (A-D) or in the 
cytoplasm with a 405 nm laser. The values of the I405 nm / 488 nm ratio at the beginning of the time-course are indicated in grey. Some cells 
exhibited an increase in oxidized glutathione in the nucleus, after this compartment was irradiated (A+B), whereas other cells showed a 
higher signal in the un-irradiated cytoplasm (C+D). Irradiation of the cytoplasm resulted in a strong signal in the un-irradiated nucleus 
and a weaker signal in the irradiated cytoplasm (E+F). The graphs in A, C and E represent the change in I405 nm / 488 nm ratio in the nucleus 
(grey) or in the cytoplasm (black). The irradiation sites are marked in the corresponding blue (=0) to red (=0.6-1, as indicated next to the 
images) pseudocolored images in B, D and F (left image before m.i.; right image after m.i.; scale bar 10 µm). The cell in E and F was 
subsequently treated with 100 µM H2O2 in the external buffer to illustrate the different redox-buffer capacities. 

�
��
� ����� ��� ���$��+)��������$��++����
��7�����
��� � ���� ��
� �
��;�	�&&
���������7�&���8 )< ) � ��� ��
� ���
� ��� ��
�

����
���������
��7�����F�@�
��8 )< ) �@������
�������
�
;�
����������������
���;#�����() ������������
��
�������

���&���� ����
�� ��
�� ��
� 
����
� �
��� C���$� 1D$� 6�� �� � ����������� �������� 
;�
���
��� 6� �
�
���
�
��� 
;��� �
��

���
��������&&
�
��
�������
�	�&&
���������7��&���
 ��@����������
���$����������������
����
���@���&��� ����������
��

��� ��
� �7�����$� ����� �
����
�� ��� ��
� ���@�� ���
� �&� ��
� ������� ��� ��
� ����
���C���$� �+-D$�3&�
�� ��
� ��� ���� ����

�
����
�� ��� ��
� �
������ �
�
�� ��
� �
��� @��� �����
�� 
�� @���� #,,� K*� 8 )< ) � ��� ��
� 
;�
����� �
����$� �����



�

Chapter 2 - Generation of ROS by UV-laser micro-irradiation 45 

��
���
��� ����
�� ��� 
�
�� ������� ����
��
� ���������� � ��
� 
����
� �
��� ��� ��
� ���
�C�
���)D�	��� �� ������� 7�����
��

������� ��� ��
� ����
��� ��� �����
�� ���
� C�
��� #D$� ��
 � ����������� �&� ��
� ��;#�����()� �
�����
�� ��� ������

����������������8 )< ) ���
���
��������
����
��
�������
�����������
��
��; �	�&&
���������7�&���8 )< )� ���������7���
�

���
������
�����
���������
��7�������$�<����
�	���� �������&���
�
�������������	
���
�����
������������ ����

������������ �
�
���
�� ���7� ���
��%<!����� ����� ��
� 	 �&&
�� �������7� �&���
� ����
���&��� ��
�
� ��
��
�� ��� ����
��

����������
��7�������$��


��� ��
� 
�
�� ������� ������	������ �&�
��8 )< ) � ��
���
���@��� ���� ���
�&��� ���� 
;����
�� �
����C��� $��+5��� ���� �F�

���$� �+-�3� ���� 
� �
��� )D$� ��
� ���
����7� �&� ��&&
�
� �� �
�����
�� ��� ������������������ ������ ���
� ����� �� ����� ���

��&&
�
��
������
��������7�����
��;����
���������&& 
�
��
�������
�����������
���������������
��
����7� �
�C����R��

���T�
�� ����	
 =�),#+F�*�������� ����	
 =�),,2=�),#,F�(������Y� ����	
 =�),,1F�!����
�
�� ����	
 =�),,2D$��

 

Fig.  36  Cytoplasm and nucleus have different redox-buffering capacities.  

HEK293 cells transiently expressing the glutathione redox-potential sensor Grx1-roGFP2 were challenged with 405 nm laser micro-
irradiation (3 mJ/µm2) in the cytoplasm. This elicited a dramatic increase in the oxidized glutathione in the nucleus (grey) and a delayed 
increase in the cytoplasm in cell 1 (black). The values of the I405 nm / 488 nm ratio at the beginning of the time-course are indicated in grey. 
The blue (=0) to red (=0.8) pseudocolored fluorescence images in A (scale bar 10 µm) correspond to the data shown in B. The circles in 
the left image show the sites of irradiation. After treatment with 100 µM H2O2, which was applied to the external solution, both 
compartments showed a similar increase in oxidized glutathione (cell 2).  

The increase in fluorescence ratio in the nucleus after irradiating the cytoplasm was depending on the deposed laser energy of either 
about 1 mJ/µm2 or 3 mJ/µm2 (C). A similar increase in oxidized glutathione in the nucleus (N DI405 nm / 488 nm) was obtained after micro-
irradiation (m.i.) of either the nucleus (N) or the cytoplasm (C) with 1 mJ/µm2. 
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6. CHAPTER 3 - Real-time detection of ROS after X-ray and heavy-ion irradiation 
�
6.1. Generation of reactive oxygen species after X-ray irradiation  
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Fig.  37   Reaction of HEK293 cells expressing HyPer to 1 Gy of X-ray irradiation. 

Two different types of reactions were observed in HEK293 cells, which transiently expressed the H2O2 sensor HyPer, after irradiation 
with 1 Gy X-rays (arrow). The values of the I488 nm / 405 nm ratio at the beginning are indicated in grey. Some cells responded with a 
transient burst of H2O2 (A), whereas the signal persisted several minutes in another sub-group of cells (C). The blue (=0) to red (=0.2) 
pseudocolored images taken before and after irradiation with 1 Gy of X-rays in B correspond to the data in the upper graph in A (scale 
bar 10 µm). The data in the lower panel of A and C are the mean ± SD from A n=11 and C n=4 cells from at least 2 independent 
experiments. 
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Fig.  38  Generation of H2O2 in A549 cells 
after exposure to 1 Gy and 5 Gy of X-ray 
irradiation.   

A549 cells transiently expressing the H2O2 sensor 
HyPer were challenged with X-ray irradiation 
(arrow). The I488 nm / 405 nm ratio was normalized to 
the value directly before irradiation in order to 
correct for different starting values. The mean ± 
SD for a dose of 1 Gy (n=38; N=4) is displayed 
in A and the mean ± SD for a dose of 5 Gy (n=5; 
N=1) is displayed in B. The cells in B were 
subsequently treated with 30 µM external H2O2 in 
the buffer solution. 
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Fig.  39  Generation of H2O2 in A549 cells after exposure to 10 Gy of X-rays. 

A549 cells expressing the HyPer reporter exhibited a slow progressive increase of H2O2 after challenging with 10 Gy of X-rays (arrow). 
The starting values of the I488 nm / 405 nm ratios are indicated in grey. The measured I488 nm / 405 nm ratio saturated about 3-10 minutes after 
irradiation before the signal started to decline. The traces in A, C and E show three representative single-cell responses to the irradiation 
stress. An exemplary single exponential fit (equation 3) to determine the time-constant t  is shown in E (red dashed line). The blue (=0) to 
red (=0.4 or 0.6) pseudocolored ratiometric images are displayed in B, D and F respectively (scale bar 10 µm). 
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�

Fig.  40 Rapid buffering of X-ray radiation generated ROS. 

Three exemplary A549 cells, which transiently expressed the glutathione redox-sensor Grx1-roGFP2, exhibited a rapid increase in 
I405 nm / 488 nm ratio after irradiation with 10 Gy of X-rays (arrow) (A, C and E). The starting values of the I488 nm / 405 nm ratio are indicated 
in grey. An exemplary single exponential fit (equation 3) to determine the time-constant t  is shown in E (red dashed line). The blue (=0) 
to red (=1 or 1.5) pseudocolored ratiometric images corresponding to the cellular responses from A, C and E are depicted in B, D and F 
respectively (scale bar 10 µm).  
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�
Fig.  41  X-ray radiation induced ROS generation and buffering. 

The increase in ratiometric fluorescence signals of the reporter proteins of both, HEK293 and A549 cells, to IR stress with either 1 Gy, 
5 Gy or 10 Gy X-rays is displayed as boxplots in A for the H2O2 sensor HyPer and in B for the glutathione sensor Grx1-roGFP2. The 
data were obtained from 3-6 independent experiments for the doses of 1 Gy and 10 Gy X-rays and from 1-2 independent experiments for 
5 Gy of X-ray irradiation. 

The kinetic of ROS generation in A549 cells was measured with HyPer (C; n=35; N=3) or Grx1-roGFP2 (D; n=15; N=2). Data were 
normalized to the minimal and maximal values of the respective ratios and shown as mean ± SD. All raw data from individual cells in C 
and D respectively were fitted with a single exponential function (equation 3) to obtain the time-constant t,  which is displayed in E for 
both ROS sensors (*** p < 0.001). 
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�

Fig.  42  Simulation of the generation and buffering of H2O2.  

The normalized mean response of the H2O2 sensor HyPer (black) and the glutathione redox sensor Grx1-roGFP2 (grey) to 10 Gy of X-
ray irradiation are displayed in A. The same dynamics of the two signals could be simulated in B with a kinetic model in which we 
assume that a saturating concentration of H2O2 was added to the system (arrow). The determined time-constants for Grx1-roGFP2 
(54 sec) and HyPer (252 sec) from Fig.  41 were implemented to the simulation. 
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Fig.  43  Generation of ROS after heavy-ion irradiation with Pb.  

HEK293 cells expressing the H2O2 reporter HyPer were irradiated with Pb (4.7 MeV/u) (arrow). They exhibited a fast increase in  
I488 nm / 405 nm ratio directly after irradiation, which indicates a rapid production of H2O2. The starting values of the I488 nm / 405 nm ratio are 
indicated in grey. The blue (=0) to red (=1.4 or 1.2) pseudocolored ratiometric images corresponding to A and C are displayed in B 
and D respectively (scale bar 10 µm). 
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Fig.  44  Generation of ROS after irradiation with carbon-ions.  

A549 cells expressing the H2O2 reporter HyPer were irradiated with carbon-ions (11.4 MeV/u) (arrow). Only few cells exhibited in this 
case an increase in I488 nm / 405 nm ratio after particle irradiation. This implies that a production of H2O2 is not mandatory after carbon-ion 
treatment. The time-course of the I488 nm / 405 nm ratio of a responding cell and a non-responding cell are shown in A; the starting values of 
the I488 nm / 405 nm ratio are indicated in grey. The blue (=0) to red (=0.6) pseudocolored ratiometric images before and at the maximal 
response after irradiation corresponding to the upper graph in A are shown in B (grey cell) (scale bar 10 µm). 
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Fig.  45  ROS and Ca2+ mediated signal cascade activating 
the hIK channel after ionizing radiation.   

The sketch summarizes the signal cascade, which was 
determined in this thesis, leading to the activation of hIK 
channels upon ionizing radiation (IR). IR induces a rapid burst 
of ROS in the cytoplasm. These ROS, especially the known 
signal molecule H2O2 stimulates a rise of the cytosolic calcium 
concentration, which subsequently activates intermediate- 
conductance calcium-activated K+-channels. The membrane 
hyperpolarization is caused by an elevated K+ conductance. The 
events, which are triggered by the hyperpolarization, affect cell 
differentiation. 
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7.2. Real-time detection of ROS after ionizing radiation 
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Fig.  46  Time-course of ROS and Ca2+ signaling leading to an increased K+ conductance of hIK channels.  

Summary of the main data of this thesis. The mean signals of the fluorescence sensors and the single-cell current response after treatment 
with H2O2 (A) or X-ray irradiation (B) were normalized to the value before treatment (=0) and their maximal increase (=1).  

The A549 current responses after X-ray irradiation are from Roth (2013). 
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7.3. Cellular and physiological consequences of ionizing radiation induced hIK channel 
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