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radialer Abstand r vom Spurzentrum (µm)

50 MeV O
16

100 MeV O
16

200 MeV O
16

20 MeV H
1

rC rP

100 MeV O
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“Core”
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Sekundär-
elektronen

(”Penumbra”)
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radialer Abstand r vom Spurzentrum (µm)radialer Abstand r vom Spurzentrum (µm)

6,25 MeV H
1

10 MeV He
4

100 MeV O
16

49 MeV Li
7

200 MeV S
32

256 MeV B
11

v = 0,115 c LET = 56,4 keV/µm
4
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DNA mit Doppelstrangbruch

homologe DNA
a)

b)

c)

Anlagerung der ssDNA-Enden
an die homologen Sequenzen
der intakten DNA

Neusynthese der fehlenden
Nukleotide entlang der intakten
bzw. replizierten DNA-Vorlage

d) f)

g)e) (evtl. “crossover”)

Holliday junctions

Auflösung der Holliday junctions
(dargestellt ohne “crossover”)

“Synthesis-Dependent Strand-Annealing”

Überlapp bereits rekonstruierter
ssDNA-Enden
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Anregungsfilter

Bindung zum
sekundären Antikörper

Lichtquelle

Emissionsfilter

Beobachter bzw.
CCD-Kamera

Strahlteiler

Objektiv
(z.B.:  63x,
NA = 1,4)

lAbsorption = 490 nm

lEmission = 517 nm

hFluoreszenz = 0,8

tFluoreszenz = 3,5 ns

Zell-Probe

a) b)

(389,4 Da)

dfe e)g,hXi)j%k�l m�o	��r ��{ ��
�61�
�;��*'4761�&y	
,��!���
 !��&9/��*
�)�
!����'��*7}�����}+",�[��0#*+

������*�� � ��
 �;��
@9/��� ���,4763
q� . �
*+

���u$c�/

��� �  b�����X���(��2���/.5��� �G���/� �G���X�-�t�v0#*���� ��
q�X�[��0�}8�@� s �;��* * �X�[� x�������������� ��!"��#�0#}8�@�$��%'& !"����!"��# {��
�)�
!�������*7}����(}���!#*�0/��!�

��x)(+*-,"./����01��2301#/2 { !#�	9 �%��0/���(*'95��!��-�>9/��*b���/.5�-�'�<.a

��� ��!8*+
�����9/��*�x54/*-,"./����01��2101#/27{
~*+,)�- ��0[{ �ay34w61�
�b�/
q��*'4761�-��y�
,�-��6(�����/. ���/.b�����1��*6�)�
!����'��*7}�����} �;� �5���[*7�/�'�	*+�



�5�_� ��� �W!#�1� � ! ������*7}�����} Q F

10 µm 10 µm 10 µm
a) b) c)

dfe e)g,hXi)j%k�l m�o��	r �%� !�������*7}�����}���!8"X�a��6 �b��� �����1��* �;�

�}8�������������
	�� �
��� ���7�[�1��� 05��*+
,����6(��

���
@t�
�%�#�8������� �/�-�<�(* �+��{�� �[�3�5476������G��!#"��a��6 �f�|9/��* �G�[� �/�X�-��

��� �t�w���[�-�/
 !��������5

�����(*�� ��z�: ) x5�1�[��0#*+

���

!� ��{�0[{|���[�1�5476������G��!8"X�a��6 �b�����[� �G�[�<�5�X�-��

�
� 
)6������b�/
q����x5�a�[��0#*�

���>$ ��: � {@47{ 2{ 05�-�<�X��.5�-��!#�/.
9/�-� �S!#"��a��6 �b���W��!#* ��{S!#��9\0[{ ���u�[�-�<*'476(�X��9/���1��� �a�[��0#����� 2���������

Dn5S� 3G+$% � + 5E� 1q"�%29 O/3 �G5 ?$7&%2+|.�#<),7&)E8,#&1  ?�%2+a'*+�143G#F3 � 3¤"�% �¤pq� ` b � P� +  ?�%-+L" ���! ?�8,% T P� ? � 32T{JY+^3G#Fu
r P) �!D % � 1!36%27<7&%2+��Yb T P) � 9;#&8,%@= � )S3G%2#<+�%kd � ),7<% r|� 7 5E� 8,% K #  ?^3  U5 TaD8Q5R r/�a5 ew" 5E�¤� +�"@1!#&+�" T P��� %2#&+$%
Vk#&%27 RU5 ?$7/BE),+>K 5E� 8,%-3 b � ),7<% r P� 7<%2+ r )E9}9;% �!R #&%-7&7|% � ? P5 7F3G7&#  ?uH � F�J T,'*+(%2#<+�%29�% � 1!36%2+�O  ? � #F363_.$#&+vu
"�%-+ D�� #&9 P5E� %Sf 5E� 1�%2#<+�%29 K #<% � d R T X TvC 5 +�#<+  ?�%2+ne_143 5 9;9;%2+�"�%?Jk+^36# r P) �6D % � 1 D % R #XB�1  ? 5 +}"�#&%
R-��� +^3G% � 1 �� ?�%2+$"�%2+ = � )S3G%2#<+�%ETE'*+�%2#<+�%29 R K %2#<36%2+�O  ? � #F363�7 5 8,% � +;1!#  ?;16% r/� +�"QP5E� %Ef 5E� 1W%2#<+�%29
5 +$"�% � %2+ K #&% � d R T X TH[_16%-7 e>143 5 9;9;%2+�"�%}Jk+^3G# r P) �6D % �L5 +�"�#&% D�� #<9\P5S� %2+�Jk+^3G# r P) �6D % �h5 +wT~JY+
"�%-+�1!% r|� +�"QP5S� %2+�Jk+^3G# r P) �6D % � #&143m%-#&+>Y � ) � %21 R #&% � %-+�"�%21 � ),7<% r P� 7qd R T X Tvx¤'7K?¸ : x~7 � ) � %-1  %-#&+/b
'*1!)E3'?�#<)  �A^5 + 5 3²em8E%2. � +$"�%2+�d�1!#&%[?$%aJk.�.wT � T Q 5 e²T�x~7 � ) � %21 R %2+ R�T�5E� .$1!3G)S�N%a1!#&+�"�" 5 .0%2#N%2.0%2+ T�5 7<7&1
#<+�8 � )/^,% � Vk#&%-7 T�5 7F3 r ),9;9;% �6R #&%-7&7¤BE% �<T P� 8,. 5E� T �a5 .I%-#@? 5 +�"�%-7<3>%21>16#  ? � 9 r 7&%-#&+�%() � 8 5 +�#<1  ?�%
� )E7&% r P� 7<%�9;#<3>%2#<+�%29�"�%-7&) r{5 7<#&16#<% � 3G%2+��Ib/[W7<% r 3 � ),+�%-+�1 A 1!36%29�f K %27  ?�%21L%-7&% r 3 � ),+�#<1  ?�% P`Y.0% � u
8�P5 +�8,%�#&9 ) D 3G#&1  ?�%2+ O D % r 3 �65 7&.0% � %2#  ? 5E�3T K %2#<1!32T � #<%21!%21;"�%27<) r{5 7&#<16#&% � 36%�[_7&% r 3 � ),+$%2+�1 A 143G%-9
K # � "\9;%2#<1!3�" ���6 ?�.0%2+ 5E ?|. 5S� 3G%Sf 5E� ),9 5 3G#<1  ?�%hs?#<+�8,%�d�16#<%[?�%hJk.�.wT � T Q 5 e?)/"�% ��5 .I% � " �$�6 ?
7<#&+�% 5E� %aCa%g363G%-+ 5S� 1 r ),+	� � 8,#&% � 36%2+:¸Wb$¸Wb � ) D$D %-7&.�#<+�" � +�8E%2+o8,%-.�#&7<"�%-3GH �5� J T
�����! ?t"�%-+ R K %2#<1!3 � Bn8,%-+ = � ) R %2161k9}#F3 D�� #<9\P5E� %29 � +�"\1!% r|� +�"QP5S� %29	Jk+^36# r P) �6D % �cr{5 +�+:9 5 +
1!#  ? 5E�3T %2#<+�% r 7&%2#<+�% Jk+ RU5 ?�7h16% r|� +$"QP5E� % � fIY � ) � %21 R %-+ R 9 5E�6r #<% � 36% � JY+|36# r P) �!D % � 3 A/D %-+ .0%gu
1  ? � P5 + r %2+NT �a5E� P� .0% � ?$#&+ 5E� 1 T P� ? � 3�"�#<%�Jk+�7 5 8,% �!� +�8z9;%[? � % � % � fZ16% r|� +�"QP5E� % � Jk+^3G# r P) �6D % � b
� )E7&% r P� 7<% 5 + %-#&+ D�� #<9\P5E� %21 JY+|36# r P) �!D % � b � )E7&% r P� 7 R-� %-#&+�% � Ov#<8,+ 5 7FB,% � 1!3�P5E�6r|� +$8�T � #&%-16%-1
JY+|36# r P) �!D % � b|BE% � 9;#<3!3G%-7<3G% VW% �-T�5 ? � %2+ R2�$�c�t5E�!r #<% �!� +�8@9;#<3 x~7 � ) � %-1 R %-+ R�T�5S� .�143G)E�I%2+ K # � " � +vu
36% � "�% �WX % R %2#  ?$+ � +�8h'*9;9 � +�) Y � ) � %21 R %2+ R R-� 1 5 9}9;%2+�8E% T�5 1!1!3UT,[W#<+�% Jk+$1 5 9;9}7 � +�8?B,),+>Y � )Su
� %21 R #&% � %2+$"�%2+ � )E7&% r P� 7<%2+ K # � " 5 7&1¤x�) r/� 1H.I% R %-#  ?�+�%g3UT �a5E� P� .0% � ?�#&+ 5E� 1 r P)E+�+�%2+L" ���6 ?LJY+ T P5E� u
. � +�8("�%21k¸�? � )E9 5 36#&+�1 9}#F363G%-7&1m"�%21?x 5E� .$1!3G)S�N%-1 � JS=_'�"�#&%>MN%-7&7 r % � +�%�B/#&1 �n5 7&#<16#<% � 3 K % � "�%-+wT
`?+|36% � 1 �� ?^3 K % � "�%-+�"�#<%�16) D�� P5EDn5E� #&% � 3G%-+ MN%27&7 D�� )E.I%-+�9}#F3L=?#&7 T %}%2#<+�%21(x~7 � ) � %21 R %2+ R 9}# r|� )Su
1 r ) D 1-f K %-7  ?�%-1:#<+ Jk.�.$#&7&" � +�8 � T Q�.�e�1  ?�%29 5 3G#<1  ?µ" 5E� 8,%2143G%27<7<3�#&1!32T � #<% = � ),.0%2+ K % � "$%2+



Q � �����	��

����� ������������
�������
 ��!#"%$&�'�(�)����*+
,�-���/.10#�32!54761��!8��9;:����/0/���	!#��

�-�<*�!5476	!#�/.

P� .0% � %2#<+oO A 1!36%29 B,)E+ p #  ?^3Gl � %-7&7&%Ad¯9}%-#&1!3m=?8{b �a5 9 D Y 5 9 D %�egfSJk+ � %28 � +�8,1-B�7<3G% �m� +�"�16%-7&% r 36#Fu
BE%29�O/3 �65 ?�7<36%2#<7&% � 9}#F3Q"�%29�´�. �!% r 36#<BZ.0%27<% �� ?^3G%g3UT �a5 1iB,),9�x~7 � ) � %21 R %2+ R�T�5E� .$1!3G)S�(%29;#<3636#&% � 3G%Sf
7 P5 +�8,% � K %27&7<#&8,% p #  ?^3 K # � "o16)/" 5 +�+ P� .0% � " 5 1?´�. �!% r 3G#FB0f�"�%2+:O/3 �G5 ?$7<3G%-#&7<% ��� +�"�%2#<+�%2+�[_9}#<161!#Fu
),+$1-Bn7F3G% � "�%-9 ´ r|� 7 5E� . R K Ti%2#<+�% � %-9 D B�+�"�7&#  ?�%2+�¸ ¸ � bvC 5 9;% �65�R2� 8E%27&%-#<36%-3UTw[W#<+���%  ?�16%-7
"�%-1 r ),9 D 7&%g363G%-+�x~#&7F3G% � 1 A 143G%29;1@#<9 � # r|� ),1 r ) D % � 7 5E� .v3L%21(" 5 .0%2# f~9;%[? � % � % � +^3G% � 1  ?�#<%2"�7<#Fu
 ?�%(x¤7 � ) � %21 R %2+ R�T�5E� .�1!36)E�N% � +�"\1!),9;#<3 5E�� ?\9;%[? � % � % �a` J bvsc% Dn5E�65 3 �$�6D�� )E3G%-#&+�%Z#&+$+�% � ? 5 7&.
%-#&+�% � MN%27&7 D�� )E.I% R2�µ� +^3G% � 1 �� ?$%2+wT �����6 ?yM � ) � "�+�%-+z"�% � 9;),+�)  ? � ),9;%2+ ¸ ¸ � bvC 5 9}% �G5 b
J �3T + 5 ?�9;%2+ R2� B,% � 1  ?�#<%2"�%-+�%2+�x 5E� . r{5 +QP5 7<%2+ � +�" 5 +�1  ?$7&#&%�^,%2+$"�% P`?.I% � 7 5 8,% �!� +�8 r P),+�+�%-+\#&+
%-#&+�%-9 X #&7&"�"�#<%�'*+ T ) � 9 5 3G#&)E+�%2+�B,% � 1  ?�#&%-"�%2+�% � x~7 � ) � %-1 R %-+ R�T�5S� .�143G)E�I%�" 5S� 8,%-1!3G%-7&7F3 K % � "�%2+NT
� #<%21>#&1!3A#&+�Jk.�.$#&7&" � +�8 � T � 5 ea.�#&1  e 5 9 X %2#<1 D #<%27_%2#<+�%21A.I%-1!3 �G5 ?�7F3G%-+�=Y% pQ5 b$MN%27<7 r % � +$1 T P���
" 5 1Ysc% D�5E�G5 3 ���6D$� )E36%2#&+ Q F X =cD}d�8 � P� +�e � +�"�9 5E�6r #&% � 36%21c¸�? � ),9 5 3G#<+�d�.�7 5E� em8,% R %-#&8E32T

�\��� �  t£H�U¢H§m¨\� ��� � ¦�;¢H���\�
����� �	¥��Q�a��£i� � �a�L�}��¢q£_�W����£_�2�;�

� #<%_9}# r/� ),1 r ) D #<1  ?�%@`?+|36% � 1 �� ? � +�8k"�% � MN%27<7 D�� ),.0%2+�9;#<3w=Y#&7 T %H%2#<+�%21qx~7 � ) � %21 R %2+ R 9}# r|� ),1 r ) D 1
� +^36% � 7<#&%-8E3@"�%-+ D�� #<+ R # D #&%-7&7<%2+�[_#&+�1  ? � P5 + r/� +�8,%2+�"�% �(p #  ?^3G9;# r|� )E1 r ) D #&%ST � #<%21!%�16#<+�" " ���! ?
X % � 8 � +$8,16%g�N% r 36% 5E�3T 8 �!� +�"�"�% � ��%27&7<%2+�+ 5 3 ��� "�%21 p #  ?|36%21°.0%2"$#&+�8E32T/�z#  ?^3G#&8E1!3G%kCa%2+�+�8 � P)/^,%
.0%2#a"�% � ) D 3G#<1  ?�%-+zJ � Y P)E1 � +�8 1!36%27<7<3o"�#<%�16),8E%2+ 5 +$+|36%�+ � 9}% � #&1  ?�%�J D % � 3 �����
	 " 5E� f°"�#&%
1!#  ? 5E� 1�"$%29	J D % � 3 ��� K #<+ r %-7�� d;: ? 5 7&.0% � P´��I+ � +�8,1 K #&+ r %27 eY"�% � ´a. �!% r 3G#FBv7<#&+�1!% � +$"�"�%29
X � %  ? � +�8E16#&+$"�%g]�
�"�%-1 � %-"�# � 9}1 R K #&1  ?$%2+ p #<+�16% � +$"\´�. �!% r 3?% � 8,#<.$3 4

��	 :�
���1!#&+
� d � T�D e
'*+\JY.�.�#<7&" � +$8 � T·¶;#<1!3?"�#<%f`?+|36% � 1 �� ? � +�8�%-#&+�%-1�MN%-7&7 r % � +�1Y9;#<3c"$%2+ T P��� "�#&%Z) D 3G#&1  ?�%hJY.�.�#<7Fu
" � +�8 K #  ?^3G#<8,%2+LCa),9 D ),+�%2+^36%2+@#<7&7 � 1!3 �65 3G#FBa" 5E� 8,%2143G%-7&7<32T�`Y9�%2#&+$%t?�)/?�% + � 9}% � #&1  ?�% J D % � 3 ���
� +$"L8 � 3G%mJk.�.$#&7&" � +�8,1!%2#&8E%2+�1  ? 5 T 3G%-+ R-� % �6� %2#  ?�%2+wf{9 � 1!1H"�% � s 5E� 9 R K #<1  ?�%-+;´a. �!% r 3G#FB � +�"
´�. �!% r 3Yd MN%27<7 r % � +�eQ" ���! ?;%-#&+ � %  r 8,7 5 1 d � #  r % 41D ¶5R Z 9�e � +$";'*9;9;% � 1!#&),+$169;%2"�# � 9 d P´�7 eq9;#<3
"�%�Bn+�#<% � 36%29 Xm� %  ? � +$8,16#<+�"�%g] 5S� 168,% T P� 7&7F3 16%-#&+wT
O/3 �6��r 3 ��� %-+�#<+ "�% � ´�. �!% r 36%2.0%2+�% K % � "$%2+ #&+y"�#&% X #&7&"$%2.0%2+�% 5 .�8,%-.�#&7<"�%-32T?[W#<+ D�� + r 3 T P) � u
9;#&8,%-12f?#&1!)E3 � ) D 7<% �� ?^3G%-+�"�%-1�´a. �!% r 3�% �!R % � 8E3�" 5 .I%-# 5E�1T 8 �6� +$" "�%21tJk.�.�#<7&" � +�8,16143 �65 ?�7&%-+vu
8 5 +�8,%21 8,%-9\P5 ^ "�% � 8E%2),9;%-3 � #&1  ?�%2+ ´ D 3G# r 16) K #<% 5E�1T 8 �6� +$" BE),+ X % � 8 � +$8,16%g�N% r 36%2+ 5 +
"�% � .0%28 � %2+ R %2+�"�%-+ p #<+�16%-+ 5ED % � 3 ��� %2#<+�% r ),9 D 7&%g]v%Sfv" � %2#<"�#&9;%2+�1!#&),+ 5 7&% '*+^3G%-+�16#F3 P5 361!BE% � 36%2#<7 � +�8
d
= � + r 3G.�#<7&"/b|VW% � K 5 1  ? � +$8,1 T¯� + r 36#&),+NfY%-+�8,7 T D ),#&+^3�1 D$� % 5 " T¯� +  3G#&)E+wf&=�O$x_eo#&9 X #<7&" �65E� 9�T
� #<%216% = � + r 3G.�#<7&"/b|VW% � K 5 1  ? � +$8,1 T¯� + r 36#&),+z#<1!3o#<+ Jk.�.�#<7&" � +�8 � T·¶�B,% � %-#&+ T�5E ?^3�" 5E� 8,%2143G%-7&7<32T
� #<% 8,%2143 � #  ?�%27F3G% p #&+�#<% r %-+�+ R %2#  ?$+�%-3 "�%2+ X #&7<"�.I% � %-#  ?wf 5 +}"$%29 "�#<%c'*+|36%2+�1!#<3 P5 3 5E�3T "�#&%?= P5 7 T u
36%;"$%21 �t5 ]v#&9 5 7 K % � 3G%-1 5 .�8,%-1 � + r %2+�#&1!32T�`Y9�J � 1!1 5 8,%-+ P� .0% � "�#<%L) D 36#&1  ?$%;J � Y P),1 � +�8 5 9
´ � 3A"�%-1@.I%-),. 5E ?^36%-3G%-+ ´�. �!% r 3G1 R2� % � ? 5 7<3G%-+wfQ9 � 1!1h" 5 1A.I% � 8 � +$8,1!BE% � . � %2#F3G% � 3G%}Jk.�.$#&7&"�#&+



�5� � ����
q��*'4761�@�S! � 2�[*�!#�/.M!#��9��c0 �'�-��
��'���-�5�[�a*+
,��!���
q�X�[� Q5Q

FWHMlateral

Zellkern

punktförmiges
Objekt

scheinbares
Objekt

Zelle
Objektiv

z-Fokus-Trieb

“Ideales”
Abbild

I / 2max

Deckglas
Objekt-
ebene

Bild-
ebene

Objektseite Bildseite

Immersionsmedium

Lichtkegel
(geometrische Optik)

beugungsverbreitertes
Abbild

a

a

FWHMaxial

isotrope
Fluoreszenz

PSF

dfe e)g,hXi)j%k�l m�o��1r zL�<.8�'����}�!#�/. 9/�-� ���/

�-�-���X��� 0�}8� �v���������X��� �v!�� 2�[*�!#�/. ��� �����1�
� �'��
q��*'4761���
x5�)�
!�������*7}����(}���{~�M� �5���[*7�/�'���1$t�X�~:�!#����
 0#���,95� %1�-���)��*�4w6	!#�/.�*<"�!#�/��
q�X�[��x�:�y ��{&��*�
��	!��t*'4761�
�G�/
q��*�4w6
95�[�7.5��*+

������
7�

"�%-+y´a. �!% r 3G.0% � %2#  ? R2�$� P�� r 8,% � %  ?$+�%-3 K % � "�%-+wT � #&%-1�7&#<% T % � 3�%-#&+ 1  ?$%2#&+|. 5S� %21t´�. �!% r 3�9;#<3
T ),7<8,%2+$"�%2+�J � 16"�%�?�+ � +�8,%-+ T P��� "�#<%I? 5 7<.I%a'*+^3G%-+�16#F3 P5 3bH � Q#J54

�����
	 ,�� ��01�
� , : R�� Q1D ��� % & !"����!"��#
�
	 . R K�� �����
	 ��� !�� , : D��·¶,¶ � 
���� % & !"����!"��#

�
	 $ d � T j,e
� #F3>"�% � %29;#<3!3G#&% � 36%2+\��%27&7<%2+�7 P5 +�8,%�� %'& !"����!"��# : Q1D ¶H+�9 "�%-1@x~7 � ) � %21 R %2+ R�T�5E� .$1!3G)S�N%-1hx~'7K?¸kf
"�%-9 Xm� %  ? � +$8,16#<+�"�%g] 
 : D�� Q,j T P�$� " 5 1AB,% � K %-+�"�%g3G% � %  r 8,7 5 1h16) K #<%�'*9}9;% � 16#<),+�1�P)E7 � +�"
%-#&+�% � ?�)/?$%2+�+ � 9;% � #&1  ?$%2+oJ D % � 3 ��� B,),+ ��	 : D�� � d R T X TnMN%-#&1!1t=_7 5 +|b/J D )  ? � ),9 5 3 � F T�5E ?�e
% � ?QP5 7F3 9 5 + T P��� "�#&%a% �6� %2#  ?|. 5S� %2+�J � YqP),1 � +�8,%2+ 4

������	 ,�� ��01�
� , : R��XD VLZ 9 . R K�� �����
	 ��� !�� , : R��·¶1D Z 9 d � T F^e
` %2.0%2+L"�#<%216%-+@J � YqP),1 � +�8,16.0%28 � %2+ R2� +�8E%2+(" ���! ? X % � 8 � +�8,1!%-�I% r 3G%°3 � #<3!3~.0%2#/"�% �W� # r|� ),1 r ) D #&%
" � %2#<"�#&9;%2+�1!#&),+ 5 7&% � C;P) �!D % � K #&% R T X T|%2#<+�%21�MN%-7&7 r % � +�1 R2� 1UP5 3 R 7&#  ?;" 5 1 = � ),.�7<%29 5S�3T f," 5 1!1°´�.vu
�!% r 36%Ef K %27  ?�% 5E� ^,% � ? 5 7<.o"�% � xn) r|� 1!%2.0%2+�%Z7<#&%28E%2+wfv%2#&+ � +�1  ? 5S�-T %21?Jk.$.�#&7<"o#&+o"�% �cX #&7<"�%2.0%2+�%
% �6R % � 8,%-+wT,'*+LJk.$.�#&7<" � +�8 � T N d¯7&#<+ r 1~. R K T � %  ?|361 e~#<1!3_"�#<%21 5 +L" � %-# D�� + r 3 T P) � 9;#&8E%2+L´�. �!% r 3G%2+Nf
"�#<% �!% K %2#&7<1W#&+;%2#&+$% � [_.I%-+�%Y7<#&%-8,%2+wfSB,% �65 +�1  ? 5E� 7<#  ?^3UT$´�. �!% r 3G%?#&+;"�% � xn) r|� 1!%2.0%2+�%hd�JY.�.wT � T N
9;#<3!3G%�e~% �6R % � 8,%-+�%2#<+�1  ? 5E�-T %-1 JY.�.�#&7<"wf^" 5 1�7&%-"�#&8E7&#  ?L" ���6 ? X % � 8 � +�8ABE% � . � %2#F3G% � 3m#&1!32T|'*+�"�% �



Q � �����	��

����� ������������
�������
 ��!#"%$&�'�(�)����*+
,�-���/.10#�32!54761��!8��9;:����/0/���	!#��

�-�<*�!5476	!#�/.

Objekt nicht
im Fokus

Überlagerung in der Bildebene

scharfes Abbild aus der Fokusebene

Objekt im Fokus,
Verbreiterung des Bildes

durch Beugung

Objekt nicht
im Fokus

Entfaltung von 3D-Bilddaten mit PSF

Fokusebene Fokusebene

Bildebene Bildebene

dfe e)g,hXi)j%k�l m�o���r 2{ 0/�-�<����.5�-��!#��. 9/�-�Sz����,9/�-�G���[� �c0 ���-�3

��� ��!#* !#��

�-�<*'476(�X��9 ���,4w63��� �1���	!#*+
q�X��"q���
!#��9G�S0#6(����",�c93!���476 s ��
q",����
 !#�/.W���[��9��'���,9 ���b���a* �X�[�a���X���Gz����,9(95�/

��� x }��8y�
����)��� {��

X #<7&"�%-.I%-+�%�P� .0% � 7 5 8E% � +�16#  ?�"�#<%kJY.�.�#&7<"�% � 5 7&7<% � ´a. �!% r 3 D�� + r 3G%Ef$" 5 1 Jk.$.�#&7<" 5E� 1°"$% � xn) r|� 14u
%-.I%-+�% K # � "oB,% � K 5 1  ?$%2+wT
�����! ?�%2#&+�9 5 3�?�%29 5 3G#<1  ?�%-1kVW% �<T�5 ? � %2+ d �:5 ]v#&9 � 9 p # r %27&#X?�)/)v":[_1!3G#<9 5 3G#&)E+�e r{5 +$+ �!%2"�)  ?
"�% �;X #&7<"�.I%-#<3 �G5 8 5E� 1}´�. �!% r 3G%-.I%-+�%2+Nf K %27  ?�%�16#  ? +�#  ?|3(#<9�xn) r|� 1(.0%�Bn+�"$%2+wf � %  ?�+�% � #<1  ?
%-7&#&9;#&+$#&% � 3 K % � "�%2+NTqVW) �65E� 1!16%-3 R2� +$8t" 5 T P�$� #&1!32fw" 5 1!1 X #&7&"$#&+ T ) � 9 5 3G#&)E+�+$#  ?^3>+ �$�h5E� 1>%-#&+�% � f
1!),+�"�% � + 5E� 1_9;%[? � % � %-+(.I%-+ 5E ?|. 5E� 3G%2+;xn) r|� 1!%2.0%2+�%-+}8,% K )E+�+�%2+ K # � "wT � #<%21H8E%21  ?$#&%[?^3�" ���! ?
%-#&+ 1 ��r|R %21!16#FB,%21�VW% � 1!36%27<7&%2+y"�% � xn) r|� 16%-.I%-+�%�%2+^367 5 +�8 "�% �tX %2)E. 5E ?^3 � +$8,1 � #  ?^3 � +$8�d�16#<%[?�%
JY.�.wT � T·¶/f R bvxn) r|� 1 baK � #<%2.�e?9}#F3 �!% K %2#<7&#&8E% � %-7&% r 3 � ),+$#&1  ?$% �ZX #<7&" 5E�1T + 5 ?�9;%ETI[_1>%-+^3G1!36%[?^3>%2#<+
1!),8,%2+ 5 +�+^3G% � R b X #<7&"�143 5ED %27¤d¯%2+�8,7 T R b/1!3 5E r e 5E� 1 %2#&+ R %27<+�%2+Nf R K %2#<"�#&9;%2+$16#&)E+ 5 7&%-+}J �3T + 5 ?$9}%-+



�5� � ����
q��*'4761�@�S! � 2�[*�!#�/.M!#��9��c0 �'�-��
��'���-�5�[�a*+
,��!���
q�X�[� QE¶
d 5 7&1 X %-#&1 D #&%-7$16#<%[?�%cJY.�.wTaQvT V 5 egT � % � Jk.�143 5 +�" R K #<1  ?�%-+�.0%2+ 5S ?/. 5E� 36%2+}x�) r/� 16%2.0%2+$%2+�1!),7&7F3G%
" 5 .I%-# K %-+�#&8,% �~5 7&1i"�#<%m=hP5 7 T 36%_"�% �¤5 ]v# 5 7&%2+aJ � YqP),1 � +�8 � ����	 ����!�� , .0%-3 �65 8,%-+wT � #&%W[_+^3 T�5 7F3 � +$8
"�% �?X #&7<"�" 5 36%2+o% �<T ),7&8S3 9}#F3 8,%-%2#&8E+�%-36% � Ov) T 3 K 5E� %}d�= �3A 8,%-+�12f|H �/� J e � +^3G% � VW% � K %2+�" � +�8�%2#<+�% �
= � + r 36.�#&7<"/b|VW% � K 5 1  ? � +�8,1 T¯� + r 3G#<),+ T P��� " 5 1 %2#&+$8,%21!%-3 R 3G% � # r|� ),1 r ) D ),. �!% r 36#<B0T�Ov) r{5 +$+wf K #<%
#<+�Jk.�.�#<7&" � +�8 � T N � +^3G%2+�8,% R %2#<8E3UfI"�% �Z� +$1  ? 5E�<T % X #&7<"�.I%-#<3 �G5 8;B,),+�´�. �!% r 36%2+wfi"�#<%L+�#  ?^3Z#<+
"�% � 8,% K P5 ?$7<3G%-+�x�) r/� 16%2.0%2+$%>7<#&%-8,%2+wfv%2+^3 T % � +^3 K % � "�%-+wT
[_#&+ R b X #<7&"�143 5ED %27�%2+^3�?QP5 7<3h"�#&%�" � %-#&"�#<9}%-+�16#<),+ 5 7<%L'*+ T ) � 9 5 36#&),+µP� .0% � " 5 1 � +^3G% � 1 �$ ?|36%\´�.vu
�!% r 32T ���$�6 ?�" 5 1LOv%g3 R %-+�B,),+ '*+^36%2+�1!#<3 P5 3G161  ? K %-7&7&%-+ r P),+�+�%-+ + � +�3 �65 +�1 D�5E� %-+|36% � +$" 16),7<#&"�%
´�. �!% r 36.I% � %-#  ?�%Z"�%�Bn+�#&% � 3 K % � "�%2+NT � #&%21 % � 7 5E� .$3°9}#F3°=?#&7 T %?B,),+:sc%2+�"�% � b1= � ),8 �G5 9}9;%2+}%2#&+$%
D 7 5 1!36#&1  ?�% �a5E� 1!36%27&7 � +�8?B,),+L9;# r|� )E1 r ) D #&1  ?�%2+;O/3 �6��r 3 ��� %-+wTE'*+(C 5ED #F3G%-7�QvTOF K % � "�%2+ 5E�3T "�#<%21!%
��%2#<16%Z'*),+�%-+�1 D��$� %2+:#&+�MN%-7&7 r % � +�%2+ � +^3G% � 1 �� ?^3UT



Q N �����	��

����� ������������
�������
 ��!#"%$&�'�(�)����*+
,�-���/.10#�32!54761��!8��9;:����/0/���	!#��

�-�<*�!5476	!#�/.



� ��� � ��
�� �

� 	 �t��
 
 
����~� 
 �:� 	 � � �_
 � ����

� � 
 	 ��� 
�����


�����! ? X %-1!3 �65 ?�7 � +�8�9;#<3�%-#&+ R %27&+$%2+wf ?�)  ?�%2+�% � 8,%g3G#<1  ?�%-+ '*),+�%2+ r P)E+�+�%2+ #<+�7<%2.0%2+�"�%-+
MN%-7&7&%-+ "�%�Bn+$#&% � 3 � +�"�l �n5 +^36#XB R #&% � . 5E� .�#<),7&),8E#&1  ?$% O/3 �65 ?�7<%2+�1  ?QP5 "�%-+ K #&% R T X T �a` J b
� ) D$D %-7&1!3 �G5 +$8,. � P�$ ?�%h% �6R % � 8E3 K % � "�%-+wT �a5 1ks 5 143G% � #&)E+�%2+�9;# r|� ),1 r ) D O ` J�CZ[ � +�"�"�% ��X %²u
143 �G5 ?�7 � +$8,1 5E�1T . 5E� % � 7 5E� .0%2+�" 5 .0%2#L%-#&+�% X %2143 �65 ?�7 � +�8y9;#<3�%-#&+�% ��� P5E� 9;7&#  ?�%2+ K � %g�N% � 8,%²u
+ 5S� #&8 r %2#F3Uf K %-7  ?�% +iP5 ?�% �!� +�8,1 K %-#&1!% 5 +L"�#&%mJ � YQP),1 � +$8>%-#&+�%-1�?�)  ? K % � 3G#<8,%2+ p #  ?|369}# r|� ),1 r ) D 1
?�% �G5 + � %2#  ?^3;d¯B/8,7 TNC 5ED T F$T N � +�"�C 5ED T � T QEe²T �a5 ?�% � 143G%27<7<3Y"�#&%hCa),9@.�#<+ 5 3G#<),+�B,),+�'*),+$%2+�9;#Fu
r|� )E.I%-1!3 �65 ?�7 � +�8�9}#F3a"�% � #&+�C 5ED #F3G%27 � T � .I%-1  ? � #&%-.I%-+�%2+�'*9;9 � +$)5Y � ) � %21 R %2+ R baKq%  ?�+$# r %2#<+
8,%-%2#<8,+�%-36%21_��% �6r|R % � 8@" 5E� f � 9 #&+ � +^3G% � 1  ?$#&%2"$7&#  ?$%2+wf^%²] D % � #&9;%2+^3G%-7&7<%2+;x �G5 8,%-1!36%27&7 � +�8,%-+L"�#&%
VW% � 3G%-#&7 � +�8ZB,),+u= � )E3G%-#&+�%-+ R2� 1!3 � "�#&% � %2+Nf K %27  ?�% 5 +}"�% � s?% Dn5E�G5 3 ��� B,),+ � ) D�D %27&143 �65 +�8,. � P� u
 ?�%-+t.0%-36%2#&7<#&8E3m16#<+�"wT

�o��� �����\� © �2� �(�a¢H§ ¨ ¦� ���2�L£H�a��� ¨��W� © �>£_�U��¥��a�_�a�2§ ¨\�

[_#&+$% � +�8,% r 7*P5E� 3G%�x �65 8,%�.0%2# "�% � sc% D�5E�G5 3 ��� BE),+ �a` J b � ) D�D %27<1!3 �65 +�8,. � P�� ?�%-+�#<+ .�#&),7<),8,# u
1  ?�%2+ MN%-7&7&%-+�#<1!32fi),. �!%-"�% � % �6R % � 8S3G%oO  ? 5 "�%-+ "�# � % r 3=�gBE) � ´ � 3 � � % Dn5E� #&% � 3h)/"�% �AR-� % � 1!3 R-�
1 D % R #&%-7&7<%2+;´ � 36%2+;#&9 MN%-7&7 r % � +wfE%gB,%-+|3 � %27<7&%-+ � s?% Dn5E�65 3 ���<T�5 . � # r %-+��gf{3 �G5 +�1 D ) � 3G#<% � 3 K # � "wT|M � 9
O/3 � "�# � 9«"�#&%-16% � Jk.�7 P5E�3T %>9 � 1!1k"�#<% �vA + 5 9;# r 8E%21  ?iP5 "�#&8S3G%2+�¸�? � ),9 5 36#&+�1cB,% �-T ),7<8E3 K % � "�%2+NT
�a5ER-��rS5 +�+�"�#&%LJ r 36#<B/#&% �6� +$8�"$%21 R %-7&7 r % � +�%2#<8,%2+�%-+ � O X b �t5S�6r % � 1a³�bv=�j{JY± 5 +�"�%-+�" �$�6 ?
'*),+$%2+|.I%-1!3 �G5 ?�7 � +�8�#<+�" ��R #&% � 3G%-+�O  ?QP5 "�%2+�.0%2+~P� 3 R 3 K % � "�%-+�d¯16#<%[?�%LC 5ED T � T�D e²T ] %21  ?QP5 "�#<8E3G%-1
¸�? � ),9 5 3G#<+ K # � "�1!) 5 7&1mxn) r|� 1 #<9 x~7 � ) � %-1 R %-+ R 9;# r|� ),1 r ) D 16#  ?^3G. 5E� fv"$#&% R %2#F3G7<#  ?/b � P5E� 9;7&#  ?�%
[_+^3 K #  r 7 � +�8}"$#&%21!% � xn)  #w)E�I%2+|. 5E� 3c16),9;#<3 5E�� ?t"$#&% �vA + 5 9;# r B,),+�8,%-1  ?QP5 "$#&8E36%2+t¸�? � ),9 5 u
36#&+|.I% � %-#  ?�%-+wTS'*+^36% �6D$� %-36#&% � 3_9 5 +@%-#&+�%-+@%2#<+ R %-7&+�%-+(x�) r/� 1 5 7&1q%2#<8,%2+$1!3 P5 +�"�#&8E% Jk+^3 K ) � 3 5S�3T %2#<+
�a` Jcb$O  ?iP5 "�#&8 � +�8,1!% � %-#&8,+$#&1q.I%-1!3G%�?�%2+$" 5S� 1H%2#<+�%29 � ) D�D %27<1!3 �G5 +�8E. �6�� ?h. R K T,9;%[? � % � %2+wfS8,%gu
 7 � 143G% � 3G%-+ � ) D�D %27<1!3 �65 +�8,. � P�� ?�%-+wfQ16)\#<1!3h%21h1!#&+�+^BE),7&7 fq"$#&% �vA + 5 9}# r #&+�%2#<+�%�[_+^3 K #  r 7 � +�8
"�% � xn) r|� 1*b ]Z� P)/^,%>16) K #&%A"�% � xn) r|� 1 b pQ5 8E% 5E�1T¯R2� 3 � %2+$+�%2+wT � #&%>%2+^3G1 D�� %  ?�%2+$"�%Ll �n5 +^3G#F3 5 36#<B,%
JY+ 5 7 A 1!% K ��� "�%t#<9 s 5 ?�9;%2+ %2#&+$% �}� # D 7<),9 5S� .0%2#<3A" ���! ?�8,% T P� ? � 3 H F V J � +�" 16),7<7c?�#&% �}r|���!R



� R ��������

��� � s �-*+

�c�������
0/��*+
,�-��6a�
!#�/.�*-� �8�)�-�<���b����

�

dfe e)g,hXi)j%k�l �	o,par �)�
!����'��*7}�����} �;� �5���[*7�/�'�	��*'4761���v!8"X�a��6 �b��� ���[� @t�
�%�#�8������� �/�-�<�1������95�X� �;�

|�����a�
}������1��� �������
	�� �
� � ���7�[�1���M�a� 4w6 �����1�
� �������X��� �W!#*+

�-�c05��*�
,�-��6(��
L� !#��9/����� �������5* � �������\}8����*�4w61���
z@��*+
,�-��6(�
!8�/.\!#��9 �)� ���X�-��!#�/.a� ����476�
q* � �����>}8� ��*'4761��� zL��*�
,�-��6(�
!#��.\!#��9 �)� �/���-��!#�/.a�

R-� 1 5 9;9;%2+�8,% T�5 16143 K % � "�%-+wT
� #<% R %2#<367&#  ?�% �vA + 5 9}# r #&+}"�%2+o7<%2.0%2+�"�%-+�MN%27<7&%-+ K ��� "�%k% � 9;#<3636%27F3Uf^#&+$"�%29 9;%[? � % � %�MN%27<7 D�� )Su
.0%2+A.I%-1!3 �65 ?�7F3 � +�" T P���q� +^3G% � 1  ?�#&%-"�7&#  ?A7 5 +�8,%mMN%2#F3 � P5E� 9;%_#&9 X �!� 3G1  ? �G5 + r .�#&1 R2�$� x~# ]v#&% �!� +�8
8,%-7 5 8E% � 3 K ��� "�%2+wT0� P5 ? � %2+�"\"$#&%21!% � '*+ r|� . 5 36#&),+�1 R %-#<3Y7 5E�3T %-+t#<+t"�%-+\7&%-.I%-+�"�%2+�MN%27&7<%2+ � +^3G% �
D ? A 16#<),7&)E8,#&1  ?�%2+ X %-"�#&+�8 � +�8,%-+ �a` Jcb/s?% Dn5E�G5 3 ���!D�� ) R %21!16% � +�"z"�#<% ?�#&% � #&+^3G% � %-1616#<% � %2+�"�%-+
¸�? � ),9 5 3G#<+/.0% K %28 � +�8,%-+ 5 .wT �a5 "�#<%�'*9}9 � +�)5Y � ) � %-1 R %-+ R ba`Y+^3G% � 1 �$ ? � +�8 � %-3 � ),1 D % r 36#<B 5 +
"�%-+EBv]$#<% � 3G%2+ MN%-7&7&%-+ " ���! ?�8,% T P� ? � 3 K # � "wf r{5 +$+ "$#&%�JY+ 5 7 A 1!%o"�% �(R %-#<367&#  ?$%2+ [_+^3 K #  r 7 � +�8
"�% � xn) r|� 1*b pQ5 8,%W+ ��� % �-T ),7<8,%2+wf K %-+�+L"�#&% ��� 1 D�� P� +�8,7<#  ?�%�xn) r|� 1*b1=¤),1!#<36#&),+>.I% r{5 +�+^3~#<1!32T �a5 ?�% �
K ��� "�%2+t=Y% pq5 b$MN%27<7&%2+o9;#<3SD#R/R � %-V �
� ´?b/'*)E+�%2+�+ 5E ?�%2#<+�%29 BE) � 8E%28,%-.I%-+�%2+\MN%2#&7<%2+/b �:� 1!36% �
.0%2143 �G5 ?�7<32T � #&%-16%21Z.0%2143G%[?^3 5E� 1Z%2#<+ R %-7&+�%-+�'*),+�%2+^3 � %-�I% � +�9;#<3k%2#&+$%29 JY.�1!3 5 +�"�B,),+ED Z 9 #&+
]^b � +�"�%2#<+�%29�Jk.�143 5 +$"�BE),+ �LZ 9�#<+ A bvs?#  ?^3 � +�8$TH[_#&+�% X % K %28 � +�8�"$% � xn)  # � %27 5 3G#<B R-�
"�#<%21!%2+�.I%-1!3 �65 ?�7F3G%2+:MN%-#&7&%-+ r{5 +�+�16),9;#<3 5E�� ? � %-3 � ),1 D % r 3G#<B�% � 9}#F363G%-7<3 K % � "�%-+wT
'*+�JY.�.�#<7&" � +$8 QvT�D?16#&+$"�%g]v%-9 D 7 5E� #<1  ?;J � 1!1  ?�+$#<3636% 5E� 1 R K %2#I.I%-1!3 �G5 ?�7F3G%-+ � +$" D�� P5SDn5E� #<% � 3G%2+
MN%-7&7 D$� ),.0%2+�9}#F3@'*+ r|� . 5 3G#&)E+�1 R %2#<36%2+�BE),+ER$f QL? d�7&#<+ r 1 eZ. R K TtD#QL? d � %  ?^3G1 e R-� 16%[?$%2+wT �t5 +
% �6r %-+�+^3@#<+�"$% �Zr|���6R #&+ r/� .�#&% � 3G%-+ = � ),.0%;"$% � 367&#  ?�" 5 1 5SD�D 7&# R #<% � 36% �:� 143G% � 1!) K #&%("�#&%;xn)  #
5E�1T 8 �6� +$"L%2#&+ R %27<+�% � '*),+�%2+^3 � %-�I% � K #<%2"�% � f K P5 ? � %-+�"(16#  ?(#<+@"�% � 7 5 +�8�#<+ r|� .�#<% � 36%2+>= � )E.I%°%-#&+�%
R-� +�%[?$9}%-+�"�%hO/3 � % ��� +$8}"�% � xn)  # R %-#&8E32T
xYP�$� %2#&+$%;l �n5 +|36#<3 5 3G#FB,%@JY+ 5 7 A 1!% K �$� "�%-+�#<+�B/#<%27&%-+�MN%27<7 r % � +�%-+�O  ?�+�#F363G%L1!%2+ r|� %  ?^3 R-� "�%-+
.0%2143 �G5 ?�7<36%2+ p #<+�#&%-+�.0%-3 �G5E ?^36%-3 � +�" ]Z5E� ^{bvx¤#<3G1 5 +�"�#<%}% � ? 5 7<3G%-+�%2+�'*+^3G%-+�16#F3 P5 361 D�� )5Bn7&%;"�%-1
x~7 � ) � %21 R %2+ R 16#<8,+ 5 7<1 5 +�8,% Dn5 1!1!3UT �����6 ?L"�#<% X � %2#<36%°"�% � x~#<3 bvC ��� BE%2+@% � ?QP5 7F3_9 5 +@"�#<%°J � 1!"�%[?/u
+ � +�8;"�% � xn)  # f$" ���! ?:"$%2+:x~#<3 b$O  ? K % �6D�� + r 3Y"$#&% pQ5 8,%a"�% � x�)  #LH_F V f � ¶8J T
[_#&+$%�%2#<+ T�5E ?�% � #<3!3G%-7 K % � 36.�#&7<" � +�8 P� .0% � "�#&%}x~#F34b X � %2#F3G%2+�% � 8,#<.$3h%-#&+ � % D$� P5 1!%2+^3 5 36#<BE%21 �t5 ^
T P��� "�#&%Lxn)  # b ]Z� P)/^,%Z#&+ �!% K %2#&7<1�%2#<+�% ��X %2143 �G5 ?�7 � +$8,1 D�� ),.0%ET � #<%AJY+ 5 7 A 1!%L9}%�? � % � % � MN%27<7 D�� )Su



��� ) $ �(�a�'�;� �G.5��*'4w6 2� 9 � .a

�-� 
)6(�����G�/
q���	0/�-�����,4761� � D

-2 0 2 4 6 8 10 12 14 16

Inkubationszeit  t (h)

1,5

1,4

1,3

1,2

1,1

1,0

0,9

0,8

F
o
k
u
s
-B

re
it
e
 (

F
W

H
M

) 
 (

µ
m

)

Zellkernmitte
Zellkernrand

dfe e)g,hXi)j%k�l �	o 
�r ������
q���q4w61� s ��
����,4w�5�
!8�/.I9/�-���1�/4<����z�������

��� �a� ���\�-� �/���(��
)�����W*<� .��(���(�#����
 !#��

�-�-�
*'476(�X��9 ���q4w61��* %1�-�<6a����

���>}8����*'4761���M���������5�-�<� �;�

7

�&!#��9f������� �5�-�<�(�-����91�

.0%2+�9;#<3 � +|36% � 1  ?�#<%2"�7<#  ?�%-+�'*+ r|� . 5 3G#<),+�1 R %2#F3G%2+ R K #&1  ?�%2+ X %2143 �G5 ?�7 � +$8 � +�"�x~#F]v#<% �6� +�8�7&#<%gu
T % � 3>"�#&% R %2#F3G7&#  ?�%L[_+^3 K #  r 7 � +�8:"$% � xn)  # b ]a� P)/^E%2+wTI[_#&+ R2� 1UP5 3 R 7&#  ?�% � = 5S�G5 9;%-36% � .0% R P� 8,7&#  ?
"�#<%21!% �(�vA + 5 9;# r #&143L#&+�"�% � =¤),1!#<3G#<),+ #&+$+�% � ? 5 7&.�"�%21�MN%27<7 r % � +�1 R2� 16%[?$%2+wf 5 + K %27  ?$% � %2#<+
xn) r|� 1L%-+|361!36%[?^3UT �����! ? " 5 1LJ � 1 K % � 36%2+ BE),+ � # r|� )E1 r ) Dn5E�3T + 5 ?�9}%-+ 5E� 1L%-#&+�%-9 R bvO/3 5ED %27
r ),+�+^3G% R K #<1  ?�%-+�MN%27<7 r % � +$9}#F363G% � +�"tMN%27<7 r % � + �65 +�" � +^36% � 1  ?�#&%-"�%2+ K % � "�%-+wT�Jk.�.�#<7&" � +�8MQvT·j
R %2#&8S3 T P��� Q � +^3G% � 1  ?�#<%2"�7<#  ?�7 5 +�8,%L'*+ r|� . 5 3G#&)E+�1 R %2#<36%2+�"�#<%([W+^3 K #  r 7 � +�8�"�% � xn)  # b ]Z� P)/^,%-+wT
�t5 +�% �!r %-+�+^3@%2#<+�% 5 + T P5 +�8E7&#  ?$%(M � + 5 ?$9}%Sf K 5 1A%-BE%2+^3 � %-7&7 5E�3T %2#&+$% T ) � 3G1  ? � %-#<36%2+�"�%\=L?�),1 u
D ?$) �-A 7&#<% �!� +�8h"$% � =kjSJY±cbv=Y#<1!3G)E+�% � +�"o" 5 9;#<3m%2#<+�% X #<7&" � +�8A"$%21°³�bv=�j{JY± R-��� P�$ r/R-�3T P� ? � %2+
#<1!3UT `Y5E ?�%-#&+�% � MN%2#<36" 5E� % � fi"�#<%LB,),+�"�% � xn) r|� 167 5 8,% 5 .�?iP5 +�8,#<8�#<1!3�d Rvf Q�? 5 9�MN%27<7 r % � + �G5 +�"
. R K T°j�? #&+ "�% � MN%27<7 r % � +$9}#F363G%Uegf R %2#<8E3;16#  ? �!%2"$)  ? %2#&+�O  ? �!� 9 D3T %2+ "�% � xn)  # 5E�3T %-#&+�%-+
r ),+�1!3 5 +^3G%-+t��% � 32T � #<%21!% � [H�N% r 3k#&143Y.0%2#qxn)  # 5 9	MN%-7&7 r % � + �G5 +$":"�% � 3G7<#  ?�% �?5E� 168E% D�� P5 8E3 5 7&1
.0%2#Yxn)  # #&+�"$% � MN%-7&7 r % � +�9;#<3636%ET �a5 1�O  ? �6� 9 D3T %2+ ? 5 3}16%2#<+�% ` � 1 5E ?�%t%gB,%-+|3 � %27<7k#<+�%2#<+�% �
Ca),9 D�� #<9}#<% �!� +�8("�% � ¸�? � )E9 5 36#&+|.0% � %-#  ?�% 5 +\"�%-+�O  ? 5 "$%2+�1!) � 36%2+wT � #<%21Y% � 7<%2#  ?|36% � 3�9tP),8,7&# u
 ?�% � K %2#<16%o"�#<%�sc% Dn5S�G5 3 ��� "$% � .0%2#�D#R/R � %gV �
� ´?b X %2143 �65 ?�7 � +�8:BE) � 7<#&%28E%2+�"�%-+wfQ8,%  7 � 143G% � 3G%-+
� ) D$D %-7&1!3 �G5 +$8,. � P�$ ?�%ET � #&%>8,% � #&+�8E% � % ] %-+/b � #  ?|36% 5 9 MN%-7&7 r % � + �G5 +$" H �/N J r P)E+�+^3G%L"�) � 3�"�%-+
[H�I% r 3?"�% � ¸�? � ),9 5 3G#&+|bvCa),9 D$� #&9;#&% �6� +$8a.I%-8 P� +�143G#&8E%2+wT
� % � O  ? K % �6D�� + r 3�"�% � x~#<3 bvC ��� BE%Efq"�#&% 5 + %2#<+�%2+�'*+^3G%-+�16#F3 P5 36161  ?$+�#<3!3L"�% � x¤7 � ) � %21 R %2+ RU5E�3T u
+ 5 ?�9}% 5 +�8E% Dn5 1!1!3h#&1!32fQ7&#&% T % � 3Z"�#&%\=¤),1!#<36#&),+�"�%21 �!% K %2#&7<#&8,%-+�xn) r|� 1-T � #&%}[W+^3 T % � + � +$8\"�#&%-16% �



� j ��������

��� � s �-*+

�c�������
0/��*+
,�-��6a�
!#�/.�*-� �8�)�-�<���b����

�

0 5 10 15 20 25
Inkubationszeit  t (h)

0,7

0,6

0,5

0,4

0,3

0,2

0,1

F
o
c
i-
S

tr
e
u
u
n
g
 (

) 
 (

µ
m

)
s

t~

dfe e)g,hXi)j%k�l ��o?>	r ������
q���,4761� s ��
 � �,4��/�
!#��. 9/�-� �1�/4<���8y�
,����!(!8�/. ��$c��*M05���/0�� 4w6�

�[

� %1�-�<61����

��� ��*+

���-��
,�a2��.����,4w6 �G��
������1�-�@$t�)��!#* �X�[�(*�05�[���<.1!#�/.f9/�-���1�/4<���

=q),16#F3G#&)E+ R2�$�t��� 1 D�� P� +�8,7<#  ? .0%2143 �65 ?�7<36%2+ p #<+�#&%�#<1!3:%2#&+ �t5 ^ T P�$� "�#<% X % K %-8 � +�8 "$%21�xn)Su
r|� 1;#&+�+$% � ? 5 7&. "�% � '*+ r|� . 5 36#&),+$1 R %-#<32T_xkP��� %-#&+�%u?�#<+ � %-#  ?�%-+�"�%�Jk+ RU5 ?�7°BE),+ x�)  # 5E� 1(%2#<+�% �
X %-1!3 �G5 ?�7 � +�8,1 D�� )E.I%�% � ?QP5 7F3L9 5 + 1!)�%2#&+ =?#&1!36),8 �65 9}9�"�#<%216% � [_+|3 T % � + � +�8,%2+Nf K %27  ?�%21}16#  ?
" �$�6 ?�%-#&+�% ]Z5E� ^{bvC ��� B,% 5 +�+iP5 ?�% � +�7 P5 16143UT `k5S ?�Jk. R2� 8:"�% �>X %-1!3 �65 ?�7 � +�8,1 5E� YqP),1 � +�8�d�16#<%gu
?�%;C 5ED T%F$T N ek8,%29tP5 ^�"$% � xn) � 3 D Y 5 + R2� +�8�BE),+ `Y+�1!#  ?�% � ?�%-#<3G%-+�+ 5E ? ]>5S� ^o8,#&.v3a"�#&% X � %-#<3G%
d O/3 5 +$" 5E� " 5 . K %-#  ? � +�8��Qec"$#&%21!% � C ��� BE%h%-#&+ �t5 ^ T P��� "�#&% � +�8E% � #  ?^3G%-36% X % K %28 � +$8�"�% � xn)Su
 #~#&+$+�% � ? 5 7&.�"�% � '*+ r|� . 5 36#&),+$1 R %-#<3 H_F V f � ¶�J T0�z# � "t"$#&%h%-.I%-+\.0%21  ? � #&%-.I%-+�%LJ � 1 K % � 3 � +�8 T P���
� +^36% � 1  ?�#&%-"�7&#  ?�%W= � )E.I%-+�9}#F3YB 5E� #&#&% � 36%2+�'*+ r|� . 5 36#&),+�1 R %-#<3G%-+\" ���! ?�8,% T P� ? � 32fw16)�% � ? P5 7<3k9 5 +
"�#<%Y#<+}JY.�.�#<7&" � +$8fQ/T FZ8,% R %2#<8E3G% �vA + 5 9;# r "$% � x�)  # b$O/3 � % �$� +�8�T �:5 +�% �6r %-+�+^3°%-#&+�%kM � + 5 ?$9}%
"�% � xn)  # bvO/3 � % ��� +$8;9;#<3 K 5E ?�1!%2+�"�% � '*+ r|� . 5 3G#&)E+�1 R %2#<32T � #&%Z%2#<+�8,% R %2#  ?�+�%-36%@x~#F34bvC ��� B,%Z9;#<3
K ���!R %-7 T P) � 9}#<8,%29 VW% � 7 5E�3TnR %2#&8S3Uf " 5 1!1~"�#<% �a5 36%2+ � +|36% �~X % � P�� r 16#  ?^36#&8 � +$8�"�% � %2#<+�8,%-3 �G5 8E%2+�%-+
`?+�16#  ?�% � ?�%2#F3G%2+�B,% � 3 � P5 8,7<#  ?�9;#<3a"$% � Jk+$+ 5 ?�9;%(%2#&+$% �Z� #<� � 1!#&),+�1!.I% K %-8 � +�8o"$% � xn)  #~16#<+�"wT
[_#&+ 16#<8,+�#�B r{5 +^3G% � `Y+^3G% � 1  ?$#&%2" #&9 VW% � ? 5 7<36%2+ R K #<1  ?�%-+ MN%-7&7 r % � +�9}#F3636% � +�"�MN%27<7 r % � + �G5 +�"
r ),+�+^3G%>+�#  ?^3 T %2143G8,%-1!36%27&7F3 K % � "$%2+wT
JY.�1  ?�7<#&%�^,%2+�"�.0%-3 �65E ?^3G%g3h8,#<.$3a%-1A1!),9}#F3 r %-#&+�%-+�=?#&+ K %2#&1Z" 5S�G5E�3T fN" 5 161Z8,%-1  ?QP5 "�#&8E36%}¸�? � )Su
9 5 3G#<+|.I% � %2#  ?�%°8,% R #<%27<3 R2� B,) � "�%�Bn+�#&% � 36%2+ � sc% D�5E�G5 3 ���-T�5 . � # r %2+ �Q3 �G5 +$1 D ) � 36#&% � 3 K % � "�%2+wT,Vk#&%-7Fu
9;%[? � K % � "$%2+�"�#<% �a` Jcb$O  ? P5 "�%-+�#&+ � +�9;#<3!3G%-7&. 5E� % �_` P5 ?�%?#�? � % � [_+^3G1!36%[? � +�8 � % Dn5S� #&% � 32f K )Su
.0%2#q"�#&%>),.0%2+\" 5E� 8,%-1!36%27&7F3G%A¸�? � ),9 5 3G#&+|bvCa),9 D$� %21!16#<),+ 5E�3T %-#&+\M � 1 5 9;9;%2+ T�5 1!16%-+:B,)E+�O  ? P5 u
"�%-+ ?$#&+�"�% � 3G%g3Uf K %27  ?�%Z#&+�+�% � ? 5 7&.�B,)E+  25 T�D Z 9 % �6R % � 8E3 K ��� "�%2+wT



����� �~�[�(��!��<������}�� ���-�3

�S0/���%9/�-� �t�w���[�-�/
 !����[�[�W$����t��$c�'�a�%����*�
,�-���/.10���2!/4w61��� � F
�o�²­ ���}���o���W�_�a���?��� �a��£~� ¥��a� �\�a�

� �a \�@�_�>£_�����;�;� ����� �����; � ��a¡U¢¤£H�_�@�\�;¥��@¦��§ ¨\�a�

� #<%�#<+ C 5ED #<3G%-7GQvT�D�B,) � 8,%-1!3G%-7&7F3G%2+y[~] D % � #&9;%2+^36% R %2#&8E%2+ "$#&%�¸�? � ),9 5 36#&+/b �vA + 5 9}# r + 5E ?
O/3 �G5 ?$7&%2+$1  ?QP5 "$%2+wf K %27  ?�%EfiB,% � 8,7<#  ?�%-+�9;#<3k"�% � .�#<),7&),8E#&1  ?$%2+�MN%-#<3G1 r{5 7 5 fI8,7&%-#  ? R %2#F3G#&8}#&+�+$% � u
? 5 7&.o%2#<+�%21?MN%-7&7 r % � +�1°8,%-+�% � #&% � 3 K % � "�%2+wT �����! ?o" 5 1c"�%�Bn+�#&% � 36%a[ �6R % � 8,%-+�BE),+\O  ?QP5 "�%-+:%-#&8Su
+�%g3k1!#  ?�"�#&%Z'*),+$%2+�9;# r|� )E.I%-1!3 �65 ?�7 � +�8 5E�� ?:" 5 T P��� f R %-#<3G7<#  ? � +�" � P5E� 9}7<#  ?o16% Dn5E� #&% � 3G%AO  ?QP5 u
"�#<8 � +�8E16% � %2#<8,+�#&1!16% R-� #&+�" �$R #&% � %-+ � +�"�%2#<+�%o%-BE%2+^3 � %-7&7<%���%  ?�16%-7 K # �!r|� +�8 R K #&1  ?�%2+ "�#<%216%-+
O  ?iP5 "�%2+:#&+�+$% � ? 5 7&.�%-#&+�%-1YMN%27&7 r % � +�1 R-� 143 � "�#<% � %2+wT � % � 8 �6� +$"�7&%-8,%2+�"$%Ef�%²] D % � #&9;%2+^3G%-7&7<%�Jk+vu
1 5 3 R " 5SR2� #&143H#&+LJY.�.�#<7&" � +$8;QvT � B,% �65 +�1  ? 5E� 7<#  ?^3UT � #<%°[_+^3 T % � + � +�8 � +�"("�#<%cMN%2#F3G1 Dn5 +�+�% R K #Fu
1  ?�%2+ "�%-+ O  ? P5 "$#&8 � +$8,16% � %2#<8,+�#<1616%-+�143G%27<7&%-+ R K %2#�= 5E�65 9;%-3G% � " 5S� fQ#&+�"�% � %2+ Jk.3? P5 +�8,#<8 r %-#<3
%-#&+�%a��%  ?�1!%27 K # �6r|� +�8;B,),+tMN%27<7 5 +^3 K ) � 36%2+wf K #&% R T X T �a` J bvs?% Dn5E�65 3 ��� f � +^3G% � 1 �� ?^3 K % � "$%2+
r{5 +�+NT
`?9�" 5 1LMN%-7&7<BE% � ? 5 7<36%2+�+ 5E ? R %2#F3G7&#  ?�1!% Dn5S� #&% � 36%2+wfq"wT_?wT T¯�65Er 3G#<),+�#&% � 36%2+ X %2143 �65 ?�7 � +�8,%2+ � %gu
3 � ),1 D % r 36#<B�9;#<3!3G%27<1>x~7 � ) � %21 R %-+ R 9;# r|� )E1 r ) D #&%(1!3 � "�#<% � %-+ R2��r P)E+�+�%2+Nf~9�P� 161!%2+�"�#<% X %21!3 �G5 ?/u
7 � +�8,1!% � %-#&8,+$#&161!%�9 5E�!r #<% � 3 K % � "�%2+NT�'*+ "�%-+ " ���! ?�8,% T P� ? � 36%2+ [~] D % � #&9;%2+^36%2+ K ��� "�%�"�#<%21!%
�t5S�6r #&% �6� +�8 " ���! ? " 5 1 X %-1!3 �65 ?�7<%2+µ9}#F3�%2#&+ R %27<+�%2+µ'*),+�%-+ + 5S ?yB,) � 8,%-8,%2.0%2+�%-+ �:� 143G% � +
% �6� %-#  ?^3UT � #&% X %-1!3 �65 ?�7 � +�8 K �$� "�%�" 5 .I%-#m)5?�+�% X % 5E ?^3 � +�8�"�% � =¤),1!#<36#&),+�%-+�BE),+ %2#<+ R %-7&+�%-+
MN%-7&7&%-+ . R K T�MN%-7&7 r % � +�%2+ 5E�1T %-#&+�%-+ X % � %-#  ?�B,),+  U5 T@R�� � �1R�� QH9;9 $ 5ED�D 7<# R #<% � 3UT �����6 ? "�#&%
8 � )/^,%aJY+ RU5 ?$7wB,),+\MN%27&7<%2+�d�� D#R/R,e #&+�"�#&%-16%-9 X % � %2#  ? r ),+�+^3G%>%2#<+�% 5E� 1 � %2#  ?�%2+�"$% X %21!3 �G5 ?/u
7 � +�8,1!1!3 5 3G#&143G# r % �6� %2#  ?|3 K % � "�%-+wT � #&%Y%g] D % � #<9}%-+|36%27<7&%cVW) � 8,%�?�%2+$1 K %2#&1!%Z#&1!3 #&+�JY.�.�#<7&" � +$8>QvT Q
% � 16#  ?^3G7&#  ?wf|"�#&%?%2#<+�%2+�1  ?�%-9 5 36#&1!#&% � 3G%-+�J � 161  ?$+�#<3!3 5E� 1m"�%29 .0%21!3 �G5 ?$7<3G%-+ X % � %-#  ? R %2#&8S3UT$M �
%-#&+�%-9 MN%2#<3 D�� + r 3�� � Bn+�"$%-3°%-#&+�%?% � 1!36% X %2143 �65 ?�7 � +�8A143 5 3!3Uf|.0%2#0"�% � 9}#F3W%2#&+ R %27<+�%2+}'*),+�%-+|3 � % T u

DNA-Reparatur
(Foci-Bildung)

DNA-Reparatur
(Foci-Bildung)

x
2

x
1

Zellkern

Wechselwirkung ?

+

erstes
Bestrahlungsereignis

+

zweites
Bestrahlungsereignis

dfe e)g,hXi)j%k�l ��o m�r~s �8�%�-�<� �b����

�����X�-�S���(*-�/
,}W}�!����%�3

�-�-*�!5476�!8�/. 9/�-�  b��476(*-���
��� � �	!#�/.�}8����*'4761���
}�����
q���,476u0�}8�@�/�a2��!	�;���,476;.5�[
,�'���(��

���\y1476@2� 9 � .1!#��.�*-�-����� .��(��* *-���G���(�1�-�<6a��� 0v�����3��* ������� �5�-�-�(*+�



�5� ��������

��� � s �-*+

�c�������
0/��*+
,�-��6a�
!#�/.�*-� �8�)�-�<���b����

�

Erstbestrahlung Zweitbestrahlung Fixierung

t1 Dt1 26 Dt2 Fix6

t2 tFix
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(37 °C , 5 % CO )2 (37 °C , 5 % CO )2
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