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HNMs JSH OCBHIKBJ t RHIBC SJ FCHRT HGCDJJ IKB USMM QCDP IKB QCDTI
HTF Bu SIJ IKCDEUK IKB JSNKDT X YKB JSNKDT SJ EJEHMMs DEIJSFB DQ
IKB JTHSM qJ JKBMM DC P HTIMB X ADRBLBC t RKBT UBTIMs IDEGKBF t IKB
JTHSM R SMM R SIKFCHR HTF NCDIBGI SIJ JSNKDT QDC H JKDCI N BCSDF DQ
ISP B X vQ IK SJ IDEGK SJ NCBGBFBF Os HT BMBGICSG JKD GV ID IKB IHSM t
IKB JTHSM R SMM R SIKFCHR SIJ JSNKDT QDC H MDTUBC N BCSDF DQ ISP B X
YKB JTHSM R SMM GDTISTEB ID KHLB IKSJ BuHUBCHIBF CBJN DTJB QDC EN
ID H FHs QDMMDR STU IKB JKD GV t HTF IKEJ t SJ HT BuHPNMB DQ JKDCI
IBCP PBPDCsX w EMISN MB JKD GVJ USLBT DLBC PEMISN MB FHs J GHEJB
IKSJ BuHUBCHIBF CBJN DTJB ID O BGDP B BLBT PDCB BuHUBCHIBF HTF
CBIHSTBF QDC PEGK MDTUBC X xLBT HQIBC H RBBV JSTGB IKB BMBGy
ICSG JKDGVJ t IKB JTHSM R SMM GDTISTEB ID BuKSOSI IKB BuHUBCHIBF
O BKHL SDC t HTF IKSJ SJ HT BuHPNMB DQ MDTU IBCP PBPDCsX
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�rB HCB HJJEP STU GHMGSEP t �H t SJ IKB HUBTI CBJNDTJSO MB QDC

JKDCI IBCP PBPDCs OBGHEJB SI SJ NCDOHOMs GCSI SGHM QDC TBECDy
ICHTJP SIIBC CBMBHJB CB	ESCBF ID JSUTHM HF
 HGBTI TBECDTJ X w DCB
STICHGBEMMEHC �H RDEMF ICSUUBC HT STGCBHJB ST IKB CBMBHJB DQ
NCByJsTHNISG TBECDICHTJP SIIBC RKSGK RDEMF IKBT HGISLHIB PDCB
NDJIyJsTHNISG CBGBNIDCJ t USL STU H MHCUBC N DJI JsTHNISG CBJNDTJB X

�� OCSBQ NCSP BC ST BMBGICDNKsJSDMDUs 
 � �� ����� � ��������
SJ IKB CBJEMI DQ H FS�BCBTGB ST IKB CBMHISLB GDTGBTICHISDTJ DQ
NDJSISLBMs HTF TBUSISLBMs GKHCUBF NHCISGMBJ DT DNNDJSIB JSFBJ DQ
H GBMM qJ NMHJP H PBPOCHTB X �BMMJ IKHI KHLB IKB HOSMSIs ID P HSTy
IHST HT H ICHTJP BPOCHTB UCHFSBTI ST GKHCUBF SDTJ �HTF IKEJ
UBTBCHIB H P BPOCHTB NDIBTISHMJ� HTF GHT CHNSFMs GKHTUB IKBSC
P BPOCHTB NDIBTISHM QDMMDR STU H JENCHIKCBJKDMF JISPEMHISDT HCB
GHMMBF �� ������� ��� ��X

�T BuGSIHOMB GBMM SJ BSIKBC ST IKB CBJI JIHIB RKBCB IKB ICHTJy
PBPOCHTB NDIBTISHM SJ y ! ID y"! P# DC ST IKB BuGSIBF JIHIB
RKBCB IKB ICHTJP BPOCHTB NDIBTISHM GHT OBGDP B HJ MHCUB HJ
$%! P# QDC H QBR P SMMSJBGDTFJ X YKB BMBGICSGHM CBJN DTJB ID
JENCHIKCBJKDMF JISPEMHISDT SJ GHMMBF HT HGISDT NDIBTISHM �JBB
& SUECB ''� HTF SJ GHEJBF Os IKB CHNSF ST(Eu DQ H $ GKHCUB GHCy
CSBC �BSIKBC ) H DC �H� X YKB CBJIDCHISDT DQ IKB GKHCUB OHMHTGB
SJ HGGDPNMSJKBF Os H JMDRBC B* Eu DQ H $ GKHCUB GHCCSBC �+ �
QCDP IKB STICHGBMMEMHC (ESF X ADRBLBC t IKB GKHCUB CBFSJICSOEIEy
SDT HMDTB SJ STJE, GSBTI ID VBBN IKB GBMM KBHMIKsX

YKB GKHCUB GHCCSBCJ PEJI HMJD O B CBFSJICSOEIBF y RKSGK SJ H
CBUEMHIDCs NCD GBJJ IKHI IHVBJ NMHGB ST IKB OHGVUCDETF DQ GBMy
ME MHC HGISL SIs X -BGHEJB GKHCUB (DR FECSTU IKB HGISDT NDIBTISHM
SJ FDRT GDTGBTICHISDT UCHFSBTIJ t SI SJ NKsJSGHMMs SP NDJJSOMB ID
CBJIDCB IKB GKHCUB GHCCSBCJ R SIKDEI ����.� �����/��� EN IKB GDTy
GBTICHISDT UCHFSBTI Os HGISLBMs BuGKHTUSTU SDTJ O BIRBBT IKB
BuICHGBMME MHC HTF STICHGBMME MHC (ESFJ X YKB ) Hy+ ICHTJN DCIBC SJ
HT BuHPNMB DQ HT HGISLB ICHTJNDCIBC IKHI BuGKHTUBJ BuICHGBMy
ME MHC + QDC STICHGBMME MHC ) H X
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 HGBTI GBMMJ t PDCB
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 HGBTI GBMMJ

�YKSJ JSIB ST IKB KBHCI SJ GDPNDJBF DQ RKHI HCB GHMMBF /����
��� �� ��� ��
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The slope of this line is df/dx (x=a)

f(x) = f(a) + df/dx | x=a (x - a) + ...
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Computed Action Potential: Hodgkin Huxley Model

V (membrane potential)

m (Na activation)
n (K activation)

h, (Na inactivation)
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� *:50# d 7� 7f g ��o mlom (��ol ��o � %� klm�� ��m� lo�lo�o���
��o ��#m�(o � ��o �lj�m� i�i�) j(l �)�j��o�i� ��m� ��o qji� i� Qmli� qjlloq� � �i�qo ��o ��#m�(o�mlom i� �j �nm�� �&�� � olqo��� �o
� i�� lo
 oq� j(l �)�j��o�i� �

8'# .0$9(9*/*&, &'(& ( ;(/5# $% � 7�# $0 /(0:#0 +$5/26$1 # %0$1 &'# � �� 2*)&0*95&*$" *) /#)) � 7� f#d�� ] +'*6'*) ;#0, )1 (// <)## � *:50# cc= 7 / 56' )1 (//#0 &'("&'# )&("2(02 � .#06#"& 5)#2 () ( 65&$_ &$ 2#&#01 *"#+'#&'#0 +# )'$5/2 (66#.& � 7�# () 6$1 *": %0$1 &'# � ��2*)&0*95&*$" 7 8'5) ] +# + *// 0#� #6& &'# ',.$&'#)*) &'(&&'*) 6$*" *) %(*0 7 ( )
� �� �� � �� �� �����
@$")*2#0 ( 9*"$1 *(/ 0("2$1 ;(0*(9/# � � � *" <- �� =+ *&' 1#(" � � & -� ("2 ;(0*("6# � �� & -� <f � � = 7�0$1 &'# @#"&0(/ � *1 *& 8'#$0#1 ] +# 4"$+ &'(&
� & <� � � � =��� '() (" (..0$- *1 (&#/, ( )&("2(02
�$01 (/ <� ]f= 2*)&0*95&*$" %$0 /(0:# ;(/5#) $% - 7 b*"6#&'# )`5(0# $% ( )&("2(02 "$01 (/ 0("2$1 ;(0*(9/# '()( 6'*3)`5(0# 2*)&0*95&*$" + *&' $"# 2#:0## $% %0##2$1 ]
� � *) (..0$- *1 (&#/, � �� 7�$+ 6$")*2#0 &'# 0("2$1 ;(0*(9/# � � +'*6' '() (9 *"$1 *(/ <- �� � = 2*)&0*95&*$" ("2 /#& � � & - � � � ("2
� � & f � � � 7 8'#"

� � & <� � � -� � =�-� � <f � � � =
& <� � � -� � =� <f � � � = � <� � � -� � =� <� � =-� � <f � � � =
& <� � � -� � =�-� � � <� � � -� � =�- <f � � � = �

("2 )*"6#
<� � � -� � =� & <- � �� � - � -� � =� & <� � � -� � =� �

d�



+# '(;#
� � & <� � � -� � =�-� � � <� � � -� � =�-� � �

+'#0# � � '() ( 6'*3)`5(0# 2*)&0*95&*$" + *&' f 2#:0##$% %0##2$1 7^" :#"#0(/ ] %$0 � 0("2$1 ;(0*(9 /#) � , ] +'#0# � &f � e � . . . � � ] + *&' 6$00#).$"2*": #-.#6&#2 ;(/5#) -� , ]( )&(&*)&*6 1 #()50*": &'# 
6/$)#"#))" $% &'# $9)#0;(3&*$") &$ &'#*0 #-.#6&(&*$") *) &'# )51 g
<� � � -� � =�-� � � <�� � -� � =�-� � � � � � � <� � � -� � =�

-� � �
+'*6' '() ( 6'*3)`5(0# 2*)&0*95&*$" + *&' � � f 2#:0##)$% %0##2$1 7 8'*) *) 9#6(5)# +# 4"$+ &'(& &'# )51 $%(// $% &'# .0$9(9*/*&*#) ] � � � . . . �� � ] 15)& #`5(/ f] ("2&'5) +# 6(" 2#0*;# � � 9, )59&0(6&*": &'# >0)& � � f.0$9(9*/*&*#) %0$1 f7

������ � �
 ���� �� ����� ������#�!� $
8'# .$.5/(&*$" *) )(*2 9 # *" ' (02,3�#*"9#0: #`5 *3/*90*51 %$0 ( :*;#" :#"# *% *& *) g
f7 b&(9/# + *&' 0#). #6& 0#). #6& &$ &'# (//#/# ("2:#"$&,.# %0#`5#"6*#) $% *"&#0#)& 7 8'(& *) ] (/3/#/# %0#`5#"6*#) 2$ "$& 6'(":# %0$1 :#"#0(&*$"&$ :#"#0(&*$" 7
e 7 8'# :#"$&,.# %0#`5#"6*#) *" &'# .0$:#", .0$3256#2 9, 0("2$1 1(&*": (1$": .(0#"&) *) 2#3&#01 *"#2 )$/#/, 9, &'# (//#/# %0#`5#"6*#) $% &'#.(0#"&) 7

^" $&'#0 +$02) ] *% ] %$0 ( .(0&*65/(0 :#"# � +*&' (//#/#)A � ("2 A � ] ("2 &'# (//#/# %0#`5#"6*#) *" &'# .(0#"&)(0# � <A � = & � ("2 � <A � = & � <("2 &'5) � � � & f $0
� & f � � = ] &'(" &'# . #06#"&(:# $% $_ ).0*": + *&' &'#:#"$&,.# A �A � & � � ] A �A � & e� � ("2 A �A � & � � 7

�#"$&,.# !9)#0;#2A �A � eeA �A � e f#A �A � .�e

8(9/# d 7� 7e g !9)#0;#2 :#"$&,.#) (& &'# /� 9/$$2:0$5. :#"# /$ 65) %$0 *"2*;*25(/) *" ( '51(" .$.5/(3&*$" 7 ���	
�� 
 �mkimli�o� Qljn � iq�mo� � � 
(l(kkm�m� � q �m��
�j�o� �

� *;#" &'# 2(&( *" 8(9/# cc ] +# 6(" 6(/65/(&# &'#$9)#0;#2 (//#/# %0#`5#"6*#) 7 8'(& *) ]
� & <ee � ef#�e=

�d� & � .f�� �

("2
� & f � � & � .�ee .� *&' ;(/5#) %$0 � ("2 � ] +# 6(" "$+ 6(/65/(&#'$+ 1(", *"2*;*25(/) + *&' #(6' 6/()) $% :#"$&,.#+# +$5/2 #-.#6& *% &'# .$.5/(&*$" +() *" ' (02,3�#*"9#0: a`5*/*90*51 7 8'# 0#)5/&) $% &'*) 6(/65 /(&*$"(0# *" 8(9/# cc 7

�#"$&,.# !9)#0;#2 a-.#6&#2A �A � ee ed 7f.A �A � ef# efd 7#�A �A � .�e .�d 7e#

8(9/# d 7� 7d g �$&' $9)#0;#2 ("2 #-.#6&#2 :#"$&,.#)(& &'# /� 9/$$2 :0$5. :#"# /$ 65) %$0 *"2*;*25(/) *"( '51 (" .$.5/(&*$" 7
�$+ &'(& +# '(;# 9$&' $9)#0;#2 ("2 #-.#6&#2 ;(/35#) %$0 #(6' 6/()) $% :#"$&,.# ] +# 6(" 6(/65/(&# (6' *3)`5(0# &#)& )&(&*)&*6 7 8'(& *) ]

� � & <ee � ed .f. =�ed .f. � <e f# � efd .#�=�efd .#�
� <.�e � .�d .e# =�.�d .e#& � .��#

�$+ (// +# "##2 &$ 2$ *) 6$1.(0# &'*) ;(/5# &$ &'(&%0$1 ( 6'*3)`5(0# 2*)&0*95&*$" 7 8'# &0*64 ] '$+#;#0 ]*) 2#&#01 *"*": '$+ 1(", 2#:0##) $% %0##2$1 &'#0#(0# 7 ' #0# +# '(;# &'0## 2*_#0#"& 6(&#:$0*#) ] $0 :#"$3&,. #) ] ("2 #(6' $"# '() (" ())$ 6*(&#2 .0$9(9*/*&,$% 1#19#0)' *. 7 '$+#;#0 ] &+$ $% &'#)# .0$9(9*/*3& *#) (0# 2#. #"2#"& $" $"# $% &'#1 7 8'(& *) ] )*"6#
� & f � � &'# .0$9(9*/*&, $% '(;*": &'# :#"$&,.#A �A � & e� � & e� <f � � = ("2 &'# .0$9(9*/*&, $% '(;3*": &'# :#"$&,.# A �A � & � � & <f � � =� 7 8'5) ] )*"6#&'#0# *) $"/, $"# /*"#(0/, *"2#.#"2#"& .0$9(9*/*&,] &'#2#:0## $% %0##2$1 *) f7�# 6(" "$+ 5)# !6&(;# &$ 2#&#01 *"# &'# .0$9(9*/3*&, $50 ',.$&'#)*) *) 6$00#6& g
�\N[�D �QF J V \C HB��[GD�\�O UI KI�	 
 JX[� B � I K�	
WW
b$ ] )*"6# +# 5)5(//, %(*/ &$ 0#� #6& &'# ',.$&'#)*) &'(&&'# 2(&( 6$1 #) %0$1 $50 1$2#/ *% &'# .0$9(9*/*&, *)1 $0# &'(" � .#06#"& <("2 *" &'*) 6()# *& *) �� .#06#"& ])## � *:50# cc= ] +# + *// "$& 0#� #6& &'# ',.$&'#)*) &'(&&'(& (//#/#) %$0 &'# /� 9/$$2 &,.# :#"# (0# *" ' (02,3�#*"9#0: a`5*/*90*51 7 ()

.�



0 1 2 3 4 5 6 7 8
0

0.5

1

1.5

0.086

area under curve form 0.086 on up is 0.77
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