
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 3 (2012) 038701

999¯̄̄   ²²²������äää¥¥¥ÚÚÚ^̂̂ÅÅÅkkk���ÚÚÚ»»»������êêê������[[[*

ê�1)2)† ��Æ1) �ô(3)

1) ( =²nó�ÆÔnX, =² 730050 )

2) ( [��ó�L§k?��:¢�¿, =² 730050 )

3) ( É²>f�E�ÆÔnX, É² 310018 )

( 2011 c 4 � 23 FÂ�; 2011 c 5 � 25 FÂ�?Uv )

¢�uy�M��SÑyÚ^Å�Ú^Åé ²�>&ÒD4kÈ4�^. |^[��ä�{lé�M��
*	��Ú^Å?1ê��[. ±�¹§ÝÏf�9¯ ²��.3���m�E5K�ä, ïÄ
 ²��¡§
Ýëêé ²��ä¥Ú^ÅüzK�; ½Â
�aÚOÓÚÏf5�x§ÝÏfÚåÚ^Å�C (»�Úk�)
��.^�. uy35K�äe, �§Ý�L�½��Ú^Å¬k�Ú�������ä��þ!ÓÚ; 3�Ä

fÏ�D(�¹e, Ú^Å§Ý���½�.�KÚåÚ^Å�»�. ?�Ú©Û
6�5u�³���UÅ�
3u ²XÚ,
õU«Ú^ÅDÂ>&Ò�¥ä.

'�c: Ú^Å, 9¯ ²�, ÓÚÏf, »�

PACS: 87.19.lq, 87.19.lp, 05.45.Xt, 05.45.−a

1 Ú ó

¢�ïÄuy, 3�
%9;¾�ö�%*
|�¥�±*	�[�>¹Ä¥yÚ^Å, Ú
^Å�»�KÚå%¿n�5�Ä, ��%9d
k [1−5]. Cc5, <�éu�A*ÑXÚ¥Ú^Å
�/¤!��®²?1
2��ïÄ, ¿JÑ
é
õk����Ú^Å��{ [6−30], XÛÜ±Ï5
-yp�qÅ��Ú^ÅÚ��·b [31−34]!W
lfÏ�{l [35,36]!4z>|³�� [37−40]. é
Ú^Å���8I3u�ØÚ^ÅÚý�Ú^Å
»�Ú� [41−46], ©z [41—44] éTÅ�l¢�
ÚnØþ[�©ÛÚØyÚ^Å�ü«»�Å�:
Doppler�ÚO�d�. ,��¡,¢�uy�
M��¥��3XÚ^Å [47,48], ïÄL²ù«Ú
^Åé>&Ò�DÂkÈ4��^. ©z [49—51]
ïÄ
 ²��ä¥���ãÚÚ^Å�üz, �
Ñ
�
ék��(J, �¤À���.Ñ´Ø�
¹lfÏ�Ú§ÝÏf�{z ²��., Ã{
�Ä�
¢SÏ�éÚ^ÅDÂ�K�, �Ã{?
�ÚÚ�M��ÑyÚ^Å�Å�?1éA5Ð

m[��ïÄ. ·�|^[��ä�{é ²��
ä¥Ú^Å�/¤, �aD(Úå�Ú^Å»�
Ú°�5?1
ÐÚ�ïÄ, uy=¦3e->6
�"��¹e, ²��ä¥p�Ñ5�Ú^Å�
±B� ²�·E«�, duÚ^Å�g±Y5
¦�&ÒD4Ø¥ä, �`z�D(eÚ^Åké
Ð�°�5 [52−54]. ¢Sþ, §Ý�±UC ²�
�¹5, 7,K� ²��ä�+N�>A5 [55].
X Braun � [56,57] JÑ
U?� Hodgkin-Huxley �
.5ïÄlãÞ>aÉìp*	���>S�
�ã, Gong � [58] KïÄ
9¯ ²�E,�ä�
��ãkSz¯K. Ïd, |^�¹§Ýëê� 
²��.5ïÄ ²��ä�+NÄåÆX'é
�� [59−62] ÚÚ^Å�üzäk��¿Â. 8c
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 ²�>É~Úå�;¾´��~k��¯K.
,��¡, 6�5u�³�´��éÊH�w

G, Ù�UÅ�3u ²�~�>¹Ä�¥ä. �
©±[��ä�{é ²��ä¥½^=Ú^
Åé�¡§ÝCz��A?1ê��[, *ÿÙ
üzL§¿?1{ü?Ø. äNSN´±�¹§Ý
Ïf� Hodgkin-Huxley ²��.�ï ²��
ä [60], ïÄ ²��¡§Ý,pé�M��¥Ú
^ÅD4�K�, ½Â�aÚOÓÚÏf5�xÚ
åÚ^ÅwÍ�CX»�!k���.^�, F"
éuá65u�¤�³��Å�k#�@£, ±B
��K£�Úý��' ²5;¾JøkÃ�ë
�&E.

2 �ä�.ÚÚO�{

 ²��m±ÙØÓ�ÍÜ�ª©�5K�
äÚ�.�ä�. 5K�äe ²���÷v�
C�ë�, �.�äë��±©)�ÛÜ5Kë
�Ú�½VÇ��§ë�. 3�.ë�eÛÜ5
Kë��±éÐ/| Ú^Å��3, �§ë�
õê�¹eéÚ^ÅkÛÚ»��^, X��§
ë�VÇ�L�½K�KN´ÚåÚ^Å�»�.
ùpÌ�?Ø5Kë�e ²��ä¥Ú^ÅÉ
�§ÝCz�K��^. �
£ã�x§ÝÏfC
zÚåÚ^Å�C, Äu²þ|nØÚ\���m
�ÚOCþÓÚÏf5(½ÚåÚ^ÅwÍ�C
��.§Ý�. ùp±�ÿþ� ²��> �C
þ, ÓÚÚOÏf R ½Â�

F =
1

N2

N∑
j=1

N∑
i=1

Vij = 〈V 〉s,

R =
〈F 2〉 − 〈F 〉2

1
N2

N∑
j=1

N∑
i=1

(〈V 2
ij〉 − 〈Vij〉2)

,

Ù¥Cþ Vij £ã(: (ij) ��ÿþ�þ�, ùp
ò± ²��> �ÿþ�þ, ¤k ²����
3���m� N × N ��:þ, �:�m÷v�
C��pë�, ÙéA��ä�§�

Cm
dVij

dt
= g̃Kn4

ij(VK − Vij),

+ g̃Nam
3
ijhij(VNa − Vij)

+ g̃L(VL − Vij)

+ Iij + D(Vi−1j + Vi+1j + Vij−1

+ Vij+1 − 4Vij), (1a)

dmij

dt
= αm(Vij)(1 − mij)

− βm(Vij)mij + ζm(t), (1b)

dhij

dt
= αh(Vij)(1 − hij)

− βh(Vij)hij + ζh(t), (1c)

dnij

dt
= αn(Vij)(1 − nij)

− βn(Vij)nij + ζn(t); (2d)

αm = am(Vij)

=
0.1(Vij + 40)φ(T )

1 − exp(−(Vij + 40)/10)
,

βm = βm(Vij)

= 4φ(T ) exp(−(Vij + 65)/18), (3a)

αh = αh(Vij)

= 0.07φ(T ) exp(−(Vij + 65)/20),

βh = βh(Vij)

=
φ(T )

1 + exp(−(Vij + 35)/10)
, (3b)

αn = αn(Vij)

=
0.01(Vij + 55)φ(T )

1 − exp(−(Vij + 55)/10)
,

βn = βn(Vij)

= 0.125φ(T ) exp(−Vij + 65)/80); (3c)

φ(T ) = 3(T−6.30C)/100C , (4)

Vij ´ ²��> , eI (ij) L« ²�3�
ä¥� �. Cþ m,n, h ´£ã�Ï��ëþ,
�>N Cm = 1 µF/cm2, K lf��>� g̃K =
36 mS/cm2, Na lf��>� g̃Na = 120 mS/cm2,
¦6��>� g̃L = 0.3 mS/cm2, �^� ²�þ
�e->6 Iij = I = 0, �=>  VK = −77 mV,
VNa = 50 mV, VL = −54 mV, D L«ÍÜrÝ, ζm,
ζn, ζh L«lfÏ�D(, ÙéA�ÚO'X� [63]

〈ξm(t)〉 = 0, 〈ξm(t)ξm(t′)〉

=
2αmβm

NNa(αm + βm)
δ(t − t′)

= Dmδ(t − t′), (5a)

〈ξn(t)〉 = 0, 〈ξn(t)ξn(t′)〉

=
2αnβn

NK(αn + βn)
δ(t − t′)

= Dnδ(t − t′), (5b)

〈ξh(t)〉 = 0, 〈ξh(t)ξh(t′)〉
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=
2αhβh

NNa(αh + βh)
δ(t − t′)

= Dhδ(t − t′), (5c)

Ù¥ Dm, Dn Ú Dh ©O£ãlfÏ�D(rÝ,
3 t = t

′
, δz(t − t′) = 1, t 6= t′ � δ(t − t′) = 0;

NNa Ú NK ©O£ã3�½�¡Èe Na lf
Ú K lfÏ��o�ê. 3þ!©ÙÏ��Ý

e, ρNa = 60 µm−2, ρK = 18 µm−2, lfÏ��o
êd NNa = ρNas Ú NK = ρKs û½, Ù¥ s L«
�½��¡È, ü � µm−2. �©Äk?ØvkÏ
�D(�¹e�¡§ÝéÚ^Å�¹�K�, Ï�
'�r�Ï�D(N´��Ú^Å�»�; ïÄ
:3u§Ý�A, ¤±?�Ú?ØfD(e§Ý
CzéÚ^Å�K�, ��éT(J?1?Ø©Û.

ã 1 Ú^Å�p�¤.L§ (a), (b) ©O£ã3ÃÏ�D(e 300 Ú 600 �mü �ðã; (c), (d) ©O£ã3Ï�D(
e 400 Ú 800�mü �ðã. TÏ�D(rÝéA��¡¡È s = 10 µm−2; ÍÜrÝ D = 1 ��¡§Ý� 6.3 ◦C; ðã�
�ÝéA��Ý���� −80 mV(ç)—40 mV(x)

3 ê��[Ú?Ø

ê��[À��È©Ú�� 0.001(ms), ÍÜr
Ý� D = 1, >.^��Ã6>., é ²��e
->6rÝ� 0. 3�� 200×200 ���
�þþ
!�� 40000 � ²�, ²��m�3{ü��
C�ÍÜ�^, ±��½^=�Ú^Å��Ð©
^�, TÐ©^��±|^©z [54,62] ¥��{
5¼�, ¿l���� (t = 0) m©O�ÓÚÏf.
ÍÜrÝ D �ÀJØK�ïÄ(J, Ï�'���
ÍÜrÝ�´��Ú^Å'�DÕ, '���ÍÜ
rÝ��Ú^ÅC�;�. 3p������Ú^
Å5Óâ���äL§¥,�½�ä¥¤k ²�
��¡§Ý� 6.3 ◦C. �Ä�'�r�Ï�D(N
´ÚåÚ^Å�»�, ¤±ùpÀJ'�f�Ï�

D(rÝ, X�¡¡È s = 10 µm−2, {²�½�6
�L§�, /¤�½^=Ú^Å�±Óâ���
ä, �ã 1.

ã 2 ±ã 1(b) ½^=�Ú^Å��Ð©�, {² 800
�mü �O��ØÓ�¡§Ýe�ÓÚÏf
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ã 3  ²��¡§Ýþ,��½��, {² 800�mü Ú^Å�üz(J, ±9éA�§Ýe¤k ²��> ²þ��
�m�üz (a1) T = 22 ◦C; (b1) T = 24 ◦C; (c1) T = 26 ◦C; (d1) T = 28 ◦C

ã 1 L²3ÍÜ ²��ä¥�±p�Ñ
½^=�Ú^Å¿Óâ���ä, �éf�Ï�D
(k�½�|Z65. e¡�±ã 1 �Ú^Å��
Ð©�, ©OïÄØÓ�¡§ÝeÚ^Å�/�C
zÚéA�ÚOÓÚÏf. ã 2 �Ñ
vkÏ�D

(�ØÓ�¡§Ýe�ÓÚÏféA��.
3ã 2 �¥Ñy
²w�âC:, TâC:

éA�§Ý�.���� T = 26 ◦C; ��¡§Ý
$uù��.��, ÓÚÏf�±3��'���
�, Ù¿Â3uéù�§Ýã��¡§ÝCz, �
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ä¥�Ú^ÅvkwÍ�Cz, Ú^Å�±éÐ
�°�5; ��¡§Ý��
ù��.�, ÚOÓ
ÚÏf��ÑywÍ��C, ùý«XÚ^ÅÑy

²w��C, ÙÅ�3u�LT�.��§Ý¦
� ²��¹5u)
wÍUC, lK���ä
¥ ²�+N�>1�. (1) ª�Ñ
ÓÚÏf�
L�ª, ÓÚÏf´�ÿþÔnþé�½�mãÚ
�m�²þ, ���XÚ��ÓÚ�, Ù�¿Ø�
u 1; Ú^Å���«kS�, 3�mþÐy�X
Úk5K�ü�, ÙÓÚÏf7,ªu��k��.
~X, 3p�Ú^Å¤.¿Óâ���ä�L§¥,
�XO��m�O�, ÓÚÏfÅìP~���
½�. ã 2 O��ÓÚÏf´±½^=�Ú^Å
��Ð©�, 3Ú^ÅvkwÍ»� (E,Óâ�
��ä) �¹e, �xÙkS§Ý�ÓÚÏf7,
?u��é���Ý�, ��XÚu)
wÍC
z, ÙkS��»�7,��ÓÚÏfu)�ÌÝ
Cz. Ïd, |^ÓÚÏf��Sëþ5�xëê
CzÚå�Ú^Å�Cäk�*ÿ5Ú�½�Ü
n5. ã 3 ©O�Ñ
�.:NC�¡§ÝéA�
Ú^Åüz(J.

ã 3 � ( J L ², � § Ý þ,� � ½ K �
� 26 ◦C, ½^=�Ú^Åu)
wÍCz. �¡
§Ý�C 24 ◦C�Ú^Åu)/C�ÛÜ»�, �
�ÙéA�²þ�> ��mS�Ø2k5Æ/
��mCz; �u 24 ◦C�Ú^Å�±éÐ�½
5, ÙéA�mS�¥yÑk5Æ�±ÏCz; �
�¡§Ý�u 26 ◦C, Ú^Å�.��, Ù�> ²
þ���mS�é¯ªu½�, d����ä�
�½5þ!ÓÚ. lpu�.§Ý���> ²
þ���mS��±uy, 3'�p��¡§Ýe
Ú^Å�N´��Ø. �Ú^Å�Ø����ä�
�þ!zÓÚ, ¢Sþ¤k ²�¡E�·E�,
Ú^ÅD4 ²�>&Ò�¥ä, ²��m�~
�>¹Ä�»�, l�U��,
õU«u)æ
N, pu,« ²5;¾. Ïd, (� ²��¡§
Ý3�.�eéÚ^Å�¹�~'�. 3¢S� 
²XÚ¥,  ²�lfÏ��Å5��Ï�D(,
Ï�D(éü� ²��>±9 ²�+N�
>A5ÑkwÍK�. ?�Ú©Û
fD(e�¡
§ÝCzéÚ^Å�K�, O�(J�ã 4 Úã 5.

ã 4 (JL², 3�ÄfÏ�D(�¹e, �
¡§Ý,pÓ��ÚåÚ^Å�wÍ�C, �vk
Ï�D(�¹ØÓ�´, §Ý,p��½�.�
� 32 ◦C KÚåÚ^Å�»�. �vkÏ�D(�

�¹é'uy, =¦�3�~f�Ï�D(,  ²
��¡§Ý,p��½�.��7,ÚåÚ^Å
��C, ØÓ�´Ú^Å�üz(JØÓ, ��.
§Ý��k«O. ã 5 �Ñ
�.§Ý�NCA�
�¡§Ý�{² 800 �mü ��Ú^Åüz(
JÚ�> ²þ��mS�.

ã 5 �(JL², ��¡§Ý$u�½��.
��, �ä¥Ú^ÅE,�3, ��vkÏ�D(
�¹eé', Ú^Åm©C�Øþ!; ��¡§Ý
�C�.§Ý 32 ◦C�, �ä¥ü:Ú^Å»�ü
z�õ:Ú^Å¿k»�üzª³; ?�ÚO\�
¡§Ý��.§Ý 32 ◦C, Ú^Å��, 3fÏ�
D(e, ���ä?\ÃS�, Ù�Ï3u�ä¥
ÑyNõÚ^Å¡äp�-E��XÚ?\Ã
S�; Ú^ÅlkS�?\ÃS�ý«XÚ^Å�
»�, ÏL*	�¡§Ý� 28 ◦C eÚ^Å�üz
L§, �±w�Ú^ÅlÅÞ?m©©�, ùéA
X®uy�Ú^Å»�Å�¥� Doppler �Å
�. ?�Ú*	�ä¤k ²��> ²þ���
mS�uy, �.§ÝNCéA� ²��> ²
þ��X�mØ2î�/¥y±ÏCz, Ù�Ï3
ufD(�K�. é'ã 4, ã 5 Úã 2, ã 3 �(
Juy, f�Ï�D(¦�Ú^Å�ª�üz(J
�)ã��O, ��.§Ý�u) £. 3vkÏ
�D(��¹e, ��¡§Ý�LéA��.�K
��½^=�Ú^Å��, ���XÚ��½
þ!�ÓÚ�; 3�ä¥�3'�f�Ï�D(�,
�¡§Ý�LéA��.�K��Ú^Å»�, �
��XÚ?\ÃS�.

ã 4 ±ã 1(d) ½^=�Ú^Å��Ð©�, Ï�D
(rÝ s = 10 µm−2, {² 800�mü �O��ØÓ
�¡§Ýe�ÓÚÏf

±þü«�¹e, du ²��¡§Ý�L �
½K �K�� ² �� ä¥Ú ^Å�»�½ök
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ã 5 Ï�D(rÝ s = 10 µm−2 �, ²��¡§Ýþ,��½��, {² 800�mü Ú^Å�üz(J, ±9éA��
¡§Ýe¤k ²��> ²þ���m�üz (a1) T = 26 ◦C; (b1) T = 28 ◦C; (c1) T = 30 ◦C; (d1) T = 32 ◦C

�, l��Ú^Å&ÒB� ²��ä�,
·
E«�&ÒD4u)¥ä, ù7,���~� ²
��>¹Äu)¥ä, Úå,
õU«�)õU5
æN, l��á65u�³��;¾. lÚ^Å
p�Óâ���ä�üzL§¥��, =¦e->
6�u 0, 3�äÍÜ�^e, Ú^Å3·E�«�
��±ÅìO�¿ÅìÓâ���ä, =Ú^ÅD

4�ª¿Ø�¦ ²XÚS¤k� ²�Ñ?u
�>G�, �Ü© ²��±?u>�, ù��c
ïÄuy��M��¥¿�¤k ²�Ñ?u¹
����, ��;.�~fÒ´<Z���ÿ ²
XÚ�U�~ó�. �,ê�O���.§Ý��
UÚ,
¢S�ÄÔá65u�³��¢S§Ý
k�O, X�Ö3 40 ◦C ±þN´³��Z, Ù�
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Ï�U´ ²��ä¥, ²�ÍÜrÝ�U´Ä
�Cz�, lfÏ�D(rÝ�ý¢�ØUO((
½ (�Ä
Ï�D(��¡�.§Ý'ÃÏ�D(
e��¡§Ýp, ��.¥Ï�D(rÝAT´õ
��I�?�Ú�¢�ïÄÚÿþ), ±9ùp¦
^� ²��.vk�Ä��[���^�, ùI
�?�Ú�¢�ïÄ5énØ�.�k'ëê?
1?�. �±þïÄ(JL²,  ²��¡§Ýþ
,��½�.�Úå�Ú^Å»�½ök�K�
� ²XÚ,
«�½õU«�~&Ò�>ÚD
4u)¥ä, ù�U´á65u�³�u)�Å�.
l�K£��Ýw, �±ÏL(�Ú^Å�±°�
5½öý�Ú^Å»�5ý�£�á65u�³
��;¾. ÚcÏ��'ïÄØÓ�´, ùpÀ�

�¹§ÝÏfÚÏ�D(� Hodgkin-Huxley 
²��.5�ï�ä, ±½^=�Ú^Å�Ð©
�5éAÁ�þ�M��¥*	��Ú^Å, ±�
¡§ÝCz����ëê5ïÄÚ^Å�üz{
§, ÏL½ÂÚO�ÚOÓÚÏf5L�XÚ�k
S§Ý, ¿(½XÚ�C��.ëê, Ú¢S�á
65u�³�wG�{üé', ØÓu��5Äå
Æ��¥{ü�©
ëê��. ÐÚïÄ(J�U
�?�Ú�\ïÄ�'¢�Ú�.?�Jø�
�ë�.

4 ( Ø

ïÄ
���m� ²��ä¥Ú^Åé�
¡§ÝCz��A, ^�¹§ÝÏf� Hodgkin–
Huxley �§|5£ã ²��>�9¯A5. ±�
ÿþ� ²��> S�Ú²þ��EÚOÓÚ
Ïf5�x�¡§ÝCzÚå�Ú^Å��C (»
�Úk�). 3ÓÚÏf�þuy
²w��C
:, ù
�C:éA�§ÝÒ´ÚåÚ^Å�C
��.§Ý. ïÄ(JL²: 1) 3vkÏ�D(�
¹e, �¡§Ý$u�.�� 26 ◦C�Ú^Å�±
éÐ�°�5, ��¡§Ý�Lù��.�K��
Ú^Å�k�, ���äC�þ!zÚÓÚ, ��
Ú^Å3·E�«�DÂ¥ä, ��XÚ¡E�·
E�,  ²�Ø2¹�ÚuõU«æN; 2) 3f
Ï�D(e, �¡§Ý$u�½��.�� 32 ◦C
�Ú^ÅE,�¹, ��¡§ÝpuT�.�
K��Ú^Å»�, ���ä?\ÃS�, ���
��ä ²�+N�>®Ï, �Upu,« ²5
;¾; 3) ù«�C�U�á65u�³��', Ù
�UÅ�3u�¡§Ý�L�½�.���Ú^
Å3B�·E«�{ä, l��õU5æN. ï
Ä(J��8�¢�ïÄÚ�.?�JøÜ©k
Ã�ë�.
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Abstract
The experimential evidences confirm that spiral waves are observed in the disinhibited mammalian neocortex. The scheme of

cellular networks is used to simulate the formation and the evolution of spiral wave in the neocortical slices. The regular networks
of neurons are constructed in the two-dimensional space, the dynamical properties of thermosensitive neurons is described by temper-
ature factor, and the effect of membrane temperature on the evolution of spiral wave is investigated in detail. A statistical factor of
synchronization is defined to measure the critical condition inducing phase transition of spiral wave (death or breakup) by the factor of
temperature of membrane. It is confirmed that spiral wave is removed and the whole networks become homogeneous and synchronous
completely when the membrane temperature exceeds a certain threshold; the breakup of spiral wave is induced in the presence of weak
channel noise being considered. Furthermore, it is suggested that the mechanism of temporary heat stupor could be the blocking of
spiral wave propagation in some functional domain.
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