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* Frederick George Donnan

(September 6, 1870 —
December 16, 1956) was an
Irish physical chemist who is
known for his work on
membrane equilibria, and
commemorated in the
Donnan equilibrium
describing ionic transport in
cells. He spent most of his
career at University College
London.



Extracellular

FIGURE 3 The equilibrium potential ~'Mraceiviar
is influenced by the concentration -
gradient and the voltage difference . K
across the membrane. Neurons K
actively concentrate K+ inside the
cell. These K+ ions tend to flow
down their concentration gradient
from inside to outside the cell. - K
However, the negative membrane _
potential inside the cell provides an
attraction for K+ ions to enter or
remain within the cell. These two
factors balance one another at the -
equilibrium potential, which in a
typical mammalian neuron is =102 - ® ],
mV for K+. 102 mV
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A

Voltage Gradient

Copyright @ 2002, Elsevier Science (USA). All rights reserved.
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KoHUueHTpaunusa MOHOB CHapPYXu v
BHYTpU Knetku, mM/n

HMousl | AkCOH KanbMmapa | MBIIIIEYHOE BOJIOKHO
(JIATyIIKa)

BHYTPU |CHAPYKH | BHYTPHU | CHAPYXKHU
KJIETKU | KJIETKU | KJIETKHA | KIETKH

K" 397 20 124 2.2

Na” 50 437 4 109
CI 40 556 1.5 77




KOHLEeHTpaLumMsa MOHOB B LIMTO30S1€ U BHEKIETOYHOWU

cpefne HenpoHa mnekonutatowiero (8 MmM/n)

Wntepctuuma  Llutosonb
Mnasma --fibHas
KpOoBM XNAKOCTb

*[Na”] 142 142 14
[K'] 4,5 4 140
o[Ca*'] 2,5 2,5 50 HmoJB/1

[Mg*] 0,6 0,55 1
*|CIT] 126 120 8
*[HCO, | 20 24 10
OpraHunyeckue 15 11 137
aHUOHBLI

pH 7.4 7,4 7,2
OcMoISIpHOCTD, 292 292 292
MOcm/

Muscle cell
interior

Exterior
120 mM
25
2.0
120



FIGURE 2 Differential distribution
of ions inside and outside plasma
membrane of neurons and
neuronal processes, showing ionic
channels for Na+, K+, Cl—, and
Ca2+, as well as an electrogenic
Na+—K+ ionic pump (also known
as Na+, K+—ATPase).
Concentrations (in millimoles
except that for intracellular Ca2+)
of the ions are given in
parentheses; their equilibrium
potentials (E) for a typical
mammalian neuron are indicated.

-60 to -75 mV

K* (135)
Intracellular ﬂ Extracellular

I"(120) Eci = -76

lonic pump

Copyright © 2002, Elsevier Science (USA). All rights reserved.
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YpaBHeEHNE HepHcTa

Cxema onbiTa No N3MepPEHNIo
MeMDOpaHHOro rnoTeHunana

KIMeTKU
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Time ——

«Ecnun npu nsyyeHnmn Hempobuosnorm Bam ygactce 3anoMHUTb
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Banerep I epman HepHer —
HEMEIIKUM XUMUK, J1aypear
HoOeneBcko npeMuH 1o
XxuMHuH B 1920 rony «B
IPU3HAHUE €r0 padoT 10
TEPMOAUHAMUKE).
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FIGURE 5 The voltage-clamp technique keeps the voltage
across the membrane constant so that the amplitude and
time course of ionic currents can be measured.

In the two-electrode

voltage-clamp X % PY g;mg{‘d
technique, one electrode  Curent electrode -
measures the voltage ' |
across the membrane
while the other injects
current into the cell to
keep the voltage A
constant. The mariar
experimenter sets a ——
voltage to which the =
axon or neuron is to be Copyright © 2002, Elsevier Science (USA). All rights reserved.
stepped (the command
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2. ONEKTPNYECKMe curHansl,
BO3HMKAlOLLME B HEPBHOW KINETKE
(nokanbHbIX NOTEHUWanN n
noTeHuUnan gencTeug)



Ymo evizvieaem
JIOKAJIbHble NOMEHYUANbL !
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JlokarnbHble NOoTeHUuans.l
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JlokanbHbIV NOTEeHUMan

- JTOKanbHbI OTBET pacrnpocTpaHAETCs AEKPEMEHTHO, T.
e. Mo Mepe yaaneHusi oT MecTa pasapakeHusi ero
BENMNYNHA NOCTENEHHO YMEHbLUAETCA A0 HYNS,

- OH NOAOYMHAETCS 3aKOHY rpaayarnbHOCTU: YeM DonbLue
BenMynHa nognoporoBoro pasgpaxuTtensd, Tem
Bblpa)XeHHee NoKanbHbIN OTBET (Aenonapusauns),

- NOKanbHbIM OTBET HE NMEET Nepuoaa pedpakTepHOCTH
(HeBO3OYOMMOCTMW);

- NOKanbHbIM OTBET CNOCObEeH CYMMUPOBATbCA.

HE IMYTATb pacnpocTpaHeHue c
NpoBeAeHNEM MOTEHLUMana A4encTBuUs no
BOJTOKHY !



Ecnu nokanbHbIN
OenonsapusyroLwmn CTUMyn
OOCTUT YPOBHSA nopora, To
NoABNAKOTCA YCroBUA ONA
reHepauun noteHuuana
NEencTBuS
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[loTeHunan oencTeugd

A

FIGURE 1 Intracellular recording
of the membrane potential and
action potential generation in
the squid giant axon.

(A) A glass micropipette, about
100 um in diameter, was filled
with seawater and lowered into

the giant axon of the squid after O6nagaet OTHOCUTENBHO NOCTOAHHOM

, : aMnnuTyaon, NOOYNHSAETCS 3aKOHY «BCe
It had been dlsseCtEd free' The Ui HN4ero», BOCNpomn3soanTcAa Mo mepe
axon is about 1 mm in diameter  pacnpoctpaHenus no Hepsy.

and is transilluminated from [oaToMy HepBHbIV MMMYNbC MOXET
behind nepefaBaTbCA Ha BOMbLLNE PACCTOAHUS

(B) One action potential recorded between the inside and the outside
of the axon. Peaks of a sine wave at the bottom provided a scale for
timing, with 2 ms between peaks. From Hodgkin and Huxley (1939).

Copyright © 2002, Elsevier Science (USA). All rights reserved.
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MembpaHHbIN noTeHUMan u
noTeHunan encTeus
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«40 HauvarnbHbIn 3Tan reHepaumn notTeHunana 4encTBus

Bce HaunMHaeTcsa ¢ nosasneHud

= noKarnbHOro noteHuuana. Ecnv ero
aMnnuTyga OoCTUraeT onpeneneHHoro
YPOBHS (MOPOroBoro), npoucxoguT
nepexoq K crieayloLwiemy arany ...

JlokanbHbIV NOoTEeHUMan

Bo3byxgatowmm cTumysn
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L JlokanbHbIN NOTEHUMan akTMBUPYET cHa4ana

' HeDOosbLLIOE YNCIIO CaMblX YyBCTBUTESNbHbIX Na-

ﬁ- KaHanoB, HO BXoAsALW M Yepe3 Hux Na*

B OOMOSTHUTENBLHO AenonspusyeT MemMmobpaHy, 4To npu
0 OOCTMXKEHUN Mopora Bbi3bIBAET flaBMHOOOpa3Hoe
OTKpbITME DonblunMHCTBA Na-kaHanoB 1 TeM caMbiM
rnyookyto genonapusauuo memMmopaHsbl
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lMNonoxutenbHasa obpaTHasa CBA3b
-70

bonbLie oTKPbITbIX

(ﬂenOﬂﬂpM3aumH Na kaHanoB —sBxoaamy

Na TokK




T

S

L H

OBEpPLUYT

~70

>

/ JJ MK noteHunana geuctsuga ([14)

Korga 60sblLNHCTBO HAaTPUEBIX
KaHanoB OTKPbITbl — NOTEHUMaN Ha
MemMbpaHe BO BpeMS NUKa AOCTUraeT
YPOBEHb HATPMEBOIO PAaBHOBECHOIO
noTeHumana ENa

[1py 3TOM pa3HOCTb NOTEHUMANOB Ha
MeMbpaHe HayMHaEeT NpeBbILAaTh
ncxoaHbln (B nokoe). lNponcxoanT Ha
KOPOTKOE BPEMA CMeHa 3HaKa 3apsaoB
Ha NOBEPXHOCTU MEMOpPAaHbI -

OBEPLUYT
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Hayano cnaga noteHuuana
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adKTuBaun4

HanI/IeBbIe KaHallbl MOT'YT
HaxXoOUTbCA B OTKPbITOM
COCTOAHUN B TEHEHUE
KOPOTKOIO nepmnoga —
nponcxoaunTt X MHaKTUBaun4

[1lo mepe gocTuxKeHUs
MaKCMMyMa BXOOALLEero Toka
HaTpMeBbIE KaHaslbl HaYNHAlOT
3akpbiBaTbcA. [1poucxoaut
nepexon K cnenyroLlen gase —
cnagy noTeHuuana gencrTeug



PaboTta HaTpueBbIX KAHANOB N « BOPOTHbBIX»
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B — 3akpblTve «n-BOpOT» (MHaAKTUBaUWUS) Npu genonapusaumu.
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KoHe4HbIW 3Tan reHepauum noteHumana gencreus

YacTb KanveBbIX KaHanoB 3aKpblBaeTCcs U
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[loTeHUman AeUCTBUSA — pe3ynbTaT CyMMUPOBaHMS
pasHoHanpaBIiEHHbIX ( KanueBbIW TOK HapyXy)
N COBUHYTBIX MO BPEMEHHOMW LLIKare MOHHbIX TOKOB Yyepes
COOTBETCTBYIOLLME MOTEHUMAN3aBNCMMble HAaTPUEBLIE U KanueBble
KaHanbl.

30 —E
= Membrane — 30
10 potential
5 — 25
~10 /Na+ conductance il 00
Vm o Conductance
(mV) -1 15 (mS/em?)
—30 /KJr conductance 2 o

~70 \ m— -5
0 0.5 1 1.5 2 2.5 3 3.5 4
Time (msec)




[locnegoBaTENBLHOCTb OTKPbIBAHUA-3aKPbIBAHUA HATPUEBL
N KaliIneBbIX KaHall0OB BO BpeMA reHepaun noteHuumnara

NEencTBUS

» Opening and Closing of Voltage-Activated Sodium and Potassium Channels
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FIGURE 7 Generation of the action
potential is associated with an
increase in membrane Na+
conductance and Na+ current
followed by an increase in K+
conductance and K+ current. Before
action potential generation, Na+
channels are neither activated nor
inactivated (illustrated at the
bottom of the figure). Activation of
Na+ channels allows Na+ ions to
enter the cell, depolarizing the
membrane potential. This
depolarization also activates K+
channels. After activation and
depolarization, the inactivation
particle on the Na+ channels closes
and the membrane potential
repolarizes. The persistence of the
activation of K+ channels (and other

membrane properties) generates an K*channels

afterhyperpolarization. During this
period, the inactivation particle of
the Na+ channel is removed and the
K+ channels close. From Huguenard
and McCormick.61
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Pasnunyumng B KUHETUKE npoueccoB akTuBaunnn U NHAKTUBALU NN
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Membrane current (mA/cm?2)

FIGURE 6 Voltage-clamp analysis reveals ionic currents
underlying action potential generation
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* 3. I[IpoBeaeHrE HEPBHOI'O UMIIYJIbCA 11O
AKCOHY
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[Touemy y 6ecrno3BOHOYHbLIX
€CTb 'MraHTCKNE akCOHbI?



MuennHnanpoBaHHbIN (MAKOTHbLIN) HEPB

(A) Schematic diagram of arrangement of myelin
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FIGURE 8 Propagation of the action potential in unmyelinated and myelinated axons. (A) Action
potentials propagate in unmyelinated axons through the depolarization of adjacent regions of

membrane. In the illustrated axon, region 2 is undergoing depolarization during the generation
of the action potential, whereas region 3 has already generated the action potential and is now

hyperpolarized. The action potential will propagate further by depolarizing region 1. (B)

Vertebrate myelinated axons have a specialized Schwann cell that wraps around them in many
spiral turns. The axon is exposed to the external medium at the nodes of Ranvier (Node). (C)
Action potentials in myelinated fibers are regenerated at the nodes of Ranvier, where there is a

high density of Na+ channels. Action potentials are induced at each node through the

depolarizing influence of the generation of an action potential at an adjacent node, thereby

increasing conduction velocity.
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CpaBHeHMe NoKarbHOro noteHuuana v noteHuuana gencTBug

JlokanbHbIV NoTEHUMAarn

[NloTeHunan gencTeusd

Twun curHana

MecTHbIN, Npyn pacnpocTpaHeHnn
ObICTPO 3aTyxaeT

PacnpocTtpaHstowmncs
pereHepaTUBHbIN CUrHan

ne Bo3HUKaeT ?

OB6bIYHO AeHOPUTLI 1 TENo
HEMpoOHa

TpurrepHasi 30Ha HEMPOHa U Mo
X0y akcoHa

Twunbl KaHanNoBs, y4acTBYHOLWNX B
reHepauumn

MexaHo-, XEMOYYBCTBUTESbHbIE

OObI4YHO NOTEHLMaN03aBUCUMbIE
HaTpueBbIe N Kannesble

NoHbI, nepeHocsdLllne ToOKmn

O6biyHO Na, CI, Ca

Na, K, (Ca)

Twun curHana

Henonsapuaytowmnn (Bxoa Na) nnum
rmnepnonanaytowwmnn (Bxog Cl)

[enonspuayowmin

AmMnnuTtyga curHana

3aBucuT oT aMrJinTyabl CTUMyna,
MOXET CYMMNPOBATbLCA

OTHOCUTENBHO MNOCTOSIHHAS MO
MPUHLIMMY «BCE WU HUYETO», HE
CYMMUpYyeTCs

Y10 MHMUMMpYyeT curHan?

Bxon noHos yepes OTKpbIiBblEMbIE
CTUMYJIOM KaHallbl

JlokanbHbIW NOTEHUMan,
aMmnnmTyga KotToporo gocturna
nopora

Ocobble oTnnyus

He Tpe6yeTCF| OOCTUXEeHUA
MNUHUMaJlbHOIo ypOBHA, Ba
Brn3Kux no BpEMEHU CTUMYyIa
OaoT cyM|\/|apru71 oTBET

CyliecTByeT pepakTepHbIn
nepvoa, 6rmMskne no BpemeHu
CTUMYJIbl HE CYMMUPYHOTCH




4. VloHHBIE KaHAJIbI U PELEIITOPHI —
MOJIEKYJISIpHAsA OCHOBA I'€HEpaIi
KJI€TOYHBIX CUTHAJIOB



ObLuasa cxema
NOHHbIE KaHanbl 1 apyrue CTPOEHUSA NOHHOTIO
NHTEerparbHble OENKu B KaHana
docdhonunngHon membpaHe

10 nm
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OCHOBHbIE TUMbl MOHHbIX KAHAS1OB

[loTeHUnano3aBnuCcUMbIE
3aKpbITbIN OTKpbITbIN Jluranpynpasnsemble
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Pernctpauusi OAMHOYHbIX MOHHbIX KaHanos
(patch clamp)
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Peructpaumsa oAMHOYHBIX MOHHBIX KGHASOB
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KnoHnpoBaHue reHoB onpeaeneHHbIX KaHanoB U
PELENTOPOB, co3aaHne bMbnmMoTek reHoB U
nocrieayoLlee nx UCrosib3oBaHne
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OHHbIE KaHamnbl KNOHMPOBAaHbI, U3y4EeHbI aMUHOKUCIOTHbLIE
nocrnegoBaTenbHOCTU X NONUNENTUAHbIX LENen n
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CprKTypa NnoTeHUNar13aBNCUMbIX HATPUEBDLIX U KaJibLIUEBbLIX
KaHaJioB
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CprKTypa NMNOoTEHUUNAI1I3aBNCNMOIO KalineBOlro KaHarlla

(C) Potassium channel (D)
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K* kaHan B membpaHe 6akTepuu (CTpyKTYypa
NO AGHHLIM KpUCTanNnorpamun)

Doyle et al, 1998



MornekynapHbie moaenu
CEJIEKTUBHbIX PUNBTPOB OTKPbITbIX
KaHanoB rmyTMaTHbLIX peLenTopoB
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TokcuHbr, geucteyrowme Ha Na* kaHan

Pp10a Ky30BOK COJEPIKUT
tetrodotoxin, cuabHEHIIINN 5.

Batrachotoxin comepXuTcs B KOXE
KOJIyMOuMCcKuX Jsarymek. S B 250 pas
CUJIbHEE CTPUXHUHA.




PasgeneHmne HaTpreBLIX N KanueBbIX TOKOB, NeXallnx B OCHOBE
noTeHumana gencTeus
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G-0enok

1. BbikrrodyeHHoe cocTtodHme: O-CE ceasaHa ¢ ryaHosnHgudpocgartom (I[AP)
N HE KOHTaKTUPYET C peuenTtopom; 2. [pn B3anmoaencTesmm nuraHga c
peuentopom [P 3ameHsieTca Ha [ TO,

G-6enok akmusupyemcsi; 3. G-benok anccounmnpyer, Hecywas [ T a-CE
nepemMeLllaeTcs B MembpaHe, cBA3bIBAETCA C 9(EKTOPOM U aKTUBUPYET
ero; 4. d-CE npeBpawaet [ TO B [[1D, nHaKkTUBMPYETCA U OOBbEONHSIETCA C
opyrumu CE G-6enka.
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N3 BHYTPUKINETOY-
HbIX Aeno

Ponb nHosntontpudgocdgara n 1Jﬁwlau,wnrnml,epona B peanu3auuu adphekra
nuraHgoB Ha KneTky—mulieHb [11]. Obpa3oBaHue KomMrnekca nuraHga c
peuenTtopom ctumynumpyet G-6ernok, KoTopbln akTnBupyet doocdronunasy C.
®occponmnasza C karanmsvpyert paclienneHme nHosmTon-4,5-orngocdara (PIP,)
Ha MHO3NTOJSI-1 ,4,5-TpmcfaoccbaT ﬁP ) N guaunnrInuuepor

NHosuTtontpudpocdar (IP.,) BbI3blB4ET 0cBOOOXKAEHNE CaZ 3
BHYTPUKNETOYHbIX 4eno kAnbums. Ca2*—3aBucrMasi npoTenHkuHasa C,

akTusmpoBaHHasa guaunnrnnueponom (DAG), dochopunmpyet 6enkn KneTku.
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XUMUYECKNE CTPYKTYPbI BeWEeCTB, bnoknpyrowmx Hatpmesble (TTX,
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CpaBHeHME foKarnbHOro noTeHumana
N NoTeHunana gencTBus
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FIGURE 8 Propagation of the action potential in unmyelinated and myelinated axons. (A) Action
potentials propagate in unmyelinated axons through the depolarization of adjacent regions of

membrane. In the illustrated axon, region 2 is undergoing depolarization during the generation
of the action potential, whereas region 3 has already generated the action potential and is now

hyperpolarized. The action potential will propagate further by depolarizing region 1. (B)

Vertebrate myelinated axons have a specialized Schwann cell that wraps around them in many
spiral turns. The axon is exposed to the external medium at the nodes of Ranvier (Node). (C)
Action potentials in myelinated fibers are regenerated at the nodes of Ranvier, where there is a

high density of Na+ channels. Action potentials are induced at each node through the

depolarizing influence of the generation of an action potential at an adjacent node, thereby

increasing conduction velocity.



FIGURE 9 Structure of the
sodium channel. (A) Cross

section of a hypothetical A o O YL
sodium channel consisting of i
a single transmembrane O

Extracellular

subunit in association with a “

B1 subunit and a 32 subunit. s

The a subunit has receptor AT )
sites for a-scorpion toxins 6

(ScTX) and tetrodotoxin
(TTX). (B) Primary structures
of a and 31 subunits of
sodium channel illustrated
as transmembrane-folding
diagrams. Cylinders
represent probable
transmembrane a-helices.
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FIGURE 4 Increases in K+ conductance can result in
hyperpolarization, depolarization, or no change in
membrane potential. (A) Opening K+ channels increases
the conductance of the membrane to K+, denoted gK. If
the membrane potential is positive to the equilibrium
potential (also known as the reversal potential) for K+,
then increasing gK will cause some K+ ions to leave the
cell, and the cell will become hyperpolarized. If the
membrane potential is negative to EK when gKis
increased, then K+ ions will enter the cell, therefore
making the inside more positive (more depolarized). If the
membrane potential is exactly EK when gK is increased,
then there will be no net movement of K+ ions. (B)
Opening K+ channels when the membrane potential is at

Positive to E, >

Negative to E,

reduces the ability of other ionic currents to move the
membrane potential away from EK. For example, a
comparison of the ability of the injection of two pulses of
current, one depolarizing and one hyperpolarizing, to
change the membrane potential before and after opening
K+ channels reveals that increases in gK decrease the
responses of the cell noticeably.
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