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Diffusion

The migration of molecules down a concentration gradient




Diffusion
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Microscopic movements of molecules

Time
0 - -
1o Spreading of molecules in space by random movements
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Position along x
, Distance of Diffusion Approximate Time Required
“Random walk” of a single molecule
10 nm 23.8 ns
50 nm 595 ns
. . e g 100 nm 2.38 us
Physiological significance H
1pum 238 ps
Diameter of mammalian cell < 20 um 10 pum 3.8 ms
Synaptic cleft : 20 ~ 50 nm
Circulatory systems in multicellular organism 100 um 2.38s
1 mm 3.97 min
1lcm 6.61 hours
10 cm 27.56 days




Direction of the flux

Flux (J): the amount of material passing through unit area per unit time
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Fick’s First Law of Diffusion

oc AC AC/ Ax : concentration gradient ([mol/cm3]/cm = mol-cm™)

Ax J : flux ([mol/cm?]/sec)

=-D— D: diffusion coefficient (cm?/sec)

ONOoOOGRWDNE

kT k: Boltzmann’s constant

dac D = T. absolute temperature

dx 67171R R: radius of the spherical particle
n: viscosity

Concentration gradient drives diffusion

Molecules move from higher concentration to lower concentration
Passive process (does not require energy)

Net movement of molecules occurs until dynamic equilibrium.
Diffusion rate is inversely related to molecular size

Diffusion rate is proportional to temperature

Diffusion is rapid over short distance but slower over long distance
Diffusion rate is proportional to the surface area of the membrane



Transport across biological membrane
through channel, carrier, and pump protein
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1. Diffusion (Chemical gradient)
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Movements of ions

2. Electricity (Electrical gradient)

(a) No current

(b) Electrical current
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Diffusion potential
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Movement of ions driven by electrical potential gradient

Electric field (force, electrical potential gradient) - movement of ions

Speed of ion movement o« strength of the electric field, charge on the ion

AC/Ax : concentration gradient (mol/cm)

AE/Ax : electrical potential gradient (V/cm)

S =uz AE
B Ax

s:0|22| 0|5 £ (cm/sec)
Cation flux in electric field u : ionic mobility (cm?/sec/V)
AE TR R7I271(H 7S, v/em) o M 0] 22| 0] 5% & (cm/sec)

Total number of moles ofion: C X s X At X A (cylindrical volume = sAt X A)

]electr - _[(C Xs XAt XA)/A]/At: —C Xs

AE dE
=—uzC — = —uzC—
Ax dx



Nernst equation

dc dE
]totalzldiffusion + ]electr =—-D a — UZCE

Jaisusion:  Tlux driven by the chemical gradient
Jeiecrric: flux driven by the electrical gradient

A dac dE
At equilibrium, —D e uZCa =0,
uzC 4k _ —-D ac , D(diffusion coefficient of ion)=—uRT
dx dx F

u: mobility of the ion

Equilibrium dE URT dC
uzl —=——— R: gas constant
dx F dx
T : temperature
dE _ -RT 1dC F : Faraday constant
dx ZF Cdx
x2 dE —RT rx21 dc
fa @@= 25 ba cm ™

_ —RTl C, _RTl C,
- ZF rlC1 ~ ZF nC2




Force and potential energy

Block at rest but
raised off the floor
(PE=magy)

Fg=—-ma; (a;=9.8m/s?)

(gravitational force) y

PE;=magy (PE.=0 wheny=0)
Block initially at rest

on the floor
(PE=0)

(gravitational potential energy)

A

-

-

dPE,
dy

Gradient of potential energy = =ma;, = —F



Chemical potential energy

v: velocity of molecule

Concentration gradient gives rise to a chemical force v =ukFc { u: mobility coefficient
F .. chemical force

Gradient of potential energy

] _molesof S/A _ [S] XA x(vAt)/A
B At — At

= [S]v = [S]JuF, (u= D/RT)

d[S]
=-D Fick’s first |
] 1y (Fick’s first law)
Fo— _pT 1.d[S] Rlen[S]
c [S] dx dx
du, e — Rlen[S]
dx 7 dx
u, = constant + RTIn[S]

Chemical potential energy | g = wl + RT In[S]

P'E: : chemical potential energy of solute at the reference concentration (1 M)



Electrical potential energy

' _ Z :charge

E

eLeeC:”C?):‘Ziorfelr:Ii?)ln = zeV e : 1.602 X 10 coulomb
gy g V:Voltage

Electrical potential energy of
: = zFV
one mole of ion F:N,Xe

u, (electrochemical potential energy) = p,° + RT In[X] + zFV



Electrochemical potential of solutes inside
and outside a cell

u, (electrochemical potential energy) = p.° + RT In[X] + zFV

For glucose (z=0)

M= Mg’ + RT In[G];
Heo = Mg’ + RT In[G],
For sulfate ion (SO,?, z=-2)
Msos” i = Bsos” * + RT IN[SO,~]; —2FV,,

Hsos” 0 = Msos” * + RT IN[SO4% ],



Electrochemical potential energy

w,0: chemical potential energy at [X] = 1M

Chemical potential energy = p,° + RT In[X] R: gas constant
T : temperature

: . B z : electrical charge
Electrical potential energy = zFV E - Faraday constant

V: electrical potential

u, (electrochemical potential energy) = pu,.° + RT In[X] + zFV

Equilibrium At equilibrium, My = L o (no net electrochemical force)

i = “xo + RT In[X]i + ZI:\/i
o= 1,2+ RT IN[X], + ZFV,

MX0.|. RT In[X]; + zFV; = LLX0+ RT In[x]o +zZFV,
ZFV,— zFV, = RT In[X], - RT In[X],

1 X1,
1 X1,

l

Nernst equation

vi—VO:vngln

, Where V, =0 mV




Nernst Equation

Iﬂl 58 | Xl

ST T Tz 9
—174 |-
E«= 58 log w7
—~116
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V,, (mV)
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Extracellular
electrode
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Nerve cell
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[K+],=5mM
[Nat],=145mM
[Cl]y= 106 MM
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and oscilloscope

[K*], = 140 mM

[Na+li=10mM ‘»
[CI]j=6mM
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Nernst equation
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Solute composition of intracellular and extracellular fluids

(in mM) In
K" 155
Na’ 12
Ca’ <0.0002
el 4
HCO, 8
Pr 64
PO, 90

Out

5
145
e
110
27
15

C
E, = RT In —u
1 zF C..
2.303RT C.u
= log
= zF C.

at 37 °C, RT/F = 26.7 mV

26.7
— 1I1 out

E
cd z C.




lon movement needed to establish
a physiological membrane potential (-60 mV)

Cell radius (spherical), r = 10 um

Membrane area: 4nr?2 = 1257 pm? = 1.257x10° cm?

Cell volume: 4/3 nr®=4189 um3 = 4.189 x1012 L =4.2 pL

Membrane capacitance: C, = 1 uF/cm? x 1.257 x10° cm?= 1.257 x 10'* F = 12.57 pF

q (electrical charge, coulomb) = C (capacitance, farad) X V (electrical potential, volt)

Charge () = 12.57 pF x 0.060 V = 0.754 pCoulb
F = (1.6 x 10-2° coulomb) x (6.02 x 1023 mol1) = 96,485 coulombs/mol

Amount of K+ moved: 0.754 pCoulb / (96,485 Coulb / 1 mole) = 0.78 x10-°> pmole = 0.78 x 101" mole
Concentration change: 0.78 x10° pmole / 4.2 pL = 1.9 uM

K+ content in cell: (0.14 mole / L) x (4.189 x1012 L ) = 5.864 x10'13 mole
Fraction of K+ content moved out: (0.78 x 1017 mole) / (5.864 x10-13 mole) = 1.33 x10-° =13/ 1,000,000



Membrane potential and equilibrium potential for K*
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Goldman-Hodgkin-Katz (GHK) equation

- The membrane is homogenous
- lons cross the membrane independently of one another
- Electrical gradient across the membrane is linear (“constant field theory”)

RTl P, [K +]0+PNa[Na +]0+PCI[CI 1, K efflux = JJ"~" =P[K"],
moF P.IK +]i+PNa[Na +]i+PCl[Cl ] K'influx = J2“7" =P, [K"],

|4

o

P,=1,Py,=0.02,P,=0.5 RT/F=26.7mVat37°C

1(5) + 0.02(145) + 0.5(6)

1(140) + 0.02(10) + 05(106) oo™

V. =267 In

Eq = —76.8 mV.
Pkt vt
y = RL Ak L £
F B (K™ + 7,

) = —76.8mV

0)

=26.7In

Py, [N
Py [N
1(5) + 002(14
1(140) + 0.02(1



Goldman-Hodgkin-Katz (GHK) equation

, _ BT PIK "1, + PN_[Na ], + PC,[Cl ],
m= F VP IK ] + Py Na 1, + PC,[CL ]

0]

v

£, “ceiling”  Px:Py:Pgq=1.0:20:045

1(5)+20(145) +0.5(6)

V. =26.7In 140)+70( 0-:(106) = +53.5mV
O0mvV
Vi root - Vg, Py : Py, : Py =1.0:004:045 > /
Ex “floor
RT [K'],
When Py, =P, =0 or Py >> Py, P V., = n = EK




[Na]o,=145 mM

Nernst equation vs. GHK equation

1. [K]o=135 mM

2. [K]o=13.5 mM

3. [K]o=1.35 mM

RT C
E = In —out
zF 0
26 7 C
Ee l l ﬂl'lr
4 z Cill
61.5 C
E = —log—=*
= z 8 C.

mn

4. [K]0=0.135 mM

P.=1, P,,=0.06
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(Aw) reguejod

1,

m= g

11
Pk[K ] +PNE[1|"r
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Potential (mV)
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Effects of changing P, and P,, on membrane potential

P=0, P,,=0.06 1% pow—
-4 40
4 20
440
|a §
4 40 §
P(=1, Py,=0.06 (normal) | N 3
\_ e
-100
P.=1, P\,=0 |

_RT P.[K ] + PyulNa ]
"= F PR i + PrdNa

135 mM 3.1 mM 145 mM 31 mM




lonic fluxes and ionic currents

lonic flux (J) lonic current (1)

number of moles of ions moving througha  Movement of charges per
unit area of membrane per unit time unit time

[mol/cm?]/sec Coulombs/sec, A

| = zF x J x Aoy Where F=96,485 coulombs/mol

Sign Conventions for Fluxes and Currents

FLOW OF POSITIVE OR NEGATIVE

IONS RELATIVE TO CELL DIRECTION AND SIGN OF FLUX, | DIRECTION AND SIGN OF CURRENT, /
E Outward, negative ( J < 0) Outward, positive (/ = 0)
E Inward, positive ( f > 0) Inward, negative (I < 0)
E Inward, positive (| = 0) Outward, positive (/ = 0)
E Outward, negative ( J < 0) Inward, negative (I < 0)




Current-voltage relationship

Ohmic channel Rectifying channel

1(pA)

S|Gpe = conductance '::"."]

Vi, (V)

i (pA)

High
conductance (y)

Vi (MVY)

Low
conductance (y)

Ohm’s law

I=V/Rori=y xV (conductance:y =1/R)



Electrochemical driving force (Electromotive force, EMF)

{in mM) K',=3
o Na*l, = 140
Vp=—80mV " =140 . z]g =140
D=~ Na‘} =7 [Tl = 15
cry=7 \
[CaZ*], = 0.0001
7 Protem Y
/

/ \
II Nucleus \ II

, Mitachondrion |

Ca2 store in
endoplasmic
reficulum

.

.
-

Plasma
b L
membrane ApH =14
[H*] intermembrane = [H*] matrix

EMF=V,, —

Ec, = +117 mV

Epa = +75 MV

=-135mV

V.- Eca = -177 mV

Y

T V.- E, = +36 mV

A V,-Eq=+15mV
Eq=-75mV



Vp=—60 mV

’

/
Vs
//
/
/

/"\

lonic currents through ion channels

(in mM)

T K'E=140
[Na‘} =7
cry=7
[Ca®*}, = 0.0001
Protein

\

Ohm’s law

|=V/Rorl=yxV

(in mM)
K*], =3
[Na*], = 140
[CI"], = 140

TN\[Ce?*], = 1.5

\\
\
\

E., =+117mV
+100
E,, = +75mV

S V- Eyy = -135mV V- Ecy =-177mV

E o0

-2

V. =-60 Y Y
m VI’T'I- Ec| = +'15mV
Vm' EK =+36mV ECI =-75mV
E,=-96mV

Ix = Gx (Vin - Ex)
Current (A) = conductance (S) x electromotive force (V)

INa = GNa (Vm - ENa) =-135 x GNa
Ik =Gy (V- BEx) = +36 x Gy

lop =G (V- Ec) = + 15 x G
ICa = GCa (Vm' ECa) = -177 % GCa



Voltage- and time-dependent ion channel currents

+100
Ena = +75 MV Ey, = +75 mV INa
_ V- Eya = -135 mV V- Eyy = <75 mV
£
>
Ik
= -60
| VorEg=436mV | V,-E(=+96mV
E, = -96 mV E = -96 mV
o © o ‘
° Qo
RR RRR . AR
WY || WY e) = Gy (V, - By
o Q

Closed Open Current (A) = conductance (S) x electromotive force (V)



Passive electrical properties
» properties that are fixed, or constant, near the resting potential of cell

« determines the time course and spread of electrical activity
—> electrotonic potential

« EX. Membrane resistance, membrane capacitance, axial resistance



Electrotonic potentials (HJ[21 &4 & &)

-Passive response of membrane
-Do not lead to the opening of ion channels

Current  Voltage
generator amplifier

Current  Voltage
generator amplifier

Opening of voltage-

Action — gated ion channels
+60 Electrotonic potential

+30 L potentials

V., (mV)
]

Depolarization

_gpL

Membrane

current .l_l__l Outward

—
20 ms Inward

Time —s

Vyp (MV)

60~ M Hyperpolarization
-90

Membrane Outward
curent 9 [ J nward
—
50 ms

Time—=



Equivalent circuit of a membrane has

A Low K+

High K+
C ik(PA)
{20
—100
! b
Ey —50 +50 +100 Vi (MV)

- —2.0

a resistor in parallel with a capacitance



Equivalent circuit of a membrane containing
many open Na* and K* channels

9Na 9K bels e
_ Cn
— +
ENa —— — Ek
+ J—
_ dg _ . dV CoxdV
q_mevm df_det ot Ic_cxdf
Biological membrane C, = 1 wF/cm? (1 F= 1 Coulomb/V)

Al = wd? d=10 pm

cell —
Al = 3.1 X 107% cm?
Ccell = Cm X Ac.ell

=10"°F-cm™2 (3.1 X 107% cm?)
=3.1 X 1072 F = 3.1 pF



Equivalent circuit of a cell membrane

Extracellular side

++

m

+ |
ZI"I"I
%)
I
I|+
Ef‘r‘l
I|+
A
-
=
——
—QD—
-
=
[
| 1+
| |
]

Cytoplasmic side



Passive properties of membranes

Positive charges
move away from

inside of cell Negative potential
AR
}
out Vou[
Positive charge
R, =AV/ Al

B
- 1.07
< ' I eyepss———
P .|:| - —
B R e e S e o
-=1.0-
60
o 86 [ommmmmm—————
S
E _704
AE
o L W
=80
0 50 100
Time (ms)
C
1.0 A £
05 f”
<
S 0.0 T T T T
_E —80 —-75 —70 —B65 —60
—-0.5
—1.0 1 Vi, (MV)

linear |-V relationship

resting conductance

(in the steady state)



Current flow through a channel alters
the charge distribution across the membrane

5 [K+o —KF— 51K¥ B
. ol g
& F A I, «
Closed Open i
i, 150 [K+]i,,..;:i3""" 150 [K¥) .o
0 mV -90 mV

outward |, = V_ moves negative direction = inward |



Kirchhoff’s Law

1. Kirchhoff’'s Current Law
-The principle of conservation of electric charge — AN | )
R
2. Kirchhoff’s Voltage Law i i fc
-The principle of conservation of energy Vo —== . l .
B C v
Irﬂ — IE + JTC

IﬁXRﬁ‘FIEXRB_Iﬁ?b:G

Ie X Re — Iz X Rg =0 or IcX Rec=1Iz X Ry 1 =1 =1\ /I4\ /0
R, Ry, 0 ||V,
_ Vi — Iy X Ry R, 0 R/ N/ \V,
A
R,
V. —1 XR R
b RB E—IB—IBxR—Ezo If V,=10V,R,=10Q,R; =10 Q, R, =20 Q
A A
v, I,=06A1,=04A1,=02A
[ =




Parallel R-C circuit

Time

Narrow
tubing

. @

/' Switch

@

1. charge separation
2. development of V.
3. Ve =V

Pump

Tank

—

Narrow
tubing




Time course of V_  changes in parallel R-C circuits

+§ ::T O T% _
g Ic IR Ic
ILJ'T IL}.T
IT:IR+IC:%+ “d;;c
V., = Vg = V¢, IT:V—E d%

BN R | I £
Vm —e RC J.ER(_{ ]dt — e R(,‘|: ceRC RO+ Consf:| Const = —ITR.

Vm = ITR 1 - It?_E] 4 Vm(r) = Vm;x-[] €

Tm = RX Cand V. =k XR

IR
A—
It
dV (1)
I(t) = C—m—
(1) "
dv_(t) d[ —%]
= ol —e
dt Edt
= m, .e__""'
Tm
CV., -— CI.R ——
I.(t) = 'Tm, e ™ = CTR e ™
:ITf_a



Passive properties of the membrane

A B
Atrest: In=0 Vm= Epp Initially: Ic= Iy =0
B

z "1 F

S o4
C D iy
Intermediate time: I = i+ I Final steady state: fi= Iy =0 s 551

- =704

::.E

7517
- 80 4

0 50 100
Time (ms)




AV (t) = AVuo(1 - e~H7) = LRu(1 - e~t/7)

T=RXC, AVio=I:X Rn

Ifr=t, AVa= 0.63AV..



!

Voltage clamp

I, =1, + Ii

dv
=C_+

Vi

R

Control
amplifier

Vcommand



Passive responses by hyperpolarizing and small depolarizing voltage step

- 0.10
A B Im (MA/cm?2)
70 =
Vi (MV)
100 -+ 0.05
I<—5 ms—’I
| = 0.00
-10% =
=1 Vm (MV)
/
m -+ -0.05
4 -0.10
Iy =1, + Ii
e vy

dt R



Vin (MV)

*80 -

—90 1

—100 -

Electrotonic conduction

Passive flow of electric potential along the membrane

fm Cable equation

AV (x) = AVOe(;J

. . r r
Resting potential A (|ength consta nt) = ~ [
L e~ r.+ro T

r,=membrane resistance (Q X cm)

r,= intracellular resistance (Q /cm)
r,=extracellular resistance (Q /cm)

-5

. A = length constant (cm)
0 5 10
pistance (mm) R.,,=membrane resistance (Q X cm?)

=r,, x circumference (x x d)

AV_ ata distance A
=\

AV(N)= ,Avoe[TJ =AVe ' =0.37AV,



! G ! ! « ! Extracellular

Myelin sheath decreases capacitance and increases
electrical resistance across the cell membrane

o

A

x=0

= < «
=gl

— > >

A (length constant) = /r:m ~ /Em

A Normmal axon

e ITkl ]

——

/ 7
Mode of Internode Myelin
Ranvier

K* chapnels Na® channels
PP ) Y

Time between stimulus and
arrival of action potential

Distance along axon ——=

B Demyelinated axon

s 4 & 4 2

Demyelinated region

Nodal
region
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