Physics 171/271 - Chapter 2 - David Kleinfeld - Fall 2005

2 Diffusion and Chemical Compartmentalization

The motion of freely dissolved ions and macromolecules is governed by diffusion,
the random motion of molecules that results from fluctuating forces, e.g, density
fluctuations in solutions that lead to fluctuating buoyancy forces. This picture
largely holds in the presence of weak forces that merely add a slight bias to the
motion, such as the case of electric fields across membrane pores.

2.1 Qualitative Aspects of Free Diffusion

A fundamental feature of diffusion is that there is no time-scale or distance-scale
for this process, as opposed to a relaxation or attenuation process. We are simply
left, in free diffusion, with the relation between root-mean-square distance, |7]? and
time, 2, i.e.,
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where the diffusion constant, D, is a measure of the mean free path between

collisions, A, to the mean time between collisions, 7, i.e., D )‘72 In principle, D

can be dependent on space and time, but we take it as a constant.
Let’s do some simple dimensional analysis to see where the scale of the diffusion

constant comes from. Consider the flux, J (7, t) particles per second per unit area,
that permeates a thin membrane between two concentration, C(z — 3,¢) and C(z —
3.1).

BOARD SKETCH - GEOMETRY OF FLUX THROUGH FACE OF
AREA A

We find, in one dimension, that
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so that as A — 0 and 7 — 0 we get
A\ dC(x,t)
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The term ; is defined as the diffusion term.

How big is D? We consider a dimensional analysis for an order of magni-
tude estimate of the diffusion of protons in water. One gram of water contains
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2.6-1023protons . Mole
Mole 20gm

water molecule occupies a volume of roughly 15;13, so A ~ 2.54 where the inequality
follows from the fact that the oxygen will exclude volume. We can estimate 7 from

1gm =~ 6 - 102protons and occupies 1 ml or 102*4”. Thus, each

sm|0|? = 3kgT (3kgT per degree of freedom), where || can be taken be be the
. o . = o A ~ m _ mCQ A
average velocity over one collision, or |7] ~ 5=. Thus 7 ~ —12kBT)\ =\ o7 5

This gives D ~ ; < Aey/2BL = 60 - 10~*cm? /s, which agrees VERY roughly with
the measured value of Dy+ = 0.9 - 107%cm?/s; the fast that our thermal averaging
was flawed did not help. A more useful unit is Dy+ = 9um?/ms.
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The key is that for small molecules. D ~ 1%

A secondary issue that we can take away from this analysis is to compare the
relation between the relaxation time calculated from the requirement of equipartition
(above) and that calculated for a particle moving in a viscous medium. We recall
that for a particle of radius a in goop with viscosity 7, the motion is governed by
an equation of the form m# + (67na)~'r = Flutuating Force so that

mD m
T = — =
kgT  6mna

This is known as the Einstein-Stokes relation, and says the thicker the goop the
slower the diffusion.

(2.5)

2.2 The Diffusion Equation

Let’s move on and recall a couple of things about free diffusion in 3-dimensions.

The flux, J(7,t), in molecules per unit area and time, is related to the gradient in
concentration, C(7,t), by

J(F,t) = =D VC(7,1) (2.6)

and the divergence of the flux is related to the rate of change of the concentration
by

N el X))
V) = - (2.7)

so that
DV2C(7, t)—% =0 (2.8)

This is the diffusion equation in the absence of a source, which is useful if we want
to determine how an initial concentration profile evolves. The general case involves
the presence of sources, such as a constant plume of molecules that is created or
absorbed in some region, so that the diffusion equation is of the form



aC (7, t)
ot
where p(7,t) has units of concentration per unit time. In order to solve this

equation, we need to specify a boundary condition, i.e., the values of C(7,t) or

7t - . .
% on a surface within the volume of interest, where n is a normal to the surface

at point 7. We also need to specify an initial condition, i.e., the values of C(7,0).

DV2C(7,t) = dnp(7, 1) (2.9)

The solution of the diffusion equation for a large variety of geometries is the
subject of some excellent text books, such as Crank’s " The mathematics of Diffu-
sion” and Carslaw and Jaeger’s ”Conduction of Heat in Solids” (heat conduction
and particle diffusion follow the same equations). Since we (that is I) want to avoid
mathematical gymnastics, we will consider first the solution in an infinite region, so
that there are no boundaries at finite distances. This precludes some biophysically
relevant cases, such as the concentration in response to continuous flux into a cell.

The idea is to solve the diffusion for a source that exists only as a single point,
which we take as the origin, for a single instance of time, which we take to be ¢t = 0.
Thus we seek to solve

OG(r,t
DV?G(7,t) — % = o(7)d(¢) (2.10)
for which we build the source as a weighted average over the delta functions, or
point sources, i.e.

(7 t) = / &7 / dt's(7 — )8 (t — ) p(7, t') (2.11)

This is just a 4-dimensional version of the convolution integral we considered for
linear filtering, and G(7, t) will play the role of the transfer function in the calculation
of C(7,t). To complete the circle, as one says in ”Phys-Rev-ese”, it can be shown
that

O(F,t) = 4 / &7 / dG(F— 7t —t)p(F, ) — / EFGE — 7, )0, 0) (2.12)

The solution of the diffusion equation with a delta function source is best done by
Fourier transforming from 7 to k and complete the square in the Gaussian integral.
Again, it can be shown that

0 if t <t/
- — AN o2
GUE=rt=t) =\ __1__5Fn jre>v
3/4rD(t—t)
This function has a characteristic bell shape in |7—7| with a width, ~ \/D(t — t'),
that grows in time and a height, ~ =/ D(t — t’) that decreases in time. The area

under the curve is conserved, i.e.,

/d3f'G(F— Pt—t)=1 (2.13)
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Lets consider a few simple cases.

2.3 Examples
2.3.1 Diffusion in an infinite volume

The first is that we squirt N molecules into the center of a cell at time ¢ and
watch the distribution evolve, i.e., p(7,t) = No(7)d(t) and C(7,0) = constant. The
distribution is given by
. N
C(rt) = e~ 1Dt + constant (2.14)

4r Dt

The qualitative dependence is seen in the diffusion of fluorescent molecules in
the axon of a cell. In fact, the correspondence persists for at least 100’s of seconds.
The essential point for biophysics is that other potential factors, like convection,
mixing, or active transport, do not come into play in a major way.

FIGURE - chapt-3-aplysia-ca

This case brings up an important point. We considered diffusion in 3-dimensions.
But sometimes we project out one or two dimensions, as in the above data from
Neher’s laboratory. When this happens, we change the prefactor since each integral
over a dimension brings down a factor of v/4Dt. Thus, for example, the diffusion of
particles along a string is governed by

L. /2
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N_ is the number of particles per unit area.

where o

2.3.2 Diffusion near a nonabsorbing wall

The second case is when we just build up a layer of molecules at the planar surface,
such as just inside the membrane of a cell (for r << R we are essentially next to a
plane). If the membrane is impermeable, so that J(7,t) = 80(r D.p=0atr=R,
the concentration profile is the same as for the previous case. Tr1v1al as this case is,
it is probably the most important, as nature seems to flood a cell with internal walls
(endoplasmic reticulum) when it needs a way to dump ions, such as Ca®", rapidly
throughout the cell.
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2.3.3 Cross over from 3-dimensional to 1-dimensional diffusion

In general, when particles diffuse in a container that is much longer in one dimension
that the other 2, such as an axon or dendrite, there is a crossover from 3-dimensional
to 1-dimensional behavior. For an axon of radius a, the crossover occurs at a time
t = %. For example, for Ca** diffusion in a 1pm diameter axon the crossover
occurs at t ~ 10~%s. This is far shorter than the time-scale of Neher’s data.

2.3.4 Ionic flux through a channel

Our third case is an estimate of the flux of Na™ through a channel of length L ~ 10A.
We estimate

AC 10~°cm?  (120mM — 5mM) ions
J~D— ~13- : - ~ 4100~ 2.16
11 L s 104 A2s (2.16)
if the area of the pore is 342, we get a current of
1.6-107C 4-10% .
1| = e|J|A ~ : N33 42 a2 . 1072 Amperes (2.17)

ion A?s
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2.3.5 Measurement of the resistance of the neck of a spine

Our final case is that of the rate of equilibration of a small volume with a big one.
This occurs, for example, if the ion concentration in a spine is suddenly changed, and
we want to know how fast this change relaxes. We consider the spine experiment of
Denk and Svoboda, in which the concentration of a dye is jumped, and the relaxation
to the equilibrium concentration of the neighboring dendritic shaft is measured. This
measurement was used to infer the ratio of the cross-sectional area of the spine to
the length of the spine shaft as a means to estimate the electrical resistance of the
spine head.
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The essential ideas are

e The volume of the spine is so small that diffusion causes it to mix in a time
short compared to the equilibration time. For small molecules in a 10um
diameter spine, this time is less than 10 ms. Thus the concentration in the
spine head, denoted C,, may be taken as uniform

e The concentration in the dendritic shaft, denoted Cj, is essentially constant.



e The flux in the spine neck, with cross section area A and length L is constant.
The flux into (or out of) the spine head is

Ch(t) — Cs
L

The change in concentration is found by considering the change in number of
particles in the head, Nj(t) =V}, - C(t) where V}, is the volume of the head, i.e.,

J(t) =D = 2(Gun - ) (2.18)

dNy(t) dCh(t)
JA = — = -V 2.19
dt Pt (2.19)
so that
dCy(t) A D A D
== t)=(=-—)C, 2.2
dt +<L vh>0h(> (L Vh)C (220)
and the concentration recovers as
L V
Cu(t) = Cs + ACh(O)e_Z'ft (2.21)
i.e., with a time constant
LV, AV
T=S5 80 that =D (2.22)

The volume of the spine head, V},, may be measured via optical sectioning.
FIGURE - chapt-3-karel-1.eps
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Given values for D from bulk measurements, the data were used to estimate %.
This is turn was used to calculate the conductance of the spine neck, denoted Gy,
in terms of the cytoplasmic conductivity, g., as

A Vh Ge
Gy,==¢g.= —= 2.23
"TITPT T D (2.23)
with g. =4 - % and D =4 - W. We will soon see that the ratio of these
quantities can be known very accurately, with % = eQI“CB;Z;S, so that
Vi kT
Gp=— 2.24
" T 62Cions ( )

The measured values are in the range 0.2um?® < V, < 0.6um? and 60ms <
7 < 100ms; they estimate Gj, > 107%Q~!. The importance of this number is
that it is large compared with the presumed conductance of the spine membrane.
This conductance is maximal when the postsynaptic receptors are active, yet is
Grembrane ~ Gsynapse ~ 1071°Q71. Thus voltage attenuation within the spine may
be taken to be negligible (despite a bevy of previous theoretical calculations!), so
that voltage remains a global state variable while ion chemistry is spatially localized
on the relatively long time-scale of 7 ~ 100ms



Diffusion Coefficients

Ion or molecule | Diffusion coefficient
Ht | 9.3!

NO | 3.82

Na™ 1.331

K+ 1.96!

Ca*t 0.63

[P 0.24
Calmodulin 0.13

CaM kinase II 0.034

Diffusion coefficients in an agueous environment for different 1ons and second
messenger molecules in units of 107> em?/sec, that is um®/msec.

| Table 10.1 in Hille { 1992).

2 In rat cortex; Meulemans (1994); see also Wise and Houghton (1968).

4 Blaustein and Hodgkin (1969).

4 Allbritton, Meyer, and Stryer (1992).
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CALCIUM SPREAD ALONG AN AXON
Experimental determination of the calcium signal
(recorded using the calcium-dependent fluorescent
dye fura-2) following a brief intracellular injection
of calcium at one point into the axon of a cultured
metacerebral Aplysia neuron by Gabso, Neher, and
Spira (1997).
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Unitary Sodium Currents
-40 mV

t (msec)
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