Answer Key

1. Chloride Nernst potential during development

RT
Given: [C17], = 140 mM and = = 25 mV. We use the Nernst equation

for chloride in the form (consistent with the sign for an anion):

Eq = AT ln<[01}0> _ BT ln< [Cl]i> .

F [Cli]i F [Cli}a
(a)
Two weeks old: given [Cl™]; =7 mM
= —25In(140/7)
=—-25In20
~ —74.86mV

For the newborn pup the reported equilibrium potential is Fc; ~ —40.24 mV.
Solve for [C17;:

—40.24 mV = —25 mV - ln( 140 ) = ln< 140 > = % = 1.6096.

[CI7]; [CI7]; 25
Therefore
140 1.6096 - 140
7 _— el ~ 500 = Cl']; ) —— = 28 mM.
oy € O~ 550 =28 m

Answer (a): [Cl7]; = 28 mM (newborn hippocampal neurons).

(b) Plot of E¢ vs. [C17];
We plot

Ea([Cl7];) = =25 1D<[éf0]i) mV,

for [C17]; from (near) 0 to 140 mM. |
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(c) Which hypothesis is consistent?

Hypotheses:

Observations: [Cl7]; is greater at birth rather than two weeks later.
This relationship is consistent with hypothesis 1 in which the change in
intracellular concentration of chloride is due to a delayed expression of a
chloride exporter.

2. GHK voltage for Na and K

The formula given:

RT rNa[Na+]o —+ (1 — TNa) [K+]o PNa

By =—1In ) TNa = =
B T T rnalNa i+ (1 — rna) [K s Na T Pra + P

(a) Range of rx,
Since rNa = PNa/(Pxa + Px) and Pya, Pk > 0, we have

0<rna < 1.

(Endpoints: rna, = 0 means pure K-permeability; 7N, = 1 means pure Na-
permeability.)



(b) Monotonicity of E,, with respect to ry,

Physically as rn, increases, the membrane becomes more selective to Na.
This means that the GHK potential moves from Ex towards En,. This is
due to the fact that rny, = 0 means pure K-permeability; rn, = 1 means
pure Na-permeability.

3. Combine three passive conductances into an ef-
fective leak

Step-by-step derivation
Start from the given current-balance equation

dVv
CE = Lipp — 9k (V — Ex) — gna(V — Ena) — 9a1(V — Eq).

1. Expand each conductance term to separate the parts proportional to
V and the constant terms:

—9x(V — Ex) = =gV + gk Ek,
_gNa(V - ENa) = _gNaV + gNaENaa
—ga1(V — Ec1) = —ga1lV + gaEcr

2. Substitute these expanded forms back into the differential equation:

av

CE = Lipp — (9xV + 9naV + 9a1V) + (95 Ex + gnaENa + gc1Eci).

3. Factor the terms proportional to V and collect the constant terms:

dv

Cr = Tapp = (9K + gna + 9c1)V + (9x Ex + gNaENa + ga1Ec) .

4. Define the total (effective) leak conductance g7 as the sum of the
individual conductances:

gr = gx + gna + gci-

With this, the equation becomes

av
CE = Lapp — 9LV + (gKEK + gNaENa + 901E01)-



5. We want to write the right-hand side in the form I, — g.(V — Ep).
Expand that target form:

Lipp — 9. (V — Ep) = Lpp — gLV + g1.EL.

Compare this with the previous expression. The terms —g;V already
match; therefore the constant terms must match:

9B = gk Ex + gnaENa + gar B

6. Solve for the effective leak reversal potential Ey:

_ Ik Ex 4 gnaENa + garEci _ Ik Ex + gnaENa + gaEc
(29 9K + gNa + gci

Ep

Final boxed results:

_ Ik Ex + gnaENa + garEct
gK + gNa + gci

| 91 = 9K + gNa + 9o | Er

4. Two-conductance membrane

We consider

av

CE = Iapp - gK(V - EK) - gNa(V - ENa)‘

(a)

If I.pp < 0 and the steady-state voltage satisfies Vo, < Eg, then for the
potassium term

Ik = gx(V — Ex).

When V < Ex we have V — Ei < 0, hence I < 0, so the potassium current
is inward. (Convention: positive current is outward.)

(b)

If I,pp > 0 then a positive injected current tends to depolarize the membrane.
So the applied current is depolarizing.



(c) Membrane time constant

Linearizing the right-hand side about a working point gives an effective total
conductance giot = gx + gna- Lhe membrane time constant is

C C
T= =
Jtot 9K T gNa

(d) Steady-state potential for gx = 10 gn, and I,,, =0
At steady-state (dV/dt = 0 and I,pp, = 0),

0=—gxk(V—FEg)—gna(V—Ena) = (9x+9Na)V = 9k Ex + gNaENa-

Let gna = g and g = 10g. Then

109 -Ex +9g-Exa  10Ek + ENa

174 —
11g 11

With Fxr = —90 mV and Fn, = 60 mV,

10(—90) +60 _ —900 +60  —840
11 - 11 11

Answer (d): V ~ —76.4 mV.

V = ~ —T76.36 mV.

(e) Currents when Ex <V < Ey,

For Ix = gx(V — Ek): since V' > Eg the bracket is positive so Ix > 0
(potassium current is outward).

For Ina = gna(V — Ena): since V' < EN, the bracket is negative so In, < 0
(sodium current is inward).

Problem 5

A cell membrane has R,,, = 20 M) and C,,, = 120 pF. The initial membrane
potential is V' (0) = —100mV and the resting potential is Voo = —60mV.

(a) Membrane conductance

1 1

9m = 55—

-~ _50x10°"
R~ a0x100q  >0x107S



(b) Membrane time constant

Tm = RpnChn = (20 x 10°Q)(120 x 10712 F) = 2.4 x 10735 = 2.4 ms

(c) Membrane potential after 10 ms
General charging equation:
V(t) = Voo + (V(0) — Vig)e /™
Substitute:
V(10ms) = —60 + (=100 — (—60))e~10/24

= —60 — 40e~ 417 ~ —60 — 40(0.0153) = —60.61 mV
Thus, the potential is more depolarized than the initial —100 mV.

(d) Time to reach —70mV
—70 = —60 + (=100 + 60)e /™
—70 = —60 — 40e~t/24
—10 = —40e~"/24
et =025 = —2% — In(0.25)
t =2.41n(4) ~ 3.33ms

(e) Surface area of the cell
Specific capacitance:
cm = 1pF/cm? =1 x 107°F/107* m? = 0.01 F/m?

Surface area:

—12
A= G 0Oy s
Cm 0.01

Convert to ym?:

A=1.2x10"8x (10'?) = 1.2 x 10* ym?



Problem 6

A spherical cell of radius 7 = 5 pm experiences a 1 ms inward sodium current
of 1mA /cm?.

Step 1: Total surface area
A =A47nr® = 47(5 x 107%)2 = 3.14 x 10710 m?
Step 2: Volume of the cell

4 4
V= §7r7“3 = 375 107%)? =524 x 107 m® =5.24 x 10713 L,

Step 2: Current density
1073 A

_ 2 . 9
Step 3: Charge entry
Current = Ch,aTge
Time

Charge = Time x Current

Q=1TIAt=(314x10"?)(1 x 1073) =3.14 x 10712 C

Step 4: Number of Na™' ions

B Charge
~ Faraday'sConstant

Coulombs

This is because Faraday’s constant is
Moles

Q 314x107"

~ ~3.25x 10717
e 96485 3.2 > 10

N =

Step 5: Concentration

L on 325x10717 PR



Step 6: Percentage increase

Assume baseline [Na™]; = 10 mM:

_ 62pM

nA 10 mM

x 100 = 0.62%




