Biophysics Notes

Chapter 10

X. Nerve Excitation 
A. General Background

1. Basics

a) Nerve Signals communicate stimulus-response mechanism

b) Nerve signals = electrical signals i.e. modulations of membrane potential

c) Patellar reflex – Knee jerk reflex.  Tap Knee ( stretch thigh muscle ( sensory neuron ( spinal cord ( motor neuron ( muscle contraction.

d) Motor vs sensory neurons

Motor – cell body = soma (nucleus contained) 
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Small – 20 –30 mm, has branched (dendrites) which receive signals

Sensory – no dendrites

2. Historical Perspective

a) Couldn’t measure electrical signals of individual cells – too small

b) J.Z. Young rediscovers Giant Squid Axon – 1 mm diameter

c) Already Known: 

· there exist action potentials – electrical pulses that don’t travel like electrical current (much slower: 1 – 100 m/s vs 3 x 108 m/s)

· K+, Na+ concentrations play an important role, esp. Na+
· Hodgkin and Katz: as [Na+] decreases the velocity of the action potential also decreases.

· H & H, 1963 – membrane potential reverses during impulse, goes to + 100 mV

· Electrical conductance of membrane increases 40x – H&H propose nerve impulses are due to transient changes in Na and K conductance: Nobel Prize in 1963.

3. Voltage Clamp

a) [image: image16.wmf] 

They used voltage clamp developed by KS Cole 1940, FBA keeps V constant

b) Supply I to keep V constant

c) Provides experimental control

Vo = K(Vc – Vm), K = amplifier gain, Vc = control voltage, Vo = output voltage, Vm = membrane voltage

B. Membrane Analog 

· [image: image17.wmf] 

Space clamped axon – two silver wires inserted all the way: radial currents only

Generally (w/o a clamp)

Cm = membrane capacitance

gNa, gk are now variable

gL = leak current – not specific

INa = gNa(Vm – VNa), IK = gK(Vm -VK), IL = gL(Vm – Vk)

For Cm have diplacement current (rearrangement of charges)

IC = Cm dV/dt

· VNa, VK, VL all determined by [ ]i and [ ]o, which along with Cm are fixed

gNa and gK are variable.

Itot = INa + IK + IL + Cm dV/dt; Voltage clamp ( dV/dt = 0

Actual clamping is complicated – often need to step potential via conditioning steps.

Notes:

Negative current: + ions into axon

Positive current - + ions out of axon

VK = -72 mV, VNa = + 55 mV

V = Vin - Vout
Vm = Vh = 1/gtot (gKVK + gNaVNa + gLVL + I), clamp and look at I

C. Voltage Clamp experiments

1. gL, H&H found gNa, gK ~ 0 at resting potential and they are only activated when the axon is depolarized (becomes less negative).  They found gL by hyperpolarizing (making more negative).

I = IL = gL (Vm – VL), VL < Vresting (-60 mV)

2. Voltage steps – depolarizing V Do overview at end briefly first
Depolarization ( early negative current ( late positive current 
As V increases

The amplitide of the negative current decreases

At V = 117, (Vm = 57 mV), I neg = 0

If V > 117 mV ( get early positive current

As V increases

Late positive current increases monotonically

As V increases

Rate of current development increases (+ and -)

As V increases
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Switch from negative to positive current gets earlier (channels open earlier)

                                                         Do Axon 1 and 2.

3. Separating INa and IK
a. 

Observe

VK = -72 mV, VNa = +55 mV, Vresting  = -60mV

INa = gNa(Vm – VNa), IK = gK(Vm – VK)

Near Resting

IK  - always positive, INa – negative, for small, medium depolarizations decreasing as V increases, becoming positive for large V

b. 

Separation

I reversal could be due to larger later (positive) current or cessation of early (negative) current.

· To solve this, H&H make Vm = VNa so all I is IK
· They then varied [Na]o, set Vm = VNa and hence studied the voltage dependence of IK
· Then deduced voltage dependence of INa since Itot = INa + IK
Do Axon 3 
1. Na inactivation and de-inactivation
2. V ( activation , time( inactivation ( deinactivation

deinactivation is also voltage dependent

3. H&H use conditioning steps:

Brief conditioning depolarization ( reduced INa during 2nd step

As t for conditioning step increases ( INa 2nd step decreases (more sodium channels inactivated during conditioning step)

( H&H find time and voltage dependence of inactivation

ex – conditioning step + 29 mV ( inactivation  = 2 ms (nearly complete)

step + 8 mV ( inactivation  > 8 ms (less inactivation)

They found that even at resting potential, many sodium channel are inactive.

Do Axon 4
4. H&H used long conditioning steps to study de-inactivation

This turned off (closed) Na channels then set 2nd voltage to recovery voltage – vary time to 3rd voltage to look at current.

D. Empirical Equations (2004 – go to final equation and explain)
1. Generally, rate of change of membrane conductance 

g:

dg/dt = (1-g) - g, 

 = opening (fwd rate),  = closing

rewrite:
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Figure 7-5

Opening a channel that allows
both potassium and sodium ta
cross the membrane results in a
higher value for py,/py and
causes depolarization.
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 = steady state value of g.

let u = 
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go = g at t = 0

2. Potassium

Emprically, H&H found they needed g ( g4, they normalized maximum conductance

gk = gkmaxn4, gkmax = max conductance (all open)

n = activation; n ( g in above equations

n = 
[image: image8.wmf]¥

n

- (
[image: image9.wmf]¥

n

- no) exp(-t/
n4 = fraction of channels open (between 0 and 1).

3. Sodium

gNa = gNamaxm3h, m is like n for K, h describes inactivation

0 
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 1, m3 = fraction activated, 0 
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 1: 1= fully recovered and 0 = none recovered

m3h = fraction of channels open

4. Current equation

Cm dV/dt = gNamaxm3h (Vm – VNa) - gkmaxn4 (Vm – Vk) – gL(Vm – VL) + I

( n = 
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- no) exp(-t/and same for m,h.    These give fractions open and are between 1 and 0.
Do Axon 5

E. Nerve Impulse Properties

1. Resting Potential Vm = -60 mV (includes effect of ion leak), Na and K channels closed, 40% Na channels are inactivated

2. Membrane depolarized w/ brief pulse ( some Na channels open, Na flows in, more depolarization ( more Na flows in ( negative current

3. Vm approaches VNa (momentarily) (VNa = 55 mV) but Na channels inactivate and K channels open ( positive current ( Vm becomes less positive

4. Na channels close, K still open ( hyperpolarize.

5. Na channels de-inactivate, K channels close

Do Axon 6

F. Impulse, Threshold and Refractory Period.

1. If apply depolarization to resting neuron, you get depolarization, but no impulse unless depolarization > threshold

2. Threshold depends on duration of pulse (A increases as duration decreases) and time after last impulse

3. For some duration after impulse, threshold = infinity: cannot get impulse – duration here is due to refractory period (Most sodium channels are inactive).

Do Axon 7 and 8 (skip?) start 
G. Channel Perspective

1. When muscle stretches ( action potential.

2. All or none

3. Na channel:

· Depolariztion ( m gate opens

· Both gates respond to depolarization but speed is different

· h gate closes = inactivation

· meanwhile n (K+) opens

· while h closed, m open is ineffective  go to picture on page 8
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H. Spread of Action Potential

1. Basic Picture

· depolarization at one spot causes depolarization at neighboring spots ( action potential there

· Na coming in diffuses along axon causing depolarization 

· Depolarization can be bi-directional but doesn’t go back on itself due to refractory period.
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Spread of V

Depends on internal conductance vs that across membrane

Invertebrates: large radius ( small R

Vertebrates: insulate with glial cells (myelin sheath), breaks = nodes of Rainier = access for ions.

I. Synaptic Transmission
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Figure 7-2

Chemical structure of
acetyleholine, the chemical
neurotransmitier at the
neuromuscular junction

Figure 74

Schematic represenunion of the
behavior of the acericholine-
sensitive channel in the end-plate
membrane.
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