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4 Fri 6/11 | Analyzing synaptic activity Hayar
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Why study voltage clamping?

Aistorical: This is the method invented by Hodgkin and Huxley to
discover the voltage -dependent behavior of sodium and potassium
currents.

Aractual: To understand the voltage and time dependence of sodium and
potassium currents underlying the action potential.

Aviethodological:
AThe same method, in principle, is still used to study many other
types of membrane currents (calcium currents, chloride currents,
pump currents, etc.)
AThe same method is used to study the currents that go through
single ion channels.
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The Patch-Clamp Technique
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If the membrane resistance is high compared to electrode resistance
“one-electrode voltage-clamp” can be used

===> The patch clamp method is useful for small cells and
membrane patches

Fig. 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 technique, one electrode measures the voltage across the
membrane while the other injects current into the cell to keep the voltage constant. The
experimenter sets a voltage to which the axon or neuron is to be stepped (the command
potential). Current is then injected into the cell in proportion to the difference between
the present membrane potential and the command potential. This feedback cycle occurs
continuously, thereby clamping the membrane potential to the command potential. By
measuring the amount of current injected, the experimenter can determine the amplitude
and time course of the ionic currents flowing across the membrane.



Voltage clamping: 3 principles

(1) Injecting positive current into the cell depolarizes the cell (injecting
negative current hyperpolarizes it).

Depolarizing response
\ Hyperpolarizing response

o S V—\/ T

(2) When current is injected into the cell, it takes some time to
hyperpol ari ze/ depol arize the cell bec
charged/discharged.

(3) When there is no net flow of ions into the cell, the membrane
potential doesnd6t change.



Voltage Clamp

The voltage clamp is used by electrophysiologists to measure the ion currents across a neuronal membrane while
holding the membrane voltage at a set level. Neuronal membranes contain many different kinds of ion channels,
some of which are voltage gated. The voltage clamp allows the membrane voltage to be manipulated independently
of the ionic currents, allowing the current-voltage relationships of membrane channels to be studied

A Measure V,, = Inside - A _IfVc > Vy, current is positive
Outside i Membrane potential increases
I V.-V, decreases
A IfV. <V, currentis negative

I Membrane potential
decreases

I V.-V, decreases

Choose Clamp potential (V)
Calculate V. - V,,
Inject current =g (V. - V,,

To To I

A Inward current
I Negative current injected to maintain membrane potential.
I Negative current is compensating inward flow of positive ions
I Transient current
A Outward current
I Positive current injected to compensate for outward flow of positive ions
I Persistent current
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Voltage clamp: what is the behavior of
voltage dependent sodium current?

The pharmacological method: Block the potassium current with a
drug: tetraethylammonium . The voltage -dependent current that
remains is the voltage -dependent sodium current.

-10 mV

V -65 mV

In the presence of
tetraethylammonium (TEA)

1 msec



Voltage clamp: what is the behavior of
voltage dependent sodium current?

The pharmacological method: Block the potassium current with a
drug: tetraethylammonium . The voltage -dependent current that
remains is the voltage -dependent sodium current.

Note: even with a constant voltage, the sodium current first
Increases, and then automatically, while the depolarization is
maintained, the current decreases (inactivation)

Na current

/

-10 mV

V -65 mV




Voltage clamp: what is the behavior of
voltage dependent potassium current?

Pharmacological method: Block the voltage -dependent sodium current
with tetrodotoxin.  The current that remains is the voltage -dependent
potassium current.

In the presence of
tetrodotoxin (TTX)
-10 mV

V -65mV. | /
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Note: (1) the potassium current is slower to activate than the

sodi um current . Therefore, somet.
(2) the potassium current is maintained for as long as the

depolarization is maintained. (only closes after repolarization)




Voltage clamp: what is the behavior of
voltage dependent potassium current?

Pharmacological method: Block the voltage -dependent sodium current
with tetrodotoxin. The current that remains is the voltage -dependent
potassium current.

In the presence of
tetrodotoxin (TTX)
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Note: (1) the potassium current is slower to activate than the

sodi um current . Therefore, somet.
(2) the potassium current is maintained for as long as the

depolarization is maintained. (only closes after repolarization)




Bursting persists after blockade of!] current
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Voltage Dependent Channels

A Diversity of firing patterns produced by myriad voltage dependent
channels

A Channels differ by
I lon selectivity (e.g. K, Na, Ca)
I Distribution (Dendrites, soma, axon)
I Sensitivity to drugs
I Activation and Inactivation properties:
I Activation: Turning on of current with depolarization
I De-activation: Turning off of current with repolarization
I Inactivation: Turning off of current with sustained depolarization

I De-inactivation: Removal of inactivation (block) by
repolarization



A

A

Sodium Currents

Transient, |-
I Responsible for Action Potential
Persistent, |-
i Threshold near resting potential
I Origin:
A Window current, or
A Different gating mode of I, or
A Separate channel protein

Function of Persistent current

-Enhancement of subthreshold synaptic potentials

-Depolarization activates INaP, => more depolarization

-Hyperpolarization de-activates INaP, which produces
more hyperpolarization

Plateau potential

-Prolonged potential that remains after synaptic inputs
or current injection is removed

-Contributes to persistent firing

Scieace (USAL NI rights reserved
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Persistent sodium current is activated by a slow depolarizing voltage ramp
(>-60 mV) and is blocked by Tetrodotoxin (TTX)
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Bursting is mediated by sodiumcchannel activation and:is blocked:by
intracellular-application: of a sodium channelblocker@x314

Whole-Cell

2 sec

positive current

404 60 sec
1 cel- WW VVWWWMW\KW / ‘w\mﬁw
-60- Attached Pipette contains QX-314




B Enhanced repolarization C Delayed firing
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FIGURE 12 Simulation of the effects of the addition of various ionic currents to the pattern of activity generated by
neurons in the mammalian CNS. (A) The repetitive impulse response of the classical Hodgkini Huxley model (voltage
recordings above, current traces below). With only INa and IK, the neuron generates a train of five action potentials in
response to depolarization. Addition of IC (B) enhances action potential repolarization. Addition of 1A (C) delays the onset
of action potential generation. Addition of IM (D) decreases the ability of the cell to generate a train of action potentials.
Addition of IAHP (E) slows the firing rate and generates a slow afterhyperpolarization. Finally, addition of the transient
Ca2+ current IT results in two states of action potential firing: (F) burst firing at -85 mV and (G) tonic firing at -60 mV.
From Huguenard and McCormick (1994).



Sequence S
of events s snd en |
Involved In
transmission
at a typical
chemical
synapse

An action potential invades
4 the presynaptic terminal

£ Depolarization of presynaptic
terminal causes oyening of
voltage-gated Ca** channels

A Influx of Ca®*
through channels

& Ca2* causes vesicles to
fuse with presynaptic
membrane

| released into
synaptic cleft
via exocytosis

Postsynaptic current causes
excitatory or inhibitory
postsynaptic potential that
changes the excitability of
the postsynaptic cell

ceptor
i dl Transmitter binds
Opening or closing to receptor molecules
of postsynaptic in postsynaptic
channels membrane




There are three main types of ionotropic glutamate
receptors

AMPA
Kainate
NMDA

AMPA and Kainate receptors are collectively also known as non-NMDA receptors. All three receptors are
ligand-gated ion channels. AMPA and kainate receptors are permeable to Na* and K* ions, whereas NMDA
receptors also have a high permeability to Ca?* ions.

Each receptor type is a multimeric protein complex comprised of either 4 or 5 subunits.

Each subunit contains 3 transmembrane domains and a re-entrant loop.

NMDA receptors are unusual in that they also require a co-agonist in addition to glutamate for them to
function properly. In addition they are blocked in a voltage dependent manner by Mg?* ions. NMDA

receptors are also modulated/blocked by a variety of endogenous and exogenous ligands.

AMPA and NMDA receptorsareco-l ocal i sed at gl utamatergic synapse:
synaptic transmission.

The precise role of kainate receptors is still a matter of much research.



Glutamatergic synaptic currents have a fast and
slow component

Control

-IlO pPA

25 ms

In the presence of AP5, an
NMDA receptor antagonist,
only the fast component remains

/ 6Sl owé component
by NMDA receptors
OFastodo component medi at ed

by AMPA receptors

Figure from: Clark, Farrant & Cull-Candy (1997) Journal of Neuroscience 17, 107-116.
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. GLU, NMDA agonist-binding sites
Redox site and APV, CPP antagonist sites

Glycosylation site

-- NMDA receptors (Glutamate),

are ligand-gated ion channels that

are also voltage dependent.

-- For the channel to be open, the _
receptor must bind glutamate and®eee
the membrane must be LU
depolarized. This behavior is due$0000666664
to a magnesium-dependent block

of the receptor at normal

membrane resting potentials.

/H+ site

Glycine site

~——Polyamine site

Phosphorylation sites

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

-- Second, the receptor permits a significant
influx of Ca and increases in intracellular Ca
activate a variety of processes that alter the
properties of the neuron.



NMDA-receptors i physiological and
pathophysiological roles

NMDA receptor-c hannel s have been I mplicated in
from synaptogenesis to excitotoxicity.

Bl ocking NMDA receptors prevents onor mal 06
development e.g. in barrel or visual cortex.

During stroke, overactivation of NMDA receptors results in cell death.

Models of learning and memory implicate a fundamental role of the NMDA receptor
as a-iacobdenced detector.

Drugs that block NMDA receptors may be of use in the treatment of
strokeand Par ki ns on 0,while these that potentiate receptor function may be
of benefit in the treatment of Al zhei mer 6.s di sease

ma n
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GABA, Receptor : Structure & Activation

Binding sites for:

Benzodiazepines (BZ)
(sedatives hypnotics)

Steroids
(New General
Anaesthetics)

Barbiturates
(Old Sedatives hypnotics)

Ethanol
(sedation)

Anticonvulsants

(Spasticity motor
disorders)

Cl™ channel

® 2001 Sinauver Associates, Inc.
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The bursts of EPSP/Cs are action-potential dependent
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® GABA, receptors

EPSP-IPSP bursts

A M/T cell
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Baclofen
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Baclofen reduces the frequency of action potential-independent EPSCs (MEPSCSs)
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CNQX (10 pM)
+APV (?0 uM) +Baclofen (10 uM) +CGP5?845 (10 M)

100 pA

Control k 50 s
I

CNQX (10 M) + APV (50 pM)

LLMJ\L pgu\u

+Baclofen (10 uM)
o U e

+CGP55845 (10 uM)

VO T
_ |100pa

500 ms




e GABA

g H-opioid receptor

RVL Bulbospinal neuron

v {y Blood vessels
PAVAS
&& % Heart
Spinal cord



Excitatory and inhibitory miniature postsynaptic currents

mEPSCS (in presence of TTX + Gabazine)
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mIPSCS (in presence of TTX + CNQX)
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ME reduces. the frequency, but: not: the amplitude. off MIMERSCs
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The decrease in, mMEPSC frequency, by, EM persisted im barum

Membrane current (pA)
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Stimulation paradigm

Stim Rec



