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Convention: Current direction is defined by the direction of increasing positive charge.
Na++ flux into a cell 1s an inward current.
K+ flux out of a cell is an outward current.
Cl- flux into a cell 1s an outward current.

A depolarizing current is a net influx of + ions or a net efflux of negative ions.

A hyperpolarizing current is a net efflux of + ions or a net influx of negative ions.

|
Outward rectification: when a membrane )

allows outward current (net + charge out) V

to flow more easily than and inward _———

current.

Outward rectification
|

Inward rectification: when a membrane /_'
allows inward current to flow more easily V
than an outward
current.

Inward rectification



Methods of Measuring Function In Excitable Membranes

Field potentials: measure current sources

across the electrode resistance.

and sinks from populations of neurons @ i

Brain

£

Microelectrode extracellular recording:
measures action potentials from a small
number of neurons.

Intracellular recording: can
measure voltage,

4
]
Voltage clamp recording:

Can pass current to compensate // i

for voltage change. In this way

voltage is held ~ constant and current applied| to
compensate is a measure of the current flowi
This will give a measure of current.
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Field potentials: measure current sources and sinks from populations of
neurons across the electrode resistance.
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Microelectrode extracellular recording:
measures action potentials from a small — 1
number of neurons. B 0 "

il
” H ‘ ‘ pulse amplitude
window
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Intracellular recording: can
measure voltage,

-

N

resting membrane
potential

Voltage clamp recording:

Can pass current to compensate

for voltage change. In this way

voltage is held ~ constant and current applied to
compensate is a measure of the current flowing.
This will give a measure of current.



[on movement through channels 1s governed by their Electrochemical
Equilibrium Potential also known as their Reversal Potential because
At Erev the net direction of the 1ons’ flow across the membrane switches
direction.

R= the gas constant

E ., 1s given by the Nernst Equation: T= absolute temperature
z= the valency of the ion
F= the Farady

E ..= (RT/zF) In ([ion]out/[i0n]in

At20° C (RT/zF)=25mV

Multiply by 2.3 to convert base 10 log

E . rey fOr Na+ at 20 degrees 1s -
(RT/zF)= 58mV. At 37 C (RT/zF) = 68mV

58log [140mM]/[TmM]= +75mV

E . roy fOr Cat+ at 20 degrees is

S 55 of H d, C, (2001
58log [1.5mM]/ [.0001mM]=+129 mV ee page 55 of Hammond, C, (2001)

Cellular & Molecular Neuroscience
for a presentation of the physics
underlying the Nernst equation.



Functional synaptic plasticity 1s a change in the efficacy of synaptic

transmission between at least 2 neurons.

Stimulate 1 mput

Intracellular Recording

Record in current clamp

t=0 Post-synaptic
.\__\/\_DO_tential
stimulus Post-synaptic
{ = sometime later potential
stimulus ‘1

record

black box

This change could be due to:

1. An increase in the amount of transmitter released

2. An increase in the rate of transmitter released

3. An increase in post-synaptic receptors at each
contact.

4. An increase in the number of contacts between the
stimulated axon and the post-synaptic cell



How do you analyze where the change in transmission occurs?
All methods depend on several assumptions. These may not be true.

All miiature synaptic currents/potentials arise from spontaneous
release of 1 vesicle of neurotransmitter. Not true for all synapses.

At some synapses multiple vesicles can be released from one release
site.

All vesicles contain the same amount of a particular
transmitter called a quantum. The amount of transmitter
loaded 1n vesicles can be different.

All vesicles release transmitter at the same rate.

Post-synaptic receptors are not saturated. This 1s not always
true.
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pCa = no. of stimuli

/ no. of increases
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Figure 1. BPSCalsdeted wansmitter release at dnglemossy fiber synapses. A, Left, proximal apical dendriticsegment ofa CA3
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From: Reid et al. (2004) J Neurosci. 3618-3626



Using a potentiating stimulus (3, 1 sec trains of
IOOHz stimuli at 20 sec intervals) pCa goes up.

pre-tetanus posl—tetanus

Examination of pCa in individual spines before
and after potentiation show evidence of
changes in pr at individual release sites and in
N, the number of active individual release sites

onto that spine.
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Short term plasticity (minutes):
post-tetanic potentiation, paired-pulse facilitation, paired-pulse
depression.

Long -term plasticity (hours to days):

NMDA receptor dependent long-term potentiation (LTP); NMDAR
independent LTP; NMDAR dependent LTD; Ca++ sensitive
adenylyl cyclase dependent LTP (mossy fiber-CA3 synapse);
mGIluR, AMPA dependent LTD at parallel fiber to Purkinje cell
synapses.

Homosynaptic plasticity:

Plasticity expressed at an activated synapse as a result of the activity of
the activated synapse.

Heterosynaptic plasticity:

Plasticity induced by other synapses on the same synaptic relay.

Long-Long Term Potentiation: Involves growth of new contacts and
is protein synthesis dependent
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Voltage Gated Ca++ Channels

High threshold TYPES. L (long lasting, N (neither L or P) , P
(after Purkinje cell where this type was first discovered).

High threshold voltage gated Ca++ channels- means tiggered by
large depolarizations (eg from -90 or -80mV to -20 or -10 mV).

Generally presynaptic but P type can generate dendritic Ca++
spikes.

Identification by Pharmacology
L-type channels- Bay K 8644agonist; Nimodopine, antagonist

N-type channels- conus toxin m-conotoxin (antagonist)

P-type - components of funnel webb spider venom = FTX also a peptide
in the venom w-agatoxin IVA



Subunits of Voltage Gated
Ca++ Channels

(b)

Pore forming o, subunits
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B2

L-type Ca++ channels
require phosphorylation by
PKA in order to maintain functions

Fig 6.2. From HammondC. Cell & Molecular Neurobiology Academic Press 2001
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Patch-Clamp Electrodes™

Have Greatly
Facilitated the

Examination of Synaptic

Currents in Neurons

The patch pipetie contains

_.-r"h\-_

tha etsﬂmmlltlllar solution

Call-attached patch

V,—f—"‘

Advantages: Lﬂqﬁ
a
1. In all but the cell attached patch mode there W
is access to the intracellular environment. i
Excised patch
inside-out

2. Recordings can be made from cells too small

to be implaed with intracellular electrodes.

3. Currents can be recorded through single molecular

channels.

* Neher and Sakmann won a
Nobel Prize for developing
this technique

a
fe—1

Excised patch
outside-aut

the iHII‘BGB”lI.I[.E.r solution

Channels formed by antibiotics

Perforated whole-cell paich

FigAS5.6 From Hammond C. Cellular and Molecular Neurobiology.
(2001)Academic Press



T (transient/tiny)- type of low voltage Ca++ channels:Composed of
one of three different o subunits, alG, al1H, o11.

Q_D ’
Vita-s0—1 L Vetma-
N\ 0. 0a 01l annn e = il
ENNR — N BRRES -8 1 B = Pl i T e
J W - U""U intracedular -
dﬁwwﬁh—q-w
1

beash, —A0)
¥ T 11,..
H whole cell currents Ww““““*

.-:*.-]lL .;,Mr‘b."ﬁ\“‘ =30
Can be the earliest type voltage-dependent Ca++ \"ﬂ
channel expressed. Very small conductance.

T type Ca++ channels enhance excitability after ./
membrane hyperpolarization due to activation
/deactivation kinetics of the channel.

Totally inactivated near resting potential.

De-inactivated during a small hyperpolarization. g,u sme

{miv)
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Therefore readily activated when membrane L T
depolarizes to ~-40V after a hyperpolarization (increaSW
excitability). Fig 6.2. From HammondC. Cell & Molecular current/voltage

- (A
Neurobiology Academic Press 2001 " curve




Ion channel opening is a stochastic process
a stimulus greatly increases the probability of channel opening

Na+ channels K+ channels T-type Ca++ L-Type Ca++
A B channel channel
—-30 mV 0 mv A B
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Figure 8.5 Unitary currents (upper 8 traces) and the ensemble average of unitary cur bl £
rents (lowest trace) of a Na* (A) and K* (B) channel. The membrane voltage is stepper ~ Figure 8.6  Unitary currents (upper 8 traces) and the ensemble average of unitary cur-
from Vi = —80 mV to V. = —30 mV for (A) and from Vg = —100 mV to 0 mV for (B rents (lowest trace) of a T-type (A) and L-type (B) calcium channel. The membrane voltage

Records in (A) are simulated after data from Horn and Vandenberg (1984), and recordsi  is stepped from Vg = =70 mV to V¢ = -5 mV for (A) and from Vi = -40mV to V¢ = 5mV
(B) are simulated with the reaction scheme shown in figure 10.1. for (B). Records are simulated after data from Fisher et al. 1990.

Whole Cell Currents represent the temporal summation

of all channel openings initiated by the same stimulus
From: Johnston,D; Wu,SM Foundations of Cellular Neurophysiology. MITPress, 2001



A Experimental setup

Siphon  Mantle shelf

Tactile B Gilllwithdrawal reflex circuit

stimulus =

Respiratory
organ (gill)

Interneurons

Control Habituated
Long term
g Excitatory /

Siphon
Sensory
Habituation In Aplys1a Gill Inhibitory

Withdrawal Reflex (hours) i

Due to homosynaptic depression of transmitter
release. This is related to a depletion of synaptic vesicles

From the readily releasible pool. ™ L8 2

Figure 63-1 The cellular mechanisms of habituation have
been investigated in the gill-withdrawal reflex of the marine
snail Aplysia.

* probable mechanism involves the decreased phosphorylation of synapsins which normally causes them to

separate from synaptic vesicles and releases the vesicles to move to the synaptic membrane.



Chen & Baily, 1995

Before N
Habituation:
Many vesicles /g,
in the readily
releasable pool. "
of Aplysia o5

sensory motor
synapses.




Sensitization of the Siphon Withdrawal Reflex involves application
of a noxious stimulus to another part of the body (the tail).

A Gill sensitization Tactile
stimulus

Siphon

A Heterosynaptic Process sensiino ~

stimulus Sensory

neuron

Sensory Facilitating

Tail heuron interneuron
—

=

. . - . \\““\\ Interneuron ?ﬂhﬂe{?}rﬂn
This activates facilitating "‘”} gil _a
interneurons that form SHT aa W
mediated synapses on the ﬁ

presynaptic terminals of siphon
sensory neurons. Two types of
SHT synapses are activated. One
coupled to Gs.

One coupled to Go.

What will be the effect of Gs? Increase in cyclic AMP and activation of PKA
What will be the effect of Go ? Activation of phosphlipase C (PLC) resulting in production of IP3, DAG
and an increase in PKC activity.



PKA inhibitory Sllblll’lit B Three molecular targets involved in presynaptic faciliation
inactivated by cyclic AMP

1. Decreases K+ channel

) = ————
An s -
-

activity. \FPP N
G, protein Diacylglycerol %
2. Mobilizes vesicles to the \
readily releasable pool. ':
— G, protein 1
3. Opens L-type Ca++ é\%;ggl\_: cAVP ;
channels. Prc
cAMP-dependent
Phopholipase C it [N, g2
activates PKC ' fiseerrias \\ Ny b
2 2a vailable
1. PKC participates with PKA . / s
eqe . char%eel ’ 57 e y ®
to mobilize vesicles to the §is b7 .. _ 'Heleasamﬁ
readily releasable pool. @ @L e / o

Sensory

2. PKC participates with PKA to

phosphorylate and increase L-type
Cat++ channel activity. Motor

neuron

Glutamate
receptors



Studies Using Si ghon withdrawal Reflex of Aplysia:

Conditioned stlmulus (CS) is the siphon tap
Unconditioned stimulus (US) tail shock
Response is siphon contraction (withdrawal)

Training: 3 blocks of 4 training trials. Slph()n
5 min interval between trials in a block.

20 min between blocks. Siphon
Paired: CS started 500ms before US contraction —
Unpaired: interval between stimuli= gage

2.5

Off center

shock

~ A
-~
Pre-synaptic
Sensitization _~ 5H
(heterosynaptic)

NMDAR-llke long term
MN potentiation (homosynaptic)

Behavior: Response to

CS becomes much larger when tested long after training with pairing.

Siphon
tapper

Sensory receptive

Sensory neurop )/ fields
Tail l

glutamate
synapse

SHT
synapse

From:
Antonov et al.,
(2002).



Hyperpolarization activated cationic channel (Ih, If, Iq )

(hyperpolarization-activated, cyclic nucleotide-gated channels, HCN)

cyclic nucleotide
(a) voltage

binding domain
sensor f ©
4 _
S1 52535455 P 86 CNBs Q
mBCNG-1 | ENENENENENEEE | | = | 00k - e g __.
A
p-loop B
0® Blocked
(b) . by Cs+
Voltage clamp E 1.0 Blocked by
Vi=50mV —, — ZM227189
hyperpolarization
e 1.5
loak
- 20 | | | | | |
P “-110 -100 -80 -80 -70 -60 -50
oty v(mv)

A 17.06a Copyright Elsevier Science, 1988
17.08bc Copyright Cambridge University Press, 1990

Activated by hyperpolarization -produces an inward, depolarizing current that functions in
rhythmically active neurons, in heart and to enhance transmitter release (Beaumont &

Zucker, 2000).
Fig. 17.6 From HammondC. Cell & Molecular Neurobiology Academic Press 2001



PRESYNAPT mGIuR Is: release
Ca++ from stores

BOUTON

Group III metabotropic glutamate
receptors at locus coeruleus synapses
mediate activity-dependent depression
to high frequency trains of stimuli.
High affinity glutamate uptake blockers
potentiate this effect.

Function of group II at this synapse
remains unknown.

mGluR Ils:

ACPD-sensitive
mGluR

no train

mGluRIII

mGluR7  FIG. 7. Possible scenario explaining the mGluR group 111
(but not group Il)}—sensitive inhibition of EPSPs after sus-

_____________________ tained activity at LC synapses. LC spines are innervated by

. . L e presynaptic terminals expressing receptors for both L-AP4/

mGIluR IlIs: close to clef inhibit MAP4 (group I1I) and ~APCDYEGLU (group I1) mGluRs.
transmitter release when Receptors are localized to different sites on the presynaptic
axon: group [l mGluRs are close to (possibly in) the syn-

glutamate accumulates aptic cleft and are activated by the accumulated glutamate in

the cleft, thus reducing subsequent release of glutamate.
Group 11 mGluRs are also found to presynaptically depress
EPSPs after bath application of specific agonists but, based
on the present study. are not found to participate in the
activity-dependent depression of EPSPs. Thus, in the present
scenario, this receptor is located on the presynaptic terminal
but away from the synaptic cleft., making it less susceptible
to activation after accumulation of synaptically released glu-

Dube & Marshall (2000) J.Neurophysiol. 83:1141-1149. tamate. VSCC, voltage-sensitive calcium channels: G, G-
protein i/o subtype.



Metabotropic Glutamate Receptors

G-protein linked receptors

14.04 Copyright Acadsmic Press, 2001

Group Coupling Selective Agonist
mGluR1
63% | {PLC DHPG G
43%
6B8% mGluR2 I tAC DCG-IV
Lo i Fle arr 2R, ar-appc O1,PY
—| 46% tle,
—— mGIluR6 i
g i tAC L-AP4
7% mGIuR? H Gi, By
% i II{, GIRK
89%  mGluRs ca

Fig 14.1From HammondC. Cell & Molecular Neurobiology Academic Press 2001

14.01 Copyright Acadsmic Press, 2001



Other metabtropic receptors

GABA g Receptors Pre- or post-synaptic localization
agonists, GABA, Baclofen; antagonists, phaclophen etc.

require dimerization of two 7 pass transmembrane
membrane proteins to produce a functional receptor

GABA

GABAg Receptor

linked to an inhibitory G
protein (Gi/Go)

Presynaptic Function g P
decreases transmitter release =
Stabilizes

Gy S

f Potassium channels

71%(+ channel

Post-synaptic function Gyrsubunit

Long-latency (20-50 msec); slow
rise, slow decay (400-13000 msec

G By SU bunit

‘Voltage—depe ndent
calcium channels

13.03 Copyright Academic Press, 2001

ATP cAMP

Fig. 13.3 From HammondC. Cell & Molecular Neurobiology Academic Press 2001



Ionotropic Glutamate Receptors
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Figs. 11.2,.1,.3 From HammondC. Cell & Molecular Neurobiology Academic Press 2001

* also acts on some mGluRs




AMPA Receptors

T R utward |
Unitary conductance of ~8pS +80mV ALM B Ty T Quisqualaie
I Racording
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Fig 11.4 From HammondC. Cell & Molecular Neurobiology Academic Press 2001
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3 Outside-out

NMDAReceptors
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1.Both ligand and voltage-gated.
2.Channel blocked by Mg++ at ~
-40-80mV.
3.Therefore depolarization

will relieve the Mg++block.

4. Require glycine as a co-agonist.
5. Have slow kinetics.

6. Have >> greater affinity for

glutamate than either AMPAR,
KainateRs or mGluRs.

From HammondC. Cell & Molecular Neurobiology Academic Press 2001
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Molecules of the Post-synaptic Density Drawn ~to Scale

AMPA Receptor NMDA Receptor mGlu Receptor

CaM kinase |

From: Kennedy (2000)

Science Shank 3 . » IP3

Receptor

Note: Kainate receptors can also bind to PSD-95
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Cross-sectional View

Kennedy, M (2000) Science
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THE HEBB RULE

When an axon of cell A is near enough to excite cell B or repeat-
edly or persistently takes part in firing it, some growth process
or metabolic change takes place in one or both cells such that
A’s efficiency, as one of the cells firing B, is increased.

D.O. Hebb, 1948

NEURONS THAT FIRE TOGETHER WIRE TOGETHER



During learning

Hidden platform

Mice and rats learn to associate the
position of a hidden platform 1n
a tank with landmarks in the surround.

After learning

Spatial learning 1s 1nitiated in the
Hippocampus.

From: Squire et al 2003,Fundamental Neuroscience oyt 2002 Elsevier Sclenica (USN: AU Ighas esetvect



LTP has been studied in the dentate gyrus, Egxracelular
the CA1 and the CA3 regions of tetig
the hippocampus

Weak stimulus Strong stimulus



Multi-Input LTP is Measured As A Change in an
Extracellularly Recorded Field Potential
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Long Term Potentiation Can be Associative. This is a Heterosynaptic

Interaction.
A €
Weak r Before After ___ Before After — Before After
s SN _— g VN & o g _/\
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FIGURE 50.10 Features of LTP at CA3-CA1 synapses in the hippocampus. A single hippocampal pyra-
midal cell is shown receiving a weak and strong synaptic input. (A) Tetanic stimulation of the weak input
alone does not cause LTP in that pathway (compare the EPSP before and after the tetanus). (B) Tetanic stim-
ulus of the strong input alone causes LTP in the strong pathway, but not in the weak pathway. (C) Tetanic
stimulation of both the weak and the strong pathway together causes LTP in both the weak and the strong
pathway. Modified from Nicoll ef al. (1998).

1.NMDAR dependent
2. Lasts hours 1n vitro
3. Requires post-synaptic Ca++ increase
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Figure 15.10 Experiment that tested the Hebbian rule for synaptic plasticity. (A) HFS
(100 Hz) given under voltage clamp (left) and HFS given with a depolarizing current in-
jection (right). (B) The EPSPs and EPSCs before and 20 min post tetanus are indicated.
LTP was elicited when HFS was given in conjunction with postsynaptic depolarization. (C)
EPSP amplitude is plotted as a function of time for the different stimulus protocols. (D)
Summary data are shown from two pathways (W1 and W2) at different times following
HES given separately to each pathway. On the left the mean increase in the EPSP when a
voltage clamp was applied to the postsynaptic cell during HFS is indicated. On the right is
the same experiment except that a depolarizing current pulse was given to the cell during
the HFS to W1. (From Kelso et al. 1986.)



REQUIREMENTS FOR LTP: DEPOLARIZATION PLUS SUPERIMPOSED
EPSP’S

This is often used on young synapses.

i 1 At young synapses afferents cannot

follow high frequency bursts
oL UL Lt SR IR

of activity.

Frequently used to convert silent synapses
to active synapses.

control after pairing

Figure 15.11 Pairing postsynaptic depolarization with a single weak stimulus (with the
pairing repeated every 20-30 sec) induces LTP at some synapses.



LTP at Glutamate Synapses can be NMDA receptor dependent

or NMDA receptor independent NMDAR de pen dent
LTP

NMDA-rec-dep LTP 1.Increases in AMPAR
function.
., LLTP increases in frequency

/ AMPA
NMDE —e 2+ 0of mini AMPAR currents

/

— 3. Decrease in probability of
l)in failure when 1 input is
Ca?t stimulated.

NMDA-rec-indep LTP

I A4 o]

- (plt

Or, as likely in mossy fiber to CA3 dendrite LTP, the effect can be pre-synaptic
effected by a Cat++ sensitive adenylyl cyclase that activates PKA and facilitates synaptic
vesicle recycling thereby increasing synaptic release.



NMDAReceptors Control AMPA receptor expression and internalization
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Nothing in a neuron is simple. At different synapses showing
NMDA dependent LTP different signaling systems may play more or less prominent roles.
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['ye-Blink Conditioning ...

fiores

(motor learning)

A puff of air to the cornea &, |

causes a reflexive eye-blink.

Pairing a tone to the air puff
soon entrains the eye-blink to
the tone alone.
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PF and CF activated together

~ conveys CS
at low frequel.lcy (~4Hz) cause Long R Mk
Term Depression at PF-PC synapse. s
This reduces output of the PC causing TR
decreased inhibition of the T [ Purkinie
conditioned response in that nucleus : sy des —t. cell
and increases output of the conditioned cel
response. il

, Climbing conveys US
\ fibre

Inferior ofivary
If the CS were continually stimulated without | . uoleus
the US the PF to PC synapse would Mossy
potentiate leading to increased PC output, flore

increased PC inhibition in the DCN, and

extinction of the conditioned response. - Red nucle
- L
Input 1 :ro = Qutp
5 : G bellar and on
. . TmesT erehellar a
lntglépl\(I)SItus vestioular nuclei P
1,400 synapses from 1CF / PC;(1 CF innervates ~ 10 PC) Nature Reviews | Neuroscien

200,000 different granule cell PF synapses/PC



parallel fiber terminal Purkinje cell dendrite

5'GMP
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LTD in Cerebellum results
From stimulation of both
AMPAR and mGluR1
Receptors

glutamate




Long, long, term changes 1n synaptic strength require protein synthesis
and probably reflect the development of new synapses.

Activity can trigger transcription cascades and lead to activation
of immediate early genes (cfos,cjun,zif, ZENK).

Many activity sensitive genes have cyclic AMP responsive elements
in their regulatory regions.

Synaptic Ca++ influx causes DNA -
the phosphorylation of cyclic AMP '
responsive element binding
protein (CREB) in the nucleus
permitting 1t to dimerize,

interact with with both

the CRE element and CREB
binding protein (CBP)

and 1nitiate transcription.

RNA
Polymerase I
complex

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




