Synapftic integration in the
central nervous system

Based on Ch 10 Principle of Neural Science Kandel

See also Ch 9, 10, 13, 14, 15 Cellular and molecular neurophysiology
Hammond




® | ke synaptic transmission at the neuromuscular junction,
most rapid signaling between neurons in the CNS involves
lonotropic receptors in the postsynaptic membrane.

®» Many principles that apply to the synaptic transmission
between motor neuron and skeletal muscle fiber at the
neuromuscular junction also apply in the fiber at the CNS




®» Synapfic fransmission between central neurons is more
complex:
» Muscle fibers are innervated by only one motor neuron while

ventral nerve cells receive connections from hundreds or even
thousands of neurons.

» Muscle fibers receive only excitatory inputs whereas central neurons
receive both excitatory and inhibitory inputs.

» All synapfic action on muscle fibers are mediated by one
neurotransmitter, Ach, which activates only one type of receptor
(hAChR); a single central neuron can respond to different types of
receptor (ionotfropic or metabotropic).

= Neurons must infegrate diverse inputs into a single coordinated
action.

» Nerve-muscle synapse is very efficient: 1 action potential in the
motor neuron produce 1 action potential in the muscle fiber. In
contrast connections made by presynaptic neuron into motor
neuron are only modestly efficient: offen 50-100 excitatory neurons
must fire together to produce a synaptic potential in a motor cell




Most of the inifial studies were performed on the synapfic
Inputs onto spinal motor neurons that conirol the stretch

reflex
Stretch reflex circuit for knee jerk S The stretch receptor at the ex.’rensor
e e muscle  makes an  excitatory
et o N cord connection with an extensor motor

(extensor) ®

. | .
7w qv neuron that innervates the same
muscle group.

It also make an excitatory synapse

foon with an interneuron, which in turn
o P intemouton makes an inhibitory connection with
pewon  heuron a flexor motor neuron that innervates
the antagonist biceps femoris muscle
group.

onversely an afferent fiber from the biceps excite an inferneuron that
akes an inhibitory synapse on the extensor motor neuron.



» When a muscle is stretched, the amplitude and duration
of the stimulus are reflected in the amplitude and duration
of the receptor potential generated in the sensory neuron

» [f the receptor potential exceeds
the threshold for an action potential
in that cell, the graded signal is
transformed at the trigger zone into
an action potential.
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» The duration of the input signal also
determines the duration of action
potential
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» The information encoded by the frequency and duration of firings is conveyed
along the axon to its terminals, where the firing of action potentials determines
the amount of transmitter released. These staged of signaling have their
counterparts in the motor neuron (B) and in the muscle (C)

A Sensory signals B Motor signals C Muscle signals
Stimulus  Input Integration Conduction Output Input Integration Conduction Output Input  Integration Conduction Output
(transmitter (transmitter (behavior)
release) release)
Action

Graded potentual Action Action Graded Action Action Action Graded Action Action

receptor potentnal potenual synaptic potential |potential | potential synaptic ,potential | potential
potemlal Receptor 00‘9""5“ Synaptic potemlal Synaptic
potentnal potenual potential

Stretch % _ Contraction

Motor neuron Muscle

Muscle spindle Sensory neuron




A Stretch reflex circuit for knee jerk
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PSP produced by the sensory neuron, depolarize the extensor motor neuron by
han TmV (0.2-0.4mV) far below the threshold for generating an action potential
ikally, a depolarization of at lest 10mV is required). The generation of an action
lal requires a near synchronous firing of a number of sensory neurons.

Experimentally we can
stimulate Wwith one
electrode the cell body of
a stretch-recepfor neuron
that Innervates the
extensor muscle:

= this will produce a small
EPSP in the motor neuron
that innervates precisely
the same muscle
(Quadriceps) monitored
by the sensory neuron.
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In contrast 1o the EPSP produced in the extensor motor neuron, stimulation of
'he stretchéreceptor neuron produces a small IPSP in the motor neuron that
s the flexor muscle, which is antagonistic of the extensor muscle.

his hyperpolarizihng action is mediated by an inhibitory interneuron, which
receive excitatory input from the sensory neurons of the extensor muscle and

tyrn makes synapses with the motor neurons that innervate the flexor
cle.

If strong enough can counteract the sum of excitatory input and prevent
theYxembrane potential fo reach the threshold.



In  addition to counteracting
synapftic excitation, synapftic
iInhibition ca exert a powerful
control over action potential firing
neurons that are spontaneously
active because of the presence of
INfrinsic pacemakers channels.

This function is called sculpturing
role of Iinhibition, shapes fthe
pattern of firing in such cells



The effect of a synapfic potential — whether excitatory or
INnhibitory — is determined not by fthe type of transmitter
released from the presynaptfic neuron but by the type of
channels in the postsynaptic cell activated by the
neurofransmitter.

Although some transmitter can produce both excitatory and

INhibitory postsynaptic potentials, by acting on distinct classes

of/ionofropic receptors at different synapses, most transmitters
roduce a single predominant a type of synaptic response

A transmitter is usually inhibitory or excitatory

Ex: in vertebrate brain neurons that release Glutamate typically
act on receptors that produce excitation;

Neurons that release GABA or glycine act on receptors that
produce inhibition
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The EPSP in the spinal motor neuron
results from the opening of the
glutamate-gated channels
permeable to Na* and K*.
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A lonotropic glutamate receptor
AMPA or Kainate

Glutamate receptor can be |
divided U ‘o
® onofropic receptors always
excitatory

AMPA Dlocked by CNQX (6-
cyano-/-nitfrogquinoxaline-2,3-
dione)

ihate

MDA Dblocked by APV (2-
amino-5-phosphonovaleric
acid)

®» Metabotropic receptors, can
be excitatory or inhibitory

O«




NMDA receptors
1. Permeate Ca?*f beside Na* and K*

2. The presence of glycine is necessary as
cofactor for the opening of fthe
channel

. The opening depends on voltage as
well as fransmitter. The voltage-
dependence is due to a mechanism
that is different from that of the
Voltage-gated channels involved in
action potential: depolarization
remove an extrinsic plug from the
channel




At the resting potential (-65mV)
extracellular Mg?* binds tightly to a
site In the pore of the channels,
blocking ion current.

When/the membrane is depolarized
(fro example by opening of AMPA
regeptor), Mg?* is expelled from the
channel, allowing Na* and Ca?* to
nter
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NMDA receptors

4 NMDA receptor is inhibited by the
hallucinogenic drug phencyclidine (PCP,
angel dust) and by MK801, both of which
bind to a site in the pore of the channel
that is distinct from the Mg#* binding site.

Blockade of NMDA receptors produces
symptoms that resemble the hallucinations
associated with schizophrenia, whereas
certfain  anfipsychotic drugs enhance
current from NMDA recepftors.

This has led to the hypothesis that
schizophrenia may involve a defect In
NMDA receptor function




NMDA and non -NMDA receptors coexist on postsynaptic membrane

Early and late components of synaptic current
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At the normal resting
potential of Most
neurons, the NMDA
receptor-channels are
largely  inhibited by
Mg?*.

EPSC Is due by charge
flow through the AMPA
receptors, which
generate a current with
a very rapid rising phase
and very rapid decay
phase.

In  few areas (CA3
hippocampus) EPSC s
due to KAINATE

Receptors



AS neuron becomes
depolarized, Mg?* is driven

Early and late components of synaptic current B Current-voltage relationship of the synaptic current

Membrane PeakClE”(;;teCU”em Without APV 7+100PA OUT from The NMDA pore
porertl [\ O WhAR and more charge flow
: ® Vithout APV through the channels.
i b.mpv T = NMDA receptor conduct
i current maximally when
i A ES?;:;/‘Q‘::V"V’ two conditions are met:
| Without APV i ]
| A Peck fearly {-100 Glutamate is present
: without APV . .
e Cell is depolarized
Withbut APV | NMDA act as Q
COINCIDENCE RECEPTOR
100 pA y i i
A Detecting a timing
———— - | relationship petween

activation of presynaptic
and postsynaptic cells




Early and late components of synaptic current
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The current through
NMDA recepftor rises
and decay with @
much  slower fime
course than the AMPA
receptor current.

NMDA receptors
contribute to a late,
slow phase of EPSP
and EPSC



Most glutamatergic synapses contains AMPA receptors that are
capable of friggering action potential

What is the role of NMDA?
Moreover NMDA are blocked by Mg?* at resting potential

When glutamate is paired with depolarization, NMDA conduct
Ca?* into the postsynaptic cells.

This lead to [Ca?*]. that can activate various calcium-dependent
sighaling cascades, including CaMKIl.

ctivation of NMDA can firanslate electrical signals in
biochemical ones

Some of these biochemical reactions lead to long lasting
changes in synaptic strength, long term synapftic plasticity that
are though to be important during synapse development and
for regulating neural circuits in the adult brain



In particular NMDA receptors-dependent long term potentiation (LTP) of excitatory
synaptic tfransmission has been implicated in certain form of memory storage.

Downside of Ca?* entry through NMDA receptors:

Excessively high concentrations of glutamate result in an overload of Ca?t in the
postsynaptic neurons and therefore cause toxicity: Glutamate exotoxicity.

Glutamate toxicity may contribute to cell damage after siroke, to the cell death
that occurs with episodes of rapidly repeated seizures experienced by patients who
haye status epilecticus, and to degenerative disease such as Huntington disease.
gent that selectively block NMDA receptor may protect against the toxic effect of
glutamate and have been tested clinically.

Unfortunately the hallucinations that accompany NMDA blockade have so far
imited the usefulness of such compounds. A further complication of blocking NMDA
receptors function is that physiological levels of NMDA receptor activation can
actually protect neurons from damage and cell death



NMDA receptors are the only receptors in postsynaptic membrane

In certain preparations, EPSP in response to glu stimulation, only
show one component, the NMDA component. This has led to
the assumpftion that not all NMDA receptor are blocked by Mg?#*
at resting membrane potential. As an example GIuUN2A and
GluN2B-containing channels are more sensitive to Mg?* block as
compared with GluN2C and GIuN2D.

e mechanism would be:

When Glu in the synaptic cleft is high enough to acftivate few
NMDA receptors not blocked by Mg?t at resting potential, o
small inward current is activated which produces a small
depolarization that in furn unbolcks additional NMDA receptors.
This triggers a regenerative phenomenon.




lonotfropic glutamate receptors

A ACh, GABA, and glycine B Glutamate receptor-channels C ATP receptor-channels
receptor-channels

Unlike pentameric nAChHR W T o
family, AMPA, Kinate and g
NMDA receptors are |
teframeric proteins with four
subunits arranged around @
cenjral pore.

ACh GABA, Glycine AMPA / Kainate / NMDA



lonotropic glutamate receptors
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lonotropic glutamate receptors

IGIUR subunits have in common a large
extracellular N-terminus domain and four
hydrophobic segments.
Immunocytochemical and  biochemical ATD
sfudies have indicated that C-term s
infracellular. M2 does not span the
membrarie but is considered to lie in close LBD
proximjty to the infracellular surface and to
have A hairpin structure (P-loop).

TMD
lJUR consist of:

term domain ATD fthat participate in CTD
type-specific recepftor assembly,
ficking and modulation. Forming a




lonotropic glutamate receptors

Ligand-binding  domain LBD cenfral to
agonist/competitive antagonist binding and to
activation gating. LBD is composed by 2 regions:
one region located from N-term to M1; the second
is formed by the large extracellular loop between
M3 and M4, The binding of one glutamate to the
clamshell Ariggers the closure of the lobes of the LBD
ompetitive antagonist bind to the site but
fail to/irigger the closure. Thus the conformational
hange associated with the clamshell closure is
oygh to be coupled to the opening of the ion

ATD

TMD

CTD




lonotropic glutamate receptors

Transmembrane domain TMD consisting of M1, M3, ATD
M4 and the P-loop M2 that forms the channel
domain CTD of variable length LB
involved/Iin receptor trafficking and coupling to
signalinig cascade
TMD

CTD




lonotfropic glutamate receptors

Crystal stfructure of the
homotetrameric GluA2 receptors




NMDA recepftors

Inclusion if just 1 GIUA2 subunits in the
tetframer causes AMPA receptor
channels to have a very Ilow
permeability fo Ca?*, most likely due o
rong electrostatic repulsion by
arginipie R.

Some cells form AMPA receptor
ing GIuA2 subunits. Such AMPA
eptors generate a significant Ca?*
lux, because their pores lack the
itively charged R residue
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NMDA recepftors

DNA of GIuA2 gene does not encode arginine R
iIn the M2 loop but rather a glutamine Q residue.

After franscription the codon of glutamine in the
GluA2 mRNA is replaced with one of arginine R
due to a chemical modification of a single
nucleotide base through an enzymatic process
(RNA diting).

Importance of this process is underscored by
a/genetically engineered mouse that is designed
express a GIuA2 gene in which the Q residues
could no longer be edited in R.

These mice develop seizures and die within few
weeks after birth, presumably because of an
excess of intracellular Ca?* as all AMPA receptors
these mice have a high Ca?* permeability.
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NMDA recepftors

Alresidue of serine S in M3 is moreover important to
regulate subtype NMDA receptor dependence of
lective permeability to Ca?* as well as Mg?* ICs,.
JUN2  subunits  contribute to  the  four
iheterotrimeric NMDAR subtypes (GluNT/GIuUN2A -
JUNT/GIUN2B - GIUNT/GIuUN2C - GIuN1/GIuN2D)

an GIuM2C and GIuN2D

Strategic role for Serine S in M3

M3
GIUN2A  KGTTSKIMVSVWAFFAVIFLASYTANLAAFMIQEEF 658
GIUN2B KGTTSKIMVSVWAFFAVIFLASYTANLAAFMIQEEY 659
GIuN2C RGTTSKIMVLVWAFFAVIFLASYTANLAAFMIQEQY 669
GluN2D RGTTSKIMVI;VWAFFAVIFLASYTANLAAFMIQEEY 683
*

\\ Siegler Retchless B et al, Nat Neurosc. 2012
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NMDA recepftors

Alresidue of serine S in M3 is moreover important to
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\\ Siegler Retchless B et al, Nat Neurosc. 2012



NMDA recepftors

Glycine is a co-agonist of NMDA receptors

Glycine I1s an amino acid that acts as inhibitory
eurofransmitter in several nervous systems synapses in
ertebrates. However, this aa also play a positive role in
odulating NMDA response. The molecular mechanism of this

potentiating effect remain to be determined, but it is unlikely
hat it involyées an infracellular signaling (due to glycine effect

ON excised patches).

khysiologycal considerations:

Qlycine i1s present at relative high concentrations in the
crerospinal fluid (several uM) close to the concentrations
re Ired to produce its maximum effect. However, high affinity
ps may lower the extracellular level of glycine in proximity
u’romo’rerglc synapses. These transporters can therefore
plo § significant role in determining NMDA response
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Inhibitory synapses

Inhibitory synapses play essential role in the nervous system both by preventing foo much
excitation and by helping coordinate activity among networks of neurons.

IPSP in spinal motor neuron and most central neurons are generated by the aminoacid
eurotransmitters GABA and glycine.

(GABA is a major inhibitory fransmitter in the brain and spinal cord.
It acts on 2 receptors: GABA, and GABA;.
GABA , is ionotropic receptor that directly opens a Cl- channel.

GABAg Is ametabotropic receptor that activates a second messenger cascade which in
\  activate a K+ channel

\ o 3 . 3 . . .
Glycine/is a less common fransmitter in the brain, also activates ionotropic receptors that
ayectly open a Cl- channel.

Glycine i1s the major transmitter released in spinal cord by interneurons that inhibit
anfagonist muscle




Glycine is the major fransmitter released in spinal cord by
Inferneurons that inhibit antagonist muscle
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When a motor neuron Vm is held at
resting potenfial (-65mV), a small
hyperpolarizing potfential is generated
when the intferneuron is stimulated.

When Vm is held at -70mV, no change
In potential s recorded when the
interneuron is stimulated.

At Vm < -70mV the motor neuron
enerates a depolarizing response
lowing stimulation of interneuron.

The V., = -70mV correspond fo the V
in spinal mofor neurons (extracellular
concentration of CI is greater than
intracellular)

IPSP results from an increase of CI-
conductance

El,fl

C Reversal of inhibitory synaptic potential
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Currents through GABA and Glycine
lonotropic Receptor

Both receptors activate Cl- currents. The single channels
conductance of a glycine receptor-channel (46pS) is larger
that that of GABA, receptor-channel (30pS). As a results the
' rrent through the glycine-gated channel is somewhat
at that of GABA , recep’ror—chonnel

This /s due fo the fact that the ‘j h LWM
eter of the glycine ”M f
eptor-channel pore is slightly

ger than that of the GABA,
eptor-channel pore
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ICI- through GABA, and glycine receptor-
channels normally inhibit the postsynapftic cell

V., of a typical neuron is -65mV = slightly more than E;, (-70mV). At this resting
potential the chemical force driving CI- intfo the cell is slightly greater than the

electrical force opposing CI- influx — that is the electrochemical driving force on
Cl (V,,,— Eg) Is positive

The openirng of ClI channels leads to a positive current based on the relation:

Becayse the charge carrier is the negatively charged CI, the positive current
orrespond to CI influx into the neuron, down its electrochemical gradient.

Ij causes a net increase in negative charge on the inside of the membrane
membrane becomes hyperpolarized



ICI- through GABA, and glycine receptor-
channels normally inhibit the postsynapftic cell

Some central neurons have a resting V., = E. In such cells an
Increase in Cl- conductance does not change the membrane
potential - the cell does not become hyperpolarized — because the
electrochemical driving force for CI-is nearly 0.

, the opening of CI- channels in such cells still inhibits the cell
from fifing an action potential in response to a near-simultaneous

[his/Is because the depolarization produced by an excitatory input
epend on a weighted average of the batteries for all types of
en channels — excitatory and inhibitory synaptic conductances
d resting conductances — with weighting factor equal to the total
cQnductance for a particular type of channels.



lc) Through GABA , and glycine receptor-
channels normally inhibit the postsynapftic cell

Because the battery of ClIF channels is near the V., opening these channels helps hold the
memibrane near its resting potential during EPSP by increasing the weighting factor for CI- bafttery.

The effect that the opening of Cl- channels has on the magnitude of a EPSP can also be described
in terms of Ohm’s law.

AVepsp = lgpsp / 9
AVepsp = amplitude of depolaization during EPSP

lepsp = €Xxcitatory synapftic current

g, =/fotal conductance of all other channels open in the membrane, including resting channels
and any contributions from the transmitter-gated Cl- channels

use the opening of CI- channels increases the resting conductance, the depolarization during
decreases. This consequence of synapfic inhibition is called the short-circuiting or shunting
ct.



In some cells, such as those with metabotropic receptors
GABA, receptors, inhibition is caused by the opening of K*
channels. Because the E¢ = -80, always negative to the resting
potential, opening of K* channels inhibits the cell even more
profoyndly than opening CI- channels (assuming a similar-size
synaptic conductance). GABA; responses turn on more slowly
and persist for longer time compared with GABA , responses.




aradoxically, under some condifions the activation of GABA,
receptors in neurons can cause excitation.

This 1s because the Iinflux of CI affer intense periods of
sfimulation can be so great that the infracellular CI-
rations increases substantially.

even double.

result, the E- may become more positive than the resting
potential. Under these conditions, the opening of Cl- channels
leads to efflux and depolarization of the neuron.



ch depolarizing CI- responses occur normally in newborn animals,
re [Cl]. tends to be high even at rest. This is because the K*-CI-
cotransporters expressed at low levels during early development.
Similarly excitatory CI- responses by GABA, may confribufe to
epileptic discharges in which large, synchronized and depolarizing
GABA response are observed

GABA,R

(GyR)
Na/K

ATPase

Na/K
ATPase

Y

ATP
HCOy 3Na*

ATP

T Cr HCO4
12

. |

Cell shrinkage Cells swelling

viet NCHi

3Na*

-
Immature neuron ~~ Mature neuron

B 3

Trauma
ischemia
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GABA, and glycine receptors
are structurally related to
ACh recepftors even though
ihe lafter are selective for
cations.

ontrast glutamate
ecepfors evolved form o
Aifferent class of proteins and
’r present a second gene
f |Iy of igand-gated
nnels

A ACh, GABA, and glycine

receptor-channels
NH,

Extracellular

side

Cytoplasmic \

side

Ligand
binding

COOH

lonotropic GABA and glycine

B Glutamate receptor-channels (

NH, Ligand
%bmding

Glycine

AMPA / Kainate / NMD#



GABA, are
pentameric usually
composed of 2a, 28 1y or 15
subunift.

Receptors are activated by
he binding of 2 molecules of
GABA / In  cleft formed

vefween the a and B subunits

Glycin receptors are formed
\ Bao. and 2B subunits and
reguire the binding for up 1o 3

makecules of ligand to open.

receptors

A ACh, GABA, and glycine

receptor-channels
NH,

Extracellular
side

Cytoplasmic \

side \

Ligand
binding

COOH

lonotropic GABA and glycine

B Glutamate receptor-channels (

NH, Ligand
%bmding

Glycine

AMPA / Kainate / NMD#



lonotropic GABA and glycine

Similarly to nACh receptors, M2 forms the lining of the
channel pore.

Differences with nAChR:

NAChR present rings of negatively charged aa residues
that helps selecting for cations over anions.

ABA and Glycine receptors contain either neutral or
positive charged residues at the homologous positions,
which conftribute to the selectivity for anions



lonotropic GABA and glycine

GABA, and glycine receptors play important roles in disease
and in the action of drugs.

GABA , receptors are targets for several types of drugs that are
clinically important and socially abused, including anesthetics
and benzodiazepines, barbiturates and alcohol.

They all act on different sites of the receptor but act similarly to
inCrease P, of the GABA receptor channel.

xample: while GABA binds to a cleft between o and f
subunits, benzodiazepines (or barbiturate) bind more strongly
to the receptor-channel when GABA is also bound, and this
tight binding helps stabilize the channel in the open state. In
this manner the various compounds all enhance inhibitory
synapftic transmission.




Inotropic GABA and glycine

How come that all these compounds act on the same
receptor but promote such different behavioral and
psychological effects, for example reducing anxiety versus
promoting sleepe

Many of the compounds interacts selectively with specific
sypbunits subtypes, which can be localized in different
rain regions.

Example: zolpiden (nhon-bezodiazepine that promotes
sleep) binds selectively to GABA, receptors containing o |
subunit. In  confrast, the anxiolytic effect of
benzodiazepines require binding to the a2 and y subunits.



Other types of ionotropic receptors in CNS

Certain fast excitatory synaptic actions are mediated by
the neurofransmitter serotonin (5-HT) acting at the 5-HT,
class of ionofropic receptors.

These receptors have four tfransmembrane domains and
are structurally similar fo the nicotinic receptors.

Like nACh receptors they are permeable to cations and
ave a k., = 0mV.



Other types of ionotropic receptors in CNS

C ATP receptor-channels

Ligand
binding

/

lonotropic receptors for ATP, which serves as excitatory
transmitters at selected synapses, constitute a third major family
of transmitter-gated channels = PURINERGIC RECEPTORS.

These receptors occurs in smooth muscle cells innervated by
sympd’r etic neurons of the autonomic ganglia as well on
central and peripheral neurons.

These receptors (P2X) are activated by ATP and the channel is
ermeable to both monovalent cations as well as Ca?*, they  NH2
present a k.., = 0mV

The structure of P2X receptors reveals that it is organized in three
subunits, each containing only two transmembrane domains .
surrounding a central pore

rev




Integration of Excitatory and inhibitory
synapses In CNS

Each neuron in the CNS is constantly bomlbarded
by an array of synaptic inputs from many other
neurons.

A single motor neuron for example may be
inngrvated by as many as 10000 different
presynaptic endings. Some are excitatory and
ther inhibitory; some strong other weak.

Some inputs contact the motor neurons on the
tips of its apical dendrites, other in proximity of the
soma. The different inputs may reinforce or cancel
one anofther.




Integration of Excitatory and inhibitory
synapses In CNS

The net effect of the inputs at any individual excitatory or inhibitory synapse will
depend on several factors:

Location, size and shape of the synapses, the proximity and relative strength of
other synergistic or antagonistic synapses and the resting potential of the cell.

In addition, the response of the postsynaptic neurons is the results of two types of
curyents:

Currents across receptor channels evoked by neurofransmitters at the
postsynaptic membrane due to the interaction of the fransmitter and the
receptor and the properties of the receptors

» Current across voltage-gated channels at non synaptic membrane
(dendritic, somatic or the initial segment) and are generated by voltage
changes resulting from currents of synaptic origin, or from currents generated
during the first action potential



Integration of Excitatory and inhibitory
synapses In CNS

Inputs are coordinated in the postsynaptic neuron by a
process called neuronal integration.

This cellular process reflects the task that confronts the
nervous system as a whole: making decisions.

cell at any moment has 2 options: fire or not fire an
action potential. This brain’s ability to choose between
competing alternatives is called integrative action of the
hervous system



In /most neuron the decision to fire or not is
making at one site: the initial segment of the
axon (trigger zone).

Here the cell has a lower threshold for action
potential generation as compared with cell
body or dendrites because it has a higher
density of HVA Na* channels.

\l

increment of membrane
more Nav open thus

ion potential triggered at the trigger
en depolarizes the membrane of the
dy to threshold and at the same time
agated along the axon.

|

Trigger
Dendrites L)/\’\—/\(zone

Potential (mV)

Threshold

-

%

Cell body

Action potential \

-35

stnaptuc potential
-45 k-

-55 |k

Resting membrane potential
Ty Attt SIS FER. S —

\

Myelin
sheath

Synapse

Distance from synapse



uronal integrafion involves the summation of synapftic
tentials that spread to the trigger one, it is clinically affected
two passive membrane properties of the neuron:

O O

Membrane time constant helps determine the time course
of the synaptic potential controling temporal summation,
the process by which consecutive synaptic potential at the
same site are added together in the postsynaptic cell.

Neurony’with a large membrane constant have a greater
apability/ for temporal summation than do neurons with @

A Temporal summation

Recording

Synaptic
current

Synaptic
potential

Long time j\}
(100 ms) V., [\

constant
/

Short time

(20 ms) M

constant



» Length constant of the cell determines the degree to
which a local depolarization decreases as it spreads
passively from a synapse along the length of the
dendrite.

n cells with longer length constant, signals spread to
igger zone with minimal decrement; in cells with a short
ength constant, the signal decay rapidly with distance

puts from many presynaptic neurons acting at different

ht to threshold by inputs arising from different sites
are neurons with a short length constant

B Spatial summation

Recording

' i I2x10"°A

AB
Threshold
Long length N
constant \
(500 um)  V h

VJZmV

~ Threshold

Short length
constant

(250 pm) v—/\/\ T 2mv

25 ms



Subliminal voltage-gated currents of

the somato-dendritic membranes
Not all neurons respond with the same way when they are

activated by a depolarizing current pulse or when the
hyperpolarized: they have different patterns of firing

A

B C
RS Cell I | N | I ‘ H FS Cell IB Cell
i |

Zhu Wnnors BW, Journal of Neurophysiology, 1999

Firing patterns of a regular-spiking (RS) cell
(A), a fast-spiking (FS) cell (B), and an
intrinsically burst-spiking (IB) cell (C). Top
and middle: characteristic  response
patterns to depolarizing current injection of
2 different intensities. Suprathreshold
spiking patterns reveal their physiological
identity. Resting membrane potentials of
these cells were =65 mV (A), =72 mV (B),
and -63 mV (C). Note that fast action
potential amplitudes are truncated by the
digitization.



Subliminal voltage-gated currents of

the somato-dendritic membranes

®» Neurons are not interchangeable.

®» The acftivity of a neuronal network is related not only to the
excitatory and inhibitory inferactions among them but also fo their
intrinsic electrical properties.

= The personality of a neuron depend by the input (depolarizafion or
hyperpolarization) and output (firing) characteristics.

®» |[npyt and output are the results of a rich repertoire of ionic currents

otier than those of the action potential and neurotransmitter
activated channels. These currents are called subliminal voltage-
ated currents because they are activated at voltages
ubthreshold to that of action potential.

The% are located either in the dendritic or somatic memlbranes or
of




Subliminal voltage-gated currents of
the somato-dendritic membranes

A dendrfic free currents propagate passively, EPSP are
attenuated in amplitude and slowed down Iin fime course as
they spread into the soma due to passive properties of the
dendrite.

» Accordingly the influence of EPSP on neuronal oufput, which
reliesy’on the abllity o depolarize the axon, depend upon the
| size and shape of the synapftic response, as well as the
cable properties of the dendritic tree filters the response as it
reads from the synapse to the site of the action potential
eneration.



Inhibitory synapses located on distal
dendrites should be less efficient In
depolarizihg or hyperpolarizihg the
soma-initial segment region

Although theoretical analyses have
predicted such a clear location-
dependent variability of synaptic input,
there is now considerable evidence
indicating that the shape of the EPSPs
ay be relatively independent of
napse location (see as an example
ramidal neurons of the CA1 region of
hippocampus)

ZLAS a consequence, excitatory and

Subliminal voltage-gated currents of
the somato-dendritic membranes

Amplitude and kinetics

Magee JC, Nat. Neurosc Rev, 2000



If certain dendrites do not behave as simple cables, Is it
pbecause theirr membranes express subliminal voltage-gated
currentse

= |n order to answer this qguestions the best experimental models
IN regions organized in layers such as neocortex or
hippocampus. In these regions, dendrific recordings are much
easier because the dendrific layer is easily recognizable from
the somatic layer




Persistent Na+ channels

Persistent Na current I is a TTX sensitive Na* current that
activate below spike threshold. It is slowly inactivating (P stand
for persistent) in comparison with |, of the action potential that
IS fransient. Nav 1.6 have been suggested as the channels
responsible.




Figure 1. Persistent Na* channel activity in patches
from stellate and pyramidal cell dendrites. Columns
A and B refer to a representative stellate neuron
(patch D8716) and a representative pyramidal
neuron (patch A8717), respectively. Panels A1 and
iICrophotographs of the two cells in
question Ascale bars, 15 um; note the positions of
the paotch pipettes on the dendrific processes).
A2 and B2 illustrate Na* channel currents
evoked by 50 ms depolarising pulses at =20 mV
A2) and —10 mV (B 2) starting from the fime points
rked by the arrows. The current traces shown
consecutive sweeps from families of 20. Scale
rs: 2 pA and 5 ms. Insets, ensemble average
cMxents obtained from the corresponding 20trace
les. Scale bars in insets: 25 pA and 5 ms.

Persistent Na+ channels
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Persistent Na+ channels R
‘“* ﬁhwwmwwmmmm%
. . . fﬁi B e T
iIngle channel Is recorded In patch R i
lamp from dendrite of isolated Hf*wwwﬂm“‘“ﬁl‘”“”m‘”’"”
yramidal neuron in current clamp. { JMWMLW‘m‘fﬂwﬂw o
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Depolarization steps (from -100mV to - f_“fi’ﬂ _______ AL
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20mV) evoke a Na+-channel opening in
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Persistent Na+ channels
boost EPSPs

ingle channel s recorded Iin patch
lamp from dendrite of isolated
yramidal neuron in current clamp.

Depolarization steps (from -100mV to -
20mV) evoke a Na+-channel opening in
I regcorded patches. The most
nent activity consist of early, short-
eq@ opening clustered within the first
ms and correspond to |y,.

______________________________________
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Persistent Na+ channels
boost EPSPs

%ingle channel is recorded in patch clamp
from dendrite of isolated pyramidal neuron
n current clamp.

Depolarization steps (from -100mV 1o -
20mV) evoke a Na+-channel opening in all
patches. The most prominent
ctivity/consist of early, short-lived opening
lustered within the first few ms and

ddition, a different Na-channel activity
sisting of prolonged or late openings Is
redorded that correspond 10 Iy 4p.

______________________________________
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Persistent Na+ channels

Jingle channel is recorded in patch clamp
rom dendrite of isolated pyramidal neuron in
urrent clamp.

Depolarization steps (from -100mV to -20mV)
evoke a Na+-channel opening in all recorded
patches. The most prominent activity consist of
early, short-lived opening clustered within the
Irst few/ms and correspond to Iy.

addition, a different Na-channel activity

nglsting of prolonged or late openings is
orded that correspond to Iy4p.

\- averaging many fraces, this persistent
cUulent is able to produce sizable net inward
cunggnt even for 500mes.

\
\'e
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Are Persistent Na* channels activated by
EPSPs?

ctivation of Iy, by local synaptic inputs is tested by simulfaneous
hole cell dendritic and somatic recordings (in current clamp)
ade from the same neuron.

Dendritic EPSP are evoked by intradendritic current injection
(simulated EPSP).

he EPSP must be under threshold in order to evoke only the

role of Iy, On these EPSP is then deduced by studying the
ct of TTX on the amplitude and duration of EPSPs.



Are Persistent Na* channels
activated by EPSPs?

ocalized application of TTX on
ayer V pyramidal nheuron.

lwgp IS QCtivated by subthreshold
voltage applied

recording

ramp
through
lectrode In the soma.

TTX/control 1,

Astman N et al., J Neruosc 2006
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Are Persistent Na* channels

activated by EPSPs?

ocalized application of TTX on
ayer V pyramidal nheuron.

lngp IS QCtivated by subthreshold

ramp of voltage applied
through the recording
lectrgde in the soma.

ow TIX concentration
00OnNM) was applied locally to
apical dendrite

Astman N et al., J Neruosc 2006



Are Persistent Na* channels
activated by EPSPs?

ocalized application of TTX on
ayer V pyramidal nheuron.

INaP 1S activated by
ubthreshold ramp of voltage
applied hrough the recording

Astman N et al., J Neruosc 2006



Are Persistent Na* channels
activated by EPSPs?

ocalized application of TTX on
ayer V pyramidal neuron.

nop 1S aQctivated by subthreshold
amp of voltage applied through
the recording electrode Iin the
SsOMmd.

A low ATX concentration (100nM)

Was dpplied locally to the apical
dendrite or the soma.

Apbplication of TTX on the axon
pk®moted a large reduction in the
a Ii’rude of lyqp-

Astman N et al., J Neruosc 2006




The graph expressing the effect of TIX as @
unction of the distance of application in the
dendrite, soma and axon, show a reduction in
he amplitude of Iy, only when TTX is applied to
he axon.

In the neocortex EPSP activate I, and in furn,

he data indicate that the primary source of Iy is
n the spike/initiation zone in the proximal axon.

o.p Doosts EPSPs in amplitude and duration. This
amplifigation mainly occurs in the axo-somatic
région

Au INng a resting membrane potential of -65/-
t‘ , fo activate |y, EPSP must depolarize the
m brane by 5-15mV. Only summed EPSP can
redgh this amplitude

B

TTX/control I,

Are Persistent Na* channels activated by
EPSPs?
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T-Type Ca?* channels

-90
-type Ca?* current is an amiloride and Ni¢*-sensitive Ca?* MW
current  which activates below spike threshold (low DAk
oltage-activated or LVA). The activation threshold is "'-‘NWMW‘W“_
around the resting membrane potential (-50 to -60mV) 10- T TR
20mV negative to spike threshold. \«.

stands for Transient but also Tiny (small single channels _ UW' |
onductgnce). o gt

V curve of the whole cell T
current from a freshly isolated
dissociated hippocampal neuron

mV

recorded in 10mM external Ca?* om0 ow oo

40

pA

Yaari y et al, Science 1987



T-Type Ca?* channels

It is totally inactivated at potential close to
he resting membrane potential and is de-
nactivated during a fransient
hyperpolarization.

It I1s ftherefore fully activated by o
depoldrization only when the membrane
Dotential has been previously maintained
4t o/more hyperpolarized potential

\

Yaari y et al, Science 1987



oltage gated Ca?* channels

Table 1. Subunit composition and function of Ca®* channel types

Ca’* current al Specific
type Subunits blocker Principal physiological functions Inherited diseases
I Ca,l.1  DHPs Excitation-contraction coupling in ~ Hypokalemic periodic
skeletal muscle, regulation of paralysis
transcription
Ca,l.2: .DHPs Excitation-contraction coupling in ~ Timothy syndrome: cardiac
cardiac and smooth muscle, arrhythmia with
endocrine secretion, neuronal developmental
Ca”" transients in cell bodies and abnormalites and autism
dendrites, regulation of enzyme spectrum disorders
activity, regulation of transcription
Ca,l.3 DHPs Endocrine secretion, cardiac
pacemaking, neuronal Ca*"
transients in cell bodies and
dendrites, auditory transduction
Ca,l.4 DHPs Visual transduction Stationary night blindness
N Caj2.1 w-CTx-GVIA Neurotransmitter release,
Dendritic Ca®" transients
P/Q Ca,22  @-Agatoxin  Neurotransmitter release, Familial hemiplegic migraine,
Dendritic Ca®" transients cerebellar ataxia
R Ca, 2.3 SNX-482 Neurotransmitter release,
Dendritic Ca ' tansients
T Ca,3.1  None Pacemaking and repetitive firing
Ca,3.2 Pacemaking and repetitive firing Absence seizures

Abbreviations: DHE dihydropyridine; o-CTx-GVIA, w-conotoxin GVIA from the cone snail Conus geographus; SNX-482, a
synthetic version of a peptide toxin from the tarantula Hysterocrates gigas.

Catterall W, CSH persp, 2011




T-Type Ca?* channels are present in dendrites
of cortical neurons

Ié» order to record Ca?" current in isolafion, the solution bathing the
xtracellular face of the patch contains Ba?* (100-120mM) as charge carrier

and TEA and TTX to block K* and Na* currents respectively.

I-type current is identified by inward polarity, unitary current characteristics,
sensitivity to Ni¢* or amiloride and insensitivity tfo dihydropyridines (L-type
blockers)/w-conotoxins or funnel web toxin (N-type and P-type blockers).

All the pharmacological tools are however NOT sufficient to finally identify T-
pe channels: those experiments do not exclude some partial contributions
0\ a dendritic R-type current (l-4) Which is also sensitive to Ni?*.

qwever since I~ IS a high fthreshold-acfivated current- in the following
eXyeriments it has been considered that the Ca?* current activated in

a -‘\‘ drites is |t




he activity of an apical dendritic membrane is
ecorded In the dendrite-attached configuration
voltage-clamp).

n response to depolarizing steps to -15mV from an
hyperpolarized potential (-85mV to de-inactivate T
channels), channel openings are recorded.

he current occurs at the beginning of the stimulus,
are smallin unitary conductance (7-11pS).

hey aye sensitive to Ni2* and amiloride.

\\= data together with the activation-inactivation
ct\aracteristics, reveal the presence of T-type Ca?*
ch@phnels in dendrites of pyramidal neurons in
hiRocampus

A -15mV B
-85 mV —-J I— 2509

Number of opening:
o

o

1 1 A

0 =T ip—_n
0 2 3 4 5

1
Channel open time (ms)

Membrane potential (mV)

T-Type Ca?* channels are present in dendrites of
cortical neurons

! -ﬁ! M, -60 -40 -20
Ba 20mM
Ba 120mM

4 -04

- -08

00
00 -80 -60 -40 -20
Membrane potential (mV)

S
z
0-4 pA WM“‘M'“H
10 ms

Magee JC and Johnston D, J Physiol 1995

nt (pA)



T-Type Ca?* channels are present in dendrites of
cortical neurons

ctivation of dendritic |-, by local synaptic inputs is
ested In dendrite-attached and whole-cell somatic
ecordings from the same pyramidal neuron of CAT
region.

Sub-threshold EPSPs are evoked by threshold Schaffer
collateral stimulation. These EPSPs must be sub-threshold
(they must trigger Na* action potentials), in order to evoke
only the lowAhreshold, Ni?*-sensitive, l-r.

Dendrite
attached
recordings of
ICaT (voltage
clamp)

EPSPs are’ recorded from the soma (in current clamp

|

inode) dgfter propagation in the dendritic tree.

gle.thannel T-type Ca?* currents are recorded from the

q
o\u of dendritic membrane (in voltage clamp). Whole cell

recordings of
EPSP (current
camp)

If \dhannels openings only occur during EPSPs, they are
CO |dered to have been triggered by if.

Magee JC and Johnston D, Science, 1995



T-Type Ca?* channels are present in dendrites of
cortical neurons

In response to Schaffer stimulation, |W_

the activity of single Ca?* channels is
recorded. Single channels openings A

are most often observed near fthe T e
r falling phases of the EPSP.

with a peak amplitude of 10m
the somatic recording site are
ecessary for activation of T-type | —

Ca?* channels 19A
10 ms

Currents levels at -0.4 pA

Magee JC and Johnston D, Science, 1995



hen 4s hyperpolarizing prepulse is applied
400ms before synaptic stimulation, P, of T-
ype Ca?%" channels is increased in a
oltage dependent manner.

his suggest that a large proportion of T-
type channels population is inactivated at
esting potential.

Membrane hyperpolarization (by IPSP),
yecessary for maximal channel oc’nvahon
Nter EPSP

\\- contribution of T-type Ca?* channels
ld be particularly enhanced for EPSPs

.“ urring after hyperpolarizing IPSPs

O

T-Type Ca?* channels are present in dendrites of
cortical neurons

‘/\\‘vm =-60 mV

1

No prepulse

-20 mV prepulse

-40 mV prepulse

Magee JC and Johnston D, Science, 1995



hat are the consequences of this local
infradendritic Ca?* increase? Does dendrific
cqr 0OOSt EPSP?

To address this question, EPSP are evoked
far out on the apical dendrite and their
hape Is recorded at the soma with the
dendritic/l-4r active or partially inhibited by
i<t or gdmiloride.

kPSP / are evoked by afferent fiber
Imylation (2Hz) and are recorded at the
of the soma (whole cell). To visulalize
2 approximate spread of Nizt (5uM) or
Iorlde (50uM), both drugs are dissolved
in f\Wod color solutions.

N
=

control

ooooo

T-Type Ca?* channels are present in dendrites of
cortical neurons

ooooo

w = ‘N_

5mV|

50 ms

Gillessen T& Alzheimer C, J Neurophysiol 1997



o study the role of I~ In dendrites and
nave minumum contfamination form the
soma, the Vm in the soma is set at -70mV
and EPSP is adjusted to obtain EPSP peak
amplitude of about 7/mV in the soma. In
these conditions, somatic EPSP should be
00 low to'activate LVA channels.

Dendrific  amiloride and Ni2* application
educées EPSP amplitude by 27% or 33%
espectively. The effect of both reverse
’rh'n 15-20min wash out.

Herpolanza’rlon of membrane to -90mV

|

aff&@nuates the effect of both antagonists

N
=

control

ooooo

T-Type Ca?* channels are present in dendrites of
cortical neurons

ooooo

" s ‘N_

5mV|

50 ms

Gillessen T& Alzheimer C, J Neurophysiol 1997



T-Type Ca?* channels are present in dendrites of
cortical neurons

\ \A/
A§ o i 2+
P .2+ amiloride
amiloride Ni

control

control Em (mV)
Em (V) control
—‘N amiloride
amiloride

=z

control

control control control ontrol
5 mV 5 mV
50 ms 50 ms

Gillessen T& Alzheimer C, J Neurophysiol 1997

CAl pyramidal neurons, EPSP activate T-type Ca2+ currents that can indeed alter the weight of EPSP. This amplification
rs at the dendritic regions.

r persistent Na* channels, assuming a resting potential of -65/-70mV, to activate |4, EPSP must depolarize the
brane by 5-10mV in order to activate l-4. Only summed EPSP can reach this amplitude



Hyperpolarization cationic current |, in dendrites

I, is a cationic current (Na*, K*) activated by
hyperpolarization beyond resting Vm. -

The I, channel is a family of channels whose oo
name is HCN: hyperpolarization, cyclic
nucleotide-modulated channels. There are 4
known HCN isoforms that combines to form @

fetramerig’channel. It belongs to the family of / CNBD

Neuronal excitability

K* chapnels. They contain the conserved
motive/ of K*-voltfage gated channels, D iieoraton
A ingle cell oscillations
(X | Udin g S ] ‘S 6 Seg me HTS , A C N a I’g ed 34 Modulation by (pagemaker activity)
oI’rge sensor and a pore-lining P-loop. In  ™TemEeE { Network oscilatons

dddition all family members contain a

Anserved cyclic nucleotide-binding (CNB)
\\ ain in the C-term. This is homologous to
th&lCNB of the CNG channels




Hyperpolarization cationic current |,, in dendrites

Currents begin to activate at -

60mV and steady state current
amplitude increase In an

membrane
larization up to -140mV. ©)

with
hyperp

approximately linear manner L .

'\"46

dendrite (310 pm)

Dendrite

Current amplitude (pA)

40 -

o
@ A

® A
A

A -Steady-state

® -Tail current

i

I

T T
-140 -120 -100 -80 -60
Command potential (mV)

Magee J, J Neurosci 1998



Hyperpolarization cationic current |,, in dendrites

Currents begin to activate at -
60mV and steady state current
amplitude increase In an
approximately linear manner
with memlbrane
hyperpolarization up to -140mV.

Inclugion of 5mM Cs* Iin the
xteérnal recording solution totally
lgcks the current, thus showing
titis an |, current.

500 ms control

Magee J, J Neurosci 1998



urrents begin to activate at -60mV
and steady state current amplifude
INncrease in an approximately linear
manner with memlbrane
hyperpolarization up to -140mV.

Inclusion of 5mM Cs+ In the external

recordirnig solution totally blocks the

current, thus showing that it is an |,
urregnt.

steady state current amplitude
-130mV progressively increases
h distance away from the soma

Hyperpolarization cationic current |,, in dendrites

500 ms \

500 ms control

Magee J, J Neurosci 1998



Hyperpolarization cationic current |, in dendrites

n pyramidal cell of the cortex,
where recordings have been
performed up to 800um from the
soma, this density increases more
than 10 times.

Ih density (pA /pm?)
N

Berger T et al, J Neurophysiol 2001



he impact if |, channels on the shape and
propagation of sub-threshold voltage
signals is determined by using simultaneous
whole cell current clomp recordings from
both soma and dendrites.

simulated by dendrific current
. Under control conditions, current

mplitude and kinetics of which are filtered
ificantly as they propagate from the
drific injection site to the recording
so\afic region.

Dendritic H-type channels are activated by IPSP
and |, decreases EPSP amplitude

A) Injected current
k l 170 pA

»
ri

durations

Magee J, J Neurosci 1998



Dendritic H-type channels are activated by IPSP
and |, decreases EPSP amplitude

When amplitude of the simulated A) njected current
EPSP is 8mV in the dendritic recording k | 1700
site, It attenuates to 3mV at somatic
site.

When/ EPSP duration is 15ms at
dendritic site, it extends 1o 39ms at
omatic site .

durations

Magee J, J Neurosci 1998



Dendritic H-type channels are activated by IPSP
and |, decreases EPSP amplitude

Repetitive dendritic current injections B) Injected current

are also given fo mimic repetitive kKKu | 400pa

synapfic inputs. These events are o

filtered similarly by dendritic \\\\ AN [10my
1 Cst

arborization. dend\ 100 s

soma

durations

Magee J, J Neurosci 1998



Dendritic H-type channels are activated by IPSP
and |, decreases EPSP amplitude

H channels blockade with Aj\ " B)J\\N\ -
external Cs* increases single

EPSP amplitude and e Ly \
duraton. A TTSmmee dend dend] 1YY N

Howevef, the attenuation of
amplifude between
dendrites and soma is the
ame In the presence or
ence of |,

Magee J, J Neurosci 1998



Dendritic H-type channels are activated by IPSP
and |, decreases EPSP amplitude

For repetitive EPSP, fthe Aj\ " B)JUN\ e
presence of Cs* increases

amplitude and duration in e b \

both dendritic sites and soma = S et e VY N

but the amount of increase is
double’ In somatic areas as
compared to dendrific areags.

» For repetitive EPSP, |, reduces the peak amplitude
reached during the train by a factor 2

Magee J, J Neurosci 1998



How does |, affenuate EPSP
summation?

This Is due to the deactivation of
the |, during the summation of the
dendritic/ EPSPs because the

H channels close. The
losure of the channels exerts o
erpolarizing influence and
unterbalance the
olarization produced by EPSP.

A) Injected current
4[\ l 170 pA

|2mV

20 ms
dend

Magee J, J Neurosci 1998

dend

Dendritic H-type channels are activated by IPSP
and |, decreases EPSP amplitude

B) Injected current
\k I 400 pA

100 ms

\ See fom

soma />

E)

a

durations

- %‘6‘8 10 g-control
7 - 5 s93. = +
é 120 - @-Cs
8100 A
s 80 -
2 60 5
40 1B |
20 11} | ne
S D S D
train single



his influence will be stronger at distal
sites because of the large number of H
channels at this level.

It also depend on the frequency of
stimulation cause of the slow kinefics
of H channels deactivation. Thus the EPSP
must haye a an amplitude and duration
sufficient to deactivate |,..

t very high frequency of stimulation,
endritic |, has less effect on temporal
iffggration because the summation of
Ps overcome the inhibitory effect of |,
ctivation.

A)A[\ Injected current

|2mV

20 ms
dend

durations

D) 357 og-control
307 B-Cst

25 7
20 A
15 1

EPSP amplitude (mV)

Magee J, J Neurosci 1998

dend

\

soma />

E)

Dendritic H-type channels are activated by IPSP
and |, decreases EPSP amplitude

B) Injected current
l 170 pA \ | 400 pA

\Cs“' |10mV

100 ms

durations

160 4 =
2140 1|l

g

=120 A

3-control
i B-Cst

| LB

S D S D
train single



Dendritic |, decreases fthe
amount of current transmitted
from dendrites to soma In
particular for summed EPSP.

e |, density is 6- to 13-
igher In distal dendrites,
he / absolute effectiveness of
istal synapftic inputs is reduced
the Increasingly large |,
ductance.

Dendritic H-type channels are activated by IPSP
and |, decreases EPSP amplitude

A) Injected current B) Injected current
f NP |11 W=

>

|2mV

20 ms
dend

EPSP amplitude (mV)

lst 5th

Magee J, J Neurosci 1998



A-type K* currents are 4-aminopyridine
(4AP)-sensitive k* currents that activates
below spikes threshold. They can be
recorded after blocking Na channels
with TTX and Ca?"* channels with Cd?*
and Ny*.

The A-type current is fast activating K+
urfent that inactivates rapidly and
refore belongs to the family of
tR@Nsient currents

A-type K* channels in dendrites

A1l A2
= 110 —
==t (2
50—
ﬁ e T
= *JL
-—r—"jo— 2nA  -100
- 100 ms
B
1: \. /

Segal M et al., J Neurosci 1984



e

80 A

@ — Transient
O — Sustained &)

)

Slope 12.5 pA per 100 pm
)]

Peak current (pA)

20

Slope 0.79 pA per 100 um J;

é o< 1 <

0 ' 100 ' 200 ' 300

Distance from soma (jum)

Transient component

Dendrite (340 pm) 20 pA
50 ms

Sustained component
Dendrite

Soma

A-type K* channels in dendrites

lophysical properties and subcellular distribution of |, in CA1 pyramidal neurons are investigated
in cell-atfached configuration, using voltage claomp mode. Depolarizing steps of voltage evoke
outward currents. Recordings reveal a high density of outward current composed of two components.

The first is transient that
rapidly activates and
rapidly inactivates.

The second component is
sustained.

The density of the transient
outward current increases
linearly with distance while
the sustained component
remain constant

Hoffman Da et al.,Nature 1997



A-type K* channels in dendrites

he high density A-type K* current has a substantial effect on sub-
threshold synaptic events propagating from the dendrite to the
soma. Application of 4AP increases the amplitude and duration
of EPSP-shaped voltage fransients induced by dendrific current
injectio

c Dendritic 1 injection
_.-+4-AP

Appligation of TIX after A-channel AT

wy

blockade reveal that a large fraction of D 25 ms

-Induced Increase in EPSP is due to control and wash
* channels activation.

Hoffman Da et al, Nature 1997

ritic A-type channels act to counteract EPSP amplification
prodiced by persistent Na* currents



High voltage-gated currents of the
somato-dendritic membranes

Propagation of signals in dendrites was originally thought to be purely

passive. However intracellular recordings from the cell body and
dendrites demonstrated that dendrites could produce action
potential: they have Na*, K* and Ca?* channels in addition to ligand-
gated channels and leakage channels. The rich diversity of dendritic
condyctances suggest that central neurons rely on a sophisticated
repeyiory of electrophysiological properties to intfegrate synaptic
INpyts.

igh density of HVA Na* channels are for example present In
ramidal neurons of the neocortex, hippocampus and substantia
ra neurons which represent an exception since most CNS dendrites
tain low HVA Na* channels




%

High voltage-gated currents of the
somato-dendritic membranes

One function of the voltage-gated Na* and Ca?* channels in
dendrites may be to amplify the EPSP. Some dendrites have
enough concentration of voltage-gated channels to serve as
local frigger zone. This can further amplify the signal input that
arrives/at remote parts of the dendrites. If the net input is above
threshold a dendritic action potential may be generated.



A Backpropagating ‘ \ g B Action potential propagating
action potential R ( from dendrite

Distal dendrite

®» However the number of

voltage-gated Na* or Cao?
channels is  usually nof |
sufficient to support a all or |
non regenerafive
propagation of these action |

Suprathreshold

Dendrite

{back propagating) Subthreshold

potential to the cell body. Jeonw
ather action potential oms
enerajed in the dendrites are
events that propagate car
ectpotonically to the cell body b,
afyd oxon initial segment, where e
fhgy are integrated with dll | subtveshol
otkkr input signals in the cell
:)f?(;;\)\;ag’:l.ing)

)




Dendritic voltage-gated
channels also permit action
ootential generated in the
axon inifial  segment  to
propagate backward into the
endri’ric tree:
packpropagating action
dotenfial is largely generated
vV /Nav. This was
Bronstrated in layer V of
\u midal neuron

0
d
P

A Backpropagating
action potential

first N

)

Dendrite
{back propagating)

._IZO mV

1ms

Cell
body

Axon
(forward-
propagating)

B Action potential propagating

from dendrite

Distal dendnite

Suprathreshold

Subthreshold

20mVv

10 ms

Cell body
Suprathreshold

Subthreshold



The role of HVA Ca?* channels in dendrites can
o recorded by adding Bao?* in the
extracellular solution as the charge carrier and
TEACI and TTX for blocking K* and Na* currents.

Tp determine whether dendrites of Purkinje
dells contain HVA Ca?* channels, dendrite
dttached patch recordings are performed in

A B C
dendritic bifurcation soma
10mM Ba (TEA)
10aM wCgTx ; P
% 80 //;0 -90  -30 760
o cums L rd
7 —a0\ /40 V(mV) 60 " 7V
l" :' \‘ :/
L 1A LR FARECYY
. b.,'.{\r__e ‘.'_.
50ms »

1-8

Usowicz mm et al, Neuron 1992

56’65"&#




o test whether the currents are due to P/Q type Ca?* currents, o
pecific blocker funnel web spider toxin (FTX) is tested.

FTX Is the only drug that blocks dendrites Ca2+ currents
The dendritic Ba2* curent is carried by P/Q type Ca?* channels

C dendritic bifurcation 80mV
20mM Ba TNaly, -80mv - 13 average D dendritic bifurcation
control | —pA)
W ‘QOpA 9 020 30
2
50ms
1 20mM Ba L e control ()

superfuse with
purified FTX (1600 y 20mM Ba
C>4’ Y

(}M e e 15 ;Qérage

20mM Ba. B
Q—Jﬁ 77 4 average

" 5average 1600 FTxr'(3)superfused

sowicz mm et al, Neuron 1992



The precise role of these backward propagating signals is
unclear.

The only well demonstrated mechanism s the opening of
dendritic Ca?* channels and the consequent increase in [Ca?*].

In generalintradendritic [Ca?*]. increase will have a postsynaptic
ffec’r. tracellular Ca?* activates biochemical pathways and
gurrents in the membrane

)

eghanism for regulating current through the NMDA receptor by
proyviding the depolarization necessary to remove Mg2+ block

\

rover [Ca?*]; increase could provide a temporally precise




ne particular example for intfradendritic [Ca?*]; increase is found
In dopaminergic neurons of substantia nigra.

Ca?*]. increase triggers transmitter release from dendrites (a
presynapftic effect).

s, clusters of synapftic vesicles containing dopamine
re present In dendrites that behave in certain sites as
resynapfic elements. Dendritic release of DOPA is Ca?t
pehdent and TTX sensitive.

oropagating action potential may therefore provide the
us to trigger DOPA release ad evoke synaptic frasmission for
dendrites to postsynapfic sites




A backward signal that activates dendritic Ca?*
channels

In/ hippocampus, Na* actfion potfential  a
open dendritic Ca?* channels, leading
to a widespread influx of Ca?* in the

B
400 pm __/\

dendrites. e Ao
Im order to localize and quantify the ‘ p  TEOIE 280
| crﬁose fof t|)n’rr<|1<dendr|’r|<:Jr [CON2+]| J\“W 390 pm v
resulting from backpropagating Na*
action potential, pyramidal neuron of 522?,?,‘13 J\W\,\, -
fhe hippocdmpus are loaded with J\'\N

ra2 and & train of action potential is
advoked My somatic depolarization -

through / the whole cell recording
electroge.

The changes in [Ca?*]; are visualized in )
fluqrescence.

Soma

260 70

7

f

230

Tha\esults show that [Ca?*]; are largest Sara

In The proximal dendrites and smaller in
morendistal dendrites

\

Golding NL et al, J Neurophysiol 2001




