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)
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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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A lonotropic glutamate receptor

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

AMPA Dlocked by CNQX (6-
Ccyano-/-nitfroguinoxaline-2,3-
dione)

nate

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

» Metabotropic receptors, can
be excitatory or inhibitory

O«




NMDA receptors
1. Permeate Ca2+ 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 Mg2+ binds tightly to @
site In the pore of the channels,
blocking ion current.

When/the membrane is depolarized
(fro example by opening of AMPA
regeptor), Mg2+ Is expelled from
the channel, allowing Na+ and
a2+ to enter
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en Mg2+ is removed from the extracellular solution, the gating

oNNhe channels become independent from the voltage.




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 dinstinct from the Mg2+ 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




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
MQ2+.

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.
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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 Mg2+ at resting potential

When glutamate is paired with depolarization, NMDA conduct
Ca2+ intfo the postsynaptic cells.

This - lead to [Ca2+]i that can acftfivate various calcium-
dependent signaling 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 parficular NMDA receptors-dependent long term potentiation (LTP) of
excitatory synapfic fransmission has been implicated in certain form of
memory storage.

Downside of Ca2+ entry through NMDA receptors:

Excessively high concentratfions of glutfamate result in an overload of Ca2+
In the postsynaptic neurons and therefore cause toxicity: Glutamate
exotoxicity.

Glutamate toxicity may conftribute to cell damage after stroke, to the cell
dedath that occurs with episodes of rapidly repeated seizures experienced
by patients who have status epilecticus, and to degenerative disease such

s Huntingfon disease. Agent that selectively block NMDA recepfor may
plro’recﬁ against the foxic effect of glutamate and have been tested
clinically.

Unfortunately the hallucinations that accompany NMDA blockade have so

far limited the usefulness of such compounds. A further complication of

blocking NMDA receptors function is that physiological levels of NMDA

EjeceTpﬁ’ror activation can actually protect neurons from damage and cell
ea



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
stfudies have indicated that C-term s
infracellular. M2 does not span the
membrghe but is considered to lie in LBD
roximity to the intracellular surface

have a hairpin structure (P-loop).

IGIUR consist of:

-ferm domain ATD that participate in
type-specific  receptor  assembly,
ffickikr]wg” and modulation. Forming a
mshell”

TMD

CTD




lonotropic glutamate receptors

Ligand-binding domain LBD cenifral fo
agonist/competitive antagonist binding and to
activation gating. LBD is composed by 2 regions:
one region located from N-term to MI; the ATD
second is formed by the large extracellular loop
between M3 and M4. The binding of one
glutamate 16 the clamshell triggers the closure of
the lobes/of the “shell’; competitive antagonist LBD
bind to jhe site but fail to trigger the closure. Thus
the conformational change associated with the
clamshell closure is though to be coupled to the
opening of the ion channel TMD

ransmembrane domain TMD consisting of M1,
3/ M4 and the P-loop M2 that forms the channel CTD

oplasmic domain CTD of variable length
lved Iin receptor trafficking and coupling to
aling cascade




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
permeabllity to Ca2+, most likely due
sfrong electrostatic repulsion
by arginine R.

Some cels form AMPA receptor
ing GIUA2 subunits. Such AMPA
eptors generate a significant Ca2+
lux, because their pores lack the
itively charged R residue

7’ =~
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NMDA recepftors

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

After transcription the codon of glutamine in
the GIuA2 mRNA is replaced with one of
arginine R due to a chemical modification of
a single ucleotide base through an
enzymaticfrocess (RNA edifing).

The importance of this process is underscored

hege mice develop seizures and die wfrhm
weeks after birth, presumably because of
excess of infracellular Ca2+ as all AMPA
eptors in these mice have a high Ca2+
eability.
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NMDA recepftors

NMDA + glycine
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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 transmitter 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

Glycine/is a less common transmitter in the brain, also activates ionofropic receptors that
ayectly open a Cl- channel.

Glycine is the major fransmitter 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 Vrev = -7/0mV correspond to the
VCI- iIn spindl motor  neurons
(extracellular concentration of CI- s
greater than infracellular)

IPSP results from an increase of CI-
conductance

El,fl

C Reversal of inhibitory synaptic potential

1 Presynaptic 2
potential
Postsynaptic Postsynaptic CI
potential current flux

‘/In _[\ l
=40 mV _\/‘

-65 mV /" __—

=70 mV

( EI;:J};))

EK

-80 mV — T —\/— A

-100 mV —/\
v



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

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

Vm of a typical neuron is -65mV = slightly more than ECI (-70mV). At this
restfing potfential the chemical force driving Cl- info the cell is slightly
greafer than the electrical force opposing ClI- influx — that is the
electrochemical driving force on Cl- (Vm — ECI) is positive

The opening of Cl- channels leads to a positive current based on the
relation:

ICl=g

| (Vm - ECI)
se the charge carrier is the negatively charged Cl-, the posifive

lent.

causes a net increase in negative charge on the inside of the
mbrane

membrane becomes hyperpolarized



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

Some central neurons have a resting Vm = ECI. 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.

However, the opening of Cl- channels in such cells still inhibits the
cell fyfom firing an action potentfial In response to a near-
simulfaneous EPSP.

[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.




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

Because the battery of Cl- channels is near the Vm, opening these channels
helps hold the membrane near its resting potential during EPSP by increasing the
weighting factor for Cl- battery.

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.

AVgpsp = lepsp / 9
AVepep = amplitude of depolaization during EPSP
lepsp = €XCitatory synaptic current

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

ause the opening of Cl- channels increases the resting conductance, the
polarization during EPSP decreases. This consequence of synaptic inhibition is
led the short-circuiting or shunting effect.




In some cells, such as those with metabotropic receptors
GABA; receptors, inhibifion is caused by the opening of K+
channels. Because the EK+ = -80 so always negative o the
resting potential, opening of K+ channels inhibits the cell even
rofoundly than opening CIl- channels (assuming a similar-
size gynaptic conductance). GABA; responses furn on more




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

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

even double.

result, the ECI- 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-]i tends to be high even at rest. This is because the K+-Cl-
cotransporters expressed at low levels during early development.
Similarly excitatory CI- responses by GABA, may conftribute to
epileptic discharges in which large, synchronized and depolarizing
GABA response are observed
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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
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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

Inotropic GABA and glycine
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Inotropic 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




Inotropic 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

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

These receptors occurs in smoofth muscle cells
innervated by sympathetic neurons of the autonomic
ganglia as well on certain central and peripheral
urons.

hese receptors (P2X) are activated by ATP and the
channel is permeable to both monovalent cations as
well as Ca2+, they present a k., = 0mV

The structure of P2X receptors reveals that it is:
organized in three subunits, each containing only two
fransmembrane domains surrounding a cenftral pore




Integration of Excitatory and inhibitory
synapses In CNS

Each neuron in the CNS Is constantly bombarded
by an array of synaptic inputs from many other
Neurons.

A single motor neuron for example may be
Innervated 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 antagonisfic synapses and the resting
po’ren’r Iof the cell.

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

» Current across voltage-gated channels af non synapfic memlbrane
(dendritic, somafic 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 and
action potential. This brain’s ability to choose between
competing alternatives is called integrative action of the
hervous system



N )MOsT neuron the decision to fire or not
IS /moking at one site: the initial segment
of the axon (trigger zone).

Here the cell has a lower threshold for
gction potential generation as
gompared with cell body or dendrites
ﬁiecouse it has a higher density of HVA
a+ channels.

ith each jincrement of membrane
epolarization, more Nav open thus
enerating a higher density of inward
ment gt the axon initial segment as
cbmpared with other areas.

action potential triggered at the

zone then depolarizes the
rane of the cell body to threshold
at the same fime is propagated
the axon.
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uronal integration involves the summation of synapftic
potentials that spread to the trigger one, it is clinically
affected by two passive membrane properties of the
neuron:.

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

r the likelihood that two consecutive inpu’rslfrom
citatory presynaptic neuron will summate o bring
ell membrane to its threshold for action potential

A Temporal summation
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» 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.

In cells with longer length constant, signals spread to
trigger zone with minimal decrement; in cells with @
sh?r’r length constant, the signal decay rapidly with
distfance

pu’rs from many presynaptic neurons acting at
different sites of the postsynaptic neuron must be
added together: spatial summation.

N 2Urons with larger length constant are more likely
’rb brought to fhreshold by inputs arising from
dify en’r sites than are neurons with a short length
coky

tant

B Spatial summation
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