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Synaptic transmission enables neuron-neuron
(and neuromuscular) communication

~10,000 inputs to dendrites
And somata (excitatory and inhibitory) Dendrite

‘ Soma (cell body)

Axon

~1,000 output
synapses

nerve terminal
~ 1 um at most synapses



Early insights were drawn from the Neuromuscular Junction (NMJ)

B Stimulate
axon

=

Stimulate

|

) motor axon
S <)
= 3 o +50 .
/ © Action
@ = potential
Record o g 0
postsynaptic oS Threshold
membrane ag 0| )
' s
potential =2 100
173 End plate
o~ potential (EPP)
0 2 4 6
Time (ms)

Muscle cell

» Acetylcholine (ACh) is the transmitter released at the NMJ

Purves, Figure 5.5



Early insights were drawn from the Neuromuscular Junction (NMJ)

Spontaneous EPSP events Stimulated EPSP (in low Ca?*)
(D) Stimulate
motor axon

@ | N Subthreshold EPP
S 1mv S 1mV | =
S T LA ~— MEPP <SS
ez = f
b E Q é
O S =~ .8 —
e P — 3
> g N ~ > 8.. — —
*% 0 Spontaneous
o ~ MEPP

0 200 400 0 20 40 60 80 100

Time (ms) Time (ms)

Purves, Figure 5.5



Neurotransmitter is released in fixed increments or quanta

Purves, Figure 5.6

Spontaneous EPSP events

(B)

Number of MEPPs

0 0.4 0.8
MEPP amplitude (mV)

(A)

Number of EPPs

20

—
6) ]

—_
(@)

Stimulated EPSPs (in low Ca?*)

No EPP in

response to
stimulation

Prediction of
statistical model

0 0.4 0.8 1.2 1.6 2.0 24 2.8
EPP amplitude (mV)



Presynaptic Ca?* is required for transmitter release

(A)

Presynaptic
neuron

(B)
Presynaptic  _»5

membI.'ane 50
potential

Presynaptic 0
calcium

current
(luA/CmZ) -200

0
Postsynaptic _p5
membrane
potential -50
(mV) 5

Record

Postsynaptic
membrane
potential

S

Postsynaptic
_ .~ heuron

CaZ" channel blocker

Control

i

3 0 3 6 9 12 -3 0 3 6 9 12

Purves, Figure 5.9

Time (ms)

©)

potential (mV)

Postsynaptic membrane Presynaptic membrane
potential (mV)

Control Inject Ca®* chelator
_—/\
0 1 3 4 5 0 1 2 3 4 5

Time (ms)

Purves, Figure 5.10



General sequence of

events occurring at a

typical chemical synapse

during transmission ?m

stored in vesicles.

An action potential invades
the presynaptic terminal.

Depolarization of presynaptic

?terminal causes ogpening of

voltage-gated Ca=* channels.

Influx of Ca2*
through channels

5 Ca?* causes vesicles to
fuse with presynaptic
membrane.

Transmitter
molecules

B DT \
« Action potential arrives at nerve terminal ] M
- Synaptic— ([ @
vesicle \
« Voltage-gated Ca?* channels open / Retrieval of vesicular
s membrane from
plasma membrane

« Ca? flows into terminal along gradient

3 Transmitter is released
into synaptic cleft

Glial cell via exocytosis.

« Ca?* binds to Ca?* sensor on vesicle

Across

- Vesicle fuses with terminal membrane dy =
L
* Neurotransmitter is released and binds /  Posteynaptc
L]
to its post-synaptic receptors I\ ity . current flow
Transmitter
/ WD Transmitter binds to
Removal of neuro- receptor molecules in
transmitter by glial postsynaptic membrane.
uptake or enzymatic Postsynaptic current causes Opening or closing
degradation excitatory or inhibitory of postsynaptic
postsynaptic potential that channels

. changes the excitability of
PU rves, F|gu re 5 4 the postsynaptic cell.




(1) Free SNARES on vesicle and plasma membranes

Symaptgtagmin Vesicle docking and fusion depend on
SNARE-proteins and synaptotagmin

Synaptobrevin Vesicle

Ca%* channel _ _
\ * Note: small synaptic vesicles are ~40 nm
I 21 )l 8

Syntaxin” SNAP-25

(4) Entering Ca?" binds to synaptotagmin, leading
to curvature of plasma membrane, which brings
(2) SNARE complexes form as vesicle docks membranes together

(3) Synaptotagmin binds to SNARE complex (5) Fusion of membranes leads to exocytotic release
of neurotransmitter

Purves, Figure 5.12




Two classes of neurotransmitter receptors

(A) Ligand-gated ion channels

Neurotransmitter
Ions binds.

»\‘30"\(\\0)\50"((
lr«(« )rl(clr((((( )

In51de cell

Tons flow
across membrane.

Purves, Figure 5.14

(B) G-protein-coupled receptors

@ @
Neurotransmitter ] @ Q@
@ @ g0 0 ©
@ 00°
@ Q0

Receptor

Tons flow
across

: membrane. i
|
= proteln lntrace\\“\ 1
Q
G protem is \/
actlvated G-protein subumts or Ions
intracellular messengers

modulate ion channels.




Current-voltage relationships

(A) Patch clamp measurement of single ACh receptor current

,,,/-f—— Micropipette

Y = Outside-out
membrane patch

o}
ACh <° o ~————— ACh receptor
[ole] o
ONa”*
2 mM Acetylcholine (ACh)
0 w Channel closed
I(pA)
D Channel open
0 2 4 6 8 10 12

Time (ms)

* Inward cationic current is depolarizing
» Outward cationic current is hyperpolarizing

What about for an anionic current?

Purves, Figure 5.15
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Postsynaptic
membrane
potential

-100 mV
(Ex)

©

0mV
(EIEV)

(D)

Net ion fluxes

Outside @ Na*
cell

e

o

IO
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EPPs

EPCs

—> —>
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Reversal potentials and threshold potentials
determine postsynaptic excitation and inhibition.

Ex

a

+50

)

Threshold -40

Postsynaptic membrane potential (mV)

=50
Vrest -60
-70
Ex =110
K 0 0 3 6 9 12 0 3 6 9 12

Time (ms)
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Review of events
leading to postsynaptic signaling

Purves, Figure 5.21

Neurotransmitter
release

Receptor binding

<

Ion channels
open or close

v

| |
| |
| |
=3
[ J
| |
s

v

Postsynaptic potential
changes

e

Postsynaptic cells
excited or inhibited

Summation determines
whether or not an
action potential occurs




Overview of small molecule neurotransmitters

SMALL-MOLECULE NEUROTRANSMITTERS
P

N\
\ |

)

~

+
Acetylcholine (CHj3);N—CH,—CH,—O—C—CHj3
-
/
AMINO ACIDS .
Glutamate | HN— T — CoO"
CH,
|
iy
COOH
L IH
Aspartate H;N— T — COO™
[
COOH
+
GABA H3;N— CH,— CH, —CH, — COO"~
+ H
Glycine H;N— C — COO~
H
(S
p
PURINES NH,
ATP N
/Y N
0 o | )
I I | =
O—P—O—P—O—P—0—CH, O N
I I I
(o (on (O
H H
OH OH

Purves, Figure 6.1

BIOGENIC AMINES

CATECHOLAMINES

Dopamine

CH,— CH,— NH,

HO

Norepinephrine

OH

I
CH,— CH,— NH,
HO

OH
(l)H
Epinephrine CH,— CH,—NH,
I
CH,
HO
OH

INDOLEAMINE HO

Serotonin (5-HT)

IMIDAZOLEAMINE

Histamine

CH,— CH,—NH,

,=|—CH2— CH,— 1<IH3
HN N
v/

Postsynaptic

Neurotransmitter effect?
ACh Excitatory
Glutamate Excitatory
GABA Inhibitory
Glycine Inhibitory
Catecholamines Excitatory

(epinephrine,

norepinephrine,

dopamine)
Serotonin (6-HT) Excitatory
Histamine Excitatory
ATP Excitatory
Neuropeptides Excitatory and

Endocannabinoids

Nifric oxide

inhibitory
Inhibits
inhibition
Excitatory and
inhibitory
Purves, Table 6.1



Glutamate — the dominant excitatory neurotransmitter in the CNS

« VGLUT: vesicular glutamate transporter
» Vesicle is acidic (~5.5 pH inside)

» pH gradient is used by VGLUT to pump
glutamate into the vesicle

Purves, Figure 6.5

SN1 i
NS Glial cell
SAT2 oy
/ (
Presynaptic ' , Gl B 11
utamine
terminal e
Glutamine \
CSO_ Glutamine
I synthetase
+
H.N—CH—CH>—CH—C—NH
4 ] g : Glutamate
Glutammase‘
COO™ "4«’(
e ® i | A
\NHS—SH—CHZ—CHZ—COOJ CA
Glutamate \

Postsynaptic e /
N

cell

Glutamate receptors




Two classes of ionotropic glutamate receptors

(A)

EPSC amplitude (pA)

0 25 50 75 100
Time (ms)

Purves, Figure 6.6



AMPA receptor structure and function

Amino-
terminal
domain

(ATD)
" binding
-+ :
/8 Z domain
Glutamate N (LBD)

f[l.zlA.

S

Carboxyl -terminal

domain (CTD)

Purves, Figure 6.7
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Purves, Figure 6.8

NMDA receptor structure and function

(A)

Channel —_|

pore

Glutamate -

(B)

EPSC (pA)

150

100

50

=50

-100

-150

r Hyperpolarized, r Depolarized,
Mg?2+ blocks no MgZ* block

— Mg2+

Gh{tamate
4 Mg2+

Glutamate,
no Mg?*

-100

-50 0 50 100
Membrane potential (mV)



Summary of AMPA versus NMDA receptors

Selective agonist:

Natural agonist
Co-agonist

Antagonist

lonic permeability:

lonic block by:

AMPA mediates Fast EPSC NMDA mediating slow EPSC

Non-NMDA

NMDA

Na*
. Q ._ Mg'."
Zn*t
o) rep
Mg

L-glutamate

CNQX
Na*, K*

O«
(N-methyl-D-aspartate)

L-glutamate
glycine, D-serine

APV
Na*, K*, Ca?*

Mg?* (only at hyperpolarized V,,)

Kandel



Roles for AMPA- and NMDA-receptor channels during baseline
transmission and coincident pre- and postsynaptic activity

At resting potential During postsynaptic depolarization

Presynaptic
terminal

Presynaptic
terminal

S
050

O [0)

z 6
3 ©

oggo og o0

O o ®e

oo ¢
2+ ©
Glutainate\o o 11\\]/11%/[D210cks t - (C; = O’Mg2+ expelled
Na—¢ ) LECEREOT ie 1@ x~ from channel

receptor receptor

Dendritic
spine of

postsynaptic
neuron —_

» Voltage-dependent Mg?* ion block of NMDA channel means the channel can only function if
(i) glutamate is bound (presynaptic activity) AND
(i) the Mg2* block is relieved (postsynaptic depolarization)

» This serves as a means of "coincidence detection" for pre- and postsynaptic activity

» The resulting Ca2* influx induces synaptic plasticity via long-term potentiation (LTP)

Purves, Figure 8.10



GABA — the predominant inhibitory neurotransmitter in the CNS

E

o

Membrane potential (mV)
dn
S

/"/

%

Stimulate
presynaptic

neuron

M

/l

o

Purves, Figure 6.11
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Time (ms)
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)

(A)
GABA
breakdown
Glial cell
Presynaptic Glucose
terminal

+
Na® GAT
Glutamate
" Jcoo™ N
I Na*,
o 4

+
NH,—CH— CH/—CH;—COO~
Glutamic acid decarboxylase
+ pyridoxal phosphate
GABA
A

r O A N\
H,N — CH,— CH,—CH,— COO~

<\ —
Postsynaptic ‘

cell GABA receptors

Purves, Figure 6.10



The GABA receptor, some facts

Benzodiazepine

* |onic permeability: CI-

Channel
pore

« Natural agonist: GABA (y-amino-butyric acid)

—Barbiturates o _ _ _ _
« Competitive antagonist: Bicuculline (a plant alkaloid)

Steroids « Allosteric binding site for Benzodiazepines
agonist: Diazepam ("Valium") which is tranquilizing

Further modulatory site for Barbiturates (hypnotics; anesthesia)

\ : /Ch-loride ions
(I ]

Note: Cl- normally enters the cell (hyperpolarizing) due to a higher extracellular concentration

Purves, older edition



The dendritic summation of postsynaptic potentials

(B) Summed Summed Summed
EPSP EPSPs PSP EPSP + IPSP EPSPs + IPSP
(Synapse (Synapses E1 + E2)  (SynapseI) (Synapses (Synapses
El or E2) El1+1) El + I+ E2)
\& +20 ﬂ
)
Excitatoryl_l — g
o
Postsynaptic >
Inhibitory n membrane % g/ 0
I& potential LE) =
Excitatoryl_l - §"§ -20
o
N
Cell body/ 2 - |
Axon ~__ / c —40 e B . R N RGO CELLE L L e D
Dendrites Vet
—_60 — 2V = eee
o ‘ m i O+

Time (ms) —

Purves, Figure 5.20



Dale's principle: A given neuron usually uses only 1 small neurotransmitter

Neuron is called Transmitter important (defining) enzyme/transporter
"glutamatergic” glutamate vesicular glutamate transporter, VGIuT
"GABA-ergic" GABA Glutamic acid decarboxylase, GAD

(vesicular GABA transporter, VGAT)
"glycinergic" glycine (vesicular GABA transporter, VGAT)
"cholinergic” ACh choline acetyltransferase (ChAT)

vesicular aceytcholine transporter (VAChT)
"dopaminergic” dopamine Tyrosine-Hydroxylase, TH h

in vertebrates these
"noradrenergic"  noradrenaline Tyrosine-Hydroxylase, TH — transmitters only act on
(=norepinephrine) AND Dopamine-B-Hydroxylase Metabotropic receptors

Dale’s principle is only a first approximation. There are many exceptions.




Electrical versus chemical synapses

(A) Electrical synapse (C) Chemical synapse
Microtubules
p v y Cytoplasm p .
resynaptic resynaptic : .
neuron S Synaptic vesicle

Ca L Postsynaptic Postsynaptic
]uni . neuron neuron
(B) Ion current flows through (D)

- -_—l Neurotransmitter released ]

Synaptic
vesicle fusing

Presynaptic
membrane

Presynaptic membrane

]
Postsynaptic .. ° )
Postsynaptic ~ ® ] neurotransmitter e Postsynaptic
membrane Connexons receptor o membrane
postsynaptic channels.

Purves, Figure 5.1



Gap junctions (electrical synapses) consist of connexons

Connexon side view

. Cytoplasm
Presynaptic Connexons
membrane
y Gap junctions:
. B2 WO * Mediate fast neurotransmission
AR S S  Facilitate synchronization
RS L. e between neurons
- : i ‘ : ' q’
» ) () ‘/ ) ?
sva v 3.5 nm { p; 3
ZQnm .. : Cytoplasm
Q{-,;. ' / Connexon top view Connexing
G Pores connecting
i, "') cytoplasm of two
neurons
Postsynaptic
membrane Rore

diameter
=14nm

Purves, Figure 5.2



Neuromodulators with widespread projections through the brain

(B) Serotonin

(A) Dopamine Corpus callosum

N Corpus callosum

Cerebral

cortex \

Dopamine & Serotonin
Cerebellum
Substantia nigra and Bons \\’\ To spinal Eerebellm
ventral tegmental area Medulla  cord Pons \/\ To spinal
Medulla  cord
(B) Norepinephrine ~ Corpus callosum (A) Histamine
( Corpus callosum
Cerebral Cerebral
cortex \ cortex \
&7 ,/
Norepinephrine Histamine

»A\ @\ Cerebellum

N, Cerebellum
Locus coeruleus Pons \\/\ To spinal Tuberomammillary Pons \\/\ To spinal
Medulla cord nucleus of hypothalamus Medulla cord

Purves, Figure 6.15 Purves, Figure 6.17



Effector pathways associated with G-protein coupled receptors

Neuro- . . .

Receptor

G-protein

®

Elfri)etcear Adenylyl cyclase Phospholipase C Adenylyl cyclase
o °) / \ °y

Second )
messengers cAMP Diacylglycerol P53 cAMP

°y oo °y
Ef;}teec];ors Protein kinase A Protein Ca? B Hiisme A

kinase C release

Y N Y °y
Target Increase protein Increase protein phosphorylation Decrease protein
action phosphorylation and activate calcium-binding proteins phosphorylation

GS Gq Gi/o

Purves, Figure 7.6



Summary: ion channels, and membrane receptors

Ligand-gated channels G-Protein coupled receptor (GPCR)

Voltage-gated channel or "ionotropic receptor” or "metabotropic receptor"
(A) Na* (B) Ca?* (©) K* (E) Neurotransmitter @
channel channel channel HECRPSD 7] Signal
‘ binds
Nate Caig l\la: o Glutamate

oo, %9, o/ @

( | o
i / ) Al |

o
Voltage © P+ e K
sensor

Receptor

lon channels | | '
Membrane receptors

Purves, Figure 4.4 Purves, Figure 7.4C



Summary: Important concepts and keywords

« Nerve terminal components (voltage-gated Ca?* channels, vesicles with neurotransmitters)

» Quantized presynaptic transmission

« Ca?*regulation of vesicle fusion; SNARE proteins, Synaptotagmin

« Excitatory Postsynaptic Potential (EPSP) versus Excitatory Postsynaptic Current (EPSC)

« Glutamatergic receptors: roles and mechanisms for AMPA versus NMDA

« GABA as an inhibitory transmitter; GABA, receptor (Cl- permeability; Bicuculline, Benzodiazepines)
* Inhibitory postsynaptic potential, IPSP

« Integration of excitatory and inhibitory synaptic inputs in the dendrite of neurons

« Gap junctions

« Neuromodulation



