Synaptic Transmission

N500, 30 Aug., 2015



AOtt o Loewi 6s exper.i
ABernard Katzdos expe
AQuantal analysis

ASynaptic transmission

ASynaptic reversal potentials

AGap junctions



AOtt o Loewi 6s exper.i
ABernard Katzdos expe
AQuantal analysis

ASynaptic transmission

ASynaptic reversal potentials

AGap junctions



Otto Loewi 1873 1961

Is transmission
chemical?

If so, how could
this be tested?



Loewi 6s experiment demonstrating
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Bernard Katz 19112003

How Is chemical
transmission
accomplished?

Are there packets
of transmitter
molecules?
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Figure 5.6 Synaptic transmission at the neuromuscular junction (Part 1)
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Figure 5.6 Synaptic transmission at the neuromuscular junction (Part 2)
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Endplate potentials in normal Ca*,
elevated (10 mM) Mg4*

+ Responses now smaller,
subthreshold

+ Varied amplitude of
evoked response
apparent

+ QOccasional spontaneous
waveforms (less varied)




Endplate potentials in low Ca<* (0.9
mM), elevated (10 mM) Mg=*

« Persistence of
spontaneous "miniature”
EPPs (mMEPPs)

« Smaller average evoked
EPP, with emergence of
transmission failures

- Smallest EPPs were
similar in amplitude to
mEFPPs.




Kat gwnstalhiy p ot hes

1. The quantum of transmitter underlying the smallest nerve-evoked EPP and the spontaneous MEPP are

one and the same:

2. The release of each quantum of neurotransmitter 1s independent of the release of other quanta and
occurs with a very low statistical probability (1.e. random);

3. The evoked EPP is caused by the synchronous release of several quanta, due to a transient and large
increase 1n the probability of release of individual quanta.
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P(0) = (1-p)(1-p)(1-p) = q.q.g=q (=0.729)
P(l1)=p.qq+pqgq+pqq=3pqg (=0.243)
P(2)=pp.q+ppq+pp.q=3p.q(=0.027)

P(3)=ppp=p (=0.001)



Figure 5.7 Quantized distribution of EPP amplitudes evoked in a low Ca?* solution
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Figure 5.7 Quantized distribution of EPP amplitudes evoked in a low Ca?* solution
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Quantal hypothesis (part 1)

« MEPP represents quantal unit
+ Evoked EPPs represent integer multiples of this quantal unit.

« |f so, mean number of guanta released equals mean EFFP/mean
mEPFP

* rT‘I-::I - \"'Ira'-.lg"rqa'-.lg

— m avy. # quanta released by AP, or guantal content
— Vg is avg. EPF
— q Is quantal size (avg)

+ This is the direct method of calculating quantal content (m).



Quantal hypothesis (part 2)

« Failures and variability in EPP amplitude implied
probabilistic nature of transmission

« Statistical models might be applied to quantitatively
describe transmission

+« Katz et al. considered models in which there were n
quanta available for release with probability p.

« One special case that accounts for situations where n
is very large, p very small: Poisson statistics.



15t test of Poisson model: method of

failures
P(x)= m*e™
x|
When x =0
=
m, = In| —
\ Ny
N = # trials,

N,= # trials where failure occurred

Frediction: m: = my



Correspondence between m: and mgy

m [ICio (N "I'.“]]

m (V.’v)



2nd test of Poisson model: histogram fitting
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Predictions of Poisson model
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A final test Poisson model: coefficient of variation

 For Poisson distnbution mean = vanance

» A=c 2 m=g 32
— A = amplitude of evoked response (V=—=_"=
— m = quantal content m o m
— o = variance

« M= 1/CV2
« Prediction 1/CV2 =m,

« Castillo and Katz found that this prediction also was
met



Transmitter release obeys Poisson
statistics at a central synapse

sahara and Takahashi (2001) J Physiol 536: 189 ' R
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A Two major types of synapses
A Electrical
A Chemical

A Chemical Synapses
A Specialized neuroanatomy to support it.
A Typical synapse in mammalian brain is very small (< 1 um?)

A Neurons have large numbers of synapses: 5-10 K for small neurons, as
many as 100 K for large neurons.

A Axons branch, taper, and form synaptic boutons: presynaptic terminals,
postsynaptic density, synaptic cleft which separates them (20-40 nm)

A Neurotransmitter release

A Ca?*-dependent release of packets of neurotransmitter, packaged into
vesicles.

A Two categories of chemical synaptic transmission

A lonotropic: fast, local channel-mediated changes in membrane potential
(EPSPs, IPSPs)

A Metabotropic: slow, G-protein- and second-messenger- mediated
changes



Overview of Synaptic Transmission

A FIGURE 12.1. Overview of synaptic

transmission mechanisms. Gap junctions
(left) directly couple th@resynaptiand
postsynaptic membrane potentials.
lonotropicreceptors open ieeelective
channels that can modify the postsynaptic
membrane potential as well as pass calcium
ions, which play an important role in
intracellular second messenger pathways.
G-protein coupled receptors, also called
metabotropiaeceptorscan directly affect
the properties of ion channels such dsdf
C&*channels. They can also cause calcium
to be released from internal stores through
activation ofphospholipas€(PLC) and
generation of inositol1,4;&iphosphate
(IP3). In additiondiacylglycerol(DAG)

can activate proteikinaseC (PKC) which

in turn affects the function of Kand Ca&*
channelsFinally, proteinkinaseA (PKA)

can affect the function &&*channels
following activation byadenylylcyclase

and cyclic AMP ¢AMP). Intracellular
calcium can in turn activatalmodulinand
a range otalmodulindependent enzymes.
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Figure 5.3 Sequence of events involved in transmission at a typical chemical synapse

Transmitter Transmitter Postsynaptic
receptor molecules current flow
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Figure 5.3 Sequence of events involved in transmission at a typical chemical synapse

NE

An action potential invades
the presynaptic terminal

Myelin

Depolarization of presynaptic
terminal causes opening of
voltage-gated Ca?* channels

Transmitter is
synthesized and then

stored in vesicles

Py Influx of Ca?*
through channels

[} Ca®* causes vesicles to
fuse with presynaptic
membrane

Retrieval of vesicular

7" Synaptic— 9
vesicle
membrane from

plasma membrane : Transmitter
, molecules

[ Transmitter is released

Glial cell into synaptic cleft
o o via exocytosis
]
g O
o o g
2 Acro%

mitter

Postsynaptic
current flow

receptor pa Transmitter binds to
Removal of neuro- receptor molecules in
transmitter by glial Postsynaptic current causes - - postsynaptic membrane
uptake or enzymatic || excitatory or inhibitory Opening or clpsmg
degradation postsynaptic potential that of postsynaptic
changes the excitability of channels
the postsynaptic cell

NEUROSCIENCE 5e, Figure 5.3

© 2012 Sinauer Associates, Inc.



Benefits of chemical transmission

Benefits of chemical transmission
AAmplification

ASign inversion

AGraded vs. all-or-none

AVaried temporal duration

AMultiple receptors with distinct properties

AMalleability/plasticity



ASteps in neurotransmission
A Vesicle loading, docking, priming
A Action potential invasion

A Caz* channel opening, Ca2* influx
A Exocytosis

A Postsynaptic membrane potential
change

A Membrane reuptake (endocytosis)



Figure 5.5

Metabolism of small-molecule and peptide transmitters
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Figure 5.5 Metabolism of small-molecule and peptide transmitters (Part 1)
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Figure 5.5 Metabolism of small-molecule and peptide transmitters (Part 2)
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Figure 5.5 Metabolism of small-molecule and peptide transmitters (Part 2)
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Figure 5.5 Metabolism of small-molecule and peptide transmitters (Part 4)
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Figure 5.8 Relationship of synaptic vesicle exocytosis and quantal transmitter release
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Figure 5.8 Relationship of synaptic vesicle exocytosis and quantal transmitter release (Part 1)
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Figure 5.8 Relationship of synaptic vesicle exocytosis and quantal transmitter release (Part 2)
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Figure 5.8 Relationship of synaptic vesicle exocytosis and quantal transmitter release (Part 3)
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Figure 5.9 Local recycling of synaptic vesicles in presynaptic terminals
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Figure 5.9 Local recycling of synaptic vesicles in presynaptic terminals (Part 1)
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Figure 5.9 Local recycling of synaptic vesicles in presynaptic terminals (Part 2)
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Box 5B Diseases That Affect the Presynaptic Terminal

Congenital myasthenic
syndromes result in
impaired vesicle recycling

\
Endosome

LEMS attacks
presynaptic Ca®*
channels

Botulinum and tetanus
toxins affect SNARE proteins
involved in vesicle fusion

NEUROSC’ENCE, Fourth Edition, BOX 5B © 2008 Sinauer Associates, Inc.



Box 5B Diseases That Affect the Presynaptic Terminal

Endosome

C a2+
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Figure 5.10 Ca?* entry through the specific voltage-dependent calcium channels in the presynaptic

terminals causes transmitter release
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Figure 5.10 Ca?* entry through the specific voltage-dependent calcium channels in the presynaptic

terminals causes transmitter release (Part 1)
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Figure 5.10 Ca?* entry through the specific voltage-dependent calcium channels in the presynaptic

terminals causes transmitter release (Part 2)
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Figure 5.11 Evidence that a rise in presynaptic Ca?* concentration triggers transmitter release from

presynaptic terminals
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Figure 5.11 Evidence that a rise in presynaptic Ca?* concentration triggers transmitter release from

presynaptic terminals (Part 1)
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Figure 5.11 Evidence that a rise in presynaptic Ca?* concentration triggers transmitter release from

presynaptic terminals (Part 2)



