Chapter 3: Neurophysiology: Conduction, Transmission,
and the Integration of Neural Signals

Communication Within a Neuron
Communication Between Neurons

rLORIDA. PSYCHOLOGY

Communication Within a Neuron

Electricity:

negative pole = greater number of electrons, greater negative charge

positive pole = fewer electrons, less negative charge

current = flow of electrons from negative to positive pole (measured in amperes)

electrical potential = difference in electrical charge (measured in volts)

between negative and positive poles
0 mv

Recording the Membrane —70my +70 mV/

Potential of a Neuron:

Resting Potential = -70mv
(varies from one neuron to another)
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Communication Within 3
a Neuron A
Stimulating the Neuronal Membrane \“
with a Microelectrode: 0 e
» Stimulation of an Axon While Its Membrane Potential Is Recorded L"—‘
1
=
(e s—
=
[ &
-]
1
S o
\:t'\d';
LN




Communication Within a Neuron

Stimulate with microelectrode
Record with second microelectrode

Hyperpolarization: Depolarization
Apply small negative current to Apply depolarizing current to
increase negative membrane decrease membrane potential
potential toward neutrality
0 0
-20 -20
-40 -40
-60 -60
-80 -80
-100 -100 _
time (ms)
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Depolarization:

Apply a slightly larger

depolarizing current to reach
-55mV threshold

Action Potential: 2

A disproportionately 0 “All - or - none”
large response, -20
constant regardless of -40
magnitude of stimulation 80

above -55mV -120

time (ms)
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Concentration Gradient:

- Molecules are in constant motion.

- In the absence of external forces or barriers, molecules diffuse
according to their concentration gradient.

-




Communication Within a Neuron
Voltage Gradient / Electrostatic Potential:
- Electrolytes dissociate into ions in solution.
- e.g., NaCl dissociates into Na* (a cation) and CI- (an anion).

- Like ions (i.e. those with the same charge) will repel each other in
_ solution.
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Communication Within a Neuron

Dispersion of charged particles with an impermeable and a

A semipermeable membrane:
Salt {NaCl)
’CEH membrane
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Communication Within a Neuron

lon Exchange
Positive ions (cations): sodium (Na*), potassium (K*)
Negative ions (anions): chloride (CI), proteins
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Communication Within a Neuron

lon Exchange

Channel proteins: Cylindrical proteins that permit
controlled exchange of ions across the membrane.
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lon Exchange

Resting potential: In the absence of disturbance the
membrane maintains a slightly negative electrical

potential (i.e.balance

of ionic charges) inside  crannel _ @ @ Extracellular
the neuron, with protein ., ® e
respect to the outside. @ @ = hydrophillic
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lon Exchange

Sodium (Na*): More than ten times more concentrated outside
the cell (extracellular) than inside the cell (intracellular)
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Communication Within a Neuron

lon Exchange

Potassium (K*): More than twenty times more concentrated
inside the cell (intracellular) than outside the cell (extracellular)

Channel Extracellular
protein -+

\ (K]
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lon Exchange

[Na*] > [K+]: There are many more sodium ions than
potassium ions, providing a net positive extracellular potential.
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lon Exchange

Chloride (CI"): More concentrated in the extracellular space
than the intracellular space
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Communication Within a Neuron

lon Exchange

Proteins: Virtually absent from extracellular space and
concentrated in the intracellular space (negatively charged)

Channel Extracellular
protein ~

Lipid

Communication Within a Neuron

lon Exchange

Resting Potential: Difference between the net charge
(considering all the positive and negative charges) inside
the cell, relative to

the net charge outside hann 4 ]
the cell (approx. ,
-70mV in the giant \\ o

squid axon). ?1‘ f

Lipid
bilayer
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lon Exchange

Selective Permeability: Some molecules can freely cross the
cell membrane (e.g. O,, CO,, urea, water).

Most larger molecules (e.g. negatively charged proteins) and
ions (e.g. Na*) are prevented from freely crossing the
membrane.

intracellular extracellular
Na® o, COZO Na* H.0 o,
H,0 H,O 2 H,0 o CO, H,0
W 2 H,0
Na* 0,

HO  Nat CO;
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lon Exchange

Sodium-Potassium Pump: Na* and K* are actively transported
across the membrane by specific Na*/K* transport proteins

Na*: Na*/K* pump actively transports 3 Na* out of the cell.
Na* concentration gradient would push Na* back in.
Electrical gradient would push Na* back in.
BUT the membrane is almost impermeable to Na*. 3 Na®out Na'-K*
transporter
K*: Na*/K* pump actively transports membrane
2 K* into the cell.
K* concentration gradient would push
K* back out.
The membrane is semipermeable to
K*, so K* could leak back out.
BUT the electrical gradient keeps
K* inside the cell.

extracellular

intracellular @ @ 2K in
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Summary of Forces on Charged Particles

extracellular low o high
conc conc

force of electrostatic ~ force of electrostatic
diffusion pressure diffusion pressure

+ o+ o+ o+ o+ o+ o+ 4

membrane

M

cannot force of electrostatic

leave cell diffusion pressure
high _ low +
conc cl conc Na

intracellular At Resting Potential
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Hyperpolarization and Depolarization

Neuron axan
L Hyperpolarization is due to

> e an effiux of K, making the
extracellular side of the
membrane more positive.
{A) Hymerpolasization
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Communication Within a Neuron

Why a Resting Potential?

Extremely high energy expenditure: Very energy
expensive, approximately 40% of neuron’s energy
resources

Extremely rapid, strong response: By maintaining a high
concentration gradient and electrostatic potential, the neuron
is prepared to exert a very rapid and powerful response when
called upon - THE ACTION POTENTIAL!!

time (ms)
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The Action Potential and the Axon Hillock

Axon Hillock:
Electrochemical input from Dendrites
soma arrives at axon hillock.

If above threshold, action
potential is initiated.

20

0 “All - or - none”
-20
-40
-80
-120

time (ms)
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The “All-Or-None-Law”

For all stimuli that exceed threshold —
The size and shape of the action potential are independent of the
intensity of the stimulus that initiated it.

> Action Potential as Seen on an Oscilloscope Screen

Dendrites

Axon hillock

Axon
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The Action Potential

At -70 to -55mV
Some Na* channels open
Small Na* influx
Some K* channels open
Small K* efflux
Driven by conc. gradient
& electrostatic pressure.

\oltage-Gated lon Channels:
Respond by opening or closing
according to the value of the
membrane potential

Sedium Channels
Close .
Potassium Channels
Open

Potassium Channels
Close

Time (ms)
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The Action Potential
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At -55mV
Na* channels open
Na* rushes in
K* channels open
K* exits
Driven by conc. gradient
& electrostatic pressure.

\oltage-Gated lon Channels:
Respond by opening or closing
according to the value of the
membrane potential

More Sodium Channcis
T —Semwm Channcls
Close
Sodiym Channels Potassium Channels
1 Gpen
Potassium Channels
— . Close

430 my

oy

Time (ms)
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The Action Potential

Depolarization &
Reverse Polarization
Rapid change in
membrane
potential from
-70mV to +40mV

Voltage-Gated lon Channels:
Respond by opening or closing
according to the value of the
membrane potential

More Sodium Channels
" Sodium Channels
Ciose

Sodiym Channels Potassium Channels
Open cn

Potassium Channels
Close

Time (ms)
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The Action Potential

0 :

3 P "
ey e
JO - 9 0V O I )
W O

Reverse polarization
Na* channels become
refractory
Cannot open again
until resting potential
is re-established

\oltage-Gated lon Channels:
Respond by opening or closing
according to the value of the
membrane potential

More Sodium Channels
Open

Sedium Channels
Close .
Potassium Channels
Open

Sodigm Chanacls.
Pen
Potassium Channels
Close

Time (ms)
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The Action Potential
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After-hyperpolarization
Neuron overshoots resting
potential.

External K*diffuses, restoring

resting potential
Na*/K* pump restores ion
balance

\oltage-Gated lon Channels:
Respond by opening or closing
according to the value of the
membrane potential

More Sodium Channels
Open

Sodium Channels
Clase

Potassium Channels
Open

Sodigm Channels. \
Pen \

430 my

Potassium Channels
Close
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The Action Potential
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Propagation of The Action Potential

Propagated signal retains intensity
As action potential

is transmitted down

axon, it is constantly

renewed

Giant
squid

! axon \

- depolarization of “e? 0
- scilloscope
area around action L mfs?u‘.‘;ﬂ
- ) potentials
potential creates “‘ 7] 7]

new action potential.

I i L} i

Direction of travel of action potential
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Propagation of The Action Potential

Speed of conduction varies:
Thin unmyelinated -> less than1 m/s

Thick unmyelinated -> 10m/s 400
Thick myelinated -> 100 m/s 360
Electricity -> 300,000,000 m/s 300
T 260
i
® @ {=
3 150
;; 100
50
TTIi1t418111
Ason Type An AP L4 g £ H % £ é
Sedcusy” B1m 8% & £° 3 ° 2
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Saltatory Conduction

Action Potential “jumps” from one node to the next:
AP cannot regenerate

at myelin due to Nodes of Ranvier
1- insulation

2- Na* channels

mostly at nodes I l l l

Positive charges repel

Axon \ / = i
to next node Myelin %} gy,
Nlme, -]

AP re-gstablished R )

Saltatory conduction = fast propagation of AP
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Graded Potentials {j :Y] ¥
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Charles Scott Sherrington — Discovery of the Synapse

- (1906) demonstrated gaps between neurons, behaviorally
- studied the leg flexion reflex in a dog

- measured conduction velocity in sensory & motor neurons
- measured distance of input to spinal cord
- measured distance of output to muscle

- pinched foot, measured delay until flexion
- found delay longer than expected

- reasoned gaps between neurons

- called gaps “synapses” (after Cajal)

0 0 06
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Charles Scott Sherrington — Discovery of the Synapse

1) Reflexes are slower than conduction along an axon. Consequently,
there must be some delay at synapses

2) Several weak stimuli presented at slightly different times or slightly
different locations produce a stronger reflex than a single stimulus
does. Therefore, the synapses must be able to summate stimuli

3) When one set of muscles is excited,

another set is relaxed. Accordingly, the !
input can simultaneously excite outputs \.H.U,,
at some synapses while inhibiting ===
outputs at other synapses N >

0 O 6
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Otto Leowi — Discovery of Chemical Neurotransmission
- (1921) demonstrated neurons transmit using a chemical messenger
- stimulated frog vagus nerve  pssmssn

- transferred bath from T =
stimulated heart to \ - e
second heart N Eg et

- both hearts decreased rate 3
of beating \ .

- o

et preets
==l L
L
Stmuation |
_ == s — | Condusion I
Ono LUEWi :ﬂomﬂq from frog hez:l . does mem;g‘i:'g :nnmlp)u
(1873-1961) beating after simuation... | the fluid transer. | by the nerve.
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The Structure of Synapses

- electron microscopy reveals synaptic structure
e e e

S 8

Golgi
Complex
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The Structure of Synapses
- electron microscopy reveals synaptic structure

Microtubules _}Q\Y\e
transport 3
Synaptic vesicles
storage/release
Cisternae (golgi)
recycling
neurotransmitter
Mitochondria

© Membrane &
energy {"r" Receptors
Synaptic cleft W&== site of action of

site of release neurotransmitter
Synaptic cleft is approx. 200 A.
Neurons have an average of 1000 synapses each.
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Most common types of synapses

Denﬁi(ites
- -Soma - Axodendritic
AX0n “Axon

5}%/ Axosomatic

Synapses are junctions between axon terminals and cell
membranes of other neurons

Communication Between Neurons

Excitatory and Inhibitory Messages
- Specific synapses provide excitatory (depolarizing) input

- Other synapses provide inhibitory (hyperpolarizing) input

- Type | synapses = located primarily on shafts or spines of dendrites,
round vesicles, thick presynaptic density, wide synaptic cleft, large
active zone, excitatory input

- Type Il synapses = located primarily
on soma, flattened vesicles, thin
presynaptic density, narrow synaptic
cleft, small active zone, inhibitory input
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The Types of Receptors for Neurotransmitters

- two main classes of receptors, ionotropic and metabotropic

Molecule of
L [*] [*] neurotransmitter

| onotropic Binding site aftached to

of it bindi it
receptors: °<p°; e © \/ P
/“ v
™

Open a neurotransmitter- lons

v @

dependent ion channel

when a molecule of

neurotransmitter binds

This changes the local

postsynaptic membrane

potential. Closed Open

ion channel ion channel @

¢ e
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The Types of Receptors for Neurotransmitters

Different receptors are coupled to different ion channels

The type of ion channel determines whether input is excitatory or
inhibitory

Na* channels:

Mo_stimpo_rtant neurotransmifer g membrane  outside of cell
excitatory input ~ + + + + +
(EPSP) I 1T @p I

LiLl LILLL JLLLL)
K* channels: - - R T
Inhibitory input @ ©
(IPSP) o

inside of cell
Na* channel K* channel Cl- channel Ca* channel
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The Types of Receptors for Neurotransmitters
Different receptors are coupled to different ion channels

The type of ion channel determines whether input is excitatory or
inhibitory

CI- channels:
Decrease the neurolransmiqrter membrane  gutside of cell
L ion.channel ® 7

dep_olanzauon of 4 . " S + @ *

excited neurons 2 2

(neutralize EPSP) \ \ """“‘"‘l

Ca?* channels: - - ' - O e
o) 7

Excitatory input %’

(EPSP) enoc

inside of cell

Na* channel K* channel Cl- channel Ca** channel
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The Types of Receptors for Neurotransmitters

Neurons exhibit a basal rate of firing of action
potentials:

inhibitory input
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The Types of Receptors for Neurotransmitters
Metabotropic receptors: activate an associated protein (G protein)
which triggers the opening of an ion channel.

This changes the local postsynaptic membrane potential or changes chemical
activities within the cell.

Molecula 6! ransmitter ) 'ons enter ol 3 Molecua of ransmitior &) tons anter call
substance binds with prociuce ‘substance binds with produce
rocoptor postsynaptic racopior postsynapte
Regeptor G pratain P Gprowin [ lonchamal  potontil
o
' . ? ) ﬂ
| s T
oy fay) o
2| Receptor \/ 31 Recaplor < Second L *
activates activales ( subunit S messenger -
G protein ) o subunit beeaks Gproein |3 breaks away,
away, binds with activates anzyme,
ion channel and which produces To nuclous
opens it second messanger of other parts
of call
@ ®
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The Types of Receptors for Neurotransmitters

Communication Between Neurons

Excitatory Postsynaptic Potential (EPSP) and
Inhibitory Postsynaptic Potential (IPSP)

Uscw!\oswoc_
g

EPSP: Stimulate 3 . ) Stimulate
Depolarizing input to the soma ! >\ ?
or a dendrite produces a local | J\] o —~i |
graded EPSP e O 7 (/},,—mm
IPSP: e L ar s
Hyperpolarizing input to the .
soma or a dendrite produces s s

a local graded IPSP

Valtage (]

{ Time [ms) f
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Summation of EPSPs and IPS

Activity of eucitatory
synapses produces
EPSPs in postsynapiic
nouron

Ps

Activity of inhaitory
synapses produces
IPSPs in postsynaphc

neuron

== k)
\x\‘.. -3 )
l\\ v " |
£ e

Axon hilock reachas
thveshold of excitation;
action potential s ___—
triggared in axon

.

EPSPs summate to
produce an Action
Potential

IPSPS courtaract EPSPS
action potantial s nol___
triggared in axon ~—

IPSPs counteract the
effects of EPSPs to block
the Action Potential
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Spatial Summation :
excitatory

synapses

Two simuitaneous EPSP's sum to produce a EPSP
A Stirmulated B Stimulated A + B Stimdlated
Summation £ " 2
E Two PSPs sum a wsp
i € Stmulated D Stimutated € + 0 Stmulated
. g - C | -8sf D | -esf
Summation H ;‘;FL/—{ 2 7
E A simultanecus IPSP and EPSP cancel each other out
. Stimil C S +Csu
Cancellation r e =

70}
-75|

1-70
|-75

e
70’/ \—‘

75
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inhibitory

Tempo ra}l synapse
Summation el

RSt

\\__’,_.

MW_;:

Two EPSP's olicited in rapid succession sum to

produce a larger EPSP
No Summation g e LS Rl —/\/L Summation
g IS A A A
El Y A A A
i Two IPSP's olicited in rapid succession sum to.
produce a larger IPSP
g o5 | B - é 65 B B
No Summation 70 W 70 v Summation
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Temporal and Spatial Summation

EPSPs and IPSPs:

Excitatory and inhibitory inputs
diffuse along the interior surface of
the cell membrane, summate (or
cancel) and the net potential

[T I~
& el body \l
e

Summed EPSPs and
1PSPs on dendritic
ol | tree and cell body.

- -y

L~

registered at the axon hillock may b =
initiate an action potential. L e o
A depolarize
membrane at
axon hillock to
Nerve Yorminal threshold fevel, .

..generating an
action potential
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Other Types of Synapses

Axoaxonic synapses — A Special Case:

Axoaxonic synapses do not contribute directly to neural integration.
Rather, they modulate the amount of neurotransmitter release from
the terminal boutons of the postsynaptic neuron.

Ordinarily the number of quanta of
neurotransmitter release per action potential

is constant.
; I ‘ Axoaxonic

presynaptic inhibition: decrease in neurotransmitter release
presynaptic facilitation: increase in neurotransmitter release
due to actions of axoaxonic synapses

Communication Between Neurons

Other Types of Synapses Dendrodendritic synapses :

varicosities Occur on some very small interneurons.
OLE May participate in regulatory functions
5 / - e.g. organization of groups of neurons
; \‘,!j’ small size, difficult to study, function unknown
o

,‘T 1 Varicosities:
L ol it Not really synapses, beadlike swellings along
A0 J= axon where neurotransmitter is released
t Gap Junctions (Electrical Synapses) :

electrical synapses  narrow gap
ion channels communicate directly between cells
common in invertebrates, less common in
vertebrates.
functions largely unknown in vertebrates
- may participate in neuroplastic processes
such as sensitization.
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Other Types of Synapses

Nonsynaptic Chemical Communication:
Neurons have membrane-bound receptors [

all over their membranes. Neurons also ( s
have cytosolic and nuclear receptors. 3 ﬁﬁw

These non-synaptic receptors bind a
variety of specific neurotransmitters,
neuromodulators, and hormones.

Most non-synaptic membrane-bound |
receptors are metabotropic. Some are i g
ionotropic. All known cytosolic and
nuclear receptors are metabotropic.
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Seven Stages in Neurotransmitter Function
1. Neurotransmitters are synthesized. \
2. Neurotransmitters are stored in vesicles.

F.080 B cmesnny

o BT enzymes

3. Neurotransmitters that leak from ~2 '-ﬁ—_&\‘ T
vesicles are destroyed by enzymes. ~ presuraors

. . R Vesicle
4. Action potentials cause vesicles to fuse 9 98 i

with membrane and release
neurotransmitters into the synapse.
N

5. Released neurotransmitters bind to
autoreceptors and inhibit further synthesis
and release.

6. Released neurotransmitters bind to

ostsynaptic receptors. 3
postsynaptic feceptors. el R -, S
7. Released neurotransmitters are removed @ [ ;
by reuptake or enzymatic degradation. N W ld\
FPostsynaptic
receplor
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Seven Stages in Neurotransmitter Function

1. Neurotransmitters are synthesized. \

Protein and peptide neurotransmitters are Fa fj,, S RO
synthesized from DNA template in the ) % enzymes
soma. These proteins/peptides may be Cy {', oo i

altered after synthesis

1 vosic
oo (o3

Other neurotransmitters are synthesized by ("] kel
modification of ingested substances. These @9
may be manufactured right in the axon J

terminal.

@
Energy for these actions is provided by
chemical reactions in the mitochondria.
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.
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receplor
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Seven Stages in Neurotransmitter Function

2. Neurotransmitters are stored in vesicles.

i?‘c 'do - g.\‘-_,symnln)nq

% O e H T enaymes
3

Vesicular packaging occurs in the golgi

2 Neurctransmities
-

apparatus in the cell body or in the axon "N presursors
terminal. . e 08 .~ Vesicie
. . Degradin
Some vesicles are further packaged into on andymas”
storage granules that hold many vesicles. 2 .
w,

@
a3

-

".j kLsa.uvn—u

receptor

o
L o - s — S
¥
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Seven Stages in Neurotransmitter Function

: B rmmestuing
7 - ] enzymos
3. Neurotransmitters that leak from 1 “ﬁ—-&\‘ Neurotranamitier
vesicles are destroyed by enzymes. < Eraswno
- ) . L— Vesicie

Catabolizing enzymes (proteins) digest any C 93
neurotransmitter molecules that leak out of D o i
vesicles. \ y

: @

20

]
22 .
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Seven Stages in Neurotransmitter Function

Fa 'fjo - g.;\‘\smmamwg

2 : '\ enzymes.

an Neurotransmilter
uw Y precuraars
<
_ _ _ L vesicie
4. Action potentials cause vesicles to fuse °o Og

with membrane and release
neurotransmitters into the synapse.

Degraging
°°°/ e

#*
™ - AR

@
.

D ) y
h j hd\pamwuuu:

receplor

Action potentials actually cause vesicles to
migrate toward the presynaptic membrane
and to fuse to the membrane.

D)
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Seven Stages in Neurotransmitter Function .
Action

Potential

docked synaptic vesicle

presynaptic A} omega figures
membrane b
proteins

i i | i 3
calcium entry fusion 7 :
opens fusion pore opens neurotransmitter release
pore

Released neurotransmitters diffuse passively across the synapse.
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Seven Stages in Neurotransmitter Function

F.080 B cmesnny

4 BT enzvmes
e 2 2 | CRRRER
-w ‘f‘ precursors
Vesicle
oo (@8
0 Degradging
o0 enaymes
5. Released neurotransmitters bind to hay
autoreceptors and inhibit further synthesis ", @
and release. (= I*]
Autoreceptors are located on the A
presynaptic neuron that releases the ﬁ “ =
neurotransmitter. They activate L o. ) W
mechanisms in the neuron that inhibit 2 i &d\
further synthesis and release. o e
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Seven Stages in Neurotransmitter Function

§.75, « T yrmonn
e e

an Hourotranamitier
L prazursors
e
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oo (o3

Degraging
‘ooo/ e
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20

6. Released neurotransmitters bind to

ostsynaptic receptors. &

postsynap p N o'y Tt ficrecepor
D Q b i'l
h kj Pastasynaptic

receplor
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Seven Stages in Neurotransmitter Function
- The released neurotransmitter binds to a specific site on a
postsynaptic receptor protein.

- Depending upon which type of receptor
the neurotransmitter binds to, it will either:

1) cause excitation (depolarization) of the
postsynaptic neuron, or

2) cause inhibition (hyperpolarization) of the
postsynaptic neuron, or

3) produce changes in chemical activities inside
of the postsynaptic neuron

- The effect from releasing one vesicle full
of neurotransmitter on the postsynaptic neuron is very small — a
quantum effect. Many quanta are required to significantly alter the
activity of the postsynaptic neuron.
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Types of Circuits
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Reading Assignment

Before next class

Chapter 4:  The Chemical Basis of Behavior: Neurotransmitters

and Neuropharmacology
Breedlove, Rosenzweig, & Watson




