Cell membranes and cell
interactions



Cell-cell communication
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When things change, cell respond!
Every cell, monitors its intracellular
and extracellular environment,
processes the information it
gathers, and responds accordingly.
(homeostasis).

Communication between cells in
multicellular organisms is
mediated mainly by extracellular
signal molecules.
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Communication needs long and short range signhaling
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To coordinate their answer, cells
needs to react fast and efficiently.
For that, they use chemical
signaling.

Integration and coordination occurs
in the nervous system and in the
endocrinus and immuno systems.

Many of the same types of signaling
molecules are used in paracrine,
synaptic, and endocrine signaling;
the crucial differences lie in the
speed and selectivity with which the
signals are delivered to their target.

Autocrine signaling. Cancer cells, for example, often produce extracellular signals that
stimulate their own survival and proliferation



Cell-cell communication over large distances occurs mainly through nerve
cells, or neurons, which typically extend long, branching processes (axons)
that enable them to contact target cells far away, where the processes
terminate at the specialized sites of signal transmission known as chemical
synapses.

When a neuron is activated by stimuli from other nerve cells, it sends
electrical impulses (action potentials) rapidly along its axon; when the
impulse reaches the synapse at the end of the axon, it triggers secretion of a
chemical signal that acts as a neurotransmitter. The tightly organized
structure of the synapse ensures that the neurotransmitter is delivered
specifically to receptors on the postsynaptic target cell.

Membranes play a fundamental role in neural and more generally in cell-cell
communications



Membrane proteins classes
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Type and function of membrane proteins
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Trans-membrane proteins cross the bilayer as (1) a single a helix, (2) as multiple a
helices, or (3) as a B barrel. Other membrane proteins are exposed at only one side of
the membrane. (4) Some of these are anchored to the cytosolic surface by an
amphipathic a helix that partitions into the cytosolic monolayer of the lipid bilayer
through the hydrophobic face of the helix. (5) Others are attached to the bilayer solely
by a covalently attached lipid chain or, (6) via an oligosaccharide linker, to
phosphatidylinositol in the non-cytosolic monolayer. (7, 8) many proteins are

attached to the membrane only by non-covalent interactions with other membrane
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Type and function of transmembrane proteins

(a) Ancoraggio. Alcune proteine
di membrana, per esempio
le integrine, ancorano la cellula H H H
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Transporters

Active transport

Passive transport
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Facilitated diffusion
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Passive and Active Transport

. . ‘e
. @ . ‘
lipid concentration
bilayer gradient
A .
@
simple channel- transporter- ° 2
diffusion mediated mediated ENERGY
1 1L ]
(A) PASSIVE TRANSPORT ACTIVE TRANSPORT
e0® o0° oo
o® ©° o® °o = See®
@
0 © g e°
OUTSIDE l ++ 4+ + ++++ ++++ A+ +
INSIDE T e I
&

electrochemical gradient with
a membrane potential

concentration
gradient (with no
(B) membrane potential)

Figure 11-4 Different forms of
membrane transport and the influence
of the membrane. Passive transport

down a concentration gradient (or an
electrochemical gradient—see B below)
occurs spontaneously, by diffusion, either
through the lipid bilayer directly or through
channels or passive transporters. By
contrast, active transport requires an input
of metabolic energy and is always mediated
by transporters that pump the solute
against its concentration or electrochemical
gradient. (B) The electrochemical gradient
of a charged solute (an ion) affects its
transport. This gradient combines the
membrane potential and the concentration
gradient of the solute. The electrical and
chemical gradients can work additively to
increase the driving force on an ion across
the membrane (middle) or can work against
each other (right).

All channels and many transporters allow solutes to cross the membrane
only passively (“downhill”), a process called passive transport.



Membrane electrical potential

TABLE 11-1 : : : :

Component Cytoplasmic concentration Extracellular concentration
(mM) (mM)
Cations
Na* 5-15 145
K+ 140 5
Mg?+ 0.5 1-2
, Ca2+ 104 1-2
Endotelio Membrana
Eritrocita capillare cellulare H* 7x105(1072MorpH7.2) = 4x105(1074 MorpH 7.4)
| Anions
Cr 5-15 110

*The cell must contain equal quantities of positive and negative charges (that is, it must be
electrically neutral). Thus, in addition to CI-, the cell contains many other anions not listed in
this table; in fact, most cell constituents are negatively charged (HCO5~, PO, nucleic acids,
metabolites carrying phosphate and carboxyl groups, etc.). The concentrations of

m o mM
[Na'] =142 [Na'l =145 [Na'] =12

[K]=4 [I§+] =4 [|§+] =140 Ca?* and Mg?2* given are for the free ions: although there is a total of about 20 mM Mg2* and
[Ca2“1 =25 [Ca]=1-2 [Ca™] < 0,0001 1-2 mM Ca2* in cells, both ions are mostly bound to other substances (such as proteins, free
[Mg21 =11 [Mg2+] =0,6 {Mgﬂ] =16 nucleotides, RNA, etc.) and, for Ca2*, stored within various organelles.

[CI']=104 [Cl]=117 [Cl1=4
[HCO3] = 24 [HCO3] = 27 [HCO3] =12

[A]=138

Liquido intracellulare

. Liguido interstiziale

Plasma




Passive Transport Is driven by concentration gradient

solute " Figure 11-3 Transporters and channel

proteins. (A) A transporter alternates
lipid ® between two conformations, so that

1p1 — . N . o .
bilayer ® — the solute-binding site is sequentially
/ ® and then on the other. (B) In contrast, a
solute-binding site channel protein forms a pore across the
2 bilayer through which specific solutes can

. accessible on one side of the bilayer
(A) TRANSPORTER (B) CHANNEL PROTEIN passively diffuse.

Transporters (carriers, or permeases) bind the specific solute to be transported and undergo a series of
conformational changes that alternately expose solute-binding sites on one side of the membrane and then
on the other to transfer the solute across it.

Channels, interact with the solute to be transported much more weakly. They form continuous pores that
extend across the lipid bilayer. When open, these pores allow specific solutes to pass through them and
thereby cross the membrane. Much faster rate than transport mediated by transporters. Cells use dedicated
channel proteins (called water channels, or aquaporins) that greatly increase the permeability of their

membranes to water.



Membrane permeability: simple diffusion

Non selective; No saturation; Drives to equilibrium
Small hydrophobic molecules (impermeable to polar molecules "Voecues
Small non charged polar molecules (H20, ethanol)

Gas (CO2, 02, N2)

Simple diffusion (PASSIVE!!
depends on the thermal motion
of molecules

J = flux depends on:

e C2-C1

e Partition coefficient

« Diffusion coefficient D (m?/s)
e Membrane thickness d

e Diffusion area A
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of a synthetic lipid bilayer to different
classes of molecules. The smaller the

Cl C 2 molecule and, more importantly, the less
strongly it associates with water, the more

rapidly the molecule diffuses across the

bilayer.

molecular lipo-solubility: ratio between solubility in

oil and water=partition coefficient
Depends on Lipid layer composition



Membrane permeability: simple diffusion

dm/dt=D x A/d x (cl1-c2)

The Permeability P is defined as D/d :

dm/dt =P x A x Ac

J=Px A x Dc
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Coefficiente di partizione olio/acqua

Relazione lineare tra coefficiente di partizione olio/acqua e
permeabilitd di membrana. Si noti come la permeabilitd non dipenda
dalla dimensione delle malecole. Due molecole piccole come gliceralo e
uretano hanno permeabilitd molto diverse perché i loro coefficienti di par-
tizione differiscono di circa tre ordini di grandezza,
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Passive Transport through Channels
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Figure 11-22 The gating of ion channels. This schematic drawing shows several kinds of stimuli
that open ion channels. Mechanically gated channels often have cytoplasmic extensions (not
shown) that link the channel to the cytoskeleton.

There are two families of channels: one always allowed, as for facilitating water transport ( aquaporin,
with a central “block” for H* ions) and gated channels as for transporting ions (voltage-gated)



Passive Transport through Channels

Modello di canale del Na*. Gli ioni Na* extracellulari spinti dal
loro gradiente elettrochimico diffondono attraverso il canale aperto. Prima
perdono le molecole di idratazione, poi si legano in successione alle cariche
negative disposte sulle pareti interne del poro. Il movimento “in fila indiana”
verso l'intemo & imposto dall’alta concentrazione esterna di ioni Na*.



Solvation shells

A solvation shell is the solvent interface of any
chemical compound or biomolecule that constitutes
the solute. When the solvent is water it is often
referred to as a hydration shell or hydration
sphere.

For example, if the latter were a cation, the
electronegative oxygen atom of the water molecule
would be attracted electrostatically to the positive
charge on the metal ion. The result is a solvation
shell of water molecules that surround the ion.

a) b) A
. “9
*. .( &‘i"
0 ( {“ . &
- &

Na* F-



Solvation/hydration shells

Bulk water @ Water dipole
Outer hydration shell

Inner hydration shell

Second solvation
layer
The hydration/solvation shell can be several molecules thick, dependent upon the

charge of the ion, its distribution and spatial dimensions. The rearrangement also
extend to several layer before reaching again the conditions of bulk solution.



Solvation/hydration shells in biomolecules

The hydration shell (also sometimes called hydration
® layer) that forms around biomolecules is of particular
importance in biochemistry. This interaction of the
protein surface with the surrounding water is often
referred to as protein hydration and is fundamental to
the activity of the biomolecules.



Passive Transport through Channels/Transporters

o

Velocita di trasporto

Concentrazione
extracellulare

Saturazione
parziale
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Saturazione
completa

..
Diffusione facilitata

Y

Relazione tra permeabilitd (velocita di trasporto attraverso la
membrana) e la concentrazione di soluti nel liquido extracellulare. Nel caso
della diffusione passiva la relazione @ lineare. Nel caso della diffusione faci-
litata (carrier) o attraverso canali ionici, la relazione & invece lineare a basse
concentrazioni per poi saturare in maniera diversa ad alte concentrazioni.
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Km concentration of ==
transported molecule

Figure 11-6 The kinetics of simple
diffusion compared with transporter-
mediated diffusion. Whereas the rate
of diffusion and channel-mediated

As for enzymes, V., (V for velocity), is characteristic of
the specific carrier. V,,, measures the rate at which the
carrier can flip between its conformational states.

Each transporter has a characteristic affinity for its
solute, the K, of the reaction, equal to the
concentration of solute when the transport rate is half
its maximum value



Active transport
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1. Coupled transporters couple uphill tra‘rk\sport of one solute to the downhill transport of another

2. ATP-driven pumps use hydrolysis of ATP to uphill transport

3. Light driven pumps couple transport to light absorption




Channels vs. pumps

a lon channel: single gate
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Gadsby (2009) Nat. Rev. Mol. Cell Biol. 10: 344-352



Active Transport Is Mediated by Transporters Coupled

to an Energy Source

LIG HT

By
&
lipid ‘ electrochemical
bilayer gradient
COUPLED ATP-DRIVEN LIGHT-DRIVEN
TRANSPORTER PUMP PUMP

Figure 11-7 Three ways of driving

active transport. The actively transported
molecule is shown in orange, and the
energy source is shown in red. Redox
driven active transport is discussed in
Chapter 14 (see Figures 14—18 and 14-19).

e 1. Coupled transporters harness the energy stored in concentration gradients to
couple the uphill transport of one solute across the membrane to the downhill

transport of another.

e 2. ATP-driven pumps couple uphill transport to the hydrolysis of ATP.

e 3. Light- or redox-driven pumps, which are known in bacteria, archaea,
mitochondria, and chloroplasts, couple uphill transport to an input of energy from
light, as with bacteriorhodopsin, or from a redox reaction, as with cytochrome ¢

oxidase



Active Transport Is Mediated by Transporters Coupled
to an Energy Source

The concentration of K + is typically 10—-30 times higher inside cells than outside, whereas
the reverse is true of Na +

Na*- K* ATPase

P-type pumps are structurally and
functionally related multipass
L transmembrane proteins. They are
gradient called “P-type” because they
/Y phosphorylate themselves during the
o pumping cycle. For each ATP hydrolized,
" >/‘A"" it pumps 3 Na* out and 2 K* in

plasma
membrane

\

Na*
electrochemical
gradient

CYTOSOL

This pump drives the transport of most nutrients into animal cells and also has a crucial role in regulating
cytosolic pH. The pump consumes about 1/3 of the entire cell energy and even more in nerve cells.

Since it drives three positively charged ions out of the cell for every two it pumps in, it is electrogenic: it
drives a net electric current across the membrane, tending to create an electrical potential, with the
cell’s inside being negative relative to the outside.
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Active Transport Is Mediated by Transporters Coupled
to an Energy Source

EXTRACELLULAR SPACE
glucose Na plasma membrane
\J e
@ 0 Q 4] 0
glucose
Co—t rans p (o) rte rs electrochemlcal (+X ) concentration

gradlent gradlent
. @ ®

CYTOSOL occluded- outward- occluded- mward- occluded- . o

empty open occupied open empty

L J

Figure 11-9 Mechanism of glucose transport fueled by a Na* gradient. As in the model shown in Figure 11-5,

the transporter alternates between inward-open and outward-open states via an occluded intermediate state. Binding of

Na* and glucose is cooperative—that is, the binding of either solute increases the protein’s affinity for the other. Since the

Na* concentration is much higher in the extracellular space than in the cytosol, glucose is more likely to bind to the transporter
in the outward-facing state. The transition to the occluded state occurs only when both Na* and glucose are bound; their
precise interactions in the solute-binding sites slightly stabilize the occluded state and thereby make this transition energetically
favorable. Stochastic fluctuations caused by thermal energy drive the transporter randomly into the inward-open or outward-
r £ h open conformation. If it opens outwardly, nothing is achieved, and the process starts all over. However, whenever it opens

inwardly, Na* dissociates quickly in the low-Na*-concentration environment of the cytosol. Glucose dissociation is likewise
enhanced when Nat is lost, because of cooperativity in binding of the two solutes. The overall result is the net transport of

ﬂﬂ

? [ | & |\ both Na* and glucose into the cell. Because the occluded state is not formed when only one of the solutes is bound, the
Na* F C transporter switches conformation only when it is fully occupied or fully empty, thereby assuring strict coupling of the transport
5 \— pseudosymmemc conserved core ——! of Na* and glucose
(A c (8) :

Neurotransmitters (released by nerve cells to signal at synapses) are taken up again by Na +
symporters after their release. These neurotransmitter transporters are important drug
targets: stimulants, such as cocaine and antidepressants, inhibit them and thereby prolong
signaling by the neurotransmitters, which are not cleared efficiently.



Channels vs. pumps
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Membrane potential

The overall membrane potential is the result of the action of voltage-gated K* and Na* pumps
and of Na* K* ATPase

Chemical gradient

out N

Electrochemical gradient

out N
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out

Membrane potential

THE NERNST EQUATION AND ION FLOW

The flow of any inorganic ion through a membrane
channel is driven by the electrochemical gradient for that
ion. This gradient represents the combination of two
influences: the voltage gradient and the concentration
gradient of the ion across the membrane. When these
two influences just balance each other, the
electrochemical gradient for the ion is zero, and there is
no net flow of the ion through the channel. The voltage
gradient (membrane potential) at which this equilibrium
is reached is called the equilibrium potential for the ion.
It can be calculated from an equation that will be derived
below, called the Nernst equation.

The Nernst equation is V= RT In G
zF Ci

where

V = the equilibrium potential in volts (internal
potential minus external potential)

C, and C; = outside and inside concentrations of the
ion, respectively

R = the gas constant (8.3 J mol™' K™)

T = the absolute temperature (K)

F = Faraday’s constant (9.6 x 10* J V=" mol™")

z = the valence (charge) of the ion

In = logarithm to the base e



A molecule in solution (a solute) tends to move from a
region of high concentration to a region of low
concentration simply due to the random movement of
molecules, which results in their equilibrium.
Consequently, movement down a concentration gradient
is accompanied by a favorable free-energy change

(AG < 0), whereas movement up a concentration gradient
is accompanied by an unfavorable free-energy change

The free-energy change per mole of solute moved across
the plasma membrane (AG_,,,.) is equal to —-RT In C,/ C..

If the solute is an ion, moving it into a cell across a
membrane whose inside is at a voltage V relative to the
outside will cause an additional free-energy change (per
mole of solute moved) of AG,; = zFV.

At the point where the concentration and voltage
gradients just balance,
Ac';conc + AGyo1 =0

and the ion distribution is at equilibrium across the
membrane.




Thus, C
ZFV - RT In C_°=0

i
and, therefore,
V = E In &
zF Ci

or, using the constant that converts natural logarithms to

base 10,

RT. Co
V= 23 - logqo C

For a univalent cation,

2.3 g - 58 mV at 20°C and 61.5 mV at 37°C.

Thus, for such an ion at 37°C,

V=+615mVforC,/C =10,
whereas

V=0forC,/C=1.

The K* equilibrium potential (V), for example, is
61.5 logqo([K*], / [K*];) millivolts

(-89 mV for a typical cell, where [K*],=5 mM
and [K*], = 140 mM).

At V,, there is no net flow of K* across the membrane.

Similarly, when the membrane potential has a value of
61.5 log,o([Na*], /[Na*]),
the Na* equilibrium potential (Vy,),
there is no net flow of Na*.



Membrane potential

lon Typical Internal Typical External Nernst
Concentration (mM) Concentration Potential (mV)
(mM)
Na* 12 145 +67
K* 155 4 -98
Ca?* 10-4 1.5 +129
Cl- 4 120 -90




Membrane potential

Indeed, also membrane permeability plays a big role: Na* and K* permeability ratio is 1/100
Therefore the membrane resting potential is similar to the one of K* (Goldman equation):

RT n Py [K"L]0+PNa [Na" Jo + Py [CI7]i
F PcIK ™1 + PpalNa'1i + Pg [CI7 1o

Erev =

Intracellular Extracellular Membrane
lon concentration | concentration |permeability at
(mM) (mM) rest
K+ 140 4 1
Na+ 15 145 0.05
Cl- 4 110 01
Ca2+ 0.0001 S 0

Membrane permeability to a specific ion, at rest, is due to the open non-gated channels:
there are 25 to 40 times less sodium channels than that of potassium



Membrane potential

Ee ={6;l-)-lognﬂ((%=-96mv

o

K+
(150 mM] N~ s
[Ga [4 mM]

[0.1 pM] o

( A

- (e}, [ca'l,
Ec.—‘(;)'bgm—+l34mv | Na+
‘ 7 [145 mM]

Ca++

[2.5 mM]

Na*
[20mM]

_[61).joq Ma]

= ——L =452 mv

gK(E, )+ gNa(E,,)+gCa(Ec,)+-..

==
gK+gNa+gCa+...

Em=gK(E,)+gNa(E,,)+g'Ca(E,,)+...

Em = g'K(-96)+ g'Na(+52)+g'Ca(+134) + ...



Membrane potential:electrogenic pumps!

What happens to the resting Em when
external K* is increased from 4 to 20 mM?

* When [K*], = 20 mM, the Ex =-53 mV

* |If the resting Em = -90 mV, and there is no
change in ion conductances or other ion
concentrations, then the new Em = -50
mV, depending on the background level of
g’'Na and g’'Ca

Ca*t /@

[2.5 mM] [150 mM]

Ca++
01U [

ATPase
Na*/Ca**-
exchanger

— Na*
[20 mM]

Na*

[145 mM]

An ACTIVE mechanism is necessary!!!

synaptic cleft -

NEW S ES

pre-synaptic
membrane

* Na*/K*- ATPase (3Na*/2K*)
* Ca**- ATPase
* Na*/Ca**- exchanger (3Na*/1Ca**)

ATP B .
cytoplasm

® Kt ..
® Nat



Therefore, resting membrane potential is determined by:

Concentration gradients of ions across the membrane

The relative permeability (electrical conductance) of the
membrane to each ion

Electrogenic ion pumps



Membrane potential electrical model

Il doppio strato lipidico, dal punto di vista elettrico si comporta come un
condensatore. Le due piastre conduttrici sono rappresentate dal mezzo
intracellulare e da quello extracellulare. Il dielettrico isolante e
rappresentato dal doppio strato lipidico.

C= £ A / d A area della membrana; d spessore della membrana
C.=C/A=¢/d d=50 A C_=2pF/cm?

Le proteine canale che permettono il passaggio di ioni sono responsabili
della seconda caratteristica della membrana cellulare, cioe della
conduttanza (1/R)

Cm Rm




Cm

Membrane potential electrical model

Pump protein

Channel

Iionivc

The resting potential is the equivalent of a battery



tenendo conto di tutte le conduttanze ioniche

presenti

Supearficie extracellulare

=

P |
t
3 5|

+1 1

Superficie citoplasmatica

lon Typical Internal Typical External Nernst
Concentration (mM) Concentration (mM) Potential (mV)

Na* 12 145 +67

K* 155 4 -98

Ca% 104 1.5 +129

Cl- 4 120 -90




The Equivalent Circuit

L ) i
| T () T
Poles, leads, Battery Resistor or Capacitor

or connectors (note polarity) conductor
(a) Electrical symbols

«Qut
Tiny patch of membrane = 9¥ SO 29 g, (membrane
(a single equivalent cicuit) s ) W " capacitance)
(—)Ek {(+)Ena (=)Eci
«In
A A " A A OUt A A M A A A

Larger patch of membrane&quivalenl Equivalent Equwvalent Eguivalent Eguivalent

circuil circuil circuit circuit circuit
g A‘V".'\""'-' ¢ .."o"\".l'h'\" & .'.'\'.‘.'-’..'c' e !"s'.."d" ..'l. ®
In

(b) The equivalent circuit for a resting cell membrane



Membrane potential electrical model: potenziale
elettrotonico

Quindi una membrana con queste caratteristiche se viene stimolata in modo
opportuno, come per esempio da un passaggio di corrente risponde con una
variazione del potenziale in modo proporzionale al valore di resistenza e
capacita. Questa variazione di potenziale prende il nome di potenziale

elettrotonico.

Quando la corrente € iniettata essa comincia a fluire attraverso la capacita che

tende a caricarsi. La fase di crescita del potenziale e data da: ¥
/b
4
q v
V=iR (1-e "), T=RC. e\

A= byt 1 ﬂ 63% AV, : \

T= RC

Esterno
Im 0

Interno

Quando t=RC allora V,=63%V,.

Tempo =~



»Le proprieta del circuito RC di membrana determinano

f\—|
| R
| |
|
ampiezza ed andamento temporale delle variazioni del Vo - ISe e

potenziale causate da flussi di correnti che attraversano

Membrane potential electrical model

la membrana grazie ai canali ionici.

» Spiegano alcune caratteristiche delle risposte neuronali.

% voltaggio (V)

100—

()]
w
|
*

)
M
|

Scarica

Carica
0,37

Tempo (s)

E] Tempn —a

RC si definisce costante tempo della membrana.
Quando sono trascorse diverse costanti tempo, il
potenziale approssima un asintoto e tutta la
corrente fluisce attraverso la resistenza (I.=0 perché
|.=dQ/dt=CdV/dt) con un valore che sara
proporzionale alla legge di Ohm V=I,R.



Membrane potential electrical model

| \_|R
\ . \ . . . 3 |
»Le proprieta del circuito RC di membrana determinano [ :
ampiezza ed andamento temporale delle variazioni del V. ' l

potenziale causate da flussi di correnti che attraversano
la membrana grazie ai canali ionici. Iy
» Spiegano alcune caratteristiche delle risposte neuronali.

E] Tempn —a

La costante di tempo (t = R,Cy) € il tempo
100— g necessario percheé Vm aumenti o diminuisca
fino a raggiungere o perdere il 63% del suo
valore finale.

Per valori di Ry, specifica (resistenza per unita’
di area) compresi tra 10 e 10* Qcm? e Cy,
specifica per unita’ di superficie = 1uF/cm? la
costante di tempo delle cellule eccitabili varia
da 10 1us a 10 ms.

Scarica
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W (o))
~ W
L
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Cellule eccitabili: | neuroni
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Cellule eccitabili (neuroni, muscoli, cuore)

Il heurone e la cellula base del sistema nervoso: si stima che nel
sistema nervoso ci siano circa 100 miliardi di neuroni!!
Un tipico neurone e costituito da parti caratteristiche :

Soma o corpo cellulare: contiene il nucleo all’ interno del quale si

trova il materiale genetico.

Dendriti: presenti in grande numero, rappresentano |’ input del

neurone. Si ramificano dal corpo cellulare e ricevono informazioni

da altri neuroni.



Cell membrane. The semipermeable
membrane fat encloses the neuron.

/ Dendrites. The short processes emanatng from
< T ——— the cell bod , which receive most of the s napiic
contacts from other neurons.

Axon hillock. The cone-shaped
~ region at the juncicon between the
axon and the ceall bed .

Axon. The long, narrow
that projects from the cell bod .

b

e
Cell bod . The metabolic center of
the neuron; also called the oma.

'S

M elin. The fatt

\.

A

Nodes of Ranvier (ptmomced
‘RAHN-vee- a 7). The gap
between sactions of m elln

Buttons. The butionlike endngs of
the axon branches, which release
chemicals into s napses.

S napses. The gaps between
adjacent neurons across which
chemical signals are transmitted.



Cellule eccitabili (neuroni, muscoli, cuore)

\

Assone o0 neurite: si diparte dal soma. E unico e rappresenta

I"'output della cellula. Da qui si dipartono segnali elettro-chimici
per altri neuroni. Talvolta (come nei motoneuroni) puo essere
molto lungo. | neuriti piu lunghi e che necessitano di elevate
velocita di connessione sono ricoperti da mielina, uno strato
isolante che puo portare la velocita di propagazione del segnale
finoa 120 m/s.

Terminale sinaptico: a questo livello il segnale elettrico che si e

propagato lungo |'assone e convertito in segnale chimico che

veicola I'informazione al neurone successivo.



Endoplasmic reticulum. A Nucleus. The spherical Mitochondria. Sites of aerobic

system of iolded membranes in DNA-containing structure of the (oxygen-consuming) energy
e cell body; rough porfons cell body. '

(those wit ribosomes) play a t

role in the synhesis of proteins;

smooth portions (hose without
ribosomes) play a role in the
syntesis of fats.

|

C Mpiggm. Te cegipfnal
fuid of NETE 5

Ribosomes. Internal cellular
strucures on mich protams are_

Golgl complex. A connected
system of membranes hat
packages molecules in vesicles.

| Ej‘
’ u/"

esponsible for e rapid transport
bf material throughout neurons.

w-.,.‘

S naptic vesicles. S¥nerica
membrane packagesjhat store
neurotransmitier mojcules ready
for releasa near sygfipses.

Q

Neurotransmityfrs. Molecules
that are releaghd om actve
neurcns ag@influence he activity
of othe




THE MAJOR STRUCTURES OF THE NEURON

The neuron receives nerve impulses through its dendrites. It then sends the nerve i(npulses
through its axon to the terminal buttons where neurotransmitters are released to stimulate
other neurons.

Dandrites [(receiving end|

Terminal buttons

e
’ Nuc'eus
& Cyroplasm

.

!

e
X 7

Soma \\~

e

Axon ‘
lteansmaling end) Nodes of Ranvier
Myelin sheath



Axon

SynIpac
wEskics

post-syapbc
: sty (PS50
actin connty (PSC)

microiunules

e

A " i "4
-
g4~ ~ £p
Al an. AT

1000-10000 synapses per neuron!



Un neurens puo comFarre Simaps! Con:

The Anatomy of a Neuron

Synapseswith N\
AL anotherneuon. - H#.‘.

\g F
3 g é} jh\(:ollaterila—\v./ﬂ
e —— —— IJ
)— 1 {) 7{ ‘. Axon
Dendrites

Neulomuscular junctions

g A
S tic" % 2/ Skeletal
- 7 muscle

terminals

Neu:oglandular._.

A neuron can
synapse
with another
neuron...

...or a muscle cell

...or a gland.




Basic Neuron Types

-

o

Bipolar Unipolar Multipolar Pyrimidal
(Interneuron) (Sensory Neuron) (Motoneuron) Cell

©2001 HowStuffWorks



Resting potential
Voltage amplifier
and oscilloscope
Voltage amplifier
and oscilloscope

Extracellular

electrode
Insert Extracellular
microelectrode electrode \
Nerve cell Nerve cell

Figure 7-2A The recording setup.

+60
Insert electrode
+30F * /

V. (mV)
O

Resting potential =

Time —»

Figure 7-2B Oscilloscope display.



(A) Receptor potential

&




Current Voltage

generator  amplifier +60
_+30r
I s
>E —30 B
-60 [
g T g G \ [
_oo L
Membrane Outward
current | | Inward
A
50 ms
Time —»
Figure 7-2D Hyperpolarization.
Action
Current Voltage potential
generator  amplifier +60 o
. +30
T ey reaile
<E -30F
-60 -
-90 - \ / ;
Electrotonic potentials
Membrane [ | Outward
current ——  Inward
50 ms
Time —=

Figure 7-2C Depolarization.
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STIMULUS
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I E:
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EE n
; 1 Time (milliseconds)
STIMULUS
Come puo |

potenziale di
membrana cambiare
e poi tornare al suo

valore di riposo?
Na+ K+ pumps!




Electrotonic Propagation
(predominant in dendrites and soma)

Membrane depolarizations spread passively quickly but only along short distances

DEPOLARIZATION
Depolarized region
r; Plasma

+ 4+ + 4+ + + + .:———-:+++++++ ~ [/ membrane

Sl e )

———————— + + e

+ + + + + + + E-—-—-— + + + + + + +

Spatial and temporal
A . .
integration!
SPREAD OF DEPOLARIZATION
++++++ 4+ === _ + 4+ + + + + +

+ ++ 4+ + 4+ + - - - + + 4+ + + + +

\,«/\/



Electrotonic Propagation
(predominant in dendrites and soma)

Membrane depolarizations spread passively quickly but only along short distances

Un potenziale sotto soglia nato in un punto diminuisce di ampiezza man
mano che e condotto lungo I'assone o i dendriti di un neurone (conduzione
elettrotonica). La resistenza di membrana (r,) e dell'assone (r,)
influenzano I'efficienza con cui vengono condotti i segnali elettrici.

[SISEESS | a stimolazione & sottosoglia
'Q{ Propagazione elettrotonica

1 | —
che r::‘%‘wn» ‘: ﬂ ||( 1’] | s j
Ul potenzialk: J d ‘!
> . Ganersore o corrente

" | { I
3 Registrazione IS Repistazionc B Reyitrasionc Qe Ropistraione S Reypisteasion
ImVv _[_L
0 R R SYTTRENG RGeS el Eletirodo extracellulare
0 10 20 30 40 O 02 30 3 | 020 30 0 010203040 0 1020 30 O 1020 040 0O 2 30 4
n)

La corrente applicata in un punto si propaga lungo I'assone ma in parte
viene persa attraverso la r,. Questo determina attenuazione del segnale
man mano che ci si allontana dal punto di stimolazione.



Sia r, che r,, dipendono dal diametro del conduttore

’I
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Liguido extracellulare

\

; Membrana
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° Citoplasma

‘' r, = p/ma® (p = resistenza specifica di 1lcm3di citoplasma, a2 = area
sezione del processo). 1a 2 |r,

| |
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— A~
11
|
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I |
11

/

‘P = Pg/2ma (rg, = resistenza specifica di membrana, 2na =
superficie laterale del cilindro: estensione della membrana). ta =2 |r



Electrotonic Propagation

% voltaggio (Vm)
8
|

-—h

L w

9
L

(=]

Koeppen, Stanton

‘ A=3
\

1 0 1
Distanza (A)

+ = Distanza oftre la quale la rispesia decade
aL0a~ 37%del lvelko ongnario (V)

L 0

\)r,'ebassa

h=1mm

Assone di grande diametro

&—-AMMMM—

Vo & elevala
Assone di piccolo giametro

56 4 3210123 45 mm

L'ampziezza del potenziale decresce
esponenzialmente con la distanza.
LA (costante di spazio) ¢ la
distanza alla quale Vm cade al 37%
del valore iniziale.

A aumenta con il diametro (d) della

fibra (il rapporto r,/r, & correlato al
raggio, A o< <=d)

Maggiore € A migliori sono le
proprieta del cavo conduttore.
A: ~1 mm (assoni)

~150-200 um (dendriti)

Berne & Levy Fisiologia, Vi edizione  Copyright 2010 C.EA. Casa Editrice Ambrosiana



Action Potential Propagation
(predominant in the axon starting from 50 um far from axonal hillock)

Resting Voltage Gated Transmitter Directly Transmitter Indirectly
Channels Charnalg Gated Channels Gated Channels
+
K Na* ® Na* Na*

: \




Action Potential

Il potenziale d’ azione & un tipo di risposta elettrica che si
manifesta solo nelle cellule cosiddette eccitabili: neuroni,
fibrocellule e cellule secretorie.

Tradizionalmente la trattazione del potenziale d’ azione & fatta su
potenziali neuronali, anche se concettualmente i meccanismi sono

simili se non identici anche negli altri tipi cellulari.

Condizione necessaria e sufficiente affinché un potenziale d’ azione
possa innescarsi € che l|a depolarizzazione della membrana
cellulare, opportunamente stimolata, raggiunga un livello di

potenziale soglia (threshold)



(A) (B)

Current (nA)

Microelectrode
to inject current

Record

Microelectrode
to measure
membrane
potential

potential (mV)

. Figure 2.2 Recording passive and
active electrical signals in a nerve cell.
(A) Two microelectrodes are inserted

l into a neuron; one of these measures
membrane potential while the other
injects current into the neuron. (B) In-
serting the voltage-measuring micro-
electrode into the neuron reveals a nega-
tive potential, the resting membrane L
potential. Injecting current through the Time —»
current-passing microelectrode alters
the neuronal membrane potential.

Hyperpolarizing current pulses produce
only passive changes in the membrane
potential. While small depolarizing cur-
rents also elict only passive responses,
depolarizations that cause the mem-
brane potential to meet or exceed
threshold additionally evoke action
potentials. Action potentials are active
responses in the sense that they are gen-
erated by changes in the permeability of
the neuronal membrane.
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\
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Na*

{a) Resting Initial (b} Movement of {c) Inactive
state with  depolarization a helix and 0.5-1.0 ms channel
closed R ATe opening {refractory period)
active Na* ’ of channel ‘
: channal Depolarized membrane

lon-selective M

pore, £ ¢Na’

y e { + 4+ + - - -

Voltage-sensing

e helix

Inner
vestibule

Channel-inactivating segment

Slow (several ms)

vestibule

Repolarization of membrane, closure of gate, and
displacement of channel-inactivating segment

10000 Na*/ms




Action Potential Propagation
(predominant in the axon starting from 50 um far from axonal hillock)

Resting Voltage Gated Transmitter Directly Transmitter Indirectly
Channels Charnalg Gated Channels Gated Channels
+
K Na* ® Na* Na*

: \







Na*

{a) Resting Initial (b} Movement of {c} Inactive
state with  depolarization o helix and 05-1.0ms channel
closed SESRe > opening {refractory period)
active Na* ’ of channel

channel Depolanzeimembrane

lon-selective
3 Na'

pore,

Exterior ( \) .

. - + b O 4 = mm

Cytosol = .
Voltage-sensing L Inner Outtqtr) I
« helix vestibule vestibule
Channel-inactivating segment
Slow (several ms)
Repolarization of membrane, closure of gate, and
10000 Na*/ms displacement of channel-inactivating segment

39
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Action Potential Propagation
(predominant in the axon starting from 50 um far from axonal hillock)

Voltage-Gated Cation Channels Generate Action Potentials (slow but propagate for longer distances)

60 (b} Changes in ion permeabilities
¢ Sodiuf
+50 chaﬂ.nﬂ e
s cdose E Na* permeability
+30 [~ E 20}
:
32 +10 — Polassum = - -
g channels g w0 [Reain
£
£3 ol o
= E —  Sodium 5 o ! 2 ; :
gv -30 d;a"ﬂ“els Time {ms)
- N
= S0 0P gtart 10

1 2 3 4 S
Time (milliseconds)

https://www.youtube.com/watch?v=0a6rvUlig7o



Le caratteristiche pil salienti del potenziale d’ azione sono:

Una forma particolare (spike) che presenta un’ inversione
transitoria della polarita della membrana (OVERSHOOQOT)

Propagazione senza decremento per |’ intera lunghezza della
fibra

Ruolo attivo dei canali di membrana del Na* e del K*
dipendenti dal potenziale

Segnale modulato in frequenza: | intensita dello stimolo &

codificata in base al numero di spikes per unita di tempo



Propagazione del potenziale d” azione

Nei neuroni il potenziale d’ azione origina in una zona
particolare detta monticolo assonico che corrisponde al
punto di emergenza del neurite dal soma cellulare. In
questa zona, non a caso, si trova un  elevatissima

percentuale di canali Na*.

Il meccanismo di propagazione dell’ AP si avvale della
capacita di invertire la polarita della membrana in zone

adiacenti all’ AP, generando nuovi AP.



Il potenziale d azione si propaga per circuiti locali.
L’ overshoot determina un’ inversione della polarita
della membrana che genera flussi locali di corrente di
intensita sufficiente da depolarizzare a soglia le zone

limitrofe.

La direzione di propagazione, benché teoricamente
possa avvenire nelle due direzioni, avviene solo verso
valle del neurite, perché la zona a monte si trova nello

stato refrattario e quindi non € eccitabile.
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DEPOLARIZZAZIONE
Regione depolarizzata

| [
+ 4+ 4+ 4+ 4+ 4 bl-==l4 4 4 4+ 4+ 4+ +

——————— =+++"- | | —K
| I
| | Membrana
! : plasmatica
I

——————— - -~ = e

++ ++ 4+ + F-—=1+ + + + + + +

PROPAGAZIONE DELLA
DEPOLARIZZAZIONE

AT AW
R I TE T B o e O i S T

+++++U—U+++++

La frequenza massima raggiungibile e limitata dalla durata

del periodo refrattario assoluto (circa 1ms) a circa 1000

impulsi al secondo per le grosse fibre nervose.



Status of Na“ Closed and Open Closed

channels: inactivated l
Axon
Time: 0
= Passive spread
E 50 P
o
Eg 0 Depolarization
_c -
£§ %0
9 = I | ] ] |

0 1 2 3 4 5 6
Distance along axon (mm}

PSPs are elicited on the
cell bod and dendrites.

PSPs are conducted
decremeniall to the axon.

Alcune importanti differenze tra le due forme di conduzione:

Propagazi
one . Brevi e . Integrabile nello , . La frequenza
Passiva |Veloce ) Bidirezionali i Uampiezza conta "
Elettroton distanze spazio e nel tempo non conta
ica
Potenziali . Lunghe Monodirezional . L'ampiezza non conta |La frequenza
) . Attiva |Lenta* ] & « | Tutto o Niente P ) g
di Azione distanze™ |i (tutto o niente) conta!
Closed Closed and Open Closed Arrival of the AP at the
inactivated l terminal button triggers
exoc 1osis.

Time: 2 ms

Absolute refractory period (1-2 ms)

z ok | Relative refractory period
%:’ ol esting potential . .
52 [ \ (hyperdepolarization)
Eg - .- . .
=8 1S ! Sl L . . Fundamental for frequency codification of signal

Distance along axon (mm) intenSitv



“Saltatory” Propagation
(predominant in the axon starting from 50 pm far from axonal hillock)

{b)

Schwann cell 5 Membrane-spanning P, cytosolic
‘ helix \ domain \
> 4 i \ R Plasma membrane
o ____/ y \§
-/ /—/ Exoplasmic apposition

Nucleus
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//
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https://www.youtube.com/watch?v=0a6rvUllg7o



Myelination in the Peripheral
Nervous System

Myelination in the Central

Nervous System

.



Chemical Synapses

input signals action potential oo Y sevecenenna » output signal:
C e e WY neurotransmitter release
: - presynaptic .
E bouton :
® 0w U R L Bt e s v il s T %
' » \\\\.
“

postsynaptic
membrane

neurofilaments

> . and neurotubules _
\ synaptic
cleft

é secretory vesicles
' W assembling on the 3
: “>~._  presynaptic web

- -
————————

Many different synapses are present in the NS



Seven Steps in Neurotransmitter Action
Neurotransmitter g a "Q » ST "~ Synthesizing
molecules are synthesized % | enzymes

from precursors under the \ a

influence of enzymes.

A | Neurotransmitter

Neurotransmitter g B
molecules are

stored in vesicles. Veside
Neurotransmitter |
molecules that leak

from teir vesicles are

destroyed by enzymes. A Degrading

enzymes

Acton potentials cause

vesicles 1o fuse with the
presynaptic membrane and
release their neuroransmitter
molecules into the synapss.

Released neurotransmitter

molecules bind with
autoreceptors and inhibit
subsequent neurotransmitter
releasa.

Released neurctransmitter
molecules bind to postsynaptic

receptors.

Released neurofransmitter

molecules are deacivated
by either reuptake or enzymatic
degradaton.



