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Cell to Cell Communication

* You have learned how a cell is capable of
generating and maintaining an electric signal.

— It is amazing how it is generated in our brain and sent
to a finger to control its movement

» This part of the course will be focused on how
this signal is propagated across cells, tissues
and organs.

— Threfore mostly we will talk about excitable tissues

» Special consideration will be taken on how this
communication can be modulated.

— More intercellular communication biophysical bases




Communication in biological systems

1) Cell to cell
— Paracrine (signals like hormoes or growth factors)
— Direct GJ
— Direct Desmosomes and tight junctions
— Direct Glycocalix on membrane proteins

2) Tissue/Organ to tissue/organ
— Neuromuscular Junctions
— Oxigen receptors to brain
— Blood glucose to pancreas

4) Individual to individual
— Senses
— Sweat and hormones
5) Communities to communities
— Duck and fish synchrony
— Fire Flies

— ALL OF THEM GO BACK TO CELL-CELL communicaiton and most of the times
the Membrane is highly involved.
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Bioelectricity

» As a resource for generating a communicating
signals
— Mostly all sensing organs
— Defense signals (electric eel)
— Plants Fly trap and mimosa pudica

* Which tissues use electrical signals in
BIOLOGICAL systems

— Reviewed mostly excitable tissues
* Synapses
— In general chemical synapses have higher control and
directionality.

» As a tool to quantify physiological activity

— (to be filled by the students 2Ex). Examples on
impedance, EKG’s and phototransduction like in
voltage dependent dyes and Optogenetics
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Synapses

 Chemical

— Not direct and need of a transmitter.

— Mechanisms of release, cleft and receptors.

 Electrical
— Mostly gap junctions

* Mixed

— Fish neurons as an example

Connexin
T o

Mauthner Cells

A B

Stim VIl oot

tet / dop
) wt i
A H
cen ol
| coniPKIzaep BAFTA et
| =~ tet
% ~ dop € P\ >
; "\ - con R, B
R et —
e S
SRRy =
I s

waena s auran i B8 B B
- o .
dendrite
MEKIL e
CaM K
> W camp
Connexin
Yo
e

Figuro 4. Convorgent Collular Mochanisms in
LTP and Dopamine-Evoked Potontiation of
Mixod Synapses between the Club Endings
and the M Cell Dendrito

(Al Superimposed intr I gs of
mixod oloctrical {arrow) and chomical (arrow-
head) i to |

Y el
eighth nerve stimulations. {Left) Intracoliutar
injoctions of the protein kinase A inhibitor
(PKI) block the subsoguent attompt 1o ovokeo
a dopamine (dop)-mediated enhancement,
but tetanus (bot) 488l produces LTP. (Micidie)
Conversely, cholation of Ca® with BAPTA
blocks LTPR, but not the dopamine action.
(Right) LTP occludes the efocts of dopa-
mine. (modiied from Figures 4C1, 5B1, and
281 in Kumar and Faber, 1999, used with
pormission of the Society for Neurcacience).
(8) Schomatic model illustrating tho distinct

dar postsymaptic that initi-
ato totanus-induced LTP (Ca™ entry through
the NMDA-R activates CaM-KN) and the do-
pamine-evoked potentiation (D1/D5 receptor
binding increases CAMP levels and activates
PKA), although they converge on common
targets, AMPA-Rs, and gap junction connax -
Ins (modified fom Figwe 7F In Pereda ot o,
2004, used with permission from Elsovier),

Korn and Faber, Neuron: 47 (2005)



Physiological Relevance and
Diseases.

Gap junctions allow the propagation of action

potentials through the heart and neurons.

* In physiological conditions, permits the
musculature from different regions of the
heart to respond in a synchronous manner.

* In nervous tissue, coordination of electrical
signals through gap junctions is necessary to
generate brain circuits and rhythms.
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Cell to cell communication through
gap junctions (quick overview)

*Occurs when the cytoplasm of cells are in direct contact.
*The structures involved are intercellular channels.
*Molecules and ions of different size and charge can cross.

*Max. molecular weight of particles that rapidly cross ~ 1200
Da

*Selectivity and gating depend on the constituent isoform.

*Signaling molecules can cross from one cell to another and
can also regulate the communication between cells.



Gap junctions communicate directly the
cytoplasms of adjacent cells

From Harris AL.
QRB 34,3 2001

Distribution

Gap junctions are present in almost all adult and embryonic
tissues in vertebrates and invertebrates.

Important exceptions in mammals are the adult striated
voluntary musculature and the blood free cells.

Some connexins are expressed preferentially
in certain tissues

Brain Neurons Cx36

Glia Cx43, Cx32, Cx26
Heart Cx40, Cx43, Cx45
Liver Cx32, Cx26
Skin Cx26
Smooth muscle Cx43, Cx37
Eye lens Cx46, Cx50

i Connexin
b

i @
4 Laboratory




Homotypic, heterotypic and multi-
heteromeric channels in the brain.
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Genetic diseases where
connexins are involved

Cx26 Nonsyndromic deafness

Cx31 Aut. dominant Erythrokeratodermia
Cx32 Peripheral Neuropathy (CMTX)
Cx40 Aut. Heart conduction disorder
Cx43 Viceroatrial Heterotaxia

Cx46/50 Cataracts
R N




Table 11. Coswexiwoparhios

Conecxin Pathology

Possible mechanism

Cx26
Conmexin  Pathology System Possible mechanism
Cx80 Cardiac conduction defects and impaired Mouse KO Impaired cardiac
regulation of vasodilation (Kirchboff ¢f al. electrical coupling
1998, Semon of of, 1998)
Cx43 Visceroatnal heterotaxia (defect in left-night Human
asymmctey leading 1o cardiac malformations
and multiple organ defects) (Brite
Cunningham of of, 1995) asd hypoblastic
Ieft heart syndrome (Dasgupta o of, 2001)
Perinaeal kethal: defects of conotrancus and Mouse KO Disraption of neurnl
right venteick leading to obstraction of crest cell migeation
cardiac outflow (Resume of of. 1995;
Sullivan ¢ o/ 1998)
Craniofacial absoemalitics and delayed Mouse KO Osteoblast defecr
skeletal ossification (Locanda of of. 2000)
Soall goeads, paucity of germ cells and Mouse KO Cx0
immature follicks (Juncia o of. 1999)
Structural defect in lens (Gao & Speay, 1998) Mouse KO Altered osmotic balance
in the lens
Diverse congenital abeormalitics (spina Mouse,
bifida, anencephaly, mycloschisis, l-mh embryonic- 303
malformation, cleft palate, failure knockdown
hematopaicas, cardiovascular deformity )
(Becker ef al. 1999) oM
Defects in hematopoesis (Montecino. Mouse KO
Rodeiguer of of. 2000)
Sudden cardiac death due to ventricular Mowse Slowed ventricular
arehythmia (Guastesn of of. 2001) cardiec KO conduction velocity
and mcreased
anisotropy
Hypotension and bradycardia (Liao o o, Mouse Elovation of plasma
2001) endothelial NO
KO
Cxds Embryoaic lethal: defective cardiogenesis and  Mouse KO
vasculogenesis (Krager o ol. 2000; Kumai P
of al. 2000)
Cxde
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*Connexins are a family of
homologous proteins that
conform the intracellular
channels.

*Currently >30 different
connexins have been cloned
from mammalian tissues. We
know that there are only 22
in the human genome.

*Twelve subunits are
necessary to form a complete

COOH

V-gated, DHPR, and IP3R

Ligand-gated.

1315 Symmetry of Different Channels _Diagrammatic packing of four,
arger pores.

five, or six subunits to make rger
dihydropyridine receptor; IPR, IP; receptor.

Gap junction

DHPR,

Connexon

Recemive son-syadromic deafocss (DFNBI)
(Kelsell o oL 1997)

Dominant soa-sysdtomic destoess (D)
Idell o al. 1997)

AS)

(PPK) ( 1
nmt-q- with DFNA3; abnormal callasing
of paless and soles) (Kesell of of. 2000)

Vohwinkel sysdeome (VS) (mutathonal
overlep with DENAS; deafness snd
callusing of dgits keading to
autoampatacion) (Maestrini o ol 1999)

Eambeyonic dethal (Gabriel o o/, 1998)

Dominant scesyadromic deafncn (DFNAJ)
(Grifa o &, 1999)

Clouston’s hidrotic ectedermal dysplasia
(HED) (palmoplantae hyperkeeatosis, bair
and sl defeces) (Lamartine of of. 2000)

Ethrytheokerstodersa variabils (EKV)
(hyperkerascnia and red patches i skin)
(Macari of af. 2000)

Progressive high-tone deafness (Xia of ol
199%)

Ethrythrokerstoderma variabils (EKV)
(hyperkerasanin and red patches i shin)
(Richard « o/, 199§)

Doaninant and recessive nonsyndromic
deafness (Cowcke of ol 1999, Liu ot of.
2000)

Peripheral neurcpathy (Lopes-Bags of af.
2001)

0% embryoaic leehal due so placental
dysmoephogesesis (Mom « o 2001)

X-linked form of Charcos-Marse-Tooth
dease (CMTX), peripheral demyelisating
scetopathy) (Bergofien o of 1993)

Larecoser disorganization of peripheral
emyelin (Anzini o & 1997 Scherer of o,
1996)

Enhanced susceptibility 1o hepatic tumon
(Temme ¢ ol 1997)

Comguomised bepatic ghicose mobilizaton
(Chanson or of 199%)

Enhanced susceptibility 1o chemscal
hepatocarcinageseis ; delayed liver
regencracion (Omar « of. 2001)

Cormical mynchrony; defect in retinal
processing (Guldenagel o ol 2001)

inside

Human

Human

Human

Mouse KO

Heaman

Husean

Humus

Mowse KO

Human

Mosse KO

Mose KO

Mosse KO

Mowse

lver KO

Mowe KO

Impaired circelation of
K" w0 endolymph via
sensony hair cells,
supposting celis sad
fibrocytes = cochles

Impaired transfer of
glocose acrom the
trophoblass layers of
the placenta

Reduced labytints and
pongiotrophoblast sisc
Impaired femcrion of
reflexive junctions
between myelin layens
(Scherer f af. 1995)
Iespaiced Femction of
reflexive juncrions
bevween myelin layers
(Scherer of of. 1995)

Distupted electrical
conspling
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Journal of Structural Biology 128, 88105 (1999 a
Article ID jsbi. 1999 4184, available online at bttpf'www.idealibrary.com on l.(%l

Gap junction channel ultra-structure

Expression, Two-Dimensional Crysfallization, and Electron
Cryo-crystallography of Recombinant Gap Junction Membrane Channels

Vinzenz M. Unger,*! Nalin M. Kumar,* Norton B. Gilula,” and Mark Yeager*.+4

*Department of €
and TDieesson
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Yeager et al, Science 283, 1999
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Vol 458 2 April 2009 doi:10.%038/ nature 07869 nature

ARTICLES

Structure of the connexin 26 gap junction
channel at 3.5 A resolution

Shoji Maeda', So Nakagawa', Michihiro Suga', Eiki Yamashita', Alf.unon“Of.hxm.)", Yoshinori Fujiyoshi-

& Tomitake Tsukihara'

Gap junctions consist of arrays of intercellular channels between adjacent cells that permit the exchange of ions and small
molecules. Here we report the crystal structure of the gap junction channel formed by human connexin 26 (Cx26, also known
as GJB2) at 3.5 A resolution, and discuss structural determinants of solute transport through the channel. The density map
showed the two membrane-spanning hemichannels and the arrangement of the four transmembrane helices of the six
protomers forming each hemichannel. The hemichannels feature a positively charged cytoplasmic entrance, a funnel, a
negatively charged transmembrane pathway, and an extracellular cavity. The pore is narrowed at the funnel, which is formed
by the six amino-terminal helices lining the wall of the channel, which thus determines the molecular size restriction at the
channel entrance. The structure of the Cx26 gap junction channel also has implications for the gating of the channel by the
transjunctional voltage.
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Figure 4 | Pore structure of the Cx26 gap junction channel. a, Vertical
aross-section through the gap junction channel, showing the surface
potential inside the channel. The channed features a wide cytoplasmic
opening, which s restricted by the funnel structure, a negatively changed
path and an extracellular cavity at the middie. Electrostatic sarface potenial
of the Ca26 gap junction channel was calcslated by the program APBS" as
smplementad in PyMOL usder diclectr constamsts of 2.0 and 80.0 for
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protein and solvent rogsons, rospectively, The displaved potentials range
from ~ 40 (red) to 40 (Hae) kTe . b, Parelining residocs in 2 Cx26 gap
pusction channel. Side view of Cx26 gap punction channe pore; the main
chain is depicted as a thin ribbon and side chains facing the pore as balls and
sicka. For fine viewing two s in the forcgr d arc { i the
surface reprosentation and two further subunits i the background are
omitted in the moddd depiction. The colouring is the same s in Fag. 3b.

Connexin channels are not alone

J-C. Hervé er al,

Y A ¥ Lo d
£ J 3
\,(’,\x(,\.{',\.(,\»(,n(',\
u-.u}u Ly
RN

11' iy

.S*\,(',\ '{"\
a*'(l

.;u,fqu

“":/. 2 s.m-i.

Connexir

Laboratory

Biochimica et Blophysica Acta 1662 (2004) 22-41

) TS A('n-('.
-2:;1. i
Y Tyl
3 7‘,-,1‘,-

«‘17'5\{»

SR e

3 L



Regulation of intercellular
communication

 Itis simple
Electrically we evaluate gj or junction
conductance

gj: n* yj* Po

n = number of channels
¥; = unitary conductance
P, = open probability

Immunostaining of Cx43

HelLa Cx43
Double
whole cell
voltage
clamp and
i gating of
gg?tcohn;:gieg;l.ier required to detect g a p J u n Ctl 0 n
channels




Unitary conductances of connexins
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Permeance and selectivity

The perm-selectivity of molecules
across gap junction channels is a
complex phenomenon.

Various factors determine if a
particle permeates across a gap
junction channel:

1) The size of the particle

2) The electric charge of the particle

3) Structure and isoform
composition of the channel

4) Particle-channel interaction and
binding
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Neurobiotin Lucifer yellow
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Fluorescent
molecular
probes that
help to test
permeance
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Molecular flux

Homotypic Cx43-Cx43

Current traces observed during the
formation of a whole cell patch

Homotypic Cx45-Cx45




Molecular flux quantification

5000 Lucifer yellow flux across gap junctions
I in Hel a cells.

4000 A £

2000

Molecules /channel/sec

N
10004 R

N

N NN
L T T ]

CX43 Cx43/45 Cx45 Cx43-Cx43/45

Intercellular communication is
detected using fluorescent dyes




Lucifer yellow permeance in
control murine atria

control

Lucifer
yellow
permeance
In murine
atria.




Gating of gap junction channels

» Gating by voltage
— Trans-junctional and Trans-membrane

« Gating by intracellular pH

» Gating by protein phosphorylation

DOCking —_— : ——— Connexin26

inside i
ConnexinS6

Voltage gating — NH,
polarity

1. pH gating m m
2. Fast voltage gating
3. Phosphorylation m m m m

Connexon Full channel




Transjunctional voltage

dependence
Gss/Gi

~ Initial current

Steady state current
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Gating by pH

The reduction of intracellular
pH causes a reduction in the
conductance of the junction
(Gj/Gmax).

When the COOH tail is
removed, there is no gating
by pH.

If the COOH tail is co-
expressed, the gating by pH
is re-established.
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Connexins also gate for
intracellular alkalosis
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Gating through second
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Multiple expression of connexins in a tissue
Connexins in the heart

Example of the co-expression of connexins

Canine sinus node
Cx30.2 (Kwong et al, Circ Res. 1998)

A
A IP Antibody:  Cx43 Z0-1 c-Src
pHi 74 65 74 65 74 85
g ZO-1 | o —— nd
§ cSrc B nd -
oo |Gl ~ =
B -
B ; ~
% Lateralzation ; W pH74
Pan Cx43 DP Cx43 ¥
40 4 g
c
P=0.0002 . =
J . 4 s
30 . & - 30 Pro20(NS)  eg 2
204 =m 1 ’.o 20 1 ‘i -4 H
LTS N ‘ > ¢
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e . <
c
LI . 0 g 2 i
0 21 0 21 ZO1/Cx43 c-Src/Cx43
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Connexins in the normal and
infarcted heart

A B Normal Scar

Connexin 43
(bright yellow)
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A NORMAL CONDUCTION IN BOTH DIRECTIONS B UNIDIRECTIONAL BLOCK

Arrhythmias

€ NORMAL CONDUCTION THRCUGH A BIFURCATION D RE-ENTRANT EXCITATION

impulse

o

*Action potential
*Refractory period

Membrane channel
regulation



How to increase heart tissue
conduction with uncoupling

Cets Drawing Control

Rohr et al, Science:275, 1997




