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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.




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

e Chemical
— Not direct and need of a transmitter.
— Mechanisms of release, cleft and receptors.

 Electrical
— Mostly gap junctions

e Mixed

— Fish neurons as an example




Mauthner Cells
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Figuro 4. Convorgent Collular Mochanisms in
LTP and Dopamine-Evokod Potentiation of
Mixod Synapses between the Club Endings
and the M Call Dendrito

(A) Superimposed intracellular recordings of
mixed oloctrical {arrow) and chomical (arrow-
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but tetanus (Sol) stll produces LTP. (Mididie)
Conversoly, chelation of Ca® with BAPTA
blocks LTE, but not the dopamine action.
(Right) LTP occludes the oMocts of dopa-
mine. (modiied from Figures 4C1, 581, and
281 in Kumar and Faber, 1999, used with
pormission of the Society for Neurcacience),
(8) Schomatic model illustrating tho distinct
ato totanus-induced LTP (Ca™ entry through
the NMDA-R activates CaM-Kl) and the do-
pamine-avoked potentiation (D1/D5 receptor
binding increases CAMP levels and activates
PKA), although thoy convorge on common
LS Ins (modified fom Figue 7F iIn Poroda ot o,
2004, used with permission from Elsovier),

Cune

“ &) Korn and Faber, Neuron: 47 (2005)
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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

44 GAP JUNCTIONS BETWEEN NEURONS. (A)
Two dendrites (labeled D) in the inferior olivary &

nucleus of the cat are jolned by a gap jusction
(arow), shown at magnification in the
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From Harris AL.
QRB 34, 3 2001
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Distribution

Gap junctions are present in almost all adult and embryonic
tissues 1n 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




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




Table 11. Coswexivopathies

Cx26 Recemive son-ayndromic deafocss (DFNBI)  Human Impaired circelanion of
Coneexin  Pathology System Puossible mechanism (Kelsell o oL 1997) K" ro endolymph via
sensony hair cells,
Cx80 Cardiac conduction defects and impaired Mouse KO Impaired cardiac suppoeting celils snd
regulation of vasodilation (Kiechbolf of of. electrical coupling fibrocytes = cochles
1998 Semon o o/, 1998) Dominam soo-sysdtomic desfoess (DFNAS)  Human
Cx43 Visceroatnal heverotaxia (defect in lefr-nghe Human (Keisell o af. 1997)
asymmetey leading 1o cardiac malformations Palmoplantar kerstoderma (PPK) (metstional  Human
and multiple organ defects) (Britz- overlap wich DFNAJ; abnormal callasing
Cunningham of of, 1998) and hypoblasiic of paless and soles) (Kesell or ol 2000)
left heare syndrome (Dasgupta of al, 2001) Vohwinkel sysdeome (VS) (muatiooal Human
Perinaeal lethal: defects of conotruncus and ~ Mouse KO Disruption of neural overlep wich DENAS; deafocss and
right ventrick leading to obstraction of erest ocll migeation callusieg of digits keadieg to
cardiac outflow (Resume of of. 1995; (Macscxial of ol. 1995)
Sullivan f ol. 1998) g Embeyonic dethal (Gabriel o &/ 1998 Mouse KO Impaired tranafer of
Craniofacal abeormalitics and delayed Mosse KO Osteoblast defect m of
skeletal ossification (Locanda o of. 2000) the placenta
Soall M. '-MC“)‘ (D‘M cells and Mouse KO N Dominant deomic deafa mu, Huean
immature follickes (Juncia of al. 1999) (Grifa #¢ &, 1999)
Structural defecr in lens (Gao & Speay, 1998) Mouse KO Aleered osmotic balance Clouston's hidrote ectodermal dysplasia Heman
n the lens (HED) (palmoplantae byperkenatonis, bair
Diverse congenital aboormalities (spina Mouse, sad sell defeces) (Lamasune of af. 2000)
bifida, anencepbaly, mycloschisis, Emb embryonic- Cx¥3  Ethrytheokerstoderma varabils (EKV) Human
malformation, cleft palate, failure of knockdown (hyperkerasonia and red patches = skn)
hematopaoiests, cardiovascular deformity) (Macan o ol 2000)
(Becker ef &l 1999) M Progressive high-tone deafness (Xia of ol Haman
Defects in hematopoesis (Montecino. Mouse KO 1998)
Rodrigues of of, 2000) &hqmodtm varubils (!'J:\’) Husan
Sudden cardiac death due to ventricular Mowse Showed ventricular E:r_r:-r:-::-‘a red patches in shm)
archythmia (Guaseesn of o/, 2001) cardiac KO ::;dm velociry - wnd ) 2
anisotropy deafness (Cowche of ol 1999, Liu of o,
H%mmnmdhtdyatb(l.mud Mowse Elevation of plasema Pesipheral neuropedy (Lopes-Bighs of ol Haten
) endothelial NO 2001)
KO . R
€45 Embryosic lethal: defective cadiogencsis and  Mouse KO ”‘;‘W e T il o benc oot
vescologencals (Krugee of al. 2000; Kool G2 Xelinked form of Charcoe-Marse-Teodh Human Impaired fencrion of
ot al. 2000) dacase (CMTX), penipheral demyelisaing reflexive junctions
sceropathy) (Bergofien o of 1993) berween myelin layens
(Scheres «f of. 1995)
Larecoser disorganizanion of periphoral Mosse KO lespaiced fencrica of
myelin (Anzini o of 1997 Scherer of o/, reflexive juncrions
1998) berween myelin layers
(Scherer of of. 1995)
Enhanced susceptibility to hepatic sumon Mosie KO
(Temme o oL 1997)

hepatic ghucose mobilizanon Mosse KO

Enhanced susceptibility 1o chemical Maosse
hepatocarcinogencis ; delayed liver lver KO
regosenacion (Omon « «f, 2001)
Cxd Comical mynchrony; defect in retinal Mowwe KO Disrupted electrical

processing (Guldenagel o oL 2001) cospling




Il. Molecular organization of a gap junction channel

A E E

*Connexins are a family of — Connexin26
homologous proteins that

conform the intracellular . l
channels. malce Connexin56

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

COOH

*Twelve subunits are
necessary to form a complete
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V-gated, DHPR, and IP3R Ligand-gated Gap junction
13 15 Symmeh-y of Different Channels Diagrammatic packing of four, Connexon Full CIIarll]e]
ve, or six subunits to make progressively large pores. Abbreviations: DHPR,

d ihydropyridine receptor; IP4R, IP; recepto



Journal of Structural Biology 128, 08.105 (1999
Article 1D jsbi. 1990 41584, available online at http'www.idealibrary.com on '.[hl

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

*Dvpartment of Cell Brology, The Senipps Rexcarch Inatitute, 10550 North Torrey FPines Rood, Lo Jolla, Californca S20537
and thhewson of Carndiovascular Discases, Serippa Clinse, 10666 North Torrey Pines Road, La Jolla, Californa 92037

Recetved July 23, 1099

Yeager et al, Science 283, 1999
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Vol 458 2 Apnil 2009 doi:10.3038/ natuwre 07869 nature

ARTICLES

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

Shoji Maeda', So Nakagawa', Michihiro Suga’', Eiki Yamashita', AtSunon Oshima®, Yoshinori Fujiyoshi’
& Tomitake Tsuknhara' :

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 protein and solvent rogsons, rospectively, The displaved potentials range
aross-section through the gap junction channel, showing the surface from = 40 (red) to 40 (Hac) kTe '. b, Porelining residocs in a Cx26 gap
potential inside the channel. The channed features a wide oytoplasmic pusction channel. Side veew of Cx26 gap punction chasnd pore; the main

opeming, which is restricted by the funnel structure, a negatively charged chain is depicted as a thin ribbon and side chains Gicing the pore as balls and
path and an extracellular cavaty at the middle. Eloctrostatic sarface potentaal  sticha. For fine viewing, two sabusits in the forcground arc omatted i the
of the Ca26 gap junctaon channel was caloslated by the program APBS" as  surface reprosentation and two further subunits in the background are
unplementad in PyMOL usder diclectr constamts of 2.0 and 800 for amatted = the moded depiction. The colousring o the same a i Fag. 3b,
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Connexin channels are not alone

(2008) 22-41
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Regulation of intercellular
communication

 |tis simple

Electrically we evaluate gj or junction
conductance

gj: n* Yj* Po

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



A GAP-JUNCTION CHANNELS IN APPOSING MEMBRANES

Figure 1. Double whole cell voltage
clamp recording set up featuring
the perfusion chamber and the
photomultiplier required to detect
pHi changes.

C ELECTRICAL COUPLING OF TWO CELLS CONNEC1&D BY GAP JUNCTIONS
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Unitary conductances of connexins

=-40 mV
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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

LEFT

Fluorescent
molecular
probes that
help to test
permeance



Molecular flux

Homotypic Cx43-Cx43

Current traces observed during the
formation of a whole cell patch

! i
Outside solution Blown Touching Giga-seal Break-in

w S Connexin
uuy @ Homotypic Cx45-Cx45




Molecular flux quantification

5000 - Lucifer yellow flux across gap junctions
in HelLa cells.
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Intercellular communication is
detected using fluorescent dyes




Lucifer yellow permeance in
control murine atria

control




Lucifer
yellow
permeance
INn murine
atria.

Connexin

Laboratory



Gating of gap junction channels

« Gating by voltage

— Trans-junctional and Trans-membrane
« Gating by intracellular pH

« Gating by protein phosphorylation




V. Structure function relationship

Docking suside | CONNExin26
Voltage gating " Connexins6
polarity
1. pH gating m m
2. Fast voltage gating
3. Phosphorylation m m m

Connexon Full channel




Transjunctional voltage

dependence
Gss/Gi

~ Initial current
k Steady state current

— / S
— — 1.0V
//- 0.2 sec | |
vi i Cx43
-+ N
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—— 2120 60 0 60 120

= EED Transjunctional voltaje (mV)




| Gating by
transmembrane

_Q_@i voltage

AV (}1 | Cx45

Evaluation of changes in 02 Vm (mV)
total conductance due to — T —
synchronous stimulation in -100-80-60-40-20 0 20 40 60 80 100

both cells




Gating by pH M 57: o
= -

The reduction of intracellular (:' ; o ® ’
pH causes a reduction in the 64 66 63 70 72
conductance of the junction B M257 10 ) cne
(G_]/GmaX) ; 08 p
E‘”' * ® (x4}
When the COOH tail is R B A
removed, there is no gating - ":'f' e
by pH 64 66 68 70 72
c M257 L0 SRS &
If the COOH tail 1s co- 08 2 T A
expressed, the gating by pH goo ?
is re-established. i,’q:’” Y X ae
302l o
C 0'e®
cr 64 66 63 10 72
PHi

Alonso P: Moreno ﬁﬁﬁ.’?m
- ﬁﬁ@ M. Delmar et al. Current Topics in Membranes (2000)



Connexins also gate for
Intracellular alkalosis

Fluorescance
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Gating through second

messendaers
Cx43 e
N PKC
= v ~ PNS agonists
time (min) D369
GJ I" - a® e
: - MAPK

Growth Factors
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Cx43 Cxd40 Cx45

Gap Junction
Channels
Multiple
Configurations

CHANNELS




Multiple expression of connexins in a tissue
Connexins in the heart

Example of the co-expression of connexins

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




Remodeling (long term ischemia or heart failure)

A IP Antibody:  Cx43 Z0-1 c-Src
pHi 74 65 74 65 74 85
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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
Array of celis Dead colls

Arrhythmias

Conduction biocked

C NORMAL CONDUCTION THROUGH A BIFURCATION D RE-ENTRANT EXCITATION r H H
s 5 0 *Action potential
Impulse oviginatis
arriving u impulse
~ 9 Unidirectional conduction block | B _— :‘h‘" et up
e ¢ - P ¢ revents .
e e e excitation *Refractory period
' Unidirectional
conduction block °
condcton ock . Membrane channel
transamission. O . .
S regulation
| {
S/
raciory | The system row behaves as an
Refcl | independent (ectopic) pacemaker, |
| with a rate much higher than that
| of the "originating impulse” (Le.,
O O | sinus rhythm).
o - N rpm—
| excitaton |
- .
Action potentials colfide, but
cannot pass each other 4
because of refractory period No longer o
) refractory. Sull
refractory.
: e

Wave of excitation l_,,-:.‘-'-‘

can travel in
reverse direction -
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How to Increase heart tissue

conduction with uncoupling

Cels Drawing Control

Rohr et al, Science:275, 1997




