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Maeda et al. Nature 2009

Connexins are 4Connexins are 4--pass pass transmenbranetransmenbrane proteins that form gap junction channels proteins that form gap junction channels 
and hemichannelsand hemichannels

ZontaZonta | | MammanoMammano. . J J BiomolecularBiomolecular Structure & Dynamics Structure & Dynamics 20122012

Nakagawa et al., Current Op Struc Biol 2010, 20:423–430
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Connexins form gap junction channels and hemichannelsConnexins form gap junction channels and hemichannels

C

Muller | Sosinsky The EMBO Journal 2002Maeda et al. Nature 2009

ZontaZonta | | MammanoMammano. . J J BiomolecularBiomolecular Structure & Dynamics Structure & Dynamics 20122012
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Pink depicts closed/inactive connexons while
blue denotes open/active channels.

(A) Connexins are cotranslationally inserted into
the endoplasmic reticulum and assemble
into hexameric connexons or hemichannels 
in the endoplasmic reticulum or Golgi 
apparatus. 

(B) Connexons traffic to the cell surface where
they pair to form gap junctional intercellular
channels, which tend to cluster into large
gap junction plaques. 

(C) Members of the metabolome pass through
intercellular gap junction channels without
exposure to the extracellular environment. 

(D) In addition to full-length connexins, truncated
connexin fragments may be generated
through the use of internal translation
initiation sites. These regulatory connexin 
fragments may be found within the 
cytoplasm, while other connexin fragments
have been reported in the nucleus.

(E) Undocked hemichannels are found at the cell
surface where they participate in small
molecule release or uptake. 

(F) Cx43 localized to the inner membrane of the 
mitochondria has been reported. 

(G) In addition to members of the metabolome, 
much larger noncoding RNAs have been
shown to pass through connexin channels. 
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The extracellular loops hold the gap junction channel togetherThe extracellular loops hold the gap junction channel together

Colour code: red, NTH; blue, 
TM1–TM4; green, E1; yellow, 
E2; grey, disulphide bonds; 
dashed lines, cytoplasmic
loop (CL) and C terminus
(CT), E1 and E2 are the loops
connecting TM1 and TM2, 
and TM3 and TM4, 
respectively.

In E1, Asn 54 (N54) forms hydrogen bonds with the main-
chain amide of Leu 56 (L56) in the opposite protomer, and 
Gln 57 (Q57) forms symmetric hydrogen bonds with the 
same residue of the diagonally opposite protomer.

In E2, Lys 168 (K168), Asp 179 (D179) and the main-chain
carbonyl groups of Thr 177 (T177) and Asn 176 (N176) form
hydrogen bonds and salt bridges with the opposite protomer.

Six conserved cysteine
residues, three in each loop, 
form intramolecular disulphide
bonds between E1 and E2
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More than 35 000 members of the More than 35 000 members of the metabolomemetabolome are predicted to pass through gap junction channelsare predicted to pass through gap junction channels
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Unitary conductance of a gap junction channel measured by the duUnitary conductance of a gap junction channel measured by the dual whole cell al whole cell 
patch clamp techniquepatch clamp technique

Cell 1
Transmembrane
region (gap)

Cell 2

++ 

Veenstra et al. Circ Res. 1995;77:1156-1165

Mirror currents

DualDual wholewholecellcell patchclamppatchclamp

Gap junction
channels

HeLa 
cell 1

HeLa 
cell 2

Coverslip

HeLa 
cell 1

HeLa 
cell 2

Coverslip

Gap junction
channels

TransmittedTransmitted light light imageimage CartoonCartoon ElectricalElectrical schemescheme

Pipette 2

Pipette 1

Pipette 1
Pipette 2
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Voltage dependence of gap junction 
conductance in isolated HeLa cell pairs stably 
and transiently transfected with Cx26 and Cx30 
constructs. A, top: voltage commands applied to 
one of two neighbouring cells (conventionally, 
Cell 1), each one separately patch-clamped with 
a different amplifier; bottom: junctional currents 
recorded from the adjacent cell (Cell 2), which 
was kept at the common pre-stimulus holding 
potential (-20 mV). Cells in A were transiently 
transfected with hCx26 cDNA hosted in a 
bicistronic vector that carried also the cDNA of 
EGFP. Dotted lines indicate pre-stimulus values 
of voltage and current, from which differences 
(Vj, DI2) were measured to compute junctional
conductance. B, top: voltage ramps applied to 
Cell 1 in a culture stably transfected with mCx26; 
bottom: whole cell currents recorded 
simultaneously from Cell 1 and the adjacent Cell 
2, which was kept at the common pre-stimulus 
holding potential (-20 mV). Dotted lines indicate 
pre-stimulus values of voltage and current, from 
which differences (Vj, DI1, DI2) were measured 
to compute junctional conductance. C, 
normalised conductance Gj (circles) vs. 
transjunctional potential Vj (abscissa) from 
steady-state data in A (currents measured 10 ms 
before the end of each voltage step). D, 
normalised conductance (ordinates) vs. 
transjunctional voltage (abscissa) measured 
from ramp responses in cell pairs transiently 
transfected with the fusion product hCx26-EYFP: 
mean (squares), minima (open circles) and 
maxima (closed circles) of n=25 pairs. E, same 
as D for pairs stably transfected with mCx26 
(n=2). Arrows in C-E point to the values of the 
half-inactivation voltages Vo derived by fitting the 
data with offset and scaled Boltzmann functions 
(solid lines). Fit parameters are provided in 
Tab.II. The same ramp protocol shown in B was 
applied to all recordings used to construct plots 
in D,E. 

BeltramelloBeltramello | | MammanoMammano, , BBRC BBRC 20032003

VoltageVoltage--dependent gating of gap junction conductance demonstrated by thedependent gating of gap junction conductance demonstrated by the dual dual 
patch clamp techniquepatch clamp technique
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Schematics of a gap junction channel containing fast 
(arrow with circle) and slow (arrow with square) gates. 

Potential differences between the two cell initiates
gating mediated by both fast and slow gating
mechanisms.

The fast gate (arrows with circle) exhibits fast gating
transitions (1 ms) to the residual state, and the slow Vj
gate (arrows with square) exhibits slow gating
transitions (10 ms) to the fully closed state.
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Cochlear supporting and epithelial cells express two major conneCochlear supporting and epithelial cells express two major connexin xin isoformsisoforms

0

Diagram of cross-section 
of cochlear duct indicating 
the localisation of the 
different connexins

FORGE et al. THE JOURNAL OF 
COMPARATIVE NEUROLOGY 
467:207–231 (2003)

ZontaZonta | | MammanoMammano. . J J BiomolecularBiomolecular Structure & Dynamics Structure & Dynamics 20122012

Mammano et al. Physiology 2007
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Connexin expression in the sensory epithelium of the mouse cochlConnexin expression in the sensory epithelium of the mouse cochlea (P6)ea (P6)

CrispinoCrispino | | MammanoMammano. . PlosOnePlosOne 20112011

C
x

C
x // actin

actin // nuclei
nuclei

Cx26 Cx30

GER LER

Midmodiolar sections

Whole mounts
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Mutations in Cx26 are the primary cause Mutations in Cx26 are the primary cause 
of prelingual inherited deafnessof prelingual inherited deafness

Cx26Cx26OtogOtog--CreCre and Cx30 KO mice are deafand Cx30 KO mice are deaf
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[Laird, Biochem. J. (2006) 394, 527–543]

More than 250 More than 250 missensemissense, nonsense, frame, nonsense, frame--shift, insertion and deletion mutations in Cx26 shift, insertion and deletion mutations in Cx26 
linked to deafness, of which 26 recessive mutations linked to bolinked to deafness, of which 26 recessive mutations linked to both deafness and skin th deafness and skin 
disordersdisorders

http://cdn.ent-surgery.com.au/

Patients with Vohwinkel syndrome

Clouston syndrome
[Ashamulova, International J Dermatol 2014, 53, 192–205]
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[Laird, Biochem. J. (2006) 394, 527–543]

11.4%Ratio M34T/WT

13 pSM34T mutant channel

114 pSWild type channel (WT)

Unitary
conductance

BicegoBicego | | MammanoMammano, , Human Mol Genetics Human Mol Genetics 20062006

DeafnessDeafness––related M34T mutation of connexin 26related M34T mutation of connexin 26



Molecular Dynamics Model of a Cx26 Hemichannel 206.188 atoms
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ZontaZonta | | MammanoMammano, , J J BiomolecularBiomolecular Structure and Dynamics Structure and Dynamics 20122012



MAIN CHAIN

Alpha Helix
Beta strands
Turn/Coil

SIDE CHAINS

Acidic
Basic
Hydrophobic
Polar

MD model of a Cx26 WT connexon MD model of a Cx26 WT connexon 

ZontaZonta | | MammanoMammano, , J J BiomolecularBiomolecular Structure and Dynamics Structure and Dynamics 20122012
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INSIDE

OUTSIDE

In the wild In the wild typetype channelchannel, , Met 34 (purple) in the first Met 34 (purple) in the first transmebranetransmebrane helix (TM1) helix (TM1) 
interacts interacts hydrophobicallyhydrophobically with with TrpTrp 3 (blue) in the N3 (blue) in the N--terminal helix of the terminal helix of the 
adjacent connexin adjacent connexin 
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In the wild In the wild typetype channelchannel Met34 (purple) in the Met34 (purple) in the 
first first transmebranetransmebrane helix (TM1) interacts helix (TM1) interacts 
hydrophobicallyhydrophobically with Trp3 (blue) in the Nwith Trp3 (blue) in the N--
terminal helix of the adjacent connexin.terminal helix of the adjacent connexin.

The hydrophobic interaction between Met34 (purple) The hydrophobic interaction between Met34 (purple) 
and Trp3 (blue) disappears when the hydrophobic Met and Trp3 (blue) disappears when the hydrophobic Met 
is replaced by a polar is replaced by a polar ThrThr (gold) in position 34(gold) in position 34 (M34T (M34T 
mutationmutation).).

ZontaZonta | | MammanoMammano, , Frontiers in Physiology Frontiers in Physiology 20142014
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Molecular dynamics simulations highlight structural and functionMolecular dynamics simulations highlight structural and functional alterations in al alterations in 
deafnessdeafness––related M34T mutation of connexin 26related M34T mutation of connexin 26



22

The M34T mutation destabilizes the NTH binding to the The M34T mutation destabilizes the NTH binding to the cytoplasmiccytoplasmic mouth of the channel mouth of the channel 
altering its shape, which is significantly more asymmetric in thaltering its shape, which is significantly more asymmetric in the mutant hemichannel model e mutant hemichannel model 
compared to the wild type model.compared to the wild type model.

Analysis of symmetry index. Shown are the major (red) and minor (blue) diameter and the angles (purple) 
of the hexagon built on T5 alpha carbons for snapshot of the equilibrium dynamics. The six connexins are 
colored with different colors and represented in ribbons. T5 alpha carbon is represented with its Van der
Waals radius, while the rest of the amino acid is represented in licorice. 

ZontaZonta | | MammanoMammano, , Frontiers in Physiology Frontiers in Physiology 20142014
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Panel A shows schematically the effect of pulling one NTH: shown are the initial and final frames of a pulling simulation.   In panel B, we 
plot  raw pull force data for of each trajectory corresponding to the six different helices for Cx26WT (black traces) and Cx26M34T (red 
traces). Panel C shows the mean obtained from the six raw traces, after application of a further running average over 200 fs in order to 
reduce thermal noise. The blue box is zoomed in panel D, showing more clearly the point where the two traces separate. Error bars shown 
are standard deviation obtained from the running average. Visual inspection of trajectories revealed that, in the mutant, the detached helix 
interacts with a neighboring NTH, due to the more asymmetric shape of the pore mouth. This interaction obstacles the motion of the helix 
towards the center, until the pulling force is large enough to break it. This effect was not observed in wild the type.

Effect of a pull force applied to the NEffect of a pull force applied to the N--terminal helix of wt and M34T terminal helix of wt and M34T connexonconnexon

Wild type mutant
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Wild type

M34T

M1 (blue) and D2 (red) residues are drawn in ball and stick 
representation. In the mutant, these residues protrude more 
towards the center of the channel and consequently the 
energy of interaction is higher and results in an increased 
total PMF.

Study of M34T single channel conductance by steered molecular dyStudy of M34T single channel conductance by steered molecular dynamicsnamics
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DeafnessDeafness––related M34T mutation of connexin 26 explained at atomic levelrelated M34T mutation of connexin 26 explained at atomic level

9.6 %11.4%Ratio M34T/WT

10 pS13 pSM34T mutant channel

105 pS114 pSWild type channel (WT)

Molecular
Dynamics

Experimental
value

ZontaZonta | | MammanoMammano, , Frontiers in Physiology Frontiers in Physiology 20142014
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DeafnessDeafness––related V84L mutation of connexin 26related V84L mutation of connexin 26



27IP3 molecule

InositolInositol triphosphatetriphosphate (IP(IP33) opens channels that release calcium from intracellular stores) opens channels that release calcium from intracellular stores
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HeLa cells loaded with Fura-2
Study of IPStudy of IP33 permeability in wild type and V84L mutant permeability in wild type and V84L mutant connexinsconnexins

Wild type Cx26

Mutant V84L

IP3 molecule
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ImpairedImpaired permeabilitypermeability toto IPIP33 in a in a mutantmutant connexin connexin underliesunderlies recessive recessive hereditaryhereditary deafnessdeafness

2 s

wt hCx26pA

0

10

20

1 s

V84LpA

0

10

20

Beltramello | Mammano, Nature Cell Biology 200511.0 Å

7.8 Å

IP3
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Gap 
junction
channels

cAMP (250 M)cAMP

FRET 
probe

430 nm
480 nm 535 nm

FRET scheme

HeLa cell 1 HeLa cell 2
Coverslip

FRET 
probe

UnitaryUnitary permeabilitypermeability of gap of gap junctionjunction channelschannels toto secondsecond messengersmessengers measuredmeasured byby FRET FRET microscopymicroscopy
and and dualdual wholewhole cellcell patch patch clampclamp

cAMPcAMP

CFPCFP YFPYFP

430nm430nm

480nm480nm

535nm535nm430nm430nm FRETFRET

[[Newman et al. Newman et al. Chem. Rev. 2011]]

F
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2 2

pore 1 2
u

V dc dt p
N c c




Macroscopic
conductance

Unitary
conductance

HeLa cell pair expressing the HeLa cell pair expressing the EpacEpac--camps camps 
probe developed in the lab of Martin probe developed in the lab of Martin 
LohseLohse, Wurzburg, Germany , Wurzburg, Germany 

Calcein

3.0 ± 1.0

Lucifer yellow

7.0 ± 3.0

cAMP

47 ± 15

IP3

60 ± 12

Unitary permeability

pu [103 µm3/s]

Hernandez  | Hernandez  | MammanoMammano Nature Methods  2Nature Methods  2007007

1.8 ± 0.64.2 ± 1.828 ± 936 ± 7
Flux [molec./s]
Ju=pu (c1c2)

(c1c2) = 1 M = 602 molec./ m3

ZontaZonta | | MammanoMammano, , Cell Communication & Signaling Cell Communication & Signaling 20132013

cAMPcAMP

CFPCFP YFPYFP

430nm430nm

480nm480nm

535nm535nm430nm430nm FRETFRET

[[Newman et al. Newman et al. Chem. Rev. 2011]]
10.5 Å

6.8 Å

cAMP

UnitaryUnitary permeabilitypermeability of gap of gap junctionjunction channelschannels toto secondsecond messengersmessengers measuredmeasured byby FRET FRET microscopymicroscopy
and and dualdual wholewhole cellcell patch patch clampclamp
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Study of deafness in mouse models of human hereditary hearing loss
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Assay of hearing performance by the auditory brainstem recordingAssay of hearing performance by the auditory brainstem recording techniquetechnique

I II III IV V VI VII

I II
III IV

V VIIVI
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Hearing loss in mice with defective or mutant connexin expressioHearing loss in mice with defective or mutant connexin expressionn

CrispinoCrispino | | MammanoMammano PlosOnePlosOne 20112011 SchSchüütztz | | MammanoMammano Human Molecular Genetics Human Molecular Genetics 20102010
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Scala tympani

base

apex

50µm

GER
LER

1 mm

Organotypic cultures of the mouse postnatal cochleaOrganotypic cultures of the mouse postnatal cochlea

Mammano F. Seminars in Cell & Dev Biol 2013

Scala vestibuli

Cochlear duct

1 mm

Cochlear duct (mouse, P6)

Sensory epithelium viewed from scala vestibuli (mouse, P6)
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FRET and FRAP 37

In In fluorescence recovery after fluorescence recovery after photobleachingphotobleaching (FRAP) experiments, (FRAP) experiments, fluorophoresfluorophores within a target region within a target region 
are are intentionallyintentionally bleached with excessive levels of irradiation.bleached with excessive levels of irradiation. As new As new fluorophorefluorophore molecules molecules diffusediffuse
into the bleached region of the specimen (recovery), the fluoresinto the bleached region of the specimen (recovery), the fluorescence emission intensity is monitored to cence emission intensity is monitored to 
determine the determine the lateral diffusion rates of the target lateral diffusion rates of the target fluorophorefluorophore.. In this manner, the translational mobility In this manner, the translational mobility 
of fluorescently labeled molecules can be ascertained within a vof fluorescently labeled molecules can be ascertained within a very small (2 to 5 micrometer) region of ery small (2 to 5 micrometer) region of 
a single cell or section of living tissue. a single cell or section of living tissue. 

FRAPFRAP
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FRET and FRAP 38

Objective lens

UV light

Cochlear Cochlear organotypicorganotypic culture loaded with culture loaded with calceincalcein--AMAM

GapGap--FRAP assays show FRAP assays show impaired impaired calceincalcein transfertransfer in the cochlea of Cx30in the cochlea of Cx30T5M/T5M T5M/T5M 

mice (P6) mice (P6) 
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Objective lens

UV light

u

b

u

b

Recovery of fluorescence after Recovery of fluorescence after photobleachingphotobleaching is due to is due to calceincalcein
diffusion through connexin channels, from unbleached (diffusion through connexin channels, from unbleached (uu) to ) to 
bleached (bleached (bb) cells) cells

Cochlear Cochlear organotypicorganotypic culture loaded with culture loaded with calceincalcein--AMAM

GapGap--FRAP assays show FRAP assays show impaired impaired calceincalcein transfertransfer in the cochlea of Cx30in the cochlea of Cx30T5M/T5M T5M/T5M 

mice (P6) mice (P6) 

3 min

30
%

f b
/ f

u

Cx30+/+

Cx30+/T5M

Cx30T5M/T5M

Cx30+/+ + CBX (100µM)

Basal

Middle

Apical

1 mm

AT

M
T

BT

SchSchüütztz | | MammanoMammano HumanHuman MolecularMolecular GeneticsGenetics 20102010
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Optically monitoring intercellular communication mediated by gapOptically monitoring intercellular communication mediated by gap junction junction 
channelschannels

Classical methods

 Long loading times (minutes) 
 Sensitivity varies significantly with the size of 

the molecule and the type of gap junction 
under study

 Limited spatial information regarding network 
connectivity

Aim
• To develop of a method to assess gap junction

communication which permits to visualize
instantly intercellular connectivity among
hundreds of cells.

Recovery of fluorescence after Recovery of fluorescence after 
photobleaching (FRAP)photobleaching (FRAP)

Lucifer Yellow microinjection Lucifer Yellow microinjection 
and intercellular diffusionand intercellular diffusion

0

6

0/F F

laser

b

3 min30
%

 F
b

/ F
u

u
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vol. 109, no. 06, February 7, 2012

Vf.2.1.Cl
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Vf.2.1.Cl fluorescence responses elicited by a sinusoidal voltagVf.2.1.Cl fluorescence responses elicited by a sinusoidal voltage commande command

70 mV

2 s



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Cell 2

Cell 1

Responsivity: 23% ΔF/F0 per 100 mV
25 μm

Effect of carbenoxolone (CBX, 100 μM)

Calibration of voltage responses in cochlear organotypic cultureCalibration of voltage responses in cochlear organotypic cultures loaded with s loaded with 
Vf2.1.Cl.Vf2.1.Cl.
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PhasePhase--sensitive detection of  Vf.2.1.Cl fluorescence responsessensitive detection of  Vf.2.1.Cl fluorescence responses
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Direct readout of network connectivity in wild type and DFNB1 moDirect readout of network connectivity in wild type and DFNB1 mouse model use model 
culturescultures

Phase‐sensitive detection of Vf2.1.Cl signals allows readout of network connectivity down 
to at least 10th order cells in less than 10 s.

Vf2.1.Cl

* *
* *

*

25 µm
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Data fit by a simple resistive network model that reflects the aData fit by a simple resistive network model that reflects the anatomynatomy

Junctional conductance gj

47

WT 206 ns

Cx30T5M/T5M 177 nS 86% of WT

Cx30-/- 19 nS 9% of WT

LagostenaLagostena | | MammanoMammano Cell Communication and AdhesionCell Communication and Adhesion 2001 2001 

45xN 

15yN 

jg
8.3 nS

(120 M )
mg 



Beltramello | Mammano Nature Cell Biology 2005

Cochlear supporting cells in WT cultures are coupled by as many as 1500 channels
per cell pair in the high frequency region of the cochlea and 1085 channels in the 
low frequency region.
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Reduction of junctional conductance correlates with the degree oReduction of junctional conductance correlates with the degree of hearing lossf hearing loss

SchSchüütztz | | MammanoMammano HumanHuman MolecularMolecular GeneticsGenetics 20102010

OrtolanoOrtolano | | MammanoMammano & & ChioriniChiorini Proc Nat Acad Sci USA Proc Nat Acad Sci USA 20082008

25 µm

C
x2

6/
ac

tin

Cx30/ mouse Cx30/ mouse

25 µm
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Optical readout of network connectivity in other cell typesOptical readout of network connectivity in other cell types

HeLa cells transfected with hCx26-CFP

Scale bars: 25 µm

C26GM

MCA203

Other tumor cell lines

CalCalìì | | MammanoMammano OncotargetOncotarget 20152015
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Summary 

1. The method we developed, based on phase‐sensitive detection of Vf.2.1.Cl 
fluorescence  emission,  allows  greater  sensitivity  and  better  time  resolution 
compared to classical tracer‐based techniques.

2. Our data indicate that each pair of cochlear non‐sensory cells is already well 
coupled at P5 by 1500 gap junction channels in the high frequency region and 
 1085 channels in the low frequency region.

3. Severe hearing  loss  in Cx30‐/‐ mice  correlates with a 91%  reduction  in  the 
degree of electrical coupling of cochlear non‐sensory cells due to (lack of Cx30 
and) strong down‐regulation of Cx26. 

4. Moderate hearing loss  in Cx30T5M/T5M mice correlates with a 14% reduction 
in the degree of electrical coupling of cochlear non‐sensory cells. 

5.  This method  is  of  general  interest  and  can  be  seamlessly  extended  to  a 
variety of biological systems (e.g. tumor cells).
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Spontaneous CaSpontaneous Ca2+2+ transientstransients Focal UV photolysis of caged IPFocal UV photolysis of caged IP33

ATPATP--evoked Caevoked Ca2+2+ oscillationsoscillations

CaCa2+2+ signaling in the developing cochleasignaling in the developing cochlea
ATPATP--evoked Caevoked Ca2+2+ wavewave50 50 µµmm
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50 m

Gale | Gale | MammanoMammano Current Current BiolBiol 20042004

ApyraseApyrase, which hydrolyses nucleotide , which hydrolyses nucleotide triphosphatestriphosphates to to monophosphatesmonophosphates, , 
reversibly and significantly limits Careversibly and significantly limits Ca2+2+ wave spreadwave spread

[Ca2+]i changes measured in annuli centered on the stimulation site; 
control, gray bars (n  = 5); 40 U apyrase, burgundy bars (n = 6); 
wash, gold bars (n = 6). Significant differences:
p < 0.05 (*) and p < 0.01 (**).
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Cochlear organotypic culture loaded with FluoCochlear organotypic culture loaded with Fluo4 AM4 AM

Hemicochlea loaded with Hemicochlea loaded with FluoFluoforteforte AMAM

100 µm

50 m

SchSchüütztz | | MammanoMammano. . HumanHuman MolecularMolecular GeneticsGenetics 20102010

Spontaneous CaSpontaneous Ca2+2+ transients in non sensory cells of the greater epithelial ridgetransients in non sensory cells of the greater epithelial ridge are are 
reversibly inhibited by reversibly inhibited by flufenamicflufenamic acid, a connexin channel inhibitor acid, a connexin channel inhibitor 
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CELAbsCELAbs detect connexin hemichannels at the surface of the sensory epitdetect connexin hemichannels at the surface of the sensory epithelium (P6)helium (P6)

C

[Muller | Sosinsky, The EMBO Journal, 2002]

GERLER

10 m

CELAbs are generous gift of Guy Tran Van Nhieu (Institut Pasteur)

MajumderMajumder | | MammanoMammano PurinergicPurinergic Signaling Signaling 2010 2010 
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ZontaZonta | | MammanoMammano J J BiomolecularBiomolecular Structure & Dynamics Structure & Dynamics 20122012
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Culture loaded Culture loaded 
with caged IPwith caged IP33 AMAM

ATP biosensor loaded 
with fluo-4 AM

Intracellular delivery of IPIntracellular delivery of IP3 3 in zero [Cain zero [Ca2+2+]]o o triggers Catriggers Ca2+2+ wave propagation and wave propagation and 
ATP release at the ATP release at the endolymphaticendolymphatic surface of the sensory epitheliumsurface of the sensory epithelium

Culture loaded with furaCulture loaded with fura--2, IP2, IP33 100 100 M in patch pipette,M in patch pipette,
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AnselmiAnselmi | | MammanoMammano Proc Nat Proc Nat AcadAcad SciSci USA USA 20082008

Culture coCulture co--loaded with loaded with furafura red and caged IPred and caged IP33
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BeltramelloBeltramello | | MammanoMammano Nat Cell Nat Cell BiolBiol 20052005
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In the presence of In the presence of suraminsuramin, a broad spectrum antagonist of P2 receptors, Ca, a broad spectrum antagonist of P2 receptors, Ca2+2+

signals fail to spread beyond signals fail to spread beyond neareastneareast neighborsneighbors

IPIP33 500 500 M in pipetteM in pipette

Suramin 200 Suramin 200 M extracellularM extracellular

BeltramelloBeltramello | | MammanoMammano Nat Cell Nat Cell BiolBiol 20052005

SuraminSuramin

IP3

[Fields et al. Nature Reviews Neuroscience, 2006]

P2 P2 receptorreceptor
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Connexin channel blockers, but not anion channel blockers, inhibConnexin channel blockers, but not anion channel blockers, inhibit intercellular it intercellular 
CaCa2+2+ wave propagationwave propagation
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AnselmiAnselmi | | MammanoMammano Proc Nat Proc Nat AcadAcad SciSci USA USA 20082008

(A)(A) Brilliant Blue G (BBG), 4,4'Brilliant Blue G (BBG), 4,4'––didi––isothiocyanatostilbeneisothiocyanatostilbene––2,2'2,2'––disulfonicdisulfonic acid (DIDS), acid (DIDS), tamoxifentamoxifen
(TMX), (TMX), glybenclamideglybenclamide (GLYB), 4(GLYB), 4––acetamidoacetamido––4'4'––isothiocyanostilbeneisothiocyanostilbene––2',22',2––disulfonatedisulfonate (SITS), (SITS), 

(B)(B) carbenoxolonecarbenoxolone (CBX), (CBX), niflumicniflumic acid (NFA), acid (NFA), flufenamicflufenamic acid (FFA).acid (FFA).

Data are mean Data are mean  S.E. for independently repeated experiments on cultures from S.E. for independently repeated experiments on cultures from nn  4 different animals.4 different animals.
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Intercellular CaIntercellular Ca2+2+ wave propagation is inhibited in connexin deficient cochlear cuwave propagation is inhibited in connexin deficient cochlear culturesltures
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Cochlear organotypic cultures loaded with calceinCochlear organotypic cultures loaded with calcein--AMAM

F b
/ F

u 
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)

OrtolanoOrtolano | | MamamnoMamamno & & ChioriniChiorini Proc Nat Acad Sci USA Proc Nat Acad Sci USA 20082008

Viral transduction with BAAVCx30GFP restores gapViral transduction with BAAVCx30GFP restores gap--junction couplingjunction coupling
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Viral transduction with BAAVCx30GFP also restores CaViral transduction with BAAVCx30GFP also restores Ca2+2+ wave propagationwave propagation

cochlear cultures cochlear cultures cocoloadedloaded with with 
caged IPcaged IP33 AM and fura red AMAM and fura red AM

A

B

C

Cx30/actin

OrtolanoOrtolano | | MamamnoMamamno & & ChioriniChiorini Proc Nat Acad Sci USA Proc Nat Acad Sci USA 20082008



61Rodriguez | Rodriguez | MammanoMammano PNAS PNAS 20122012Piazza | Piazza | MammanoMammano Cell Calcium Cell Calcium 20072007

ATPATP--evoked Caevoked Ca2+2+ signals and spontaneous Casignals and spontaneous Ca2+2+ transients share the same IPtransients share the same IP33--
dependent signal transduction cascadedependent signal transduction cascade

2 min0.
3

ΔR

Control U73122

ATP 50 nM ATP 50 nM

(2.5μm  15 minutes)(E)(E)

100 m
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Spontaneous CaSpontaneous Ca2+2+ signaling activity is significantly reduced in the developing signaling activity is significantly reduced in the developing 
cochlea of Cx30cochlea of Cx30T5M/T5MT5M/T5M knockknockinin micemice

Data are mean  s.d. for independent experiments on cultures from n=4 mice of each genotype.

SchSchüütztz | | MammanoMammano HumanHuman MolecularMolecular GeneticsGenetics 20102010
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In vivo delivery of In vivo delivery of flufenamicflufenamic acid via canalostomy to the inner ear of P4 mice acid via canalostomy to the inner ear of P4 mice 
prevents normal hearing acquisitionprevents normal hearing acquisition

Rodriguez | Rodriguez | MammanoMammano PNAS PNAS 20122012SchSchüütztz | | MammanoMammano HumanHuman MolecularMolecular GeneticsGenetics 20102010

[Kawamoto et al. Mol Ther 2001]

100 m
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Mathematical modelMathematical model
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ModelModel validationvalidation 1: Ca1: Ca2+2+ signalssignals elicitedelicited byby photoliticphotolitic releaserelease ofof IPIP33

• The  experimental data  can be  reproduced  assuming  a  junctional  transfer  rate  (kj) of 0.05  s‐1 for  IP3. Based on  the 
results of Hernandez et al. (2007 Nat Methods) this rate corresponds to 1080 open channels between each cell pair, 
in accord with the results of the voltage imaging experiment.
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Experiment

• Apical cultures of mouse cochlea (P5) were loaded with fluo‐4 calcium indicator and caged IP3 (5 µM).
• Flashing a single cell elicited Ca2+ oscillations and the propagation of Ca2+ signals between adjacent cells.

Scale bar: 20 µm

CerianiCeriani, , PozzanPozzan, , MammanoMammano, ms in preparation, ms in preparation
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Model validation 2: ATPModel validation 2: ATP--evoked Caevoked Ca2+2+ wave propagationwave propagation

0.0

0.5

[Ca]2+ µM

0.0

1.0

R

50 50 µµmm

CerianiCeriani, , PozzanPozzan, , MammanoMammano, ms in preparation, ms in preparation



67

Summary
• The results presented here demonstrate that cochlear non–sensory cells of the 

lesser and greater epithelial ridge share the same PLCIP3RCa2+–dependent 
intracellular signal transduction cascade activated by extracellular ATP.

• Intercellular Ca2+ signal propagation requires functional gap junction channels (for IP3
diffusion) and connexin hemichannel (for ATP release).

• We built a mathematical model to characterize quantitatively Ca2+ signals in non-
sensory cells of the developing cochlea and their relationship to connexin 
expression.

• The model comprises:
a. P2Y receptors and ectonucleotidases at the endolymphatic surface
b. IP3-sensitive intracellular Ca2+ stores
c. Gap-junction channels and connexin hemichannels 

• At the single-cell level, the model successfully reproduces:
a. The dose-response relationship between [ATP]e and peak Ca2+ responses 
b. Amplitude, phase and frequency of Ca2+ oscillations.

• At the cell-network level, the model reproduces the experimental data provided 
adjacent cells are coupled by a number of gap-junction channels consistent with the 
estimate obtained in our voltage imaging experiments.
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Take home messageTake home message
CaCa2+2+ signaling in nonsignaling in non--sensory cells of the developing sensory cells of the developing 
cochlea depends on binding of extracellular ATP to cochlea depends on binding of extracellular ATP to 
GG--protein coupled P2Y receptors at the protein coupled P2Y receptors at the 
endolymphaticendolymphatic surface of the sensory epithelium.surface of the sensory epithelium.

ATP binding triggers a canonical PIPATP binding triggers a canonical PIP22PLCPLCIPIP33--
dependent signal transduction cascade which dependent signal transduction cascade which 
promotes Capromotes Ca2+2+ release from intracellular stores.release from intracellular stores.

EctonucleotidasesEctonucleotidases responsible for the hydrolysis of responsible for the hydrolysis of 
ATP at the cell surface terminate signaling.ATP at the cell surface terminate signaling.

ChannelsChannels formedformed byby Cx26 and Cx30 Cx26 and Cx30 enableenable the the cellcell--toto--cellcell spreadingspreading ofof CaCa2+2+ signalssignals byby
allowingallowing: : 

(1) ATP (1) ATP releaserelease fromfrom the the cellcell cytoplasmcytoplasm toto endolymphendolymph throughthrough plasma membrane plasma membrane 
connexin hemichannels; connexin hemichannels; 

(2) IP(2) IP33 diffusiondiffusion fromfrom cellcell toto cellcell throughthrough gap gap junctionjunction channelschannels..

Impairment of either intracellular (CaImpairment of either intracellular (Ca2+2+--dependent) or intercellular (connexindependent) or intercellular (connexin--dependent) dependent) 
signaling mechanisms in cochlear nonsignaling mechanisms in cochlear non--sensory cells impacts on normal hearing acquisition sensory cells impacts on normal hearing acquisition 
and leads to profound hearing loss in the adult stage.and leads to profound hearing loss in the adult stage.
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