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Functional Expression of the New Gap Junction Gene Connexin47
Transcribed in Mouse Brain and Spinal Cord Neurons
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A new mouse gap junction gene that codes for a protein of
46,551 Da has been identified and designated connexin47
(Cx47). It mapped as a single-copy gene to mouse chromo-
some 11. In human Hela cells and Xenopus oocytes, expres-
sion of mouse Cx47 or a fusion protein of Cx47 and enhanced
green fluorescent protein induced intercellular channels that
displayed strong sensitivity to transjunctional voltage. Tracer
injections in Cx47-transfected Hela cells revealed intercellular
diffusion of neurobiotin, Lucifer yellow, and 4’,6-diamidino-2-
phenylindole. Recordings of single channels yielded a unitary
conductance of 55 pS main state and 8 pS substate. Cx47
mRNA expression was high in spinal cord and brain but was not
found in retina, liver, heart, and lung. A low level of Cx47

expression was detected in ovaries. In situ hybridizations dem-
onstrated high expression in « motor neurons of the spinal
cord, pyramidal cells of the cortex and hippocampus, granular
and molecular layers of the dentate gyrus, and Purkinje cells of
the cerebellum as well as several nuclei of the brainstem. This
expression pattern is distinct from, although partially overlap-
ping with, that of the neuronally expressed connexin36 gene.
Thus, electrical synapses in adult mammalian brain are likely to
consist of different connexin proteins depending on the neuro-
nal subtype.
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Recent studies have described synaptic connections between neu-
rons involving electrical transmission that appear to mediate their
synchronized firing (Gibson et al., 1999; Galarreta and Hestrin,
2000; cf. Thomson, 2000). It is becoming evident that the inci-
dence of electrical coupling in the mammalian CNS is much
higher than thought previously, and a number of synapses exhibit
the morphological correlates of both electrical and chemical
transmission (Rash et al., 1996, 1998; Bennett, 2000). On the basis
of results obtained by combining advanced microscopic tech-
niques, electrophysiology, and theoretical modeling (Draguhn et
al., 1998; Traub and Bibbig, 2000), a refined notion of electrical
communication between neurons has to be considered. Networks
of inhibitory interneurons in the cortex (Galarreta and Hestrin,
1999; Gibson et al., 1999) or hippocampus (Fukuda and Kosaka,
2000) are connected via axosomatic and dendrodendritic gap
junctions.

The protein subunits of these channels are connexins, which
form multimeric structures composed of either a single or multi-
ple connexin isoforms. In rodents, 15 connexin genes have been
described (Manthey et al., 1999; White and Paul, 1999). These
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genes are developmentally regulated and expressed in a tissue-
specific manner. Expression of connexin36 (Cx36) appears to
occur almost exclusively in neurons and is highly abundant in
mouse retina and brain (Condorelli et al., 1998; Sohl et al., 1998;
Belluardo et al., 1999; Srinivas et al., 1999; Al-Ubaidi et al., 2000;
Belluardo et al., 2000; Condorelli et al., 2000; Parenti et al., 2000;
Teubner et al., 2000). Cx26, Cx32, and Cx43, which show wide-
spread expression in non-neuronal tissues, also are expressed in
some neurons (Dermietzel et al., 1989; Bittman and LoTurco,
1999; but see also Rash et al., 2000).

Functional gap junction channels are likely to be involved in
tissue homeostasis of ions, metabolites, and second messenger
molecules (Willecke et al., 1999). Between neuronal cells, these
functions could play a role in synchronizing oscillations of certain
cell clusters. This fine tuning of electric activity could have an
impact on burst thresholds of electrotonically coupled cells (Sutor
et al., 2000). In addition, neuronal gap junctions have been spec-
ulated to be involved in vesicle exocytosis (Yamamoto et al.,
1990).

To understand finally the physiological relevance of electric
coupling between neurons, one needs first to identify and char-
acterize the molecular components with regard to developmental
regulation and electrophysiological properties.

Here we describe cloning of the new mouse Cx47 gene that we
have analyzed by Southern blot analysis, genomic mapping, and
Northern blot analysis. /n situ hybridization has shown that Cx47
RNA is expressed in several types of hippocampal, cortical,
cerebellar, and spinal cord neurons but not in retinal cells. Fur-
thermore, we have investigated the functional properties of
mouse Cx47 and Cx47—enhanced green fluorescent protein
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(EGFP) channels expressed in Xenopus oocytes and human HeLa
cells.

MATERIALS AND METHODS

PCR-mediated cloning of mouse Cx47. A database search yielded the
genomic sequence of a human connexin, deposited as connexin46.6 by
B. K. Bloemker, A. Swaroop, and W. J. Kimberling (accession number
AF(014643), that exhibited the highest identity to a rat-expressed se-
quence tag (accession number AI144646). Two upstream PCR primers
and one downstream PCR primer were deduced from the rat sequence
avoiding similarities to the mouse Cx45 gene (46.6USP1CL, 5'-CCG
GGG AAG ACA CGG AGG AGG-3'; 46.6USP2CL, 5'-TCA CTC CTG
GCC CGG CCG GAC-3'; and 46.6DSP, 5'-CGC ACA GCG TCC TGC
GCA CTG-3'). A PCR reaction was performed in a PTC-200 thermo-
cycler (MJ Research, Watertown, MA) using 200 ng of mouse genomic
DNA (strain 129/ola) as template, 2 U of Tag DNA polymerase (Pro-
mega, Madison, W1) in the supplied buffer, 2 mm MgCl,, 0.2 mm dNTPs,
and 20 pmol of either 46.6USP1CL or 46.6USP2CL and 46.6DSP as
primers with the following program: 2 min, 94°C; 40 cycles of 30 sec,
94°C; 1 min, 58°C; and 1 min, 72°C. The PCR products (~400 or ~350 bp
with 46.6USP1CL and 46.6DSP or with 46.6USP2CL and 46.6DSP,
respectively) were cloned into pPGEM-T easy (Promega) and sequenced.

The 400 bp PCR product was used as a probe in a phage library screen
(129/SvJ mouse genomic DNA in AMixII; Stratagene, La Jolla, CA) as
described (Sohl et al., 1998). Two phage clones were isolated under
stringent conditions, and restriction fragments generated with HindIII,
Notl, or Xbal were subcloned into pBluescriptIISK* (Stratagene) and
sequenced. The sequence analysis yielded a new connexin gene, called
connexin47 (see below).

Plasmids. For stable transfection of HeLa cells, the coding region of
mouse Cx47 was PCR amplified from phage DNA and cloned into the
expression vectors pBEHpacl8 (Horst et al., 1991) and pEGFP-N1
(Clontech, Palo Alto, CA), to construct a fusion protein of the Cx47
sequence with the enhanced green fluorescent protein at its C terminal.
The primers had a Kpnl site at the N terminal (primer KPNATG,
5'-GGG GTA CCG ACC AAC ATG AGC TGG AGC TTC C-3') and
a BamHI site behind the stop codon of the connexin gene (primer
BAMSTOP, 5'-GCA GGA TCC TCA GAT CCA CAC GGT GGC-3')
or, in the case of the fusion protein, a BamHI site instead of the stop
codon of the Cx47 gene (primer BAMGO, 5'-GCG GAT CCG CGA
TCC ACA CGG TGG CCT TGC-3'). The PCR products were cloned
with Kpnl and BamHI into pBEHpac18 and pEGFP-N1 and sequenced;
the resulting expression plasmids were named pCx47 and pCx47EGFP.

For expression in Xenopus oocytes, the Cx47-coding region was PCR
amplified and cloned into pBluescriptIISK ™" (Stratagene). The primers
had a Kpnl site at the N terminal (primer KPNATG, 5'-GGG GTA CCG
ACC AAC ATG AGC TGG AGC TTC C-3’) and a BamHI site behind
the stop codon of the connexin gene (primer BAMSTOP, 5'-GCA GGA
TCC TCA GAT CCA CAC GGT GGC-3'). The PCR product was
cloned with KpnI and BamHI into pBluescriptIISK © and sequenced.

Southern blot analysis. Mouse genomic DNA (129/ola) was digested
with either Bg/ll, EcoRI, HindlIll, PstI, or Xbal, separated by electro-
phoresis in an 0.8% agarose gel, blotted onto nylon membranes, and
hybridized under stringent conditions, as described (Sohl et al., 1998), to
the labeled 400 bp PCR product containing part of the Cx47-coding
region.

Genetic mapping. The mouse Cx47 gene was mapped by analysis of the
progeny of the multilocus cross: (NFS/N X Mus spretus) X M. spretus or
C58/J (Adamson et al., 1991). Recombinational distances were calculated
according to Green (1981), and gene loci were ordered by minimizing the
number of recombinants.

Northern blot analysis. Total RNA was prepared from C57BL/6 mouse
tissues with the TRIzol reagent (Life Technologies, Eggenstein, Ger-
many) according to instructions of the manufacturer. The RNA was
separated by electrophoresis in an agarose gel, blotted onto nylon mem-
branes, and hybridized under stringent conditions as described (Sohl et
al., 1998) to a labeled 1.6 kb Xbal fragment containing part of the
Cx47-coding region and 3’-untranslated region.

In situ hybridization. Cx47 mRNA localization was analyzed using
cryosections (10 um) of brain and spinal cord from adult C57/BL6 mice.
To exclude cross-reaction with other connexin mRNASs, sections of other
tissues were coanalyzed (liver, retina, heart, and kidney; data not shown).
Sections were fixed in 4% paraformaldehyde, pH 7.4, for 1 hr, digested
with 4 pg/ml Proteinase K (Roche Molecular Biochemicals, Mannheim,
Germany) in PBS for 30 min at 37°C, and post-fixed in 4% paraformal-
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dehyde for 20 min. Specimens were then incubated in acetylation buffer
(0.25% acetic anhydride in 0.1 M triethanolamine, pH 8.0). After dehy-
dration in 50, 70, and 96% ethanol, sections were air-dried and prehy-
bridized at 48°C for 1 hr in hybridization solution [40% formamide, 10%
dextran sulfate, 1X Denhardt’s solution (Sigma, Deisenhofen, Germa-
ny), 4X SSC, 0.2% DTT, 0.1 mg/ml yeast tRNA, and 0.5 mg/ml herring
sperm DNA]. For in vitro transcription, the digoxigenin-3-o-methyl-
carbonyl-e-aminocaproic acid-N (DIG) RNA-labeling kit (Roche Molec-
ular Biochemicals) was used with the 400 bp Cx47 PCR product cloned
in pGEM-T easy (see above) as template. The labeled probe corre-
sponded to nucleotides 482-884 (counted from the ATG start codon),
either transcribed in sense or antisense orientation, using T7 or SP6
polymerases, respectively. Sections were hybridized at 48°C overnight
with hybridization solution containing 5 ng/ml DIG-labeled riboprobe.
The next day, sections were successively washed with 4X, 2X, 1X, and
0.5X SSC at 48°C for 10 min. To remove the remaining probe, sections
were digested at 37°C for 30 min with 20 ug/ml ribonuclease in 0.5 M
NaCl, 10 mm Tris, pH 8.0, and 1 mMm EDTA and washed in 0.5X SSC for
10 min at 48°C. To detect DIG-labeled riboprobes, sections were blocked
with 4% BSA and 0.1% Triton X-100 in Tris-buffered saline, pH 8.0, and
incubated with alkaline phosphatase-conjugated anti-DIG Fab fragments
(Roche Molecular Biochemicals). After washing with Tris-buffered sa-
line, pH 9.0, sections were incubated overnight in substrate solution
(nitro-blue tetrazolium/5-bromo-4-chloro-3-indolylphosphate). The col-
orimetric reaction for alkaline phosphatase was stopped after micro-
scopic examination. Images were prepared for publication using Adobe
Photoshop 5.5 software.

Cell culture, transfection, and expression in Xenopus oocytes. HeLa cells
(American Type Culture Collection CCL 2, human cervical carcinoma
cells) were cultivated in DM EM low glucose, 2 mM glutamine, 10% fetal
calf serum, and 1X penicillin and streptomycin (all from Life Technol-
ogies) at 37°C with 10% CO, and transfected with the two Cx47 expres-
sion plasmids pCx47 and pCx47EGFP using Tfx20 (Promega). Resistant
clones were isolated after 2 weeks of selection with 1 ug/ml Puromycin
(Sigma) or 1 mg/ml G418 (Life Technologies) and tested for Cx47EGFP
expression by microscopy with an excitation wavelength of 488 nm. In the
case of Cx47 without EGFP, the clones were tested by neurobiotin
injection (see below).

Cx47-coding DNA was cloned into the expression vector pBluescrip-
tIISK ™ (Stratagene) in the T7 orientation. Cx47 RNA was prepared with
the mMessage mMachine kit from Ambion (Austin, TX). Each oocyte
was injected with 50 nl of Cx47 RNA (~1 ug/ul) together with the
phosphorothionate antisense oligonucleotide (~0.5 pmol/nl) 5-GCT
TTA GTA ATT CCC ATC CTG CCA TGT TTC-3', which is comple-
mentary to the Xenopus Cx38 sequence starting at nucleotide 5.

Tracer transfer measurements. Cells were grown on 35 mm dishes for
2-3 d. Glass micropipettes were pulled from capillary glass (World
Precision Instruments, Berlin, Germany) with a horizontal pipette puller
(model P-97; Sutter Instruments Company, Novato, CA) and backfilled
with tracer solution (see below). Tracers were injected iontophoretically
(Iontophoresis Programmer model 160; World Precision Instruments),
and cell-to-cell transfer was monitored using an inverted microscope
(IM35; Zeiss) equipped with fluorescent illumination. Cell culture
dishes were kept on a heated block at 37°C. Lucifer yellow CH (Molec-
ular Probes, Eugene, OR) at 4% (w/v) in 1 M LiCl or 4',6-diamidino-2-
phenylindole, dihydrochloride (DAPI; Roche Molecular Biochemicals)
at 25 mM in 0.2 M LiCl was injected by applying hyperpolarizing currents
for 10 sec (I = 20 nA) or depolarizing currents for 10 sec (/ = 20 nA) in
the case of DAPI. Intercellular transfer of tracers was evaluated 10 min
after injection. N-2(2-aminoethyl)-biotinamide hydrochloride (Neurobi-
otin; Vector Laboratories, Burlingame, CA) and rhodamine
3-isothiocyanate dextran 10S (Sigma) at concentrations of 6 and 0.4%
(w/v), respectively, in 0.1 M Tris-Cl, pH 7.6, were injected by applying
depolarizing currents for 10 sec (I = 20 nA). Ten minutes after injection,
cells were washed twice with PBS, fixed for 10 min in 1% glutaraldehyde
in PBS, washed twice with PBS, incubated in 2% Triton X-100 in PBS
overnight at 4°C, washed three times with PBS, incubated with horserad-
ish peroxidase—avidin D (Vector Laboratories) diluted 1:1000 in PBS for
90 min, washed three times with PBS, and incubated in 0.05% diamino-
benzidine and 0.003% hydrogen peroxide solution for 30 sec. Immedi-
ately thereafter, the staining reaction was stopped by washing three times
with PBS. Cell-to-cell transfer was quantified by counting the total
number of stained neighboring cells around the microinjected cell.

Additional studies assessed junctional conductance and dye transfer in
the same cell pairs. In these studies Lucifer yellow (negatively charged,



Teubner et al. « Connexin47: Cloning and Expression

—2) or DAPI (positively charged, +2) was used. In each experiment, dye
was delivered to one cell of a pair by establishing a whole-cell recording
using a pipette filled with 0.1% dye diluted in normal pipette solution.
After allowing sufficient time for dye transfer (5-10 min), a whole-cell
voltage-clamp recording was established in the recipient cell to measure
g Fluorescence signals were monitored using a MERLIN imaging
system equipped with an UltraPix FE250 cooled digital camera (12 bit),
a xenon lamp source, and a SpectraMaster high-speed monochromator
(Olympus America, Melville, NY). Dye distribution was monitored by
acquiring images every 5 sec (0.5 sec exposures) over a period of 15 min.
Electronic shuttering of the digital camera allowed the setting of expo-
sure times and timing intervals between fluorescence measurements.

Electrophysiological measurements. HeLa cells transfected with pCx47
or pCx47EGFP were seeded on 22 X 22 mm No. 0 coverslips (Clay
Adams) and transferred to an experimental chamber mounted on the
stage of an inverted microscope equipped with phase-contrast optics. The
chamber was perfused with a modified solution of Krebs-Ringer con-
taining (in mm): NaCl, 140; KCI, 4; CaCl,, 2; MgCl,, 1; glucose, 5;
pyruvate, 2; and HEPES, 5, pH 7.4. Patch pipettes were filled with a
solution containing (in mMm): KCl, 130; sodium aspartate, 10; MgCl,, 1;
MgATP, 3; CaCl,, 0.26; EGTA, 2 ([Ca?*]; = 5 X 10~ ® m); and HEPES,
5, pH 7.2. Junctional conductance g; was measured using the dual whole-
cell patch-clamp method (Neyton and Trautmann, 1985). After estab-
lishment of whole-cell patch-clamp recordings in both cells of a pair, the
cells were clamped to a common holding potential (V; = V/,). Transjunc-
tional voltages V; were applied by changing the membrane potential in
one cell and keeping the other constant (V; = V, — V). The resulting
junctional current /; was observed as a change in current in the unstepped
cell. G; was determined from [,/V;. Voltages and currents were recorded
on videotape using a data recorder, VR-100 (Instrutech Corporation,
Port Washington, NY), and were subsequently digitized using a MIO-
16X analog-to-digital (A/D) converter (National Instruments, Austin,
TX) and our own acquisition software.

Recordings of Cx47 junctional currents between Xenopus oocyte cell
pairs were obtained with a dual two-electrode voltage clamp using two
GeneClamp 500 amplifiers (Axon Instruments). Approximately 24-36 hr
after injection, oocytes were devittelinized and paired. The procedures
and solutions used for devittelinization, pairing, filling, voltage record-
ing, and current-passing electrodes have been described previously (Ru-
bin et al., 1992; Verselis et al., 1994). G; was measured as described above
in dual whole-cell patch clamp by dividing the current measured in the
unstepped cell by the voltage difference between the cells. V; steps were
applied over a range of £120 mV in 10 mV increments; the cells were
allowed to recover for 90-120 sec between V; steps. Because expression
over the course of some experiments increased, for each cell pair, a small,
brief prepulse of constant amplitude (10 mV) preceded each V; step so
that a family of currents could be normalized. The currents were digi-
tized at 1 kHz. Initial and steady-state currents were obtained by extrap-
olating exponential fits of the data to r = 0 and ¢t = o« as described
(Verselis et al., 1994). Only cell pairs with g; values not exceeding 5 puS
were used to avoid effects of series access resistance on voltage depen-
dence (Wilders and Jongsma, 1992). Data were digitized using a MIO-
16X A/D converter and our own acquisition software.

RESULTS

Cloning, genomic mapping, and sequence analysis of
mouse Cx47
As described in Materials and Methods, we cloned by PCR part
of a mouse connexin sequence homologous to a human connexin
sequence designated human connexin 46.6 (accession number
AF014643) in the data library. A genomic mouse DNA phage
library was screened using this PCR product as a probe, and two
independent clones were purified under conditions of high strin-
gency. The open reading frame encoded a protein of 437 amino
acids and showed the typical features of a connexin: four putative
transmembrane spanning domains and three cysteines at the
conserved positions of the two putative extracellular loops. The
theoretical molecular mass of this protein was 46,551 Da, and thus
it was named mouse Cx47, following a previous system for con-
nexin nomenclature (Beyer and Willecke, 2000).

Cx47 is a single-copy gene in the mouse genome, as revealed by
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Southern blot analysis. The 400 bp Cx47 PCR product was used
as a probe, and labeled fragments of 6.5, >12, 4.5, 0.8, and 1.6 kb
were obtained after digestion of mouse 729/ola DNA with BglII,
EcoRlI, HindIll, Pstl, and Xbal, respectively (data not shown).

Pvull digestion gave rise to fragments of 1.7 kb in M. spretus
and C58/J mice and 1.2 kb in NFS/N mice. Inheritance of the
variant fragments was followed in the progeny of the genetic cross
and indicated that Cx47 mapped to chromosome 11 with the
following order and recombinational distances: Canx, Mgatl
(3.0 £ 1.7) — Gm2a, Hspa4, Irfl (2.8 = 1.9) — Cx47, Aldh3,
Aldh4 (8.7 = 3.4) — Shbg, Myhs.

In a database comparison, we found the human Cx46.6 se-
quence and the mouse Cx45 sequence to be most similar to that
of mouse Cx47 (see Fig. 1). Human Cx46.6 and mouse Cx47 share
84% identical amino acid residues, whereas the identity between
mouse Cx45 and Cx47 amino acid sequences is 49%. Mouse Cx36
that has been grouped either in the y (O’Brien et al., 1998) or &
(Sohl et al., 1998) class of connexins was included in this com-
parison because of its neuronal expression pattern and its unusu-
ally long cytoplasmic loop (Condorelli et al., 1998; Sohl et al.,
1998). The identity of the amino acid sequences between mouse
Cx36 and Cx47 is 40%, but this degree of homology is similar to
that of other connexins of the « or B class and Cx47. Therefore,
we suggest that the newly cloned Cx47 gene should be tentatively
classified together with Cx45 into the vy subgroup of connexins
(Goodenough et al., 1996; Sohl et al., 1998).

Expression pattern and developmental regulation

of Cx47

The tissue distribution of Cx47 mRNA was determined by North-
ern blot analysis. In brain, spinal cord, and ovaries, the Cx47
probe hybridized to an RNA of 2.5 kb. No signal was detected in
the retina, sciatic nerve, liver, lung, and heart (Fig. 2a). The
mRNA of the most closely related connexin sequence, mouse
Cx45, has a length of 2.2 kb; moreover, the expression patterns of
these genes differ considerably (cf. Hennemann et al., 1992).
Therefore, cross-hybridization of the Cx47 probe to this or other
known connexin mRNAs can be excluded. Because the level of
expression of several connexin mRNAs is modulated during brain
development (cf. Prime et al., 2000), Cx47 expression was ana-
lyzed by Northern blotting in RNA preparations obtained from
whole brains of prenatal and postnatal mice (Fig. 2b). Cx47
transcription was first detected 1 week after birth and reached a
maximum 2 weeks after birth. In the adult mouse, Cx47 mRNA
levels decreased again to approximately one-third of the level
seen in 2-week-old animals.

In situ hybridization analysis confirmed the widespread expres-
sion of Cx47 within the CNS and revealed that labeling was
restricted to cells within areas of gray matter in the brain and
spinal cord (Fig. 34,D,J,M). Specifically, no labeling was seen
over the white matter of the spinal cord, the forebrain, the
cerebellum, and the corpus callosum. In a first attempt to define
the cell type(s) in which Cx47 is expressed, we scrutinized sec-
tions of the forebrain, the hippocampal formation, the brainstem,
the cerebellum, and the spinal cord. Strong and specific signals
were found over numerous cells of the neocortical gray matter,
with particularly prominent labeling of the triangular profiles of
pyramidal neurons (Fig. 3E). In the hippocampal formation both
pyramidal cells of the cornu Ammonis (CA1-CA4) and granule
cells of the dentate gyrus were prominently labeled (Fig.
3D,G,H). In addition, a few cells within the stratum oriens, the
stratum radiatum, and the stratum lacunosum-moleculare were
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1 50
* kkkkkkkdk wkk hkkkkh hkkk hhkwkd kkkkkkkkhk Khkkkk hhk
mCx45  M,SWSFLTRL LEE.IHNHST FVGKIWLTVL IVFRIVLTAV GJESIYYDEQ
mCx47  M.SWSFLTRL LEE.IHNHST FVGKVWLTVL VVFRIVLTAV GEESIYSDEQ
hCx46.6 M.SWSFLTRL LEE.IHNHST FVGKVWLTVL VVFRIVLTAV GGEATYSDEQ
mCx36  MGEWTILERL LEAAVQQHST MIGRILLTVV VIFRILIVAI VGETVYDDEQ
P Kxk ok kKA % A%k kx Kk kkx
51 100
hkk kkk kk kk kkkkkkk kXkkkhkkkhkkkx kk*k kkk kkkkkkk k%
mCx45  SKFVCNTEQP GCENVCYDAF APLSHVHFWV FQIILVATPS VMYLGYATHK

mCx47 SKFTCNTRQP GCDNVCYDAF APLSHVRFWV FQIVVISTPS VMYLGYAVHR
hCx46.6 AKFTCNTRQP GCDNVCYDAF APLSHVHFWV FHIVVISTPS VMYLGYAVHR

mCx36 TMEVCNTLQP GCNQACYDRA FPISHVRYWV FQIIMVCTPS LCFITYSVHQ
£ okkk kk ok ok £ ok kk EKE K EE T * kx

101 150
* * * * * * * ok

mCx45 IAKMEH EADKKAARSK ..... PYAMR WKQHRALEET EEDHEEDPMM

hCx46.6 LARASE. ERRRALRRRP GPRRAPRAHL PPPHAGWPEP ADLGEEEPML
SAKQRERRY TVFLALDRDP AESIGGPGGT GGGGSGGSKR EDKKLONAMV
*

* *h k% *

...G

mCx47 LARASE. .Q ERRRALRRRP GTRRLPRAQL PPPPPGWPDT TDLGEAEPIL
-Q
S

mCx36

151 200
* * * * * *
mCx45 YPEMELESE. ....... KEN KEQS.. ..o vivinvvnnn . .QPKPKH

mCx47 ALEEDEDEE. PGAPEGPGED TEEERAEDVA AKGGGGDGKT VVTPGPAGQH
hCx46.6 GLGEEEEEEE TGAAEGAGEE AEEAGAEEAC TKAVGADGKA AGTPGPTGQH

mCx36 NGVLONTET. ...... TSKE TEPDCLE... VK........ ELTPHPSGLR
* *k * * kH Kk

201 250

*kkk kk *hk  kk ok ok ok kkk  kk kkk kkk Kk ok kk k%

mCx45 DGRR.RIRE. DGLMKIYVLQ|LLARTVFEVG FLIGQYFLYG FQVHPFYVCS

mCx47 DGRR.RIQR. EGLMRVYVAQ|LVVRAAFEVA FLVGQYLLYG FEVPPFFACS

hCx46.6 DGRR.RIQR. EGLMRVYVAQ|LVARAAFEVA FLVGQYLLYG FEVRPFFPCS

mCx36 TAARSKLRRQ EGISRFYIIQ|VVFRNALEIG FLVGQYFLYG FSVPGLYECN
* *

E S S S S B i A

251 300
d kkkk  kk Kk kkkkkkk  kkk kk K kkkkkk  kk  kkk ok *
mCx45 RLPCPHKIDC FISRPTEKTI FLLIMYGVTG LCLLLNIWEM LHLGFGTIRD
mCx47 RQPCPHVVDC FVSRPTEK[IV FLLVMYVVSC LCLLLNLCEM AHLGLGSAQD
hCx46.6 RQPCPCVVDC FVSRPTEKTIV FLLVMYVVSC LCLLLNLCEM AHLGLGSAQD

mCx36 RYPCIKEVEC YVSRPTEKIV FLVFMFAVSG ICVVLNLAEL NHLGWRKIKL
x ok kok kkhkkkkkk A K Kk X kkx ok ko
301 350
* * * *k ok *
mCx45 SLNSKRR. .. . .ELDDPG AYNYPFTWNT PSAPPGYNIA VKPDQ...IQ

mCx47 AVRGRRGASA AGPGPTPRPP PCAFPAAAAG LACPPDYSLV VRAARERARAH
hCx46.6 AVRGRRGPPA SAPAPAPRPP PCAFPAARAG LACPPDYSLV VRAAERARAH

mCx36 AVRGACAK.. ....... RKS VYEIRNKDLP RVSVPNFGRT QSSDS...AY
kK * * *
351 400
* * * % * * * *
mCx45 YTELSNAKIA YKQNKANIAQ E..QQYGSHE EHLPADLETL QREIRMAQER

mCx47 DONLANLALQ ALRDGAAVAA VSADRDSPPC AGLNATSRGA PRAGGLASGT
hCx46.6 DONLANLALQ ALRDGAAAGD R..DRDSSPC VGLPAASRGP PRAGAPASRT

mCx36 v
401 448
* * *k * ok * *kk * Kk
mCx45  LDLAIQAYHH ONNPHGPREK KAKVGSKSGS NKSSISSKSG DGKTSVWI
mCx47  GSATSGGTVG EQGRPGAQEQ .LATKPRAGS EKGSTGSR.. DGKATVWI
hCx46.6 GSATSAGTVG EQGRPGTHER .PGRKPRAGS EKGSASSR.. DGKTTVWI
mCx36
Figure 1. The peptide sequences of mouse Cx45 (Hennemann et al.,

1992), mouse Cx47 (accession number AJ276435), human Cx46.6 (acces-
sion number AF014643), and mouse Cx36 (Condorelli et al., 1998) were
aligned. The conserved cysteine residues are printed bold, and the core
putative transmembrane domains are boxed. Identical amino acid residues
between Cx47 and Cx45 or between Cx47 and Cx36 are marked with an
asterisk above or below the sequences, respectively. The nucleotide se-
quence data of mouse Cx47 are available from European Molecular
Biology Laboratory under accession number AJ276435.

labeled (Fig. 3H). Although the latter cells cannot be unambig-
uously identified without resorting to double staining with specific
markers, we note that the localization and number of these cells
are consistent with their tentative identification as hippocampal
interneurons.

Within the cerebellum, unambiguous labeling could be seen
over the granule cell layer and the Purkinje cell layer. Besides
labeled granule cells, the granule cell layer contained scattered
positive cells that were larger than granule cells and displayed a
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Figure 2. a, b, Top, Northern blot analysis of Cx47 expression in adult
mouse tissues (a) and eight stages of mouse brain development (b) are
shown. Bottom, Equal amounts of total RNA were loaded as demon-
strated by staining of 18 S ribosomal RNA with ethidium bromide (bot-
tom). The size of the bands is indicated in kilobases on the right. PO,
Postnatal day 0; dpc, dies postcoitum.

prominent cytoplasm, suggestive of Golgi neurons. Basket and
stellate cells within the molecular layer were not labeled by the
Cx47 probe (Fig. 3B). Within the brainstem, labeling of the
nucleus hypoglossus, nucleus reticularis, and the inferior olive
was particularly prominent (Fig. 3/,K). The labeling seen in the
spinal cord is documented in Figure 3, M and N. Again, labeled
cells were restricted to the gray matter, and the label was partic-
ularly abundant over large triangular and multiangular cells in the
ventral horn of the gray matter. Both the position and the size of
these cells allow their identification as motor neurons. In control
experiments using a sense probe and performed on consecutive
sections, none of the above labeling was seen (Fig. 3C,F,[,L,0).

Functional properties of the Cx47 channels

Electrical cell-cell coupling

The ability of Cx47 to induce electrical coupling was tested in
pairs of Xenopus oocytes injected with Cx47 cRNA and in HeLa
cells transfected with Cx47 and Cx47-EGFP. Pairs of Xenopus
oocytes injected with Cx47 cRNA and antisense oligonucleotides
to the endogenous XenCx38 exhibited high levels of electrical
coupling with a mean g; of 17.6 * 6.3 uS 12-18 hr after pairing
(n = 11). Control oocytes from the same frogs injected with
antisense oligonucleotides alone showed very low coupling
(<0.1 = 0.04 uS; n = 6). Similarly, HeLa—-Cx47-EGFP cell pairs
that exhibited punctate fluorescent staining at locations of cell—-
cell contact were electrically coupled with a mean g; of 9.3 = 5.1
nS (n = 12). The strength of coupling in HeLa cells correlated
with the number and size of fluorescent plaques.

Voltage gating

The dependence of g; on V; was examined both in Xenopus oocyte
pairs and in HeLa—Cx47- EGFP cell pairs. Normalized initial and
steady-state g~V relations obtained from Xenopus oocytes are
plotted in Figure 4A4. Data were obtained by polarizing one cell
of a pair to positive and negative voltages. Initial G; (filled
triangles) is nearly constant with V;, declining only modestly
(~10%) over a =120 mV range. Steady-state G; (open triangles)
decreases steeply and symmetrically at approximately V; = 0.
Most of the decrease in G; occurs over an ~40 mV range,
between +40 and =80 mV, and reaches a nonzero plateau con-
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ductance, G,;,, that is ~15% of the maximum G;. The steady-
state G-V relation was fit to a Boltzmann relation of the form:
G; ={(1 = G;in)/(1 + explA(V; — V,))])}, where for each polarity
of V,, V,, corresponds to the V; at which G, is half-maximum, 4
characterizes the steepness of V; dependence, and Gy, is the
residual plateau G; at large V; values. The Boltzmann parameters
are as follows: V, = 51 mV, 4 = 0.2 mV !, and G, = 0.16.
If a simple two-state model for gating for each polarity of V; is
assumed, a value of ~0.2 mV ~* for 4 gives a calculated gating
charge of approximately five elementary charges moving across
the entire transjunctional field. Representative junctional cur-
rents reveal relatively fast kinetics with time constants <100 msec
at V; values exceeding =100 mV (Fig. 4B).

The steady-state G-V; relations obtained in HeLa cell pairs
stably tranfected with Cx47 and Cx47-EGFP are indistinguish-
able and in good agreement with that obtained in Xenopus oo-
cytes. Figure 4C illustrates summarized data obtained from six
HeLa-Cx47 and eight HeLa—Cx47-EGFP cell pairs. Junctional
conductance declines steeply and nearly symmetrically at approx-
imately V; = 0 mV over a V; range of 25-55 mV to reach a plateau
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Figure 3. Expression of Cx47 mRNA in the
murine CNS. Coronal sections of adult brain
and spinal cord were hybridized as described in
Materials and Methods. Representative sec-
tions from the cerebellum (A-C), forebrain
(D-I), hindbrain (J-L), and spinal cord (M-0O)
are shown. Note that the in situ signal labels
preferentially and/or cell layers known to con-
tain specific neuronal phenotypes, such as the
Purkinje cell layer and the granule cell layers in
the cerebellum (4, B). Within the hippocampal
formation (D, G, H), heavy labeling is seen
over the dentate gyrus (G) and all subregions
of the cornu Ammonis (D, H; the latter micro-
graph depicts the CA3 region). Within the ce-
rebral cortex (D, E), numerous cells located in
all cell layers are positive. In the brainstem,
labeling was particularly prominent over nuclei,
such as the inferior olive (J, K). The micro-
graphs from the cervical spinal cord (M, N)
again show numerous labeled cells within the
gray matter and also document that oligoden-
drocytes and astrocytes within the white matter
do not express detectable levels of Cx47
mRNA. Sections shown in 4, B, D, E, G, H, J,
K, M, and N were hybridized with the Cx47
antisense probe. Controls shown in C, F, I, L,
and O were hybridized with a Cx47 sense
probe. Rectangles in micrographs 4, D, J, and M
indicate the areas from which the higher power
views shown in B, E, G, H, K, and N, respec-
tively, were taken. Scale bar: 4, C, E, G-I, K, N,
100 um; B, 25 um; D, F, J, L, M, O, 400 pm.

G min of ~0.16. V|, appears to be somewhat smaller than that in
Xenopus oocytes, possibly because of series resistance problems
associated with higher levels of expression in Xenopus oocytes.
Boltzmann parameters are as follows: V, = £40 mV, 4 = 0.2
mV ', and G,,;, = 0.16. Representative macroscopic junctional
currents obtained from a HeLa-Cx47 cell pair are shown in
Figure 4D. The time course of the reduction in g; is similar to that
measured in Xenopus oocytes. Small, brief V; steps applied be-
tween the longer duration V; steps illustrate rapid recovery of
current that follows reduction with applied V; values. The kinetic
properties of I'; dependence were the same in HeLa-Cx47-EGFP
cell pairs (data not shown) and together with the steady-state data
indicate that attachment of EGFP to the C terminal of Cx47 has
no effect on V; gating.

Chemical gating

As part of the initial characterization of Cx47, we examined
whether Cx47 junctions responded to the chemical uncoupling
agents heptanol and CO,. Application of 2 mm heptanol to four
HeLa-Cx47 and five HeLa-Cx47-EGFP cell pairs in which g;
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Figure 4. Voltage gating of homotypic Cx47
gap junctions in Xenopus oocytes (4, B) and
transfected HeLa cells (C, D). A, Graph of 0.0 — r v
initial and steady-state G, (filled and open -120 -80 -40

triangles, respectively) as a function of V. G;
is g; normalized to its value at V; = 0. Data
represent mean values obtained from five
Xenopus oocyte cell pairs with maximum g;
values < 10 uS. The solid line is the Boltz-
mann fit of the steady-state data (see text). B,
Representative junctional currents for V;
steps up to =120 mV in 20 mV increments. C
Upward and downward currents are elicited
by negative and positive V; values, respec-
tively. Calibration: 500 nA, 2 sec. C, Graph
of steady-state G; as a function of V; in
HeLa—-Cx47 ( filled circles) and HeLa—Cx47-
EGFP (open circles) cell pairs. G; is normal-
ized as described in A. The solid line is a fit of
the experimental data to the Boltzmann
equation (see text). D, Examples of junc-
tional currents in response to =30, 50, and 65
mV V; steps applied to one cell of a HeLa-
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ranged from 5 to 15 nS produced rapid and full uncoupling in
each case. During washout, we observed recovery of g; that often
took ~50-60 sec to reach 50% of the control value. Application
of 100% CO, also produced rapid and full uncoupling in all
tested HeLa—-Cx47 (n = 5) as well as HeLa—-Cx47-EGFP (n = 7)
cell pairs. Coupling conductance recovered slowly during wash-
out, taking 5-10 min to reach 50% of the control value. Examples
of uncoupling of HeLa—Cx47-EGFP cell pairs in response to
these agents are shown in Figure 5, 4 and B. Thus, we conclude
that Cx47 exhibits properties similar to that of other members of
the connexin family in response to heptanol and CO, and that
attachment of EGFP to the C terminal of Cx47 has no obvious
influence on chemical gating by these agents.

Conductance and permeability of Cx47 channels

Single channels were examined in HeLLa—Cx47 and HeLa-CX47-
EGFP cell pairs during recovery from uncoupling by CO, or
heptanol. Figure 5C shows examples of dual whole-cell recordings
of HeLa-Cx47 and HeLa—Cx47-EGFP cell pairs in which single
channels were active during washout from 100% CO,. Repeated
voltage ramps applied to one cell of each pair revealed a linear
I~V relation over a large V; range (*100 mV). The single-
channel conductance of the open state obtained from the slope of
the IV relation (Fig. 5C, solid lines) is ~55 pS in both Cx47 and
Cx47-EGFP channels. During the voltage ramps, gating transi-
tions were often evident between the fully open state and a
long-lived substate with a conductance of ~8 pS (Fig. 5C, dashed
lines). The ratio between the conductance of the substate and the
fully open state is ~0.15, which corresponds to the G, mea-

L : 0 20 40 60 80 100 120
Time, sec

sured macroscopically. Thus it would appear that this substate is
the residual subconductance state for Cx47 responsible for G,,;,
as described previously for other gap junction channels (Bukaus-
kas and Weingart, 1994; Moreno et al., 1994). Attachment of
EGFP to the C terminal of Cx47 had no effect on single-channel
conductance.

To examine whether larger molecules would pass through the
Cx47 channels, permeability was examined by injecting Lucifer
yellow (net charge, —2), DAPI (+2), and neurobiotin (+1) into
one cell of a cluster of HeLa wild-type, HeLa—Cx47, and HeLa—
Cx47-EGFP cells (Fig. 6). For the transfected cells, 10 min after
injection, all first-order neighboring cells were stained, and tracer
transfer was observed up to the fourth order of neighboring cells
in the case of neurobiotin (n = 20). In HeLa parental cells, only
18% [*+3.1% (SEM); n = 20] of first-order neighboring cells were
stained, and tracer transfer was never observed beyond the first
order of neighboring cells. No difference was observed between
the coupling properties of HeLa-Cx47 and HeLa-Cx47-EGFP
cells.

To assess dye permeability better as it relates to electrical
coupling, we assessed g; and cell-to-cell transfer of dye in the same
HeLa-Cx47 and HeLa-Cx47-EGFP cell pairs. Representative
examples of these experiments are shown in Figure 7. The HeLa—
Cx47-EGFP cell pair shown in Figure 74 contained four junc-
tional plaques. The phase-contrast image on the left shows the cell
pair with two patch electrodes; the electrode for cell 1 was filled
with Lucifer yellow. The fluorescence image (right) was taken 4
min after obtaining a whole-cell recording of cell 1 and shows
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Figure 5. Chemical gating and single-channel conductance of Cx47 and
Cx47-EGFP expressed in HeLa cells. 4, B, Heptanol (2 mm) and CO,
uncouple Cx47-EGFP homotypic junctions in transfected HeLa cells.
Junctional current /; was measured by applying repeated V; steps to one
cell of a pair. A, Application of heptanol (horizontal bar) to a cell pair in
which g; = 10 nS produced full uncoupling and relatively fast recovery
after washout. B, Application of 100% CO, (horizontal bar) to a cell pair
with g; = 13 nS fully uncoupled the cells within ~20 sec, followed by slow
recovery after washout. C, Illustration of Cx47 (top) and Cx47-EGFP
(bottom) single-channel conductance and gating obtained in cell pairs
during the early phase of recovery from full uncoupling with 100% CO,
is shown. Records are of single-channel currents in response to repeated
segments of £17 mV, 200 msec V; steps followed by +65-85 mV, 2 sec V;
ramps. In both cases, a single-channel conductance of ~55 pS and a
substate conductance of ~8 pS were approximated from the slopes of the
IV relations (solid and dashed lines, respectively).
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Figure 6. Tracer transfer in HeLa wild-type (a4, d, g), HeLa-Cx47 (b, e,
h), and HeLa-Cx47-EGFP (¢, f, i) cells. The cells were injected with
Lucifer yellow (a—c), DAPI (d—f), or neurobiotin (g—i). Microphoto-
graphs were taken with the appropriate filter set or after fixing and
staining in the case of neurobiotin. The injected cells are marked with
asterisks. Scale bar: a—g, 50 um; A, i, 100 pwm.

strong transfer of Lucifer yellow. Subsequent establishment of a
whole-cell recording in cell 2 revealed a g; of ~12 nS. Figure 7B
shows images of a cell pair with the electrode for cell 1 filled with
DAPI. The two panels are as described in Figure 74 except that
the fluorescence image was obtained 10 min after establishing a
whole-cell recording in cell 1. Four large junctional plaques were
present in the area of contact between these two cells (data not
shown), and g; was measured to be ~40 nS. Similar dye transfer
results with Lucifer yellow and DAPI were obtained in all HeLa-
Cx47-EGFP and HeLa-Cx47 cell pairs tested with g; values
ranging between 10 and 40 nS (n = 12).

DISCUSSION

Cx47 sequence analysis

When comparing the mouse Cx47-coding sequence with those of
other murine connexins, the highest similarity was found to the
mouse Cx45 sequence (49% identical amino acid residues). Also,
both Cx45 and Cx47 are located on chromosome 11 in the mouse
genome (Schwarz et al., 1992) (this work). Interestingly, the other
neuronally expressed connexin Cx36 also has an unusually long
putative cytoplasmic loop like Cx47. In this domain, the Cx36
sequence contains a glycine-rich stretch (amino acids 125-137),
whereas Cx47 shows five adjacent proline residues at the homol-
ogous position (amino acids 136-140). Whether these features
are of importance for the neuronal function of the connexins
remains to be elucidated. Because of the sequence similarity
between Cx45 and Cx47 we suggest to group these two connexins
tentatively in the subclass vy (cf. Goodenough et al., 1996; Sohl et
al., 1998), although the genomic structure of Cx47 has not yet
been investigated.
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Figure 7. Simultaneous tracer transfer and double whole-cell recording
between HeLa—Cx47-EGFP cells. 4, Illustration of Lucifer yellow trans-
fer between a single cell pair. Lucifer yellow was loaded into one of the
cells (cell 1) through the patch pipette. The two panels show (from left to
right) a phase-contrast image illustrating the positions of patch pipettes
(left pipette was loaded with Lucifer yellow) and a fluorescence image
taken with a filter set for Lucifer yellow 4 min after establishing whole-cell
recording in cell 1. After establishing a whole-cell recording in cell 2, g;
was determined to be 12 nS. B, Illustration of DAPI transfer between an
electrically coupled cell pair. The two panels are as described in A except
that the fluorescence image for DAPI was obtained 10 min after estab-
lishing whole-cell recording in cell 1 and a filter set for DAPI was used. g;
was measured to be 40 nS. DAPI preferentially labeled the nuclei of both
cells.

Cx47 expression pattern

We have found a unique region-specific and developmentally
regulated expression pattern of Cx47 by Northern blot analysis.
Cx47 mRNA is most abundantly expressed in the spinal cord and
the brain but, in contrast to Cx45 or Cx36, is not found in lung,
heart, or retina. In brain, Cx47 mRNA was first detected 1 week
after birth and increased thereafter, in parallel with myelination
and synaptogenesis. Then, Cx47 transcripts reached a peak and
decreased again in the adult mouse.

By in situ hybridization, we detected Cx47 expression in nerve
cells reported previously to be electrically coupled (De Zeeuw et
al.,, 1995, 1997; Chang et al., 1999; Prime et al., 2000; Traub and
Bibbig, 2000) and in cerebellar Purkinje cells. It has to be shown
that the Cx47 mRNA is translated into protein and leads to
functional coupling in these cell types. The other neuronal con-
nexin Cx36 is expressed in retinal neurons, among them amacrine
AII cells (Feigenspan et al., 2001), whereas the retina is com-
pletely devoid of Cx47 mRNA, similar to the olfactory bulb,
where Cx36 is expressed in the mitral and glomerular layer and
scattered cells in the granular layer (Belluardo et al., 1999, 2000;
Condorelli et al., 2000). The olfactory neuroepithelium differs
from other brain areas in that neurogenesis continues to take
place in the adult brain. The expression of Cx36 might be a
hallmark of young neurons, because its mRNA precedes Cx47
mRNA expression by ~2 weeks. In the neocortex, we found Cx47
in situ hybridization signals in pyramidal neurons that have been
described as intrinsic oscillating cells (Silva et al., 1991). Func-
tions for electrotonic coupling in cortical cells could include an
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influence on circuit formation or cell migration (Nadarajah et al.,
1997). Cx36 is expressed in the stratum pyramidale of the CA3
region, less in the strata pyramidale and radiatum of the CAl
region, and in the strata oriens and lacunosum-moleculare of the
CA1l and CA3 regions. At the dentate gyrus, Cx36-positive cells
were found in the stratum granulosum at the hilar border and the
polymorphic zone of the hilus. This expression pattern is similar
to that of Cx47, although the latter seems to occur more fre-
quently in pyramidal neurons than in GABAergic interneurons.
Within the cerebellum, Cx36 and Cx47 are coexpressed in Golgi
cells, whereas basket cells were negative for Cx47 as shown by in
situ hybridization. In several cells of brainstem nuclei and gray
matter of the spinal cord, Cx36 and Cx47 could be detected,
consistent with electrical coupling or gap junction structures that
had been described in these areas (Rash et al., 1996; De Zeeuw
et al., 1998; Chang et al., 1999).

Thus, the expression patterns of Cx47 and Cx36 partially
overlap. Whether this difference in the pattern of expression is
correlated with distinct functional properties of the two connex-
ins remains to be examined in the future.

Functional properties of Cx47 channels

As with most other connexins expressed in Xenopus oocytes or
communication-deficient mammalian cell lines, Cx47 is able to
induce strong electrical coupling that is sensitive to chemical
uncouplers and V. G; declines steeply and symmetrically at ap-
proximately V; = 0 mV when V; values beyond +40 mV are
applied. Similar results were obtained in Xenopus oocytes in-
jected with Cx47 cRNA and in HeLa cells transfected with Cx47
and Cx47-EGFP. The attachment of EGFP to the C terminal of
Cx47 did not appear to alter the conductance, dye permeability,
or gating properties of Cx47 examined at macroscopic and single-
channel levels. Thus, Cx47-EGFP channels should be particularly
useful in studies of Cx47 localization in living cells as well as in
electrophysiological studies of homotypic and heterotypic junc-
tions where EGFP fluorescence facilitates screening of clones and
the selection of cell pairs.

We should indicate that attachment of EGFP to Cx43, the only
other connexin examined biophysically as a GFP fusion protein,
similarly showed no effect on chemical gating, single-channel
conductance, and dye permeability (Jordan et al., 1999; Bukaus-
kas et al., 2000). However, unlike Cx47, attachment of EGFP to
Cx43 substantially altered V; dependence (Bukauskas et al.,
2000). This difference in the effect of attachment of EGFP to the
C terminals of these two connexins may reflect a difference in the
role of the C-terminal tail domain for V; gating (Revilla et al.,
1999).

Single Cx47-EGFP channels were examined on washout after
uncoupling with CO, or heptanol and were found to have a
unitary conductance of ~55 pS. This unitary conductance is much
higher than that of the other principal neuronal connexin, Cx36,
for which a conductance of ~15 pS has been reported (Srinivas et
al., 1999; Teubner et al., 2000). With both connexins abundantly
expressed in certain neurons, it remains to be clarified whether
this difference in unitary conductance is of functional signifi-
cance. The differences in single-channel conductances of the two
neuronal connexins may reflect their distinct permeabilities to
larger molecules. Cx47 and Cx47-EGFP channel permeability
was tested using dyes of similar size but different charge. Lucifer
yellow, DAPI, and neurobiotin readily diffused between HeLa-
Cx47 or HeLa—Cx47-EGFP cells. Thus, Cx47 channels are per-
meable to negatively charged dyes such as Lucifer yellow (—2)
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and to positively charged tracers such as neurobiotin (+1) and
DAPI (+2), indicating no selectivity on the basis of charge. In
contrast, although microinjected neurobiotin spread among
HeLa-Cx36 cells, we did not detect transfer of Lucifer yellow or
DAPI (Teubner et al., 2000; but see also Srinivas et al., 1999);
recently, we observed intercellular transfer of ethidium bromide
(+1) in HeLa—Cx36 cells, consistent with the spreading of neu-
robiotin (+1), but we saw no transfer of Alexa Fluor 350 (—1)
(F. F. Bukauskas and V. K. Verselis, unpublished observations).
This difference may indicate that Cx36 channels preferentially
allow intercellular diffusion of inorganic ions, whereas Cx47
channels seem to be less restrictive and may show preference to
larger metabolites or second messengers.

Diversity of connexins in neurons

In many if not all types of the vertebrate cells, several connexins
are expressed at the same time during development. Functional
differences between connexins may only become obvious in vivo
when different connexin mutants can be compared, for example in
transgenic mice (cf. White and Paul, 1999; Willecke et al., 1999).
Because neither Cx36 nor Cx47 mutants have been described, we
can only speculate about physiological differences. For Cx36
hemichannels, no partner connexon has so far been identified that
can form heterotypic gap junction channels with it when ex-
pressed in human HeLa cells or Xenopus oocytes (Al-Ubaidi et
al., 2000; Teubner et al., 2000). It remains to be investigated
whether Cx47 similarly shows a high degree of discrimination in
heterotypic pairing.

Because of the overlapping expression of Cx36 and Cx47 in
several brain regions, it will be of interest to examine whether
Cx47 and Cx36 can form heterotypic junctions and whether these
connexins can form heteromeric hemichannels in the same neu-
ron. In those neurons, where Cx36 and Cx47 are coexpressed,
they could fulfill complementary roles or respond to different
regulatory mechanisms modulating electrical synapses. It is also
possible that Cx36 and Cx47 are targeted to different synapses
within the same neuron. The functional relevance of these spec-
ulations for the neurophysiology of electrical synapses can now be
explored.
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