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Abstract

In the retina, chemical and electrical synapses couple neurons into 
functional networks. New candidates encoding for electrical synapse 
proteins have recently emerged. In the present study, we determined the 
localization of the candidate protein pannexin1 (zfPanx1) in the zebrafish 
retina and studied the functional properties of zfPanx1 exogenously 
expressed in Neuroblastoma 2a (N2a) cells. zfPanx1 was identified on 
the surface of horizontal cell dendrites invaginating deeply into the 
cone pedicle near the glutamate release sites of the cones, providing in 
vivo evidence for hemichannel formation at that location. This strategic 
position of zfPanx1 in the photoreceptor synapse could potentially allow 
modulation of cone output. Using whole cell voltage clamp and excised 
patch recordings of transfected N2a cells, we demonstrated that zfPanx1 
forms voltage-activated hemichannels with a large unitary conductance 
in vitro. These channels can open at physiological membrane potentials. 
Functional channels were not formed following mutation of a single amino 
acid within a conserved protein motif recently shown to be N-glycosylated 
in rodent Panx1. Together, these findings indicate that zfPanx1 displays 
properties similar to its mammalian homologues and can potentially play 
an important role in functions of the outer retina.

Yamashita M, Ohmori H (1990) Synaptic responses to mechanical stimulation 
in calyceal and bouton type vestibular afferents studied in an isolated 
preparation of semicircular canal ampullae of chicken. Exp Brain 
Res 80:475–488. 
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and/or rapid amplification of cDNA ends (RACE) technology to clone zfPanx1 
(Zoidl et al., 2008). Here, we present a polyclonal antibody and show that 
zfPanx1 is expressed in horizontal cells. Most abundant immunoreactivity 
was found on the invaginating dendrites close to the synaptic ribbons (srs). 
Only in very rare occasions did electron microscopic immunocytochemistry 
reveal zfPanx1 immunoreactivity at membrane sites resembling gap 
junction–like structures between horizontal cells. Furthermore, we show that 
zfPanx1 forms voltage-activated hemichannels in transfected neuroblastoma 
2a (N2a) cells that can be opened at physiological membrane potentials, if 
the intracellular Ca-concentration is elevated. We show that such channels 
allow dye uptake under physiological conditions. Our results demonstrate 
that zfPanx1 is located in a strategic position in the photoreceptor synapse, 
where it could potentially be involved in modulation of the cone output.

Experimental procedures

Animals
Zebrafish were kept at 28 °C in aerated tanks filled with tap water circulating 
through a bacterial filter system. The fish were kept on a 12-h light/dark 
cycle (12 h ON/12 h OFF). Animal experiments were carried out according to 
the guidelines of the German Animal Protection Law in its present version 
(1998) and under the responsibility of the ethical committee of the Royal 
Netherlands Academy of Arts and Sciences acting in accordance with the 
European Communities Council Directive of 24 November 1986 (86/609/
EEC). All experiments including animals were kept to the necessary minimum.

Plasmid constructs and antibody preparation
Full-length zfPanx1 was obtained by PCR amplification (Zoidl et al., 2008). 
The PCR reaction was performed with the primer pair S1 (5′-gggatccatgg 
ctatagcgcacgcggccac-3′) and AS1 (5′-tggatcctcgatgaccctctggcggacagcc-3′) 
using Pfu-DNA polymerase (Promega Inc., Madison, WI, USA) and adult 
zebrafish retina cDNA as template. PCR products were ligated into the pJET1 
blunt end cloning vector (Fermentas GmbH, St. Leon-Rot, Germany). Six 
independent clones were sequence confirmed, aligned using the Vector 
NTI program (Invitrogen Corp., Carlsbad, CA, USA), compared to the 
original sequences reported by Strausberg et al. (2002) (GI: 28856207) and 
de Boer and van der Heyden (2005) (GI: BC048058). Finally, the sequence 
was deposited in GenBank (EU332874). The coding region was cloned into 
the expression vectors pECFP-N1, pEYFP-N1 or pIRES2-EGFP (Clontech 
Laboratories Inc., Mountain View, CA, USA). Expression of pECFP-N1- and 

Introduction

The role of gap junctions in neuronal communication and in synchronizing 
the activity within neuronal networks has been emphasized in recent years 
(Fukuda and Kosaka, 2000; Galarreta and Hestrin, 2001; Connors and Long, 
2004; Sohl et al. 2005). This is particularly important in the vertebrate retina. 
Beginning during development, gap junction communication seems to play a 
key role in the sharpening of central visual projections by synchronization of 
spontaneous electrical activity (Penn et al., 1994; Becker et al., 1998). In the 
adult retina, many neurons of the same or of different types are coupled by 
gap junctions (Vaney, 1991). For instance, in the outer retina, photoreceptors 
project to horizontal and bipolar cells. Horizontal cells themselves are 
strongly coupled by gap junctions (Kaneko, 1971), thus integrating their 
input spatially and sending back an inhibitory signal to the photoreceptors. 
This combined signal of the photoreceptors and horizontal cells converges 
upon bipolar cells forming the so-called center/surround organization.

The proteins making gap junctions are connexins, which can also form 
hemichannels. Such hemichannels are proposed to function in the 
photoreceptor synaptic complex, one of the most intricate synaptic 
arrangements found in the entire nervous system (Kamermans et al., 2001; 
Kamermans and Fahrenfort, 2004; Fahrenfort et al., 2005).

Recently a vertebrate protein family, pannexins, with a strong homology with 
innexins has been described (Panchin et al., 2000; Panchin, 2005). Innexins 
are the gap junction forming proteins in insects. Based on the homology, 
it was suggested that pannexins also might form gap junctions. Expression 
studies have shown that murine Panx1 and Panx2 are widely expressed in 
distinct neuronal populations in the nervous system including the retina, 
where they are thought to represent a novel class of electrical synapses (Ray 
et al., 2005; Vogt et al., 2005; Dvoriantchikova et al., 2006). Early observations 
showed that Panx1 was indeed capable of forming gap junction channels in a 
heterologous in vitro expression system (Bruzzone et al., 2003; Bruzzone et 
al., 2005). More recent findings, however, suggest that Panx1 may operate as 
a hemichannel instead of a gap junction channel (Bao et al., 2004a; Locovei 
et al., 2006a; Locovei et al., 2006b; Pelegrin and Surprenant, 2006; Pelegrin 
and Surprenant, 2007; Romanov et al., 2007; Zoidl et al., 2007).

In a first step toward a better understanding of the role of pannexins in the 
retina, we used a combination of cDNA library, genomic DNA library screening 
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Secondary antibodies were IRDye680 (1:15,000) and IRDye800 (1:20,000) 
coupled and Western blot detection was performed according to the standard 
conditions recommended for the Odyssey® Infrared Imaging System (LI-COR 
Biosciences, Lincoln, NE, USA).

Immunohistochemistry, immunoelectron microscopy and confocal 
microscopy
Eyes were isolated from cervically transected adult zebrafish and processed 
for immunohistochemistry and immunoelectron microscopy as described 
(Shields et al., 2007). Confocal image analysis was performed on transiently 
transfected N2a cells grown on glass coverslips. Images were taken 48 h after 
transfection using live cell recording conditions with cells maintained in a 
standard physiological extracellular solution composed of (in mM): 147 NaCl, 
10 Hepes, 13 glucose, 2 CaCl2, 1 MgCl2, and 2 KCl. Confocal image analysis 
was performed using the LSM 510 META system (Carl Zeiss MicroImaging 
GmbH, Cologne, Germany), equipped with argon and HeNe lasers, 40× (NA 
1.4) and 63× (NA 1.4) oil objectives, and the LSM 510 META software as 
described previously (Shields et al., 2007). Image processing was performed 
with ImageJ (Collins, 2007).

Dye uptake assay
Ethidium bromide (EtBr; AppliChem GmbH, Darmstadt, Germany) dye uptake 
was detected using the LSM 510 META confocal laser scanning microscope 
(Carl Zeiss) with a 40× (NA 1.6) oil objective. EtBr fluorescence was measured 
using the 543/595 nm excitation/emission lines. The images were recorded 
at 10 s intervals with 20 μM EtBr applied after 1 min. Maximal dye uptake was 
recorded at the end of each time course after application of 100 μM digitonin 
(Fluka Chemie AG, Buchs, Switzerland). All experiments were carried out at 
37 °C in triplicates. Recordings were started 10 min after replacing cell growth 
medium by standard physiological extracellular solution. A total of n>130 
cells were recorded for each condition. Fluorescence values after 5 min of 
stimulation were used for statistical analysis. The data were processed with 
the LSM 510 META (Carl Zeiss) and MS-Excel (Microsoft Corp., Redmond, 
WA, USA) software. Background values were subtracted and the average 
EtBr uptake signal of the zfPanx1 wild type was set to 100%. The averaged 
results are expressed as the means ± the standard deviation. The data were 
further analyzed using an unpaired Student’s t-test with a confidence limit 
for significance set at 0.05.

pEYFP-N1-zfPanx1 results in C-terminal-tagged fusion proteins. Expression of 
pIRES2-EGFP-zfPanx1 leads to co-expression of Panx1 and EGFP. The mutant 
plasmid pEYFP-zfPanx1 (N246K) lacking a conserved N-glycosylation site was 
generated because of the previous reports by Boassa et al. (2007) and Boassa 
et al. (2008) and Penuela et al. (2007) using site-directed mutagenesis as 
described earlier (Zoidl et al., 2002). The cytoplasmic loop domain (CL) of 
zfPanx1 was PCR cloned into pGEX6P2 and the zfPanx1 domain expressed 
as a GST fusion protein in the E. coli strain BL21 (GE Healthcare, Munich, 
Germany). A polyclonal Panx1 antibody was generated by immunization of 
chinchilla rabbits with recombinant fusion protein. The serum was affinity 
purified and tested as described previously (Shields et al., 2007; Zoidl et al., 
2007). Details about the polyclonal Cx55.5 antibody can be found in Shields 
et al. (2007).

Cell culture and transfection
N2a cells were maintained at 37 °C and 5% CO2 in D-MEM containing 4500 
mg/l d-glucose and l-glutamine (Invitrogen), supplemented with 5% fetal calf 
serum (Perbio Science Deutschland, Bonn, Germany), 1% l-glutamine (PAA, 
Laboratories GmbH, Pasching, Austria), 1% penicillin/streptomycin (PAA), 
1% non-essential amino acids (aa) (PAA) and 1% sodium pyruvate (PAA). 
Transient transfections were carried out using the Effectene®4 Transfection 
Reagent Kit (Qiagen GmbH, Hilden, Germany). For localization studies, 9000 
cells and for dye uptake assays 15,000 cells were seeded on glass bottom 
culture dishes (MatTek Corporation, Ashland, MA, USA). Plasmids (300 ng) 
were transfected and cells studied after 48 h.

Western blot analysis and cell surface biotinylation assay
For Western blot analysis of adult zebrafish tissues total protein extracts were 
isolated from freshly dissected tissue by direct homogenization in denaturing 
Laemmli buffer. Alternatively, whole cell lysates from transfected cells or 
cell surface membrane protein fractions were generated by biotinylation 
and isolation using the Pierce Cell Surface Protein Isolation Kit (Thermo 
Fisher Scientific, Waltham, MA, USA) as described previously (Boassa et al., 
2007) followed by Western blot analysis. Biotinylated bound proteins and 
unbound non-biotinylated proteins serving as controls were separated by 
10% SDS-PAGE, transferred to 0.2 μm nitrocellulose membrane (Protran 
BA83, Schleicher & Schüll BioScience, Dassel, Germany) and processed as 
previously described (Zoidl et al., 2007). Primary antibodies were diluted 
1:500 (Clontech) and 1:15,000 (anti-β-actin; Sigma-Aldrich Chemie GmbH, 
Munich, Germany). The primary anti-zfPanx1 antibody was used at 1 μg/ml. 
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Currents from single N2a cells were recorded in the voltage clamp mode, 
amplified and filtered at 5 kHz by an Axopatch 200 B amplifier (Axon 
Instruments, Molecular Devices, Sunnyvale, CA, USA). Data were digitized 
at 10 kHz sampling rate and displayed, stored and analyzed using WinWCP 
and WinEDR software (Strathclyde; Biologic, Knoxville, TN, USA). A 16 bit 
analog-to-digital converter (BNC 2110 connected to Ni-PCi 6229, National 
Instruments, Munich, Germany) was used to digitize the signals.

All measurements were corrected for junction potentials. Leak currents were 
not subtracted from the records. Physically isolated cells were used in all 
experiments to avoid interference of gap junctional coupling.

Excised patch recordings
For excised patch recordings, pipettes (OD, 1.5 mm; ID, 0.68 mm, code 7056; 
Hugo Sachs Electronik/Harvard Apparatus, March-Hugstetten, Germany) 
were pulled to a mean tip diameter 0.8–1.5 μM with an input resistance of 
10–15 MΩ in the previously described pipette and bath solution. Exclusively 
outside-out patches were used. All excised patch recordings were performed 
using a 10 GΩ head stage. Recorded signals were amplified and filtered at 
0.15 kHz by an Axopatch 200 B amplifier (Axon Instruments, Molecular 
Devices).

Single channel event data were analyzed and processed using WinEDR 
software (Strathclyde; Biologic). For data acquisition and all points 
histograms, current traces at the holding potential of +30 mV with durations 
of at least 140 ms were chosen. Traces were recorded three to five minutes 
after excision of the membrane fragment to avoid a potential mechanical 
stress induced pannexin channel opening. For each condition >five traces 
were recorded.

Statistical analysis of the electrophysiology-related experiments
Results are presented as the means ± the standard error of the means (SEM) of 
the specific number of recorded cells or membrane fragments. Comparisons 
between two populations of data were made using the Student’s paired 
t-test with a confidence limit for significance set at 0.05. When indicated 
an unpaired Mann–Whitney test or a uni-ANOVA analysis (SPSS 16.0) was 
applied.

Electrophysiology
Solutions and pharmacology for whole-cell patch clamp recordings in vitro. 
N2a cells were purchased and maintained in cell culture as recommended by 
the ATCC (LGC Promochem GmbH, Wesel, Germany). For electrophysiology 
3×104 N2a cells were seeded on 12 mm glass coverslips and transiently 
transfected using 400 ng plasmid DNA and the Effectene® transfection 
protocol (Qiagen). Cells were subjected to whole-cell patch clamp recordings 
48–72 h after transfection. Glass coverslips with adherent N2a cells were 
continuously superfused at RT with standard physiological extracellular 
solution. The solution was continuously gassed with carbogen (5% CO2/95% 
O2). The pipette solution was adopted (Pelegrin and Surprenant, 2007) 
and contained in mM: 147 NaCl; 10 Hepes, 3 MgCl2, and 10 EGTA. The pH 
was adjusted to pH 7.3 and the final solution filtered through 0.22 μm 
pores (Millipore Corp., Billerica, MA, USA). Two approaches were used for 
interfering with zfPanx1 channel function. zfPanx1-Associated currents 
were blocked with 4 μM carbenoxolone disodium salt (Cbx, Sigma-Aldrich). 
Alternatively, N2a cells were co-transfected with mutant zfPanx1-N246K.

When protocol 2 was used transfected N2a cells were superfused with Ringer 
buffer containing in mM: 102 NaCl, 2.6 KCl, 1 MgCl2, 28 NaHCO3, 5 glucose 
and 1 CaCl2 (all Sigma-Aldrich, except for glucose, which was obtained from 
Merck, Darmstadt, Germany). zfPanx1 Channels were blocked with 100 μM 
Cbx. The pipette solution contained in mM: 125 K-gluconate, 10 KCl, 0.5 
CaCl2, 0.5 MgCl2, 0.4 EGTA, 10 Na-Hepes, adjusted to pH 7.2 with KOH. These 
concentrations bring the free calcium concentration in the cell to ~100 μM, 
which was calculated with WEBMAXCLITE v1.15maxchelator (http://www.
stanford.edu/~cpatton/webmaxc/ping.htm).

Whole-cell patch clamp recordings in vitro
Whole-cell patch clamp recordings from N2a cells were performed in 
a recording chamber (volume: 1 ml) mounted on a fixed stage upright 
microscope (Zeiss Axioscope I; Carl Zeiss AG, Göttingen, Germany). Cells were 
visualized with a 40× long-distance objective, using differential interference 
microscopy (Dodt and Zieglgansberger, 1998) and fluorescence microscopy. 
EGFP-transfected N2a cells served as controls.

Patch pipettes were pulled from glass capillaries (code 7056; Hugo Sachs 
Electronik/Harvard Apparatus, March-Hugstetten, Germany) with a vertical 
puller (PIP5; HEKA, Lambrecht, Germany). When pipettes were filled, the 
input resistance of the pipettes for whole-cell recordings was 5–8 MΩ. 
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The ORF identified encodes a protein of 417 aa with a calculated molecular 
weight of 47.1 kDa (NP_957210.1). The zfPanx1 protein follows the general 
structure of other Panx1 orthologs previously reported from human (Baranova 
et al., 2004), mouse or rat (Bruzzone et al., 2003), with four highly conserved 
transmembrane domains and two cysteine residues found in each of the 
two predicted extracellular loops (Figure 1C). In addition, we identified a 
conserved sequence motif at aa position 246 (Supplementary Table 1). It has 
been demonstrated that this sequence motif is modified by N-glycosylation 
in rodent Panx1 (Boassa et al., 2007; Boassa et al., 2008; Penuela et al., 2007). 
Analysis for potential phosphorylation motifs and a cross-species comparison 
with mouse and human Panx1 revealed sites for several kinases known to 
be expressed in the retina (CKII, cdc2, PKA, PKC, PKG and p38MAPK; Blom 
et al., 2004) suggesting that this protein might undergo posttranslational 
modification by glycosylation and phosphorylation (Supplementary Table 1). 

Sequence analysis
All sequences obtained by retrieval from the NCBI (https://c30stycq92lcipkec9-
59ss.sec.amc.nl/) or ENSEMBL (http://www.ensembl.org/index.html) 
databases were directly processed using the Vector NTI software (Invitrogen). 
Sequences deriving from the on campus sequencing core facility (Molecular 
Neurochemistry, RUB, Germany) were processed with Sequence Scanner 1.0 
(Applied Biosystems, Foster City, CA, USA) prior to analysis with Vector NTI 
software. The same program was used for all sequence analyses, alignments, 
and phylogenetic tree calculations. BLAST analysis (BLASTN, BLASTP) was 
performed using the NCBI or ENSEMBL gateway. Sequence submission to 
the NCBI GenBank was performed using the BankIt gateway (http://www.
ncbi.nlm.nih.gov/BankIt). Some of the primary sequence analyses were 
performed using the software tools implemented on the ExPASy website 
(http://www.expasy.org/).

Results

Cloning of the zfPanx1 gene
A survey of public genome databases led to the discovery of three annotated 
zfPanx1-like sequences. These sequences were predicted to derive from two 
distinct chromosomal localizations on zebrafish chromosomes (chr) 5 and chr 
15. Initial attempts to clone the two candidate open reading frames (ORF) 
predicted for chr 5 encoding for proteins of 402 aa (ENSDART00000016625) 
and 419 aa (ENSDART00000097738) size using a PCR-based cloning technique 
failed as did RT-PCR based expression analysis using a panel of cDNAs from 
adult zebrafish tissues (data not shown). Next, we focused on another ORF 
predicted for chr 15 (ENSDARG00000025285). The predicted zfPanx1 gene 
locus on chr 15 is localized at the nucleotide position 1,872,909–1,886,051 
of this chr and predicted to encode a transcript of 1254 nt encompassing six 
exons (Figure 1A). In initial experiments, we were able to show the expression 
of this mRNA in a wide variety of adult zebrafish tissues including retina and 
brain using quantitative real time PCR technology (Zoidl et al., 2008). Next, 
we cloned the full-length coding region for further investigations. Using 
conventional RT-PCR technology, we obtained several amplicons including 
one of the predicted size of ~1.2 kbp from retina and brain (Figure 1B). This 
amplification product was subcloned, sequenced and finally deposited in 
GenBank. The sequence analysis showed that this mRNA is almost identical 
(99.9%) to the originally reported zebrafish Panx1 sequences now termed 
zgc:55631 by the ZFIN Organisation (http://ZFIN.org).

Figure 1 Cloning and primary sequence analysis of zfPanx1. (A) The zfPanx1 gene is predicted 
to be localized on chr 15. The mRNA is expressed from six exons (exon size in nt below the 
graphic) spanning a region of ~12 MBp (intron size in nt above the graphic). The position 
of the primer pair used to amplify the entire protein coding region is indicated by arrows. 
(B) Amplicons generated by RT-PCR using cDNAs from retina or brain. The position of the 
full-length zfPanx1 protein coding region isolated, subsequently subcloned and finally 
deposited in GenBank (EU332874) is indicated by an arrow. Note the presence of several 
shorter amplicons indicating potential splice variants. The most prominent amplicon was 
indicated by an arrow. (C) Cartoon of the zfPanx1 protein. The following predicted positions 
are highlighted: conserved transmembrane domains (black boxes) and cysteine pairs in 
the first and second extracellular domain (marked C), the N-glycosylation motif (N-glyc), 
and potential phosphorylation sites (marked P; see Suppl. Table 1). Below the graphic the 
predicted relative positions of class III-PDZ domains are shown as black rectangles. Note 
that the cartoon is not drawn to scale.
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Alignment of zfPanx1 with Panx1 sequences of higher vertebrate species 
indicated a substantial degree of aa conservation in particular within the 
transmembrane domains (Supplementary Figure 1A). The most variable 
regions were found in the CL and the carboxy-terminal (CT) domains, similar 
to divergence among connexins. A phylogenetic tree analysis revealed that 
zfPanx1 was most comparable to fish orthologs with the best score found 
to the Panx1 of the Japanese medaka Oryzias latipes, a small Asian ricefish. 
The evolutionary distance to members of other vertebrate phyla was more 
pronounced with less significant homologies found to zfPanx2 and zfPanx3 
(Supplementary Figure 1B).

zfPanx1 Protein expression in vitro and in vivo
The predicted CL region of zfPanx1 (aa 127–204) was selected to generate 
a polyclonal antibody using a GST-fusion protein expressed in a bacterial 
host. The specificity of the IgG-purified antibody was documented using 
transiently transfected N2a cells overexpressing zfPanx1 fused to the 
enhanced cyan fluorescent protein (ECFP; Figure 2A). The fusion protein 
was detected by Western blot analysis in transfected cells as confirmed by a 
second immunoreaction using a commercial antibody specific for the ECFP 
tag. Bands with molecular weights in the range of 70–90 kDa were observed 
(arrows). The low molecular weight band is the zfPanx1-ECFP protein of 76 
kDa. Two bands of higher molecular weight represent glycosylated forms of 
zfPanx1-ECFP due to a conserved N-glycosylation motif (VNDSSV) (Nilsson 
and von Heijne, 2000) found in zfPanx1 at aa position 245–250. The motif 
and aa 246 correspond to the N-glycosylation motif originally identified in 
rat Panx1 at position 254 (Boassa et al., 2007). No immunoreactivity was 
observed in mock-transfected control cells. Endogenous mouse Panx1 
expression in N2a cells was not detected by the zfPanx1-Ab. antibody, most 
likely due to a lack of cross-reactivity and/or a low endogenous protein 
expression levels (Supplementary Figure 2).

In addition, we searched for sequence motifs indicative for proteins localized 
at or within the postsynaptic density due to our previous report on the 
postsynaptic localization of murine Panx1 (Zoidl et al., 2007). This analysis 
indicated the presence of several class III PDZ domains strictly located in 
protein domains predicted to face the cytoplasmic compartment (Figure 1C). 
A summary of the localization of predicted class III PDZ motifs is given in 
Supplementary Table 1.

Summary of predicted protein modification sites for zfPanx1 using ELM or NetPhospho.

Supplementary table 1

motif localization sequence program 

N-glyc 246 NDSS
class 3 PDZ 8 TEYV ELM

13 ADFV ELM

139 MEEL ELM

300 FEML ELM

316 WDDL ELM

342 EENL ELM

367 TDVV ELM
PKC 22 S NetPhospho

158 thr NetPhospho

179 thr NetPhospho

181 S NetPhospho

194 thr NetPhospho

361 thr NetPhospho
CKII 132 S NetPhospho

352 S NetPhospho

389 thr NetPhospho
PKA 198 S NetPhospho

293 Thr NetPhospho
cdc2 145 S NetPhospho
p38MAPK 164 Thr NetPhospho
PKG 382 S NetPhospho
EGFR 10 S NetPhospho

uuSupplementary figure 1 
Sequence alignment and phylogentic analysis of zfPanx1. (A) Sequence alignment of zfPanx1 
and three higher vertebrate Panx1 proteins. The alignment was performed using the AlignX 
software (Vector NTI), a BLOSUM62 alignment matrix and default settings.  Colors indicate 
regions of amino acid identity (yellow) and conservative exchange (blue). The consensus 
sequence is shown below the alignment. (B) Phylogentic tree of Panx1 protein sequences 
from major classes of the phyla chordate using the AlignX software. The guide tree is calcu-
lated from an alignment of all sequences using the Neighbor Joining (NJ) method (Hollich et 
al., 2005). The human Panx2 and Panx3 protein sequences were included in the analysis in 
order to demonstrate the evolutionary distance to Panx1. Note that higher values indicate 
less homology.
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Supplementary figure 2
Analysis of endogenous Panx1 mRNA and protein 
expression in N2a cells. Expression of endogenous 
Panx1 mRNA and protein war determined by qRT-PCR 
and western blot as described before (Ray et al. 2005, 
Zoidl et al., 2007). Note that Panx1 mRNA expression 
was detectable at levels indistinguishable from adult 
brain (ratio: 1.4 + 0.3). For western blot analysis 
total protein lysates (15µg) of N2a cells without, 
transfected with untagged mouse Panx1 (Bunse et al., 
2009, submitted), or brain tissue were separated by 
10% SDS-PAGE and treated with the chicken Panx1-
Ab previously described and kindly provided by Dr. 
G. Dahl (Miami; USA), and a monoclonal anti-ß-actin 
antibody (1:20.000) as primary antibodies. In contrast 
to the qRT-PCR analysis, the Panx1 protein was 
detectable only after transfection and at substantially 
lower levels in the adult brain.

Supplementary figure 3
zfPanx1 is not significantly N-glycosylated in vivo. N-glycosylation of the zfPanx1 protein was 
determined in N2a cells transfected with the untagged zfPanx1 expression vector pIRES2-
zfPanx1-EGFP and in adult zebrafish brain and retina. N2a cells transfected with the pEYFP-
zfPanx1 expression vector served as positive control. Protein lysates were isolated from cells 
or tissue and 15µg protein treated with 100U recombinant N-glycosidase F as recommended 
by the manufacturer (Roche). Treated samples (+), samples omitting the enzyme (-) and 
samples solubilized directly in denaturing Laemmli buffer were separated by 10% SDS-PAGE 
and subjected to western blot analysis using the  polyclonal zfPanx1-Ab (1µg/ml IgG), and 
monoclonal anti-ß-actin antibody (1:20.000) as primary antibodies. IRDye680 anti rabbit 
IgG (1:15.000; red) and IRDye800CW -anti mouse IgG (1:20.000; green) served as detection 
antibodies using the LICOR Detection System as readout system.    
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To obtain insight into the general distribution of zfPanx1 we applied the 
antibody to Western blot analyses of zebrafish tissues (Figure 2B). Protein 
expression was detectable in retina, brain and spinal cord, whereas the 
levels in spleen and kidney only became visible, when the detection gain 
was increased. In tissues, we never observed the complex protein pattern 
in Western blots as described for in vitro analyses of primary cell cultures 

and cell lines. Deglycosylation assays suggest that the antibody applied 
primarily detects non-glycosylated zfPanx1 in vivo (Supplementary Figure 3). 
With respect to the steady state mRNA expression levels reported previously 
(Zoidl et al., 2008) our results confirmed mRNA and protein expression in 
neuronal tissues.

The cellular localization of zfPanx1 was analyzed in transiently transfected 
N2a cells overexpressing ECFP and/or EYFP tagged variants of zfPanx1. Cells 
expressing the zfPanx1 wild type protein showed a characteristic lining of 
the cell surface (Figure 3A; WT), which was distinct from the focal or patchy 
appearance of connexin proteins expressed under similar conditions (data 
not shown). It was evident that expression of the wild type protein did 
not promote focal gap junction plaque like assemblies, a finding in favor 
of the hypothesis that zfPanx1 might preferentially form hemichannels. 
Despite the forced expression, hardly any wild type protein was retained 
in the cytoplasmic compartments as shown by the line scan analysis of a 
representative region (Figure 3B, WT).

The mutant pannexin protein zfPanx1-N246K carrying an aa substitution 
in the predicted N-glycoslyation site at aa 246 (see Supplementary Table 
1) showed a fluorescence distribution distinct from the wild type protein. 
Although some protein seemed to appear at the cell surface (Figure 3A; inset, 
and Figure 3B, N246K), most of the protein was retained in the cytoplasmic 
compartment suggesting that the protein is not effectively transported or 
inserted into the membrane. This result is consistent with the reports of 
Boassa et al. (2007) and Boassa et al. (2008).

Double transfection of the wild type and mutant protein confirmed 
overlapping fluorescence in the cell membrane demonstrating that under 
these conditions both proteins can reach the cell membrane. Higher 
resolution images (inset) and a representative protein distribution profile 
demonstrated a significant difference to wild type transfection alone. Here, 
wild type protein (in green) in combination with the mutant protein (in 
red) appeared partially retained in the cytoplasm directly below the cell 
surface (Figure 3B, WT+N246K). In contrast, more mutant protein seemed 
to reach the cell surface. This distribution suggested that the wild type 
protein interacted with the mutant protein before both proteins reached the 
cell surface and that this interaction could reduce the density of wild type 
channels in the cell membrane.

Figure 2 Primary characterization of the zfPanx1 specific antibody Panx1-Ab. (A) Western 
blot analysis of transiently transfected N2a cells overexpressing zfPanx1-ECFP fusion 
proteins. Crude protein lysates were obtained 48 h after transfection and 10 μg total protein 
separated by 10% SDS-PAGE. The arrows indicate the positions of the zfPanx1-ECFP fusion 
isoforms. The nomenclature (GLY0-2) defined by Boassa et al. (2007) was used to indicate 
protein isoforms. No signal was obtained when cells were mock transfected. (B) Western 
blot analysis of protein extracts prepared from freshly dissected tissues of adult zebrafish. 
Crude protein lysates (20 μg) were separated by 10% SDS-PAGE Abundant expression 
of the ~47 kDa zfPanx1 protein was restricted to brain, retina and spinal cord, whereas 
protein levels in spleen and kidney were reduced. Immunodetection was performed using 
polyclonal Panx1-Ab. (1 μg/ml IgG), Living Colors Antibody (1 μg/ml) and monoclonal anti-β-
actin antibody (1:20,000) as primary antibodies and IRDye680 antirabbit IgG (1:15,000; red) 
and IRDye800CW-anti mouse IgG (1:20,000; green) as detection antibodies using the Licor 
System as readout system. In this experiment, simultaneous immunodetection with β-actin 
served as control for equal protein loading.
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The results presented so far suggested that at least a fraction of the mutant 
protein was inserted in the membrane (Figure 3A, B). This observation 
was analyzed in more detail by Western blot analysis of protein lysates of 
single transfected cells. The temporal expression pattern was investigated 
to reveal the time point of maximum expression, a condition needed for 
the functional studies described below. As shown above (Figure 3A), the 
characteristic staining pattern of the zfPanx1 wild type protein was found 
with the glycosylated isoforms GLY1 and GLY2 most abundant. The mutant 
protein zfPanx1-N246K displayed the increased protein mobility indicative 
for an unmodified protein backbone (GLY0; Figure 3C). No bands of GLY1 
and GLY2 were found confirming that N-glycosylation did not occur in the 
mutant. The time course of expression of zfPanx1-N246K was comparable 
to the wild type protein demonstrating that both proteins were efficiently 
translated.

We extended the membrane localization studies by applying a biotinylation 
assay and subsequent pull-down (Ding et al., 2005). This procedure 
preferentially labels proteins accessible from the extracellular site. Both 
wild type and zfPanx1-N246K proteins were identified in the biotinylated 
membrane fractions. This is consistent with the localization of the 
fluorescently tagged proteins (Figure 3). In double transfected cells, both 
proteins (wild type and N246K) were pulled down simultaneously. The lack of 
enrichment of cytoplasmic EYFP in the bound protein fraction confirmed that 
membrane proteins were successfully enriched by the procedure (Figure 3D). 
In summary, the protein localization and expression analysis demonstrated 
that wild type and mutant proteins are translated efficiently with a similar 
time course and both proteins are inserted into the cell membrane. However, 
the mutated Panx1 seems to do so with a lower efficiency.

zfPanx1 Localization in the outer retina
The localization of zfPanx1 in the outer retina was examined using 
immunohistochemistry and confocal laser scanning microscopy as previously 
reported for connexins Cx55.5 and Cx52.6 (Shields et al., 2007). zfPanx1 
Immunoreactivity was found in a band-like pattern in the distal part of the 
zebrafish outer plexiform layer (OPL) suggestive for horizontal cell dendrites 
(Figure 4A). Occasionally, this labeling had a horseshoe shape. A faint 
punctate labeling was found more proximal, suggesting additional labeling 
on the horizontal somata (Figure 4B). To prove the cell identity, a series of 
double labeling experiments was performed using antibodies against marker 
proteins indicative for ON bipolar cells (PKCα), interplexiform cells (TH; 
tyrosine hydroxylase) and horizontal cells (GluR2).

Figure 3 Subcellular localization of zfPanx1 and the mutant zfPanx1-N264K in N2a cells. (A) 
Transient transfections of pEYFP-zfPanx1 (WT), pEYFP-zfPanx1 N246K (N264K), or pECFP-
zfPanx1 and pEYFP-zfPanx1 N264K in N2a cells. Protein-derived fluorescence was analyzed 
48 h after transfection using confocal laser scanning microscopy. Insets highlight the 
subcellular distribution of wild type and mutant protein in single- and double-transfected 
cells (ratio: 50:50) Scale bars = 50 μm, 5 μm in A. (B) Histograms of the fluorescence profiles 
of WT or N246K were plotted along the lines drawn in the insets (A) using ImageJ software. 
Arrows indicate the position of cell contacts. In double-transfected N2a cells, wild type and 
N246K are presented in black and gray lines. (C) Western blot analysis of total protein lysates 
obtained from single-transfected cells after 24–72 h. Equal amounts of protein (20 μg) were 
separated by 10% SDS-PAGE and zfPanx1, zfPanx1-N264K and β-actin immunodetected as 
described above (see Fig. 2). The nomenclature (GLY0-2) defined by Boassa et al. (2007) 
was used to indicate isoforms. (D) Fractionated total protein extracts after cell surface 
biotinylation were analyzed by Western blot. Proteins binding to the avidin agarose matrix 
represent the biotinylated bound fraction (B). The unbound protein fraction is indicated as 
(U). Transfected cells expressing the soluble, non-membrane bound EYFP protein served as 
control to monitor accessibility of soluble proteins to the labeling reagent. As shown, both 
wild type and mutant proteins were found in the bound pull down fraction indicating that 
a lack of glycosylation does not fully prevent insertion into the cell membrane. Detection 
antibodies in C and D were the Living Colors Antibody and the monoclonal anti-β-actin 
antibody applied as described above.
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No co-localization with PKCα could be observed (Figure 4B, green), 
demonstrating that zfPanx1 immunoreactivity is not present in ON bipolar 
cells. Similar results were found for TH, which labels somata of interplexiform 
cells and synapses of interplexiform cells on horizontal cell somata. The 
absence of co-localization indicates that the interplexiform cells do not 
express zfPanx1 (Figure 4C). GluR2 is expressed on horizontal cell dendrites 
known to deeply penetrate into the photoreceptor synaptic terminals 
(Klooster et al., 2001) often exhibiting a horseshoe-like appearance. Thus, 
the shape appearance, described above, of the zfPanx1 labeling suggests 
labeling of horizontal cell dendrites. In a tilted section of the zebrafish OPL, 
this was confirmed. GluR2 immunoreactivity was strongly associated but 
not completely overlapping with zfPanx1 immunoreactivity (Figure 4D). 
These results suggest that zfPanx1 is abundantly present on horizontal cell 
dendrites and weakly present on horizontal cell somata.

To determine the subcellular localization of the Panx1 immunoreactivity, an 
ultrastructural analysis was performed. The main characteristic feature of 
the cone synaptic terminal is the so-called triad. A triad is a characteristic 
arrangement of processes around the sr. In fish retina, the two lateral 
elements are dendrites of a horizontal cell, whereas the central element can 
either be a horizontal or a bipolar cell dendrite (Stell et al., 1977). During 
light adaptation, horizontal cell dendrites form spinules (Wagner, 1980), 
which are withdrawn during dark adaptation. In our experiments, zfPanx1 
immunoreactivity was found at the ultrastructural level in large profiles 
(Figure 5A). These profiles are most likely horizontal cell dendrites. The 
zfPanx1 immunoreactivity was rarely found in a lateral element directly 
facing the sr (Figure 5B). Immunoreactivity in spinules (stars) was rarely 
observed. Small profiles, most likely bipolar cell dendrites, did not express 
zfPanx1 immunoreactivity. At sites of zfPanx1 labeling in the cone synaptic 
complex, no signs of gap junctions could be found. Furthermore, no labeling 
was found of processes invaginating the rod synaptic terminals. The confocal 
and ultrastructural analysis showed that zfPanx1 immunoreactivity was 
localized in the horizontal cell dendrites (Figure 5A, B). For comparison, the 
typical localization of zfCx55.5, which forms hemichannels at the tips of the 
horizontal cell dendrites, is given in Figure 5C. zfCx55.5 hemichannels seem 
to be located more distal compared to the Panx1 transmembrane channels.

Figure 4 Localization of zfPanx1 in the OPL. (A) zfPanx1 Immunoreactivity in the outer retina 
of zebrafish. Note the dome-like structures of Panx1-IR in the OPL (arrows). Blue staining 
indicates DAPI-stained cell nuclei. Scale bar=20 μm. (B) Double labeling of zfPanx1 (red) and 
PKCα (green). PKCα labels ON-bipolar cells. No co-localization of zfPanx1-IR and PKCα can 
be found in the OPL. Scale bar=10 μm. (C) Double labeling of zfPanx1 and TH. TH is a marker 
for the interplexiform cells. Note that there is strong TH-IR surrounding the horizontal cells. 
These represent synapses of the interplexiform cells on horizontal cells. Scale bar=10 μm. 
(D) Confocal micrograph of double labeling of zfPanx1 with GluR2. The invaginating tips of 
the horizontal cells in the zebrafish retina express GluR2-IR near the sr. No co-localization 
with zfPanx1 could be observed, suggesting that the Panx1-IR is located on horizontal cells 
dendrites but at a certain distance of the sr. Scale bar=5 μm.
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Very rarely zfPanx1 immunoreactivity in the OPL (Figure 5D, E) was 
observed in structures resembling gap junctions (Figure 5G). In all cases the 
membranes interacted closely over long distances, with a limited amount 
of electron dense material associated, setting these structures apart from 
desmosomes characterized by abundant electron dense deposits or tight 
junctions characterized by spot-like membrane contacts. For comparison an 
electron micrograph of a Cx55.5-labeled gap junction is given in Figure 5F. 
The general appearance of the labeled structures in Figure 5D–F is similar. 
However, the density of the Panx1 labeling is lower than that of the Cx55.5 
labeling, suggesting that Panx1 is only sparsely present in these structures. 
The occurrence of Panx1 in gap junction–like structures is very rare. A total of 
five labeled horizontal cell gap junctions were found in 50 sections analyzed. 
In comparison Cx55.5 immunoreactivity was found in all gap junctions 
between horizontal cells. On average up to 100 structures were found on a 
single section. These results indicate that zfPanx1 is prominently present as a 
hemichannel in the horizontal cell dendrites invaginating the cone pedicles, 
and very rarely forming a gap junction–like structure between horizontal 
cells.

The zfPanx1-N246K mutation impairs dye uptake
zfPanx1 Is likely to form hemichannels in N2a cells. To determine whether 
these hemichannels were open we performed a dye-uptake study under 
standard physiological conditions (Figure 6). Application of 20 μM EtBr in the 
extracellular solution leads to intracellular dye accumulation within minutes 
in cells expressing the wild type protein (Figure 6A). In cells expressing EYFP 
only, the uptake of EtBr was reduced. Uptake could be blocked by PEG1500 
(data not shown), which has previously been recognized as an unspecific 
blocker of connexin- and pannexin-based hemichannels (Wang et al., 2007). 
These results suggest that zfPanx1 forms hemichannels in N2a cells that 
allow for EtBr uptake. Next, we tested whether the mutation of the putative 
N-glycosylation site affected the hemichannel function (see Figure 3A, B, 
D). Figure 6A shows that cells expressing only the mutated Panx1 protein 
(N246K) show an EtBr uptake similar to that of the EYFP expressing cells. 
Dye uptake was reduced, with respect to the WT when wild type and mutant 
proteins were co-expressed using two different ratios. The statistical analysis 
of >130 cells per condition in three independent experiments confirmed this 
observation and demonstrated that zfPanx1 expression led to a significant 
increase in dye uptake when compared to EYFP-transfected controls (P<0.001) 
( Figure 6B). Dye uptake of the zfPanx1 N246K mutant was significantly less 
than WT (P<0.001). Double transfection experiments show that the dye 

Figurer 5 Ultrastructural localization of zfPanx1 in the OPL. (A) Electron micrograph showing 
zfPanx1-IR in the horizontal cell dendrites, which innervate the cone pedicle. Note that not 
all horizontal cell dendrites have zfPanx1-IR. Immunoreactivity in spinules (stars) was rarely 
observed. (B) Higher magnification image of a cone pedicle. At this higher magnification 
it is clear that the zfPanx1-IR is often located at a certain distance from the sr. (C) Typical 
distribution of Cx55.5-IR in horizontal cell dendrites. (D, E) Electron micrograph of three 
structures resembling gap junction–like properties between horizontal cells showing 
zfPanx1-IR. The labeled gap junctions are located in the neuropil of the OPL of the zebrafish 
retina. (F) Cx55.5-IR gap junction between horizontal cells with characteristic abundant 
labeling. (G) Unlabeled gap junction demonstrating the typical appearance of gap junctions 
between horizontal cells. Scale bars=500 nm (A–D). Scale bars=200 nm (E–G).



76 77

Chapter 3

76 77

Pannexin 1 in the outer retina

uptake reduces with decreasing amounts of wild type zfPanx1 expression 
(correlation coefficient: 0.99), a result not in favor of a dominant negative 
activity of zfPanx1-N246K, but suggestive for a reduced conductance of the 
mutated Panx1 hemichannels.

Figure 6 zfPanx1-N246K expression 
suppresses dye uptake through 
zfPanx1. (A) Dye uptake was monitored 
after application of 20 μM EtBr in 10 s 
intervals. Impairment of dye uptake was 
apparent when wild type and zfPanx1-
N246K mutant were transfected at 
equimolar ratios (50:50) or increased 
to a ratio of 30% wild type and 70% 
N246K. The graphs represent the 
mean fluorescence of n>130 cells for 
each condition in three independent 
experiments. (B) Statistical analysis of 
A revealing a non-linear relationship 
between dye uptake capacity and 
wild type to mutant expression ratios 
(R2=0.98).

zfPanx1 Acts as a voltage gated non-selective ion channel
zfPanx1 hemichannel properties were further analyzed in transiently 
transfected N2a cells overexpressing an ECFP or EYFP tagged variant of 
zfPanx1. We compared three groups of N2a cells: Group I was N2a cells after 
transient transfection with the zfPanx1 expression vector (n=34). Group II 
was N2a cells expressing mutant N246K (n=26). Group III represented the 
control group, which had been transfected with EYFP only (n=28). N2a cells 
of all three groups were subjected to the identical voltage clamp protocol 
in whole-cell patch clamp recordings with 500 ms voltage ramps starting at 
−100 mV and ending at +80 mV ( Figure 7A, inset).

Figure 7 Voltage dependent current response of zfPanx1. (A–C) The current response 
properties of differentially transfected N2a cells in whole-cell voltage clamp recordings in 
vitro. Cells were repeatedly presented with depolarizing voltage ramps as indicated in the 
inset in A: starting and ending at −30 mV holding potential, depolarization from −100 mV to 
+80 mV (duration: 500 ms, repetition rate 2/min). (A) WT overexpressing N2a cells exhibit a 
large voltage dependent current response with an onset threshold of 10.01±9.13 mV in the 
given external solution (−Cbx). As the grey trace in A indicates, this current could be blocked 
by 4 μM of the unspecific gap junction blocker Cbx (+Cbx). This is in contrast to the membrane 
currents being evoked in the glycosylation deficient mutant correlate zfPanx1-N246K (B) or 
EYFP transfected controls (C). (B, C) Cbx application induced only minor changes   ww
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zfPanx1-associated currents were reduced when more zfPanx1-N246K 
mutant was expressed ( Figure 7E). Starting from a WT to mutant expression 
ratio of 30:70, a highly significant reduction (P<0.001; n=6) in the transfectant 
mean current amplitudes at +80 mV depolarization was found compared to 
Group I. Similar observations were made for N246K-transfected N2a cells 
and EYFP controls (N246K: P<0.005; n=26; EYFP: P<0.005; n=30). In contrast, 
the mean currents of 30:70 expressing cells did not differ significantly when 
compared to N246K only or EYFP expressing cells (P>0.05).

The zfPanx1 channel is characterized by a large single channel 
conductance
To determine whether the zfPanx1 hemichannel had similar characteristics 
compared to the mouse- or human-derived isoforms, we performed excised 
outside-out patch recordings. Recording pipettes with input resistances 
between 10 and 15 MΩ were used to receive small membrane fragments 
to obtain as few channels as possible. Outside-out recordings from zfPanx1 
overexpressing N2a cell membrane fragments (Figure 8A) revealed strong 
similarities in single channel events and conductance when compared to the 
recent descriptions of the human Panx1 isoform (Bao et al., 2004a). Frequent 
channel openings could be observed at a holding potential of +30 mV. In the 
fully open state, the single channel conductance was 370±28 pS (n=5).

The mean unitary conductance of zfPanx1-N246K-transfected cells was 
430±52 pS (n=8) and 424±71 pS (n=7) in EYFP-transfected controls. These 
values are consistent with the higher unitary conductance of the endogenous 
mouse Panx1 channels. The single channel opening properties of zfPanx1-
N246K ( Figure 8B) or EYFP-transfected control cells ( Figure 8C) differ from 
the WT the mean open time at +30 mV holding potential of zfPanx1-N246K 
(topen=30±4 ms (n=8)) and EYFP controls (topen=33±5 ms (n=7) (P>>0.05)) were 
significantly shorter than the zfPanx1 WT (topen=70±18 ms (n=5) (P<0.005)). 
The less frequent opening in the zfPanx1-N24K and EYFP controls reflects the 
low abundance of endogenous mouse Panx1 in N2a cells.

The zfPanx1-N246K mutant to WT ratio of 50:50 was introduced (Figure 8D) 
in order to clarify putative effects of heteromeric channel formation. No 
significant differences were detected in terms of the unitary conductance 
(P>0.05) when patches from zfPanx1 WT-transfected cells were compared 
to those of cells double transfected with WT and the N246K mutant (ratio 
50:50). The mean open times of the 50:50 condition were lower but did not 
differ significantly from the WT (topen=54±8 (n=7); P>0.05). Furthermore, the 

vv in the overall small and more linear-shaped current responses. This is also reflected by 
Cbx-induced block of the total current amplitudes at +80 mV holding potential in D. While 
Cbx reduced WT total current amplitudes in a strongly significant manner (P<0.005), those 
of the zfPanx1-N246K mutant and the EYFP-only controls remained unaffected. (E) The 
mean membrane current of N2a cells following cotransfections with different WT to mutant 
ratios. The data are presented as the percentage of WT only expressing cells. At a 30:70 ratio 
of WT to zfPanx1-N246K expression, mean membrane current amplitudes being evoked in 
N2a cells at +80 mV were initially decreased in a highly significant manner (P<0.0005). The 
N246K only and EYFP expressing groups were both subject to strongly significant current 
amplitude reductions (N246K and EYFP; P<0.005). No difference was found, comparing the 
group of a 30:70 expression ratio to those of N246K only or EYFP only controls (P>0.05).

In Group I, the voltage ramps applied evoked large exponentially increasing 
currents at positive potentials in zfPanx1 overexpressing N2a cells (Figure 
7A). The threshold for the onset of voltage-gated zfPanx1 associated currents 
was >0 mV (n=34). The reversal potential of the Cbx-blocked current was 
−1.14±6.77 mV (n=12), consistent with the notion that Panx1 hemichannels 
are non-specific channels with a reversal potential close to 0 mV. Currents 
observed in transfected cells could be blocked with 4 μM Cbx, a general 
pannexin blocker (Bruzzone et al., 2005).

In contrast to the cells in Group I, cells in Groups II and III exhibited a more 
linear voltage–current relation (Figure 7B, C), suggesting that the voltage-
gated activity seen in the Group I cells was due to the expression of zfPanx1. 
The small Cbx sensitive current response in vector only transfected cells 
(black trace in Figure 7C) is assumed to be mediated by low amounts of 
endogenous mouse Panx1 expressed in N2a cells. Cells of Group I showed 
significantly larger total current amplitudes (0.48±0.03 nA; n=34) at +80 
mV holding potential compared to Group II (0.20±0.04 nA; n=26) (P<0.005) 
and Group III (0.26±0.02 nA; n=28) (P<0.005). Cells in Group II and Group 
III did not differ from each other in their total current amplitudes (P>0.05) 
(also compare to Figure 7E). Additional evidence for the absence of zfPanx1-
mediated currents in the Group II and III cells came from the finding that 
Cbx did not block a current in these groups in a statistically significant way as 
indicated in Figure 7B–D. The depolarization-evoked total current amplitudes 
at +80 mV holding potential (Figure 7D) could be successfully blocked in 
Group I cells by application of 4 μM Cbx from 0.39±0.04 to 0.15±0.01 nA in 
a highly significant manner (P<0.005; n=26). Cells of Group II (0.25±0.04 nA 
before; 0.22±0.04 nA after pharmacology; n=10) and Group III (0.23±0.03 nA 
before; 0.22±0.04 nA after pharmacology; n=15) did not show any significant 
amplitude reductions (P>0.05). Co-expression of wild type and zfPanx1-
N264K mutant led to a similar conclusion as for the dye uptake experiments. 
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50:50 expressing N2a cells open significantly longer than EYFP or zfPanx1-
N246K-transfected correlates (P<0.005). In summary, this result strongly 
suggests that no heteromeric channels are formed with the N246K mutant 
and that only the WT contributes to channel formation. The channel opening 
probabilities of the samples shown in Figure 8A–D were further analyzed 
in all points histograms of the full 140 s recording traces as presented in 
Figure 8E. In EYFP controls and the zfPanx1-N246K mutant, the closed and 
full open channel states are visible. Upon transfection of the zfPanx1 WT 
alone or in combination with the mutant, the zfPanx1 full open state and 
an additional characteristic intermediate conductance state (arrowheads) 
become detectable aside of the high conductance state at ~11.5 pA of the 
endogenous mouse Panx1 channel.

zfPanx1 hemichannels open at physiological membrane potentials
Protocol 1 (shown above) was instrumental in evoking large exponentially 
increasing currents at positive potentials in zfPanx1 overexpressing N2a 
cells, but failed to provide conclusive information in the physiological range. 
Therefore, we extended our analysis and applied protocol 2 (see Experimental 
Procedures) to study the properties of Panx1 hemichannels in conditions 
with more physiological ion-gradients for the major ions and with high 
intracellular Ca levels since it has been shown that Panx1 hemichannels open 
under such conditions (Locovei et al., 2006b). Figure 9A shows the whole 

tt Figure 8 Single channel properties of zfPanx1. Excised outside-out patch recordings 
of membrane fragments of (A) zfPanx1 wild type, (B) the zfPanx1-N246K mutant and (C) 
EYFP-only transfected N2a cells reveal striking differences between single channel current 
responses to depolarizing voltage steps. (A) At depolarization levels of +30 mV holding 
potential, sustained frequent single channel openings (o) and closures (c) with an average 
unitary conductance of ~370 pS could be captured. Depolarization shift dependent single 
channel responses of large conductance properties ~430 pS could be observed in excised 
membrane fragments of zfPanx1-N246K mutants (B) and EYFP-transfected controls (C). Note 
the long-lasting intermittent phases of channel inactivation. The differences in A–C point out 
the transfection-related effect on the membrane gating properties of WT overexpressing 
N2a cells in vitro and furthermore refer to the presence of endogenous mouse Panx1. 
(D) The unitary conductance of this transfection condition (WT: zfPanx1-N246K; 50:50) 
resembles that of the zfPanx1 WT. (E) All points histograms of the full 140 s recordings of the 
samples shown above. They demonstrate that the zfPanx1 channels display a characteristic 
subconductance state aside from the closed and the full open condition. The intermediate 
and full open conductance state of zfPanx1 is indicated by arrowheads. The full open 
condition of endogenous mouse Panx1 which is part of the background activity recorded in 
EYFP controls and zfPanx1-N246K mutants is pointed out by the asterisk. It can be observed 
in the WT and 50:50 conductance state distribution as well (see asterisks).
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Discussion

The data presented here build on the previously reported cloning and 
expression studies demonstrating Panx1 mRNA expression in the retina of 
mouse, rat and fish (Ray et al., 2005; Dvoriantchikova et al., 2006; Zoidl et al., 
2008). Due to the well-established importance of electrical coupling in the 
retina, the focus of the present study was the putative role of Panx1 in the 
zebrafish retina. In this paper, we describe the cloning of zfPanx1, generated 
a polyclonal antibody against zfPanx1, determined the localization of zfPanx1 
in vivo and described properties of zfPanx1 channels expressed in N2a cells 
in vitro. We found that the zfPanx1 protein is expressed on horizontal cell 
dendrites invaginating into the cone pedicle near the glutamate release 
sites of the cones. Most likely they form hemichannels at that location. 
Furthermore, we showed that Panx1 hemichannels have a large single 
unitary conductance, can be open at physiological membrane potentials 
and that mutation of a conserved N-glycosylation motif interferes with the 
formation of functional channels.

Molecular properties of zebrafish Panx1
Pannexin encoding genes, containing several exons and introns, have been 
previously described for higher vertebrate genomes including mouse, rat 
and human (Baranova et al., 2004). With more fully assembled genomes 
available, it was possible to identify and clone the full-length coding sequence 
of the zfPanx1 gene localized on chr 15. This gene is built similar to other 
pannexins in various vertebrate species with respect to a complex intron 
and exon organization leaving plenty of possibilities for yet-uncharacterized 
differential splicing events as indicated by the shorter amplicons generated 
by RT-PCR from brain tissue (Figure 1A, B). Earlier qRT-PCR studies on zfPanx1 
mRNA expression and the Western blot data shown here using a novel 
antibody directed against the zfPanx1 protein were consistent with respect 
to an expression in a variety of neuronal and non-neuronal adult tissues 
including the retina and brain (Figures 1B and 2B; Zoidl et al., 2008).

At the protein level, Panx1 is highly conserved between various species. 
zfPanx1 is most closely related to other fish relatives (Supplementary Figure 
1A, B). The zfPanx1 protein is predicted to encode putative glycosylation 
and phosphorylation sites. Because of previous reports by Boassa et al. 
(2007) and Boassa et al. (2008) and Penuela et al. (2007), we identified a 
conserved N-glycosylation site at aa position N264 in the second extracellular 
loop. When this site was mutated by site-directed mutagenesis (Figure 1C), 

cell IV relations of N2a cells transfected with zfPanx1 without an EGFP tag in 
control conditions (filled symbols) and in 100 μM Cbx (open symbols). Uni-
ANOVA analysis shows that Cbx significantly inhibits the whole cell current 
at potentials above −20 mV (P=0.025; F=5.303; n=6) and potentials below 
−20 mV (P=0.044; F=4305; n=6). Figure 9B shows the difference between 
these two IV-relations. This is the IV relation of the Cbx-blocked current, 
which was identified for the current mediated by zfPanx1 hemichannels (see 
Figure 7). Interestingly, an obvious nonlinearity occurs around the activation 
range of the Ca-current (arrow) suggesting the modulation of zfPanx1 by 
Ca-influx through voltage-gated Ca-channels. These experiments show that 
zfPanx1 hemichannels can be open at physiological membrane potentials 
if the intracellular Ca-concentration is elevated and with physiological ion 
gradients.

Figure 9 zfPanx1 hemichannel currents 
under physiological ion gradients. 
(A) Whole cell currents of N2a cells 
transfected with zfPanx1 in control 
conditions (filled symbols) and in 100 
μM Cbx (open symbols). (B) The IV 
relation of the Cbx-blocked current. 
This current reverses between 0 and 
−20 mV, and has a strong non-linearity 
around the activation range of the Ca-
current (see arrow). Cbx significantly 
inhibits the whole cell current at 
potentials above −20 mV (P=0.025; 
F=5.303; n=6) and potentials below 
−20 mV (P=0.044; F=4305; n=6).
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mediated activity was established by excised patch recordings revealing a 
channel with a large unitary conductance of 370±28 pS (Figure 8). Although 
the average conductance of zfPanx1 is smaller than the values described for 
Panx1 proteins from other species in the oocyte system (475 pS) (Bao et 
al., 2004a), properties of the activation range are comparable (Bao et al., 
2004a; Bao et al., 2004b; Bruzzone et al., 2005; Barbe et al., 2006; Locovei 
et al., 2006a; Locovei et al., 2006b). The EYFP-tag could be a putative reason 
for influences on the channel conductance as shown previously for Cx43 
hemichannels (Contreras et al., 2003). However, we cannot exclude that 
zfPanx has a slightly smaller unitary conductance compared to mouse and 
human Panx1 due to differences of the primary structure.

The electrophysiological experiments based on protocol I show that at 
physiological membrane potentials zfPanx1 channels remained in a closed 
state. This result on its own is conflicting since EtBr uptake experiments 
show that hemichannels were open using the identical extracellular bathing 
solution. Since intracellular calcium was kept very low (no Ca added in the 
presence of 10 mM EGTA) in protocol I to isolate the strong effect of channel 
activation at positive potentials comparable to those data previously reported 
for human Panx1 (Pelegrin and Surprenant, 2006), we had to apply a second 
protocol using more physiological conditions. The gradients of the major 
ions were more physiological and the [Ca]i was set high (100 μM) to ensure 
a possible opening of the zfPanx1 hemichannels as described (Locovei et al., 
2006b). This approach demonstrates that zfPanx1 is capable of forming open 
hemichannels at physiological membrane potentials when the intracellular 
Ca-concentration is elevated (Figure 9). Although this is consistent with 
published work (Locovei et al., 2006b; Vanden Abeele et al., 2006; Huang et 
al., 2007), Ma et al. (2009) argued that Panx1 hemichannels are independent 
of both intracellular and extracellular Ca-concentrations. They show that 
high intracellular Ca-concentrations did affect the “mean” and the “peak” 
Panx1 current. Although the conclusion seems opposite to what we report, 
scrutinizing the data of Ma et al. reveals a support of our findings. The IV-
relation at high intracellular Ca-concentration displays a similar dip around 
−40 mV as shown here (Figure 9). Such a dip is not present in any other IV-
relations presented in the paper of Ma et al. or our IV-relation recorded with 
low intracellular Ca-concentration (Figure 8). Our data combined with the 
observations of Ma et al. suggest that Panx1 hemichannels open at positive 
potentials independent of intracellular or extracellular Ca and at negative 
potentials when the intracellular Ca-concentration is elevated.

the localization of the mutated zfPanx1 in vitro differed distinctly from that of 
the wild type zfPanx1 (Figure 3). In contrast to the wild type zfPanx1, which 
is strictly membrane bound, the mutated Panx1 is preferentially localized in 
the cytoplasm. This difference is consistent with the idea that the presence 
of complex carbohydrate chains on the extracellular-loop regions of Panx1 is 
necessary for effective formation of multimeric hemichannels and membrane 
targeting (Boassa et al., 2007; Penuela et al., 2007).

Physiological properties of Panx1 hemichannels in vitro
The physiological properties of unpaired zfPanx1-based channels have been 
studied extensively using dye uptake assays and electrophysiology in N2a 
cells in vitro. zfPanx1 Overexpressing N2a cells differ from the vector-only 
transfected correlates by significantly enhanced uptake of the membrane-
impermeant tracer EtBr, similar to human Panx1 (Figure 6) (Pelegrin and 
Surprenant, 2006). This uptake was reduced when N2a cells expressed the 
zfPanx1-N246K mutation alone or in combination with the wild type protein. 
Furthermore, uptake can be reduced by various blockers including PEG1500 
(data not shown). These findings are consistent with the existence of a large 
unspecific hemichannel pore open under physiological conditions at 37 °C. 
Dye uptake in the zfPanx1-N246K mutant is severely reduced, most likely 
because only a fraction of mutant protein can reach the cell surface and 
gets accessible to labeling with biotin. Therefore, the correlation between 
the amount of mutated zfPanx1-N246K expression and the reduction of dye 
uptake in double-transfected cells is most likely explained by a reduction of 
functional wild type channels present at the cell surface.

Electrophysiological analysis using protocol I demonstrated that zfPanx1 
evokes a large voltage dependent current response starting at holding 
potentials positive to 0 mV (Figure 7). These currents were highly reduced 
in the zfPanx1-N264K mutant or vector-only transfected controls. In these 
cells the activity of endogenous mouse Panx1 channels was detectable but 
low when compared to the overexpressed zfPanx1. Since mouse Panx1 
expression in N2a cells is low as quantified by Western blot and real time 
RT-PCR (data not shown), it is reasonable to speculate that the amount of 
available channels in the cell membrane was not sufficient to identify large 
voltage dependent current responses in control cells.

Consistent with the findings of Bruzzone et al. (2005) on rat Panx1-injected 
oocytes, zfPanx1-mediated currents could be blocked by low concentrations 
of the unspecific gap junction blocker Cbx. Further evidence for zfPanx1-
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via its degradation to adenosine and activation of A1 receptors. There is 
evidence that adenosine is involved in changes in coupling seen during light/
dark adaptation (Johnson et al., 2007). Although the components of such 
mechanisms seem to be present in the outer retina, no thorough study of 
the functional roles of such pathways has yet been conducted.

Hemichannels could also be involved by an ephaptic mechanism. Kamermans 
et al. (2001) proposed that connexin hemichannels mediate the negative 
feedback signal from horizontal cells to cones. The hemichannel current 
flowing into the horizontal cells through the hemichannels modulates the 
activity of presynaptic calcium channels of the cones. The present study 
demonstrates that zfPanx1 is localized in the appropriate place to contribute 
to this pathway as well. To perform this function, these channels need to be 
open at physiological membrane potentials in vivo. Our electrophysiology 
studies indicate that under our high intracellular Ca-concentration recording 
conditions, zfPanx1 channels are open and that they might be gated by Ca-
influx via Ca-channels as is suggested by the nonlinearity of the zfPanx1 
current (Figure 9B). Horizontal cells express L-type Ca-channels (Pfeiffer-
Linn and Lasater, 1993) and the Ca-concentration within the dendrites of 
horizontal cells might be relatively high and undergoes plasticity dependent 
changes (Weiler et al., 1995; Okada et al., 1999). Therefore, one can 
hypothesize that Ca-influx via L-type Ca-channels could modulate the Panx1 
hemichannels in the horizontal cell dendrites and in that way modulating the 
efficiency of feedback from horizontal cells to cones.

Panx1 in gap junctions? Apart from the expression at the dendrites of 
horizontal cells, we occasionally found zfPanx1 localized within gap junction–
like structures characterized by membranes interacting closely over some 
distance. This finding adds to the unexpected complexity of gap junctions 
between horizontal cells. Previous evidence indicated that zebrafish 
horizontal cell gap junctions consist of a combination of Cx55.5 and Cx52.6 
(Shields et al., 2007). Now, we have to consider that zfPanx1 could contribute 
to the formation of gap junctions as well. Having three molecular components 
with different electrophysiological and molecular biological properties offers 
an enormous potential for modulation of feedback from horizontal cells to 
cones and the coupling between horizontal cells, which are known to be 
strongly modulated during light/dark adaptation (Kurz-Isler et al., 1992). 
Resolving these different roles of pannexin and connexins in the outer retina 
will be another challenge for the future.

Localization of zfPanx1 in the outer retina
Previously, we have reported that Panx1 is forming hemichannels in 
postsynaptic membranes of cortical and hippocampal neurons. In that 
paper, we could not exclude the possibility that very small gap junctions 
were not recognized (Zoidl et al., 2007). In the present study, we show at 
light microscopic level that zfPanx1 was expressed in a band like pattern in 
the distal part of the zebrafish OPL suggestive for horizontal cell dendrites. 
Double labeling experiments confirmed the localization in horizontal cells. 
Occasionally, we found faint punctuated labeling suggesting additional 
immunoreactivity on the horizontal cell somata (Figure 4). The ultrastructural 
localization confirmed the localization of zfPanx1 in horizontal cell dendrites 
(Figure 5A, B) and in very rare cases in gap junction–like structures between 
horizontal cells. The zfPanx1 immunoreactivity in the horizontal cell dendrites 
invaginating the cone synaptic terminal was only present in the horizontal 
cell membrane and no ultrastructural markers for gap junctions could be 
found. This localization pattern resembles the localization of Cx55.5 which 
forms hemichannels at the tips of the horizontal cell dendrites (Shields et al., 
2007). In addition, we provide initial evidence that Panx1 might be involved in 
gap junction formation in vivo (Figure 5D, E). Note that Panx1 labeling in the 
gap junction–like structures is very weak compared to the Cx55.5 labeling. 
This might suggest that Panx1 plays only a minor role in these junctions. 
This finding of Panx1 in gap junctions is rare but of interest since Penuela 
and co-workers (2007) suggested that the glycosylation step itself could be 
a key molecular control sorting glycosylated Panx1 into hemichannels and 
unmodified Panx1 into gap junctions (Boassa et al., 2007; Boassa et al., 
2008). In light of our result, this hypothesis gained credibility and needs to 
be investigated in detail when more specific sets of Panx1 antibodies are 
available.

Functional role(s) of zfPanx1
zfPanx1 on horizontal cell dendrites in the synaptic terminal. What could be 
the functional role of zfPanx1 in the outer retina? zfPanx1 Is localized on a 
strategic position to the cone synaptic terminal where it could modify either 
the output of the cones or the input to the bipolar cells. We propose two 
mechanisms by which zfPanx1 hemichannels could subserve such a role: an 
ATP dependent mechanism and an ephaptic mechanism. First of all, there 
is evidence that Panx1 hemichannels are involved in the release of ATP 
(Locovei et al 2006b, Pelegrin and Surprenant 2006 and Qiu and Dahl 2008). 
Therefore, ATP could affect outer retinal function via activation of purinergic 
receptors (Puthussery et al., 2006). ATP could also affect outer retinal function 
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Abstract
Neuronal computations strongly depend on inhibitory interactions. One 
such example occurs at the first retinal synapse, where horizontal cells 
inhibit photoreceptors. This interaction generates the center/surround 
organization of bipolar cell receptive fields and is crucial for contrast 
enhancement. Despite its essential role in vision, the underlying synaptic 
mechanism has puzzled the neuroscience community for decades. Two 
competing hypotheses are currently considered: an ephaptic and a proton-
mediated mechanism. Here we show that horizontal cells feed back to 
photoreceptors via an unexpected synthesis of the two. The first one is a 
very fast ephaptic mechanism that has no synaptic delay, making it one of 
the fastest inhibitory synapses known. The second one is a relatively slow 
(τ≈200 ms), highly intriguing mechanism. It depends on ATP release via 
Pannexin 1 channels located on horizontal cell dendrites invaginating the 
cone synaptic terminal. The ecto-ATPase NTPDase1 hydrolyses extracellular 
ATP to AMP, phosphate groups, and protons. The phosphate groups and 
protons form a pH buffer with a pKa of 7.2, which keeps the pH in the 
synaptic cleft relatively acidic. This inhibits the cone Ca2+ channels and 
consequently reduces the glutamate release by the cones. When horizontal 
cells hyperpolarize, the pannexin 1 channels decrease their conductance, 
the ATP release decreases, and the formation of the pH buffer reduces. 
The resulting alkalization in the synaptic cleft consequently increases cone 
glutamate release. Surprisingly, the hydrolysis of ATP instead of ATP itself 
mediates the synaptic modulation. Our results not only solve longstanding 
issues regarding horizontal cell to photoreceptor feedback, they also 
demonstrate a new form of synaptic modulation. Because pannexin 1 
channels and ecto-ATPases are strongly expressed in the nervous system and 
pannexin 1 function is implicated in synaptic plasticity, we anticipate that 
this novel form of synaptic modulation may be a widespread phenomenon.
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