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Replacement by a lacZ reporter gene assigns mouse connexin36,

45 and 43 to distinct cell types in pancreatic islets
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Abstract

Transcripts of three connexin isoforms (Cx36, Cx43 and Cx45) have been reported in rodent pancreatic islets, but the precise distribution

of the cognate proteins is still unknown. We determined expression of Cx36 in a cell-autonomous manner using mice with a targeted

replacement of the Cx36 coding region by a lacZ reporter gene. For cell-autonomous monitoring of Cx43 expression, we used the Cre/loxP

system: Mice carrying the Cx43 coding region flanked by loxP sites (floxed) also carried an embedded lacZ gene that is activated after Cre-

mediated recombination in cells with transcriptional activity of the Cx43 gene. Deletion of the Cx43 coding region in h-cells did not result in

the activation of the embedded lacZ reporter gene. Instead, Cx43 expression was found in endothelial cells of the islets of Langerhans in mice

with endothelium-specific deletion. Ubiquitous deletion of Cx43 led to a similar endothelial lacZ expression, but again, activity of the

reporter gene was not detected in h-cells. Mice with targeted replacement of the Cx45 coding region by lacZ showed a vascular expression

similar to Cx43. The data show that native insulin-producing cells express a connexin isoform (Cx36) which differs from those (Cx43 and

Cx45) expressed by vascular islet cells.

D 2003 Elsevier Inc. All rights reserved.
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Introduction 19 genes in the mouse and 20 genes in the human genome
Gap junction channels are formed by docking of two

hemichannels, each contributed by one of two adjacent cells

that allow for the intercellular diffusion (coupling) of

molecules up to 1 kDa [1]. Hemichannels are hexamers of

connexin proteins, which are encoded by a family of at least
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[2]. Homotypic channels are formed by identical connexins,

whereas heterotypic channels are formed by different hemi-

channels which, in turn, can be composed of either a single

type of connexin (homomeric) or different connexins (het-

eromeric) [1]. Thus, depending on the connexin expression

pattern, a variety of intercellular channels can be found that

show distinct biophysical characteristics [3,4]. In particular,

when connexin contribution differs between apposed cell

types, different ionic selectivities of connexins might gen-

erate rectifying gap junctions [5] and selected signals may

be preferentially exchanged between the coupled cells [6].

Eventually, gap junction channels can connect both similar

and different cell types, depending on their connexin com-

position [7,8]. Therefore, understanding of gap junction

functions in native tissues comprising multiple cell types

requires each connexin isoform to be precisely allocated to

specific cells.
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Within the pancreas, islets represent well-defined endo-

crine subunits made up of several cell types. Recent

evidence indicates that connexins play a physiologically

relevant role in the secretion of this endocrine gland [9–

11]. The transcripts of at least three connexin isoforms

(Cx36, Cx43, Cx45) have been repeatedly observed in

extracts of intact pancreatic islets [12–14] and purified

h-cell preparations derived thereof [14,15]. Immunolabel-

ing studies have confirmed the expression of the Cx36

protein in the insulin-producing h-cells [14,16], but have

not provided definitive evidence for the presence of Cx45

[15], possibly due to the limited affinity and specificity of

the currently available antibodies. Localization of the Cx43

protein in the pancreas has also been difficult. Thus,

limited levels of this protein have been reported in normal

rat islets after immunolabeling of pancreas sections and

proteins [13,17] and, accordingly, reduced numbers of h-cell
gap junctions have been found in newborn Cx43-deficient

mice [15], whereas Cx43 antisense oligonucleotides have

been reported to reduce gap junctional conductance [18].

Conversely, an increase in Cx43 expression has been ob-

served in rat neonatal islets exposed to hormonal conditions

that promote the secretory maturation of h-cells [12]. Con-
trasting to these observations, it has been difficult to

routinely reproduce the immunolabeling of Cx43 in mouse

pancreatic islets [15]. Moreover, in spite of detectable

electrical coupling between isolated h-cell pairs, electrical
conductances characteristic of Cx43 and Cx45 could not be

detected [17,19]. It is possible that these negative findings

reflect the low expression of the proteins [13,17], which may

be close to the threshold levels for detection by immunoflu-

orescence. Hence, it is still unclear whether Cx43 and Cx45

are actually expressed by h-cells or may be found in islets

only under certain conditions. It is also not clear whether one

of the two connexins may be restricted to portions of the

h-cell membrane facing intra-islet vessels or adjacent duct

cells. Answering to these questions is a basic prerequisite

to elucidate the contribution of each connexin to islet

functioning.

Immunolabeling is not the most appropriate approach

to address these questions because it is dependent on the

quality of the antibodies, and cannot resolve whether any

connexin isoform is restricted to only one gap junction

hemichannel or is expressed by both interacting cells. The

interpretation of immunolabeling is further complicated

when cells co-express low levels of multiple connexin

isoforms or form small gap junction plaques, which is the

case for pancreatic islet cells [20]. In situ hybridization

studies can sometimes represent a useful alternative.

However, they also are of limited use when multiple

connexins are expressed at low levels and/or transiently.

To bypass these limitations, we have designed the targeted

replacement of several connexin genes by a lacZ reporter

gene, which allows for a cell-autonomous monitoring of

transcriptional activity at the level of individual cells

[21,22]. Using general and cell-type restricted replacement
of connexin coding DNA by lacZ reporter genes, we have

now allocated to specific cell types the three connexins

isoforms which have been reported in pancreatic islets

[12–15]. The results show that Cx36 expression can be

clearly attributed to the insulin-producing h-cells, but that
of Cx43 and Cx45 cannot. Thus, in the pancreatic islets

of our transgenic mice, expression of the two latter

connexin isoforms was detected only between the endo-

thelial cells of capillaries and vascular smooth muscle

cells, respectively.
Material and methods

Animals and cells

The development of most transgenic mice used in this

work has been previously reported. TIE2-cre mice express

the Cre recombinase specifically in vascular endothelial

cells, driven by regulatory elements of the tyrosine kinase

in endothelium (TIE) 2 gene [22]. Cx43fl mice carry a

floxed Cx43 coding region that can be removed by cre-

mediated recombination, leading to expression of an

embedded lacZ gene encoding a nuclear h-galactosidase
[22]. Cx43del mice, generated by ubiquitous cre-mediated

deletion of the floxed Cx43 gene elements carry a lacZ

gene (encoding a nuclear h-galactosidase) in place of the

Cx43 coding region [22]. Cx45+/� mice carry a lacZ

gene (encoding a cytoplasmic h-galactosidase) in place of

the Cx45 coding region [21]. Cx43-knock-in-Cx32-

(Cx43KI32-) and Cx43KI40 mice are heterozygous for

a replacement of the Cx43 coding region by the coding

region of Cx32 and Cx40, respectively [23]. Flox LacZ

Indicator (FLZI) mice carry a silent lacZ gene (encoding

a cytoplasmic h-galactosidase) under control of a ubiqui-

tous promoter, in which lacZ expression is prevented by a

floxed STOP sequence. Cre-mediated recombination

removes the floxed STOP sequence, and lacZ expression

serves as readout for Cre activity at the cellular level

[24]. Rat InsulinII promoter- (INSPr)-Cre mice express

the Cre recombinase in pancreatic h-cells [25]. Cx43+/�

mice are heterozygous for a deletion of the Cx43 coding

region and do not carry a reporter gene [26]. Mice

carrying a targeted replacement of the Cx36-coding

DNA by a lacZ gene encoding a cytoplasmic h-galacto-
sidase (Cx36del strain) were generated by a ubiquitous

deletion of a floxed Cx36 allele (J.D., unpublished data),

using a strategy similar to that used to produce Cx43del

mice [22]. Cx36 deletion in the germline was achieved

after crossing Cx36fl/ + animals with Phosphoglycerate

kinase promoter- (PGK-) Cre mice [27]. Cx36del/ + mice

differ from previously described Cx36-deficient mice [28]

by a targeted insertion of a lacZ reporter gene in exon 2,

leading to expression of a fusion protein comprising

cytoplasmic h-galactosidase and 24-amino-acid residues

of the Cx36 N terminus, encoded by exon 1. Pax4-cre-
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IRES-GFP mice were generated by ligating a 0.4-kb

genomic DNA fragment of the Pax4 promoter, known

to mediate pancreatic expression [29] and to contain

transcription factor binding motifs that are crucial for h-
cell specific expression [30,31], to a construct allowing

for a bicistronic expression of Cre recombinase and GFP.

The construct was linearized and microinjected into pro-

nuclei of fertilized FVB mouse oocytes, using standard

procedures [32]. Transgenic lines were detected by their

GFP expression.

Control rats of the OFA strain were used to prepare

cultures of FACS-purified h-cell suspensions, as previously
described [14].

Genotyping

Identification of wild type, heterozygous and homozy-

gous littermates was performed as reported in previous

publications [21–25,33]. Cx36del mice were genotyped by

PCR using primers 5V-TGC ATT TGC CAG AGT AAA

GGT GCG-3V and 5V-TTC TGT TTC AGC GCT TAC CAG

TCC-3V, a PCR buffer containing 1.5 mM MgCl2 and cycles

of 1 min at 94jC and 2 min at 72jC (for both annealing and

synthesis). These conditions generated a 330-bp Cx36 wild-

type amplicon and a 220-bp Cx36del amplicon.

Immunolabeling and histochemistry

Immunolabeling of connexins Cx43, Cx40, Cx32,

Cx36 and insulin was carried out as previously reported

[14,15,23]. For detection of EGFP immunoreactivity in

Pax4-cre-IRES-GFP transgenic mice, the pancreas was

fixed in 4% paraformaldehyde in PBS and embedded in

paraffin. Sections were incubated with rabbit anti-EGFP

antibodies (A6455, Molecular Probes, 1:400) followed by

anti-rabbit-Alexa 488 (Molecular Probes, 1:500). Immu-

nohistochemistry and 5-bromo-4-chloro-3-indolyl-h-galac-
toside (X-Gal) staining were performed as previously

described [22]. Briefly, 10-Am cryosections of pancreas

embedded in OCT compound were used. For comparative

analysis, age-matched and sex-matched animals were

chosen, and littermates were used whenever possible.

An endogenous, senescence-associated h-galactosidase
that is not localized in nuclei, and has optimal activity

at pH 6.0, has been reported in endothelial cells [34]. In

addition, an acid h-galactosidase activity has been

detected in human fetal pancreas [35]. To control for

both activities, pancreas sections from mice with and

without lacZ reporter gene were processed in parallel,

and care was taken to keep the reaction at pH 7.4, which

is optimal for the bacterial enzyme. Nonspecific h-galac-
tosidase activity in the endocrine pancreas was not

detected under these conditions, as previously reported

in other tissues [21,22,36,37]. For X-Gal staining, sections

were processed as previously described [24]. For double-

labeling immunohistochemistry, sections were stained
overnight with X-Gal, as described above, exposed to

PBS containing 0.1% H2O2 and 10% methanol for 5–10

min, blocked in PBS containing 4% BSA and then

incubated for 1 h with the rat monoclonal MECA32

antibody (1:1000 dilution, Pharmingen) which recognizes

a panendothelial antigen, followed by a peroxidase-con-

jugated donkey anti-rat IgG (Jackson Immunoresearch) for

45 min at room temperature. Development of the product

of the peroxidase reaction was carried out using 3,3V-
diaminobenzidine tetrahydrochloride (Sigma) as a sub-

strate. In a second set of double-labeling experiments,

we used the MECA32 antibody (1:800, Pharmingen) and

an a smooth muscle actin antibody (mouse monoclonal,

Sigma, 1: 200), respectively. As secondary antibodies, we

used biotin-coupled donkey anti-rat IgGs (Dianova, 1:200)

and biotinylated goat anti-mouse IgGs (1: 250, M.O.M.

Kit, Vector Laboratories Inc., Burlingame), respectively.

Immunohistochemistry was performed using the M.O.M.

kit, according to manufacturer’s instructions.

�-cell sorting

Enrichment of rat h-cell suspensions by FACS was

performed as reported [14]. Briefly, islets of Langerhans

were isolated from the exocrine pancreas by collagenase

digestion and purification on a histopaque gradient. Single

cells were then isolated by trypsinization, and h-cells were
sorted from the other islet cell types as a function of both

flavin adenine dinucleotide (FAD) autofluorescence (510–

550 nm) and forward light scatter.

To improve the enrichment of the h-cell fraction, we

further used pancreatic islets of adult Pax4-cre-IRES-GFP

mice. Islet cells were isolated as previously described [14].

Single h-cells were then sorted from the nonlabeled mixture

of all other islet cell types, as a function of GFP fluores-

cence. To obtain a highly pure fraction of h-cells, the FACS
selection window was restricted to cells displaying high

levels of GFP fluorescence.

RNA extraction and amplification by reverse transcriptase-

polymerase chain reaction (RT-PCR)

RNAs were extracted from purified h- and non-h-cells
using the RNeasy micro kit (Qiagen), as recommended by

the manufacturer. The extraction protocol included an

RNAse-free DNAse I step to avoid contamination by

genomic DNA. Aliquots (50 ng each) of total RNA were

reverse-transcribed into first-strand cDNA, using Sensi-

script reverse transcriptase (Qiagen) and random primers,

according to the manufacturer’s instructions. Ten micro-

liters aliquots of cDNA were used for subsequent PCR

which was performed in 60 Al PCR mix containing 0.1 U

Taq polymerase (Finnzymes, Espoo, Finland), 1.5 mM

MgCl2, 250 AM dNTPs, 0.2 AM each primer and 1�
PCR buffer. PCR reaction was carried out using a T

Gradient Thermocycler 96 (Biometra GmbH, DE). The
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following primers were used: Cx32 forward 5V-AGT GCC

AGG GAG GTG TGA AT-3V, reverse 5V-GGA ACA CCA

CAC TGA TGA CA-3V(expected amplicon: 452 bp); Cx36

forward 5V-GAG CCC AGG CCA AGA GGA AGT C-3V,
reverse 5V-GGC ATG CTG AAG GGG GAG AAA T-3V
(expected amplicon: 559 bp); Cx43 forward 5V-CGG CGG

CTT CAC TTT CAT TA-3V, reverse 5V-AGA ACA CAT

GGG CCA AGT AC-3V(expected amplicon: 334 bp); Cx45

forward 5V-GGG CAA ACC AAT TCC ACC ACC-3V,
reverse 5V-CTC GTT TGG GAT ACG GTA CGC-3V
(expected amplicon: 379 bp); insulin forward 5V-TGC
CCA GGC TTT TGT CAA ACA GCA CCT T-3V, reverse
5V-CTC CAG TGC CAA GGT CTG AA-3V (expected

amplicon 188 bp) and h-actin forward 5V-CGT GGG

CCG CCC TAG GCA CCA G -3V, reverse 5V- TTG GCC

TTA GGG TTC AGG GGG G -3V(expected amplicon 243

bp for cDNA and 330 bp for genomic DNA). The thermal

cycle profile used for amplification was 94jC for 1 min,

58jC for 1 min and 72jC for 1 min, during 35 cycles. For

h-actin, the melting temperature was 70jC. PCR products

were resolved by 2% agarose gel electrophoresis and

visualized by ethidium bromide staining.
Fig. 1. Cx43 and Cx45 are expressed in FACS purified h- and non-h-cell populatio
expressed in isolated pancreatic islets, as well as in FACS-purified h- and non-h-ce
in either islets or islet cells, indicating absence of significant contamination by rem

was immunolabeled between fibroblasts but not primary islet cells (arrows). (D) C

pancreatic ducts. Scale bar: 20 Am in B and C, and 50 Am in D and E.
Results

RT-PCR indicates a differential cell-type distribution of

Cx36 compared to Cx43 and Cx45

Transcripts for Cx43 and Cx45 are detected by RT-

PCR in both h- and non-h-cell fractions of FACS

purified preparations of rat islet cells. These preparations

were not contaminated by remnants of exocrine pancreas,

as indicated by the lack of amplification of Cx32 (Fig.

1A), but, in spite of a high purity, could not avoid some

cross-contamination by unwanted islet cell types. Since

this minimal contamination prevented an unambiguous

interpretation of the RT-PCR data, we performed a FACS

separation of h-cells expressing GFP in mice carrying a

Pax4-cre-IRES-GFP transgene (Fig. 2A). In adult mice,

GFP expression was confined to islet cells that had the

numerical and topographical distribution characteristic of

h-cells (Fig. 2B). To generate a highly pure fraction of

h-cells, the parameters of the FACS separation were set

to select only those cells featuring a high GFP fluores-

cence, at the expense of purity in the non-h-cell fraction,
ns of rat islets. (A) RT-PCR analysis shows that Cx43 and Cx45 mRNAs are

ll populations isolated thereof. In contrast, no transcript for Cx32 was found

nants of exocrine pancreas. (B, C) In monolayer cultures, Cx43 (arrowhead)

x43 was also detected in situ between fibroblasts surrounding interlobular



Fig. 2. Cx43 transcripts are not detected in highly purified populations of mouse h-cells. (A) Schematic view of the transgenic construct driving GFP

expression in pancreatic h-cells. Pax4 gene regulatory elements drive bicistronic expression of Cre recombinase and GFP. Bp, base pairs; IRES, internal

ribosome entry site; NLS, nuclear localization sequence; polyA, polyadenylation. (B) Immunofluorescence of pancreatic section shows confinement of GFP to

most islet h-cells. Scale bar: 50 Am. (C) FACS purification based on GFP fluorescence was followed by RT-PCR analysis of transcripts for Cx36, Cx43, Cx45,

Cx32, insulin and h-actin. Cx32 was only detected in whole pancreas, indicating absence of exocrine cells in the purified fractions. Transcripts for insulin were
also found in non-h-cell populations, indicating some contamination of this fraction by h-cells featuring low GFP fluorescence. Consistently, Cx36 was

detected in all pancreatic samples. In contrast, Cx43 was not detected in the highly purified h-cell fraction, but was easily detected in both the non-h-cell
population and whole pancreas. Cx45 was found in whole pancreas but not in the purified islet cell fractions, presumably due to low expression levels. Right

lanes: molecular mass marker.
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which became contaminated by those h-cells featuring

low levels of GFP fluorescence, as indicated by the

finding of both insulin and Cx36 transcripts (Fig. 2C).

On the other hand, the h-cell fraction was likely to be

essentially devoid of contaminating cells. Consistent with

this separation protocol, a Cx36 transcript was detected in

both the h- and the non-h-cell fraction (Fig. 2C). In

contrast, no Cx43 transcript was found in the purified h-
cell fraction (Fig. 2C), confirming the view that the

transcript observed in the less purified rat h-cell fractions
(Fig. 1) reflected a contamination by unwanted cell types.

Accordingly, parallel immunolabeling experiments failed

to reveal Cx43 in FACS-purified cultures of primary rat

h-cells, using antibodies which, in the very same cul-

tures, resulted in the staining of contaminating fibroblasts
(Figs. 1B, C). The latter cells also expressed Cx43 in the

intact pancreas, particularly around interlobular ducts

(Figs. 1D, E).

Cx45 was not detectable in either the h- or the non-h-cell
fraction (Fig. 2C), probably due to lower Cx45 levels and

yield of cells after FACS purification in mouse (Fig. 2)

compared to rat (Fig. 1). Our data indicated that Cx36 is

expressed in h-cells, whereas Cx43 is likely to be expressed

in non-h-cells. Because we could not detect Cx45 using RT-

PCR of purified cell fractions from mouse islets, we decided

to perform a highly sensitive reporter gene approach, using

lacZ expression monitoring transcriptional activity of con-

nexin genes. As a further benefit, this approach allowed us

to examine connexin expression in situ in a cell-autonomous

manner.
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Cx36 is expressed by insulin-producing �-cells

We crossed Cx36fl/ + mice with PGK-Cre mice to delete

the floxed gene elements and activate the embedded lacZ

gene, under control of the regulatory elements of the

endogenous Cx36 gene. The offspring was backcrossed

with C57BL/6 mice to remove the Cre transgene and to

generate a colony of Cx36del/ + mice (Fig. 3A). In these

mice, which were heterozygous for the targeted replacement

of the Cx36-coding region (exon 2) by the reporter gene, X-

Gal staining of pancreas sections revealed that the transcrip-

tional expression of the reporter gene was confined to the

endocrine islets, and particularly to their central region,

which consists mostly of h-cells (Fig. 3B). Accordingly,

immunolabeling with a variety of antibodies to Cx36, which

yielded identical results, revealed the protein at discrete

areas of islet cell membranes (Fig. 3C), which were posi-

tively identified as h-cells by immunostaining of their

insulin content (Fig. 3D).

Cx43 is detected in endothelial cells but not in �-cells of

pancreatic islets

We determined the pattern of lacZ expression in Cx43fl/ +,

INSPr-Cre mice, in which the Cx43 coding region is

deleted in h-cells. No expression of the lacZ gene, mon-

itored to report on the transcriptional activity of the Cx43
Fig. 3. Cx36 is expressed by islet h-cells. (A) Scheme of the targeted (Cx36-del) a

in place of the portion of the Cx36 coding region in exon 2, leading to the expressio

DNA. Triangle: loxP site. Arrowheads: primers used for genotyping. (B) X-gal sta

numerous h-cells in the center of an endocrine islet. (C) Immunolabeling with an

predominating in the center of a pancreatic islet. (D) Immunostaining of the same s

cells as fully differentiated h-cells. (E) Phase-contrast view of the field illustrated
gene, was detected in the endocrine islet cells (Fig. 4A).

Because the INSPr-Cre transgene mediated an efficient

deletion of floxed DNA in h-cells, as judged by lacZ

expression in the endocrine pancreas of FLZI mice (Fig.

4B), the data suggest that lack of Cx43 gene activity in h-
cells is the most likely explanation for the absence of

reporter gene expression in Cx43fl/ +, INSPr-Cre mice. To

further substantiate this finding, total transcriptional activity

of Cx43 was assessed in the pancreas of Cx43del/ + mice,

which feature a general deletion of the floxed Cx43-coding

region. Within pancreatic islets, nuclear X-gal staining was

found predominantly in cells that were positive for the

endothelial cell marker MECA32, as judged by the coloc-

alization of the brown-colored MECA32 signal with the

blue X-gal stain (Fig. 4C, center). Note that Cx43 expres-

sion did not occur in all endothelial cells of islets. In the

exocrine tissue bordering the islets, lacZ expression was

also found in other cell types aside from endothelial cells

(Fig. 4C, top center). In Cx43fl/ +, TIE2-cre mice, which

feature an endothelium-specific deletion of the Cx43fl

allele, most of the X-Gal staining also colocalized with

the endothelial marker MECA32 in both the exocrine [22]

and endocrine parts of pancreas (Fig. 4D), with a pattern

similar to that observed in Cx43del/ + mice (Fig. 4C). Thus,

based on X-gal staining, Cx43 expression in pancreatic

islets is attributable only to endothelial cells. Accordingly,

no obvious immunolabeling of h-cells was observed in
nd wild-type (Cx36-WT) Cx36 locus. A lacZ gene (white box) was targeted

n of a fusion protein with the N terminus of Cx36. Grey boxes: Cx36 exonic

ining of a pancreatic cryosection from a Cx36del/+ mouse shows labeling of

antibody against Cx36 revealed a punctate decoration of cell membranes,

ection with an antibody to insulin, positively identified the Cx36-expressing

in C and D. Scale bar: 50 Am in B and 30 Am in C, D and E.



Fig. 4. Cx43 gene-driven lacZ expression is detected in islet vessels but not in h-cells. (A, C, D) Combined X-gal staining (blue) and immunolabeling of

MECA32 (brown). In islets from Cx43fl/+, INSPr-Cre mice with deletion of Cx43 in endocrine insulin-producing cells, no X-gal staining was observed (A). In

contrast, endocrine islet cells showed an intense X-Gal staining in mice transgenic for both the INSPr-Cre and the FLZI transgene (B), indicating that the

negative findings illustrated in A could not be attributed to lack of activity of the INSPr-Cre transgene. Expression of the lacZ reporter gene embedded in the

Cx43 locus was detected in thread-like structures that had the topographical arrangement of vessels and were positive for the endothelial antigen MECA32, in

islets of Cx43del/+ mice (C). A similar staining was observed in islets of Cx43fl/+, TIE2-cre mice (D), in which Cx43 was specifically deleted in endothelial

cells. In no case was a lacZ staining observed in the endocrine cell types which form most of the islet mass (A, C and D). Scale bar: 35 Am.

M. Theis et al. / Experimental Cell Research 294 (2004) 18–2924
wild-type mice using a variety of antibodies to Cx43 (Figs.

5F, I). In contrast, the same antibodies resulted in a sparse

Cx43 labeling of some islet cells within adult islets that had

an endothelial topography, that is, were arranged in long

strings of immunoreactive puncta (Figs. 5F, I). Similar

observations were made in islets of mice obtained by

interbreeding Cx43+/�, INSPr-cre mice with Cx43fl/fl ani-

mals, which yielded among the offspring several Cx43fl/�,

INSPr-cre mice lacking the Cx43 coding region only in

pancreatic h-cells (not shown). High-resolution analysis of

double-labeling immunohistochemistry (Fig. 5A) using

MECA32 antibodies to identify endothelial cells (brown)

and X-gal to visualize Cx43 expression (blue) gave results

analogous to those obtained by double-label immunofluo-

rescence (Fig. 5B) for Cx43 (red) and MECA32 (green).

Thus, Cx43 was located exclusively in small islet vessels.

Additional immunofluorescence of medium-sized vessels of

exocrine pancreas (Fig. 5C) showed Cx43 (red) at endo-

thelial membranes (green), but not between smooth muscle
cells, characterized by elongated nuclei (blue), of the same

vessels (Fig. 5D). Omission of the primary antibodies

directed to Cx43 and MECA32 did not lead to significant

labeling (Fig. 5E).

To exclude an interference of the bacterial lacZ

sequence on the transcription of Cx43 in h-cells, we

prepared sections of pancreas from heterozygous ‘‘knock-

in’’ mice of the Cx43KI40 (Figs. 5G, J) and Cx43KI32

lines (Figs. 5H, K), which use the endogenous Cx43 gene

regulatory elements to direct the expression of Cx40 and

Cx32, respectively. Using antibodies which detected these

two connexins in cardiomyocytes of Cx43KI40 and

Cx43KI32 mice [23], we did not observe expression of

these two additional reporter genes in either h-cells or

intra-islet vessel cells. Absence of Cx40 or Cx32 immu-

noreactivity in vessels was due to lower numbers of

knock-in specimens screened compared to wild-type

specimens, where we occasionally found Cx43 immuno-

reactivity in intra-islet vessels.



Fig. 5. Cx43 protein connects endothelial cells but not h-cells of rodent pancreas. (A) The lacZ expression (blue) in islets is colocalized with MECA32

expression (brown). At high magnification, the localization of h-galactosidase in the nuclei of endothelial cells is obvious. (B) Likewise, punctate Cx43

antibody staining (red) colocalizes with MECA32-positive cell membranes of endothelial cells (green), featuring a spacing of typically ellipsoid nuclei

(blue), as seen in A. (C) In larger vessels, Cx43 and MECA32 signals (green) were found in endothelial cells, whose nuclei (blue) are round or

ellipsoid. (D) Another focal plane, showing the much more elongated nuclei (blue) of smooth muscle cells, reveals neither MECA32 (green) nor Cx43

immunoreactivity (red) in the muscular layer of the vessel. (E) Negative control obtained by omitting the primary antibodies. (F, I) On rare occasions,

sparse Cx43 labeling was detected by immunofluorescence along some intra-islet vessels. (G, J) Immunostaining of islets from heterozygous Cx43KI40

mice failed to detect any Cx40, which was expected at sites endogenously expressing Cx43. (H, K) Similarly, immunolabeling of islets from

heterozygous Cx43KI32 mice, using antibodies that detected endogenous Cx32 between the acinar cells of exocrine pancreas, did not result in labeling

of endocrine islets. I, J and K are the phase-contrast views of the fields illustrated in F, G and H, respectively. Scale bar in G: 10 Am in A and B,

20 Am in C–E and 40 Am in F–K.
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Cx45 is distributed similar to Cx43

To analyze the expression of Cx45, we performed X-gal

staining of pancreas cryosections from Cx45+/� mice, in

which the reporter gene replaced the connexin-coding

region [21]. Cx45 expression was detected in islet vessels,

particularly close to exocrine tissue (Fig. 6A), and was

much less prominent in the center of the islets (Fig. 6C).

We also found vessel-associated Cx45 expression in capil-
laries (Fig. 6E) and medium-sized vessels of exocrine

pancreas (Fig. 6F). However, the X-gal staining, reflecting

the distribution of Cx45, did not fully overlap with the

immunolabeling for MECA32, which reflects the position of

endothelial cells (Figs. 6A, C, E, F), suggesting that Cx45

may be expressed by vascular cells closely apposed to

endothelial cells. Accordingly, lacZ expression colocalized

with immunoreactivity for the smooth muscle and pericyte

marker a smooth muscle actin (Fig. 6D). In large pancreatic



Fig. 6. Cx45 is expressed in smooth muscle cells of large vessels and colocalizes with a smooth muscle actin but not with MECA32 in smaller vessels.

Combined X-gal staining (blue) and immunolabeling of MECA32 (brown, A–C, E, F) or a smooth muscle actin (D, brown) in pancreas of Cx45+/� mice.

Expression of the lacZ gene, embedded in the Cx45 locus, was readily detected in small intra-islet vessels bordering exocrine tissue (A), but was less apparent

in capillaries in the center of pancreatic islets (C) or in exocrine tissue (E). Labeling was always juxtaposed to, but not overlapping with the MECA32 staining

(arrows in A, C, E, F). Cx45 was strongly expressed in smooth muscle cells of arteries within the interlobular spaces of exocrine pancreas (B). The lacZ

expression for Cx45 also occurred in a smooth muscle actin positive cells of smaller vessels (D). No X-Gal staining was detected in the endocrine cells of islets

(A, C). Scale bar in F: 10 Am for A, B, C, E and F, and 50 Am for D.

M. Theis et al. / Experimental Cell Research 294 (2004) 18–2926
arteries, it was clear that the Cx45 gene was expressed by

smooth muscle cells (Fig. 6B). The cytoplasmic localization

of h-gal expressed lead to a staining of the whole cells when

the lacZ reporter gene was strongly expressed (Fig. 6B), and

to a punctate staining when lacZ was expressed at lower

levels (Fig. 6A; [21]).
Discussion

We have employed a strategy of either general or cell-

specific replacement of endogenous genes by a reporter

sequence to map the transcriptional activity of three con-

nexin genes within pancreatic islets. We have found that the

lacZ approach permitted to detect an obvious expression of

the Cx36 gene in insulin-producing h-cells. These findings

provide novel evidence for the prominent expression of this
connexin isoform in h-cells of the mouse pancreas, con-

firming, in a highly sensitive and cell-autonomous manner,

the indications previously given by immunolabeling of both

primary islet cells from rat [14] and tumoral insulin-produc-

ing cell lines [11]. The functional reason for this specificity

remains to be clarified. Recent observations indicate that

loss of Cx36 alters the acute, in vitro stimulation of insulin

secretion by both metabolizable and non-metabolizable

secretagogues, as well as the synchronization of secreta-

gogue-induced Ca2 + transients in insulin-producing MIN6

cells [11]. Studies on transgenic mice, which feature a

global deficiency in Cx36 [28,38], indicate that these effects

also take place under in vivo conditions (P.M., unpublished

data).

In view of the usual co-expression of multiple connexin

isoforms by most cell types [1] and of previous work

indicating the presence of Cx43 and, possibly, Cx45 in
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pancreatic islets [13,15], we have used the same lacZ

approach, in both a general and a conditional manner, to

investigate the intra-islet expression of these two connexins.

We have observed the activity of the lacZ reporter gene in a

variety of organs known to express high levels of either

Cx43 or Cx45, indicating the proper function of the targeted

lacZ genes [21,22,36,37]. Intriguingly, however, no activity

of the reporter gene, reflecting the translation of either Cx43

or Cx45, was detected in the pancreatic h-cells of the very

same animals. Absence of lacZ expression in h-cells of

Cx43fl/ +, INSPr-cre mice could indicate the inability of the

lacZ reporter construct to accurately report on the expres-

sion of the targeted gene, which is expressed at low levels

within rat pancreatic islets [13]. In favor of this possibility,

alterations in the endogenous activity of some housekeeping

genes have been observed after insertion of lacZ sequences

[39]. However, such an effect was clearly not observed in

our study when the lacZ reporter gene replaced the Cx36

coding region. Furthermore, two other reporter genes (Cx32

and Cx40) also failed to provide evidence for the expression

of Cx43 in h-cells of Cx43KI32 and Cx43KI40 mice [23],

respectively, consistent with records of gap junctional con-

ductance in pairs of h-cells, which have failed to show

electrical characteristics typical for Cx43 and Cx45 channels

[17,19]. Furthermore, it has been proven difficult to obtain a

specific and reproducible immunolabeling of h-cell mem-

branes using a variety of antibodies to Cx43. This finding,

however, was challenged by observations in rat islets [12].

Our data certainly rule out that Cx43 is a prominent

connexin isoform in most h-cells and show that the Cx43

transcript is mostly present in other cell types. This view is

consistent with the RT-PCR data showing the presence of

this transcript in the ‘‘non-h-cell’’ fraction of FACS-sepa-

rated islet cells, but not in a highly purified fraction of GFP-

expressing h-cells. Our data do not exclude the possibility

that limited amounts of Cx43 might be expressed by a

subset of h-cells with either a small size or low Pax4

expression which may contaminate the ‘‘non-h-cell’’ frac-
tion [40,41]. In this perspective, the finding of lacZ expres-

sion in pancreatic ducts and in limited portions of the intra-

islet capillary network, two locations where undifferentiated

and differentiated insulin-producing cells closely interact

with other cell types [42,43], raises the intriguing possibility

that Cx43 may be selectively expressed at sites where h-cell
membranes are apposed to duct or vascular cells. A contri-

bution of connexin-dependent contacts between endocrine

and vascular cells has been recently demonstrated in another

endocrine system [8].

Similar observations were made concerning the distribu-

tion of the lacZ staining expected to reflect the site of

expression of Cx45. Cx45 gene-driven lacZ expression was

always vessel-associated. It was sparse in the dense capil-

lary network at the center of pancreatic islets, and more

prominent at islet borders facing the exocrine tissue, where

there is a higher density of medium-sized vessels. The

labeling in capillaries and medium-sized vessels was juxta-
posed to, but not overlapping with the endothelial marker

MECA32. In medium-sized vessels, lacZ expression clearly

colocalized with a smooth muscle actin, a marker of

pericytes and smooth muscle cells. In large vessels of

exocrine pancreas, lacZ expression clearly occurred in

smooth muscle cells, as previously reported in other tissues

[21]. Our data clearly show that most of Cx45 was not

expressed by the majority of h-cells. Accordingly, the

considerations made above regarding Cx43 expression also

apply to this case. Thus, it remains to be investigated

whether these findings reflect a limitation in the sensitivity

of the reporter gene analysis, or the actual absence of the

Cx45 protein in the insulin-producing cells of the islets. A

definitive answer to this question is presently precluded by

the very small size of Cx45 containing gap junction plaques

[44], and the relative insensitivity of the Cx45 antibodies

(K.W., unpublished observations).

In contrast to the abovementioned negative findings,

clear lacZ expression was observed in ducts and large

vessels of the pancreas in the very same Cx43del/ + and

Cx45+/� mice. Cx43 expression was found in epithelial

duct cells of the exocrine pancreas [36], in fibroblasts

surrounding interlobular ducts and in endothelial cells of

arterioles and veins, whereas Cx45 expression was assigned

to smooth muscle cells of arterioles. Interestingly, Cx45 has

been previously assigned to fibroblastic cells around pan-

creatic ducts and vessels, as well as to epithelial cells of

intra- and interlobular ducts [15], using Cx45 antibodies that

might cross-react with Cx43. Since this distribution mim-

icked the lacZ expression pattern in Cx43del/ + mice, our

findings on reporter gene expression agree with the ob-

served immunolabeling of the cognate proteins under both

in vitro and in vivo conditions [15,21,22,36]. Thus, the use

of reporter genes is a valid approach and matches the

expression pattern determined by immunodetection, when

proteins are expressed at sufficiently high levels. A much

less intense staining, with a pattern recalling the topography

of small vessels, was also seen within the endocrine islets.

In this case, the lacZ expression, assumed to reflect Cx45,

appeared restricted to vascular cells that are juxtaposed to,

but not overlapping with, the immunostaining of the endo-

thelial marker MECA32 and was found in a smooth muscle

actin positive cells, which is a marker for smooth muscle

and pericytes. Our findings in pancreas and the previously

described widespread expression of Cx45 in vascular

smooth muscle cells [21] suggest that Cx45 is mostly

expressed by cells of the vascular wall but not in endothelial

cells. The lacZ expression indicating Cx43 gene activity

was more extensive than the immunofluorescence labeling

of the cognate Cx43 protein. It is likely that, as reported in

other systems, this reflects the higher sensitivity of the

reporter gene analysis versus that of immunofluorescence

[21,22]. In fact, the absence of islet staining observed in

Cx43KI32 and Cx43KI40 mice also indicates that other

connexin-coding regions (such as Cx32 and Cx40) are not

adequate reporters of Cx43 translation in cells expressing
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low levels of the protein. Limited expression of Cx43 and

Cx45 in islet fibroblasts and vessels, at levels below the

threshold for immunodetection, could account for the con-

sistent RT-PCR identification of the cognate transcripts in

isolated islets and FACS-purified islet cell preparations,

which likely contain a limited number of these contaminat-

ing cell types. Thus, based on the cell-autonomous expres-

sion of lacZ, the Cx43 and Cx45 transcripts observed in

previous studies [14,15] can most likely be attributed to

non-endocrine cells of islets. In some systems, connexin

channels may serve as communication pathways intercon-

necting endothelial and endocrine cells [8]. While it is

certainly conceivable that changes in endothelial cells could

affect the function of nearby h-cells [43,45,46], it remains

to be established whether Cx43 fulfills any role in the

underlying mechanism. Therefore, mice with endothelial

cell-restricted deletion of Cx43 [22] should provide an

interesting model to study the effect of endothelial cell

coupling on glucose homeostasis.

In summary, using a cell-autonomous reporter gene

analysis, we have shown that, within pancreatic islets,

Cx36 is the prominent, if not the sole connexin isoform

expressed by the insulin-producing h-cells, whereas Cx43

and Cx45 are mostly expressed by vascular islet cells.
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