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ABSTRACT The gap junctional protein connexin32 is
expressed in hepatocytes, exocrine pancreatic cells, Schwann
cells, and other cell types. We have inactivated the connexin32
gene by homologous recombination in the mouse genome and
have generated homozygous connexin32-deficient mice that
were viable and fertile but weighed on the average ~17% less
than wild-type controls. Electrical stimulation of sympathetic
nerves in connexin32-deficient liver triggered a 78% lower
amount of glucose mobilization from glycogen stores, when
compared with wild-type liver. Thus, connexin32-containing
gap junctions are essential in mouse liver for maximal inter-
cellular propagation of the noradrenaline signal from the
periportal (upstream) area, where it is received from sympa-
thetic nerve endings, to perivenous (downstream) hepato-
cytes. In connexin32-defective liver, the amount of connexin26
protein expressed was found to be lower than in wild-type
liver, and the total area of gap junction plaques was ~1000-
fold smaller than in wild-type liver. In contrast to patients
with connexin32 defects suffering from X chromosome-linked
Charcot-Marie-Tooth disease (CMTX) due to demyelination
in Schwann cells of peripheral nerves, connexin32-deficient
mice did not show neurological abnormalities when analyzed
at 3 months of age. It is possible, however, that they may
develop neurodegenerative symptoms at older age.

Gap junctions consist of intercellular channels, which are
comprised of connexin proteins coded for by a multigene
family of at least 12 members in mammals (1-3). Whereas gap
junctions in excitable cells such as cardiomyocytes function in
intercellular propagation of action potentials, their role in
nonexcitable cells is less well understood. Among the hypo-
thetical functions are growth control, metabolic coupling (i.e.,
exchange of nutrients), and coordination of metabolic activi-
ties (1-4). The latter function in parenchymal tissues is thought
to regulate secretion of digestive enzymes in pancreas (5) and
release of glucose from glycogen stores in liver (4, 6-8).

Hepatic gap junctions consist of large aggregates (plaques)
of connexin channels. Connexin32 (Cx32) and connexin26
(Cx26) proteins are located in the same hepatic plaque (9).
They can form heterotypic channels (10, 11), comprised of
different but homogeneous hemichannels, and presumably
also heteromeric channels (12), whose hemichannels are built
up of different connexin types.

Recently, the connexin43 (Cx43) gene has been inactivated
by homologous recombination in mice (13). The mutated
homozygous animals died soon after birth with failure of
pulmonary gas exchange due to malformations in the heart,
where Cx43 was abundantly expressed in wild-type animals. It
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is not known how Cx43 gap junctions can influence heart
development.

In humans, mutations in the Cx32 gene result in the X
chromosome-linked Charcot-Marie-Tooth disease (CMTX;
refs. 14-16), a neurodegenerative myelination disorder of the
peripheral nervous system that is characterized by abnormally
low nerve conduction. Cx32 is expressed in Schwann cells of
peripheral nerves near the nodes of Ranvier and in Schmidt-
Lanterman incisures, where it forms reflexive gap junctions that
are thought to mediate signal propagation between the perinu-
clear and the periaxonal part of the same Schwann cell (14).

To study the function of Cx32 channels in murine cell types,
such as hepatocytes, exocrine pancreatic cells, Schwann cells,
and oligodendrocytes, we have generated homozygous and
hemizygous Cx32 deficient mice by gene targeting. Here we
report that Cx32-deficient mice exhibit defective propagation
of signals received from sympathetic nerves in liver but do not
show altered morphology and conduction of sciatic and facial
nerve when analyzed at 3 months of age.

MATERIALS AND METHODS

Targeting Strategy. Sequences of Cx32 were subcloned
from a recombinant phage obtained by screening of a BALB/c
mouse library (17). Inactivation of Cx32 gene was achieved by
the following strategy. The promoter less neo” cassette (2.1-kb
BgllI/Kpnl fragment of pcDNA I NEO; Invitrogen) was
inserted in frame into an Eael site in exon 2 of the mouse Cx32
gene (17), resulting in a stop codon 90 nt after the translational
start and a new start codon 15 bp further downstream.
Insertion of a mutated polyoma enhancer element (Py, 181-bp
EcoRI fragment of pMClneo; ref. 18) in the 3'-untranslated
region of the neo® gene was carried out to enhance expression
of the neo™ gene by the Cx32 promoter. The resulting targeting
vector contained 3.1 kb of 5’'-flanking DNA and 0.65 kb of
3’-flanking DNA of the Cx32 gene (Fig. 141).

Generation of Cx32-Deficient Mice. The targeting construct
was linearized with Sacll and electroporated into 129SV J1
embryonic stem cells (19). G418-resistant clones were tested
for homologous recombination into the Cx32 locus by PCR
using primers derived from the neo* gene (5'-TCTTACTC-
CACACAGGCATAGAGTGTCTGC-3') and the Cx32 gene
(ref. 17; 5'-TCATTCTGCTTGTATTCAGGTGAGAG-
GCGG-3'). Candidate clones for the expected targeting event
were further analyzed by Southern blot hybridization of
EcoRI- or PstI- digested DNA, respectively, using the external,

Abbreviations: Cx, connexin; CMTX, X chromosome-linked Charcot-
Marie-Tooth disease.
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FiG. 1. Targeted disruption of the Cx32 gene and transcriptional analysis. (4) Targeting strategy. (41) Targeting vector. Restriction sites are

labeled as follows: S, Sacll; P, PstI; and E, EcoRI. The DNA shown downstream of exon 2 (Ex2) was derived from pBluescript SK*. (42) Mouse
Cx32 gene with the noncoding exon 1 (Ex1) and Ex2 harboring the complete reading frame. (43) Recombinant locus and informative restriction
fragments to be compared with the corresponding fragments in 42. The location of the 3'-external probe a, the internal probe c, the neo probe,
and the positions of the primers for PCR are shown. (B) Southern blot hybridization using EcoRI-digested DNA from mouse tail biopsies (21)
and the external 3’ probe. Lane 1, wild-type; lane 2, homozygous Cx32-deficient; lane 3, heterozygous Cx32-deficient. The 9.8-kb EcoRI fragment
indicates the Cx32-defective allele. (C) Northern blot hybridization using 20 ug of total liver RNA and the Cx32 DNA probe (lanes 1 and 2) or

the Cx26 DNA probe (lanes 3 and 4). +/+, Wild type;

—/—, homozygous Cx32-deficient. Rehybridization of the Northern blot filters to a

cytochrome ¢ oxidase cDNA probe confirmed that similar amounts of RNA were loaded (data not shown).

internal, and neo-containing probes indicated in Fig. 143.
Three clones (out of 165 neo™ clones), showing the correct
homologous recombination event without additional integra-
tion of the construct, were isolated and injected into C57BL/6
blastocysts as described (20). Chimeric mice were crossed to
C57BL/6 mice, and female agouti pups were genotyped (21)
for transmission of the X chromosome-linked mutant Cx32
allele, which was achieved with one of the tested embryonic
stem cell clones. Animal experiments were carried out in
accordance with state law.

Northern Blot Analysis. Total cellular RNA, isolated as
described (22), was electrophoretically separated on denatur-
ating agarose gels and transferred to nylon membranes (Am-
ersham). Blots were hybridized to a Cx26 probe (1.1-kb DNA
fragment from the HindIII site of mouse Cx26 exon 2 to the
3'-end; ref. 17) or a Cx32 probe (Sacl/Smal fragment repre-
senting the first 500 bp near the 5'-end of Cx32 exon 2 DNA
(cf. Fig. 1B; ref. 17).

Protein Isolation and Immunoblot Analysis. Plasma mem-
brane proteins were enriched by an alkali procedure (23) and
subjected to standard immunoblot analysis using mixed poly-

clonal rabbit antibodies to mouse Cx32 (36) and Cx26 (24) or
polyclonal rabbit antibodies to Cx43 (25), followed by incuba-
tion with [?’I]protein A and autoradiography for detection of
the immunocomplexes.

Histology and Immunofluorescence. Sections (6 um) of liver
were cut on a cryostat and fixed in absolute ethanol (—20°C),
whereas sciatic nerve fibers were teased and fixed in 2%
paraformaldehyde. Immunofluorescence analysis was per-
formed according to standard protocols (24). Rabbit poly-
clonal antibodies to mouse Cx32 and Cx26 were diluted 1:40.
Fluorescein isothiocanate (FITC)-conjugated goat anti-rabbit
IgG (Sigma) was diluted 1:50. Samples were mounted onto
glass slides with p-phenylendiamine-glycerol mounting me-
dium (Sigma).

Freeze-Fracture Electron Microscopy. Freeze-fracture
analysis was performed after fixation of liver tissue with 2.5%
glutaraldehyde, as described (26).

Perfusion of Mouse Livers and Neurostimulation. Mice
were killed between 6 and 8 a.m., and livers from seven males
from both wild-type and Cx32-deficient groups, were perfused
via the portal vein with Krebs Henseleit bicarbonate buffer
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containing 5 mM glucose, 2 mM lactate, and 0.2 mM pyruvate
(7). Perivascular nerves were stimulated with rectangular
monophasic impulses of 20 V and 2 ms duration at a frequency
of 20 Hz for a period of 2 min. Noradrenaline (1 uM) or
glucagon (1 nM) were infused for 2 min. Substrate balance was
measured by enzymatic methods, and the rate of perfusion flow
was determined by quantitating the effluate as reported (7).

Quantitative Enzymatic Degradation of Liver Glycogen.
Livers were prepared and homogenized according to ref. 27.
Glycogen was enzymatically degraded to glucose by incubation
with amyloglucosidase and quantitated using standardized
reagents (Sigma kit no. 115; cf. ref. 28). From each value
obtained, the level of free glucose in liver was subtracted. The
livers were taken from male mice at 10 weeks of age.

Electrophysiological Measurements. Motor and mixed af-
ferent nerve conduction were measured as described (29) in
the sciatic and facial nerves of mice.
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FiG. 2. Immunochemical analyses of connexin proteins expressed
in liver. (4) Immunoblot of mouse liver protein (23) using a mixture
of specific Cx32 and Cx26 antibodies for analysis (24). Cx32 and Cx26
protein were detected in wild-type liver (+/+), whereas the Cx32
protein was absent and the amount of the Cx26 protein was decreased
in Cx32-deficient liver (—/—). (B) Immunoblot of protein extracts (23)
using specific Cx43 antibodies (25) for analysis. Lane 1, adult mouse
heart (+/+; control); lane 2, Cx32 wild-type (+/+) mouse liver; and
lane 3, Cx32-deficient (—/—) mouse liver. (C-F) Indirect immuno-
fluorescence analysis (24) of liver sections. (C and E) Cx32 (—/—)
mice. (D and F) Cx32 (+/+) mice. Antibodies specific to Cx32 (C and
D) or to Cx26 protein (E and F) were used. Note that no Cx32 protein
was detected in Cx32-deficient liver, in which weak immunofluores-
cence of Cx26 protein was found. Wild-type mouse liver does not show
the increased concentration of Cx26 in periportal fields as previously
noticed in rat liver (9). Morphology of liver sections was monitored by
phase contrast microscopy. (C-F, bar = 11.5 um.)
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RESULTS

Genotype and Gross Phenotype of Cx32-Deficient Mice. To
inactivate the Cx32 gene in mice, we used a targeting vector
where a neo* gene cassette was inserted into exon 2 of the Cx32
gene, 30 codons after the translational start site (Fig. 14).
Using an external probe a.(cf. Fig. 143), we showed by
Southern blot hybridization (Fig. 1B) that only the informative
EcoRI fragment of 9.8 kb could be detected in genomic DNA
from homozygous Cx32-deficient animals. The correct gene
targeting was confirmed by use of the internal probe c and one
specific for detection of the neo gene (indicated in Fig. 143;
results not shown). Furthermore, as expected, no Cx32 tran-
script was detected after Northern blot hybridization in total
RNA from Cx32 (—/-) liver, in contrast to Cx32 (+/+)
control liver (Fig. 1C, lanes 1 and 2). The amounts of Cx26
mRNA were similar in Cx32-defective and wild-type liver (Fig.
1C, lanes 3 and 4).

Fertility and gross morphology of the Cx32-deficient mice
were normal, with the exception that the average weight was
~17% less, compared with wild-type animals of the same
genetic background (i.e., F1 hybrids of C57BL/6 and 129SV
mice). This was independent of age (7-28 weeks) and gender
(86 males and 130 females were investigated).

Cx32-Deficient Liver Contained Less Cx26 Protein and
Much Smaller Gap Junction Plaques Than Wild-Type Liver.
As expected, no Cx32 protein was found in Cx32 defective
livers (Fig. 24) but, surprisingly, the amount of Cx26 protein
in Cx32 (—/—) livers was considerably lower than in wild-type
livers (Fig. 24). This was confirmed by immunofluorescence
analysis, which showed no signals with anti-Cx32 in Cx32
(=/-) liver (Fig. 2C), but less intensive and fewer punctate
signals with anti-Cx26 in Cx32-defective livers (Fig. 2E) than
in wild-type controls (Fig. 2 D and F, respectively). Cx32-
defective livers contained about the same low amount of Cx43
protein as wild-type livers (Fig. 2B). The amount of Cx43

FIG. 3. Freeze-fracture electron micrographs of Cx32 (+/+) (4)
and Cx32 (—/-) (B) mouse liver. Apical portions of lateral plasma
membranes below the area of tight junctions are shown. Gap junction
plaques are indicated by asterisks. The total number of intramembra-
nous particles in Cx32 (+/+) versus Cx32(—/~-) liver was not in-
creased. A shows preferably an E-face, which normally has fewer
particles than the P-face (shown in B). (Bar = 3.5 um.)
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protein, which is not coexpressed with Cx32 protein in hepa-
tocytes, but is expressed in other cell types of liver (4), was
about the same in Cx32-defective livers and in wild-type livers
(Fig. 2B).

Areas of contact membranes in Cx32 (+/+) liver (227 um?)
and Cx32 (—/-) liver (2235 pum?) were morphometrically
analyzed on freeze-fracture electron micrographs. Examples
are shown in Fig. 3 4 and B, respectively. The freeze-fracture
replicas were collected randomly. Since mice, in contrast to
rats, show no gradient of Cx32 and Cx26 expression in liver
lobules, the samples were considered to give a statistically reliable
image of gap junction distribution. It was found that the total area
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FiG. 4. Kinetics of hepatic glucose release from perfused mouse
liver by electrical stimulation () of hepatic sympathetic nerve
bundles, compared with stimulation with noradrenaline (NA) and
glucagon (Ggn). (4) Cx32-deficient liver (males —/Y,n = 7) and Cx32
wild-type liver (males +/Y, n = 7). The upper curve of each represents
the kinetics of glucose release; the lower curve of each represents the
portal flow rate. (B) The numerical results of glucose mobilization are
summarized in this table. Data represent the areas under the appro-
priate peaks in A * SEM. Student’s ¢ test for unpaired values of
Cx32-deficient versus control animals yielded P = 0.0005.
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of gap junctional plaques in Cx32-deficient liver (0.16 um?) was
~1000-fold smaller, compared with wild-type liver.

Only Low Amounts of Glucose Were Mobilized by Electrical
Stimulation of Sympathetic Nerves in Cx32-Deficient Mice.
To test whether metabolic cooperativity among hepatocytes
was impaired by disruption of the Cx32 gene, we stimulated the
sympathetic plexus, which is located as ramification around the
portal vein in the liver hilus. After electrical nerve stimulation
of perfused Cx32-deficient liver (7), the amount of glucose
released was decreased by 78% when compared with wild-type
livers (Fig. 4 A and B). In contrast, glucose release after
infusion of noradrenaline or glucagon was about the same in
Cx32-deficient and control livers (Fig. 4 A and B), suggesting
that circulating noradrenaline or glucagon molecules acted via
their receptors on all or almost all cells, without signal
propagation via gap junctions. The hepatic flow (7) was slightly
higher in Cx32-deficient than in wild-type liver (Fig. 44); this
was of no functional significance, since the glucose balance
related to grams of tissue was calculated considering the flow
(glucose balance in wmol/min/g equals the concentration
difference between outflow and inflow in umol/ml multiplied
by flow in ml/min/g).

The Maximal Accumulation of Glycogen in Cx32-Deficient
Liver Was Higher Than in Wild-Type Liver. We found that the
maximal amount of glycogen accumulated during the diurnal
rhythm (between midnight and 8 a.m.) in the livers of Cx32-
deficient mice (—/Y) was ~10% higher than in wild-type livers
(+/Y). Since the rate of glycogen degradation was similar, the
minimal amount of glycogen in Cx32-deficient liver was
reached later, between 4 and 6 p.m. instead of between 2 and
4 p.m., measured in wild-type liver (Fig. 5; light phase in the
mouse room, 4 a.m. to 4 p.m.).

Young Cx32-Deficient Mice Showed Similar Nerve Conduc-
tion as Wild-Type Mice. As expected, analysis of indirect
immunofluorescence revealed no immunoreactivity with anti-
Cx32 in sciatic nerves of Cx32-deficient mice, although specific
immunoreactivity could easily be detected in wild-type nerves
(Fig. 6 B and A, respectively). Next, we analyzed motor and
mixed afferent nerve conduction in the sciatic nerve, as well as
refractory periods and motor nerve conduction in the facial
nerve. We found that all these parameters were normal in 5
female Cx32 (+/—) mice, 4 female Cx32 (—/—) mice, and 10
male Cx32 (—/Y) mice when compared with 16 age-matched

Q1o } —0—Cx32-/Y
9160 g —e—Cx32 +/Y

Glycosyl un

0 — -
4 8 12 16 20 24
Time of the day (h)

FiG.5. Diurnal rhythm of glycogen content in livers of Cx32 (—/Y)
mice (O) and Cx32 (+/Y) wild-type mice (®). Glycogen was quanti-
tated enzymatically (27, 28). Each point represents averaged results +
SEM, based on measurements with four livers, except at midnight and
4 a.m., when two livers each were used. Light interval in the mouse
room was from 4 a.m. to 4 p.m.
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FIG. 6.

Immunofluorescence analysis with anti-Cx32 (24) of teased
sciatic nerve fibers. A [from Cx32 (+/+) mouse] shows consistent
labeling at the nodes of Ranvier (NR) and Schmidt-Lanterman
incisures (SL), while B [from Cx32 (—/—) mouse] is devoid of
immunolabel. A node of Ranvier in B is indicated by arrowheads.
Presence of nodes of Ranvier was assessed by phase contrast micros-
copy. (A and B, bar = 17 pm.)

control mice (2-4.5 months old). These results are listed in
Table 1. No definitive morphological abnormality of the myelin
sheath was noticed by electron microscopy on cross sections of
sciatic nerve in 3-month-old animals (data not shown).

DISCUSSION

Our results strongly support the hypothesis that gap junctions
in murine liver mediate intercellular parenchymal propagation
of signals received by a subset of hepatocytes from sympathetic
nerve endings, presumably through the release of noradrena-
line via al-receptors (8). It had been found before in perfused
rat liver that activation of sympathetic liver nerves stimulated
glucose release, among other alterations of liver metabolism,
and decreased the hepatic flow rate (cf. 8). Synaptically
released noradrenaline can bind to receptors on hepatocytes
and lead to an intracellular increase of inositol 1,4,5-
trisphosphate, which can release calcium from intracellular
pools. Both of these second messenger molecules have been
shown to diffuse through gap junctions in cultured hepatocytes
(30). Murine liver (31), in contrast to human liver (32, 33), is
only sparsely innervated. The endings of murine sympathetic
liver nerves have been mainly detected near periportal hepa-
tocytes (31) and nearby nonparenchymal liver cells (cf. ref. 8).
Cx32 is expressed in hepatocytes but not in nonparenchymal
cells (4). Thus, the genetic defect in Cx32-deficient mouse liver
should primarily influence intercellular communication
among hepatocytes. Our data are consistent with this conclu-

Table 1. Nerve conduction studies in wild-type and Cx32-deficient mice
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sion. We found that glucose release was affected in Cx32-
deficient liver but not the portal flow rate, which is controlled
by nonparenchymal cells (cf. Fig. 4). These cells presumably
express Cx43 protein, whose total amount appears to be the
same in Cx32 (—/—) and Cx32 (+/+) liver (cf. Fig. 2B).

In contrast, the amount of Cx26 protein in Cx32 (—/—) liver
was significantly lower than in control liver (Fig. 24), although
the amount of Cx26 mRNA appears to be the same (Fig. 1C).
Both proteins had been shown to be localized in the same
hepatic gap junctional plaque (9). Our results suggested that
Cx32 protein stabilized the amount of Cx26 protein in murine
liver. Whether this occurred by interaction in heterotypic (10,
11) or heteromeric (12) gap junction channels remains to be
investigated. Our results demonstrated that the total area of
gap junction plaques in Cx32 (—/-) liver was ~1000-fold
smaller than in control liver (cf. Fig. 3). Future experiments
will have to show to what extent electrical and dye coupling is
altered in slices from Cx32-deficient versus wild-type liver.

Interestingly, we found a 10% higher accumulation of
glycogen in Cx32 (—/Y) livers during the early morning hours
of the diurnal cycle, compared with control livers (Fig. 5).
Since the degradation of glycogen was similar, the minimal
amount was reached 2 h later in Cx32 (—/Y) liver than in
wild-type liver. Currently we are investigating how the Cx32
defect and the difference in glycogen accumulation during the
diurnal cycle are related.

In humans, mutations in the Cx32 gene have been reported
to cause CMTX (14-16). This peripheral neuropathy is char-
acterized by slowly progressive weakness of distal muscles,
which is associated with decreased nerve conduction and
demyelination of peripheral nerves. The symptoms become
apparent during the second decade of life. In the expression
system of paired Xenopus oocytes, it has been found that
several of the human Cx32 mutations lead to defective Cx32
protein, which can affect the function of Cx26 channels in a
transdominant negative manner (34). Some of the nonsense
CMTX mutations are expected not to express functional Cx32
protein (14). In contrast, Cx32 (—/—) mice that do not appear
to express any Cx32 protein (cf. Fig. 2.4 and C).

So far, no dysfunction of liver has been reported for CMTX
patients. This difference in the Cx32 (—/—) mice, described
here, can be explained by previous findings that human liver
(32, 33) is much more densely innervated than mouse liver
(31). Thus, the absence of Cx32-containing gap junctions in the
liver of CMTX patients may affect glucose mobilization,
triggered by sympathetic nerve signaling, to a lesser extent than
in Cx32 (—=/-) or (=/Y) mouse liver. Our results that no
abnormalities of sciatic nerves were noticed in 3-month-old
Cx32 (—/—) mice could mean that another unidentified
connexin may compensate for the missing Cx32 protein in
mouse Schwann cells (35). Alternatively, the particular mor-
phology of motoneurons with long neurites, which are primar-
ily affected by CMTX, may have more severe influence in man
than in mice. Furthermore, the Cx32-deficient mice may

Wild-type mice

Female Cx32 Cx32 Cx32
Group Female Male and male -=/Y) -=/-) (+/-)
No. of animals 3 13 16 10 4 5
Sciatic nerve
Motor nerve conduction velocity, m/s 308 35+ 9* 34 = ot 36 £ 10 41*6 376
Mixed afferent nerve conduction velocity, m/s 43+9 47 £ 15 46 + 14 42 + 14 54 *+10 54+14
Facial nerve '
Absolute refractory time, ms 0.6 £0.2 0.6 £ 0.3 0.6 £0.2 0.5+02 0.6 £ 0.0 0.6 0.1

Data are given as means = SD.
*n = 11.
n = 14.
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develop degeneration of peripheral nerves at older age. Re-
cently it was found that 12-month-old, Cx32-deficient mice
showed subtle electrophysiological abnormalities and patho-
logical alterations of myelin degeneration in peripheral nerves
(P. Anzini, R. Martini, J.Z., and K.V.T., unpublished data).
Our finding that gap junctions in murine liver mediate
intercellular propagation of signals received from sympathetic
nerves may be valid for other tissues as well, such as vascular
smooth muscle cells or cardiomyocytes, which are also con-
nected by connexin channels. The Cx32-deficient mice de-
scribed in this study should be very useful to investigate the
effects of lacking Cx32 channels on the physiology of other cell
types, such as Schwann cells, oligodendrocytes, and exocrine
pancreatic cells. Furthermore, the possible involvement of
Cx32 channels in tumorigenesis can be studied with these mice.
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