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Annexin A7 has been proposed to function in the fusion of vesicles, acting as a Ca®>* channel and as
Ca’**-activated GTPase, thus inducing Ca”>*/GTP-dependent secretory events. To understand the function of
annexin A7, we have performed targeted disruption of the Anxa7 gene in mice. Matings between heterozygous
mice produced offspring showing a normal Mendelian pattern of inheritance, indicating that the loss of
annexin A7 did not interfere with viability in utero. Mice lacking annexin A7 showed no obvious phenotype and
were fertile. To assay for exocytosis, insulin secretion from isolated islets of Langerhans was examined.
Ca”®*-induced and cyclic AMP-mediated potentiation of insulin secretion was unchanged in the absence of
annexin A7, suggesting that it is not directly implicated in vesicle fusion. Ca>* regulation studied in isolated
cardiomyocytes, showed that while cells from early embryos displayed intact Ca>* homeostasis and expressed
all of the components required for excitation-contraction coupling, cardiomyocytes from adult Anxa7~'~ mice
exhibited an altered cell shortening-frequency relationship when stimulated with high frequencies. This

suggests a function for annexin A7 in electromechanical coupling, probably through Ca** homoeostasis.

Annexins are a family of Ca®*-and phospholipid-binding
proteins encoded by at least 12 different genes in mammals and
by numerous other genes in invertebrates and plants. They are
characterized by a bipartite structure with a variable N-termi-
nal domain and a conserved C-terminal core. The latter is
formed by either four- or eightfold repeats of approximately 70
amino acids, each repeat carrying a Ca®"-binding site. This
C-terminal domain is also responsible for phospholipid bind-
ing. The unique N-terminal regions are thought to confer func-
tional diversity (35). Although annexins have been well char-
acterized structurally and biochemically, their cellular
importance is unclear. Several roles have been proposed, such
as the inhibition of phospholipase A2 and of blood coagulation
(36, 48), the aggregation of chromaffin granules (10), cross-
linking functions in the cell cortex (13), endo- and exocytosis
(1, 11), as well as functioning in the regulation and formation
of ion channels (18).

Annexin A7 (also called synexin), the first family member to
be described, was isolated as the agent that mediated aggre-
gation of chromaffin granules and fusion of membranes and
phospholipids (8). Annexin A7 is unusual in that it carries a
long N-terminal extension of more than 100 amino acids. Al-
ternative splicing may lead to the inclusion of an extra exon in
this region and leads to the generation of two isoforms of 47
and 51 kDa. The 47-kDa protein is present in all tissues except
for skeletal muscle. Here the 47-kDa form is lost upon myo-
blast differentiation, with the 51-kDa isoform being exclusively
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present in myotubes (6, 38). Both forms are expressed in the
heart and brain (24, 38).

As with other family members, the function of annexin A7
remains unclear. There are reports of it acting as a Ca®"
channel and as Ca®"-activated GTPase, supporting Ca*"/
GTP-dependent secretion (5). Annexin A7 is found in the
vicinity of secretory vesicles, on subcellular membranous struc-
tures, and on plasma membranes (6, 22), suggesting a possible
role in Ca?*-mediated exocytosis. However, in spite of these
properties, it has been difficult to unambiguously establish its
function. Srivastava et al. recently described an annexin A7
knockout mouse in which its absence resulted in lethality at
embryonic day (E10) due to cerebral hemorrhaging; further,
heterozygous mice had defects in inositol 1,4,5-triphosphate
(IP5) receptor expression, Ca®" signaling, and a lowered insu-
lin content in the endocrine pancreas (39).

To describe further its in vivo function, annexin A7-deficient
(Anxa7~'~) mice were generated by homologous recombina-
tion in embryonic stem (ES) cells. The resulting Anxa7 '~
mice are viable, are fertile, and exhibit no differences from
wild-type (WT) animals with respect to insulin production and
secretion. However, while no abnormalities in Ca®>* homeosta-
sis are seen at the early embryonic stage, adult mice display
defects in cardiomyocyte function.

MATERIALS AND METHODS

Construction of an Anxa7 targeting construct. An EMBL3 mouse genomic
library of the 129SV mouse line (46) was screened with a full-length mouse
Anxa7 cDNA as a probe. A 15-kb genomic fragment, containing exons 4 to 13,
was used to generate the targeting vector in pBluescript SK. A Munl site in
intron 4 was deleted by partial digestion and religation. The sequences were then
interrupted at the remaining Munl site in exon 8 by insertion of the neomycin
resistance (neo) cassette from plasmid pPNT, resulting in the targeting vector
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pM1P:BS. Exon 8-encoded amino acids are located at the start of the annexin
core domain. In this plasmid, the neo cassette divided the Anxa7 fragment into
two arms, with 5 kb of homology in the 5" arm and 10 kb in the 3" arm. The neo
cassette was inserted so as to be transcribed in the opposite orientation to the
annexin A7 gene. Finally, plasmid pM1P:BS was linearized with Clal prior to
transfection.

Anxa7 gene targeting in ES cells. D3 mouse ES cells (9) were grown in
standard ES conditions with Dulbecco modified Eagle medium supplemented
with 15% fetal bovine serum, 0.1 mM B-mercaptoethanol, and 1,000 U of leu-
kemia inhibitory factor (ESGRO; Life Technologies) per ml. Then 107 cells were
transfected by electroporation with 25 pg of linearized pM1P:BS, and colonies
were selected for resistance to G418 at 350 pg/ml in the culture medium.
Surviving clones were picked and expanded, and DNA was extracted for South-
ern blot analysis. DNA from the cells was probed with an external 5 probe and
an internal 3’ probe. In the case of correct integration, the WT 13-kb EcoRI
fragment was increased to 15 kb.

Production of Anxa7~/~ mice. Two independent ES cell lines were used to
generate germ line chimeras. Blastocysts were isolated from C57BL/6 mice
3.5 days postcoitum and were injected with 10 to 15 Anxa7*’~ ES cells.
Blastocysts were then transferred into uteri of pseudopregnant foster moth-
ers. Chimeric male progeny were mated to C57BL/6 females, and offspring
were tested for germ line transmission by Southern blots of DNA extracted
from tail biopsies. Heterozygous animals were mated together to establish a
breeding colony.

Western blot and RNA analyses. For Northern blot analysis, total RNA was
extracted from brain, heart, liver, and skeletal muscle tissues with TRIzol reagent
(Gibco-BRL). Then 30 pg of total RNA was separated on a formaldehyde gel
(1% agarose), transferred to a nylon membrane (Biodyne; Pall), and probed with
Anxa7 cDNA and the neo cassette.

Gene expression studies were done using DNA microarrays (mouse Gem?2;
Incyte Genomics, Palo Alto, Calif.). They were hybridized with poly(A) RNA
from heart, brain, and pancreas tissues of WT and Anxa 7/~ mice, and levels of
annexins Al, A3 to A7, A10, and All were analyzed.

For Western blot analysis, cell extracts prepared from brain, heart, liver,
pancreas, and skeletal muscle tissues were electrophoresed in a sodium dodecyl
sulfate (SDS)-12% polyacrylamide gel and transferred onto nitrocellulose
(Schleicher & Schuell, Dassel, Germany). Membranes were probed as described
previously (6) with antibodies against annexins Al (mouse monoclonal antibod-
ies), A2 (rabbit polyclonal sera), A6 (sheep polyclonal sera) (all kindly provided
by V. Gerke), AS (mouse monoclonal antibodies; kindly provided by M. Kawami-
nami), A1l (human autoantibody sera, kindly provided by W. van Venrooij), and
A7 (mouse monoclonal antibodies 203-217 and 203-80, detecting different
epitopes) (38) and a polyclonal rabbit anti-annexin A7 serum raised against the
recombinant full-length protein. Protein bands were detected by chemilumines-
cence.

Two-dimensional gel electrophoresis. Protein separation was carried out by
two-dimensional gel electrophoresis (14, 28). Briefly, tissue samples were ho-
mogenized in lysis buffer and centrifuged (100,000 X g, 1 h). For Western blot
analysis, 200 pg of total protein was applied on Immobiline DryStrips (pH 3 to
10; Pharmacia) by in-gel rehydration. The first dimension was run on a Multiphor
chamber (Pharmacia) for 10,000 V - h. Separation in the second dimension was
carried out in an SDS-12% polyacrylamide gel; proteins were then transferred to
nitrocellulose and probed as described previously (6).

Histological analysis. For general histological analysis, organs were dissected,
fixed in paraformaldehyde, embedded in paraffin, and sectioned at 7 pm. Sec-
tions were then stained with hematoxylin and eosin. Muscles were frozen in
liquid nitrogen-cooled isopentane and sectioned at 7 wm. For microscopy, sec-
tions were stained either with hematoxylin and eosin, with trichrome according
to the method of Gomori, with oil red, by the periodic acid-Schiff reaction, or for
different specific enzymes (cytochrome ¢ oxidase, succinate dehydrogenase,
NADH, and alkaline phosphatase).

Cell dissociation of early embryonic cardiomyocytes. Murine embryos (E11.5
to E12.5) were obtained from Anxa7~/~ and control mice by using standard
superovulation protocols (12). Embryonic hearts were dissected and enzymati-
cally digested as described before (20). Contracting cardiomyocytes were used in
the experiments described below.

Ca®* imaging. Ca®" imaging experiments were performed as described pre-
viously (21). Briefly, isolated murine cardiomyocytes were incubated for 12 min
in the cell-permeable dye fura-2AM (2 uM; Molecular Probes, Eugene, Oreg.)
at 37°C and then washed for 5 min. Excitation light (340/380 nm) was applied
using a monochromator at frequencies ranging from 2 to 5 Hz. The emitted
fluorescence from the fura-2AM-loaded cells (>470 nm) was monitored using a
charge-coupled device cooled camera (TILL Photonics, Planegg, Germany). The
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emission data were analyzed using the Vision software package (TILL Photon-
ics). Results are displayed as 340/380 nm ratios after background subtraction.
The extracellular solution consisted of 140 mM NaCl, 5 mM KCl, 2 mM CaCl,,
2 mM MgSO,, 5 mM HEPES 5, and 10 mM glucose (pH 7.4, adjusted with
NaOH); the high-K™ solution consisted of 5 mM NaCl, 140 mM KCl, 2 mM
CaCl,, 2 mM MgSO,, 5 mM HEPES, 10 mM glucose (pH 7.4, adjusted with
KOH).

Electrophysiology. Patch clamp recordings were performed as described be-
fore (21). Briefly, cells were held in the voltage-clamp or current-clamp mode
using an EPC-9 amplifier (Heka, Lambrecht, Germany). For the recording of
Ca®" current (I,), voltage-clamped cells were held at —50 mV, and trains of
depolarizing pulses lasting 50 ms were applied to a test potential of 0 mV at a
frequency of 0.2 Hz. Current-voltage relationships were determined by applying
150-ms depolarizing voltage steps from test potentials of —40 to 40 mV in 10-mV
steps (holding potential of —50 mV). Results are expressed as means * standard
errors of the means (SEM). Statistical analysis was performed using unpaired
Student’s ¢ test, and a probability value of <0.05 was considered significant. For
current-clamp and ramp depolarization recordings, the internal solution con-
sisted of 50 mM KCl, 80 mM potassium aspartate, I mM MgCl,, 3 mM MgATP,
10 mM EGTA, and 10 mM HEPES (pH 7.4, adjusted with KOH), and the
external solution consisted of 140 mM NaCl, 5.4 mM KCI, 3.6 mM CaCl,, 1 mM
MgCl,, 10 mM HEPES, and 10 mM glucose (pH 7.4, adjusted with NaOH). For
voltage-clamp recordings, the internal solution consisted of 120 mM CsCl, 3 mM
MgCl,, 5 mM MgATP, 10 mM EGTA, and 5 mM HEPES 5) (pH 7.4, adjusted
with CsOH), and the external solution consisted of 120 mM NaCl, 5 mM KCl, 3.6
mM CaCl,, 20 mM TEA-CI, 1 mM MgCl,, and 10 mM HEPES (pH 7.4, adjusted
with TEAOH). Carbachol (CCh) and caffeine were purchased from Sigma (De-
isenhofen, Germany), dissolved in the extracellular solution, and stored frozen at
—20°C. Aliquots were thawed immediately before use and diluted to the desired
concentration in the bath solution.

Isolation and preparation of adult cardiomyocytes. Ventricular myocytes were
prepared from 10- to 12-week-old WT (n = 8) and Anxa7 /'~ (n = 7) mice. In
brief, the heart was quickly excised, and the aorta was cannulated to the base of
a Langendorff column (height, 1.0 m). After an initial 10-min perfusion period
with Ca®"-free Tyrode’s solution (11.1 mM glucose, 10 mM HEPES-NaOH, 5.8
mM KCl, 0.9 mM MgSO,, 0.4 mM NaH,PO,, 0.5 mM KH,PO,, 140 mM NaCl
[pH 7.1, 37°C)), the heart was perfused for 15 to 25 min with Ca®>*-free Tyrode’s
solution containing collagenase (type I; 1 mg/ml; Sigma). Ca®* was added every
3 to 5 min to the solution until a final concentration of 100 pwmol/liter was
reached. To wash out the collagenase, hearts was perfused for 10 min with a
solution consisting of 30.0 mM KCl, 30.0 mM KH,PO,, 50.0 mM glutamate, 20.0
mM taurine, 10 mM glucose, 0.5 mM EGTA, and 3 mM MgSO, (pH 7.3,
adjusted with KOH). The ventricles were separated from the atria, and ventric-
ular cells were mechanically dispersed in the glutamate solution. Myocytes were
stored for 30 min at room temperature before use.

Measurement of cell contraction. Experiments were performed at 32°C in
Tyrode’s solution (2 mM CaCl,, 120 mM NaCl, 5.4 mM KCI, 1 mM MgCl,, 22.6
mM NaHCO3;, 0.42 mM NaH,PO,, 5 mM glucose, 0.3 mM ascorbic acid, 0.05
mM EDTA [pH 7.4, carbogen gassed]). Aliquots (400 pl) of the cell suspension
were placed on laminin-coated glass cover slips forming the bottom of the
chamber and allowed to adhere at room temperature. Measurements were taken
with an inverted microscope as previously described (17).

Isolation and incubation of Langerhans islets. After isolation by collagenase
digestion (1 mg/ml; Serva, Heidelberg, Germany), purified islets were preincu-
bated for 1 h at 37°C in incubation buffer containing, per liter, 140 mmol of NaCl,
5.6 mmol of KCl, 1.2 mmol of MgCl,, 2.6 mmol of CaCl,, 2.8 mmol of glucose,
10 mmol of HEPES (pH 7.4), and 5 g of bovine serum albumin (fraction V;
Sigma). Thereafter, batches of 10 islets per ml were incubated for 30 min at 37°C
in the presence of test substances as indicated for each experiment. Insulin
released into the supernatant and the insulin content of the islets after acid-
ethanol (1.5%/75% [vol/vol]) extraction were measured by radioimmunoassay as
described previously (42).

For perfusion experiments, 100 islets were placed in a column containing 200
mg of Biogel P-2 (Bio-Rad, Munich, Germany), and incubation buffer containing
2.8 mmol of glucose per liter was circulated over the column at 0.7 ml/min for 1 h
at 37°C. Incubation was started by adding the test substances at appropriate
concentrations, and samples were collected every minute. Results are presented
as mean * SEM. Statistical significance was determined by Student’s ¢ test for
paired and unpaired observations. The level of statistical significance was set at
a probability of 0.05.
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FIG. 1. Targeted inactivation of the Anxa7 gene. (A) The murine
Anxa7 gene (top) consists of 14 exons (black bars), with exon 14
containing 3’ untranslated sequences. Disruption of Anxa7 was
achieved by targeting the phosphoglycerate kinase-neo cassette to exon
8 (targeting vector pM1B:BS). Lines represent intronic sequences. EI,
EcoR1, S, Sall. (B) Southern blot analysis of mouse tail DNA digested
with EcoRI and analyzed using the 5’ external probe ex2/3 or neo
probe. The external ex2/3 probe detects a 15-kb fragment (targeted
allele) or a 13-kb fragment (WT allele); the neo probe detects the
15-kb targeted band. (C) Northern blot analysis of different organs
from WT and homozygous Anxa7 '~ animals. Transcripts of 2.4 and
1.8 kb corresponding to the normal Anxa7 mRNAs are detected in the
WT samples; smaller transcripts of 1.9 and 1.5 kb are detected in the
knockout samples. The B-actin control is shown below. (D) Western
blot analysis of homogenates from different organs from WT and
Anxa7~'~ mice with antibodies 203-217 and 203-80. Antibody 203-217
detects a 47-kDa protein in the liver of Anxa7~'~ mice which could not
be detected by 203-80. B, brain; H, heart; L, liver; P, pancreas; SM,
skeletal muscle; SP, spleen.

RESULTS

Generation of Anxa7~'~ mice. D3 ES cells were electropo-

rated with the targeting vector pM1P:BS (Fig. 1A). Ten of 700
G418-resistant ES cell clones underwent homologous recom-
bination at the Anxa7 locus, as determined by Southern blot
analysis (data not shown). Targeted cells were injected into
host C57BL/6 blastocysts, which were transferred into the uteri
of pseudopregnant females. Resulting chimeric animals were
used to derive heterozygous offspring. These did not display
any obvious abnormalities in comparison to their WT litter-
mates.

Anxa7~'~ mice are viable and fertile. To examine whether
homozygous mutant animals were viable, we intercrossed het-
erozygotes and determined the genotypes of their offspring by
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Southern blot analysis. Mice homozygous for the anxa7 muta-
tion, with loss of the 13-kb WT band and the appearance of a
15-kb band, were detected (Fig. 1B). Pups from 36 such litters
were genotyped in this way, and the ratio of +/+, +/—, and
—/— mice (28%: 48%: 24%) reflected the predicted Mendelian
ratios of 1:2:1 for nonlethal alleles. Homozygous Anxa7 '~
mice were indistinguishable from their WT littermates on the
basis of size, activity, fertility, or aging. Interbred Anxa7 /'~
females produced normal litter sizes.

As described previously (24), Northern blot analysis re-
vealed two mRNAs of 2.4 and 1.8 kb in WT mice. The two
transcripts are due to different poly(A) signals and were de-
tectable with an N- and a C-terminal cDNA Anxa7 probe. In
Anxa7~'~ mice, two mRNAs of 1.9 and 1.5 kb were recognized
by the C-terminal probe (Fig. 1C). The N-terminal probe hy-
bridized to a 1-kb band, also detected by the neo probe and
representing a fusion of the neo transcript and N-terminal
annexin A7 sequences (data not shown). These different RNA
species were present in all tissues analyzed. We performed also
reverse transcription-PCR with different primer pairs for the
N-terminal region, the resistance cassette, and the core domain
and could amplify a fragment representing an Anxa7-neo hy-
brid sequence composed of the N-terminal part of annexin A7
up to exon 7 and the neo cassette. These data indicate that no
intact mRNA for annexin A7 was formed in Anxa7 '~ mice.
To verify the absence of annexin A7 protein in homozygous
mice, we examined brain, heart, pancreas, and skeletal muscle
tissues. Western blot analysis of the tissues was performed by
using mouse monoclonal antibodies or polyclonal sera. No
annexin A7 protein bands were detected in these tissues in the
homozygous mutant mice, whereas strong signals were present
in the WT animals (Fig. 1D). Unexpectedly, Western blot
analysis of liver homogenates showed a 47-kDa protein in the
mutant mice. This protein was detected by several monoclonal
antibodies and the polyclonal serum raised against recombi-
nant full-length annexin A7. Further characterization showed
grossly different pIs (WT, 5.8; Anxa7 /~, 8.9) and dissimilar
behaviors in an annexin purification scheme (data not shown).
It is therefore presumed that this protein is not identical to
annexin A7 but rather a liver-specific protein.

Given the absence of a striking phenotype, the possibility
that other members of the annexin family might compensate
for the loss of annexin A7 was investigated. As such compen-
sation could be reflected in altered gene expression, the levels
of annexins Al, A2, A4, A5, A6, and All, the closest relative
to annexin A7, were studied by Western blotting of liver, brain,
heart, and skeletal muscle protein from WT and mutant mice.
No significant differences in the expression for any of these
annexins was detected (Fig. 2). These data were also supported
by gene expression studies using DNA microarrays, where sig-
nificant differences in mRNA levels were also not seen.

To exclude morphological abnormalities in the organs of
Anxa7~'~ mice, we performed histological analysis of brain,
heart, kidney, liver, lung, spleen, and skeletal muscle tissues
from mutant animals and their littermates at 8§ weeks and 10
months of age. None of the organs tested showed obvious
abnormalities. More detailed analysis of skeletal muscle using
different functional stains also revealed no differences (data
not shown).
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FIG. 2. Expression of annexins in Anxa7~'~ mice. Proteins from
liver, skeletal muscle, heart, and brain were resolved by SDS-12%
polyacrylamide gel electrophoresis and transferred to nitrocellulose
membranes for Western blotting. In all tissues of the knockout mice,
expression patterns of the different annexins were the same as in the
WT animals.

Insulin secretion is unaffected in Anxa7~’~ mice. Insulin
secretion is regulated by Ca®"-dependent mechanisms (34).
Since it has been suggested that annexin A7 mediates Ca®"-
and GTP-induced secretion, we tested the secretory behavior
of pancreatic Langerhans islets in Anxa7 '~ mice. The average
insulin contents of 177.2 = 16.4 ng/islet (n = 7) for WT mice
and 171.8 * 20.7 ng/islet (n = 7) for Anxa7~'~ mice were not
significantly different (Fig. 3A). To investigate the effects of
Ca®", cyclic AMP (cAMP), and metabolism on insulin secre-
tion, isolated islets were stimulated by tolbutamide (100 uM),
forskolin (5 wM), and glucose (16.7 mM), respectively. Raising
the glucose concentration of the medium from 2 to 16.7 mM
increased secretion from islets of WT mice almost sevenfold,
and that from islets of Anxa7 '~ mice ninefold (Fig. 3B). At 2
mM glucose, insulin secretion was not increased by the addi-
tion of 5 wM forskolin, while at high glucose (16.7 mM),
forskolin potentiated glucose-induced secretion twofold in is-
lets of both WT and knockout mice. Tolbutamide did not
increase insulin secretion at 2 mM glucose (Fig. 3B). These
results reveal that exocytotic release of insulin stimulated by
Ca®" and cAMP is not significantly altered by the absence of
annexin A7.

Receptor agonists, which modulate insulin secretion, were
then tested. The physiological inhibitor adrenaline (1 pwM)
inhibited insulin secretion to the same extent in the knockout
and WT islets (Fig. 3C). CCh potentiates insulin secretion by
activation of phospholipase C, resulting in the generation of
diacylglycerol and IP;. CCh (1 uM) was tested in the presence
of glucose (16.7 mM) by perfusion of 100 isolated islets (Fig.
3D). Glucose-induced insulin secretion was augmented by
CCh in both WT and Anxa7/~ mice, but to a lesser degree in
the latter (Fig. 3D). These observations taken with those of
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FIG. 3. Insulin secretion in Anxa7 '~ mice is normal. (A) Insulin content of WT and Anxa7 '~ islets. Islets were isolated as described in the text, insulin was extracted from 10 islets with
acid-ethanol overnight at 4°C, and insulin was measured by radio immuno assay. Results are presented as mean = SEM for 16 independent determinations. (B) Effects of glucose, forskolin,
and tolbutamide on insulin secretion in isolated islets of WT and Anxa7~/~ mice. Insulin secretion was measured as described above, and substances were added as indicated. Data are presented
as mean = SEM for the number of observations as indicated in each column. (C) Effects of adrenaline on insulin secretion. (D and E) Effects of glucose and CCh in WT (D) and Anxa7 '~
(E) islets. Perfusion was started with a solution containing 2.8 mM glucose; CCh was added to a concentration of 1 wmol/liter. Data are presented as mean * SEM from three independent
experiments.
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FIG. 4. Ca** homeostasis in Anxa7 '~ embryonic cardiomyocytes is intact. (A) Embryonic Anxa7 '~ cardiomyocytes displayed spontaneous
contractile activity accompanied by Ca®" transients. Between the Ca®" transients, stable diastolic Ca*>* levels were observed. Changes in Ca®* are
displayed as 340/380 nm. (B) Spontaneously beating Anxa7 '~ embryonic cardiomoycytes responded to depolarization of the membrane potential
by elevating the extracellular K* concentration with an increase of Ca?*. (C) Extracellular perfusion with the RyR agonist caffeine evoked a
transient Ca®" increase in an embryonic Anxa7 /'~ cardiomyocyte. When the increase of the caffeine-induced Ca?* transient was measured in WT

and Anxa7 '~ cardiomyocytes, no significant difference was noted.

Srivastava et al. (39), who described decreased IP; receptor
number and impaired increases of intracellular Ca** concen-
tration ([Ca**]) in response to CCh in their Anxa7*'~ mouse
strain, suggest that the diminished secretory response to CCh
is due to a decreased number of IP; receptors.

Early embryonic cardiomyocytes of Anxa7~'~ mice display
intact Ca®** homeostasis. To address the involvement of an-
nexin A7 in the regulation of cytosolic Ca?™, intracellular Ca**
homeostasis in isolated Anxa7 '~ cardiomyocytes was ana-
lyzed by single-cell imaging techniques. To circumvent com-
pensational effects, the experiments were performed during
early embryonic development (E11.5 to E12.5). Embryonic
cardiomyocytes are characterized by spontaneous contractions
accompanied by intracellular Ca®* transients (41, 45). This
feature was also observed in Anxa7 /'~ cardiomyocytes (n = 30
derived from three mice) (Fig. 4A). The resting Ca®" (ratio of
0.78 *= 0.02) was of a range similar to that occurring in WT
cells (ratio of 0.94 = 0.02, n = 16). Moreover, similar values of
peak Ca®* concentration during the spontaneous contractions
were observed in Anxa7 '~ (ratio of 1.28 = 0.047, n = 30) and
WT (ratio of 1.63 * 0.057, n = 16) cardiomyocytes, indicating
intact excitation-contraction coupling. Because of the impor-
tant functional role of ryanodine-sensitive Ca* stores for the
heart, their expression was assayed using the ryanodine recep-
tor (RyR) agonist caffeine (10 mM). Caffeine evoked Ca**
transients in the Anxa7 '~ cardiomyocytes with a similar am-
plitude (ratio of 1.69 = 0.132, n = 7) as found in WT cells
(ratio of 1.7 + 0.136, n = 7; Fig. 4C), supporting intact Ca*"

homeostasis and functional expression of ryanodine-sensitive
Ca*" stores in Anxa7 '~ mice.

To study the loss of annexin A7 upon Ca**-induced Ca**
release (CICR), patch-clamp experiments were performed.
Anxa7~'~ cardiomyocytes displayed normal action potentials
(90% action potential duration, 242.7 = 43.7 [Fig. 5A]) with a
maximum diastolic potential of 56.8 = 1.7 mV (n = 7), sug-
gesting the functional expression of cardiac ion channels. This
was corroborated by voltage-clamp experiments, where using
ramp depolarizations (from —100 to 50 mV, 150 ms) inward
rectifier (I,), Na*, and Ca*>* as well as outward rectifier K*
currents could be detected (Fig. 5B, n = 6). Because of the
critical role of L-type I, for heart function, their expression
and hormonal modulation were also analyzed. I, densities
evoked by 50-ms lasting depolarizing voltage steps from an HP
of —50 to 0 mV were found to be similar in Anxa7 /" cardi-
omyocytes (14.1 = 2.5 pA/pF, n = 7 [Fig. 5C]) and WT cells
(17.4 = 2 pA/pF, n = 7). In line with a normal buildup of
intracellular signaling cascades at the early embryonic stage
(20), the muscarinergic agonist CCh (1 wM) depressed basal
I, by 51.7 = 8% (n = 3) in Anxa7 '~ cardiomyocytes and by
473 = 6% (n = 3) in WT cardiomyocytes. This could also be
observed in current-clamp experiments, where application of
CCh resulted in a pronounced negative chronotropic effect,
reversible upon washout (Fig. 5D and E, n = 4). The CCh
action was not accompanied by hyperpolarization of the mem-
brane potential, suggesting the effect of CCh to be related to
depression of I, (21). Taken together, these data demonstrate
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FIG. 5. Normal electrophysiological characteristics are found in Anxa7 '~ embryonic cardiomyocytes. (A) An early embryonic, spontaneously
contracting Anxa7 '~ ventricular cardiomyocyte displayed a typical ventricular action potential. (B) By applying a 150-ms ramp depolarization
from —100 to 50 mV, the functional expression of Iy, Iy, Ic, and I, was detected. (C) The current densities of I, were similar in WT and
Anxa7~'~ cardiomyocytes. (D) A representative Anxa7 '~ embryonic cardiomyocyte responded to CCh application with a prominent depression
of basal Ic,, which could be reversed by washout. (E) CCh addition to a spontaneously contracting Anxa7 /'~ early embryonic ventricular
cardiomyocyte led to a halt of the electrical activity, accompanied by a small depolarization of the membrane potential. The effect of CCh could

be reversed by washout.

that the components required for EC coupling and its hor-
monal modulation are expressed in Anxa7 '~ embryonic car-
diomyocytes.

Shortening-frequency relationship is altered in Anxa7~/'~
mice. The failure to observe aberrations in the embryonic

cardiomyocytes of Anxa7~'~ mice does not rule out changes in
cells from adult hearts, where mechanical and electrophysio-
logical stress is increased and the mechanisms for excitation-
contraction more differentiated. In particular, the T-tubular
system is highly developed in the adult cardiomyocyte. In most
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FIG. 6. Shortening-frequency relationship measured in single car-
diomyocytes from Anxa7~'~ (filled triangles) and and WT (open tri-

angles) mice. Shortening-frequency relationship was impaired in the
Anxa7~'~ group. P < 0.05 versus Anxa7 ',

mammalian species, including mice, an increase in the stimu-
lation frequency is accompanied by an increase in the contrac-
tile force (4). This is caused partly by a frequency-induced
increase in the intracellular systolic Ca>* concentration, pos-
sibly through a greater Ca”" release from sarcoplasmic retic-
ulum (37) or by an increased Ca®" influx via I, (32). Differ-
ences in the regulation of the intracellular Ca®>* homeostasis
can be examined by measuring changes in cell shortening and
diastolic cell length in isolated, ventricular myocytes, electri-
cally stimulated at increasing stimulation frequencies. Under
basal conditions (0.5 Hz), maximal cell shortening was 2.3 =
0.3 wm in Anxa7 /'~ mice (n = 15 from three mice) and 1.8 *
0.2 pm in the control group (n = 14 from six mice) (Fig. 6). In
controls, cell shortening was increased when the frequency of
stimulation was raised from 0.5 to 5 Hz (2.3 = 0.4 versus 7.7 =
1.7 um, n = 8 from four mice). In contrast, cell shortening
declined at increasing stimulation frequencies in Anxa7 '~
mice (2.8 = 0.5 versus 0.9 = 0.1 pm, n = 8 from two mice).
Diastolic cell length did not change during the experiments
(0.5 versus 5.0 Hz; WT, 129 = 10 versus 127 = 10 wm;
Anxa7~'~, 102 = 10 versus 107 = 14 um) (Fig. 6).

To test whether annexin A7 is involved in the positive ino-
tropic effect induced by stimulation of the B-adrenergic recep-
tor/adenylyl cyclase system, concentration responses to iso-
prenaline (0.1 to 3 pM) were performed in isolated electrically
(0.5 Hz) stimulated ventricular myocytes. The maximal iso-
prenaline-induced increase in cell shortening was not different
between Anxa7 '~ mice and their WT littermates (Table 1). In
both groups, diastolic cell length remained stable during the
experiments (data not shown).

TABLE 1. Influence of isoprenaline on cell shortening and diastolic
cell length in isolated ventricular murine cardiomyocytes from
Anxa7~'~ mice (n = 5 from two mice) and controls (n = 3 from
two mice)

Maximum
Iso“-induced

50% effective Diastolic cell length (pum)

Mice cell shortening conclpt (mol/ 0 Iso
(nm) iter) (3 wmol/liter)
Anxa7”'" +2.7+0.7° 0.031=0.004 74 =10 73 =10
Controls +26*+1.2 0.142 £1.29 92 = 10 86 £ 8

“ Iso, isoprenaline.
b P < 0.05 versus basal.
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DISCUSSION

The annexin A7 gene is not essential for mouse viability.
Although annexin A7 is expressed in almost every tissue and in
undifferentiated ES cells (C. Herr, unpublished data), mice
lacking this gene are viable, are fertile, and show no severe
changes. The results presented here differ from those recently
reported (39), where targeted disruption of the Anxa7 '~ gene
resulted in an embryonic lethality, and where heterozygous
animals displayed a defect in IP; receptor expression, Ca?"
signaling, and insulin secretion. The discrepancy could be due
to differences in the induced mutations. In the mouse lines
described here, the neo cassette was inserted directly into exon
8 of the annexin A7 gene, whereas Srivastava et al. replaced
part of intron 5 and exon 6, an exon transcribed only in striated
muscle and in the brain (39). Further, the neo gene was ori-
ented differently in the two strains, being transcribed in the
opposite direction to Anxa7 '~ in the mice described here.
Hence, the conflicting results might be due to alterations in the
expression of other genes in the vicinity of the integration site,
as demonstrated for the myogenic basic helix-loop-helix gene
MRF4 (31), where similar differences occurred in knockout
strains. One further variable could be the different genetic
backgrounds used, as has been seen for the gelsolin knockout
strain, which was viable on a mixed background but showed
almost 100% lethality when bred on a BALB/c or C57BL/6
background (23). It should be noted that the Anxa7 '~ muta-
tion presented here has been bred on 129SV and C57BL/6
backgrounds without a loss in viability (Herr, unpublished
data).

Having generated viable annexin A7-deficient mice, we
could address questions relating to annexin A7 function. Stri-
ated muscle was studied to reveal effects due to altered Ca*"
homeostasis, while Langerhans islets were used as a test system
for the analysis of secretion. Overall, no obvious defects caused
by the loss of annexin A7 in the mice were observed. At a
cellular level, previous experiments suggested that annexin A7
is required as a Ca?"/GTPase in secretion events, as a Ca*"
ion channel, or as an ion channel regulator. We now conclude
that annexin A7 is not crucial for these events. Our results do
not, however, preclude it having a modulatory role in exocy-
tosis or secretion or in regulating Ca*>* homeostasis. It should
be noted that while the annexin A6-deficient mouse also
showed no obvious phenotype (16), overexpression of this pro-
tein in the cardiomyocytes of transgenic mice led to cardiomy-
opathy and heart failure (15), suggesting that annexins can play
important modulatory roles. Hence, the lack of an overt phe-
notype in the absence of annexin A7 could reflect a subtle
function; it is also possible that another member of the 10
known murine annexins could compensate for its absence.
However, in brain, heart, liver, and skeletal muscle, none of the
annexins Al, A2, A4, A5, A6, and All were obviously up- or
down-regulated at either the mRNA or protein level.

Annexin A7 is not required for insulin secretion. Annexin
A7 binds to phospholipids and hydrolyzes GTP in a Ca**-
dependent manner (33). It also promotes membrane aggrega-
tion in vitro, a prerequisite for exocytotic membrane fusion (5).
Ca®"- and GTP-dependent secretion has been described in a
variety of endocrine cells, including chromaffin cells and insu-
lin-secreting B cells (3, 43). These findings suggested a regu-
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latory role for annexin A7 during the exocytotics in endocrine
cells. However, here we show that annexin A7 is not essential
for this process in insulin-secreting cells, since the maximal
insulin release was not significantly different from that in the
islets of Anxa7~/~ mice compared to WT mice. Also, the mech-
anisms for the modulation of exocytosis were not impaired, as
in both WT and Anxa7 /'~ islets, the adrenalin response was
induced by the interaction of the hormone directly with the
exocytotic fusion machinery as well as through lowering cAMP
and [Ca®"]; (42). Further, the insulin content of isolated islets
was not significantly different in the Anxa7 /'~ mice compared
to WT littermate controls. In contrast, Srivastava et al. ob-
served a 10-fold-larger insulin content and hyperplastic islets in
their Anxa7*/~ mutant mice.

To examine the role of annexin A7 during IP5-induced mo-
bilization of Ca®", the effect of CCh on insulin secretion was
assessed in Anxa7 '~ islet cells. CCh-induced secretion was
diminished but not abolished in knockout islets. In the
Anxa7*'~ mice of Srivastava et al., 10-fold fewer IP; receptors
were present, and this was accompanied by a lower and slower
increase in [Ca?"]; compared to islets isolated from WT mice.
This loss of IP5 receptors could be responsible for the impaired
release induced by CCh. Indeed, the absence of the IP; recep-
tor in mice leads to an unresponsiveness to agonists acting
through phospholipase C (40). As IP; receptors have been
found on secretory vesicles as well as IP5-sensitive endoplasmic
reticular membranes (47), their interaction with annexin A7
may occur at the secretory vesicles. Thus, IP;-induced Ca**
release may promote annexin A7-mediated membrane aggre-
gation and fusion. Other members of the annexin family are
found in rat B cells; for instance, annexin Al is located on the
membrane of insulin-containing granules and maybe involved
in the regulation of glucose-induced insulin secretion (29, 30),
an event which seems unaffected by the loss of annexin A7.
Recently it was suggested that annexin All plays a role in
Ca”"- or GTPyS-induced insulin secretion (19) and therefore
may compensate for the loss of annexin A7. However, there
was no alteration in the levels of annexin All in the mutant
mice.

Is annexin A7 involved in Ca®>* homeostasis of cardiomyo-
cytes? The studies with early embryonic cardiomyocytes clearly
indicate intact Ca®>* homeostasis and expression of the cellular
components required for CICR; however, adult Anxa7 '~ car-
diomyocytes exhibited a decrease in frequency-induced cell
shortening. This implies that the regulation of electromechan-
ical coupling at high systolic Ca®* concentration is impaired
and indicates that annexin A7 is involved in the regulation of
Ca®* homeostasis and/or the function of the contractile appa-
ratus in the adult stage. The defect does not, however, interfere
with the viability of animals maintained under normal condi-
tions.

While a direct interaction between annexin A7 and myofila-
ments has not been reported, it was shown recently that an-
nexin A7 binds in a Ca®?"-dependent manner to sorcin, a pro-
tein which functionally interacts with the Ca®" release channel
of the sarcoplasmic reticulum (RyR) (44). Like annexin A7,
sorcin translocates from the cytoplasm to the membrane with
increasing intracellular Ca®* concentrations, and annexin A7
may recruit sorcin to the plasma membrane (6, 27). Sorcin has
been suggested to mediate interchannel communication be-
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tween the L-type Ca®* channels on the plasma membrane and
RyR protein at the sarcoplasmic reticulum during excitation-
contraction coupling in the postnatal cardiac muscle (25, 26).
This possibly explains the intact function of embryonic cardi-
omyocytes lacking annexin A7, as the contractile machinery in
the immature rodent heart is activated largely by Ca®* enter-
ing the cell directly through L-type channels rather than by
RyR-mediated CICR (2, 7). As the T-tubule/sarcoplasmic re-
ticulum system gradually develops, contraction becomes more
dependent on CICR (7); hence, the decrease in cell shortening
seen upon high-frequency stimulation in the cardiomyocytes of
adult Anxa7 '~ mice may result from impairment of the inter-
action between sorcin and RyR. Annexin A7’s localization at
the T-tubule system makes it well suited to modulate such an
interaction (38).
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