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Abstract Vasoactive intestinal peptide (VIP) is a vaso-
relaxant peptide that addresses two receptor subtypes,
VPAC1 and VPAC2. It stimulates insulin secretion and
mediates anti-inflammatory effects and has been proposed
for treatment of type 2 and autoimmune diabetes. In the
heart, VIP is produced and released primarily by intrinsic
neurons and improves cardiac perfusion and function.
Here, we investigated the involvement of this system in the
events underlying development of experimentally induced
diabetic cardiomyopathy. Rats received a single strepto-
zotocin injection, and cardiac VIP content [radioimmune
assay (RIA)], expression of the VIP precursors VPAC1 and
VPAC?2 [real-time reverse transcription-polymerase chain
reaction (RT-PCR)], and VPAC1 and VPAC?2 tissue dis-
tribution (immunohistochemistry) were assessed 4, 8, and
16 weeks thereafter and compared with corresponding
vehicle-treated controls. Cardiac neuropathy manifests pro-
gressively during the first 4 months of diabetes at the
preproVIP mRNA and VIP peptide level and is accom-
panied by initial down-regulation of VPAC2 at one prime
target of VIP-containing axons, i.e., smooth muscle cells of
coronary arterioles. VPAC1 is expressed by macrophages.
After initial changes that are specific for atria and ven-
tricles, respectively, VPAC1 and VPAC2 expression re-
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turn to control levels at 16 weeks despite ongoing loss of
VIP. Given the cardioprotective role of the VIP signaling
system, the persistence of receptors has therapeutic
implications since it is the prerequisite for trials with
VPAC?2 agonists.
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Introduction

Vasoactive intestinal peptide (VIP) is a 28-amino-acid
peptide generated by enzymatic cleavage from its precur-
sor, preproVIP, and was first isolated as a vasorelaxant
from porcine gut (Said and Mutt 1970; Obata et al. 1981). It
stimulates insulin secretion from insulinoma cells, mouse
pancreatic islets, and perfused rat pancreas (Yada et al.
1994; Bertrand et al. 1996; Straub and Sharp 1996;
Filipsson et al. 1998), and receptor subtype-specific ag-
onists have currently been designed and suggested for
use in treatment of type 2 diabetes (Tsutsumi et al. 2002;
Yung et al. 2003). It is also a potent anti-inflammatory
factor and has been proposed as a candidate for treatment
of autoimmune diabetes (Delgado et al. 2002). In addition
to its occurrence in the gastrointestinal tract, VIP is widely
distributed and is also found in the extrinsic and intrinsic
innervation of the heart (rat: Weihe et al. 1984; Slavikova
1997; Onuoha et al. 1999; Kuncova et al. 2003; Richardson
et al. 2003), which is among those organs in which im-
pairment during progression of diabetes mellitus is limit-
ing for life quality and survival. Diabetic cardiomyopathy
involves both the contractile cardiomyocytes and the sen-
sory and autonomic innervation of the heart (Ziegler 1999).
VIP can act directly on cardiomyocytes and relaxes cor-
onary vascular smooth muscle, thereby improving cardiac
perfusion (for review, see Henning and Sawmiller 2001). In
addition, it promotes survival of peripheral neurons in
culture and inhibits neuronal cell death after injury, thereby
serving as a neuroprotective factor (Klimaschewski 1997).
VIP actions are mediated through G-protein-coupled re-
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ceptors that also recognize pituitary adenylate cyclase-
activating peptide (PACAP) and are denoted VPACI1 and
VPAC?2 receptors (Harmar et al. 1998). PAC1 is a third,
related receptor, that is, however, selectively activated by
PACAP but not to a significant amount by VIP (Harmar
et al. 1998). All three receptors are present in the rat heart
(Baron et al. 2001; Sano et al. 2002), yet the cellular
distribution of the individual subtypes is not known. In the
present study, we investigated involvement of the endog-
enous VIP/VIP receptor system of the rat heart in events
underlying development of diabetic cardiomyopathy in
the model of streptozotocin (STZ)-induced diabetes by
localizing VPAC1 and VPAC2 in the rat heart by immu-
nohistochemistry and quantifying their expression by
real-time reverse transcription-polymerase chain reaction
(RT-PCR). Concomitantly, levels of VIP expression were
monitored by real-time RT-PCR and radioimmunoassay
(RIA). The data provide evidence for progressive reduc-
tion of endogenous VIP production in the heart during the
first 4 months after onset of diabetes, with concomitant
changes in the expression of receptors specific for atria
and ventricles, respectively. Importantly, despite progres-
sive loss of VIP, receptor expression returns to at least
control levels after 4 months so that VPAC2 agonists that
have recently been suggested as potential therapeutic tools
in diabetes (Tsutsumi et al. 2002; Yung et al. 2003) may
also confer cardioprotection in diabetic cardiomyopathy.

Methods
Materials and animals

STZ and other chemicals were from Sigma (St. Louis, MO,
USA) or Lachema (Brmo, Czech Republic) if not stated
otherwise. All chemicals were of analytical grade. Adult
female Wistar rats purchased from VELAZ (Prague, Czech
Republic) at the age of 50 days were used for induction
of diabetes and for corresponding vehicle injections. The
identity of VPACI-immunoreactive cells observed in the
heart during the course of this study was investigated in
another group of five adult Wistar rats obtained from
Harlan Winkelmann (Borchem, Germany).

Induction of experimental diabetes

Animals at the age of 50 days were housed five per cage
and fed standard laboratory chow ad libitum with free
access to drinking water. All animals were left intact to
adapt for 2 weeks before the initiation of the experiments.
All experiments were approved by the University Com-
mittee for Experiments on Laboratory Animals and were
conducted in accordance with the NIH Guide for the Care
and Use of Laboratory Animals as well as the relevant
guidelines of the Czech Ministry of Agriculture for sci-
entific experimentation on animals. Diabetes was induced
by a single intravenous injection of STZ (65 mg/kg body
weight) dissolved in citrate buffer (pH 4.5) and verified by

severe hyperglycemia. Plasma glucose levels were mea-
sured before administration of STZ, 48 h after STZ in-
jection, and then monthly by the glucose oxidase method
(Bio-La-Test, Lachema, Czech Republic). Only animals
that had glucose levels higher than 18 mmol/l were con-
sidered diabetic.

Three groups of diabetic rats, 4, 8 and 16 weeks after the
onset of the disease (STZ4, STZS8, STZ16), were studied.
Control, age-matched animals received a corresponding
volume of vehicle and were also sacrificed by decapitation
4, 8 and 16 weeks after the injection (Contr4, ContrS§,
Contrl6) to serve as corresponding controls.

Isolation of peritoneal macrophages

The animals were decapitated, and 100-150 ml HEPES
buffer (in mM: NaCl 150, KC1 5.6, HEPES 10, NaOH 1.5,
MgCl, 1, CaCl, 2, glucose 10; pH 7.4) was injected into
the peritoneal cavity. The abdomen was massaged for
2 min, opened, and 100 ml of the buffer was aspirated and
centrifuged at 200 g for 10 min. The pellet was resuspend-
ed in HEPES buffer and was either used for subsequent
RT-PCR analysis, or cells were plated on cover-slips for
subsequent immunofluorescence.

RT-PCR

Total RNA was isolated from the left and right atrium and
left and right ventricle of STZ-treated and control animals
(n=5 per group) using RNAzol B (WAK-Chemie; Bad-
Soden, Germany). Contaminating DNA was destroyed
with 1 U DNase/pg total RNA (Gibco-BRL; Karlsruhe,
Germany). The RNA was reverse transcribed using Su-
perscript RNase H Reverse Transcriptase (200 U/onset;
Gibco-BRL) for 50 min at 42°C. Real-time quantitative
PCR was done in the I-Cycler (Bio-Rad; Munich, Ger-
many) using primers and QuantiTec SYBR Green PCR
kit (Qiagen; Hilden, Germany). Primers were designed to
amplify the sequence corresponding to nucleotides 1271—
1420 (forward: GCTCAACTTCCAACCTGGAG, reverse:
TTTCAGCAAAGGAAGCCAAT) of the published rat
preproVIP c¢cDNA sequence (Genbank Accession No.
XM_217838), to nucleotides 915-1104 (forward: GCTG
GGACACCATCATCAA, reverse: TGAGCAGAAGCGT
GGACTT) of the published VPAC1 cDNA (Genbank
Accession No. M86835), to nucleotides 1099-1288 (for-
ward: CACACTGCTGCTAATCCCACT, reverse: GCCT
CTCCACCTTCTTTTCAG) of the published VPAC2
cDNA (Genbank Accession No. U09631), and to nu-
cleotides 131-361 (forward; ATGGTGGGTATGGGTCA
GAA, reverse: GGGTCATCTTTTCACGGTTG) of the
published (-actin cDNA (Genbank Accession No. NM
031144). The PCR conditions were initial denaturation
in one cycle of 15 min at 95°C followed by 50 cycles of
30 s at 95°C, 30 s at 58°C, and 30 s at 72°C. Although
products emerged at a threshold of 30-33 cycles, a total
of 50 cycles was run to reach saturation and to enable



quantitative analysis. All analyses were done in triplicate.
The expression of preproVIP, VPACI, and VPAC2 was
normalized with (-actin as a housekeeping gene. The
relative expression was calculated by comparison of the
received Cr values. Values obtained for group STZ4 were
compared with those for Cont4, those obtained for STZ8
with Cont8, and STZ16 with Contl6, respectively. The
PCR products were separated by electrophoresis on a 2.0%
TRIS-acetate-EDTA agarose gel, and their identity was
verified by sequencing (MWG Biotech, Ebersberg, Ger-
many). Controls run by omission of the RT step or by
omission of template were negative.

Total RNA from isolated peritoneal macrophages was
isolated by using the RNeasy mini kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol. Prior
to reverse transcription, 1 pug of RNA was incubated with
DNase (1 U DNase/preparation, Gibco-BRL) to eliminate
any trace DNA contamination. The RNA was reverse
transcribed using Superscript RNase H Reverse transcrip-
tase (200 U/onset, Gibco-BRL) for 50 min at 42°C. The
reverse transcriptase was inactivated by heating for 15 min
at 75°C. For subsequent PCR, 2.5 pl buffer II, 1.5-2 ul
MgCl, (15 mM), 0.6 ul ANTP (10 mM each), 0.6 ul of each
primer (10 uM, MWG Biotech, Ebersbach, Germany;
sequences for VPACI and {3-actin as given above), and
0.25 pl AmpliTaq Gold polymerase (5 U/ul, all reagents
from Perkin Elmer) were supplemented with H,O to a final
volume of 25 pl. Cycling conditions were 12 min at 95°C,
40 cycles with 20 s at 95°C, 20 s at 60°C, 20 s at 72°C, and
a final extension at 72°C for 7 min. Control reactions in-
cluded the absence of DNA template and the absence of
RT. The PCR products were separated by electrophoresis
on a 1.2% TRIS-acetate-EDTA gel.

VIP radioimmunoassay

For quantitative determination of VIP-immunoreactivity
levels, rats were killed by decapitation and their hearts were
rapidly excised. Nine animals per group were analyzed.
Tissues were rinsed with ice-cold saline and placed in ice-
cold buffer containing 0.1 mmol/l EDTA, 5.0 mmol/l TRIS-
HCI, pH 7.4, and 0.25 mol/l sucrose. The hearts were freed
of connective tissue and fat and separated into the left
atrium with the interatrial septum, right atrium, and free
walls of both ventricles. Immediately after dissection, the
tissues were frozen on dry ice and weighed. Then the
samples were placed in 0.1 mol/l HCI -containing
100 umol/l EDTA and 0.01% Na,S,05 1:10 (w/v) and
briefly pulverized. Test tubes with tissues were heated in a
water bath at 95°C for 15 min and then cooled on ice.
Content of the tubes was homogenized for 30 s using an
Ultra-Turrax homogenizer. The homogenate was centri-
fuged at 10,000 g, 4°C, 20 min. The supernatant was
neutralized with 1 mol/l TRIS-base and centrifuged again
at 5,000 g, 4°C, 15 min. The clear supernatant was
aspirated and stored at —70°C until RIA for VIP-immuno-
reactivity determinations.
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VIP-immunoreactivity was assayed in tissue extracts
by radioimmunoassay using a commercial kit (Phoenix
Pharmaceuticals, CA, USA). The polyclonal rabbit anti-
serum was raised against the full-length synthetic peptide
(human, rat, porcine sequence) and showed 100% cross-
reactivity to VIPjo_g. There was no cross-reactivity to
PACAP-38, and cross-reactivity to PACAP-27 was below
0.02%. Assay tubes were set up in duplicate, each con-
taining 100 pl of unknown sample or standard and
100 pl of rabbit anti-VIP serum. After incubation (20 h)
at 4°C, 100 pl of tracer solution was added to each tube,
and tubes were incubated for further 20 h. Bound radio-
activity was separated by adding goat anti-rabbit IgG an-
tiserum and centrifugation.

Recovery was assessed in another set of measurements
(n=7) by addition of exogenous VIP at the time of heating
in HCL. About 75% of added exogenous VIP could be
detected in the final extract. Results were not corrected for
recovery. Intra-assay variation did not exceed 10%.

Immunohistochemistry

Shock-frozen tissues from four hearts per experimental
group were cut with a cryostat (Jung Frigocut 1900E,
Leica, Bensheim, Germany); 8-um-thick sections were
placed onto gelatinized slides and fixed for 10 min in cold
acetone. Then they were covered for 1 h with blocking
medium (PBS containing 0.1% bovine serum albumin,
10% normal porcine serum, and 0.5% Tween 20) followed
by incubation with primary antibodies. Immunofluores-
cence was performed using monoclonal antibodies against
VPACI, clone AS58; and VPAC2, clone AS69, respec-
tively (1:100, Sigma, Missouri, USA). Isotype-matched
mouse IgG served as negative control. Antibodies were
applied overnight at 4°C followed by washing steps (2x
10 min in PBS) and subsequent 1 h incubation with don-
key-anti-mouse IgG conjugated to Cy3 (1:1,000, Dianova,
Hamburg, Germany) followed by PBS washes. On some
selected slides, additional labeling for o-smooth muscle
actin (SMA) was performed to identify smooth muscle
cells. In these cases, normal mouse serum was applied for
30 min after the Cy3-conjugated anti-mouse IgG has been
applied, and a directly fluorescein isothiocyanate-conju-
gated mouse monoclonal SMA antibody (1:500, Sigma,
Missouri, USA) was applied for 3.5 h. Finally, sections
were coverslipped in carbonate-buffered glycerol at pH
8.6. Sections were evaluated using an epifluorescence mi-
croscope (Axioplan 2 imaging, Zeiss, Jena, Germany)
equipped with appropriate filter combinations.
Single-labeling immunofluorescence revealed unidenti-
fied VPAC1-immunoreactive cells that were identified by
double-labeling immunohistochemistry using monoclonal
antibody ED1 (Serotec, Diisseldorf, Germany) as a marker
for monocytes/macrophages (Dijkstra et al. 1985) on
control heart sections. Acetone-fixed frozen sections were
rinsed for 30 min in 1 % H,0, in PBS, preincubated for
30 min in blocking medium (PBS containing 1% bovine
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serum albumin and 0.1% NaNj), incubated overnight
at 4°C with VPACI antibody (1:250), rinsed in PBS, and
bound primary antibody was visualized using the anti-
mouse EnVision Peroxidase kit (Dako Diagnostica,
Hamburg, Germany) and 3,3'-diaminobenzidine, as recom-
mended by the manufacturer. Following buffer rinses,
monoclonal antibody ED1 (1:500) was applied for 2 h at
room temperature, and after additional buffer washes, the
sections were developed with anti-mouse/rabbit EnVision
alkaline phosphatase kit (Dako), according to the manu-
facturer’s recommendation, with Fast Blue as chromogen.
Sections were coverslipped in glycergel (Dako) and eval-
uated with an Olympus BX51 microscope.

Coverslips with rat peritoneal macrophages were fixed
for 10 min in ice-cold acetone and then subjected to single-
labeling VPAC1 immunofluorescence as described above
for frozen sections but using FITC-conjugated F(ab), frag-
ments of donkey anti-mouse IgG (1:200, Dianova). Then,
coverslips were rinsed for 10 min in 4% buffered para-
formaldehyde and exposed to either ED1 or ED2 mono-
clonal antibody prelabeled with Alexa 647-conjugated
monovalent goat F(ab) fragments directed against mouse
IgG,, according to the Zenon Alexa Fluor IgG, Labeling
Kit description of the manufacturer (Molecular Probes,
Eugene, OR, USA). In case of ED1 antibody, alternative
labeling was also performed with Alexa 555-conjugated
monovalent goat F(ab) fragments directed against mouse
IgG; (Molecular Probes). Final dilution of ED1 and ED2
antibodies in these experiments was 1:25, and they were
applied for 1 h at room temperature. Then, specimens were
again fixed in buffered 4% paraformaldehyde, covered
with carbonate-buffered glycerol, and evaluated by con-
ventional epifluorescence microscopy and with a confo-
cal laser scanning microscope (CLSM, TCS SP2 AOBS,
Leica, Bensheim, Germany) using Ar 488 nm, He-Ne
543 nm, and He-Ne 633 nm laser lines.

Data analysis

Tissue concentrations of VIP immunoreactivity were ex-
pressed in nanograms per gram wet weight. Results are
reported as means + S.E.M. Statistical analysis was per-
formed by means of ANOVA, with post hoc tests correct-
ed for multiple comparisons by the Bonferroni’s method
using the BMDP statistical package (version 2.0, Statistical
Solutions, USA). Statistical analysis of relative gene ex-
pression was done by the Kruskal-Wallis test followed by
the Mann—Whitney test using SPSS software (SPSS soft-
ware, Munich, Germany). Throughout, the results were
considered significantly different when P<0.05.

Results
VIP and its receptors in the control rat heart

In control rat hearts, mRNA coding for the VIP precursor,
preproVIP, was detected in all heart chambers (Fig. 1)
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Fig. 1 Detection of mRNAs coding for preproVIP, VPACI, and
VPAC2 in rat heart compartments by qualitative reverse transcrip-
tion-polymerase chain reaction (RT-PCR) and agarose gel electro-
phoresis. [3-Actin served as housekeeping gene for standardization
of quantitative RT-PCR. M marker, H,O negative control with
omission of template

although only at very low amounts in the ventricles (rel-
ative expression 6.7-fold higher in atria, as determined by
quantitative RT-PCR). These expression data reflected
amounts of VIP as measured by RIA, also showing mark-
edly higher amounts in atria (Fig. 2a) than in ventricles
(Fig. 2b). Messenger RNAs coding for receptor subtypes
VPACI1 and VPAC2 could be detected in atria and ven-
tricles from both sides by RT-PCR (Fig. 1). In real-time RT-
PCR, Acr values for VPACl—compared with 3—actin as
housekeeping gene—were higher than those for VPAC2,
suggesting lower expression levels of VPACI. Similarly,
immunohistochemistry using monoclonal antibodies re-
vealed fewer VPACI1- than VPAC2-immunoreactive cells.
VPAC1 immunoreactivity was restricted to small, solitary
cells very infrequently found in the connective tissue
spaces of all compartments of the heart (Fig. 3). These cells
were often of irregular shape and exhibited granular im-
munolabeling. This shape and labeling pattern resembled
that of macrophages, so that expression of VPACI1 by these
cells was specifically investigated. Double-labeling immu-
nohistochemistry using the monoclonal antibody ED1 as
monocyte/macrophage marker showed colocalization of
ED1- with VPACI1-immunoreactivity although the total
number of ED1-positive cells was higher than that of
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(STZ) treatment, and VIP levels
decrease thereafter. b Ventricles:
A slight initial trend toward
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cant) is observed 4 weeks after
STZ treatment, and VIP levels
decrease thereafter; *P<0.05,
**P<0.01 compared with 4
weeks after STZ treatment, and

VIP- IR (ng/g)
w -lh 3.}

I STz
[ Controls

P<0.05 compared with corre-
sponding control group; n=9
in each group

4 8
Weeks after STZ

left ventricle

16 4 8
Weeks after STZ

right ventricle

VIP- IR (ng/g)
w l& [3,]

_

I STz
[ Controls

%k

“=i ufl BER

4 8
Weeks after STZ

Fig. 3 VPACI immunolabeling in control animals was restricted to
small cells with short processes exhibiting granular labeling pattern
(a). Vascular smooth muscle cells (sm, b) and neurons of intrin-
sic ganglia (¢) were negative. In diabetic animals, small VPACI1-
positive cells were still observed (d) 4 weeks after onset of diabetes
[streptozotocin (STZ4)] next to a local ganglion, and (e) in the
epicardium 16 weeks after onset (STZ16). Bar represents 50 pum
throughout

16 4 8
Weeks after STZ

16

VPACI1-immunoreactive cells (Fig. 4a). Expression of
VPAC1 by macrophages was further substantiated by
analysis of cells obtained by peritoneal lavage. VPACI1
mRNA was demonstrated by RT-PCR in peritoneal mac-
rophages (Fig. 4b), and double-labeling immunofluores-
cence showed that the majority, although not all, of the
ED1-positive peritoneal macrophages exhibited membrane-
bound VPAC1 immunoreactivity (Fig. 4c). Double-labeling
was also performed in combination with the monoclonal
antibody ED2 that recognizes a subpopulation of differ-
entiated macrophages. Although double-labeled (VPAC1/
ED2) cells were also observed, there was, in general, an
inverse correlation between VPAC1- and ED2-labeling in-
tensities: peritoneal macrophages with the lowest VPAC1-
labeling intensity showed particularly bright ED2-labeling
(Fig. 4d).

On the other hand, VPAC2 immunoreactivity was found
on smooth muscle cells (Fig. 5) and on single cardiomyo-
cytes (less than 1% of total cell number; Fig. 6). Smooth
muscle cells were easily identified by their characteristic
morphology and their location and were additionally iden-
tified by double-labeling with a monoclonal SMA-anti-
body (Fig. 5d, e). VPAC2-immunoreactive smooth muscle
cells included those located in the atrial endocardium
and in the subendothelial layer of the entering caval and
pulmonary veins, and those of small coronary branches
(Fig. 5). In general, immunolabeling of ventricular arte-
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VPAC1

Fig. 4 VPACI expression in macrophages. a Double-labeling im-
munohistochemistry of frozen heart section for VPACI1 (brown
reaction product) and ED1 (blue; lysosomal antigen of monocytes/
macrophages) shows ED1-positive granules in a VPACI-immuno-
reactive cell (arrow) while another ED1-positive cell is not VPAC1-
immunoreactive (arrowhead). b Reverse transcriptase-polymerase
chain reaction (RT-PCR) of isolated peritoneal macrophages shows
VPAC1 mRNA expression. Primers specific for (3-actin served as
controls for RNA isolation efficacy; negative controls were run

rioles was not as intense as that of atrial arterioles. Small
arteries and arterioles of surrounding tissues, e.g., epicar-
dial and mediastinal fat pads, exhibited distinct VPAC2
immunoreactivity while smooth muscle cells of the large
vessels arising from the heart-ascending aorta (Fig. 5b),
pulmonary trunk, remained unlabeled. Occasionally, single
ventricular cardiomyocytes displayed VPAC2-immunore-
activity while the majority of cardiomyocytes remained
unstained in immunohistochemistry (Figs. 5, 6a). Intrin-
sic neurons of cardiac ganglia and nerve fibers were not
labeled by the VPAC2 antibody (Fig. 5c¢).

ED1

VPAC1
B-actin
¢ RT
H,0

without reverse transcription or with omission of template (H,0). M
marker. ¢, d Double-labeling of isolated peritoneal macrophages
for VPACI1 and EDI (¢) or ED2 (d), respectively [confocal laser
scanning microscope (CLSM)]. The majority of, but not all, isolated
cells exhibit distinct membrane-bound VPACI1-immunolabeling. All
VPAC1-immunoreactive cells are labeled by the ED1-antibody
(¢, merge). VPAC1- and ED2-labeling intensities generally show an
inverse correlation although clearly double-labeled cells are also
visible (d, merge). Bars represent 10 um in 4 and 20 um in C and D

Atrial alterations in STZ-induced diabetes

Significant changes in preproVIP, VPACI, and VPAC2
expression occurred during a time course of up to 16 weeks
after induction of diabetes by STZ. Distinct differences in
reaction patterns were noted between atria and ventricles
while right and left atria and right and left ventricles, re-
spectively, responded in the same way. In atria, an initial
trend toward elevated levels of preproVIP mRNA (Fig. 7a)
and VIP (Fig. 2a) was noted at 4 weeks after onset of
diabetes; however, statistical significance was not reached



Fig. 5 VPAC2-immunolabeling in control animals was observed on
the atrial subendocardial cells (a, arrows) and coronary arteries (a,
arrowhead) but not on the smooth muscle cells of the aorta (b) and
intrinsic neurons (¢). The elastic lamellae of the ascending aorta
exhibit autofluorescence (b). Double-labeling with a monoclonal
antibody against x-smooth muscle actin (SMA) reveals VPAC2 im-
munoreactivity in smooth muscle cells of the coronary arteries
(d, d’) and in the subendocardial layer (e, €', arrows). Bars represent
100 um in a, 50 um in b, ¢, and 20 um in d and e

(e.g., P=0.07 for VIP in right the atrium and P=0.10 for VIP
in the left atrium). Thereafter, however, preproVIP mRNA
expression, measured by real-time RT-PCR, markedly de-
creased, reaching 45% of control level in the left and only
10% of control level in the right atrium 16 weeks after
onset of diabetes (Fig. 7a). Similarly, VIP content of both
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control

Fig. 6 VPAC2-immunofluorescence in the course of experimentally
induced diabetes. Individual cardiomyocytes exhibit VPAC2-im-
munolabeling in control (a) and diabetic (b) animals 4 weeks after
streptozotocin (STZ) treatment (STZ4). Intense immunostaining of
coronary smooth muscle cells seen in controls (¢) disappeared 4
weeks after STZ treatment (d), partially recovered after 8 weeks
of diabetes (e), and was clearly visible after 16 weeks (f). Bar
represents 50 um throughout

atria, measured by RIA, fell significantly in that period
(Fig. 2a), although not to such an extent as that observed
at mRNA levels. Conversely to the changes observed
for preproVIP mRNA and VIP, VPAC2 mRNA dropped
significantly to 23% (left atrium) and 58% (right atrium),
respectively, at 4 weeks of diabetes, returned to initial
values at 8 weeks, and reached slightly elevated levels
thereafter (this increase being significant in the left atrium
only) (Fig. 7a). These changes in expression pattern were
paralleled by the immunohistochemical observation that
VPAC2 immunoreactivity in atrial vascular and endocar-
dial smooth muscle fully disappeared at 4 weeks of diabe-
tes and then gradually recovered during the next 2 months
(Fig. 6). Still then, however, it appeared as if labeling was
not as intense and widespread as in controls. VPACI
mRNA was qualitatively detected by RT-PCR in all ex-
perimental conditions in at least one of the atria but at such
low amounts that reliable quantification was not feasible. In
VPACI1 immunohistochemistry, no obvious changes com-
pared with controls were noted (Fig. 3).

Ventricular alterations in STZ-induced diabetes

In the ventricles, an initial trend of an increase in VIP levels
and then a significant drop between weeks 4 and 16 was



390
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observed (Fig. 2b). These changes paralleled those seen in
atria although the total amount of VIP in ventricles was
much lower. PreproVIP mRNA was qualitatively detected
by RT-PCR in all experimental conditions but at such low
amounts (Act values higher than 12) that reliable quan-
tification was not feasible. The time course of receptor
expression in ventricles differed markedly from that seen in
atria. Instead of an initial drop, elevated VPAC2 mRNA
levels were observed at 4 weeks, and expression reached a
significant peak at 8 weeks of diabetes to return to control
levels at 16 weeks. A peak expression at 8 weeks was also
observed for VPACI mRNA although it reached signifi-
cance only in the right ventricle. There were no elevated
levels before and after this peak (Fig. 7b). In immuno-
histochemistry, the absence of VPAC2-positive vascular
smooth muscle cells in the initial stages as observed in the
atria was also noted for the ventricles, but singular VPAC2-
immunoreactive cardiomyocytes were present throughout
(Fig. 6b). VPAC1 immunohistochemistry revealed no ob-
vious changes compared with controls (Fig. 3).

Discussion

The present study demonstrates significant changes in the
expression of the cardioprotective peptide VIP and its re-
ceptors VPAC1 and VPAC?2 in the rat heart during the first
4 months of STZ-induced diabetes. Previous studies have

so far focused upon other organs and evaluated primari-
ly VIP content by RIA and immunohistochemistry while
quantitative data on the expression of preproVIP and its
receptors have not yet been available. VIP is produced and
secreted by many different cell types, the most prominent
being endocrine cells of the gastroenteropancreatic system
and various subsets of neurons (Said 1986). The effect of
diabetes on VIP is clearly organ and tissue specific, and
while distinct changes in both directions have been re-
ported for several systems—e.g., retina (Troger et al. 2001),
enteric nervous system (Belai et al. 1993, 1996; Nowak et
al. 1995), and pancreatic endocrine cells (Adeghate et al.
2001)—others, such as sensory neurons, keep VIP content
unaltered in response to STZ-induced diabetes (Steers et al.
1994; Zochodne et al. 2001; Regalia et al. 2002).

In the rat heart, VIP is primarily produced and located
in a subset of neurons of atrial cardiac ganglia that project
predominantly to targets in the atria, e.g., blood vessels and
elements of the conducting system (Weihe et al. 1984;
Slavikova 1997; Kuncova et al. 2003). Accordingly, both
preproVIP mRNA and VIP levels were higher in atria than
in ventricles. The present data clearly demonstrate that this
part of the cardiac innervation is affected early in STZ-
induced diabetes. This effect was most pronounced when
analyzed at the mRNA expression level while VIP content
was not reduced to a similarly high extent at 8 weeks of
diabetes. This observation is best explained by a combina-
tion of severely reduced expression and additional im-



paired release of VIP from nerve terminals. Impaired re-
lease of VIP in response to electrical-field stimulation has
indeed been reported for enteric neurons 8 weeks after
onset of diabetes, despite detection of high amounts of VIP
within nerve fibers by immunohistochemistry (Belai et al.
1987, 1996). Preliminary data from our laboratory demon-
strate a further progression of the decline in VIP content
during the next 8 months of diabetes (own unpublished
data), showing that the alterations observed during the first
4 months are not spontaneously reversible but are, rather,
pronounced in the course of the disease.

Among the VIP receptors, VPAC2 was the predominant
type both at mRNA (RT-PCR) and protein levels (immu-
nohistochemistry) in the rat heart in our study, in line with
previous RT-PCR observations on the rat heart and cardiac
cell cultures (Baron et al. 2001; Sano et al. 2002; DeHaven
and Cuevas 2002). The use of monoclonal antibodies and
immunohistochemistry allowed us to identify the cellular
distribution of the receptor subtypes in situ, thereby show-
ing a complementary distribution of VPAC1 and VPAC2 in
the rat heart. VPAC1 immunoreactivity was restricted to
macrophages in the connective tissue spaces, and these data
were supported by RT-PCR and immunohistochemistry on
rat peritoneal macrophages. Accordingly, VPAC1 mRNA
expression has previously been reported in human rest-
ing monocytes and macrophages of different sources
where VIP mediates anti-inflammatory effects (reviewed in
Delgado et al. 2002, 2004). The immunohistochemically
observed distribution of VPAC2, on the other hand, re-
ceives support also from RT-PCR findings obtained at
isolated rat vascular smooth muscle cells (Miyata et al.
1998) and cardiomyocytes (Baron et al. 2001; Sano et al.
2002) and suggests involvement of this receptor in mus-
cular effects, e.g., coronary vasodilatation and positive
inotropism, conferred by VIP in the rat heart (for review,
see Henning and Sawmiller 2001). In view of the gen-
erally low expression levels of these receptors that allow
detection in the rat heart usually not by Northern blotting
but only with more sensitive techniques, such as RNase
protection assay or RT-PCR (Ishihara et al. 1992; Inagaki
et al. 1994; Wei and Mojsov 1996; Baron et al. 2001), it
might well be that additional cell types in the rat heart
carry VPACI or VPAC?2 at levels too low to be detected
by immunohistochemistry.

While the diabetes-associated changes in VIP content
and expression were principally identical in atria and ven-
tricles, marked differences between these compartments
were evident with regard to the VIP receptors. In the atria,
which receive the majority of VIP-containing nerve fibers,
VPAC?2 expression was drastically down-regulated after 4
weeks of diabetes and undetectable by immunohistochem-
istry on the major target of VIP-containing nerve fibers,
i.e., smooth muscle cells. The mechanisms underlying this
down-regulation have not been addressed in the present
study; however, it is striking that it was paralleled by a
marked trend toward an increased VIP synthesis at this
initial time point. It is conceivable that the onset of cardiac
neuropathy is associated with VIP release from damaged
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fibers, resulting in both compensatory increase in VIP
synthesis and desensitization and down-regulation of the
receptor VPAC2 (cf. McDonald et al. 1998). Consistent
with this view are the observations that the initial VPAC2
down-regulation was absent in the much less densely (by
VIP-containing axons) innervated ventricles and that ven-
tricular cardiomyocytes, which are not a primary target
of such axons, retained VPAC2 immunoreactivity. In the
ventricles, on the other hand, VPAC1 and VPAC2 expres-
sion increased during the 2 two months of diabetes.
Similarly, an increase in VPAC1 expression has been noted
by semiquantitative RT-PCR in the pancreas 4 weeks after
STZ treatment (Tamakawa et al. 1998). Currently, the reg-
ulatory mechanisms guiding VPAC1 and VPAC2 dynam-
ics and expression are only partly understood (McDonald
et al. 1998; Shetzline et al. 2002) and do not allow detailed
interpretation of the mechanisms underlying the changes
observed in diabetes. Particularly in the ventricles, which
are sparsely innervated by VIP-containing axons, further
understanding of the regulatory network will require also
addressing non-neuronal sources of ligands for VPAC1 and
VPAC?2, as it is known that VIP is secreted by lymphocytes
(Delgado et al. 2002) and that PACAP mRNA can be ex-
pressed, at least in culture, by rat cardiomyocytes (Sano
et al. 2002).

Collectively, the data demonstrate for the first time by
quantitative RT-PCR, supported by RIA and immunohis-
tochemistry, that STZ-induced diabetes is associated with
altered expression of the components of the VIP signaling
system, including both the ligand and its receptors. Car-
diac neuropathy manifests progressively during the first
4 months of diabetes at preproVIP mRNA and VIP peptide
levels and is accompanied by initial down-regulation of
VPAC?2 at one prime target of VIP containing axons, i.e.,
smooth muscle cells of coronary arterioles. After initial
changes, both VPAC1 and VPAC2 expression return to
levels of control or slightly above, despite ongoing loss of
VIP. This persistence of receptors has therapeutic implica-
tions since VPAC agonists have arisen as potential ther-
apeutic tools for treatment of type 2 diabetes (Tsutsumi
et al. 2002; Yung et al. 2003) and are also considered as
promising candidates for treatment of autoimmune diabetes
(Delgado et al. 2002). Given the protective role played by
the VIP signaling system in the heart, e.g., by improving
cardiac perfusion, it arises as an option that treatment with
VPAC2 agonists primarily aimed at enhancing glucose-
induced insulin release and glucose disposal (Tsutsumi
et al. 2002) may also exert a beneficial effect on diabetic
cardiomyopathy.
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