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Abstract

Recent studies show that angiotensin II can act within the cell, possibly via intracellular receptors pharmacologically different from
typical plasma membrane angiotensin Il receptors. The signal transduction of intracellular angiotensin II is unclear. Therefore, we
investigated the effects of intracellular angiotensin II in cells devoid of physiological responses to extracellular angiotensin II (A7r5
vascular smooth muscle cells). Intracellular delivery of angiotensin II was obtained by using liposomes or cell permeabilisation.
Intracellular angiotensin II stimulated Ca?* influx, as measured by Bea?t uptake and single-cell fluorimetry. This effect was insensitive
to extracellular or intracellular addition of losartan (angiotensin AT, receptor antagonist) or PD123319 ((s)-1-(4-[dimethylamino]-3-
methylphenyl)methyl-5-(diphenylacetyl)-4,5,6,7-tetrahydro- 1 H-imidazo[4,5-c]pyridine-6-carboxylate) (angiotensin AT, receptor antago-
nist). Intracellular angiotensin II stimulated inositol-1,4,5-trisphosphate (Ins(1,4,5,)P3) production and increased the size of the
Ins(1,4,5,)P; releasable Bea?t pool in permeabilised cells, independent of losartan and PD123319. Small G-proteins did not participate
in this process, as assessed by using GDPBS. Intracellular delivery of angiotensin I was unable to elicit any of the effects elicited by
intracellular angiotensin II. We conclude from our intracellular angiotensin application experiments that angiotensin II modulates Ca?*
homeostasis even in the absence of extracellular actions. Pharmacological properties suggest the involvement of putative angiotensin
non-AT,- /non-AT, receptors. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction al., 1997). The effects of angiotensin II occur through

interaction with specific plasma membrane receptors. To

Angiotensin II is an important effector peptide involved
in the regulation of cardiovascular and renal function.
Although classical physiology attributes its effects to circu-
lating angiotensin II, angiotensin II can act locally as an
autocrine hormone, producing patho-physiological effects
at its production site (Dell’Italia et al., 1997; Van Kats et
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date, two such receptors have been identified, namely
angiotensin AT, and AT, (Chiu et al., 1989; Griendling et
al., 1997). Both of them belong to the family of seven
transmembrane G protein-coupled receptors but are cou-
pled to different signal transduction pathways. Stimulation
of angiotensin AT, receptors activates phospholipase C
and the formation of inositol 1,4,5-trisphosphate
(Ins(1,4,5)P,), which subsequently discharges Ca®" from
internal stores, activates mitogen-activated protein (MAP)
kinase and stimulates cell growth, whereas angiotensin
AT, receptors increase cGMP levels and inhibit cell growth
(Unger et al., 1996; Hunyady et al., 1996; Horiuchi et al.,
1999). The existence of additional sub-types of angiotensin
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II receptors is under investigation and studies suggest that
angiotensin non-AT, /non-AT, binding sites are involved
in angiogenesis (Le Noble et al., 1996) and are present
within the cytosolic fraction of placenta (Li et al., 1998).

Several studies have drawn attention to the effects of
angiotensin II in the cell. Intracellular application of an-
giotensin II induces a [Ca®* ], increase in vascular smooth
muscle cells (Haller et al., 1996), whereas in heart muscle,
it inhibits the functioning of gap-junctions (De Mello,
1996) and L-type Ca’* currents (De Mello, 1998). Fur-
thermore, the presence of specific intracellular angiotensin
[I-binding proteins has been reported in other preparations,
such as liver (Kiron and Soffer, 1989), cardiovascular
myocytes (Robertson and Khairallah, 1971; Sadoshima et
al,, 1993) and mesangial cells (Mercure et al., 1998).
However, it is not clear whether these intracellular an-
giotensin II binding proteins represent internalised plasma
membrane receptors or a genuine new class of angiotensin
IT receptors. We recently reported that intracellular an-
giotensin II induces contraction of rat aortic muscle by a
mechanism independent of extracellular AT receptors
(Brailoiu et al., 1999). The effects of intracellular an-
giotensin II in smooth muscle have been attributed to an
interaction with specific intracellular AT receptors, be-
cause the effects were sensitive to specific AT, (Brailoiu et
al., 1999; Haller et al., 1996) or partly sensitive to AT,
receptor antagonists (Brailoiu et al., 1999).

The aim of the present work was to demonstrate that
intracellularly administered angiotensin II induces cellular
effects in a cell line that does not respond to extracellular
angiotensin II. To this end, we used A7r5 vascular smooth
muscle cells. Intracellular angiotensin II effects on [Ca”* ],
homeostasis were studied, since this parameter is of major
importance in smooth muscle physiology. A7r5 cells lack
functional responses typical for extracellular angiotensin II
stimulation. However, after intracellular application, we
found that angiotensin II is able to modulate [Ca®*],
homeostasis at different levels. Part of this work has been
communicated in abstract form (Filipeanu et al., 1998a).

2. Material and methods
2.1. Chemicals

All culture media were obtained from Gibco BRL
(USA). Inositol 1,4,5-trisphosphate sodium salt (Ins-
(1,4,5)P,) was obtained from Boehringer (Germany).
Losartan and PD123319 ((s)-1-(4-[dimethylamino]-3-me-
thylphenyl)methyl - 5- (diphenylacetyl)- 4,5,6,7- tetrahydro-
1 H-imidazo[4,5-clpyridine-6-carboxylate) were kindly
provided by Merck Sharp and Dohme (USA) and Park
Davis (USA), respectively. Angiotensin II was supplied by
the Academic Hospital Pharmacy of the University of
Groningen. Fura-2 acetoxymethylester and angiotensin II-
fluorescein were obtained from Molecular Probes (USA).

#CaCl, (specific activity: 19.3 Ci/g) and D-[inositol-1-
*H(N)l-inositol 1,4,5-trisphosphate (specific activity: 21.0
Ci/mmol) were obtained from Dupont-NEN (USA). [*H]
thymidine (specific activity: 24 Ci/mmol) was from
Amersham Nederland (the Netherlands). GDPBS and all
other compounds were obtained from Sigma (USA).

2.2. Cell culture

ATr5 cells (a stable cell line derived from foetal rat
aorta) were kindly provided by Dr. H. De Smedt (K.U.
Leuven, Belgium) and were cultured in Dulbeco’s modi-
fied Eagle’s medium (DMEM) including antibiotics and
supplemented with 7 mM NaHCO,, 10 mM HEPES at pH
7.2 and 10% foetal calf serum at 37°C in 95% air, 5%
CO,. Confluent monolayers in 75-cm? flasks (Costar)
were subcultured by trypsinisation. The medium was
changed twice a week.

2.3. Liposomes preparation and intracellular application

Liposomes were prepared as described previously
(Brailoiu et al., 1993, 1999), using 10 mg phosphatidyl-
choline per ml of solution containing the substance to be
incorporated. The number of lamellae was decreased by
addition of diethyl ether in a ratio of 1:10 (v/v). An-
giotensin IT was dissolved at a concentration of 10~¢ M in
140 mM KCI solution (pH 7.0). Control liposomes con-
tained only 140 mM KCI. In order to remove non-incorpo-
rated solutes, liposomes were subjected to dialysis, two
times during 120 min, against buffer solution in a ratio of
1:600 v/v (Sigma dialysis tubing, molecular weight cut-
off: 12400 Da). The buffer solution had the following
composition (mM): 145 NaCl, 5 KCI, 0.5 MgSO,, 0.5
CaCl,, 10 glucose and 10 HEPES (pH adjusted to 7.4 with
NaOH). Angiotensin II delivery into the cells was moni-
tored by fluorescence microscopy as described previously
(Kok et al., 1998). Cells were loaded with fluorescein—
angiotensin II-filled liposomes according to the protocol as
described below for *Ca* uptake by intact cells. The
cells were washed three times with liposome-free buffer
solution after loading for 5 min at room temperature and
kept on ice until the photomicrographs were taken. The
amount of angiotensin II delivered into the cells by this
procedure was estimated by loading the cells with 107 M
fluorescein—angiotensin II-filled liposomes and subsequent
cell permeabilisation with saponin comparable to the
method described for intracellular adenosine delivery
(Brailoiu et al., 1993). Fluorescence was measured with an
excitation wavelength 470 nm, an emission wavelength
520 nm, and a bandpass filter of 4 nm (Aminco Bowman
LS Series 2). Liposome-encapsulated fluorescein—angio-
tensin II amounted to 12.4 4+ 0.9% (n=4) of the initial
amount in the aqueous phase. Angiotensin II incorporated
into the cells with an efficiency of 2.3 +0.4% (n=4).
The actual intracellular [angiotensin 1I] can be calculated
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based on an estimation of the cell volume. The volume of
ATr5 cells was estimated by determination of the maximal
radius () of spherical cells and calculation of the volume
(V) according to V=4 /37 r® Osmotic swelling of cells
attached to the dish was obtained by sequential dilution of
the culture medium by addition of water. The osmotic
swelling process was monitored under microscopy and the
maximal diameter reached was estimated with a standard
micrometer. The maximal diameter was 13.4 + 0.2 pm
(n=64), resulting in a volume of 1.26 + 0.02 pl/cell.
Therefore, with the protocol used to deliver liposomes
filled with 107° M angiotensin II to the cells, the esti-
mated intracellular [angiotensin II] is 18 + 3 uM.

2.4. P Ca®* uptake by intact cells

PCa?t uptake was measured essentially as described
previously (Sipma et al., 1996). A7r5 cells were plated in
six well plates 24 h prior to the experiment at a density of
10° /well. Culture medium was replaced 1 h before the
start of the experiment with a buffer solution of room
temperature (22—-24°C) containing (in mM): 145 NaCl, 5
KCl, 0.5 MgSO,, 0.5 CaCl,, 10 glucose and 10 HEPES
(pH adjusted to 7.4 with NaOH). Uptake of Ca’>* was
measured at room temperature and was started by remov-
ing the solution and replacing it with the same buffer (1
ml) supplemented with 10 pwCi *Ca2* (specific activity
19.3 Ci/g) and indicated compounds. The liposomes were
added at a ratio of 1:20 (v/v) in the buffer solution.
Aspiration of the solution and addition of 1 ml ice-cold
buffer in the absence of CaCl, stopped the uptake of
BCa?* after 5 min. After this procedure, cells were washed
three times with buffer without CaCl, but containing 2
mM EGTA. Cells were lysed in the presence of NaOH (1
ml, 1 M) and radioactivity was measured by liquid scintil-
lation counting. Data are corrected for non-specific binding
as determined by addition of buffer with ®Ca®* and
immediate termination of uptake.

2.5. [Ca** ], measurements

Cells were loaded with the fluorescent Ca** indicator
fura-2 acetoxymethylester (5 wM) for 45 min at 37°C.
Ca’" measurements were performed using an S100 Ax-
iovert inverted microscope (Zeiss). The 340:380 ratio was
acquired at room temperature at a frequency of 1 Hz using
a cooled CCD camera (SensiCam) and Workbench 2.2.
Imaging software (Axon Instruments). Liposomes were
added at a ratio of 1:20 v/v, 5 min before agonist addi-
tion. Ratio values were transformed into [Ca®* ], at the end
of the experiment (Grynkiewicz et al., 1985).

45 . s
2.6. ©Ca’ "-efflux measurements in permeabilised cells

The cells were plated 24—48 h before the experiment in
six well plates (Costar) at a density of 1-1.5X 10°

cells/well. The experiments were carried out at room
temperature (22-24°C) exactly as described previously
(Missiaen et al., 1990; Van der Zee et al., 1995). In brief,
the cells were equilibrated for 1 h with a modified buffer
solution of the following composition (in mM): 135 NaCl,
5.9 KCl, 2.5 CaCl,, 1.2 MgCl,, 11.6 HEPES and 11.5
glucose (pH adjusted to 7.4 with NaOH). Cells were
permeabilised for 10 min using 40 pwg/ml saponin in a
solution containing (in mM): 100 KCI, 30 imidazole, 2
MgCl,, 1 ATP and 1 EGTA (pH adjusted to 7.0 with
KOH). Subsequently, the calcium stores were loaded with
PCat by exposure for 5 min to 500 pl buffer solution
containing 10.5 p.Ci/ml *CaCl, (specific activity 19.3
Ci/g) with a final composition (in mM) of 100 KCI, 5
MgCl,, 5 ATP, 5 NaN;, 0.44 EGTA and 0.12 CaCl,. The
final [Ca®>*];., of this solution was calculated to be 150
nM. Efflux buffer solution containing (in mM) 100 KClI,
30 imidazole, 2 MgCl,, 1 EGTA, and 5 NaN, (pH ad-
justed to 7.0 with KOH) was added (1 ml) and replaced
every 2 min for 30 min. The PCa’t remaining in the cells
at the end of the efflux procedure was extracted with 1 ml
of 1 M NaOH. “Ca’>* release is expressed as the frac-
tional loss per minute, representing the amount of Pt
leaving the cell, normalised to the total amount of B2t
in the cell.

2.7. Measurement of Ins(1,4,5)P;

Mass measurement of Ins(1,4,5)P3 was performed as
described earlier (Simpa et al., 1996), using a standard
curve of Ins(1,4,5)P3 in ether-extracted trichloroacetic acid
solution. The samples were assayed in 25 mM Tris /HCI
(pH=9), 1 mM EDTA, 1 mg bovine serum albumin,
[Hlns(1,4,5)P;, (3.3 Ci/mmol, 2000 cpm/assay) and
about 1 mg binding protein (isolated from fresh cattle
liver) for 15 min. Bound and free radioactivity were
separated by centrifugation. The radioactivity in the pellet
was determined by scintillation counting.

2.8. Measurement angiotensin-converting enzyme activity

To determine angiotensin-converting enzyme activity,
cells were plated 48 h before the experiment in 25-cm?
flasks (Costar) at a density of 10° cells /flask. Cells were
trypsinized at confluence, centrifuged at 2500 X g and the
pellet was resuspended in 0.2 ml phosphate-buffered saline
solution and homogenized by sonification. Cell ho-
mogenates were assayed as described before (Roks et al.,
1999). The lower detection limit of the assay was 2
pmol /mg protein /min.

2.9. Statistics
All experiments were performed in series with n > 4 on

different days using different cell passages. The results are
expressed as means + S.D. Statistical differences were



12 C.M. Filipeanu et al. / European Journal of Pharmacology 420 (2001) 9-18

tested either by analysis of variance (ANOVA) followed
by Bonferroni post-test or by unpaired Student’s #-test
considering P < 0.05 significantly different.

3. Results
3.1. Intracellular delivery of angiotensin Il by liposomes

We used liposomes to administer angiotensin II intra-
cellularly. Various compounds can be delivered by lipo-
somes, while plasma membrane integrity is maintained
(Brailoiu et al., 1993; Brailoiu and Van der Kloot, 1996;
Filipeanu et al., 1998b). Cells are not metabolically com-
promised by liposome treatment, since methylene blue is
still excluded and incubation with control liposomes (24 h)
did not affect cell growth (data not shown). Intracellular
delivery of angiotensin II was also followed by fluores-
cence microscopy of the cells incubated with liposomes
containing fluorescein—angiotensin II. These experiments
confirmed the intracellular delivery of fluorescein—angio-
tensin II. At a concentration of 107® M fluorescein—
angiotensin II, the fluorescence pattern showed a relatively
uniform cytosolic distribution in comparison to control
liposomes filled with 140 mM KCI (Fig. 1, middle and left
panel). At much higher concentrations (3 X 10~° M-filled
liposomes), fluorescein—angiotensin II appeared also in
more vesicular-like structures, indicating the uptake of
fluorescence by internal organelles (Fig. 1, right panel). No
fluorescence was observed in the nucleus at any concentra-
tion. It should be noted that the [angiotensin II] used to
generate all functional data (10~® M angiotensin II-filled
liposomes) ensured a relatively uniform intracellular distri-
bution.

3.2. Ca®* uptake in intact cells
To examine the effects of intracellular angiotensin II on

Ca?" homeostasis in A7r5 cells, we first used **Ca?* flux
as a parameter. Addition of extracellular angiotensin II did
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Fig. 2. Effects of intracellular angiotensin II on Balt uptake by intact
ATr5 cells. Uptake was measured for control liposomes filled with 140
mM KClI (L,,,, n=18) or liposomes filled with angiotensin II alone
(107¢ M, Lnans 7= 18) or in the presence of losartan (107¢ M,
Lngnt + Lo 7=12) or PD123319 (10® M, L,y +Lpp, n=12). Net
uptake was measured for 5 min. Data are presented as means +S.D. The
basal 100% level corresponds to 57+3 dpm (n=48). Significance
indications: “P < 0.05 vs. L.

not modify the basal PCa2t uptake (2.2 + 3.8% vs. con-
trol). In contrast, addition of 10~® M angiotensin II-con-
taining liposomes induced a moderate increase in P Cat
uptake by 32.2 + 11.2% (n = 16), which was not sensitive
to the intracellular administration of the angiotensin AT,
receptor antagonist losartan (10~¢ M) or to the angiotensin
AT, receptor antagonist PD123319 (10°° M; Fig. 2).
Control liposomes did not change basal Pt uptake.
Extracellular addition of losartan or PD123319 was inef-
fective in reversing the intracellular angiotensin II effect.
Angiotensin 1 (107¢ M)-filled liposomes did not modify
basal *’Ca?* uptake (data not shown).

Fig. 1. Intracellular delivery of fluorescein—angiotensin II in A7r5 cells. Cells were incubated with: (A) control liposomes containing KC1 (140 mM), (B)
liposomes containing fluorescein—angiotensin I (10°% M) or (C) liposomes containing fluorescein—angiotensin IT (3 X 107> M). Representative

photomicrographs of 3—6 coverslips are shown.



C.M. Filipeanu et al. / European Journal of Pharmacology 420 (2001) 9-18 13

3.3. [Ca’ ™" ], measurements effect was observed, starting from 10~ M angiotensin II
and reaching a maximal increase of 34 + 6 nM (n = 8) at

Similar results were obtained by measuring [Ca®"], 107° M angiotensin I (Fig. 3B). The ECs, value was
with fura-2 fluorescence. Basal [Ca>™ ]i amounted to 57 + 4 obtained with liposomes filled with three 1078 M an-
nM (n = 54). Addition of extracellular angiotensin IT (10~° giotensin II. Taken into account the delivery efficiency and
M) did not change this value (58 + 6 nM, n=12). In the determined cell volume, this value can be extrapolated
contrast, angiotensin II-filled liposomes induced a slowly to an actual effective intracellular [angiotensin] of approxi-

developing Ca®" increase (Fig. 3A). A dose-dependent mately 200 nM. Angiotensin II-filled liposomes failed to
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Fig. 3. Effect of intracellular angiotensin IT on [Ca®*], in intact A7r5 cells. Panel A: typical trace showing the effects of angiotensin II-containing
liposomes (107 M, L Angnp) in normal Ca’" containing medium. Panel B: Concentration dependence of Ca>* increases above control values using
liposomes filled with different concentrations of angiotensin II. Data are presented as means + S.D. (n = 6-8). Panel C: typical trace showing the effect of
angiotensin II-containing liposomes (107° M, L Angr) in Ca®*-free extracellular medium followed by restoration of normal Ca>* concentration. Panel D:
statistics showing the effects on [Ca®>"]; of intracellular angiotensin II, intracellular angiotensin II antagonists and extracellular angiotensin II. Control
liposomes were filled with KCI (140 mM, L., ). Liposomes were filled either with angiotensin IT (10~° M, LAngH), angiotensin II together with losartan
(107% M, Ly,qq + L), angiotensin II together with PD123319 (10™® M, L, + Lpp) or angiotensin II-containing liposomes were combined with
extracellular angiotensin II (107¢ M, L angnt T AnglD). Data are presented as means + S.D. (n =12 for each condition). Significance indications:
“P<0.05vs. L,
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Table 1

Effects of intracellular angiotensin II application on Ins(1,4,5)P; forma-
tion in intact A7r5 cells in comparison to extracellular stimulation

Cells were stimulated with control liposomes filled with 140 mM KClI,
with liposomes filled with angiotensin II (10~® M) or with extracellular
angiotensin 1T (107 M). Ins( 1,4,5)P; formation was measured 1 min
after stimulation. Serotonin (5-HT, 107> M, 1 min) was used as positive
control for G-protein-coupled receptor stimulation. Data are presented as
means + S.D. (number of experiments).

Treatment Ins(1,4,5)P; formation
(pmol 105 cells™ ')
Basal 0.23+0.05 (12)

0.2140.07 (6)
0.37+0.05 (6)*"
0.2240.04 (6)
0.52+0.08 (6)*

Control liposomes (L)
Angiotensin II-filled liposomes
Extracellular angiotensin 11
Extracellular 5-HT

*Significance indications: P < 0.05 vs. basal.
bSignificance indications: P < 0.05 vs. control liposomes.

increase [Ca in Ca’*-free medium, but induced a
normal response after restoration of the normal extracellu-
lar Ca** concentration (Fig. 3C). The voltage-dependent
Ca®" channel blocker verapamil (10~> M) did not modify
the angiotensin II-induced Ca** influx (30 + 5 nM, n = 4).
Inclusion of angiotensin AT, and angiotensin AT, receptor
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antagonists, losartan and PD123319, into the liposomes did
not alter the effects of angiotensin II-filled liposomes (Fig.
3D). Extracellular angiotensin II administration prior to
intracellular angiotensin II application also did not modify
the intracellular angiotensin II effect (Fig. 3D).

3.4. Ins(1,4,5)P; production

The involvement of phospholipase C activation after
stimulation with intracellular angiotensin II was examined
by measuring Ins(1,4,5)P; mass production (Table 1). Ex-
tracellular serotonin (5-HT) stimulated Ins(1,4,5)P; pro-
duction substantially (2.2-fold increase), indicating the
presence of a functional G-protein/phospholipase C sys-
tem in these cells. Stimulation with angiotensin II-filled
liposomes resulted in a 1.7-fold stimulation of Ins(1,4,5)P3
formation. As expected, in view of the absence of func-
tional plasma membrane angiotensin AT, receptors, no net
increase was observed after stimulation with extracellular
angiotensin II.

3.5 Yca® fluxes in permeabilised cells

To further investigate signal transduction pathways in-
fluenced by intracellular angiotensin II, we used perme-

T
e 6 5
log [Ins(1,4,5)P3] (M

Fig. 4. Effects of angiotensin II on Ins(1,4,5)P;-induced #Ca* release in permeabilised A7r5 cells. (A) Typical experiment in permeabilised cells with
preloaded non-mitochondrial **Ca2™ stores. Control conditions (@) or (O) in the presence of angiotensin I (10~% M) added at r = 12. Horizontal bars
represent the presence of Ins(1,4,5)P; (107> M) and angiotensin II. Note that angiotensin 1T did not release Balt by itself, but potentiated
Ins(1,4,5)P;-induced BCa?t release. (B) Stimulatory effect of angiotensin IT (10°¢ M) depends on [Ins(1,4,5)P;]. Data are presented as means + S.D.
([Ins(1,4,5)P,] below 1075 M: n=4, at 107> M: n = 36 in the absence and n = 12 in the presence of angiotensin II). Significance indications: “P<0.05

vs. Ins(1,4,5)P; alone.
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abilised A7r5 cells after pre-loading the calcium stores
with Ca®*. The size of the Ins(1,4,5)P;-sensitive store is
represented by the fractional loss of ¥Ca’>* in response to
107> M Ins(1,4,5P; from t=16 to = 18 min after the
start of the efflux measurement, amounted to 0.14 + 0.01
min~! (n = 36; Fig. 4A). The basal fractional loss was not
changed by addition of 107® M angiotensin II at time
t =12 min. However, this pre-treatment potentiated the
subsequent “Ca’* release induced by Ins(1,4,5)P; by
21 +3% (P <0.05; Fig. 4A). The stimulatory effect of
angiotensin II on Ins(1,4,5)P;-induced BCa?* release was
dependent on the Ins(1,4,5)P3 concentration, becoming
apparent above 3 X 10~¢ M Ins(1,4,5)P; (Fig. 4B).
Furthermore, this potentiation was dependent on the
angiotensin II concentration with an ECy, value of approx-
imately 2 nM (Fig. 5A). The effect of angiotensin II was
not sensitive to the angiotensin AT, receptor antagonist
losartan or to the angiotensin AT, receptor antagonist
PD123319 (Fig. 5B). As in the case of "Ca’* flux in
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Fig. 5. Pharmacological properties of the angiotensin II effect on
Ins(1,4,5)P;-induced $a’t release in permeabilised cells. (A) Concen-
tration dependence of angiotensin II on 107° M Ins(1,4,5)P3—induced
$Ca’* release. The experiment was performed as described in the
legend of Fig. 4. Data are presented as means+S.D. (n=12 at 107 M
and n=4 at lower concentrations). Significance indications: * P < 0.05
vs. Ins(1,4,5)P; alone. (B) Effects of the angiotensin AT, receptor
antagonist losartan (107% M, n=4) and the angiotensin AT, receptor
antagonist PD123319 (107 M, n=4) on angiotensin II (107° M)-
stimulated *Ca2" release induced by Ins(1,4,5)P; (107> M). Number of
control experiments: n = 36 in the absence and n =12 in the presence of
angiotensin II. Data are presented as means+ S.D. Significance indica-
tions: “ P < 0.05 vs. Ins(1,4,5)P; alone.

Table 2

Effect of GDPBS on Ins(1,4,5)P;-induced BCa’t release in perme-
abilised A7r5 cells

$Ca?* release was initiated by 1073 M Ins(1,4,5)P; as described in the
legend of Fig. 4. Angiotensin II (10°¢ M) and GDPBS (5X107° M)
were added 4 min prior to this stimulus. Data are presented as means +
S.D. (four experiments).

Treatment Effect (%)
Control 100
+GDPBS 55+12°
+ Angiotensin II 122 +4*
+ GDPS + angiotensin II 78+ 18>¢

*Significance indications: P < 0.05 vs. control.
l’Significance indications: P < 0.05 vs. GDP@S.
“Significance indications: P < 0.05 vs. angiotensin II.

intact cells, the related peptide angiotensin I (107¢ M)
modified neither Ins(1,4,5)P;-mediated BCat release (n
=4, data not shown) nor basal *Ca’* release (99 + 2%
vs. control, n =4). Cell permeabilisation with saponin is
expected to destroy any plasma membrane receptor signal
transduction. Accordingly, 5-HT (10~°> M) was unable to
induce ¥ Ca* release in permeabilised cells (101 + 2%
vs. control, n = 4).

Small G proteins were previously reported to modulate
Ca’" mobilisation (Xu et al., 1996a,b; Loomis-Husselbee
et al., 1998). To investigate whether such proteins are
involved in the observed angiotensin II effects, we tested
the responses in the presence of GDPBS. Although this
compound greatly attenuated the effects of Ins(1,4,5)P;,
the potentiating effect of angiotensin II was still present
(Table 2).

3.6. Intracellular angiotensin-converting enzyme activity

Intracellular angiotensin-converting enzyme activity was
determined in exponentially growing A7r5 cell cultures.
No activity above the lower detection limit was observed
(n=3).

4. Discussion

Although intracellular effects of angiotensin II have
been shown previously (Brailoiu et al., 1999; Haller et al.,
1996; De Mello 1996, 1998), this is the first report demon-
strating its effects in a cell line devoid of extracellular
angiotensin II effects. Because of the presence of plasma
membrane angiotensin II receptors in previous studies, one
could argue that the effects observed were possibly medi-
ated by internalisation of plasma membrane receptors oc-
cupied by angiotensin II. A7r5 vascular smooth muscle
cells lack functional responses to extracellular angiotensin
I1, such as increases in Ins(1,4,5)P; formation and [Ca®* .,
which are typical for extracellular angiotensin II stimula-
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tion (Griendling et al., 1997; Horiuchi et al., 1999). To
administer intracellular angiotensin II, we used either lipo-
somes or delivered angiotensin II directly into the cytosol
of permeabilised cells. With the liposome technique, the
integrity of the plasma membrane is maintained (Brailoiu
et al., 1993; Brailoiu and Van der Kloot, 1996) and
fluorescence microscopy confirmed the intracellular deliv-
ery of angiotensin II. The intracellular actions of an-
giotensin II were not modified by extracellular application
of angiotensin II and/or its antagonists. Together, these
data preclude that the intracellular actions of angiotensin II
were mediated by an internalised angiotensin AT receptor.
Therefore, the first conclusion drawn from our study is that
intracellular angiotensin II acts independently of extracel-
lular angiotensin II receptor stimulation.

Our results obtained for both **Ca* uptake and [Ca®* ],
measurements unequivocally demonstrate that intracellular
angiotensin II stimulates Ca’>* influx via non-voltage-de-
pendent Ca’>* channels in A7r5 cells. A similar observa-
tion was made in adult rat aorta, showing that the intra-
cellular angiotensin II-induced contraction was entirely
dependent on Ca’" influx from the extracellular space
(Brailoiu et al., 1999). The action of intracellular an-
giotensin II in permeabilised cells has not been studied
before. Angiotensin II did not release Ca’>* from intra-
cellular stores, but potentiated the effects of Ins(1,4,5)P; in
a losartan- and PD123319-insensitive manner. The ob-
served increase in Ins(1,4,5)P3—induced Ca’" release by
intracellular angiotensin II was of a similar magnitude to
that observed for various other compounds in perme-
abilised A7r5 cells (Missiaen et al., 1997) and other cell
types (Van der Zee et al., 1995; Loomis-Husselbee et al.,
1998). The involvement of G-proteins was noticed in
Ins(1,4,5)P3 -induced Ca?* channel activation in pancreatic
acinar cells (Xu et al, 1996a,b) and in Ins(2,4,5)P;-
activated Ca’* mobilisation in L1210 cells (Loomis-Hus-
selbee et al., 1998). Although we observed a large inhibi-
tion of Ins(1,4,5)P;-activated Ca’* mobilisation by
GDPRS, as observed in acinar cells (Xu et al., 1996b), the
stimulation of Ca’?* release by angiotensin II was unaf-
fected. This indicates that G-proteins are not involved in
the modulation of Ins(1,4,5)P;-activated Ca’>* mobilisation
by intracellular angiotensin II. In saponin-permeabilised
ATr5 cells, Ca>* was no longer released upon stimulation
with 5-HT, suggesting the absence of functional plasma
membrane receptors under this condition. The effective
concentration range for the effects of intracellularly deliv-
ered angiotensin II observed in the present study was
almost similar to that obtained for intracellular angiotensin
II-induced rat aorta contraction (Brailoiu et al., 1999) and
intracellular angiotensin II induced-growth of A7r5 cells
(Filipeanu et al., 2001). From the observed ECy, values in
the present study, one can extrapolate the effective intra-
cellular [angiotensin II] to be approximately between 2 and
200 nM, depending on the data obtained for Ins(1,4,5)P;,-
induced Ca’>* release or the data for liposomal angiotensin

II-induced Ca®" increases. Reported values of intracellular
[angiotensin II] are in the range of low pM to low nM in
cardiac tissue and cardiomyocytes (De Mello and Danser,
2000; Sadoshima et al., 1993). Therefore, it is not unlikely
that intracellularly effective concentrations can accumulate
in the cell. Whether physiological stimuli can induce these
particular cellular concentrations or whether specific intra-
cellular compartments are involved remains to be estab-
lished.

We have shown that both stimulation of Ca’>* influx
and potentiation of Ins(1,4,5)P;-mediated BCa’* release
are not affected by the typical angiotensin AT, receptor
and angiotensin AT, receptor antagonists, losartan and
PD123319. Together, these results obtained with different
techniques demonstrate that modulation of [Ca**]; by
intracellular angiotensin II occurs at different subcellular
levels. Angiotensin II acts via angiotensin non-AT),-/non-
AT, type receptors to promote basal Ca** influx and to
increase the Ins(1,4,5)P; releasable Ca** pool. The in-
volvement of angiotensin non-AT, /non-AT, type recep-
tors in the intracellular effects of angiotensin II has been
suggested before. Intracellular angiotensin II inhibited the
L-type Ca** current via a angiotensin non-AT, /non-AT,
mechanism in rat cardiac myocytes, but stimulated this
current in hamster cardiac myocytes (De Mello, 1998). In
some aspects, the intracellular effects of angiotensin II
described in this study are different from those seen in
other cell types. In adult vascular smooth muscle cells,
intracellular angiotensin II induced Ca’" influx as well,
but its effect was completely abolished by an angiotensin
AT, receptor antagonist (Haller et al., 1996). An an-
giotensin AT, receptor-like mechanism was also reported
for the effect of intracellular angiotensin II on cell-to-cell
communication in cardiomyocytes (De Mello, 1996). In rat
aorta rings, both intracellular angiotensin II and an-
giotensin I mediated smooth muscle contraction through
mechanisms sensitive to both angiotensin AT, receptor or
angiotensin AT, receptor antagonists (Brailoiu et al., 1999).
Angiotensin I was not a substitute for intracellular an-
giotensin II in A7r5 cells. This was also observed for the
intracellular angiotensin-induced growth of these cells
(Filipeanu et al., 2001). These studies, including the pre-
sent observations, indicate the heterogeneity of intra-
cellular angiotensin II receptors with respect to modulation
of Ca’>* homeostasis among different cell types.

The physiological function of intracellular angiotensin
II receptors is still unclear. A possible (patho-) physio-
logical role for intracellular angiotensin II is supported by
the presence of specific intracellular angiotensin II binding
proteins (Robertson and Khairallah, 1971; Kiron and Sof-
fer, 1989; Li et al., 1998). The only data concerning the
functionality of the angiotensin non-AT,/non-AT, type
receptor is the involvement of this receptor in angiogenesis
(Le Noble et al., 1996). The presence of intracellular
angiotensin II in cardiovascular tissue is established (Van
Kats et al., 1997), supporting the concept of angiotensin
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synthesis at cardiac sites, possibly after internalisation of
plasma-derived renin into the cells (De Mello and Danser,
2000). In addition to the heart, in cardiomyocytes
(Sadoshima et al., 1993) and in various other cell types
(Erdmann et al., 1996; Hermann and Ring, 1994; Mercure
et al., 1998), the subcellular localisation or measurable
levels of intracellular angiotensin II, angiotensin I, or other
angiotensin metabolites have been reported. Endogenous
angiotensin II might be a physiological substrate of puta-
tive intracellular angiotensin receptors. Internalisation of
angiotensin II together with the receptor complex after
stimulation of the plasma membrane angiotensin AT, re-
ceptor might contribute to intracellular angiotensin II lev-
els (Anderson et al., 1993; Hein et al., 1997). The absence
of measurable functional responses to extracellularly ap-
plied angiotensin II on [Ca’"], and the persistence of an
intracellular angiotensin II effect after cell permeabilisa-
tion make this supposition unlikely in A7r5 cells. The
absence of plasma membrane angiotensin II receptors and
the presence of putative angiotensin II intracellular recep-
tors together with the absence of angiotensin-converting
enzyme activity in A7r5 cells make these cells a valuable
model for studying the intracrine angiotensin system.

In summary, we showed that angiotensin II is an im-
portant modulator of cell function even in the absence
of extracellular actions. Intracellular application of an-
giotensin IT stimulates Ca®" influx and Ins(1,4,5)P; forma-
tion and increases Ins(1,4,5)P;-inducible Ca** release. The
pharmacological properties suggest the involvement of pu-
tative intracellular angiotensin non-AT, /non-AT, recep-
tors.
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