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SUMMARY

Angiotensin II type I receptor (ATIR) internalization and translocation
modulate cytosolic and nuclear calcium in human vascular smooth muscle
cells
Sama Fawwak Sleiman, Department of Anatomy and Cell Biology, Faculty of
Medicine, University of Sherbrooke
December 2000

The Angiotensin II (Ang II) type-1 receptor (ATIR) has been reported to
accumulate in the nuclei of cells upon Ang II stimulation of the plasma membrane
receptors. This extracellular Ang II induced nuclear accumulation of the ATIR was
also Iinked to cell function. The objective of this work was to verify whether the
human (h) ATl R undergoes intemali7.ation and nuclear translocation and whether the
overexpression of this receptor modulates free cytosolic ([Ca]c) and nuclear ([Ca]0 )
calcium in human aortic vascular smooth muscle cells (hVSMCs).
lmmunofluorescence studies showed the presence of hATl R and the absence
of hAT2R in normal hVSMCs. Using 3-dimensional (3-D) imaging technique,
hATIR were localized at the sarcolemma and in the cytosolic and nuclear
compartments. In addition, 3-D confocal microscopy was also used to monitor
cellular hATIR-green fluorescence protein (GFP) fusion protein in cultured hVSMCs.
In normal hVSMCs and in hATl R-GFP expressing hVSMCs, extracellular Ang II
( l 0-4 M) induced the mobilization and the nuclear accumulation of both the native
hATIR and hATIR-GFP. Overexpression of hATIR-GFP decreased both cytosolic
and nuclear free Ca2+. This effect was blocked by the ATIR antagonist Losartan
(l0-5 M). In normal hVSMCs and low hAT 1R-GFP overexpressing hVSMCs,
extracellular Ang II (l0- 15 to 10-4 M) induced a dose-dependent increase of [Ca]c and
[Ca]n with an ECso near 5 x 10·11 M and 5 x 10·9 M, respectively.
In conclusion, the hATIRs are the predominant type of Ang II receptors in
aortic hVSMCs and are present in the sarcolemma, the cytosolic and nuclear
compartments. The hAT I R undergoes intemaliDtion and nuclear translocation in
response toits ligand Ang II. Finally, its overexpression in hVSMCs modulates both
[Ca]c and [Ca]n-

SOMMAIRE
L'internalisation et la translocation du récepteur ATl de l'Angiotensine II
module le calcium cytosolique et nucléaire dans les cellules du muscle lisse
vasculaire humain
Sama Fawwak Sleiman, Département d'anatomie et biologie cellulaire, Faculté
de Médecine, Université de Sherbrooke
Décembre 2000

Il a été rapporté que le récepteur de type I (ATl) de l'angiotensine II (Ang Il)
s'accumule dans le noyau des cellules suite à la stimulation de ce récepteur au niveau
du sarcolème par l'Ang II. Cependant ce processus d'accumulation nucléaire des
récepteurs ATl induite par l'Ang II extracellulaire a été lié à plusieurs fonctions
cellulaires. L'objectif de ce travail était de vérifier si le récepteur ATl humain (hAT 1)
entreprend un processus d'internalisation et de translocation nucléaire suite à la liaison
de l' Angll et si la surexpression de ces récepteurs module le calcium libre cytosolique
et nucléaire dans les cellules aortiques humaines du muscle lisse vasculaire (CMLVh).
Des études d'immunofluorescence ont montré la présence des récepteurs hATl
et l'absence des récepteurs hAT2 dans les CMLVh. En utilisant la technique
d'imagerie en 3-D, les récepteurs hATl ont été localisés au niveau du sarcolème ainsi
que dans les compartiments cytosoliques et nucléaires. De plus, la microscopie
confocale en 3-D a été utilisée afin d'étudier l'expression de la chimère du récepteurs
hATl fusionné avec le "green fluorescent protein" (GFP) (hATIR-GFP) dans les
CMLVh. Dans les cellules normales ainsi que dans les cellules exprimant hATlRGFP, l'Ang II extracellulaire à une concentration de 10-4 M a induit la mobilisation
intracellulaire et l'accumulation nucléaire des récepteurs hATl et hATlR-GFP. La
surexpression des hATlR-GFP a diminué le niveau basal calcique cytosolique et
nucléaire. Cet effet a été bloqué par l'antagoniste spécifique du récepteur ATl, le
Losartan (10-5M). Dan.s les CMLVh normales ainsi que dans les CMLVh exprimant
faiblement le hATIR-GFP, la stimulation par l'Ang II (10- 15 à 10-4 M) extracellulaire a
induit une augmentation dose dépendante du calcium cytosolique et nucléaire avec un
ECSO proche de 5 x 10-11 M et 5 x 10-9 M, respectivement.
En conclusion, Les récepteurs hATl constituent le type prédominant de
récepteurs à l'Angll dans les CMLVh, ces récepteurs sont présents au niveau du
sarcolème ainsi que dans les compartiments cytosoliques et nucléaires. Les récepteurs
hATl entreprennent un processus d'internalisation et de translocation nucléaire suite à
la liaison de l'Angll. Finalement, la surexpression des récepteurs hATl module le
calcium cytosolique et nucléaire dans les CMLVh.

I. Introduction

2

1.0

The vascular wall

The blood vessel is a highly dynamic tissue. Its contractile state determines blood
pressure and is responsible for blood supply to organs and tissues (BURKITT

el

al.,

1993). Blood vessels are composed of three concentric layers: the tunica intima, the
tunica media and the tunica adventitia (Figure l ). Many pathological conditions that
affect the contractility of blood vessels usually affect the tunica intima that primarily
contains endothelial cells (BENDITT and SCHWARTZ, 1988). However, the contractile
state of the artery is ultimately determined by vascular smooth muscle cell (VSMC)
tension (BENDITI and SCHWARTZ, 1988). Changes in the contractile state of VSMCs
are due to signais from autonomie nerves, circulating and local hormones as well as local
metabolites (MILLER and BURNETT, 1990).

1.1

Excitation-Contraction

The immediate trigger of VSMC contraction is the increase in cytosolic Ca2+
levels ([Ca]c) (MORGAN and MORGAN, 1984). Under physiological conditions, this
increase in [Ca]c levels results either from a change in membrane potential
(electromechanical coupling) or from the binding of an agonist to a specific receptor
(pharmacological

coupling).

The [Ca]c

regulates

excitation-contraction

cycles

(MORGAN el al., 1991; MORGAN and SUEMATSU, 1990; MORGAN and MORGAN,
1982; KATZ, 1970; EBASHI and ENDO, 1968; WEBER, 1966). The VSMC contraction

Figure 1
The blood vessel wall. The tunica intima is composed of a monolayer of
endothelial cells that are in direct contact with blood. lt is also composed of a
layer rich in elastin, fibroblasts and myometrial cells. The tunica media, the
broadest layer of the blood vessel wall is composed of smooth muscle cells,
collagen and elastin. The tunica adventitia is mainly composed of collagen. The
latter is penetrated by nerve endings and the vasa vasoria that serve to oxygenate
the outer layers with nutrients (adapted from GARlNER and HIATT, 1994).

.,,. Endothelium
}
.,,. Subendothelial layer
_ _,- Internai elastic lamina

Tunica intima

Tunlca media
(smooth muscle cells; elastic,reticular,
collagenous libers; external
elastic lamina)
- --

Tunlca adventltia

(collagenous and elastic tissue and
vasa vasorum)

Adapted from: GARTNER and HIATT (1994). Color Atlas
of Histology. Williams & Wilkins: Baltimore, pp146
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is due to Ca2+ entry into the cytosol either through one or more voltage operated
channels (VOCs) (BENHAM et al., 1987; YATANI et al., 1987; BEAN, 1985), receptor
Ca2+ operated channels (ROCs) (BENHAM et al., 1987), and/or Ca2+ release from the
sarcoplasmic reticulum (SR) (OHYA and SPERELAKIS, 1991; INOUE et al., 1990;
BKAILY et al., 1988a,b; LOIRAND, 1986; TSIEN et al., 1987; KOWARSKI, 1985;
SOML YO et al., 1985). This increase in intracellular free Ca2+ will either directly or
indirectly activate myosin light chain kinase (MLCK) (STUREK et al., 1991). The
indirect method of contractile protein activation is via calmodulin (STUREK et al.,
1991 ). MLCK phosphorylates myosin light chains (MLC), thus increasing the actinactivated myosin ATPase activity (GREENE and SELLERS, 1987; SELLERS, 1985).
This in tum will result in an increase in cross-bridge cycling. Relaxation of VSMCs
occurs when myosin is dephosphorylated probably by a Ca2+ independent kinase; as a
result, the rate of relaxation and not vascular tone is regulated by factors other than [Ca]c
(MORGAN et al., 1991).

1.2

Mechanisms implicated in the regulation of free cytosolic Ca2+ levels

Several homeostatic mechanisms are responsible for the maintenance of [Ca]c
below a critical concentration necessary for the activation of contractile elements
(BKAILY et al., 1994a):
•

The active transport of Ca2+ across the plasma membrane to the extracellular
space by means of the Ca2+-ATPase

6

•

The transport of Ca2+ across the plasma membrane to the extracellular space by
means of the plasma membrane Na+-Ca2+ exchanger

•

The passive transport of Ca2+ across the mitochondria

•

The active transport of Ca + across the membrane of the SR to the interior of the

2

compartment
•

The transport of Ca2+ to the nucleus

1.2.1

The plasma membrane

The major Ca2+efflux system in VSMCs is via the Ca2+-ATPase pump (BKAILY,
1994a). The Na+-Ca2+ exchanger contributes to this efflux system, but to a lesser degree
(AICKIN et al., 1984; AARONSON and V AN BREEMEN, 1981 ).

1.2.1.1

Active Ca2+ transport across the plasma membrane

Calcium is actively expelled out of the cytosol by means of the plasma membrane
Ca2+-ATPase pump (CARAFOLI, 1992). In 1992, CARAFOLI reviewed the structure
and function of this pump (CARAFOLI, 1992). This pump is a large protein that bas a
high affinity for Ca2+. It utilizes the energy generated by the hydrolysis of ATP to expel
Ca2+ across the plasma membrane and against its concentration gradient (BARRY and
BRIDGE, 1993).

1.2.1.2

Ca2+ exchange across the plasma membrane
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The Na+-Ca2+exchanger makes up a major portion of the plasma membrane
proteins (SHEU and BLAUSTEIN, 1991; KAHN et al., 1988). lt constitutes an
antiport exchange system (SHEU and BLAUSTEIN, 1991; KAHN et al., 1988).
This system bas a high affinity for Na+ (SHEU and BLAUSTEIN, 1991 ). Even
though it has a low affinity for Ca2+, it has a great capacity for its transport
(MUL VANY et al., 1984). ln addition, this system is considered to be indirectly
electrogenic because its outward Na+ flux depends on the activity of the
electrogenic Na+-K+ pump (SHEU and BLAUSTEIN, 1991). When [Ca]i levels are
elevated, Na+ enters the cell down its electrochemical gradient (SHEU and
BLAUSTEIN, 1991). This leads to Ca2+ efflux against its electrochemical
gradient. The Na+ gradient across the plasma membrane that is maintained by the
Na+-K+ pump is indirectly responsible for this Ca2+ efflux (SHEU and
BLAUSTEIN, 1991; KAHN et al., 1988). In conclusion, regulation of Ca2+ entry
across the plasma membrane is an important mechanism controlling contraction of
VSMCs.

1.2.2 Intracellular membnnes

1.2.2.1 Mitochondria

8

ln general. under physiological and short tenn conditions, the mitochondria do not
seem to play a pivotai role in the regulation of [Ca]c levels (RAVEN et al.. 1986).
However, in cases when [Ca)c levels become abnonnally high and when the cells are
threatened by apoptosis. it can effectively accumulate Ca2+(RA VEN et al., 1986). In such
conditions, the mitochondria retain a large amount of the ion inside insoluble granules
within its matrix and become the first sites of VSMC calcification (RAVEN et al., 1986).

1.2.2.2 Sarcoplasmic reticulum (SR)

From an evolutionary point of view, the intracellular membrane system pennits
the compartmentali7.ation of high Ca2+ concentrations in cellular organelles (KOCH,
1990). ln addition to its rote in Ca2+ sequestration, it is evident that the SR of muscle cells
is the principle Ca2+ store (KOCH, 1990; SAMBROOK, 1990). High and low affinity
Ca2+ binding proteins that regulate intraluminal Ca2+ concentrations facilitate the
sequestration of this ion (KOCH, 1990).
The transport of Ca2+ across the membrane of the SR is an energy dependent
process, mediated by a Ca2+-ATPase pump (WEBER, 1966; HASSELBACH, 1964). The
blockade of this pump by vanadate, or the activation of SR membrane Ca2+ channels
(inositol-1,4,5-triphosphate (IP3)-receptors or ryanodine sensitive channels) allows the
release of Ca2+ into the cytosol (RYU et al., 1987; ABD EL LATIF, 1986; NOSEK et al.,
1986).

1.2.2.J Nucleus
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The nucleus is directly linked to the SR and the mitochondria (BK.AIL Y et al.,
1997b). For this reason, it is safe to assume that it could play the role of a buffer for
cytosolic Ca2+ during excitation-contraction coupling (BKAIL Y, 1994b). Furthennore,
many Ca2+ transport machinery seem to be localized in the outer and inner nuclear
membranes. The perinuclear membrane contains a Ca2+-ATPase pump (BK.AIL Y et al.,
1997a,b; GERASIMENKO et al., 1995; LANINI et al., 1992; NICOTERA et al., 1989).
On the other hand, the inner nuclear membrane contains Ca2+ channels such as the IP3
sensitive Ca2+ channel (HUMBERT et al., 1996; GIRASIMENKO et al., 1995;
MIYAZAKI, 1995; MAL VIYA, 1994; NICOTERA et al., 1990). These channels release
Ca2+ in a heparin sensitive manner (HUMBERT et al., 1996) and are oriented towards the
nucleoplasm (GERASIMENKO et al., 1995). The nuclear membrane also contains the Rtype Ca2+ channel (BKAILY et al., 1994b, 1997b). Ryanodine sensitive Ca2+ channels

that can be modulated by cyclic adenosine diphosphate ribose (cADPR) have been
identified in the inner nuclear membrane (BK.AIL Y et al., l 997a,b; SANTELLA and
KYOZUKA, 1997; GERASIMENKO et al., 1995). Finally, BK.AIL Y et ul. (l 997a,b)
also showed the presence of caffeine sensitive Ca2+ pools. The above-mentioned Ca2+
channels as well as the pump could serve as Ca2+ transport machinery from the cytosol to
the nucleus and vice versa (Figure 2). ln addition, the outer nuclear membrane contains
inositol 1,3,4,5 tetrakisphosphate (IP4) receptors (HSU et al., 1998; HUMBERT et al.,
1996; MALVIY A, 1994; KOPPLER et al., 1993). HSU et al. (1998) and HUMBERT et

al. (1996) suggested that these receptors could be involved in an ATP- independent
nuclear Ca2+ uptake mechanism.

Figure2
Calcium transport to the nucleus during excitation-contraction in
hVSMCs. Representation of the different ionic channels that modulate human
vascular smooth muscle function. Three types of VOCs are present at the
plasma membrane level : the L, T and R-type. In addition, ROCs are also found
there. The R-type Ca2+ channel is found on the nuclear membrane of hVSMCs
[acetylcholine (Ach), histamine (Hist), insulin (lns), endothelin (ET-1),
Angiotensin II (Ang Il) and bradykinin (BK)]. (adapted from BK.AIL Y, 1994)
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Another interesting observation is the generation of nuclear envelope (NE)
tubules and invaginations that extend deep into the nucleus in response to specific nuclear
Ca2+ signais (CLUBB and LOCKE, 1998; FRICKER et al., 1997). These invaginations
have been identified in many cell types. They are continuous with the NE and possess
nuclear pore complex (NPC) assemblies (FRICKER et al., 1997). In addition, they could
also contain the above-mentioned Ca2+ channels; for this reason, they could be involved
in transmitting signais deep into the nucleus (BOOTMAN et al., 2000).
The presence of the Ca2+-ATPase pump, Ca2+ channels, as well as other Ca2+
transport mechanisms within the NE membrane may suggest that the nucleus plays an
important role in the regulation of [Ca]c levels and thus in the regulation of excitationcontraction coupling (Figure 3) (BKAIL Y et al., l 997a,b; BKAIL Y et al., 1996).
Recently, the use of confocal microscopy and of Ca2+ sensitive fluorescent dyes
provided evidence that free intracellular Ca2+ was not homogeneously distributed
throughout the cell. ln addition, cellular stimulation was shown to induce heterogeneous
Ca2+ increases in different cellular compartments such as the cytosol and the nucleus
(BKAILY et al., 1997a; BURNIER et al., 1994). The amplitude and the direction of the
Ca2+ flux across the NE membranes before or after stimulation depends on the cell type
(HALLER et al., 1994; HIMPENS et al., 1994). The mechanisms that regulate and
control the role of the nucleus in excitation-contraction, however, remain to be
elucidated.
The difference observed between the nuclear and cytosolic Ca2+ levels is believed
to implicate mechanisms that inhibit the free diffusion of Ca2+ across the NE and the

Figure3
Calcium transport into the nucleus during excitation-contraction in cardiac
cells. Schematic representation of the diverse components that regulate that

modulate calcium levels. Ang II is the Ang II receptor and NPC is the nuclear
pore complex, CaM is calmodulin, Ryan and Caf are caffeine and ryanodine
sensitive pools (modified from BKAIL Y et al., 1997b).
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nuclear pore complex (NPC). In 1995, GREBER and GERACE showed that treatment
with thapsigargin, an inhibitor of the SR Ca2+-ATPase pump abolished the Ca2+ gradient
across the NE membranes (GREBER and GERACE, 1995). This indicated that the Ca2+
gradient depends on active sequestration of the ion (HIMPENS et al., 1994). This
phenomenon could also be the result of different Ca2+ sequestration and release levels in
the nucleus versus the cytosol and of a limited Ca2+ diffusion across the NPC (HALLER

et al., 1994; DINGWALL, 1991; WA YBILL et al., 1991; HERNANDEZ-CRUZ et al.,
1990). Several authors suggested that the difference between nuclear and cytosolic free
Ca2+ levels becomes more prominent after cellular stimulation (SANTELLA et al., 1996;
GERASIMENKO et al., 1995; HIMPENS et al., 1994; NICOTERA et al., 1994). Upon
stimulation by an agonist, the differential increase in nuclear Ca2+ versus cytosolic Ca2+
could be due to a passive Ca2+ influx into the nucleus from cytosolic stores (HALLER et

al., 1996; HIMPENS et al., 1994; MATTER et al., 1993) or could be due toits release
from nuclear stores possibly through the action of IP3 (HIMPENS et al., 1992;
MAL VIYA et al., 1990).

1.3

Calcium channels

Two types of Ca2+ channels were reported in VSMCs: the voltage operated
channels (VOC) and the receptor operated channels (ROC).

1.3.1

Voltage <l'per·ated channels (VOCs)
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Most cell types contain at least three different types of VOC: the T, L, and R
(Tablel) that can be distinguished by their biophysical and pharmacological properties.
The T-type channels or the low threshold channels are available for voltage
activation at -80 mV (BKAILY et al., 1994b) and become unavailable for voltage
activation at -40 mV (BEAN et al., 1989). Several groups demonstrated that these
channels have a conductance of 8 pico Siemen (pS) in the presence of 100 to 110 mM
extracellular Ba2+ (BENHAM et al., 1987; MITRA and MORAD, 1986; NILIUS et al.,
1985) and that they are involved in activities that require rapid Ca2+ fluxes such as the
pacemaker activity of cardiac myocytes (HAGIWARA et al., 1988). BEAN et al. ( 1989)
showed that low concentrations of Ni2+ block this channel type.
The L-type channels or the high threshold channels are available for voltage
activation at -35 mV and become unavailable for voltage activation at more positive
resting potentials (BKAIL Y et al., 1994b). These channels play a role in contraction and
secretion (MARKS et al., 1992; MC CLESIŒY et al., 1986). Finally, organic
substances, such as nifedipine and israpidine (BEAN et al., 1986), verapamil and
diltiazem (OPIE and PHIL, 1987), as well as inorganic substances, such as Mn2+, Cd2+
and Co2+ can block this channel type.
ln 1971, BAKER and collaborators described the presence of a "late type" Ca2+
current in squid giant axon (BAKER et al., 1971 ). This current was insensitive to TEA at
concentrations that blocked the outward K+ current, and was reduced, but not blocked, by
Mn2+ (BAKER et al., 1971 ). ln 1979, DIPOLO suggested that this "late type" Ca2+
channel permitted the passive entry of Ca2+ during a sustained membrane potential, and

Table 1
Cbaracteristics of Ca2+ cbannels in VSMCs. This table enumerates the various

stimulators and blockers of the VOCs and ROCs in VSMCs. lt also lists the
conductance levels in pico Siemens (pS) of the various channels in different
extracellular solutions.

TABLE 1

Characteristics of Ca2+ channels in VSMCs

Adapted from: Bkaily, G. (ed) (1994). Ionie Channels in vascular smooth muscle. R.G. Landes Company: Austin, pp12
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thus attributed the name "resting membrane" Ca2+ channel (DIPOLO, 1979). This type of
channel did not show rundown of the current during in vitro studies (DIPOLO, 1979).
It bas been observed by the use of Ca2+sensitive probes that sustained
depolarimtion of the plasma membrane of several cell types produces a notable pattern of
[Ca]ï increase (SUMIMOTO and KURIYAMA, 1986; REBER and REUTER, 1991;
MURRAY and KOTLIKOFF, 1991; MORGAN and MORGAN, 1982). This pattern is
characterized by a transient increase of [Ca]i followed by a sustained plateau, induced by
sustained high extracellular K+ (GANITKEVICH and ISENBERG, 1991) or an agonist
such as histamine or bradykinin (MURRAY and KOTLIKOFF, 1991). The sustained
increase was insensitive to several specific Ca2+ channel blockers such as nifedipine
(SUMIMOTO and KURIYAMA, 1986; MURRAY and KOTLIKOFF, 1991 ). lt has been
reported that the sustained Ca2+ influx induced by a sustained depolari7.ation or an agonist
may be due to the opening of a non-inactivating Ca2+ channel (GANITKEVICH and
ISENBERG, 1991 ). The opening of this channel by sustained depolarimtion or by an
agonist induced patterns of Ca2+ increase different from those of the T and L type Ca2+
channels. The agonist induced [Ca]i increase was thought to be mediated by a ROC since
further depolarization by high K+ concentrations, in the presence of the agonist, did not
further Ca2+ influx. As a result, it was postulated that the receptor mediated sustained
Ca2+ level was voltage independent and different from depolarimtion induced sustained
Ca2+entry (MURRAY and KOTLIKOFF, 1991).
ln 1991, BKAILY et al. noticed a similar phenomenon in cardiac myocytes of
embryonic chick and human origin subjected to sustained depolarimtion with high K+ or
insulin (BKAILY et al., 1991). In 1992, BKAIL Y et al. also noticed this same
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phenomenon in rabbit aortic VSMCs (BKAIL Y et al., 1992). The implicated channel was
named the R-type, for resting channel. Since its discovery, this channel bas been
pharmacologically characterized as being isradipine (PN 200-l l 0) sensitive and
nifedipine insensitive. This R-type channel was found to be highly selective for Ca1+ and
to have a single channel conductance of24 pS in the presence of 100 mM of extracellular
Ca1+ (BKAIL Y et al., 1997a; BKAIL Y et al., 1994)

1.3.2

Receptor operated cbannels

The presence of ROC in smooth muscle was first mentioned by SOML YO and
SOML YO (1968). Since then, several groups have suggested its presence (BOLTON,
1979; VAN BREEMAN et al., 1979). The ROC seems to be present in many cell types
such as VSM (BENHAM and TSIEN, 1987), rat liver (REINHART et al., 1984) and
human platelets (HALLAM and RINK, 1985). However, only the ATP-gated Ca1+
channel has been demonstrated in rabbit arterial smooth muscle cells (BENHAM and
TSIEN, 1987). The latter channel can be differentiated from VOC by several factors. It
conducts divalent cations in the presence of nifedipine and Cd1+ (BENHAM and TSIEN,
1987). lt is activated at very negative holding potentials (BENHAM and TSIEN, 1987). lt
bas a relatively low (SpS) conductance in 100 mM of extracellular Ba1+ (BENHAM and
TSIEN, 1987). Finally, it can be desensitized (BENHAM and TSIEN, 1987). Because
ROC can conduct divalent cations, it appears to be unselective. There are no known
selective ROC blockers.
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1.3.3

Modulation of Ca2+ channels by second messengers

In addition to being modulated by electrochemical gradients across the plasma
membrane and by membrane depolarimtion induced by specific compounds, it is now
accepted that VOC channels with the exception of the R-type Ca2+ channel can also be
modulated by a wide array of second messengers (BK.AIL Y, 1994b).
The G-protein activation may directly modulate the R-type Ca2+ channel or
indirectly modulate the Land T-type Ca2+ channels through enzymes and other second
messengers (BKAILY, 1994c). The inactive G-protein is composed of three subunits: a,

(3, and y (GILMAN, 1987). These are bound to GDP (GILMAN, 1987). Upon activation,
the a subunit will dissociate from the complex and will bind to GTP (GILMAN, 1987).
The jly subunit may indirectly modulate the L-type Ca2+ channels when the heart 13 1adenergic receptor is activated (BIRNBAUMER, 1990; BOURNE, 1987). However, it is
the a-subunit that is responsible for most of the intracellular reactions attributed to the Gproteins (CITRI et al., 1980; ROSS et al., 1978; RODBELL et al., 1971).
Cyclic adenosine monophosphate (cAMP) and cyclic guanine monophosphate
(cGMP) are examples of second messengers that may be directly or indirectly increased
by G-protein stimulation or tyrosine kinase stimulation. These two second messengers
have different modes of action on the L-type Ca2+ channels depending on the tissue type
(BKAILY, 1994c). However, one can generalize that their function involves either
phosphorylation or dephosphorylation of the channel (SPERELAKIS and OHYA, 1991 ).
ln VSMCs, both cAMP and cGMP increase the opening probability of L-type Ca2+
channel (SPERELAKIS and OHYA, 1991). Similarly, in skeletal muscle, cAMP and
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cGMP increase the opening probability of L-type Ca2+ channel through phosphorylation
(KOKATE et al., 1993). On the other band, in cardiac muscle, cGMP decreases the
opening probability of L-type Ca2+ channel through dephosphorylation (KOKATE et al.,
1993). As for T-type Ca2+ channel, neither cAMP nor cGMP modulates it (BEAN, 1989;
HARTZELL, 1988; TSIEN et al., 1987). Finally, cAMP does not seem to modulate the
R-type Ca2+ channel (BKAILY et al., 1992).
PLC is usually activated upon G-protein stimulation (BROCK et al., 1985). This
results in the production of two second messengers: IP3 and diacylglycerol (DAG)
(CATI and ABBOT, 1991; SCHELLING et al., 1991). IPJ has the ability to modulate L-

type Ca2+ channels (BERRIDGE et al., 1984; BERRIDGE and IRVINE, 1984). It
modulates the release of Ca2+ from the SR of VSMCs by acting on the Ca2+ channel
present there (FERRIS and SNYDER, 1992). It may also modulate L-type Ca2+ channel
by increasing the probability of its opening (KURIYAMA et al., 1995).
lt is important to mention that DAG also modulates IP3 levels by activating PKC,
which may increase or decrease IP3 production and which may uncouple the G-proteins
from

their receptors,

thus

indirectly modulating Ca2+ channels (XIONG and

SPERELAKIS, 1995). PKC may also directly modulate Ca2+ channels in VSMCs.
However, this process is not fully understood yet (XIONG and SPERELAKIS, 1995).
Finally, Ca2+ itself can modulate its intracellular release. For example, the SR
superficial barrier, thought to be indirectly activated by intracellular Ca2+ influx , releases
Ca2+ (V AN BREEMAN et al., 1995). This in tum promotes Ca2+ release from the deep
SR of VSM, a process known as "Ca2+ induced Ca2+ release" (FABIATO, 1983).
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Furthermore Ca2+ released from the SR may participate in the inactivation of the L-type
Ca2+ channels (VAN BREEMAN et al., 1995).

1.3.4

Modulation of Ca2+ cha11nels by antagonists

As mentioned earlier, synthetic antagonists modulate VOC. High concentrations
of the Ca2+ antagonists, such as the dihydropyridines (DHPs), block both the T-type and
L-type Ca2+ channels (MC CARTHY and COHEN, 1989). The blockade of the T-type
Ca2+ channels by the DHPs with the exception of isradipine (BK.AIL Y et al., 1985)
depends on very high antagonist concentrations, in the micromolar order (INOUE et al.,
1990; WORLEY et al., 1986). On the other hand, other Ca2+ channel blockers such as the
phenylalkylamines and the benzodiazepines only block the L-type Ca2+ channels. These
three blocker groups cause vasodilation. However, the phenylalkylamines and
benzothiazepines have secondary effects such as the depression of the atrioventricular
conduction and heart rate

01AN

ZWIETEN and PFAFFENDORF, 1993 ). These three

blocker groups are extremely important in the treatment of cardiovascular disease since
they inhibit Ca2+ influx in depolarized smooth muscle (GODFRAIND, 1994).
Nifedipine is the best known among the 1,4 DHPs

01AN

ZWIETEN and

PF AFFENDORF, 1993 ). The use of other DHPs such as isradipine is not only due to its
blocking capacity, but also due toits rime of action and selectivity 01 AN ZWIETEN and
PFAFFENDORF, 1993).
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1.4

Angiotensin II (Ang Il)

1.4.1

History

ln 1934, GOLDBLATI et al. demonstrated that the decrease in blood flow
through the kidneys caused hypertension in dogs (F ASCIOLO, 1990; GOLDBLATI et

al., 1934). GOLDBLATI et al. (1934) also suggested that hypertension due to renal
ischemia was not controlled by nervous mechanisms, but by a humoral mechanism. In
193 7, HOUSSA Y and FASCIOLO embarked on the search joumey for the hypertensive
substance. They showed the presence of a pressor substance in the blood from a renal
vein obtained from an ischemic kidney (BASSO and SCHIFFRIN, 1998; HOUSSA Y and
TAQUINI, 1938; HOUSSA Y and FASCIOLO, 193 7). ln 1939 and 1940, HOUSSA Y
and FASCIOLO postulated that there was a plasma activator of renin that resulted in the
production of a crystalline pressor substance that they called hypertensin (BASSO and
SCHIFFRIN; 1998; BRAUN-MENENDEZ et al., 1940; BRAUN-MENENDEZ et al.,
1939). At the same time, PAGE et al. (1940,1939) also showed the presence of a plasma
activator of renin. Renin and the activator together resulted in a substance with
vasoconstrictor action that they named angiotonin. Hypertensin and angiotonin were
indeed the same substance. In 1958, BRAUN-MENENDEZ and PAGE met in AnnArbor and agreed on a new name with half its letters derived from each of the two
previous names (FASCIOLO, 1990). This was how the word "Angiotensin" was formed.
The renin-angiotensin system (RAS) has been widely studied since those initial
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experiments and has been demonstrated to play crucial physiological and pathological
roles (BASSO and SCHIFFRIN, 1998).

1.4.2 Biosynthesis

Ang Il is the result of a cascade of enzymatic reactions. The enzyme renin, an
aspartyl proteinase, initiates the cascade leading to the production of Ang II (ATLAS,
1998) (Figure 4). Severa) stimuli induce renin release from the kidney into the plasma
where it cleaves Angiotensin I (Ang 1), an inactive decapeptide, from its substrate
Angiotensinogen (Ang 0) (PEACH, 1977; PEART et al., 1975). Angiotensin II (Ang II)
is generated by the release of the C-terminus dipeptide of Ang I by means of the
angiotensin converting enzyme (ACE) (PEACH, 1977; PEART et al., 1975). The concept
of circulating RAS bas long been established (PEACH, 1977; PEART et al., 1975). ln
recent years, however, many local RASs have been identified in the brain, kidney, heart
and the blood vessel wall (ATLAS, 1998). Using immunohistochemical and molecular
biology techniques, the presence of functional renin-like enzymes throughout the vessel
walls of the aorta (endothelium, outer medial muscular layer and the periadventitial
region) was confirmed (PAUL et al., 1993; DZAU, 1988a,b; SAMAN[ et al., 1987;
GANTEN et al., 1983; MARUTA and ARAKAWA, 1983; SWALES et al., 1983;
DORER et al., 1978). ln addition, RE et al. (1982) reported that cultured VSMCs show
specific renin immunoreactivity. Several investigators also showed that the Ang O gene is
expressed and that mature Ang O which is predominantly extracellular is present in the

Figure 4
Angiotensin II biosyntbesis. The pathway by which Ang II is synthesized from
its precursors. There is evidence that all the components neccessary for Ang II
synthesis are present in the vascular wall (Moditied from KIM and IWAO,
2000).
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Angiotensin I
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Angiotensin II
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Modif ied from: KIM and IWAO (2000) Pharmaco/ogica/
Reviews. 52(1):11-34

28
vascular wall (LYNCH and PEACH, 1991; NAFTILAN et al., 1991 CAMPBELL and
HABENER. 1986; DESJARDINS-GIASSON et al., 1981). Although, ACE is mainly
found in the luminal region of the endothelium (RYAN et al., 1976), OKUNISHI et al.
(1987) reported that this enzyme is also present in VSMCs. The latter suggestion remains
controversial since ACE inhibitors such as Captopril and Ramipril did not inhibit the
enzyme's activity, suggesting that the ACE present in VSMCs is different from the
intimai one. Finally, Ang II is generated in vascular tissue in an ACE dependent fashion
(HILGERS et al., 1989; MIZUNO et al., 1991).

1.4.3

Ang Il receptors

Ang II has a variety of effects on its target cells. The combination of these effects
results in the maintenance of blood pressure and water and sait balance (BROWN et al.,
1983). Ang II is responsible for the vasoconstriction and growth of VSMCs
(CAMPBELL et al., 1991). lt mediates its effects via at least two receptors: Angiotensin
II type 1 receptor (ATlR) and Angiotensin II type 2 receptor (AT2R)(CHIU et al., 1989).

1.4.4 Mechanisms of Ang Il action via the ATlR

The ATlR is a member of the G-protein coupled receptors (GPCRs) that are
composed of seven hydrophobie transmembrane domains linked by hydrophilic loops
extending altemately into the cytoplasm and protoplasm (MURPHY et al., 1991;
SASAKI et al., 1991). This receptor was mapped to chromosome 3 in humans
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(CURNOW, 1992) and was shown to mediate most of Ang II's known effects. The ATlR
is expressed in a wide variety of adult tissues including the brain, heart, kidney, adrenal
gland, li ver, lung and blood vessels (KIM and IWAO, 2000). Severa( peptide and nonpeptide ATl R antagonists have been developed.
Upon binding to the ATlR, Ang II stimulates a phospholipase C-J} (PLC-J})
(GRIENDLING et al., 1989; MARRERO et al., 1996) that in tum mediates the
hydrolysis of phosphoinositides into IP3 and DAG (CATI and ABBOT, 1991;
SCHELLING et al., 1991). IP3 is believed to mobilize Ca2+ from internai pools
(BERRIDGE et al., 1984; BERRIDGE and IRVINE, 1984), white DAG activates protein
kinase C (PKC). The activation of PKC results in the phosphorylation of various
substrates (NISIDZUKA et al., 1984) depending of the cell type. For example, in
VSMCs, stimulation of PKC results in the phosphorylation of myosin light chain kinase
(MLCK), modulation of IP3 through phospholipid turnover and regulation of cell
proliferation (LEE and SEVERSON, 1994). In addition to the above-mentioned signaling
pathway, it was shown that Ang II could stimulate several other pathways in cultured rat
aortic VSMCs. For example, Ang II was shown to cause the activation of mitogen
activated protein kinase (MAPK) (DUFF et al., 1992; ISIDDA et al., 1992), p70S6K
(GIASSON and MELOCHE, 1995), p90RSK (TAKAHASHI et al., 1997) and
phosphorylation of tyrosine (Tyr) residues (MOLLOY et al., 1993) in the focal adhesion
kinase (FAK) (POLTE et al., 1994), paxillin (LEDUC and MELOCHE, 1995),
phospholipase Cy (PLCy) (MARRERO et al., 1994), Janus kinase-2 (JAK2) and Signal
activators and transducers of transcription-l(STATI) (MARRERO et al., 1995), c-src
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(ISHIDA et al., 1995), p130 CAS (SAYESKI et al., 1998), JNK (SCHMITZ et al., 1998)
and finally p38 (KUSUHARA et al., 1998).

1.4.S

Ang II induced endocytosis of the ATIR

ANDERSON et al. (1993) were the first to demonstrate that Ang li induced
endocytosis of its receptor in cultured VSMCs. The binding of gold-labeled Ang II to its
receptor, lead to receptor aggregation and intemalization via coated vesicles. The final
destinations of these vesicles were the lysosomes. Losartan, the selective non-peptide
ATlR antagonist, inhibited this process (ANDERSON et al., 1993). Ang II induced
intemalization of the ATIR (HUNYADY et al., 1995a,b; THOMAS et al., 1995a,b;
CHAKI et al., 1994; CONCHON et al., 1994; HUNYADY et al., l994a,b, c), but not the
AT2R (HUNYADY et al., 1994c).
Ang II induced ATl R endocytosis has been extensively studied. The relevance of
this process, however, in the signaling pathways activated by this receptor remains
controversial. GREINDLING et al. (1987) demonstrated a correlation between receptor
sequestration and the Ang II induced sustained DAG accumulation in VSMCs.
HUNYADY et al. also demonstrated a correlation between receptor sequestration and the
Ang II induced sustained IP3 and Ca2+ accumulation in adrenal glomerulosa cells
(HUNYADY et al., 1991). SCHELLING and LINAS (1994) demonstrated that PLC
activation and Ang II dependent sodium transport are closely associated with ATlR
intemalization. In contrast, KAPAS et al. showed that AT l R intemalization is necessary
for Ang II induced PKC translocation to the plasma membrane, thus for its activation
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rather than for PLC activation and IP3 accumulation in rat adrenal zona glomerulosa cells
(KAPAS et al., 1994). Such studies made the idea that intemalized receptors retain their
ability to activate signaling pathways more plausible, but did not fully decipher and
explain this process (HARRIS et al., 1999). On the other band, few recent studies
demonstrated that prevention of ATlR endocytosis did not effect the Ang II induced
activation of PLC and the MAPK pathways (THOMAS et al., 1995a; HUNYADY et al.,
1994c). In addition, it was observed that the peptide Ang II antagonist, [Sar 1-Ile8] Ang Il,
but not the non-peptide antagonist, Losartan, can induce ATIR internalization
(THOMAS et al., 1996; CONCHON et al., 1994). This lead to the conclusion that ATlR
conformational changes responsible for internalization are separate and distinct from
those required for signaling (THOMAS et al., 1996; CONCHON et al., 1994).
The role of ATIR internalization in cellular processes other than signaling also
remains unclear. For example, receptor intemalization could contribute to the
downregulation of the plasma membrane receptor in response to extended Ang II
stimulation as was reported in VSMCs (LASSEGUE et al., 1995). Again receptor
endocytosis could play a rote in the resensitization of the response as was reported for the
Jh-adenergic receptors (BARAK et al., 1994). Finally, URATA et al. (1998) suggested
that receptor intemalization serves as a means to accumulate Ang II inside the cells,
which in tum will activate cytosolic and nuclear receptors (BOOZ et al., 1992;
SUGIURA et al., 1992).
Ang Il induced ATI R endocytosis was reported to occur via clathrin-coated
vesicles in VSMCs (ANDERSON et al., 1994; CONCHON et al., 1994). There is
evidence, however, that ATIRs may not exclusively intemalize via clathrin-coated
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vesicles, but that they can use caveolae or non-clathrin coated vesicles (ZHANG et al.,
1996). The caveolar pathway bas been reported in VSMCs (ISHIZAKA et al., 1998).
This pathway is of particular interest because caveolae are known to contain G-proteins,
phospholipases and calcium channels. This pathway could be responsible for the
continued signal transduction by the AT 1R after intemalization (HARRIS et al., 1999).
Endocytic motifs have been identified in the ATlR (HUNYADY et al., 1995a,b;
THOMAS et al., 1995a,b; CHAKI et al., 1994; HUNYADY et al., 1994a,b, c). They
have been identified to reside in the third intracellular toop and in the C-terminus tait of
the ATI R (THOMAS et al., I 995a,b; HUNYADY et al., 1994c). In 1994, HUNYADY et

al. identified a serine335-threonine336-leucine337 (Ser335-Thr336-Leu337) in the cytoplasmic
tait of the receptor (HUNYAD Y et al., 1994c). Replacement of any of these three amino
acids by an alanine, affects intemalization kinetics. The above-mentioned motif is
critical, yet not sufficient for intemalization (THOMAS et al., 1996). Another region in
the cytoplasmic tail containing the hydrophobie leucine316 (Leu316) and the bulky
aromatic tyrosine319

(Tyr3 19)

was discovered to be critical for the intemalization of the

ATlR (THOMAS et al., 1996). The importance of this second motif lies in that the
replacement of Leu316 by phenytalanine (Phe) is the most effective single point mutation
in the inhibition of ATlR intemali.zation (THOMAS et al., 1996). These two motifs are
not conserved in the AT2R. This could be one of the explanations why the AT2R does
not undergo Ang II induced intemali.zation (THOMAS et al., 1996; HUNYADY et al.,
1994c).

1.4.6

Evidence for the presence of functional nuclear Ang Il receptors
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In 197 l, ROBERTSON and KHAIRALLAH demonstrated the first evidence of
Ang II localization in the nuclei of smooth and cardiac muscle (ROBERTSON and
KHAIRALLAH, 197 l ). Since then, several investigators have discussed the possibility of
nuclear Ang II receptors. In 1986, PEACH proposed that Ang II bas a direct effect on the
nucleus. This conclusion was based on the fact that the radiolabeled Ang II showed
perinuclear localization when perfused into rat heart and on the specific binding of Ang II
to rat liver and spleen nuclei (PEACH, 1986). Ang II was also shown to increase RNA
synthesis and to bind and change chromatin solubility in isolated nuclei (RE et al., 1984;
RE et al., 1983). In 1989 and 1991, a soluble Ang II binding protein was isolated from
rabbit liver and adult and neonatal rat heart, respectively (SEN and RAJASEKARAN,
1991; KIRON and SOFFER, 1989). In 1992, several groups demonstrated the presence of
Ang II binding sites in hepatocyte nuclei (BOOZ et al., 1992; EGGENA et al., 1992;
TANG et al., 1992). The profile of Ang II binding to the isolated nuclei differed from
that to the plasma membrane. Ang II binding to the nuclei approached a steady state at
120 min, while binding to the plasma membrane approached a steady state at 25 min
(BOOZ et al., 1992; TANG et al., 1992). On the other band, like plasma membrane
receptors, these nuclear binding sites were of the G-protein coupled type (BOOZ et al.,
1992). Furthermore, EGGENA et al. (1992) demonstrated that these nuclear Ang II
receptors are functional. The binding of Ang II to these nuclear receptors induced an
increase in gene transcription in a specific fashion, since the Ang II receptor antagonists
inhibited this process (EGGENA et al., 1992). lncreases in Ang O and renia messenger
RNA (mRNA), but not in skeletal 13-actin, were also observed (EGGENA et al., 1992). In

34
1998, LU et al. demonstrated that the ATIR possessed a nuclear locali7.ation signal
(NLS) in its cytoplasmic tait and that Ang II induced nuclear targeting of this receptor in
brain neurons (LU et al., 1998). The Ang II induced nuclear sequestration of the ATlR
was time and dose dependent (LU et al., 1998). Upon stimulation with 10-4 M Ang II,
nuclear ATl R levels were maximal after 15 min and started to decrease after 30 min.
Losartan inhibited this Ang II induced nuclear targeting of the ATIR; on the other band,
PD123319, an AT2R specific antagonist did not (LU et al., 1998). Ang Il was also shown
to induce the phosphorylation of p62, a specific NPC protein (LU et al., 1998). This
phosphorylation was critical for the Ang II induced nuclear sequestration of the ATlR
(LU et al., 1998). HALLER el al. (1996) demonstrated that intracellular Ang Il binds to
intracellular receptors and induces an increase in [Ca]i in VSMCs. This effect was not
antagonized by extracellular pretreatment with candesartan, an ATlR antagonist; on the
other band, it was antagonized by intracellular pretreatment with candesartan (HALLER
el al., 1996). CHEN et al. (2000) recently provided evidence for Ang II induced nuclear

translocation of an ATl R coupled to the green fluorescent protein (GFP).

1.4.7 The role of Ang II and the ATlR in vascular disease

Various vascular diseases including hypertension are characterized by abnormal
VSMC growth (GIBBONS and DZAU, 1994). One of the major consequences of
hypertension is an increase in smooth muscle mass and VSMC hypertrophy (BERK et

al., 1989; GEISTERFER et al., 1988; SCOTT-BURDEN et al., 1988). Ang Il was shown
to induce VSMC hypertrophy (BERK et al., 1989; GEISTERFER et al., 1988; SCOTT-
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BURD EN et al., 1988). ACE inhibitors and ATlR antagonists were shown to reverse that
effect (WANG and PREWITT, 1990; FRESLON and GIUDICELLI, 1983; OWENS and
SCHWARTZ, 1983). Because circulating Ang Il levels are not elevated in most
hypertensive models, it was proposed that there is an increase in local Ang Il production
(NAFTILAN et al., 1991). Ang II induced VSMC hypertrophy is associated with the
increased production of proto-oncogenes (NAFTILAN et al., l 989a,b) as well as platelet
derived growth factor (PDGF) (NAFTILAN et al., 1989b; RAINER et al., 1988)

1.4.8 Mechanisms of Ang II action via the AT2R

The AT2R is a member of the G-protein coupled receptors (GPCRs) that are
composed of seven hydrophobie transmembrane domains linked by hydrophilic loops
extending altemately into the cytoplasm and protoplasm (HA YASHIDA et al., 1996;
ZHANG and PRATT, 1996). This receptor was mapped to the X chromosome in humans
(LAZARO et al., 1994) and was shown to inhibit proliferation (MATSUBARA et al.,
1998) and induce apoptosis (YAMADA et al., 1996). The AT2R expression is limited. lt
is mainly detected in fetal tissues and in adult tissues such as the uterus (MATSUMOTO

et al., 1996), ovaries (MATSUMOTO et al., 1996), brain (JOHREN et al., 1996a,b;
LENKEI et al., 1996; GEHLERT et al., 1991; MILLAN et al., 1991), heart (SAMYN et

al., 1998; WANG et al., 1998) and adrenal gland (BREAULT et al., l 996). Several
peptide and non-peptide AT2R antagonists have been developed.
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l.S

Green fluorescent protein (GFP)

The bioluminescence of the jellyfish Aequorea victoria is due to the energy
transfer from the Ca2+ activated photoprotein aequorin to GFP (WARD et al., 1980;
MORIN and HASTINGS, 1971; SHIMOMURA et al., 1962). The cloning of the wildtype GFP gene (INOUYE and TSUJI, 1994; PRASHER et al., 1992) and its expression in
heterologous systems (CHALFIE et al., l 994; INOUYE and TSUJI, 1994; WANG and
HAZELRIGG, 1994) established it as one of the most effective reporter molecules. When
expressed in either prokaryotic or eukaryotic cells and illuminated with blue or UV light,
GFP fluoresces bright green (TSIEN, 1998). Using GFP as a reporter molecule is highly
practical because its fluorescence is species independent and does not require any
cofactors or substrates from the A. Victoria (KALLAL et al., 2000). ln addition, GFP
detection can be performed in live samples rather than fixed ones (TSIEN, 1998).
Recently, the green fluorescence protein (GFP) was used as a GPCR fluorescent tag to
study the intracellular trafficking and locali7.ation of receptors (KALLAL et al., 2000).
The coupling of the receptors to GFP bas many advantages as well some disadvantages.
The use of GFP overtums the need to search for primary and secondary antibodies as
well as cofactors and substrates: as a result, it saves on time and expenses. lt also
decreases distractions from non-specific fluorescence since GFP is directly linked to the
receptor (KALLAL et al., 2000). Furthermore, the fusion of GFP to the receptor protein
does not interfere with receptor functions (KALLAL et al., 2000). Finally, it allows timecourse and protein dynamics studies (KALLAL et al., 2000).The disadvantages,
however, include labeling of protein biosynthetic compartments such as the ER and the
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Golgi apparatus (KALLAL et al., 2000). Such Iabeling can sometimes be confusing when
interpreting protein Iocalization.

1.6

Hypotbesis and objectives

Several studies Iead to the belief that the ATlR can be localized in the nucleus
(CHEN et al., 2000; LU et al., 1998; BKAILY et al., 1997b; HALLER et al., 1996;
THOMAS et al., 1996; EGGENA et al., 1993; BOOZ et al., 1992; TANG et al., 1992).
In addition, those studies demonstrated that the nuclear Ang II binding site could be of
the ATIR subtype and is functional. Furthermore, Lu et al. (1998) demonstrated the
presence of a NLS in the cytoplasmic tail of the ATlR and suggested that the latter is
translocated into the nucleus of neurons upon stimulation with Ang II. BKAIL Y et al.
(1997b) also demonstrated that an Ang II fluorescent probe localizes in the perinuclear
area of intact and perforated embryonic chick heart cells.
On the other band, ail of the above mentioned studies dealt with fixed cells. None
demonstrated the Ang II induced nuclear accumulation of the ATlR in live cells. For
these reasons, we decided to tag the hATl R with GFP in order to confirm this nuclear
localization and to study the mechanistics and kinetics of receptor mobilization,
intemalization and nuclear accumulation as well as the modulation of second messengers
such as Ca2+. In this work, we hypothesized that this receptor undergoes intemalization
followed by nuclear accumulation upon Ang II stimulation. In addition, we postulated
that this nuclear accumulation modulates the free basal cytosolic and nuclear calcium
levels and Ang II induced increases in cytosolic and nuclear calcium Ievels.

II. Materials and Methods
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2.0

Cell Culture

2.0.1

Isolation and maintenance ofprimary adult bVSMC lines

The hVSMCs were isolated by the method described by Bkaily et al. (1997a;
1997b; 1999). ln brief, the aorta of a healthy donor, belonging to either sex, was
surgically removed along with the heart to be used in transplantation. This aorta was
delivered to our laboratory facilities by Quebec transplant in sterile ice cold Hanlcs
Minimum Essential Medium (HMEM) supplemented with 5% Fetal Bovine Serum (FBS)
(GIBCO-BRL, Burlington, ON) and penicillin (64 IU/ml) (Novophann, Toronto, ON).
The aorta was opened and thoroughly washed from blood in 500 ml of Medium 199
(Ml99) (GIBCO-BRL, Burlington, ON) supplemented with the antibiotics, penicillin
(1 %) and streptomycin (1 %). To make the VSMC layer accessible, the endothelial cell
layer was dissected from the aorta. The denuded aorta was placed for 15 minutes at room
temperature in Ml99 medium, supplemented with antibiotics and 0.1% collagenase type
V (SIGMA-ALDRICH, Oakville, ON). Tuen, the VSMCs were gently scraped with a
sterile scalpel blade, the cell-rich medium was collected and was centrifuged for 5
minutes at 180 x g. The supematant was discarded and the cells were plated in M 199
culture medium, supplemented with 10% FBS and antibiotics (BKAIL Y et al., 1997a;
1997b; 1999).
For studies on freshly isolated VSMCs, the cells were left to attach on 25 mmdiameter glass coverslips that fit the bottom of a 1 ml bath chamber (BKAIL Y et al.,
1992). For producing primary cell lines, the VSMCs were grown in cell culture flasks
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(Falco~ Franklin Lakes, NJ). At confluence, the cells were trypsinized (O. I % trypsin)
and reseeded in Smooth Muscle Growth Medium (SmGM), supplemented with 5% FBS
(Clonetics, San Diego, CA). Cell lines were conserved at -80 °C or in liquid nitrogen and
thawed upon need (BKAIL Y et al., 1997a; 1997b; I999).
A periodical and routine laboratory check of our cultured VSMCs is performed in
order to control the origin of these cells. Selective binding of BODIPY FL-labeled
acetylated LDL (6 µg/ml) (Molecular Probes, Eugene, OR) to 'scavenger' receptors
specific for modified LOL in vascular cells and blood vessels was utilized (BK.AIL Y et

al., 1997a; 1997b; 1999). The VSMCs used in our experiments were of the same origin as
those previously reported by our group (BKAILY et al., 1991; 1993; 1994b) and were
shown to possess similar electrical and pharmacological properties to those freshly
isolated from rabbits (BKAIL Y et al., 1994a; 1994b; 1994c) and dogs (BKAIL Y et al.,
1993). Finally, we never exceeded ten passages of cells.

2.0.2 Culture and maintenance of the A-10 cell line

The A-10 cell line (ATCC, Manassas, VA) is derived from the thoracic aorta of
DBlX embryonic rats and possesses many smooth muscle properties, such as the
production of spontaneous action potentials in the stationary phase of the growth cycle,
exhibition of an increase in the activity of creatine phosphokinase, and production of
myosin (KIMES and BRANDT, I976).
Upon receipt of the vial containing the cells, the protocol provided by the ATCC
for cell recovery was followed. In brief, the vial was thawed by gentle agitation in a
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37 °C water bath for 2 minutes. The vial's contents were then transferred to a 100 mm
cell culture petri dish (Falcon, Franklin Lakes, NJ) and diluted with Dulbecco's Modified
Eagle Media (DMEM), supplemented with 10% FBS, 1% L-glutamine and 1% of the
antibiotics streptomycin and penicillin (GIBCO-BRL, Burlington, ON). To avoid
excessive alkalinity, which may cause cell damage during the critical cell recovery
period, the cell culture petri dish was left in a 37 °C incubator (95% 0 2, 5% CO2) for 15
minutes to ensure that the medium reaches its normal pH (around 7.0 to 7.6). Finally, the
cells were grown until confluence after which the batch was frozen at -80°C. The cells
were thawed upon need.

2.1

Immunotluorescence labeling of Angiotensin Il receptors in hVSMCs

We labeled both the ATlR and AT2R using a rabbit anti-ATIR and a goat antiAT2R primary antibodies (Research Diagnostics Inc, Flanders, NJ). The anti-ATlR
antibody is specific for the ATl R and does not react with the AT2R. This antibody is
derived against the N-terminus of the ATlR. On the contrary, the anti-AT2R antibody is
specific for the AT2R and does not react with the ATlR. This latter antibody is derived
against the C-terminus of the AT2R. The manufacturer provided the specificity of these
primary antibodies.

As a result of our choice of primary antibodies, the secondary

antibodies used are anti-rabbit lgG (SIGMA-ALDRICH, Oakville, ON) for ATlR
labeling and anti-goat lgG (SIGMA-ALDRICH, Oakville, ON) for AT2R labeling. These
secondary antibodies are conjugated to Fluorescein (FITC) and are used at a dilution of
1:500 and 1:100 for ATlR and AT2R receptor immunofluorescence, respectively.
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2.1.1

Indirect immunofluorescence technique

The hVSMCs are washed 2x with PBS (lx) for 5 minutes, then are fixed with
parafonnaldehyde (4%) for 10 minutes. The cells are washed again 2x with PBS (lx) for

5 minutes, then are incubated with sodium borohydride (2 mg/ml) for I 0 minutes.
Finally, before ovemight incubation of the cells with the primary antibodies at a
concentration of I µg/ml or 10 µg/ml in Triton-lO0X (0.1%), supplemented with 1.4%
normal goat serum (NGS) and 1% non fat dried mille (NFDM), the cells are washed 2x
with PBS (lx) for 5 minutes, then are permeabilized with Triton-lO0X (0.1%),
supplemented with 7% NGS and 5% NFDM, for 30 minutes.

2.1.2 Visualization of FITC fluorescence by means of fluorescence
microscopy technique

The cells were cultivated on 8-well culture slides flasks (Falcon, Franklin Lakes,
NJ) for visualization by means of a Nikon ECLIPSE E 1000 fluorescence microscope. An
anti-fade reagent, the FluoroGuard (Bio-Rad Laboratories, Mississauga, ON) was put
between the culture slide and the cover slide.

2.1.3 Visualization of FITC fluorescence by means of Confocal Laser
Scanning Microscopy
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The cells were cultivated on 25 mm-diameter coverslips that fit the bottom of a l
ml bath chamber for visuali:zation by means of a confocal microscope. ln this type of
studies, we looked at the distribution of the A Tl R receptor in the absence of Ang Il and
4

after pretreatment with 10 M of Ang Il for 15, 30 and 60 minutes prior to labeling.

2.2

Construction of the bATlR-GFP fusion gene

2.2.1

Linearization ofpcDNA3-AT1R

ln a 1.5 ml eppendorf tube, 5.30 µg of the pcDNA-ATIR DNA (Figure 5) were
digested with 11 units of Bgl II (Amersham Phannacia Biotech, Piscataway, NJ) in the
presence of 3 µI of One-Phor-All (10 x) buffer (Amersham Pharmacia Biotech,
Piscataway, NJ) in a total volume of 30 µI, for 2 hours at 37 °C. Complete digestion was
checked for on a 1% mini agarose gel (150 ml TAE (lx): 0.04 M Tris Acetate and 0.001
M EDTA, 1.5 g agarose and 4 µ1 ethidium bromide (ETBR) (1 mg/ml)). The gel was then
exposed to UV and a picture was taken (Figure 6).

2.2.2

Purification of the digested pcONA3-ATlR DNA

70 µI of water were added to the above tube to make up the volume to 100 µ1. An
equal volume of Chloropane (chloroform: phenol: isoamyl alcohol / 24: 1:25) was added
and the mixture was thoroughly vortexed and centrifuged for lO minutes at 13,000 rpm.
The aqueous phase was then transferred into another tube containing 10 µI of 3 M sodium

Figure 5
The restriction map and multiple cloning sites of the pcDNAJ-

ATl. The pcDNA3 ATI is a typical pcDNA3 vector (5400 bp) in
which the hATI coding sequence (ll52 bp) was inserted in the
polylinker site. The insert is under the control of the

CMV

promoter. 0418 and ampicillin are the antibiotics used for
selection in eukaryotes and prokaryotes respectively. This DNA
was the kind gift of Dr. Gaétan Guillemette, Department of
pharmacology, Université de Sherbrooke.
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Figure 6

Linearization of pcDNAJ-ATl. The Â. DNA digest with Hind III

was used as a molecular weight marker (lane 1). pcDNA3-ATl
digested by Bg/ II was run in lane 2. As expected, the molecular
weight of this digested DNA was calculated to be around 6,400 bp.
Each lane was loaded with 2 µl of Â. DNA or 2 µI of the digested
DNA, 2 µI of loading buffer (0.25% Bromophenol Blue, 0.25%
Xylene Cyanol and 30% glycerol in water) and l 0 µI of water.
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acetate. 300 µl of 100% cold ethanol were added. The mixture was vortexed and
centrifuged for 20 minutes at 13,000 rpm. The ethanol was removed and 300 µl of 70%
ethanol were added. The tube was vortexed and centrifuged for 5 minutes at 13,000 rpm.
The ethanol was carefully removed and the tube was rapidly spun another time to get rid
of the excess ethanol drops. The pellet was immediately resuspended in 50 µI of water. A
sample from the purified DNA was run on a l % mini agarose gel. The gel was then
exposed to UV and a picture was taken. Finally, the concentration of the sample was
calculated.

2.2.3 Polymerase chain reaction (PCR) amplification of the ATlR-FLAG

Polymerase chain reaction (PCR) is used to amplify a segment of DNA that is
found between 2 known sequences. The reaction is based on a series of DNA
denaturation/renaturation cycles. The DNA strands are separated by heat, then are cooled
down to allow the primers to anneal to their complementary bases in the template strand
(SAMBROOK et al., 1989). The ATIR sense and anti-sense primers (Figure 7A)
(GIBCO-BRL, Burlington, ON) that we used were complementary to the sequence
flanking the AT l R-Flag (ROY et al., 1997) and possessed Bgl II and Hind III recognition
sites, respectively. Finally, the primers are extended by means of a thermostable DNA
polymerase (SAMBROOK et al., 1989). On ice, 37.5 µI of water, 5 µI of cloned Pfu
DNA polymerase reaction buffer (lOx) (STRATAGENE, La Jolla, Ca), 2.5 µI dimethyl
sulfoxide (DMSO), 1 µI dNTPs (10 mM), l µI ATl R sense primer (lO0ng/ml), 1 µI
ATIR anti-sense primer (100 ng/ml), 10 ng of the digested pcDNA3-AT1RDNA, 1.5 µl

Figure 7
PCR amplification of the hATIR coding sequence. Figure A shows

the sequence of ATIR sense and anti-sense primers that were used to
amplify the ATIR. ln figure B, the Â. DNA digest with Hind Ill was used
as a molecular weight marker (lane l ). The amplified ATl R DNA was
run in lane 2. As expected, the molecular weight of the DNA was
calculated to be around l 050 bp.Each lane was loaded with 2 µl of Â.
DNA or 2 µl of the amplified DNA, 2 µl of loading buffer (0.25%
Bromophenol Blue, 0.25% Xylene Cyanol and 30% glycerol in water)
and 10 µlof water.

A
Primer Name: AT-lSENSE
Sequence (5' fo 3 '): GGA AGA TCT ATG ATC CTT AAC TCT TCT ACT G
BglII
P:rimer Name: AT-lANTISENSE
Sequence (5' to ): CCC AAG CTT TCA CTC AAC CTC
Hindlll

B
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Pfu Turbo DNA polymerase (STRATAGENE, La Jolla, Ca) and finally 50 µl of minerai
oil were added to a 0.5 ml eppendorf tube. The tube was put in a PCR machine (PerkinElmer, Norwalk, CT) for 24 cycles (94 °C for l minute, 55 °C for l minute and 72 °C for
2 minutes) and l cycle at 72 °C for 15 minutes. A sample from the purified fragment was
run on a l % mini agarose gel. The gel was then exposed to UV and a picture was taken
(Figure 78).
The amplified DNA was isolated by means of the QIAGEN QIAquick PCR
Purification Kit (QIAGEN, Mississauga, ON) and the fragment was run on a 1% mini
agarose gel. The gel was then exposed to UV and a picture was taken.

2.2.4 Digestion of pEGFP-Cl and the amplified fragment

The amplified ATIR-Flag DNA fragment and the pEGFP-Cl (Clontech, Palo
Alto, CA) (Figure 8) were digested with 11 units of Bgl li and 20 units of Hind III
(Amersham Pharmacia Biotech, Piscataway, NJ) in the presence of 3 µlof One-Phor-All
(IOx) buffer, in a total volume of 30 µl for 2 hours at 37 °C. The same enzymes were

used to digest both DNA to ensure the formation of compatible ends that could associate
by complementary base pairing in the presence of a DNA ligase. After complete
digestion was ensured, both digested DNA were purified according to the method
described in section 2.2.2. Complete digestion and purification were verified on l % mini
agarose gels. The gels were then exposed to UV and pictures were taken (Figure 9).

Figure 8
Restriction map of pEGFP-Cl. The pEGFP-C 1 (CLONTECH, Palo
Alto, CA) is a C-Terminal Protein Fusion Expression Vector modified
for mammalian hosts. The fusion proteins are expressed under the
control of the CMV lE promoter. G418 and kanamycin are the
antibiotics used for selection in eukaryotes and prokaryotes respectively.
The amplified ATl-FLAG fragment was inserted in frame between the
Bg/ II and Hind III restriction sites. The Xba l and Bel l sites (*) are

methylated in the DNA provided by CLONTECH
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Figure 9
Digestion and purification of pEGFP-Cl and the amplified ATl
fragment. The i.. DNA digest with Hind III was used as a molecular
weight marker (lane lA, lB, IC, lD). As expected, the molecular
weight of pEGFP-C l digested with Bgl II and Hind III was calculated
to be around 4,700 bp. The digested and purified pEGFP-C l DNA
were run in lanes 2A and 28, respectively. The digested and purified
amplified ATI DNA was run in Ianes 2C and 2D, respectively. Each
lane was Ioaded with 2 µl of i.. DNA or 2 µl of the isolated amplified
DNA, 2 µl of loading buffer (0.25% Bromophenol Blue, 0.25%
Xylene Cyanol and 30% glycerol in water) and 10 µlof water.
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2.2.5

Ligation

The above digested DNAs were ligated to form the hATIR-GFP chimeric
construct (Figure 10). ln a 1.5 ml eppendorf tube: 18 µl of water, 3 µl of One-Phor-All
(l0x) buffer, 3 µlof ATP (10 mM), 2 µlof the digested pEGFP-Cl vector (100 ng), 4 µl
of the digested amplified ATIR fragment (50 ng) and 1.5 µl of T4 DNA ligase
(Amersham Pharmacia Biotech, Piscataway, NJ) were added and incubated ovemight at
14°C.

2.2.6 Bacterial tnnsformation

Competent bacterial cells were thawed on ice. 15 µl of the ligation mix were
added to the tube containing the bacterial cells (Escherichia coli DH5a). The tube was
left on ice for 30 minutes, and then subjected to a heat shock (42 °C) for 4 minutes. 200
µl of L-Broth (500 ml volume: 5 g of Tryptone, 2.5 g of yeast extract, 5 g of NaCl) were
added, then the tube was left for l hour at 37 °C. Finally, 150 µl were transferred to a
kanamycin containing agar plate, then left ovemight at 37 °C. The next day, 14 colonies
were transferred to tubes containing l ml L-Broth supplemented with kanamycin (0.05
mg/ml) and left to shake ovemight at 37 °C.

2.2. 7 DNA Mini-preparation

Figure 10
Construction of the hATlR-GFP cbimera. The pEGFP-C 1 vector was used to

generate the chimera. First the ATIR was amplified by PCR, which resulted in a
receptor DNA that contains restriction sites A and B that match appropriate
fusion sites in the vector. The receptor product and the vector were then digested
with matching restriction enzymes, purified and ligated. The resulting full length
in frame receptor-GFP chimera can be directly transfected into cells and
analyzed (Modified from Kallal et al., 2000)
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The tubes were centrifuged for l minute at 13,000 rpm, and then the medium was
aspirated. The pellet was resuspended in l 00 µl of solution (50 mM glucose, 25 mM TrisCl (pH 8.0), l O mM EDTA (pH 8.0)). 200 µl of solution II (0.2 N NaOH, and l % SOS)
were added. The pellet was totally dissolved by inverting the tube up and down for
several times. 300 µl of solution III (5 M potassium acetate, 11.5% glacial acetic acid)
were added. The tubes were vigorously vortexed and centrifuged for l O minutes at
13,000 rpm. The supematants were transferred to fresh tubes and 800 µl of 100% cold
ethanol were added. The mixtures were vortexed and centrifuged for 15 minutes at
13,000 rpm. The ethanol was removed and 500 µl of70% ethanol were added. The tubes
were vortexed and centrifuged for 5 minutes at 13,000 rpm (SAMBROOK et al., 1989).
The ethanol was carefully removed and the tubes were rapidly spun to get rid of the
excess ethanol drops. The pellets were resuspended in restriction buffer (26 µl of water, 3
µl ofOne-Phor-All (lOx) buffer, 2 U of Hindlll, 2 U of Bg/ 11, and l µl ofRNAase (10
mg/ml)). A sample from each tube was run on a 1% mini agarose gel. The gel was then
exposed to UV and a picture was taken (Figure 11 ). Positive clones were selected and
several chimeric DNA constructs were isolated by QIAGEN Plasmid Midi Purification
Preparations (QIAGEN, Mississauga, ON).

2.3 Transfection by lipofection

Cationic lipid reagents fonn small unilamellar liposomes in water under optimal
conditions. These liposomes have a positively charged surface that can electrostatically
interact with the negatively charged phosphate backbone of DNA as well as cell surface

Figure 11
Identification of the bATlR-GFP. The Â. DNA digest with Hind III was
used as a molecular weight marker (Ianes l & 9). The DNA constructs
isolated after bacterial transformation were digested with Bgl Il and Hind
Ill. Positive clones possessed the 1152 bp fragment corresponding to the
ATIR, for example DNA in lanes 2, 3, 4, 7, 8, 10 11, 12, 13. Each Jane
was loaded with 2 µl of Â. DNA or 2 µI of the isolated amplified DNA , 2
µI of Ioading buffer (0.25% Bromophenol Blue, 0.25% Xylene Cyanol
and 30% glycerol in water) and 10 µI of water.
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membranes (FELGNER et al., 1987; GAREIS et al., 1991; GERSHON et al., 1993;
SMITH et al., 1993). Unlike the classical liposomal delivery method, in which the DNA
is taken up into the interior of the liposomes, the DNA forms complexes with the cationic
lipid reagents (Figure 12). A 5 kb plasmid DNA is estimated to complex with 2 to 4
liposomes. Many observations also suggest that the delivery method is via endosomes
and lysosomes (COONROD et al., 1997). The advantage of cationic lipid reagents such
as Lipofectin (GIBCO-BRL, Burlington, ON) and Lipofectamine 2000 (GIBCO-BRL,
Burlington, ON) lies in the high efficiency of transfection and the reproducibility of the
results obtained upon their use (HAWLEY-NELSON et al., 1993; TILKINS et al., 1994;
CICCARONE et al., 1999).

2.3.1 Lipofectin Reagent

The Lipofectin reagent is a patented 1: l (w/w) liposome formulation of the
cationic lipid N- (l-(2,3-dioleyloxy) propyl]-N, N, N-trimethyl ammonium chloride
(DOTMA) and dioleoyl phosphatidyl ethanolamine (DOPE). It is recommended for the
transient transfection of human aortic endothelial cells. The transfection efficiency in our
VSMCs varied between 50 and 90%.
24 hours prior to transfection, hVSMCs, subcultured for less than 5 passages,
were split (O. l % trypsin) to a confluence of 70 to 90% on 25 mm-diameter glass
coverslips that fit a 1 ml bath chamber. On the day of the transfection, the SmGM
medium supplemented with 5% FBS bathing the cells was replaced by serum-free

Figure 12
The mechanism of action of cationic lipid reagents. The cationic lipid
reagent binds via electrostatic forces to the plasmid DNA and the cell surface
plasma membrane. The DNA delivery method is believed to be via
endosomal and lysosomal pathways.
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DMEM. The transfection was perfonned as follows: 300 µl of Opti-MEM l reducedserum medium (lx) (GIBCO-BRL, Burlington, ON) were mixed with 9 µI of the
Lipofectin reagent in a polystyrene round bottom tube (PRBT) (Falcon, Franklin Lakes,
NJ) for l hour at room temperature. 300 µI of Opti-MEM l reduced-serum medium (lx)
were either mixed with l. 75 µg/µI of EGFP or with l. 75 µg/µI of hATl R-GFP DNA in a
second PRBT. The first mixture, containing the reagent, was added to the second,
containing the DNA, and this was left for 15 minutes at room temperature. Finally, 400
µlof Opti-MEM l reduced-serum medium (lx) were added to complete the volume to 1
ml. The serum-free DMEM medium bathing the cells was then replaced by the
transfection mix and the cells were left in a 37 °C incubator (95% 02 and 5% CO2) for 5
to 7 hours before replacing the medium with SmGM supplemented with 5% FBS. The
next day the efficiency of the transfection was detennined by means of a Multiprobe
2001 confocal argon scanning microscope (CLSM) (Molecular Dynamics, Sunnyvale,

CA).

2.4

Loading of the Fluo-3 fluorescent probe for confocal microscopy

2.4.1

hVSMCs

VSMCs were cultured on 25 mm-diameter glass coverslips that fit the bottom of a
l ml bath chamber. These cells were washed 3 times with 2 ml of a balanced Tyrode's
sait solution, containing 5 mM HEPES, 136 mM NaCI, 2.7 mM KCI, l mM MgCh. l.9
mM CaCh, 5.6 mM glucose, buffered to pH 7.4 with Tris Base and supplemented with
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0.1 % bovine serum albumin (BSA). The osmolarity of the buffer was adjusted by the
addition of sucrose, to 310 mOsm using a Digimatic Osmometer (Advanced Instruments
Inc., Needham Heights, MA) (BKAIL Y et al., l 997a~ 1997b; 1999). The Fluo-3/AM
probe (Molecular Probes, Eugene, OR), used as a calcium ion indicator, was diluted in
Tyrode-BSA from frozen l mM stocks in DMSO to a final concentration of 13.6 µM.
Cells were loaded by placing the glass coverslip, with the cell side down, on a l 00 µl
drop of the diluted probe on a Parafilm stretched over a glass plate, for l hour at room
temperature and in the dark. The inverted coverslip method is a practical one since it
allows us to save on the amount of probe used. lt is also beneficial since the use of
smaller aliquots of the concentrated probe stock solution needed to prepare the final
concentration reduces the percentage of DMSO in the medium. This is of particular
relevance and importance because DMSO concentrations greater than 0.6% were found
to be associated with cell blebbing and photo-bleaching. The loading was also performed
on a humid surface to ensure that no evaporation occurs especially when dealing with 100
µI or less of Fluo-3. Finally, the coverslip was carefully retrieved, washed two times with
Tyrode- BSA and two times with Tyrode buffer alone. The cells were then left in Tyrode
buffer for 15 minutes to ensure complete hydrolysis of the acetoxymethyl ester groups
(BKAILY et al., 1997a; 1997b; 1999).

2.4.2 hVSMC expressing the hATlR-GFP

The glass coverslip containing the hATl R-GFP transfected hVSMCs was
carefully transferred to a l ml bath charnber, which was in tum mounted, on the CLSM.
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These cells were washed 3 times with Tyrode-BSA buffer, and then were incubated in
300 µI of the diluted Fluo-3 probe. This amount of the probe was enough to cover the
entire glass coverslip area, thus ensuring that the cells do not dry out. The inverted
coverslip method was not used here because it was necessary to identify and choose the
transfected cells by means of the CLSM before the loading. The loading was left to occur
for 1 hour, and then the cells were washed twice with Tyrode-BSA buffer and twice with
Tyrode buffer alone. Finally, the cells were left in l ml of Tyrode buffer for 15 minutes
to ensure the completion of acetoxymethyl ester hydrolysis.

2.5

Confocal laser microscopy

Fluo-3 loaded, EGFP or hATlR-GFP transfected hVSMCs were examined by a
Multiprobe 2001 confocal argon scanning microscopy (Molecular Dynamics, Sunnyvale,
CA) (CLSM) system equipped with a Nikon Diaphot epifluorescence inverted
microscope and a 60 x (l.4NA) Nikon Oil Plan achromat objective (Figures 13 & 14).
The 488 nm argon laser line (9.0 mV) was directed to the sample via a 510 nm primary
dichroic fil ter to reduce photobleaching. Pinhole size was set at l 00 µm. The image size
was 512 x 512 pixels with a pixel size of0.34 µm. Laser line intensity, photometric gain,
photo-multiplier settings (PMn and filter attenuation were kept constant throughout the
experimental procedures (Bkaily et al., 1996a).

2.5.1

Transfection verification

Figure 13
Major components of the Multiprobe 2001. The three major
components of the Multiprobe 200 l are the scanner unit including the
microscope, optical compartment and the control panel, the electronic
contrai unit and the computer. During a scan, the computer runs the Scan
Contrai

module

of the

Imagespace

software.

The

computer

automatically controls and monitors the scanning mirrors, microscope
fine focus and timing of data acquisition from the detectors. lt exerts
contrai indirectly through the electronics contrai unit. As information is
collected from the scan, the electronics control unit converts analog
electrical signais from the detectors into digital values for storage in the
computer. The computer stores the light intensity at each point scanned
and displays the image as it is scanned.
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Figure 14
Focal point and confocal point in the confocal system. ln the confocal

system, the microscope lenses focus the laser light to a point called the
focal point. Very little laser light falls on other points in the focal plane.
Laser light with a decreased energy density reaches points below(for
example, point A) and above the focal plane. Both fluorescent and
reflected light from the sample pass back through the microscope. The
microscope and the optics of the scanner compartment focus the light
from the focal point to a second point called the confocal point. The
pinhole aperture, located at the confocal point, allows light from the
focal point to pass through to the detector. Light emitted outside the
focal point (for example, point A) is not in focus at the focal point ( light
from point A focuses to point 8) and is therefore rejected by the
aperture.
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Several serial optical scans were performed for cells that were successfully transfected by
EGFP or hATIR-GFP in each experiment. ln some cases, when the signal obtained with
hATl R-GFP was weak, the accumulation mode was used. The accumulation mode
merges several images to form one image. We chose the accumulation mode to amplify
the signal and reduce the noise. We also set the count to four, so that the image was
scanned four times before it was merged into one. The PMT setting was chosen such that
no measurable fluorescence could be detected in non- transfected or mock-transfected
cells.

2.5.2 Ang II induced hATIR-GFP nuclear tnnslocation

A serial optical scan was performed for cells that were successfully transfected by
hATIR-GFP. The middle section representing the highest hATIR-GFP concentration
was chosen and scanned by means of the Time Lapse settings. Time Lapse data were
collected by means of the section mode in which a single section is repeatedly scanned
with a time delay of thirty seconds between the start of successive scans. The step size is
set to zero in this mode so as to prevent the stage from moving between sections. After
the first two sections were taken using this mode, angiotensin II ( 10-4M) (SIGMAALDRICH, Oakville, ON) was added to the SmGM, supplemented with 5% FBS, bathing
the cells in the I ml chamber, and the variation in fluorescence distribution was
monitored. The monitoring times varied between 15 to 20 minutes. Finally, a serial
optical scan was performed for comparative studies with the first one collected.
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2.5.3 Calcium fluorescence studies

Changes in cytosolic and intranuclear calcium fluorescence upon addition of
increasing angiotensin H concentrations (10- 15 M to 10-6 M) to the extracellular Tyrode
medium were measured in Fluo-3 loaded hVSMCs, hVSMCs expressing the hATlRGFP and A-10 cells. Cells were scanned before and after angiotensin II addition to
monitor their response to the drug. Serial optical scans were performed l O to 25 minutes
after the addition of each angiotensin II concentration. A total of 8 to 12 scans (512 x 512
pixels) were performed for each series with a step size of 1.0 µm for hVSMCs and 1.5
µm for A-10 cells. The number of sections and step size were rigorously maintained
during the course of each experiment in order to localize calcium variations within the
cytosol and boundaries of the nucleus.
Changes in cytosolic and intranuclear calcium fluorescence upon addition of l 0-5
M of the ATl R selective antagonist Losartan to the extracellular Tyrode medium were
also measured in Fluo-3 loaded hVSMCs expressing the hATlR-GFP. Cells were
scanned before and after Losartan addition to monitor their response to the drug. Serial
optical scans were performed 40 to 60 minutes after the addition of the drug.

2.5.4

Nuclear staining

At the end of each experiment, the nucleus was stained with l 00 nM of live cell
nucleic acid stain Syto 11 (Molecular Probes, Oregon, USA) (BKAIL Y et al., 1995;
1996a). Syto stains are effective in staining a wide range of cell types, including cultured
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mammalian cells. Serial optical scans were taken immediately after the development of
the stain (approximately 8 to 10 minutes), while maintaining the positioning, number of
sections and step size identical to that used for our experiments. 3-D reconstruction of the
nucleus (BKAILY et al., 1995; 1996) were performed through volume rendering and
used as templates to delineate nuclear from cytosolic free ion or from receptor (BKAIL Y

et al., 1995; 1996). The above is a well-known standard technique used by other
laboratories (ABRENICA and GILCHRIST, 2000). The form of the nucleus does not
change during the experiments and its location does not affect our nuclear delimitation
(BKAIL Y et al., 1995; 1996; ABRENICA and GILCHRIST, 2000).

2.5.5 Volume rendering and nuclear calcium or bATlR-GFP measurements

Scanned images were transferred onto a Silicon Graphies Indy 4000 workstation
equipped with Molecular Dynamics' Imagespace analysis and volume workbench
software modules. Reconstruction of 3-D images was performed on Gaussian-filtered
serial sections and was represented as maximum intensity projections. This type of
projection presents the highest intensities in ail the sections of a serial optical scan in one
image. Images were represented as pseudo-colored representations according to an
intensity scale of 0 to 255 with lowest intensity in black and highest in white.
Measurement of calcium uptake into the nucleus or hATIR-GFP nuclear
translocation was performed on 3-D reconstructs (section series). The nuclear area,
following Syto 11 staining, was isolated from the rest of the cell by setting a lower
intensity threshold filter to confine relevant pixels (BKAIL Y et al., 1995). A 3-D binary
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image series of the nuclear volume was then generated for each cell using the exact same
x, y and z set planes as those during the calcium uptake or receptor translocation. By then
applying these binary image patterns to the same cell but labeled for calcium or the
receptor (the binary image serves as a cookie cutter), a new 3-D projection was created
depicting fluorescence intensity levels exclusively within the nucleus. Hence, by
'removing' the nucleus from the surrounding cytoplasm, we were then able to measure
calcium or receptor fluorescence intensity values in the entire nuclear volume, while
eliminating possible contribution of perinuclear calcium or receptors to our
measurements (BKAILY et al., 1996a). Measurement of hATIR-GFP and EGFP
fluorescence was also performed on 3-D constructs. In this case, whole cell intensity
measurements were performed using the volume rendering method.

2.6

Statistics

Cytosolic and intranuclear free calcium were represented as relative mean
intensity fluorescence values. Values were expressed as means ± s.e.m. The ECso values
were calculated from non-linear regression sigmoidal dose-response (variable slopes)
curve fits. Statistical significance was measured using the Nonparametric t test.
Probability (p) values less than 0.05 were considered significant.

III. Results
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3.0

Detection of hATlR and hAT2R presence and localization by indirect
immunofluorescence

Ang II is known to mediate its actions via at least two types of receptors: the
hATIR and the hAT2R. The hATIR is known to be present in a variety of cell types
including hVSMCs (KIM and IWAO, 2000; VISWANATHAN

el

al., 1991). lt is also

known to mediate Ang II's vasoconstrictive and mitogenic action in this cell type
(CAMPBELL et al., 1991); on the other band, the exact roles of the hAT2R have not
been fully elucidated to date. It is thought that the latter receptor has a role in apoptosis
(KIM and IWAO, 2000; YAMADA et al., 1996).
In this set of experiments (n = 5), we verified the presence of the hATIR and the
hAT2R in hVSMCs using indirect immunofluorescence. Figure 15 illustrates the
presence and localization of the hATl R and the absence of the hAT2R in hVSMCs as
detected by a Nikon ECLIPSE EIO00 fluorescence microscope. The primary antibody
against the hATIR (1 µg/ml) was a rabbit anti-ATIR derived against the N-tenninus of
the hATIR, white the primary antibody against the hAT2R (10 µg/ml) was a goat antiAT2R derived against the C-terminus of hAT2R. Two types of negative controls were
used to validate the specificity of these polyclonal primary antibodies. The first type was
one in which the blocking peptide provided with the primary antibody was used at a
concentration 10 x that of the primary antibody. The second type was one in which no
primary antibody was used. The secondary antibodies used were the anti- rabbit lgG at a
dilution of 1:500 and anti-goat lgG at a dilution of 1: 100 for hATl R and hAT2R receptor
immunofluorescence, respectively.

Figure 15
Labeling

of

ATIR

and

AT2R

in

hVSMCs

by

indirect

immunofluorescence. This figure illustrates the presence and localization
of the ATlR and the absence of the AT2R in hVSMCs as seen by a Nikon
ECLIPSE ElOOO fluorescence microscope. A: ATlR immunofluorescence
in hVSMCs (green color) (lµg/ml of primary antibody). B : AT2R
immunofluorescence in hVSMCs (lOµg/ml ofprimary antibody). C and D
are negative controls for ATIR and AT2R immunofluorescence,
respectively.
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Figure 15-A illustrates the localization and distribution of the hATIR in
hVSMCs, while figure l 5-B suggests the absence of the hATIR. Figure 15-C illustrates
the negative control in the presence of the blocking peptide of the anti-ATl R antibody,
while figure 15-D illustrates the negative control in the absence of the anti-AT2R
antibody. The absence of fluorescence in the above two cases is a strong indication of the
antibodies' high specificities.
Figure 16 illustrates the hATIR fluorescence as detected by CLSM. Figures 16-A
and B are negative controls in the presence of anti-ATl R blocking peptide and in the
absence of the anti-ATIR primary antibody, respectively. Again, the lack of fluorescence
in these two cases is a strong indication that the antibody we used is a specific one.
Figure 16-C demonstrates the distribution ofhATIR in our hVSMCs.
In conclusion, these sets of experiments (n

= 5)

indicate the presence of the

hATIR and the absence of the hAT2R in our hVSMCs. This result is in agreement with
the results of WANG et al. (1998).

3.1

EGFP expression in hVSMCs by means oflipofection

GFP, the protein derived from the jellyfish Aequorea Victoria, emits green light
when stimulated by blue light (TSIEN, 1998). This property made this protein one of the
most frequently used reporter molecules in gene expression (KALLAL et al., l 997). lt
also allowed the use of this protein as a tag to study protein localization and trafficking
(KALLAL et al., 1997).

Figure 16
Indirect immunofluorescence of the ATlR in hVSMCs. This figure
illustrates the presence and localiz.ation of the ATIR in hVSMCs as
seen by CLSM. A and 8 are negative controls for ATIR
immunofluorescence. A : Negative control in the presence of the
blocking peptide provided with the primary antibody. B : Negative
control in the absence of the primary antibody. C : ATIR
immunofluorescence in hVSMCs (blue color) (IOµg/ml of primary
antibody). The pseudocolor scale represents the

intensity of

fluorescence of the secondary antibody, that recognizes the anti-ATIR
primary antibody, from O to 255. The white size scale bar is 10 µm.
(immuno.AT 1R.sl and immuno.AT 1R. l .sa.sl are the experiments'
codes).

255

0
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In this series of experiments (n

=

10), we have successfully and transiently

transfected our hVSMCs with the pEGFP-Cl plasmid DNA by means of the Lipofectin
reagent (refer to chapter 2 for the technique's details).
Figure 17 demonstrates that EGFP expression levels in our hVSMCs are not
homogeneous; for this reason, we divided the cells expressing EGFP into three
fluorescence groups. Group one is a low fluorescence intensity group. Group 2 is a
medium fluorescence intensity group. Finally, group 3 is a high fluorescence intensity
group. The EGFP fluorescence intensities of cells belonging to group 1 ranged from l O to
45, while the EGFP fluorescence intensities of cells belonging to group 2 ranged from 46
to 90. Finally, the EGFP fluorescence intensities of cells belonging to group 3 were equal
to or greater than 91. The fluorescence scale in this case ranged from a minimum value of
0 to a maximum value of 255.
Figure 18 shows cells expressing EGFP and belonging to the three distinct
fluorescence groups. Figure 18-A is an illustration of three cells belonging to group l, the
low fluorescence intensity group. The EGFP expression in these cells is uniform
throughout the cell. No visible fluorescence differences between the intracellular
compartments can be detected. Figure 18-8 is an illustration of two cells belonging to
group 2, the medium fluorescence intensity group. The EGFP expression in this case
seems to be compartmentalized, whereby higher expression levels are detected in the
nucleus as compared to the cytosol. Finally, figure 18-C is an illustration of four cells
belonging to group 3, the high fluorescence intensity group. The fluorescence intensity
level in some of these cells has reached saturation (white color), i.e. around a value of
255.

Figure 17
Division of hVSMCs expressing EGFP into three distinct fluorescence
intensity groups. Using the CLSM, hVSMCs expressing EGFP were divided
into three fluorescence intensity groups. Group I is a low fluorescence
intensity group with a relative mean whole cell EGFP intensity level between
10 and 45. Group 2 is a medium fluorescence intensity group with a relative
mean whole cell intensity level between 46 and 90. Finally, group 3 is a high
fluorescence intensity group with a relative mean whole cell intensity level
between 91 and 255. (n) is the number of cells.
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Figure 18
Representative examples of hVSMCs expressing the three distinct EGFP
fluorescence intensity groups. This figure illustrates cells representing the

three distinct EGFP fluorescence intensity groups. A : Three cells belonging to
group l and which have a relative mean whole cell EGFP intensity level
between 10 and 45. Note that intracellular EGFP is almost homogeneously
distributed with only very few cells showing higher levels in the nucleus. B :
Two cells belonging to Group 2 and which have a relative mean whole cell
EGFP intensity level between 46 and 90. Note that the EGFP expression is
higher in the nucleus in cells belonging to this group. C: Four cells belonging
to Group 3 and which have a relative mean whole cell EGFP intensity level
equal to or greater than 91. Note that cells belonging to this group have high
levels of EGFP in both the nucleus and cytosol. In addition, some cells show
saturation of the intensity scale (white color). The pseudocolor scale
represents the EGFP fluorescence intensity from O to 255. The white size scale
bar is 5 µm. (aos0999-egfpd2.sl is the experiment' s code).
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The pseudocolor scale ranges from a minimum value of O (black color) to a maximum
value of 255 (white color) and the image sizes are 5 µm. In conclusion, we were
successful in transfecting our hVSMCs with EGFP; and we observed different levels of
EGFP expression after transient transfection.

3.2

hATlR-GFP expression in hVSMCs by means oflipofection

The coupling of the hATlR to EGFP bas many advantages as well as some
disadvantages. The use of EGFP overturns the need to search for primary and secondary
antibodies as well as cofactors and substrates; as a result, it saves on time and expenses
(KALLAL et al., 1997). It also decreases distractions from non-specific fluorescence
since EGFP is directly linked to the receptor (KALLAL et al., 1997). Finally, it allows
time-course and protein dynamics studies (KALLAL et al., 1997). The disadvantages,
however, include labeling of protein biosynthetic compartments such as the ER and the
Golgi apparatus (TSIEN, 1998; KALLAL et al., 1997). Such labeling can sometimes be
confusing when interpreting protein localization.
We have successfully inserted the hATlR coding sequence in the pEGFP-Cl
expression vector. We particularly chose the hATIR because THOMAS et al. (1996)
suggested that this receptor is not completely degraded in the cytosol upon intemalization
and because LU et al. (1998) suggested the presence of a NLS in its cytoplasmic tail. In
addition, several groups showed that this receptor accumulates in the nuclei of cells in
response to Ang II (LU et al., 1998; BK.AILY et al., 1997b). These suggestions made the
study of hATl R trafficking of prime interest to us.
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ln this series of experiments (n

= 8), we have successfully transfected h VSMCs

with the hATlR-GFP construct by means of the Lipofectin reagent (refer to chapter 2 for
the technique's details). The efficiencies of transfection varied between 50% and 90%.
Figure 19 demonstrates that the hATIR-GFP expression levels in hVSMCs are
not homogeneous; For this reason, we divided the cells expressing hA.TlR-GFP into
three fluorescence groups. Group one is a low hATlR-GFP fluorescence intensity group.
Group 2 is a medium hA.TlR-GFP fluorescence intensity group. Finally group 3 is a high
hAT 1R-GFP fluorescence intensity group. The fluorescence intensities of cells belonging
to group l ranged from 1 to 10, while the fluorescence intensities of cells belonging to
group 2 ranged from 11 to 25. Finally, the fluorescence intensities of cells belonging to
group 3 were equal to or greater than 26. The fluorescence scale in this case ranged from
a minimum value of0 to a maximum value of 255.
Figure 20 shows cells expressing hATIR-GFP and belonging to the three distinct
fluorescence groups. Figure 20-A is an illustration of two cells belonging to group 1, the
low fluorescence intensity group. The hATIR-GFP expression in these two cells is not
uniform.

The

receptor

fluorescence

varies

between

the

various

intracellular

compartments. Figw·e 20-8 is an illustration of four cells belonging to group 2, the
medium fluorescence intensity group. The hATlR-GFP expression in this case also
seems to be compartmentalized, whereby higher expression levels are detected in the
perinuclear area as compared to the rest of the cell. Finally, figure 20-C is an illustration
of four cells belonging to group 3, the high fluorescence intensity group. The hA.TlRGFP fluorescence intensity level in some of these cells bas reached saturation (white
color), i.e. around a value of 255.

Figure 19
Division of hVSMCs expressing the hATIR -GFP into three distinct
fluorescence intensity groups. Using the CLSM, hVSMCs expressing
hATlR-GFP were divided into three distinct fluorescence intensity groups.
Group 1 is a low fluorescence intensity group with a relative mean whole cell
hATlR-GFP intensity level between 1 and 10. Group 2 is a medium
fluorescence intensity group with a relative mean whole cell hATIR -GFP
intensity level between 11 and 25. Finally, group 3 is a high fluorescence
intensity group with a relative mean whole cell hATlR -GFP intensity level
between 26 and 255. (n) is the number of cells.
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Figure 20
Representative examples of bVSMCs expressing the three distinct
bATlR-GFP fluorescence intensity groups . Examples of cells representing
the three hATIR-GFP fluorescence intensity groups. A: Two cells belonging
to group 1 and wbich have a relative mean whole cell hATIR-GFP intensity
level between 1 and

10:e : Four cells belonging to group 2 and which have a

relative mean whole cell hATlR-GFP intensity level between 11 and 25. Note
the perinuclear and nuclear locali.zation of the hATlR-GFP in both figures A
and B. C : Four cells belonging to group 3 and which have a relative mean
whole cell hATlR-GFP intensity level equal to or greater than 26. Note the
high density of the receptor throughout the cytosolic and nuclear regions. The
pseudocolor scale represents the hATIR-GFP fluorescence intensity from 0 to
255. The white size scale bar is 5 µmin A and C and 10 µmin B. (aos0899gfp-ATIR-4-sl and aos0500.egfpAT1Rlipol.sl are the experiments' codes,
respecti vely).
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In other cells belonging to this group, high expression levels can be detected in the
nucleus as compared to the cytosol. The pseudocolor scale ranges from a minimum value
of 0 (black color) to a maximum value of255 (white color) and the image sizes are 5 µm
for figures A and C and 10 µm for figure B. Figure A was achieved through the use of the
add accumulation mode setting in which the count parameter was set to four (refer to
chapter 2 for further details). In conclusion, we were successful in transfecting hVSMCs
with hATIR-GFP. We also observed different hATIR-GFP expression levels and
localization in these cells after transient transfection.

3.3

Ang II induced internalization and nuclear translocation of the hATlR in
hVSMCs

3.3.1

Ang II induced intemalization and nuclear translocation of the
hATlR-GFP in hVSMCs

Many studies including binding assays, immunoprecipitation and RNA synthesis
studies suggest that many receptors such as the hATl R are intemalized by the cell and
are translocated to the nucleus upon stimulation by their ligand (CHEN et al., 2000; LU

et al., 1998; EGGENA et al., 1993; BOOZ et al., 1992).
In this series of experiments, we tested the hypothesis suggesting that the hAT 1R
is intemalized into the cells and then translocated into the nucleus when stimulated with
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Ang Il. For this purpose, we used hVSMCs expressing low levels and high levels of the
hATIR-GFP.
In the first set of experiments (n

= 5), we used cells belonging to group I i.e.

expressing low levels of the hATIR-GFP. At the beginning of each experiment, we
monitored the cells for 5 to I O minutes before the application of Ang II to make sure that
the receptor localization was stable. We applied 104 M Ang Il to the extracellular
medium and monitored receptor redistribution and trafficking. Our choice of such a
concentration of Ang II lied in the need to activate ail the surface receptors in order to
speed up the process of intemalization and translocation so as not to exceed a time frame
of thirty minutes. In addition, this concentration was used to do similar studies in
neuronal cells, and in Chinese hamster ovarian (CHO) cells (CHEN et al., 2000; LU et

al., 1998).
Figure 21 demonstrates the nuclear translocation process. The relative mean
nuclear hATlR-GFP fluorescence intensity before stimulation by Ang II was 3.6
(n = 5) and became I 0.8

± 0.8

± l. 7 (n = 5) after stimulation by l 04 M Ang Il. This increase in

relative mean nuclear hATl R-GFP fluorescence intensity was statistically significant
with p < 0.01. ln addition, this significant increase in nuclear levels of the hATIR-GFP is
a direct and quantitative demonstration of the nuclear translocation process. The relative
mean cytosolic hATIR-GFP fluorescence intensity before stimulation by Ang II was 2.9

± 1.5 (n = 5) and became 4.1 ± 1.7 (n = 5) after stimulation by 104 M Ang Il. This
increase in relative mean cytosolic hATIR-GFP fluorescence intensity was not
statistically significant.

Figure21
Ang II induced nuclear tnnslocation of the hATlR-GFP

in bVSMCs

belonging to group 1 (1 S Mean Fluorescence lntensity S 10). In absence of
any extracellular stimulation, the relative mean fluorescence intensity levels of
cytosolic and nuclear hATIR-GFP were nearly similar; however,

the

extracellular application of 10-4 M Ang II induced a significant increase in
nuclear (including perinuclear) hATlR-GFP relative mean fluorescence
intensity. In addition, after Ang II stimulation, the amount of nuclear hATlRGFP became significantly higher than the amount of cytosolic hATlR-GFP. The
values are presented as means ± S.E.M. The number (n) of cells is 5. *p<0.05
and **p<0.0 1.
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Figure 22 is an illustration of the nuclear translocation process. Before the
application of Ang 11, the hATlR distribution was non-uniform. In figure 22-A, hATIRGFP was particularly seen at the plasma membrane of the cells. After stimulation with
l 0 4 M Ang Il, most of the receptor fluorescence was accumulated in the cells' nuclei
indicating that stimulation with Ang II mobilized the receptors and induced their
translocation into the nucleus of cells (Figure 22-8). Finally, figure 22-C shows the
nuclear staining of the tested cells by means of the nucleic acid stain, Syto-11. The
pseudocolor scale ranges from a minimum value of 0 (black color) to a maximum value
of 255 (white color) and the image sizes are 5 µm. Figures A and B were achieved
through the use of the add accumulation mode setting in which the count parameter was
set to four (refer to chapter 2 for further details).
In the second set of experiments (n = 15), we used cells belonging to group 3 i.e.
expressing high levels of the hATlR-GFP. At the beginning of each experiment, we
monitored the cells for 5 to 10 minutes before the application of Ang Il to make sure that
the receptor localization was stable. We applied 104 M of Ang II to the extracellular
medium and monitored receptor redistribution and trafficking.
Figure 23 demonstrates the nuclear translocation process. The relative mean
nuclear hATIR-GFP fluorescence intensity before stimulation by Ang Il was 60.9 ± 2.1
(n

= 15) and became 73.0 ± 1.8 (n = 15) after stimulation by 104 M of Ang Il. This

increase in relative mean nuclear hATlR-GFP fluorescence intensity was highly
significant with p < 0.001. The relative mean cytosolic hATlR-GFP fluorescence

Figure22
Representative e:xample of the Ang U induced nuclear translocation of the
bATlR-GFP in bVSMCs belonging to group 1 (1 S: Mean Fluorescence S:
Intensity 10). This figure illustrates the phenomenon of ATIR intemalization

into the cytosol followed by receptor translocation into the nucleus (including
the perinuclear space) upon stimulation with 10"" M Ang II. A: Distribution of
the hATIR-GFP in three hVSMCs belonging to group 1 (1

s:

Mean

Fluorescence Intensity S: l 0) in the absence of extracellular Ang II. B : The
extracellular application of l O"" M of Ang II induces cellular contraction and
hATIR-GFP redistribution into the nucleus. C: Delimitation of the nucleus by
means of the nuclear stain, Syto-11. The pseudocolor scale rcpresents the
hATIR-GFP fluorescence intensity from O to 255. The white size scale bar is

5 µm. (aos0500-egfpATIRlipo3.sl is the experiment's code).

255

0

Figure23
Ang D induced nuclear translocation of the hATlR-GFP in
hVSMCs belonging to group 3 (Mean Fluorescence Intensity

26).

The extracellular application of l 0-4 M Ang II induces a statistically
significant increase in both the cytosolic and nuclear hATIR-GFP
relative mean fluorescence intensity. Initially and after Ang II
stimulation, the hATl R-GFP relative mean fluorescence intensity was
significantly higher in the nucleus than in the cytosol. The values are
presented as means ± S.E.M. The number (n) of
***p<0.001.

cells is 15.
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intensity before stimulation by Ang II was 21.9 ± 1.3 (n = 15) and became 31.1 ± 2.0 (n =
15) after stimulation by 10-4 M Ang II. This increase in relative mean cytosolic hATlRGFP fluorescence intensity was also highly statistically significant. The significant
increase in nuclear levels of the hATIR-GFP is a direct and quantitative demonstration of
the nuclear translocation process, while the significant increase in cytosolic levels of the
hAT 1R-GFP could be in part due to the method we used for cytosolic measurements.
Figure 24 is a representative illustration of the nuclear translocation process.
Before the application of Ang II, the hATlR-GFP distribution was non-unifonn. In figure
24-A, the hATl R-GFP was particularly seen throughout the cell, especially in the nuclear
area. After stimulation with 10"4 M Ang li, an increase in nuclear receptor fluorescence
was observed indicating that stimulation with Ang II mobilized the receptors and induced
their translocation into the nuclei of cells (Figure 24-8). Finally, figure 24-C shows the
nuclear staining of the tested cells by means of the nucleic acid stain Syto-11. The
pseudocolor scale ranges from a minimum value of O (black color) to a maximum value
of 255 (white color) and the image sizes are 5 µm.

3.3.2

Ang II induced nuclear translocation of the native hATlR in h VSMCs
as studied by means of indirect immunoftuorescence

In this series of experiments (n = 3), we wanted to verify the Ang II induced
nuclear translocation results obtained in hATl R-GFP expressing cells by means of
indirect fluorescence. We used two types of negative controls: one in the presence of the
anti-ATIR blocking peptide and one in the absence of the anti-ATIR primary antibody.

Figure24
Representative example of the Ang II induced nuclear translocation of the
hATIR-GFP in hVSMCs belonging to group 3 (Mean Fluorescence Intensity

;?!::

26). This figure illustrates the phenomenon of ATIR internali7.ation into the cytosol

followed by receptor translocation into the nucleus (including the perinuclear space)
upon stimulation with l 04 M Ang Il. A : The distribution and fluorescence intensity
of the hATlR-GFP in a single hVSMC belonging to group 3 (Mean Fluorescence
lntensity

;?!::

26) in the absence of Ang II. Note the presence of the receptor in a

cluster-Iike fashion in the cytosol, nucleus and the perinuclear space. B : The
extracellular application of 104 M of Ang II induces increases in the both cytosolic
and nuclear hATIR-GFP fluorescence intensity. C : Delimitation of the nucleus by
means of the nuclear stain Syto-1 l. The pseudocolor scale represents the hATIRGFP fluorescence intensity from 0 to 255. The white size scale bar is 5 µm.
(aos0500-egfpAT1Rlipol.sl is the experiment's code).
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ln addition, we used a concentration of 10 µg/ml of the primary antibody and a dilution
of 1:500 of the secondary rabbit anti-lgG antibody and we detected the hATl R
immunofluorescence by means of CLSM. Finally, we used cells that were not pretreated
with Ang II as positive controls and we studied the pattern of hATIR
immunofluorescence in cells that were pretreated with 10-4 M Ang II for 15, 30 and 60
minutes.
Figure 25 is an illustration of the Ang II induced nuclear accumulation of the
hATlR as seen by means of the indirect immunofluorescence technique. Figures 25-A
and B are negative controls in the presence of the anti-ATl R blocking peptide and in the
absence of the anti-ATIR primary antibody, respectively. The lack of fluorescence is a
strong indication of the specificity of the antibody we used. Figure 25-C is a positive
control for our experiments. The hATIR immunofluorescence is not specific to the
nucleus in these cells. Figure 25-D illustrates a cell that was pretreated with Ang II for 15
minutes. The beginning of an accumulation of the hATIR in the nucleus can be detected.
Figure 25-E illustrates a cell that was pretreated with Ang II for 30 minutes. Significant
accumulation of the hATlR in the nucleus can be detected. Finally, figure 25-F illustrates
a cell that was pretreated with Ang II for 60 minutes. A decrease in nuclear hATlR
immunofluorescence can be detected even though nuclear levels remain relatively high.
This decrease could suggest a degradation mechanism in the nucleus or an export process
from the nucleus. However, to date, no such mechanisms were reported for the hAT 1R.
Our results strongly indicate that the hATlR receptor is intemalized into the cell
and translocated into the nucleus upon stimulation with Ang II.

Figure 25
Indirect immunofluorescence of ATIR in Ang U pre-treated and in normal
hVSMCs. This figure illustrates the presence and localiz.ation of the ATIR in
hVSMCs in the absence of Ang II pretreatment (C) and after pretreatment with 10-4
M of Ang Il for 15 minutes (D), 30 minutes (E) and 60 minutes (F). A and B are
negative controls for ATIR immunofluorescence. A : Negative control in the
presence of the blocking peptide (immno.ATIR.CP.sl is the experiment's code). B :
Negative control in the absence of the primary antibody (immno.ATIR.CS.sa.sl is
the experiment's code). C : Four single cells showing ATIR immunofluorescence
(l0µg/ml of primary antibody) in the absence of Ang II pretreatment
(immuno.ATIR.sl, and immuno.ATIR.l.sa.sl are the experiments' codes). D : One
single hVSMC showing ATIR immunofluorescence (l0µg/ml of primary antibody)
after pretreatment with 10-4 M of Ang II for 15 minutes prior to labeling
(immno.ATIR.15.sl is the experiment's code). E : One single hVSMC showing
ATlR immunofluorescence (I0µg/ml of primary antibody) after pretreatment with
l 0 4 M of Ang II for 30 minutes prior to labeling (immno.ATI R.30.sl is the
experiment's code). F : One single hVSMC showing ATIR immunofluorescence
(1 0µg/ml of primary antibody) after pretreatment with 104 M of Ang II for 60

minutes prior to labeling (immuno.ATIR.60.sl is the experiment's code). Note the
progressive increase in nuclear receptor fluorescence after 15 and 30 minutes of pretreatment and the decrease in nuclear receptor fluorescence after 60 minutes of pretreatment. Single cells presented in A through F are different cells from different
experiments. The pseudocolor scale represents the ATIR immunofluorescence
intensity level from 0 to 255. The white size scale bar is l 0 µm.
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3.4

Effect of different concentrations of extracellular Ang Il on the basal [Ca)c
and [Ca)n levels in hVSMCs, A-10 cells, and hVSMCs expressing hATIRGFP

Ang II, via the hATIR, is known to modulate hVSMC function. The binding of
Ang II to the hATl R activates a series of second messenger cascades including the
formation of IP3, which in tum mobilizes intracellular calcium (BERRIDGE et al., 1984).
In these sets of experiments, we wanted to determine whether the extracellular
application of different Ang II concentrations would modulate the basal [Ca]c and [Ca]n
levels in a dose-dependent manner. We also wanted to determine the ECso values and to
verify whether the ECso value responsible for the effect of Ang II on [Ca]c is similar to
that on [Ca]n- Finally, we wanted to compare Ang II's effect on basal [Ca]c and [Ca]n
levels in normal hVSMCs to that in hATIR-GFP expressing hVSMCs.

3.4.1

Extracellular Ang II induces a dose-dependent increase in the basal
[Ca)c and [Ca)n levels in hVSMCs

In this set of experiments, we tested the effect of different concentrations of
extracellular Ang II (10- 15 M to 10-6 M) on the basal cytosolic and nuclear calcium levels
in hVSMCs. As can be seen in figure 26-A, the incubation ofhVSMCs in the presence of
different Ang II concentrations resulted in a dose-dependent increase in cytosolic and
nuclear calcium levels, whereby the maximal effect was reached at 10-6 M. As can also
be seen in the above-mentioned figure, the increase observed with Ang II concentrations

Figure 26
Effect of different concentrations of extracellular Ang II on the [Cale and

[Ca). levels in hVSMCs. In A and 8, Ang II at concentrations between 10-1s

M and I0-6 M induces a dose-dependent increase in free [Ca]c and [Ca] 0
levels. A : A significant increase in free [Ca]c and [Ca] 0 levels is obtained at
concentrations equal to or greater than 10-11 M Ang Il. The sustained increase
in free [Ca]c and [Ca] 0 levels reaches its maximum at I0-6 M Ang II. 8 : The
EC 50 values are 2.0 x 10·11 M for the cytosol and 8.0 x l 0·11 M for the nucleus.
The values are presented as means ± S.E.M. The number (n) of experiments is
7. *p<0.05, **p<0.01 and ***p<0.001
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ranging from 10-15 M to 10- 12 M was non significant At Ang II concentrations equal to or
greater than 10- 11 M, the observed increase became statistically significant when
compared to the control. Specifically, the increase in [Ca]n levels was statistically
significant with p < 0.01 at Ang II concentrations between 10- 11 M and 10-7 M and
became highly significant (p < 0.001) at 10-6 M Ang 11, while the increase in [Ca]c was
statistically significant with p < 0.05 at Ang II concentrations equal to or greater than

10- 11 M.
The nuclear mean Ca2+ fluorescence intensity was superior to the cytosolic mean
Ca2+ fluorescence intensity in control cells (cytosol: 34.5
(n

= 6).

± 2.0;

nucleus: 62.9

± 4.0,

In detail, Ang Il at concentrations of 10- 15 M, 10-14 M, 10- 13 M and 10-12 M did

not induce a statistically significant increase in [Ca]c and [Ca)n. The mean cytosolic and
nuclear Ca2+ fluorescence intensities were 36.1

± 2.3 and 64.3 ± 5.0 (n = 7), respectively

at 10-15 M Ang II. These intensities were 37.6 ± 3.0 and 66.8 ± 5.2 (n
at 10-14 M Ang II, 38.3 ± 3.1 and 70.3

± 7.6 (n = 7), respectively, at

= 7), respectively,

10-13 M Ang Il, and

41.3 ± 4.0 and 74.5 ± 7.3 (n = 7), respectively, at 10-12 M Ang II. On the contrary, Ang II
at concentrations equal to or greater than I 0- 11 M induced a statistically significant
increase in [Ca]c and [Ca]n levels. At a concentration of 10- 11 M, the mean cytosolic and
nuclear Ca2+ fluorescence intensities were 45.4 ± 4.4 and 85.3 ± 5.5 (n
These intensities were 47.7

= 7), respectively.

± 5.0 and 93.5 ± 6.0 (n = 7), respectively, at

51.5 ± 6.0 and 105.4 ± 9.0 (n = 7), respectively, at 10-9 M Ang II, 53.2

10-10 M Ang II,

± 8.1

and 109.4 ±

12.0 (n = 6), respectively, at 10-8 M Ang II, and 55.3 ± 7.0 and 118.4 ± 12.0 (n = 5),
respectively, at 10-7 M Ang II. Finally, the mean cytosolic and nuclear Ca2+ fluorescence
intensities were 57.0 ± 8.0 and 123.0 ± 13.0 (n = 5), respectively, at 10-6 M Ang Il.
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Figure 26-B is a presentation of the dose-response curve of the effect of Ang II on
nuclear and cytosolic Ca2+ levels in hVSMCs. As can be seen from this figure, Ang II
(I0- 15 M to 10-12 M) induced a progressive, yet non significant increase in [Ca]c and [Ca]n
levels. This increase became statistically significant at concentrations equal to or greater
than 10- 11 M. In addition, 50 % of the maximal cytosolic effect can be attained at an
Ang II concentration of 2.0 x 10-11 M, while 50 % of the maximal nuclear effect can be
attained at an Ang II concentration of 8.0 x I0- 11 M.
Figure 27 is a representation of the nuclear and cytosolic Ca2+ levels in a cell
generated from 11 optical scans of a step size of 1.00 µm by CLSM in combination with
the calcium probe, Fluo-3. The resolution used was 512 x 512 pixels, in which each pixel
is 0.34 µm. This technique permits the visuali1.ation of the interior of the control
hVSMCs and then that of hVSMCs stimulated by an Ang II concentration similar to the
EC 50 (I0- 11 M) and by the Ang II concentration needed to attain the maximal effect (10-6
M). This illustration of the distribution of the intracellular Ca2+ in response to different

doses of Ang II presents the Fluo-3/Ca2+ fluorescence intensity according to a
pseudocolor scale, in which the dark blue color represents minimal Fluo-3/Ca2+
fluorescence intensity, white the white color represents maximal Fluo-3/Ca2+
fluorescence intensity. The control cell showed basal levels of Fluo-3 / Ca2+ complex
fluorescence (A). Next, 10-11 M of Ang II, a concentration at which 50 % of the maximal
effect is attained, induced an increase in [Ca]c and [Ca]n levels (B). Finally, l0-6 M of
Ang Il, a concentration at which the maximal nuclear effect is observed, induced an

Figure 27
Representative example of the effect of different concentrations of
extracellular Ang ll on the (Cale and (Cala levels in hVSMCs. This figure
illustrates the nuclear and cytosolic distribution of calcium in a single
hVSMC. A : Distribution and intensity of free basal cytosolic and nuclear
Ca2+/F[uo-3 fluorescence in the absence of Ang II. B : Distribution and
intensity of free cytosolic and nuclear Ca2+/Fluo-3 fluorescence in the
presence of l 0- 11 M Ang Il, a concentration close to the EC50 concentration for
both the cytosol and the nucleus. Note at this Ang II concentration the increase
in the free (Cale and [CaJn levels, as well as, in the cell shortening. C : The
maximal effect is attained at l 0-6 M Ang II. Note the further increase in cell
tension at this Ang Il concentration. D : Delimitation of the nucleus with the
aid of the nuclear stain Syto-11. The pseudocolor scale represents the
Ca2+/F[uo-3 fluorescence intensity from O to 255. The black size scale bar is 5
µm. (aos0300.angll.a.sl is the experiment's code).
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important increase in [Ca]i in both compartments, particularly in the nuclear one (C).
Nuclear staining was achieved by the aid of the nucleic acid stain Syto-11 (D).
The nuclear and cytosolic Ca2+ fluorescence intensities were calculated from the
three-dimensional calcium distribution, which itself was observed by means of the
calcium probe Fluo-3/AM and the nuclear stain Syto-11. These two probes made the
calculation of the sustained calcium response to Ang II possible, specially at the nuclear
level.

3.4.2

Extracellular Ang II induces a dose-dependent increase in the basal
(Ca)cand [Ca)n levels in A-10 cells.

The A-10 cell line is a VSMC line derived from the aorta of rats. Ang II is known
to mediate its effect in this cell line via the ATI R. We chose to make our studies on this
cell line because we had difficulties in having our h VSMCs respond to Ang II (only 20%
responded). We assumed that this problem arose from the non-homogeneous density of
hATlR receptors in our hVSMCs and that this density would be more homogeneous in a
cell line. Ali the A-10 cells tested (100%) responded promptly to Ang II, thus favoring
our above assumption.
In this set of experiments, we tested the effect of different concentrations of
extracellular Ang II (10. 15 M to 10-6 M) on the basal cytosolic and nuclear calcium levels
in A-10 cells. As can be seen in Figure 28-A, the incubation of A-10 cells in the presence
of different Ang II concentrations resulted in a dose-dependent increase in cytosolic and

Figure 28
Effect of different concentrations of extracellular Ang D on the (Cale
and (Cain levels in A-10 cells. In A and B, Ang II at concentrations
between 10-1s M and 10-6 M induced a dose-dependent increase in [Ca]c and
[Ca]" levels in A-10 cells. A : A significant increase in [Ca]c levels is
obtained at concentrations equal to or greater than 10- 14 M, whereas a
significant increase in [Ca]" is obtained at concentrations equal to or greater
than 10-12 M. The sustained increase in [Ca]c and [Ca]" levels reaches its
maximum at l 0-6 M. B : The EC 50 values are 4.0 x 10- 11 M for the cytosol
and 9.0 x 10-11 M for the nucleus. The values are presented as means ±
S.E.M. The number of cells (n) ranges from 3 to 13. *p<0.05, **p<0.01 and
***p<0.00 l.

A
200

0

u

i:::

(Il

!.)

...0

1/J
CIi
::::J

-

150

LI.,

>,
:!:'.!

ffl

C

iti

-

Cytosolic Ca 2+

IZZZZZI

Nuclear Ca 2+

(3 :s; n :s; 13)

fi)

02:J 1100
C: i=
!li -

ID

:i:

l'D

>
.!!

:.:;

50

l

0

Ang Il concentration (log) (M)

B
100
Cytoso!; EC 50 = 4.0 x 10·11 M
---0--

(3

n

Nucleus ; EC50 = 9.0

X

1cr 11 M

13)

0

Ang Il concentration {log) (M)

119

nuclear calcium levels, whereby the maximal effect was reached at 10-6 M. As can also
be seen in the above-mentioned figure, the observed increase in [Ca]n with Ang Il
concentrations ranging from 10·15 M to 10·13 M was non significant. At Ang II
concentrations equal to or greater than 10·12 M, this observed increase became
statistically significant when compared to the control. Specifically, the increase in [Ca]n
levels was statistically significant with p < 0.05 at an Ang II concentration of 10·12 M
and became highly significant (p < 0.001) at Ang Il concentrations between 10- 11 M and
10-6 M, while the increase in [Ca]c was statistically significant with p < 0.05 at an Ang II
concentration of 10·14 M, with p < 0.01 at an Ang II concentration of 10·13 M and finally,
with p < 0.001 at Ang II concentrations equal to or greater than 10·12 M.
The nuclear mean Ca2+ fluorescence intensity was superior to the cytosolic mean
Ca2+ fluorescence intensity in control cells (cytosol: 24.9 ± 2.0; nucleus: 39.6 ± 7.3, (n

=

13). ln detail, Ang II at concentrations of 10·15 M, 10·14 M, and 10·13 M did not induce a
statistically significant increase in [Ca] 0 • The cytosolic and nuclear Ca2+ mean
fluorescence intensities were 27.3 ± 1.6 and 42.0 ± 6.8 (n
Ang II. These intensities were 29.8

= 13), respectively at

10·15 M

± 1.6 and 45.9 ± 6.4 (n = 13), respectively, at 10·14 M

Ang 11, 32.3 ± 1.5 and 52.1 ± 5.7 (n

=

13), respectively, at 10·13 M Ang II. On the

contrary, Ang Il at concentrations equal to or greater than 10·12 M induced a statistically
significant increase in [Ca]n levels. At a concentration of 10·12 M, the cytosolic and
nuclear Ca2+ mean fluorescence intensities were 34.9
respectively. These intensities were 39.0

± 2.0 and 62.5 ± 6.1 (n = 13),

± 2.9 and 88.0 ± 7.0 (n = 13), respectively, at

10· M Ang II, 43.0 ± 3.1 and 107.9 ± 7.7 (n = 15), respectively, at 10·10 M Ang II, 49.0
11

± 1.8 and 126.8 ± 10.5 (n = 5), respectively, at 10·9 M Ang 11, 53.2 ± 2.9 and 150.8 ± 17.5
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(n = 5), respectively, at 10-8 M Ang II and 58.9 ± 5.0 and 160.l ± 19.7 (n = 5),
respectively, at 10·7 M Ang II. Finally, the cytosolic and nuclear Ca2+ mean fluorescence
intensities were 59.8 ± 4.6 and 173.2 ± l 9.0 (n = 2), respectively, at 10-6 M Ang II.
Figure 28-8 is a presentation of the dose-response curve of Ang II's effect on
nuclear and cytosolic Ca2+ levels in A-l 0 cells. As can be seen from this figure, Ang II
c10·15 M to 10·13 M) induced a progressive, yet non significant increase in [Ca]n levels.
This increase became statistically significant at concentrations equal to or greater than
10·13 M. In addition, 50 % of the maximal cytosolic effect can be attained at an Ang II
concentration of 4.0 x l 0- 11 M, while 50 % of the maximal nuclear effect can be attained
at an Ang II concentration of9.0 x 10- 11 M.
Figure 29 is a representation of the nuclear and cytosolic Ca2+ levels in 2 cells
generated from l l optical scans of a step size of 1.5 µm by CLSM in combination with
the calcium probe, Fluo-3. The resolution used was 512 x 512 pixels, in which each pixel
is 0.34 µm. This technique permits the visualization of the interior of the control A- l 0
cells and then that of the cells stimulated by an Ang II concentration similar to the EC 50
(lff 11 M) and by the Ang II concentration needed to attain the maximal effect (10-6 M).
This illustration of the distribution of the intracellular Ca2+ in response to different doses
of Ang II presents the Fluo-3/Ca2+ fluorescence intensity according to a pseudocolor
scale, in which the dark blue color represents minimal Fluo-3/Ca2+ fluorescence intensity,
while the white color represents maximal Fluo-3/Ca2+ fluorescence intensity. The control
cells showed basal levels of Fluo-3 / Ca2+ complex fluorescence (A). Next, l ff 11 M Ang
II, a concentration at which 50 % of the maximal effect is attained, induced an increase in
[Ca]c and [Ca]n levels (8). Finally, 10-6 M Ang II, a concentration at which the maximal

Figure 29
Representative example of the effect of different concentrations of
extracellular Ang II on the [Cale and (Ca). levels in A-10 cells. This figure
illustrates the nuclear and cytosolic distribution of calcium in two A-10 cells
in the absence of Ang II (A) and in the presence of

10- 11 M (B) and 10-6 M

Ang II (C). A : Distribution and intensity of free basal cytosolic and nuclear
Ca2+/Fluo-3 fluorescence in the absence of Ang Il. 8 : Distribution and
intensity of free Ca2+/Fluo-3 fluorescence in the presence of 10- 11 M Ang II, a
concentration close to the EC50 concentration for both the cytosol and the
nucleus. C : The maximal effect is attained at 10-6 M Ang Il. D : Delimitation
of the nucleus with the aid of the nuclear stain Syto-11. The pseudocolor scale
represents the Ca2+/Fluo-3 fluorescence intensity from O to 255. The black size
scale bar is 5 µm. (a-10.angll.DR5.sl is the experiment's code).
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nuclear effect is observed, induced an important increase in [Ca]i in both compartments,
particularly in the nuclear one (C). Nuclear staining was achieved by the aid of the
nucleic acid stain Syto-11 (D).
The nuclear and cytosolic Ca2+ fluorescence intensities were calculated from the
three-dimensional calcium distribution, which itself was observed by means of the
calcium probe Fluo-3/AM and the nuclear stain Syto-11. These two probes made the
calculation of the sustained calcium response to Ang II possible, specially at the nuclear
level.

3.4.3

Comparison of basal [Cale and [Ca). levels between normal bVSMCs
and those overexpressing the hATIR

In this series of experiments, we chose to work with cells expressing the hATIRGFP and belonging to group 1, i.e. the group of low fluorescence intensity. This choice
ensured the elimination of any receptor fluorescence interference when making Ca2+
measurements. As a result, we could safely assume accuracy in our measurements.
Figure 30 illustrates the comparison between basal [Ca]c and [Ca]n levels. In
normal hVSMCs, the basal (Ca]n levels were significantly higher than the basal [Ca]c
levels (p < 0.001), while in hVSMCs expressing hATIR-GFP, the basal [Ca] 0 levels were
not significantly higher than the basal [Cale levels. In addition, the basal [Ca]c and [Ca]n
levels in normal hVSMCs were significantly higher than the basal [Ca]c and [Ca] 0 levels
in hVSMCs expressing hATIR-GFP (p < 0.001), respectively. Specifically, the relative
mean nuclear Ca2+ fluorescence intensity level was 67.3 ± 5.5 (n = 7) in normal hVSMCs

Figure JO
Comparison of free basal [Cale and [Cal. levels between normal hVSMCs
and those expressing the hATl R-GFP and belonging to group 1 (1 $: Mean
Fluorescence Intensity $: 10) . The difference between free basal (CaJc and

[CaJn levels in normal hVSMCs is statistically significant. However, the
difference between free basal (CaJe and [Ca)0 levels in hVSMCs expressing the
hATIR-GFP and belonging to group l (l

Mean Fluorescence Intensity $: 10)

is not statistically significant. Finally, the overexpression of the ATIR
significantly decreased the free basal [Ca]c and [Ca] 0 levels. The values are
presented as means ± S.E.M. The number (n) of experiments is 7. ***p<0.001.
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and 25.5 ± 3.2 (n

= 7)

in hVSMCs expressing hATlR-GFP. On the other hand, the

relative mean cytosolic Ca2+ fluorescence intensity level was 34.5 ± 2.0 (n = 7) in normal
hVSMCs and 21.9 ± 1.6 (n = 7) in hVSMCs expressing hATlR-GFP.
Figure 31

illustrates the above-mentioned comparison. Normal hVSMCs

exhibited visibly higher Fluo-3/Ca2+ fluorescence levels in the nucleus as compared to the
cytosol (A). Whereas there was no visible difference in Fluo-3/Ca2+ fluorescence levels
between both compartments in hVSMCs expressing hATlR-GFP (8). This illustration of
the distribution of the intracellular Ca2+ represents the Fluo-3/Ca2+ fluorescence intensity
according to a pseudocolor scale, in which the dark blue color represents minimal Fluo3/Ca2+ fluorescence intensity, while the white color represents maximal Fluo-3/Ca2+
fluorescence intensity. The size of the images seen in this figure is 10 µm.

3.4.4

Extracellular Ang II induces a dose-dependent increase in the basal
(Ca)c and [Ca)n levels in hVSMCs expressing hATlR-GFP.

ln this set of experiments, we tested the effect of different concentrations of
extracellular Ang II (10" 15 M to 104 M) on the basal cytosolic and nuclear calcium levels
in hVSMCs expressing hATlR-GFP. As can be seen in Figure 32-A, the incubation of
these cells in the presence of different Ang II concentrations resulted in a dose-dependent
increase in cytosolic and nuclear calcium levels, whereby the maximal effect was not
reached even at 104 M. As can also be seen in the above-mentioned figure, the observed
increase in [Ca]n levels with Ang II concentrations ranging from 10·15 M to 10·13 M was

Figure 31
Representative example showing the comparison of free basal [Cale and
[Cain levels between normal hVSMCs and those expressing the hATlR-GFP
and belonging to group 1 (1 S Mean Fluorescence Intensity S 10) . This figure
illustrates typical examples of basal [Ca]c and [Ca] 0 distribution and levels in
normal hVSMCs (A) and in hVSMCs expressing the hATlR-GFP and belonging
to group l (1 s Mean Fluorescence Intensity S l 0) (8). The pseudocolor scale
represents the Ca2+/Fluo-3 fluorescence intensity from O to 255. The white size
scale bar is 5µm.
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Figure32

Effect of different concentrations of e:xtracellular Ang Il on the (Cale and
(Cain levels in bVSMCs e:xpressing the hATlR-GFP and belonging to
Group 1 (1 S Mean Fluorescence Intensity S 10). ln A and B, Ang Il at
concentrations between I 0- 15 M and I 0-4 M induced a dose-dependent increase
in [CaJe and [CaJn levels. A: A significant increase in [CaJe level is obtained at
concentrations equal to or greater than 10·13 M, whereas a significant increase
in [Ca]" level is obtained at concentrations equal to or greater than 10·12 M. B :
The EC50 values are 5.0 x 10·9 M for the cytosol and 7.0 x 10-9 M for the
nucleus. Note that it was impossible to reach saturation of Ang Il's effect even
at a concentration as high as l 0-4 M. The values are presented as means ±
S.E.M. The number (n) of experiments is 7. *p<0.05, **p<0.0land
***p<0.001.
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non significant. At Ang II concentrations equal to or greater than l 0- 12 M, the observed
increase in [Ca]n levels became statistically significant when compared to the control.
Specifically, the increase in [Ca]n levels was statistically significant with p < 0.05 at
Ang II concentrations of 10·12 M and 10·11 M, and with p < 0.01 at Ang II concentrations
between 10·10 M and 10-8 M and became highly significant (p < 0.001) at Ang II
concentrations between 10·7 M and 10-4 M. On the other band, the increase in [Ca)c was
statistically significant with p < 0.05 at Ang II concentrations of 10·13 M and with p <
0.01 at Ang II concentrations of 10-12 M and 10- 11 M and became highly significant (p <
0.001) at Ang II concentrations between 10·10 M and 104 M.
The cytosolic and nuclear mean Ca2+ fluorescence intensities in control cells were
21.9

±

1.6 and 25.5

± 3.2

(n

= 7),

respectively. ln detail, Ang II at concentrations of

10·15 M and 10·14 M did not induce a statistically significant increase in [Ca]c and [Ca]nThe cytosolic and nuclear Ca2+ mean fluorescence intensities were 24.3 ± 1.4 and 29.5 ±
2.9 (n = 7), respectively at 10·15 M Ang II and 26.5

± 2.0

and 34.9

±

5.2 (n = 7),

respectively, at 10·14 M Ang Il. A concentration of 10·13 M induced a statistically
significant increase in [Ca]c, while a concentration equal to 10·12 M was needed to induce
a statistically significant increase in [Ca]n levels. Concentrations greater than 10·12 M Ang
II induced statistically significant increases in both [Ca]c and [Ca]n levels. The [Ca]c
and [Ca]n levels were 28.4 ± 2.0 and 39.l ± 5.4 (n
and 31.3 ± 2.3 and 45.8
were 34.3
60.8

± 2.8

± 9.l(n =

= 7), respectively, at

13

10· M Ang II,

± 7.1 (n = 7), respectively, at 10·12 M Ang II. These intensities

and 52.5

± 8.7 (n = 7),

respectively, at 10·11 M Ang Il, 37.5

7), respectively, at 10·10 M Ang II, 42.0

± 3.2

respectively, at 10·9 M Ang Il, 47.0 ± 4.2 and 89.0 ± 15.0 (n

and 71.2

±

± 3.0 and

10.9 (n = 7),

= 7), respectively, at

10·3 M
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Ang II, and 53.4 ± 4.7 and 104.9 ± 19.6 (n = 7), respectively, at 10-7 M Ang II, 59.1 ± 5.2
and 120.1 ± 21.9 (n = 7), respectively, at 10-6 M Ang II, and 65.7 ± 4.9 and 139.0 ± 20.6
(n = 7), respectively, at 10-s M Ang II,. Finally, the cytosolic and nuclear Ca2+ mean
fluorescence intensities were 72.7

± 6.3 and 154.1 ± 21.5 (n = 7), respectively, at 104 M

Ang Il.
Figure 32-B is a presentation of the dose-response curve of Ang ll's effect on
2

nuclear and cytosolic Ca

+

levels in hVSMCs expressing hATlR-GFP. As can be seen

from this figure, Ang II (10- 15 M to 10- 13 M) induced a progressive, yet non-significant
increase in [Ca]n levels. This increase became statistically significant at concentrations
12

equal to or greater than 10- M. ln addition, 50 % of the maximal cytosolic effect can be
attained at an Ang II concentration of 5.0 x 10-9 M, while 50 % of the maximal nuclear
effect can be attained at an Ang II concentration of7.0 x 10·9 M.
Figure 33 is a representation of the nuclear and cytosolic Ca2+ levels in a cell
generated from 11 optical scans of a step size of 1.00 µm by CLSM in combination with
the calcium probe, Fluo-3. The resolution used was 512 x 512 pixels, in which each pixel
is 0.34 µm. This technique permits the visualiz.ation of the interior of the control
hVSMCs expressing hATl R-GFP, as well as the interior of h VSMCs expressing hATl RGFP and stimulated by an Ang Il concentration similar to the ECso ( 10-9 M) or by the
highest Ang II concentration used ( 104 M). This illustration of the distribution of the
intracellular Ca2+ in response to different doses of Ang Il presents the Fluo-3/Ca2+
fluorescence intensity according to a pseudocolor scale, in which the dark blue color
represents minimal Fluo-3/Ca2+ fluorescence intensity, while the white color represents
maximal Fluo-3/Ca2+ fluorescence intensity. The control cell showed basal levels of

Figure33
Representative example of the effect of different concentrations of
extracellular Ang II on the (Cale and (Cain levels in hVSMCs expressing
the hATlR-GFP and belonging to Group 1 (1

$

Mean Fluorescence

Intensity $ 10). This figure illustrates the effect of different concentrations of
Ang II on [Cale and [CaJn levels in a single hVSMC expressing the hATIR-GFP
and belonging to group 1 (1

$

Mean Fluorescence Intensity

$

10). A :

Distribution and intensity of free basal cytosolic and nuclear Ca2+/Fluo-3
fluorescence in the absence of Ang II. 8: Distribution and intensity of free
Ca2+/Fluo-3 fluorescence in the presence of 10-9 M Ang II, a concentration
close to the EC 50 concentration for both the cytosol and the nucleus. C :
Distribution and intensity of free Ca2+/Fluo-3 fluorescence in the presence of
1Q-4 M Ang II, the highest concentration used. D : Delimitation of the nucleus
with the aid of nuclear stain, Syto-11. E: Distribution and intensity of the
hATl R-GFP fluorescence. The two pseudocolor scales represent the Ca2+/Fluo3 and hATlR-GFP fluorescence intensities from 0 to 255, respectively. The
white size scale bar is 5 µm. (aos0600.egfpAT1Rlipo3.sl is the experiment's
code).
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Fluo-3 / Ca2+ complex fluorescence (A). Nex~ 1ff9 M Ang II, a concentration at which
50 % of the maximal effect is attained, induced an increase in [Ca]c and [Ca]n levels (B).
Finally, 10-4 M of Ang II, the highest concentration used, induced an important increase
in [Ca]i in both compartments, particularly in the nuclear one (C). Nuclear staining was
achieved by the aid of the nucleic acid stain Syto-1 l (D).
The nuclear and cytosolic Ca2+ fluorescence intensities were calculated from the
three-dimensional calcium distribution, which itself was observed by means of the
calcium probe Fluo-3/AM and the nuclear stain Syto-1 l. These two probes made the
calculation of the sustained calcium response to Ang II possible, specially at the nuclear
level.
Finally, figure 33-E describes the hATlR-GFP distribution in the cell. This figure
was achieved through the use of the add accumulation mode setting in which the count
parameter was set to four (refer to chapter 2 for further details).

3.4.S

Blockade of the hATlR-GFP by means of the hATlR selective

antagonist Losartan

ln this set of experiments, we tested the effect of extracellular Losartan (10"5 M),
the ATIR selective antagonist on the basal [Ca]c and [Ca]n levels. Figure 34 is a
representation of the nuclear and cytosolic Ca2+ levels in a cell expressing hATIR-GFP
generated from l l optical scans of a step size of 1.00 µm by CLSM in combination with

Figure34
Eff'ect of extracellular Losartan on free basal (Cale and (Cala levels in
bVSMCs expressing the bATlR-GFP and belonging to group 1 (1

S

Mean

Fluorescence Intensity S 10). A : Distribution and intensity of free basal

cytosolic and nuclear Ca2+/FJuo-3 fluorescence in the absence of the ATI R
antagonist, Losartan. B: Distribution and intensity of free basal cytosolic and
nuclear Ca2+/Fluo-3 fluorescence in the presence of l o-s M of Losartan. The latter
induces a sustained increase in [Ca]c and [Ca]n levels. C : Delimitation of the
nucleus with the aid of the nuclear stain Syto-11. D: Distribution ë:Jld intensity of
the hATIR-GFP fluorescence in hVSMCs belonging to group l (1 S Mean
Fluorescence Intensity S 10). The two pseudocolor scales represent the Ca2+/fluo3 and hATlR-GFP fluorescence intensities from 0 to 255. The white size scale bar
is 5 µm. (aos0800.egfpAT1R.los. l.sl is the experiment's code).
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the calcium probe, Fluo-3. The resolution used was 512 x 512 pixels, in which each pixel
is 0.34 µm. This technique permits the visualization of the interior of the control
hVSMCs expressing hATIR-GFP and then that ofhVSMCs expressing hATlR-GFP and
stimulated by Losartan (10-5 M). This illustration of the distribution of the intracellular
Ca2+ in response to Losartan presents the Fluo-3/Ca2+ fluorescence intensity according to
a pseudocolor scale, in which the dark blue color represents minimal Fluo-3/Ca2+
fluorescence intensity, while the white color represents maximal

Fluo-3/Ca2+

fluorescence intensity. The control cell showed basal levels of Fluo-3 / Ca2+ complex
fluorescence (A). Next, 10-s M of Losartan induced a significant increase in [Ca]c and
[Ca]n levels (B). Nuclear staining was achieved by the aid of the nucleic acid stain Syto11 (C). Finally, figure 34-D describes the hATIR-GFP distribution in the cell. This figure
was achieved through the use of the add accumulation mode setting in which the count
parameter was set to four (refer to chapter 2 for further details).

IV. Discussion
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4.0

EGFP expression in hVSMCs by means of lipofection

Our results show that we succeeded in expressing EGFP in hVSMCs. The EGFP
expressing cells showed different levels of fluorescence. The fact that our cells are part
of a primary culture and not a homogeneous cell line could explain the difference in
expression levels between cells of the same batch. Preliminary results with a fetal aortic
VSM cell line and with A-10 cells showed more uniform EGFP expression levels. These
cells, however, like other cell lines are transfonned cells. In addition, the only similarity
that they share with our primary cells is their aortic origin.
ln conclusion, we were able to show for the first time that primary cultures of
adult aortic hVSMCs can express EGFP. As a result, they can constitute a good model for
the expression of GFP-coupled receptors and peptides in order to visualize and study
protein trafficking in living cells.

4.1

hATlR-GFP expression in bVSMCs by means oflipofection

We were successful in inserting the hATlR coding sequence in the pEGFP-Cl
expression vector. We were also successful in expressing the hATlR-GFP in primary
hVSMCs. As was seert in the case of EGFP, the levels and distribution of the hATlRGFP varied between the cells. However, as expected, the hATlR-GFP expression levels
were lower than those of EGFP alone. ln addition, the distribution of the hATlR-GFP
differed from that of EGFP alone. These observations further suggested that the cells
mainly expressed the hATIR-GFP.

Moreover, we were able to divide the cells
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expressing the hATlR-GFP into three different fluorescence intensity groups based on
the expression level and distribution of the hATlR-GFP. In general, cells belonging to
the three groups could be used to study receptor-GFP trafficking. However, cells showing
saturation of the fluorescence intensity at our confocal imaging settings could not be used
in such studies. These cells could have been used for any type of studies if the photomultiplier (PMT) settings were lowered to a level where no saturation is seen. Such a
modification, however, will impede the detection of small changes in receptor trcdlicking
and will make our results incomparable to those obtained under our standard PMT
settings, which is mainly characterized by the absence of background fluorescence and
which permits the detection of very low fluorescence intensities (BKAILY et al., 2000).
Cells expressing low levels of hATlR-GFP, i.e. with mean fluorescence intensity
between l and 10 (scale ranges from 1 to 255) were used for double labeling studies, for
example labeling with hATlR-GFP and the fluorescent calcium probe Fluo-3. The
hATlR-GFP levels and distributions were first monitored then the cells were loaded
under the microscope with Fluo-3. The latter is excited and emits light at the same
wavelength as EGFP. No doubt, the best conditions for double or triple labeling would be
if the dyes had different excitation and emission wavelength (BKAIL Y et al., 2000).
Unfortunately, we were notable to use such settings with our CLSM.

4.2

Angiotensin II induced hATIR intemalization and nuclear translocation in
normal hVSMCs and in hVSMCs expressing hATIR-GFP
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Our results showed that hATlR is present in aortic hVSMCs whereas hAT2R is
absent. The predominance ofhATlR over hAT2R in hVSMCs may account for the major
effect of Ang II in modulating vascular smooth muscle tone (ALLEN et al., 2000;
HALLER et al., 1996; TIMMERMANS et al., 1993; BRUNS and MARME, 1987). By
the use of immunohistochemistry, we also showed that upon Ang II binding, native
hATlR undergoes a time-dependent nuclear translocation in hVSMCs. These results are
in accordance with those suggested in other cell types including chicken and rat heart
cells (BKAILY et al., 1999; BKAIL Y et al., 1997b; ROBERTSON and KHAIRALLAH,
1971), hepatocytes (EGGENA et al., 1993; BOOZ et al., 1992; TANG, 1992) neuronal
cells (LU et al., 1998) and rat vascular smooth muscle cells (HALLER et al., 1996;
ROBERTSON and KHAIRALLAH, 1971 ). The molecular basis for this nuclear targeting
is consistent with the presence of a conserved NLS in the cytoplasmic tail of ATlR (LU

et al., 1998).

Our results also showed that the hATlR-GFP is located in the cell

membrane, the cytosol and the nucleus of hVSMCs. In absence of extracellular Ang II,
the density and the distribution of the hATlR-GFP in hVSMCs seem to depend on its
expression levels. lndeed, single cells with moderate hATlR-GFP expression showed
higher levels of the receptor at the sarcolemma membrane, in the cytosol and in the
nuclear envelope membranes than single cells with low hATlR-GFP expression.
However, increased nuclear accumulation of the receptor was observed in h VSMCs
highly expressing the hATIR-GFP. These results suggest that under pathological
conditions where hATIR density increases (ALLEN et al., 2000; HEIN et al., 1997; SUN
and WEBER, 1996), hATl Rs may undergo trans-cellular trafficking and accumulation
within the nucleus in response to the possible presence of endogenous Ang II in
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hVSMCs. Our results also suggest that such a phenomenon may be further accentuated
in the presence of high circulating levels of Ang II. The hATIR accumulation in the
nuclei of hVSMCs highly overexpressing the hATIR-GFP as well as in cells chronically
exposed to Ang II supports the hypothesis that the nucleus may play the role of a buffer
monitor, not only of cytosolic

ca2+, but also of the cytosolic

levels of specific types of

receptors such as ATIR (ABRENICA and GILCHRIST, 2000; BK.AIL Y et al., 2000;
BK.AIL Y et al., 1999; BK.AIL Y et al., l 997a,b,c). Such a modulatory role of the nucleus
could suggest its implication in the recycling process of a receptor, as was suggested by
several laboratories (LU et al., 1998; BKAILY et al., 1997b; CHUN et al., 1995;
ANDERSON et al., 1994; BOOZ et al., 1992). As in the case of the native hATIR, our
results also showed that extracellular Ang II induced a time-dependent nuclear
accumulation of sarcolemmal and cytosolic hATIR-GFP. This phenomenon gradually
took place within the cells and reached a steady-state level at 30 min in the presence of
extracellular Ang Il. The Ang II concentration used was 104 M. We chose this
concentration because several groups had already used it for similar studies (CHEN et al.,
2000; LU et al., 1998). ln addition, we were interested in studying the mechanistics and
kinetics of Ang II induced receptor mobilization, intemalization and nuclear translocation
in live hVSMCs. As a result, the time frame of the experiment was limited to a maximum
of 30 minutes. Our results suggest that hATlR-GFP is functional and that upon Ang Il
stimulation, its time of internalization and nuclear accumulation is similar to that of the
native hATl R.

Our results also showed that Ang Il induced a significant nuclear

accumulation of the hATIR-GFP in hVSMCs expressing low levels of the latter.
However, in hVSMCs expressing high levels of hATIR-GFP, a significant steady-state
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accumulation took place in both the cytosolic and the nuclear compartments.

These

results may suggest that, as for cytosolic calcium (BKAILY et al., 2000; BKAIL Y et al.,
l 997a,b), the nucleus may have a limited capacity for cytosolic receptor buffering and
accumulation. Also, our results suggest that the desensitiz.ation of the biological effects
of Ang II could be due mainly to hATl R intemaliution and accumulation in the nucleus.
lt is also possible that nuclear accumulation of the hATIR induced by chronic high levels
of Ang Il (LU et al., 1998; ROBERTSON and KHAIRALLAH, 1971) may delay its
recycling process, which contributes to the decrease in the density of sarcolemma A Tl R.

4.3

Overexpression of hATlR in hVSMCs modulates basal and Ang II induced
increases of cytosolic and nuclear free calcium

4.3.1

Overexpression of hATlR in hVSMCs modulates basal cytosolic and
nuclear free calcium

Our data showed that overexpression ofhATlR in hVSMCs significantly decreased
both basal cytosolic and nuclear calcium. This may suggest that the hATIR in hVSMCs
shows a basal activity, which regulates calcium entry to the cytosol as well as nuclear
Ca2+ handling in the absence of the ligand. The presence of endogenous Ang II in VSMC
could account for the basal activity of the receptor (HALLER et al., 1996; THOMAS et

al., 1996) ln addition, these results may suggest that the overexpression of hATl R may
decrease the minimum Ca2+ buffering capacity of the nucleus, thus preventing cytosolic
and nuclear Ca2+ overload upon stimulation of plasma membrane receptors by
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extracellular Ang II or upon the subsequent intemali7.ation of the ATIR-Ang II complex
(THOMAS et al., 1996). The specific ATIR antagonist Losartan reversed the decrease in
basal (Ca]c and [Ca]n induced by the overexpression of hATIR. However, in normal
5

hVSMCs, Losartan (10- M) had no effect on basal [Ca]c and [Ca) 0 • This further suggests
that the hATIR-GFP is pharmacologically active and that the observed decrease in both
basal [Ca]c and [Ca]n in transfected hVSMCs is due to the overexpression of hATIR. ln
addition, these results suggest that the hATlR Losartan binding site is not affected by the
coupling of the receptor to EGFP. The observed decrease in both [Ca]c and [Ca]n may in
part account for the antiapoptotic role of the hATl R (KIM and IWAO, 2000).

4.3.2

Overexpression of hATIR in bVSMCs modulates Ang D induced
increases of cytosolic and nuclear free calcium

Our results also suggest that Ang II induced a dose-dependent increase of [Ca]c
and [Ca]n in hATIR-GFP transfected cells with an ECso higher than that of normal
hVSMCs or that of A-10 cells (6 x 10·9 M and 5 x 10·11 M, respectively). These results
suggest that the overexpression of the hATIR modulates Ang II induced increase of [Ca]c
and [Ca]n in hVSMCs. This decrease in the biological action of Ang Il on intracellular
Ca2+ could be, in part, due to the decrease in basal [Ca]c and [Ca] 0 levels induced by
hATlR overexpression, probably by affecting the minimal cytosolic buffer monitoring
capacity of the nucleus (BKAILY et al., 2000; BKAILY et al., 1997a,b,c). This
phenomenon was reported to take place in hVSMCs upon cytosolic ET-1 activation of
nuclear membranes ET-1 receptors (BKAILY et al., 2000). It would be interesting to see
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whether the minimum cytosolic Ca2+ buffering capacity of the nucleus is affected in
plasma membrane perforated and

hATlR-GFP expressing cells.

Furthennore,

experiments using cells expressing ATl alone should be done in order to rule out that the
observed effect could be due to the coupling of the receptor to EGFP.
Growing evidence suggests that Ang II intemalization with its receptors may have a
direct effect at the nuclear level (ThOMAS et al., 1996; EGGENA et al., 1993; TANG et

al., 1992).

It is thus possible that increased Ang II - ATlR internalization and

translocation may allow higher transport of Ang II along with its receptors into the
cytosol and the nucleus.

Such a phenomenon would allow Ang II to stimulate its

receptors at the nuclear level, leading to a downregulation of the Ca2+ buffering capacity
of the nucleus. The difference in the biological action of Ang II, which seems to be
downregulated by increasing ATI R densities, could be due in part to cytosolic and
nuclear accumulation of both ATlR and Ang II (LU et al., 1998; TANG el al., 1992).
This chronic stimulation of ATl R could affect signal transduction pathways involving
PKC, Ras, Raf-1, MAPK, Ca2+-dependent calmodulin protein kiuase, JAK-STAT or JNK
(LU el al., 1998).These possibilities may explain in part the chronic effect of Ang II.

4.4

Conclusion

We have demonstrated the presence of ATlR and the absence of AT2R in
hVSMCs. Our results show for the first time that extracellular Ang II induces
intemaliz.ation and nuclear accumulation of the native and GFP coupled ATIR in
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hVSMCs. Finally, we have demonstrated that overexpression of the hATIR in hVSMCs
modulates free basal and Ang II induced [Ca]cand [Ca]n levels.
The role of ligand induced ATIR receptor intemalization and nuclear accumulation
in h VSMCs should be further verified. lt would be of prime interest to study the second
messengers that regulate this process, as well as the mechanistics of the ATIR nuclear
import.
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