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ABSTRACT

Vascular smooth muscle cells require a very precise regulation of
intracellular calcium concentration, since this ion is responsible for the activation
of smooth muscle contractile proteins and,subsequently, for the vascular tone.
Experiments have been performed to investigate this regulation. A Ca?'-
sensitive fluorescent indicator: indo 1, has been used to measure changes of
intracellular Ca?* activity ([Ca?*];) in enzymatically isolated smooth muscle cells
of mesenteric secondary arteries from rat.

Caffeine has been used to induce a Ca?* release from the sarcoplasmic
reticulum (SR) and to uncouple the SR and [Ca?']; regulation. By means of
Na*-free or La*-containing solutions, the relatively poor role of the Na-Ca
exchange in the Ca?* extrusion during caffeine application has been shown.
Furthermore, because of its slow pumping rate, the sarcolemmal Ca?*-ATPase
contributes at a minor level to the [Ca?']; decrease during Ca®* load.
Sarcolemmal mechanisms are responsible though for resting [Ca?*]; maintenance.

Excitation-contraction coupling has been investigated. Ca**-dependence
and voltage-independence of SR Ca?* release have been demonstrated by means
of caffeine and high external K* concentrations.

Pharmacomechanical coupling of the a-adrenergic stimulation has been
studied. Noradrenergic stimulation induced intracellular mobilization of Ca®" and
no contribution of extracellular Ca?* entry to the [Ca®*]; increase could be
detected. The effects of noradrenaline, caffeine and thapsigargin, allowed the
description of the functional heterogeneity of the SR. Various results are in
favour of the physical continuity between the IP; sensitive and insensitive Ca®*
stores with only limited intraluminal exchanges. A model describing qualitatively
and quantitatively SR refilling after Ca®* loss is also proposed.

Finally, it appears that the SR has a double function: (i) it acts as an
amplifier of the external stimulations and (ii) it plays a key role in Ca®** excess

buffering.
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Calcium (Ca?*) is an essential element for most of cellular processes and
abnormally high levels of its intracellular activity ([Ca?'];) can initiate cell death.
The processes that control cellular levels of this metallic ion are thus of critical
importance to both normal and pathophysiological conditions. In most cell types,
if not all, [Ca?*]; is normally maintained at very low levels and rises during
signalling processes. In muscular cells and more particularly, in smooth muscle
cells, this rise is one of the essential steps that link membrane stimulation to the
contractile activity.

It is generally agreed that two integrated membrane systems are involved
in the maintenance of low resting [Ca®"]; in the face of a concentration gradient
of several orders of magnitude between the cytoplasm and the external medium,
on one side, and the intracellular storage sites, on the other side. The two |
membrane systems are constituted of (i) the sarcolemma which is under the
control of the membrane potential (E,) and agonists as neurotransmitters and
hormones, and (ii) the sarcoplasmic reticulum (SR) which is under the control
of second messengers.

Both systems have Ca?* permeabilities and pumping systems (Figure 1.1).
The relative contribution of the two sources of Ca®: extracellular influx and
release from intracellular storage, to [Ca?*]; increase during stimulation may be
different in different smooth muscle cell types and in the same cell type when
stimulated in different ways. On the other hand, recovery and maintenance of
the resting [Ca?']; is achieved by the sarcolemmal Ca?*-ATPase, the Na-Ca
exchange and the SR Ca?*-ATPase in the face of inward leakage through the
sarcolemma and out of intracellular storage sites. Again, the relative contribution
of each pumping systems is different in different cell types. Therefore, influx of
Ca?" through the Ca®" channels, release of Ca** from the SR, buffering
mechanisms and the Ca?* removal processes contribute, to various degrees, to
the determination of the magnitude and kinetics of the [Ca®']; transient, in
response to stimulations, that may turn on the contractile process in smooth

muscle. Because of this, it is important for an understanding of smooth muscle
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contractile response, to understand not only these Ca?* regulatory processes but
also the extent to which each contributes to the rising and falling phase of the

[Ca?"]; response.
1.1 Role of Ca?* in vascular muscular tone

1.1.1 Contractile apparatus

Smooth muscle cells contain three types of filaments: thick (myosin), thin
(actin) and intermediate.

The thick myosin filaments are significantly longer (2.2 M) in smooth
than in vertebrate striated muscle (1.5 uM) and have, in situ, cross bridges with
a periodicity (14.3 nM) similar to that of striated muscle myosin filament
(Somlyo & Somlyo, 1986). The myosin molecule has two globular heads joined
to a 150 nm long tail and associated with two light chains (20 and 17 kDaltons)
each. The phosphorylation state of the 20 kD light chains is involved in the head
conformation and subsequently in the contraction initiation.

Actin is the main constituent of the thin filaments and is associated with
tropomyosin to constitute a two stranded helix. But, unlike in striated muscles,
troponin is absent in smooth muscles. Furthermore, the ratio of actin to myosin
filaments is about 13:1 whereas it is 2:1 in vertebrate striated muscles.

The intermediate filaments are not directly involved in the contraction but
they contribute to the cell architecture. There are composed of two proteins:
desmin and vimentin and form a cytoskeleton linking the dense bodies
throughout the cell. Dense bodies are the equivalent of the Z bands of striated
muscles on which actin filaments insert on one end and on sarcolemmal bound

on the other side.

1.1.2 Ca®* and contraction
It is generally admitted now that, in smooth muscle cells, Ca** is a true
activator of the actomyosin ATPase, in contrast to striated muscles where Ca®*

acts as a de-repressor. When [Ca?']; rises, Ca?* binds to the smaller subunit of
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the myosin light chain kinase (MLCK): calmodulin which then interacts with the
larger subunit to form the active MLCK (figure 1.2). This kinase mediates the
phosphorylation of the myosin light chain and makes myosin activatable by actin.
As long as [Ca?']; remains high, the phosphorylated myosin undergoes repeated
cycles of actin mediated ATP hydrolysis, as the cross-bridges cycle. When [Ca?*];
decreases, the concentrations of CaZ*-calmodulin and active MLCK fall. An
other enzyme: the myosin light chain phosphatase dephosphorylates the light
chain, the myosin returns to its inactive state and the muscle relaxes. Other Ca®*
dependent contractile regulatory mechanisms have been also described in
addition to the myosin light chain phosphorylation and seem to be involved in
the maintenance of tension. Thin filament linked regulation of contraction has
been suggested (Kann & Stull, 1989). Binding of caldesmon, a protein abundant
in smooth muscle cells, to calmodulin or actin depends on [Ca®?*]; and may
participate to contraction regulation.

It has also to be mentioned that, in addition to the Ca®*-dependent
component of the tension of smooth muscles, a significant contribution of a
Ca?*-independent component has been described (Kann & Stull, 1989). Indeed,
phosphorylation of the MLC by phosphokinase C may occur at low [Ca?*]; in
ferret aortic smooth muscle (Pawlowski & Morgan, 1992; Collins et al, 1992).
Furthermore, force -maintenance without proportional phosphorylation has been
reported. In such conditions called "latch" state, turn-over rates of the cross-
bridges appeared to be reduced (Dillon et al, 1981). The latch bridge hypothesis
proposed by Hai & Murphy (1989) is now the most accepted explanation of this
behaviour. It suggests the existence of dephosphorylated crossbridges which have
kept the same force generating and have a slower detachment rate in
comparison to the phosphorylated form.

However it appears that the primary trigger for contraction is a rise of

[Ca?'];.

1.1.3 Excitation-contraction coupling

The two major forms of excitation-contraction (E-C) coupling in smooth
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Figure 1.2: Schematic representation of Ca®* involvement in smooth muscle
contraction. Ca?" binds to calmodulin that permits the binding of calmodulin to
myosin light chain kinase (MLCK). The active calmodulin-MLCK complex
phosphorylates the 20kD light chain of myosin, resulting in cross-bridge cycling
and contraction (A: actin; B: myosin). Dephosphorylation of the A-Mp complex
represents the latch state.
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muscles are electromechanical and pharmacomechanical coupling and both
excitation types induce a [Ca®*]; increase (Somlyo & Somlyo, 1968). The rise of
[Ca?]; can be induced through depolarization of the sarcolemma and action
potentials. On the other hand, pharmacomechanical coupling is defined as
stimulation of contraction by an excitatory agent without change of the
membrane resting potential. It is well established now that the
pharmacomechanical coupling is mediated by a second messenger production
inducing a [Ca?']; increase. However, it is likely that pure electromechanical or
pharmacomechanical coupling are less frequent, in physiological conditions, than
combined coupling. Conduction of the electrical or chemical signal may also
occur from cell to cell, since gap junctions between cells act as low resistance

pathway.

1.2 Physiological control of the vascular tone

The arterial smooth muscle is in contact with two different media. It is
separated from the intraluminal medium by the endothelium which responds to
various stimuli by secretion of vasoactive agents. On the other side, it is under
control of adrenergic innervation which can liberate noradrenaline (NA) and
ATP. It is interesting to note that the innervation density as the sensitivity of the
muscular cells to NA increases from proximal to peripherical arteries (Nilsson
et al, 1986). Furthermore, neurotransmitter release can be modulated by
hormones and drugs (Nozaki et al, 1990). Finally, interactions between
endothelium and adrenergic nerve endings have been suggested (Miller, 1991).
Therefore, control of the vascular tension at a cellular level is an interaction
of regional and central regulations. On the other hand, inhibitory innervations
also exist. For example, mesenteric artery of guinea-pig has been reported to be
under the influence of capsaicin-sensitive sensory innervation from the distal
colon (Meehan & Kreulen, 1991). Distension of the distal colon could induce
hyperpolarization and, thus, vasodilatation of the mesenteric artery. This reflex

could play a role in coordinating mesenteric blood flow with gut activity.
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1.3 Cellular mechanisms involved in [Ca?*]; regulation

Resting intracellular Ca?* concentration is usually estimated to be around
100-150 nM in smooth muscle cells while external Ca?* concentration reaches
the millimolar range (1.5-2 mM). Since the electrochemical gradient is in favour
of Ca?* entry, the opening of Ca?* channels allows the passive influx of this ion.
On the other hand, its extrusion is achieved by pumping systems. Finally,

internal stores also contribute to [Ca®*]; increase or decrease.

1.3.1 Calcium increase

Different Ca?* channel types allowing passive Ca?* entry from the
extracellular medium into the cytoplasmic compartment have been described
in vascular smooth muscle cells, mainly using the patch-clamp technique. Passive
Ca?* flux in the absence of electrical or chemical stimulation has been early
observed by means of **Ca (van Breemen e al, 1979) and leak Ca®*-permeable
channels, activated at resting potentials, have been reported in vascular smooth
muscle isolated sarcolemmal patches (Benham & Tsien, 1987b). Depolarisation
may also open T- and L-type voltage-sensitive Ca?* channels which differ mainly
in their potential threshold of activation, unitary conductance, kinetics of
inactivation and pharmacology sensitivity (Bean et al, 1986; Friedman et al,
1986). Furthermore, the presence of stretch-activated non-selective cationic
channels has been reported in arterial smooth muscle cells (Davis et al, 1992).
These channels are also permeable for Ca?* and are involved in pressure-
induced contraction of vessels. The existence of receptor activated Ca?* channels
is still controversial since observations of Ca?* entry induced by agonists may
also be explained by changes of L-type Ca?* channel activation (Nelson et al,
1990). However, non selective cationic channels activated by ATP and admitting
Ca?", have also been described (Benham & Tsien, 1987a; Benham, 1989).

Furthermore, Ca?* increase may also be triggered by appropriate agonists

even when cells are bathed in Ca?*-free medium. The release of intracellular
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stores of Ca®" is now known to be elicited by generation of inositol 1,4,5-
trisphosphate (IP;) in response to a variety of hormones and neurotransmitters
(Suematsu et al, 1984). Activation of the phospholipase C leads to hydrolysis of
phosphatidyl inositol 4,5-bisphosphate (PIP,) to diacylglycerol (DAG) and IP,
that activates SR Ca?* channels (Ehrlich & Wastras, 1988). IP, may be further
phosphorylated to form IP,, IP; and IP; which may also participate to [Ca®']
regulation (Ferris & Snyder, 1992). Ca®* itself has also been demonstrated to be
able to induce Ca?* release from the SR in vascular smooth muscles (CICR;
Saida, 1981; 1982).

1.3.2 Calcium decrease

Since activation of sarcolemmal or SR Ca?* channels can lead to large
increases of [Ca?"];, it is necessary for cells to be able to remove or sequester
Ca?". On the sarcolemmal side, Ca®* extrusion is achieved by an energy
consuming pump, the Ca?*-ATPase (Wuytack ef al, 1985). The Na-Ca exchange
has been reported to exist in sarcolemmal membranes isolated from smooth
muscle tissues (Grover et al, 1981). It occurs via an antiporter with stoichiometry
of >3 Na*/Ca?" and is, thus, electrogenic. In resting conditions, the Na* gradient
that is maintained by the activity of the Na-K-ATPase ([Na'],: 140 mM versus
[Na*};: 10-20 mM), allows extrusion of CaZ?*. Ca®* re-uptake is achieved by
another Ca?-ATPase specific to the SR membrane (Wuytack er al, 1984).
Moreover, the SR contains various high affinity Ca?* binding proteins as
calsequestrin and calregulin that contribute to decrease free Ca?* concentration
in the SR and, thereby, to lower the Ca?* gradient against which the SR Ca®*-
ATPase must pump (Wuytack et al, 1987; Fliegel et al, 1989a; 1989b).

Therefore, it appears that several mechanisms may regulate [Ca?']; in
vascular smooth muscle cells but their respective contribution to this regulation

as well as their involvement in various vasoactive stimuli is still controversial.

1.4 Experimental model
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cAMP may increase the Ca?* uptake by the SR (Saida & van Breemen, 1984)
and by sarcolemma vesicles (Suematsu et al, 1984). Further cAMP inhibits
MLCK activity by phosphorylating this enzyme and, thus, inhibits tension
development in permeabilized smooth muscles (Adelstein et al, 1978; Conti &
Adelstein, 1980; Kerrick & Hoar, 1981; Riiegg et al, 1981; Pfitzer et al, 1984).
Caffeine has been used here at high concentration in order to release all the
Ca?* stored in the SR and to uncouple the SR repumping activity from [Ca?*];
regulation. On the other hand, noradrenaline is a physiological vasoconstrictor
agent. Another part of this work is dedicated to the study of the activating
pathway of this substance and of its effect on the SR. Moreover, thapsigargin,
a sesquiterpene lactone, described as able to discharge intracellular Ca®** store
by inhibition of the endoplasmic/sarcoplasmic reticulum in various tissues
(Thastrup et al, 1990), was tested on the NA and caffeine induced Ca?* increase
to complete the SR description. Finally, refilling of the SR after Ca?* release has
been studied and a model proposed.

Contributions of the sarcolemma mechanisms to [Ca®*]; increase and
regulation was also investigated. In order to limit Ca?* efflux, lanthanum (La*"),
a cation shown as inhibitor of the Na-Ca exchanger and sarcolemmal Ca®*-
ATPase (van Breemen et al, 1973; Deth & van Breemen, 1977) was used while
Na® was substituted externally to inhibit the Na-Ca exchange only. Finally, the

origin of the [Ca?']; increase during depolarization was also studied.
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Observed by phase-contrast microscopy, isolated smooth muscle cells from
small mesenteric arteries are spindle-shaped and approximately 100 to 200 ym
long and 2 to 6 ym diameter when relaxed. A typical smooth muscle cell is
illustrated in figure 2.1 (upper panel). Sarcolemmal membranes appeared

smooth and well contrasted.

2.1.2 Cells survival and temperature

When smooth muscle cells were loaded with fluorescent indicators at
room temperature for 30 min, the measured fluorescence signals had the same
amplitude as that emitted by cells loaded for 1 h or more, at 5°C. On the other
hand, the yield of cells still alive after 2 or 3 h was dramatically reduced for cell
batches loaded at room temperature, whereas cells loaded and kept at 5°C were
still viable 4 h after isolation. Furthermore, surviving cells kept at room
temperature for more than an hour gave much larger fluorescent signals.
Therefore, the cells loaded at 5°C were preferred. Indeed, despite the slower
cell enzymatic activity in this range of temperature, the indicator load was
limited and subsequently, its buffering effect as well as saturation of the
cytoplasmic esterases which might allow entry of the dye in other cell

compartments, were prevented.

2.1.3 Solutions
The rat mesenteric arteries were dissected in the following dissection
solution (in mM): NaCl 141
KCI 5
EGTA® 1
glucose 10
HEPES® 10

(1) EGTA: ethylene glycol-bis(B8-aminoethyl ether)N,N,N’,N’,-tetraacetic acid

(2) HEPES: N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid)

27
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with the pH adjusted to 7.2 with NaOH, and digested in the isolation solution

containing (in mM):
NaCl 128
KCl 5.4
NaHCO; 4.15
KH,PO, 0.45
Na,HPO, 0.35
glucose 10
sucrose 3
HEPES 10

with the pH adjusted to 7.4 with NaOH.

2.2. Intracellular Ca?* and caffeine measurements

2.2.1 Indo 1 experiments

2.2.1.1 Apparatus

Fluorescent dyes can be incorporated into the cytosol by incubating a
suspension of cells with the lipophilic acetoxymethyl ester (AM-) form. The ester
groups are cleaved by cytosolic esterases leaving the acid form trapped within
the cytoplasm. Indo 1, a Ca® sensitive indicator, was used to measure
intracellular Ca®* concentration ([Ca®'};). The cells were loaded with the ester
form of the indicator (AM-indo 1, Molecular Probes) which is Ca?*-insensitive,
stocked in DMSO®) (Sigma) and pluronic acid (Molecular Probes; stock
concentration: pluronic acid: 25% w/v, AM-Indo 1: 1 mg/ml). Pluronic acid is
a nonionic dispersing agent that helps to solubilize dye molecules in physiological
solutions first used by Poenie et al (1986) to achieve the loading of PtK; cells
with fura-2. A fraction of the solution containing the cells was mixed with the

indicator (5 M) and drops of this solution were kept on coverslips at 5°C in

(3) DMSO: dimethyl sulfoxide

29



a moist atmosphere until used.

During the experiment, a cell was centred on the stage of a microscope
modified for epifluorescence (Diaphot, Nikon; figure 2.2), and continuously
superfused by experimental solutions heated to 35°C (flow: 1.5 ml/min) in an
experimental bath of about 50 to 70 ul. The chosen cell was illuminated by
means of the microscope light at wavelengths greater than 630 nm (red filter:
Schott RG 630), to avoid interference with fluorescence measurement, and
framed with a variable diaphragm to reduce the background signal. In response
to excitation with UV light at 340 nm, indo 1 fluoresces. When excited at this
wavelength, the emission spectrum of indo 1 is sensitive to changes of [Ca?].
The emission at 400 nm (F,y,) increases whereas the emission at 500 nm (Fsq)
decreases when [Ca?] increases (see fig 6.5 for normalized emission spectra).
Therefore, the ratio of the two emission wavelengths can be used to calculate
[Ca?); (Grynkiewicz et al, 1985, see fig 2.7 for example). Dichroic mirrors
(Nikon and Ealing Electro-optics) were used to split the excitation, emission and
visible light signals. The cell position was monitored on a TV screen (Hitachi)
with a video camera (VW1550B, Panasonic).

The output of the Xenon lamp (Ealing), after passing through a 340 =
5 nm interference filter (Ealing), was reflected off a dichroic mirror and directed
onto the cell via the objective (x40; 1.3). Emitted fluorescent light was collected
by the objective along with visible light, and transmitted to the beam splitting
arrangement attached to the camera port of the microscope. By means of
another dichroic mirror centred at 620 nm, visible light was sent to the video
camera and emitted light to another dichroic mirror centred at 450 nm. Emitted
light was directed by the 450 nm mirror either onto a 400 = 20 nm or a 500 =
20 nm interference filter, each placed in front of a photomultiplier tube (PMT:
9924B; Thorm EMI). Both fluorescence emission lights were transformed into
currents by the PMT, converted to voltage signals: F,,, and Fsy,, and amplified
(home-made amplifier) before further treatments. A variable square diaphragm,
placed between the microscope and the beam splitter, was used to select the

area of the field of view from which measurements were taken. The background
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fluorescence, measured through the selected window at each wavelength in the
absence of the cell, was subtracted from F,,, and F;,, and the ratio of the two
resulting signals was calculated (home-made ratio circuit). The signals were
recorded at 10 Hz by an 8 channel tape recorder (Instrumentation recorder
3968A; Hewlett Packard) for later analysis. A printed version was also produced
by means of a chart recorder (2400S; Gould). In some experiments, the position
of the valve used to change the perfusion solution was also recorded.

When illuminated at 340 nm, cells loaded with indo 1 appeared as bright
blue shapes homogeneously glowing (figure 2.1, lower panel). Tested cells were
selected according to their shape, their ability to accumulate indo 1 and

responsiveness to caffeine.

2.2.1.2 Autofluorescence

Since muscular cells also have an intrinsic fluorescence in the blue
wavelengths which originates mainly from mitochondrial NADH*) and oxidized
flavoproteins, the relative importance of smooth muscle cells autofluorescence
had to be estimated. When excited with ultraviolet light, the maximum emission
of cardiac cells, is measured at 447 nm while it is half reduced at 500 nm and
nil at 400 nm (Eng et al, 1989). Autofluorescence is about 6% of the total
fluorescence of cardiac myocytes from rat heart loaded with AM-indo 1,
according to the same protocol (O’Neill et al, 1990). In smooth muscle cells,
mitochondria occupy about 3 to 9% of the total cell volume (Garfield & Somlyo,
1985). In rabbit main pulmonary artery, the mitochondrial volume represents
only 5% of the cell volume (Kowarski et al, 1985) whereas it reaches about 30%
in heart myocytes (Sommer & Jennings, 1986).

As mentioned above, the fluorescence signal from the window framing the
selected cell was measured. This represents the fluorescence light emitted by the
excited dye, plus that emitted by the bath (background light) and also the light

emitted by the cell itself (autofluorescence) which is independent of [Ca?*];. In

(4) NADH: Nicotinamide adenine dinucleotide
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order to determine the importance of the autofluorescence, the fluorescence at
400 nm and 500 nm were measured in several unloaded cells. To illustrate these
results, the fluorescence light at 400 nm and 500 nm of unloaded and loaded
cells isolated simultaneously, are presented in figure 2.3. The background light
has been subtracted. In 3 different unloaded cells the measured values were 21
and 60, 86 and 132, and 124 and 203 at 400 nm and 500 nm respectively (cells
1, 2 and 3; arbitrary unit). Fluorescence light, unlike the ratio, depends on the
size of the cell and also on its dye content when loaded. Fluorescence emission
was measured in 3 cells loaded with indo 1: the average fluorescent light values
were 8.48 .10° and 15.66 .10% 4.67 .10% and 9.79 .10° and 4.59 .10° and 9.55 .10°
at 400 nm and 500 nm, respectively (cells A, B and C; same scale as unloaded
cells). As noticed here, the emission light can double from one cell to the other.
However, autofluorescence is negligible in smooth muscle cells of rat mesenteric
small arteries. The relatively lower mitochondrial density of smooth muscle cells

in comparison with that of cardiac cells may explain this result.

2.2.1.3 Indo 1 distribution

AMe-indo 1 was used to load cells. This Ca**-insensitive form is hydrolysed
by cytoplasmic non-specific esterases to formaldehyde and acetic acid and the
fluorescent free chelator is liberated. But if deesterification is not completed in
the cytoplasm, the ester form may diffuse also into intracellular compartments
where it can be subsequently trapped. In such cases the measured ratio does not
correspond any more only to cytoplasmic Ca?* concentration.

Indo 1 distribution was assayed by selectively permeabilizing the plasma
membrane with saponin (25 pg/ml) or digitonin (0.2 mg/ml), detergents which
leave organelles and the SR largely intact (Endo et al, 1977; Tsien et al, 1982).
Loaded cells, previously bathed in Ca?* free solution, were exposed to the
detergent diluted in internal solution (see 2.2.5). As shown in figure 2.4, saponin
induced a dramatic decrease of fluorescence light at both wavelengths,
representing the leak of indo 1 from the cell cytoplasm (91.4 = 1.6% and 93.9
* 1.3% at 400 nm and 500 nm respectively, n = 4). Then, it can be suggested
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Figure 2.3: Autofluorescence measurements. Unloaded (1, 2 and 3) and loaded
cells (indo 1; A, B and C) were illuminated at 340 nm and fluorescence signals
were measured at 400 nm (top panel: F,q; arbitrary units) and 500 nm (bottom
panel: Fsqp; arbitrary units).
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Figure 2.4: Indo 1 distribution. Fluorescence light measured at 400 nm (top
trace: F,qo; arbitrary units) and 500 nm (bottom trace: Fsqg; arbitrary units) in
the absence of cell ("no cell"; background light), in the presence of the cell in
Ca?" free solution, with saponin (from first arrow; 25 ug/ml) and Triton X-100
(from second arrow; 1%).
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that the cytoplasm compartment contains about 93% of the free form of Indo
1. When Triton X-100, a potent non-selective detergent (1%), was added
subsequently, F,;y, and Fgy fell to or below the background value (noted "no
cell" in figure 2.4) while the cell was still visible in the selected window.

As described above, the background fluorescence light was recorded by
moving the microscope stage in order to frame an empty field in the bath. This
light represents the emitted light from the optics as well as from the bath
solution, surrounding cells and debris that are not in the field but close enough
to participate to the total fluorescence. When Triton X-100 was used to non-
selectively permeabilize all the cell membranes, the resting measured
fluorescence was, sometimes, different from the background fluorescence light

"no cell"). Since the surrounding fluorescence is not homogeneous in the
experimental bath, the background light can change from one bath area to the
other. Furthermore, all the indo 1 was washed out of the bath when Triton X-
100 was used as well as the fluorescing compounds contained in mitochondria.
Therefore, the contributions of glowing cells nearby the selected frame and

autofluorescence were reduced.

2.2.1.4 Indo 1 and [Ca®']; interactions

Smooth muscle cells have a relatively small volume and a moderate
illumination of the preparation is needed to limit photobleach of the indicator.
Therefore, 5 uM AM-indo 1 was used to provide adequate fluorescence signals.
However, an intracellular calcium binding molecule can theoretically slow down
transient [Ca®*]; changes. Furthermore, incomplete hydrolysis can lead to non
linear underestimation of the actual R, since the AM-esters are highly
fluorescent, when incompletely hydrolysed, with a spectrum similar to the Ca®
free chelator. Different indo 1 concentrations have been tested on cultured
heart cells by Peeters et al (1987) by measuring contraction. Cells loaded with
10 uM indo 1 and rinsed for 30 min did not show any modification of
contraction amplitude or kinetics. But these authors mentioned that products of

the deesterification might alter contraction temporarily until a complete wash-
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out. 1 yM indo 1 did not modify the contraction during the loading period.
Whereas cell contraction was observed in this study in response to application
of caffeine, its measurement on cells which were not straight was practically
impossible, therefore it was not possible to test the buffering effect of indo 1 on
[Ca?*]; changes. However, measurements of the duration of [Ca?*]; rise during
caffeine tests, here, supports the view that [Ca?']; changes were not modified
by indo 1: the development of caffeine-induced Ca?* response in rabbit ear
artery smooth muscle (Benham, 1989) or that of caffeine-induced *°Ca efflux
from a branch of rabbit mesenteric artery (Leijten & van Breemen, 1986) had
very similar kinetics.

Since autofluorescence and the relative amount of indo 1 trapped in non-
cytoplasmic compartments appeared to be negligible, the ratio was calculated
as F,o, over Fgy, after subtraction of the background fluorescence at 400 and
500 nm, respectively, and changes of ratio are considered as a good

representation of [Ca?*]; changes.

2.2.2 Fura-2 experiments

Fura-2, another Ca?* sensitive fluorescent dye has also been used. Fura-
2 is a dual excitation indicator as opposed to indo 1 which is a dual emission
indicator. When excited at 340 nm the fluorescence emitted by fura-2 at 530
nm increases with [Ca?*] whereas, when excited at 380 nm, it decreases when
[Ca?"] rises. The cells were loaded as described for indo 1 with AM-fura-2 (5
puM) stock in DMSO and pluronic acid (Molecular Probes, pluronic acid: 25%
w/v, AM-fura-2: 1 mg/ml). Fura-2 was excited sequentially (0.5 Hz) at 340 nm
and 380 nm and the emission at 510 nm was detected by a PMT (figure 2.5).
A computer program simulated and stored a continuous emission at each
excitation wavelength. A Digitimer D4030 set to give a signal every 500 msec
was used to trigger a servo control system (home-made) monitoring the change
of excitation filters and the computer program. During the first period: here 500

msec, the computer records the digitized signal at one wavelength (example:
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wavelength 1). The integral of the signal during the last 400 msec is calculated
and stored (value 1). The signal emitted during the first 100 msec is discarded
because of the noise due to the filter change. The next period (i.e. 500 msec),
the filter is changed (filter 2) and the digitized signal at the other wavelength
(wavelength 2) is recorded by the computer. A second value is calculated (value
2). While the signal at wavelength 2 is recorded the computer emits an analog
output signal through channel 1, corresponding to value 1, and will do so until
a new value 1 is calculated (i.e. for 1 sec). Then, the new value 1 is emitted for
1 sec and so on. In this way, the signal emitted through channel 1 is continuous.
In parallel, an analog output signal representing value 2 is emitted through
channel 2. Both background signals representing the background fluorescence
were subtracted from the output signals and the ratio corresponding to the
fluorescence at 340 nm over that at 380 nm which represents [Ca®']; was
calculated. The signals detected by the PMT, those emitted by the timer and the
computer, that representing the position of the filter and the ratio were

recorded on tape as above.

2.2.3 [Ca?"); calibration

The variations of the ratio represent the variations of [Ca?'};, but real
[Ca?*]; values are sometimes needed. Calibration procedures provide the
possibility to express data as [Ca®"];. In vivo calibration has been carried out in
several cells loaded with indo 1, using known low calcium calibration solutions
(see 2.2.5) containing 10 pyM ionomycin (Sigma), a non-fluorescent Ca®*
ionophore. A computer program designed by G. L. Smith (personal
communication) was used to calculate the Ca?* concentrations needed to reach
the chosen Ca?" activities, using an iterative technique based on the program of
Perrin & Sayce (1967). To do so, affinity constants of EGTA and HEPES for '
Ca®* and H*, respectively, at 35°C are necessary. The appropriate values were
calculated, using Harrison & Bers (1987) for EGTA and Good et al (1966) for
HEPES. The apparent dissociation constant (K,) of indo 1 for Ca?* at 35°C is

calculated according the following equation:
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K, = [Ca®].((Ruax - RY(R - Ryin))-(Fos0s/Frs00) (1)

where R is the ratio F,;y,/F50, measured in a cell bathed with calibration solution
containing known low Ca®* concentration: [Ca?'], R,;, and R,,, are the ratios
at zero [Ca?'] and saturating [Ca?*] respectively, Fsso and F,g, are the net
fluorescence emissions at 500 nm in zero [Ca®*] and saturating [Ca?']
respectively (Grynkiewicz et al, 1985).

To measure accurately the ratio corresponding to the Ca?* activity of
the calibration solution, it was necessary to block all processes of Ca®
regulation, and to collapse cell membrane potentials that might also influence
Ca?" equilibration. To this end, cells were bathed in glucose-free HEPES
solutions containing 5 uM CCCP®) for 5 min prior to the measurement of the
ratios and high K* solutions containing CCCP were used during calibration
procedures.

The [Ca®*]; corresponding to the ratio R measured in cells was calculated

using the calculated K, in equation (1) written as followed:

[Ca2+]1‘ = Ka'((R - Rmin)/ (Rmax - R))'(FfSOO/F b500) (2)

Figure 2.6 represents the results obtained during a calibration experiment.
The trace interruptions are due to discontinuous illumination of the cell. During
long illuminations, indeed, fluorescence signal decreased progressively due to
photobleach. To prevent it, the cells were illuminated when needed only. These
gaps are not on scale and the total trace represents actually about 105 min.
Because of the duration of such experiments, the solution flow was decreased
to half (0.8 ml/min). Caffeine (10 mM) was tested before the calibration process.
Caffeine effects will be described in detail in the following section (see 3.2). In
(a), external Ca?** was omitted from the HEPES solution, 5 mM EGTA and

(5) CCCP: Carbonyl cyanide m-chlorophenylhydrazone
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5uM CCCP added. This change induced a ratio decrease. Subsequently, the
external solution was changed to the Ca?* free calibration solution (see 2.2.5)
containing 10 uM ionomycin. Figure 2.6 shows that the ratio decreased further
after a small transient increase. R,;, and Fy5;, were measured when the ratio
reached its steady value. When the Ca®" activity of the calibration solution
(aCa?*,) was increased to 60 uM, the ratio increased dramatically to reach its
maximum value (R,,,)- Fpse0 Was measured simultaneously. Finally, an
intermediate aCa?*, (360 nM) was tested. The ratio decreased until a steady-
state level where Rj¢, was measured. A K, of 138.8 nM was calculated in this
cell, using equation (1) with [Ca?] = 360 nM and R = Ry, A value of 189.6
nM was obtained from a second cell. It can also be noticed that the caffeine
induced R increase is reasonably smaller than R,,. Resting [Ca®'],
corresponding to each cell was then deduced from equation (2): 122.0 nM and
133.2 nM respectively. A resting [Ca?*]; of 121.9 nM was calculated also in a
third cell where R, Rpax Fosoo @and Fesoo were measured (but not the ratio for
an intermediate aCa?*,), and using K, = 138.8 nM. But the difficulty to measure
all the parameters needed to calculate K, in the same cell prevented calculation
of average values of K, and resting [Ca?'];.

Grynkiewicz et al (1985) calculated a K, of 250 nM in vitro at 37°C;
values of 139 and 190 nM irn vivo at 35°C, were obtained here. But, as shown
by Owen et al (1991), the intracellular environment modifies indo 1 sensitivity
(mainly noncompetitive solvent effect on the unbound dye), this may be the
origin of the discrepancy. On the other hand, the validity of the calculation of
aCa?*, is relative, since it depends on the accuracy of weight and volume
measurements but also on the purity of components. As studied by Miller and
Smith (1984), errors in EGTA concentration can increase the discrepancy
between the presumed and correct aCa®*, and, then, can produce a shift and
change in slope of the ratio-[Ca?"]; relationship subsequently inducing errors in
[Ca?']; estimations. Since calibration procedures were conducted in vivo, under
conditions closer to the experimental ones, the in vivo K, was used preferentially

to estimate [Ca®"]; in some smooth muscle cells.
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Despite the availability of such data, practical problems limited extended
use of [Ca?*]; to present experimental results. The duration of the procedure
required to calibrate [Ca®"]; was, each time, longer than an hour. The
transporter activity of ionomycin is somewhat reduced at pH 7, as reported by
Liu & Hermann (1978), increasing the equilibration duration of internal [Ca®*].
However, modification of external pH would have induced alteration of pHj,
and consequently, of indo 1 response to Ca?* (Lattanzio, 1990). A second Ca®
ionophore: 4-bromo-A23187, was also tested (Deber er al, 1985). This ionophore
is relatively insensitive to solution pH, but, despite this advantage and the
relatively high concentration used (20 uM), the delay to equilibrate Ca®* gradient
was not improved. It appeared to be, in practice, quite impossible to calibrate
[Ca%*]; by determination of K, or R,;, and R, only in each cell, after
experimental tests. Therefore, most of the results to be presented are in the
ratio form. This prevents comparison of results from different cells, since the
response of indo 1 to Ca®" may vary from cell to cell. This problem can be

overcome by comparing different effects in the same cell.

2.2.4 Intracellular caffeine measurements

The interaction of caffeine with indo 1 was first described by O’Neill ez
al (1990). These authors showed that, in vitro, caffeine decreases the
fluorescence of indo 1. In rat cardiac myocytes, they calculated a inhibition
constant (reduction by 50% of indo 1 fluorescence: K;) for caffeine on indo 1
fluorescence of 18 mM. Furthermore, the quenching of fluorescence is
independent of wavelength and [Ca®*]. Therefore, the caffeine effect does not
change the K, of indo 1 for Ca?'. Then, [Ca?']; and caffeine concentration
([caff];) can be simultaneously measured with indo 1. Therefore, if one knows
how much of the change of the 400 nm signal, for example, is produced by
calcium, the rest must be due to caffeine. This can be described by the following

equation:

Faoo = 8a0o([Ca®'];)-q([caff];) (3)
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where g, is the function describing F,o, dependence on [Ca?*]; only and g the
function describing its dependence on [caff]; only. Since R depends only on

[Ca?"];, this equation can be written as following:

Fioo = &'s00(R).q([caft];) 4)

where g,y is the function describing F,,, dependence on R. Therefore,

q([caff];) = Fago/g’s00(R) %)

In order to separate the effects of Ca?* and caffeine on F,q, the effect
on the ratio of changing only [Ca?']; must be measured. The method used to
determine g’,o, and to measure [caff]; is illustrated in figures 2.7 to 2.9. In
smooth muscle cells of rat mesenteric small arteries, when caffeine was applied,
the changes of fluorescence were due to changes of both [Ca?']; and caffeine
while the effects of high K* high Ca®* solutions were purely due to change in
[Ca?');. Therefore a 40 mM K* medium containing 10 mM Ca?* was tested on
a cell responding to the external application of 10 mM caffeine with a transient
ratio increase. The emission signals at 400 nm (upper trace) and 500 nm
(middle trace) recorded during this type of experiment are depicted in figure
2.7. The lower trace represents the resulting ratio (F,q9:F5q0). As expected, the
addition of high concentrations of K* and Ca®" induced an increase of Fq
simultaneous to a decrease of F;y, and the ratio increased. When caffeine was
added to the external solution, F,, initially increased and F5,, decreased. This
was then followed by a decrease of fluorescence at both wavelengths to below
control levels. Despite the complicated changes in fluorescence, the ratio trace
shows a transient increase of [Ca®*];. Figure 2.8 represents the signal at 400 nm
as a function of the ratio (representing [Ca?*];) during the application of high
K* and Ca? solution. A fitted curve can be calculated, and can reasonably
represent g’,q0- Using this function, it is possible to calculate the changes of Fyy

due to [Ca?*]; only during the application of caffeine (i.e. g’4o0(R)). The resulting
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trace is shown in figure 2.9 (upper trace, open circle), superimposed on the
measured F,q, trace (black circle). Below these traces are presented the Figy,
trace recorded simultaneously and the calculated ratio trace. The ratio of the
observed F,, over g’;o,(R) representing the quenching factor: g([caff];) on Indo
1 fluorescence emission at 400 nm by caffeine is depicted in figure 2.9, below
the ratio trace. Since the quenching factor depends only on [caff];, when caffeine
was added to the external solution, this value decreased, as expected, from 1 to
a steady-state value corresponding to the effects of 10 mM caffeine on indo 1,
in vivo, and when caffeine was removed, it reached 1 again. Finally [caff]; can

be calculated as

[caff]; = K;.[(1 - g([caff];))/g([catf];)] Q)

where K is estimated from the steady-state of g([caff];) (i.e. assuming [caff]; =

[caff],)-

2.2.5 Experimental solutions
The control HEPES solution contained (in mM):
NaCl 135
KCl 5.4
MgCl, 1
CaCl, 1
glucose 10
HEPES 10
the pH was adjusted to 7.4 with NaOH.
In the Ca?*-free solution, CaCl, was omitted and 5 mM EGTA added.
In the high K* solution, NaCl was partially replaced by KCI (see result

sections for KCl concentration).
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The NMG solution contained (in mM):
NMG chloride(® 103
NMG 20
KCl 4
MgCl, 1.2
glucose 10
NMG-HEPES 10
and the pH was adjusted to 7.4 with HCI.
The calibration solution contained (in mM):
KCl 90
NaCl 20
MgCl, 1
K,EGTA 10
HEPES 10
with no added Ca?" (activity: 0 nM), 3 mM Ca?* (activity: 155 nM), 5 mM Ca?*
(activity: 360 nM) or 10 mM Ca?* (activity: 60 uM) at 35°C and pH adjusted
to 7.0 with KOH.
Finally, the internal solution was similar to the calibration solution with
110 mM KCI and no K,EGTA.

2.3 Chemicals

All solutions were prepared with filtered and deionized water (Milli-Q
system, Millipore). All chemicals used to prepare physiological solutions were
purchased from BDH Ltd. The injectable preparations of noradrenaline acid
tartrate and phentolamine mesylate were used (Levophed, Winthrop; and
Rogitine, Ciba; respectively). Thapsigargin was provided by Scientific Marketing
Associates and stored in DMSO.

(6) NMG: N-methyl-D-glucamine
49



2.4 Data analysis

Data recorded during experiments were subsequently digitized and
acquired on a PC computer by the means of Vacuum program (Medical Systems
Corp.). Diagrams were prepared using Lotus 1-2-3 (Lotus Development Corp.)
and Free Lance (Lotus Development Corp.). All statistics are presented as mean

*+ s.e.m.
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3. CAFFEINE EFFECTS ON [Ca®"];
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3.1 Introduction

In smooth muscle cells, [Ca?']; regulation is carried out by two different
processes: Ca?* extrusion and intracellular Ca?* storage. Sarcolemmal
mechanisms, responsible for active Ca?* efflux will be studied in chapter 6,
whereas this chapter is concerned more with the studies of intracellular Ca?*
stores.

Involvement of an intracellular release of Ca?* in agonist induced
contraction has been suspected quite early (Bohr, 1963; Daniel, 1965; van
Breemen, 1969) and, later, the contribution of the sarcoplasmic reticulum (SR)
to [Ca®"]; regulation (Devine et al, 1972). Electron microscopy and electron
probe analysis have made significant contributions to the identification of the
cellular organelles involved in [Ca?']; regulation. A thorough understanding of
the SR and its roles in vascular smooth muscle function, however, is yet to be
attained.

The SR in smooth muscle consists of an interconnecting network of
intracellular membrane forming a system of tubules and cisternae. Junctional SR
is apposed to the sarcolemma and occasionally joined by special junctions
visualized in rabbit portal anterior mesenteric vein and similar to bridging
structures observed in cardiac cells (Sommer & Johnson, 1979) although the
densely stained materials appear less pronounced (Somlyo & Franzini-
Armstrong, 1985). Despite these junctions, the SR lumen does not communicate
with the extracellular space, since SR [Na'] and [Cl'], measured by electron
probe X-ray microanalysis, are different from extracellular concentration values
in main pulmonary artery smooth muscle (Kowarski et al, 1985). Junctional SR
is probably continuously connected to the more deeply located elements of the
SR or "deep SR" and communications with the perinuclear space have been
observed (Somlyo & Franzini-Armstrong, 1985).

In smooth muscle cells, Ca?* uptake by the SR is driven by a Ca®-
ATPase which, is, in bovine pulmonary artery, antigenically related to that of
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cardiac myocytes (Eggermont et al, 1988). Moreover, phosphorylation
experiments showed similarities of the SR Ca**-ATPase of porcine antral cells
with the cardiac isoform (Wyutack ef al, 1989). This Ca?*-ATPase appears to be
able to maintain a large concentration gradient for Ca?* as Somlyo and Himpens
(1989) estimated a concentration of about 0.5 -1 mM free Ca?** in the SR.
Furthermore, Somlyo and Franzini-Armstrong (1985) described globular particles
within the SR lumen very similar to Ca?* binding proteins observed in skeletal
muscle SR. Calsequestrin, a high capacity, low affinity Ca®** binding protein
which increases the SR capacity for Ca®* storage in striated muscle cells
(MacLennan & Wong, 1971; Campbell et al, 1983), has also been demonstrated
in smooth muscle SR preparations, albeit at lower concentration (Wuytack et al,
1987). In addition, a second high affinity Ca?* binding protein: calregulin, has
been identified by immunofluorescence microscopy in smooth muscle SR (Fliegel
et al, 1989a-b). Therefore, the SR free [Ca?*] does not reflect directly the total
Ca?" content of the SR. In rabbit aorta, Leijten and van Breemen (1984)
calculated a total Ca?* concentration (including chelated and ionized Ca®") of
about 5 mM in the SR by measuring **Ca efflux evoked by a high dose of
caffeine. Such data and many more results are sufficient to support the role of
the SR as the major intracellular Ca** store in smooth muscle cells.

Two different mechanisms of Ca?* release have been described in smooth
muscle. Ryanodine which is able to specifically bind to the Ca*'-activated
channel of the SR in skeletal muscle from rabbit (Smith ez al, 1988) and to alter
its conductance and activity (Rousseau et al, 1987), has also been shown to be
active on smooth muscle SR of rabbit ear artery suggesting that smooth muscle
cells have Ca®*-activated SR channels similar to that described in skeletal and
cardiac muscles (Kanmura ez al, 1988). On the other hand, the existence of
IP;-activated Ca?" channels has been demonstrated in canine aortic smooth
muscle by Ehrlich and Watras (1988) in microsomal fractions of SR inserted into
bilayers. Furthermore, GTP may also be required for IP; induced contraction as
reported in skinned rabbit mesenteric artery (Saida & van Breemen, 1987). IP;-

activated Ca®* channels are inhibited specifically by heparin as shown in saponin-
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skinned smooth muscle of rabbit main pulmonary artery (Kobayashi et al, 1988).

Ultrastructural studies have also emphasized the SR heterogeneity within
vascular smooth muscles. The volume of the SR represents 1.5 to 7.5% of the
total smooth muscle cell volume (Somlyo, 1985). This amount depends on the
level in the vascular tree: the SR is more developed in large arteries. Values of
5% and 1.8% of the cytoplasmic volume have been calculated for the rabbit

aorta and a branch of the mesenteric artery, respectively (Devine et al, 1972).

Caffeine has been widely used as a pharmacological tool for releasing
Ca®* from intracellular stores in the study of excitation-contraction coupling. At
high concentrations (> 2 mM), caffeine has been shown to open Ca?* channels
isolated from ovine cardiac SR membrane, incorporated in planar lipid bilayers
while, at concentrations from 0.5 to 2 mM, its effect is to increase the sensitivity
of the SR Ca?* channels to Ca®, its normal activator (Sitsapesan & Williams,
1990). A similar increase of the sensitivity of the Ca?-induced Ca?" release
mechanism produced by low [caff]; (< 1 mM) was reported by O’Neill & Eisner
(1990) in whole cells from rat ventricle. By analogy with cardiac and skeletal
striated muscle response, the transient contraction and **Ca efflux induced by
caffeine in smooth muscle in Ca?* free solution has been attributed to depletion
of the SR (Deth & Casteels, 1977). This was confirmed later in guinea-pig
portal vein smooth muscle by localisation, using electron probe analysis, of
caffeine depleted internal stores identified as part of the SR (Bond et al, 1984).
Finally, later observations done on contraction of thoracic aorta from rabbit
suggested the involvement of Ca®* induced Ca®* release mechanism in caffeine
induced response, since procaine, which also inhibits Ca?* induce Ca?* release
in skinned smooth muscle (Itoh et al, 1981), inhibited the caffeine induced
contraction (Karaki et al, 1987). Caffeine is therefore frequently used to estimate

the Ca?*-sensitive CaZ* store in smooth muscle cells.

The experiments in this chapter were carried out to investigate the

mechanisms of Ca?* homeostasis in smooth muscle cells of rat mesenteric small
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arteries. Caffeine was used to induce a cytoplasmic Ca?* load and different
experimental conditions were tested on the caffeine-induced [Ca?*]; response in
order to dissect the Ca?* regulation. During some experiments, lanthanum (La>")
was added to the external medium since, in the presence of this cation, all the
Ca? influx mechanisms are inhibited and Ca®* efflux quite reduced (van

Breemen et al, 1973; Deth & van Breemen, 1977).

55



3.2 Results

3.2.1 Caffeine effects on Ryg0:500

Figure 3.1 represents the typical caffeine effect on the ratio. As described
in the methods section (2.2.4), indo 1 allows the measurement of the
intracellular caffeine concentration ([caff];) illustrated by the top trace. As
mentioned also, caffeine quenches the fluorescence emission independently of
the wavelength and evokes ratio changes due purely to [Ca?']; changes (see
section 2.2.4 and figure 2.7). The entry of caffeine into the cell evoked a sudden
transient increase of the ratio which rose from 10 to 90% in 2.1 = 0.3 sec (n
= 9). This increase was followed by a slow decrease toward a value slightly
above the resting level recorded before caffeine application. When caffeine was
removed, the ratio decreased quickly to a value below the resting level and
eventually recovered. This transient undershoot of R occurring on removal of
caffeine was seen in more than 90% of studied smooth muscle cells.

After restoration of the resting [Ca®'];, a similar caffeine induced
response could be elicited (figure 3.2).

Measuring simultaneously [caff]; and [Ca®'];, it is possible to calculate
the threshold [caff]; triggering the [Ca?*]; transient increase (figure 3.3, left
part) and the [caff]; at which the ratio decreases below resting level (right part).
Figure 3.4 depicts the development of [caff]; and ratio during the solution
change period on an expanded time scale. The dashed line marks the
concentration at which the ratio started to increase. On average, 1.5 = 0.2 mM
intracellular caffeine (n = 10) was sufficient to trigger the ratio increase. Figure
3.5 represents the ratio as a function of [caff]; during the caffeine removal
period (i.e figure 3.3; right part). Chronologically, the ratio was stable until
[caff]; decreased below a threshold value. Then, the ratio decreased as a roughly
linear function of [caff];. A mean [caff]; threshold of 7.65 * 0.13 mM was
calculated (n = 4).

As described above, the caffeine induced [Ca?*]; response was transient

in control conditions. Regression functions were calculated to fit the ratio
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changes, in order to estimate the [Ca?']; regulation kinetics. The solid curves
drawn through the data show single exponentials fitted to the data (figure 3.6).
The exponential fitted to the decay of the ratio in the presence of caffeine has
a time constant (7..¢¢) Of 26 sec and that following the removal of caffeine has
a time constant (7,;) of 125 sec. The mean values of 7.,¢ and 7, were 29 +
3 sec and 116 * 14 sec, respectively (n = 22). It should be noted that, on
average, the time constant of the recovery following caffeine removal is 4.9 times
greater than that during the application of caffeine.

But a single exponential function could not describe properly the ratio
decay in all cells (figure 3.7; upper trace) and a double exponential function was
sometimes needed to fit the experimental curve (lower trace).

A more detailed study of the [Ca?*]; change kinetics will be continued in

chapter 7.

In order to confirm the origin of the caffeine induced Ca®* increase, the
experiment was repeated in the absence of external Ca?'. The results are
presented in figure 3.8. When external Ca?* was removed and 5 mM EGTA
added, the resting ratio started to decrease and, when caffeine was applied, the
response was also observed but its amplitude reduced. On removal of caffeine,
R decreased below the level prior to caffeine application and failed to recover
this level. Finally, the resting ratio level recovered when external Ca®** was
restored (not shown; see figure 3.11).

To determine if the decrease in the amplitude of the caffeine response
in Ca?* free solution was due to a slow depletion of the SR or due to a loss of
Ca?" influx, La®" was used in order to slow down Ca®' extrusion. Figure 3.9
represents the effects of caffeine in control conditions and in the presence of
La*. When LaCl; (1 mM) was added to the external solution, no change of the
resting level was observed. The amplitude of the caffeine induced [Ca®'};
response in the presence of La®* represented 101.57 + 8% of that evoked in
control conditions: La** did not significantly modify the response amplitude (n

= 10; p > 0.90; paired t-test). Unlike in the absence of external Ca?*, the
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caffeine induced [Ca?']; transient could be repeated twice in the presence of
La**. The modifications of the [Ca?']; response observed in the presence of La%*

will be described and discussed later (see chapter 6).

3.2.2 Caffeine effects on indo 1

As observed in different experiments (see figure 3.1 or 3.7, top trace for
example), the [Ca®"]; decrease following the caffeine induced transient increase
did not reach the resting level but a plateau above this value whereas in some
other cells, the difference was very small or even absent (see figure 4.12). On
average the difference represents 10.1 + 2.4% of the total response amplitude
(n = 9). A t-test shows that the steady-state level reached in the presence of
caffeine is significantly higher than that measured in control (t-test; n = 9; p <
0.005). It is possible that this plateau represents an error in background
sub/traction which becomes apparent when the fluorescence signals are
quenched by caffeine. To test the origin of this plateau, the same experiment
was repeated using fura-2 as Ca?" indicator. The effects of caffeine on fura-2
fluorescence emission are smaller than on indo 1. Whereas no plateau is
observed at the end of the transient response in figure 3.10 (top trace), a small
steady-state plateau appeared during the same test in a different cell (bottom
trace). On average, the plateau amplitude represents 5.5 = 1.5% of the total
response amplitude (n = 9). This result indicates that the steady-state ratio
recorded in the presence of caffeine is still significantly higher than that
measured in control (t-test; p < 0.005). The comparison of the relative
amplitude of steady-state response to caffeine recorded with indo 1 to that
recorded with fura-2 cannot be achieved since we are measuring ratios and not
directly [Ca?"]; and indo 1 and fura-2 have not exactly the same physical

properties.

3.2.3 Net caffeine induced [Ca?*]; response
As seen in chapter 2, the autofluorescence signals are negligible

compared to indo 1 signals, in control conditions. But when caffeine is applied,
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indo 1 signals only are reduced. The autofluorescence relative contribution to
the measured signals is therefore increased. Furthermore, as observed in section
2.2.1.2, the autofluorescence measured at 500 nm was greater than that
measured at 400 nm. Thus, the relationship between the ratio and [Ca?']; is
changed in caffeine containing solutions. [Ca?*]; may be actually overestimated,
when caffeine is applied. Figure 3.11 depicts the effects of caffeine in the
presence and the absence of external Ca?, on the ratio (upper trace) and on
[Ca%']; (lower trace). To construct the lower trace, arbitrary autofluorescence
signals of 77 and 131 (after scale correction) were subtracted from the measured
signals at 400 nm and 500 nm respectively and the resulting ratio was
transformed to [Ca®");, using the results illustrated in figure 2.6 (see section
2.2.3). The removal of external Ca?* did not prevent the first caffeine induced
response. When caffeine applications were repeated, no large transient ratio
increase occurred but small ratio steps instead. This result was observed in 4 of
4 tested cells. When the data were modified as indicated above to represent
[Ca?*];, the effects of the second and third caffeine applications in the absence

of external CaZ?* on [Ca?']; are greatly reduced.

The use of the ratio rather than [Ca?']; may also be the origin of
misinterpretations of the [Ca?']; regulation kinetics. Since the function relating
the ratio and [Ca?']; is hyperbolic, one would expect a change of the shape of
a response in transforming from R to [Ca?'];. This would be most noticeable
when the ratio approaches R,,, and may explain why a double exponential
function is required to fit some of the caffeine responses (e.g. figure 3.7).
However, even when transformed to [Ca?'];, the data of figure 3.7 still requires

a double exponential function to obtain a good fit (figure 3.12).
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3.3 Discussion

3.3.1 Caffeine effects

As described extensively, caffeine opens SR Ca?" channels. This is
confirmed by the caffeine induced [Ca?']; increase still observed in the absence
of external Ca?*. The presence of 5 mM EGTA prevented any remaining free
external Ca?. Therefore, the caffeine induced response was, indeed, independent
of external Ca?', ruling out the possibility that the increase of [Ca%‘]; results
from influx across the surface membrane.

According to the results presented in section 3.2.1, about 7.6 mM caffeine
were necessary to maintain empty the SR, whereas 1.5 mM only was enough
to induce the Ca?* transient increase. Since the caffeine concentration was lower
than 7.6 mM (i.e the SR was not totally permeable to Ca?") when the large
[Ca?']; transient increase was triggered, an other mechanism, different from
caffeine induced Ca®* release, contributed to the massive [Ca?*]; increase. Itoh
et al (1981) proposed the existence of Ca?* induced Ca?* release mechanism in
guinea-pig mesenteric artery by studying contraction of intact and skinned
muscles. The results suggest, then, that about 1.5 mM is enough to release a
small amount of Ca?* from the SR which triggers subsequently a bigger release
from the SR. This directly demonstrates the involvement of the Ca?* induced
Ca?* release process proposed by Karaki and collaborators (1987). The
regulation of [Ca?*]; on caffeine removal will be studied in chapter 7.

Figure 3.11 shows that one caffeine induced [Ca?']; response only is
observed in the absence of external Ca?*. This result supports the view that (i)
the [Ca?*]; decay following the transient increase in the presence of caffeine is
due to Ca?* extrusion from the cell (and/or uptake by a possible intracellular
Ca?* pool insensitive to caffeine), (ii) the caffeine-sensitive SR is completely
depleted when the ratio decreased to the plateau level since no second caffeine
induced Ca?* release occurs when external Ca?* is omitted, and (iii) in the
absence of external Ca?, refilling of the caffeine-sensitive SR appears to be

impossible after caffeine removal. This hypothesis is confirmed by the
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observation of repeated caffeine induced responses when Ca?* extrusion was
limited by La*" and, thus, released Ca?* was still available in the cytoplasm for
the SR refilling.

It is also noticeable that the caffeine-induced [Ca?']; response ie. the
caffeine releasable store, was reduced when Ca® is removed from the
extracellular medium. This may indicate that a Ca®* leak from the SR exists
whatever the cytoplasmic [Ca%'] value. In the presence of external Ca?,
continuous exchanges with the extracellular medium would keep the SR [Ca®*]
high, whereas in Ca?* free solution, the Ca?* extruded from the cytoplasm could
not be replaced. Or alternatively, this may indicate that the caffeine induced
response has an external Ca®* dependent component, as observed by Casteels
et al (1977) on smooth muscle contraction, that is absent when external Ca?* is
omitted. The amplitude of the response elicited by caffeine was not significantly
modified by the presence of external La**, when Ca?' entry and efflux are
inhibited. This result confirms the early observation of the lack of effect of
caffeine on **Ca influx (van Breemen, 1975). It is supposed, then, that caffeine-
induced response is solely due to the release of intracellularly sequestered Ca?*
and the decrease of amplitude of the caffeine-induced response in the absence
of external Ca?" is not due to the inhibition of a possible caffeine-induced Ca?*

entry in smooth muscle cells of mesenteric secondary arteries.

As depicted in figure 3.10, the plateau, usually observed after the
transient [Ca?*); increase during a maintained caffeine application, was also seen
when fura-2 was used to measure [Ca?*]; variations instead of indo 1. Similar
results have also been reported in isolated smooth muscle cells of rat aorta
(Sato et al, 1988). Removing the influence of a finite store such as the SR can
only explain a transient change of [Ca?'];. Whereas, for steady-state [Ca®'];
increase, such as the plateau, either the steady-state influx is increased or the
Ca?" efflux is reduced. Or, alternatively, the plateau is not due to a [Ca®;
change. Since caffeine is also an inhibitor of the phosphodiesterase (Butcher &

Sutherland, 1962), it can cause an increase in cAMP such as that actually
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observed by radioimmunoassay in rabbit thoracic aorta (Deth & Lynch, 1981).
Activation of the sarcolemmal Ca?*-ATPase by cAMP was suggested by different
studies on microsomal vesicles of smooth muscle cells (Daniel, 1985) and
caffeine induced enhancement of *°Ca efflux was observed by Deth & Lynch
(1981). Therefore possible caffeine effects on sarcolemmal Ca?-ATPase would
have led to a steady-state [Ca?']; level somewhat lower than that observed in
control conditions in smooth muscle cells of rat mesenteric small arteries. On
the other hand, small step changes induced by caffeine occurs when the SR is
depleted as depicted in figure 3.11. It can be suspected then, that the plateau
in rather due to direct effects of caffeine on the indicators and, since fura-2 is
much less caffeine sensitive, the intermediate ratio value may actually be due to

a smaller caffeine quenching effect.

When caffeine was removed, R,qg.500 decreased to below the resting
value in most cells, before eventually reaching the resting level previously
recorded in control conditions. In the presence of external Ca?*, the SR was
able to refill again, since a second caffeine application elicited the same [Ca®*];
response once the resting [Ca?*]; had been reached again. In the absence of
external Ca?*, this undershoot was not reversed and further caffeine induced
responses were inhibited until external [Ca?*] was restored. It may be suggested,
therefore, that the transient ratio undershoot represents the activity of the SR
Ca?*-ATPase responsible for the caffeine-sensitive SR refilling and that external
Ca®" is the main source for the refilling. Furthermore, comparing the slope of
the [Ca?*]; recovery in the presence of caffeine to that of the undershoot after
its removal, it appears that the mechanism responsible for the [Ca?"]
undershoot is much more efficient than the sarcolemmal Ca?* pumps, to regulate
[Ca®");, despite the lower level.

But, if the Ca?*-induced Ca®*-release process requires 1.5 mM caffeine
to be triggered, how is it possible for the SR to accumulate Ca?* while caffeine
concentration is below 7.6 mM but higher than 1.5 mM during the undershoot?

This particular feature of the caffeine-induced [Ca?*]; change will be studied in
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detail in chapter 7.

From this set of experiments, it may be concluded that caffeine induced
[Ca?"]; increase represents a Ca?* release from the SR firstly triggered by the
entry of about 1.5 mM caffeine. This small Ca?* release may become
subsequently the trigger of a greater Ca?* release that constitutes the peak
response. However, about 7.6 mM caffeine is necessary to maintain empty the
SR to Ca?. Such [Ca?']; increases may activate sarcolemmal Ca?" extrusion
mechanisms (and/or re-uptake by caffeine-insensitive internal compartments) that

decrease [Ca?*]; to about the resting [Ca?*]; when the SR is inhibited.

3.3.2 Caffeine-insensitive intracellular Ca?* stores

Studies of the [Ca%']; decay during the caffeine response indicate that
the [Ca?*]; regulation is, in some cells, more complex since it cannot be
described by a single exponential function. The Ca?* sensitive SR cannot
participate in Ca?* regulation in the presence of 10 mM caffeine, sarcolemmal
mechanisms and a caffeine-insensitive store may therefore be responsible for the
[Ca?*]; regulation.

Fry et al (1989) studied the contribution of mitochondria to the rate of
relaxation of caffeine evoked contractions in skinned trabeculae of rat heart. In
mitochondria, [Ca®'] is regulated by a Ca?*-ATPase and a Na-Ca exchanger,
located in the inner membrane. These authors distinguished two different
processes involved in the cardiac myocyte relaxation and attributed the more
rapid phase to mitochondrial accumulation. They observed a mitochondrial Ca?*
uptake until cytoplasmic reached a threshold [Ca?*];. Below this concentration,
a Ca®* efflux occurred. Furthermore, a Ca?* gradient of around 0.3 (in:out) has
been measured in cardiac mitochondria at low cytoplasmic [Ca®*] by means of
fura-2 (McCormack & Denton, 1989). On the other hand, Yamamoto and van
Breemen (1986) studied the sensitivity of the mitochondria to physiological
[Ca?"]; variations measuring **Ca?" flux in saponin-skinned cultured vascular

smooth muscle cells. These authors showed that, at 25°C, this compartment was
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not playing any role in [Ca®']; regulation unless [Ca?*]; higher than 3 uM is
achieved, in which case, mitochondria Ca?-ATPase is significantly activated.
Electron probe analysis showed also no change of intramitochondrial [Ca?*]
during contraction in guinea-pig portal vein smooth muscle (Bond et al, 1984)
nor in rabbit main pulmonary artery (Kowarski et al, 1985). As illustrated in
figure 3.12, [Ca®"]; higher than 3 uM was not measured at any time during the
caffeine application whereas two exponentials were calculated. Therefore,
assuming accurate calibration of [Ca?*];, mitochondria contribution cannot be
proposed in order to explain the diphasic kinetics of [Ca?*]; decay during the
caffeine induced response.

The nucleus could also be proposed as an alternative intracellular Ca?*
store. The nucleus is surrounded by a double membrane: the nuclear envelope,
the outer leaflet of which is continuous with the SR membrane. The result is
that the perinuclar space and the SR lumen are physically continuous. The two
leaflet of the nuclear membrane join periodically at the nuclear pore complexes
which are channels for the exchange of materials between the nucleus and the
cytoplasm. Williams et al (1987), using fura-2 in smooth muscle cells, have
reported that [Ca®"]; rises above 800 nM and nuclear [Ca?*] ([Ca®*],) rises from
200 nM, at rest, up to 300 nM when cells are depolarized. Similar results have
been obtained on smooth muscle cells stimulated by agonists (Neylon et al,
1990). Therefore, [Ca®"], changes do not follow passively [Ca®']; changes.
Furthermore, total Ca?* concentration of the nucleus is of the order of 1073-
10" M whereas nuclear free Ca?* concentration is about 107 M and various
Ca?* binding proteins have also been reported in nucleus of several cell types
(Bachs et al, 1992). In addition, crossover immunoreactions have shown an
homology of a inner membrane Ca?-ATPase with that of the endoplasmic
reticulum in rat liver cells (Lanini et al, 1992). But, since the SR, thus the
perinuclear space is uncoupled from [Ca®']; regulation in the presence of
caffeine, it is unlikely that this compartment contribute to the early [Ca®'];
decrease during caffeine stimulation. Further experiments in smooth muscle cells

are needed to test the possible contribution of the nuclear Ca?* binding proteins.
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Studies conducted on plasma membrane vesicles of rat mesenteric artery
showed that the catalytic subunit of an endogenous cAMP-dependent protein
kinase was able to activate the ATP-dependent Ca?* transport only at high Ca?*
concentrations (Kattenburg & Daniel, 1984). In addition to its action on the
SR, caffeine has also an inhibitory effect on the cAMP phosphodiesterase
(Butcher & Sutherland, 1962) and increases cellular cAMP concentration in
smooth muscle from rabbit aorta (Deth & Lynch, 1981). Measurements of
cAMP content of rabbit aorta revealed that 10 mM caffeine could induce an
almost two fold increase of this content within 1 min at 37°C (Ahn et al, 1988).
It may be supposed that, in the presence of caffeine, the intracellular cAMP
concentration was enhanced to a certain extent, and, when [Ca®'}; reached high
concentration levels as observed in the example depicted in figure 3.12, it
activated the sarcolemmal Ca?*-ATPase further. This enhanced activity would
explain the faster component of the diexponential curve fitting the [Ca®]; decay.

The use of an agent able to induce a release as fast as that observed
during the caffeine application, to prevent the SR contribution, but, unlike
caffeine, inactive on the sarcolemmal Ca?* pump activity would provide more

information on the Ca?* regulation at high [Ca®*];.

In order to determine the mechanisms and possible cell compartments
involved in [Ca®"]; decay during caffeine applications, further experiments have
been conducted in different conditions. The results will be presented and

discussed in chapters 4, 5 and 6.
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4. NORADRENALINE AND ORGANISATION
OF THE SARCOPLASMIC RETICULUM
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4.1 Introduction

Varicose sympathetic nerve axons, which innervate arteries, are usually
confined to the adventitial layer of the vessel and the number of varicosities per
smooth muscle cell increases as the diameter of the artery decreases in guinea-
pig mesenteric arteries (Hirst & Edwards, 1989). Ultrastructural analysis of
varicosities in arterioles from the submucosa of guinea-pig ileum showed that
junctions between the neuronal membrane and the smooth muscle cell
membrane were very similar to skeletal neuromuscular junctions and, in addition
to these anatomical data, physiological data suggest the physiological control of
smooth muscle cells by released quanta of neurotransmitters (Luff et al, 1987).
Noradrenaline (NA) and ATP are the mediators of the neuromuscular
transmission of the sympathetic system in vascular smooth muscle cells and are

both vasoconstrictor.

The physiological role of extracellular ATP in vascular tone regulation is
now well established (Burnstock & Kennedy, 1986). Benham & Tsien (1987a)
described an ATP activated cation conductance that admits sufficient Ca?* in
physiological Ca?* gradient to elevate [Ca®*]; measured with indo 1 in single
smooth muscle cells of rabbit ear artery (Benham, 1989). The simultaneous
enhanced Na* entry also participates in the [Ca?']; elevation by depolarizing the

cell membrane which leads to the activation of the voltage gated Ca?* channels.

In addition, NA is also released from the adrenal medulla in small
quantities and circulates through the vascular system. Since smaller arteries are
less sensitive to NA stimulation, they are unlikely to be affected by the
circulating catecholamine which is generally at concentrations lower than 107 M.
Also, as the endothelium constitutes a physical barrier between the circulating
hormone and the smooth muscle in resistance arteries, the direct response to

NA stimulation is mainly due to sympathetic stimulation. High concentrations of
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this neuromediator undoubtedly occur near sympathetic nerve terminals after
vesicular release since peak concentrations up to 10 mM have been calculated
when a vesicle is released (Bevan et al, 1980).

The stimulatory effect of NA on vascular smooth muscle tension is well
known. This activation involves the release of intracellular Ca?* responsible for
the phasic phase of the NA induced contraction (Bohr, 1963; Deth & van
Breemen, 1977) and the enhancement of Ca?* entry which underlies the
sustained component (Briggs, 1962; Godfraind & Kaba, 1972). However it
appears that the respective contribution of each mechanism is quite variable
depending on the particular muscle and species. Devine and collaborators (1972)
showed that there was a correlation among different smooth muscles between
the importance of the extracellular Ca?* in receptor mediated contractile
response and the relative volume of the SR in the muscle. These authors
observed that rabbit mesenteric vein which has only 2.2% SR, depends
completely on external Ca®" for agonist evoked contractions, whereas main
pulmonary artery has 5.1% SR and still responds to agonists in Ca?* free
solutions. Similarly, 50% of the NA generated contraction of rat aortic smooth
muscle was inhibited by ryanodine, whereas this agent inhibited only 15% of the
response in bovine tail artery which is considered as a small vessel (Goldman
et al, 1989). Moreover, smooth muscle cells of bovine tail artery has 60% less
SR than have rat aortic cells (Ashida et al, 1988).

In rabbit mesenteric artery, studies of the inositol phospholipids
metabolism on skinned muscle showed that NA activates the synthesis of inositol
1,4,5-trisphosphate (IP3;) and induces the hydrolysis of phosphatidylinositol 4,5-
bisphosphate (PIP,). This effect is inhibited by the a;-adrenoceptor blocking
agent, prazosin (Hashimoto et al, 1986). Therefore NA is able to activate a;-
adrenoceptors which, by activation of the phospholipase C via a G-protein, leads
to the production of DAG and IP;. The IP;-induced Ca?* release from internal
sites was demonstrated in saponin-skinned single cells of porcine coronary artery
by **Ca uptake and release measurements (Suematsu et al, 1984). This and

another study with Ca?*-sensitive electrodes of Ca?" release and contraction
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induced by IP; on saponin- or digitonin-permeabilized rabbit main pulmonary
artery smooth muscle (Somlyo et al, 1985) allowed the identification of IP; as
the physiological second messenger responsible for the pharmacomechanical
coupling of the NA stimulation in vascular smooth muscles. Heparin, which is
able to block the IP, induced Ca?* release in various cell types, inhibits also
specifically the IP; induced release but not that induced by caffeine in saponin-
permeabilized rabbit main pulmonary artery. (Kobayashi et al, 1988). The
intracellular Ca®* store sensitive to IP; was determined as part of the SR in
canine aortic smooth muscle by monitoring the Ca?* release with the calcium
indicator antipyrilazo III (Watras & Benevolensky, 1987). Finally, the openings
of IP; activated Ca?" channels which differ from the Ca?" gated Ca?* channels,
were observed by means of current measurements on SR vesicles of canine
aortic smooth muscles, included in bilayers (Ehrlich & Watras, 1988).

The wvariability of structure and distribution of the SR described in
chapter 3 is also associated with a functional heterogeneity. The nature of the
NA sensitive intracellular store has been studied in smooth muscle from
different tissues. Measuring [Ca?*] at different levels of the SR by electron probe
analysis, Bond et al (1984) demonstrated that NA releases intracellular Ca®*
from junctional SR in portal vein smooth muscle cells from guinea-pig. On the
other hand, Ca®* release from internal SR as well as from junctional SR during
NA evoked contraction has been shown in rabbit main pulmonary artery smooth
muscles, using focused electron probes (Kowarski et al, 1985). In rabbit
mesenteric artery, Saida & van Breemen showed by measuring the contractile
response, that NA can release Ca?* from the caffeine-sensitive store. But, the
release from the NA sensitive internal Ca?* store may be the trigger for a
second release from the caffeine sensitive store as observed in rabbit mesenteric
strips (1983) and rabbit aorta (1984). In skinned smooth muscle strips from
guinea-pig mesenteric artery, a concentration of 3x10”” M internal Ca?* or higher
is needed to induce a Ca?* release (Itoh et al, 1981) while in skinned rabbit
mesenteric artery this concentration has to reach 10°® M to observe the release

(Saida & van Breemen, 1984). By measuring directly [Ca%']; changes induced by
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IP; applications to skinned fibre bundles of smooth muscle from guinea-pig
caeci, Iino (1987) observed a Ca?* release in the absence of Ca?* in the
experimental solution with an IP; concentration of 1 uM. This author also found
that the release rate was strongly increased by Ca?" at submicromolar range
which is too low to trigger the Ca®* induced Ca®' release. Furthermore, it
appears that in this tissue, the Ca?* releasable store sensitive to IP; includes that
sensitive to caffeine ie. the Ca?* sensitive SR. Therefore the direct
measurements of the NA and caffeine effects on [Ca?*]; with indo 1 may be a
way to obtain more precise information on the structure of the internal Ca%
stores of smooth muscle cells from rat mesenteric artery.

In addition to the effect on Ca?" release from the SR, it has been
reported that a;-adrenergic stimulation may also activate a Ca®* entry through
receptor operated Ca?* channels. In anterior mesenteric artery from guinea-
pig, Bolton and collaborators (1984) observed contractions elicited by NA
accompanied with depolarisation which was too small to activate the voltage
sensitive Ca?* channels. But the direct observation of receptor operated Ca®*
channels has not been done yet. On the other hand, different effects of NA
have been observed on voltage activated ICaZ*E channels that could also explain
results attributed to receptor activated channel activity. For example, Nelson and
collaborators (1988), using the cell attached configuration of the patch clamp
technique in rabbit mesenteric artery smooth muscle cells, described a shift
toward more negative potentials of the activation curve of the L-type Ca®*
current due to NA via a second messenger and did not find any receptor
operated Ca?" channel. This could explain the contribution of a Ca?* entry
induced by NA through L-type Ca?* channels to contraction in the absence of
depolarisation, observed by Bolton and collaborators (1984) without the
involvement of receptor operated channels.

Furthermore, Jim et al (1988) observed an enhanced **Ca uptake and
tension induced by phorbol esters which are protein kinase C activators and,
thus mimic the effects of DAG. Fish and collaborators (1988) demonstrated that

phorbol esters may increase dihydropyridine-sensitive (L-type) Ca®* currents in
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cultured vascular smooth muscle cells from rat aorta.

However, the different pathways of NA effects on [Ca?*]; and the actual
effects of the hormone on Ca?* entry for example are not homogeneous among
the vascular smooth muscles of different types. Pacaud et al, (1991) found that
NA was increasing the open state probability without changing the voltage
dependence of the Ca?* channel activation in rat portal vein while Nelson and
collaborators, as seen above showed indirectly (by force measurements) such an
activation at lower potentials. On the other hand, phenylephrine, a specific a;-
agonist, had the opposite effect on voltage-gated Ca?*-channels in rabbit ear
artery smooth muscle. The patch-clamp technique applied on isolated cells
showed the inhibition of the Ba?* current through the Ca?* channels in the
presence of the aj-agonist (Droogmans et al, 1987) and application of this
substance to K* depolarized tissue, decreased the steady-state [Ca®*];, measured
with fura-2, to a reduced level (Declerck et al, 1990). This last effect did not
occur when the protocol was repeated in the presence of verapamil, a L-type
Ca?* channel blocker.

Finally, a sustained increase of the L-type Ca®* current has been reported
in smooth muscle cells from rabbit ear artery in the presence of NA, by a
mechanism insensitive to pre-treatment with o- and B-adrenergic blockers
(Benham & Tsien, 1988).

However, it is interesting to note that differences in responsiveness of
cells from different topological origins appear to be dependent on the genomic
expression of the cells rather than on their environment in vivo since they are
reproduced in secondary generations as demonstrated by Bodin et al (1991) in

subcultured rat smooth muscle cells from different aortic segments.

In the rat mesenteric artery, the effect of. NA on contraction has been
shown to by mediated via an a;-type receptor (Nielsen et Mulvany, 1990). It has
been mentioned earlier the activation of the L-type Ca?* channel by NA in the

same cell type and origin (Nelson et al, 1988). In dog mesenteric artery, the

&3



contractile response to phenylephrine was inhibited by 48% by 107® M nifedipine
indicating a large contribution of Ca®* entry via L-type Ca®* channels (Guan et
al, 1990).

However, the aim of the experiments to be presented in this chapter is
to determine the functional constitution of the sarcoplasmic reticulum and its
involvement in the response to NA stimulation by direct measurements of

[Ca%"]; in isolated smooth muscle cells from rat mesenteric secondary arteries.
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4.2. Results

The use of collagenase in the isolation of smooth muscle cells has been
criticized since it was shown to severely decrease or abolish electrical responses
to catecholamines of cells from guinea-pig taenia caecum and main pulmonary
artery (Tokuno & Tomita, 1987). Despite the use of this enzyme in the
dispersion procedure, adrenoceptors were preserved in most of the tested
smooth muscle cells. But in some cells, no response was elicited whatever the
tested NA concentration. In others, the sensitivity to NA was transient. Only
cells which responded identically to two consecutive NA applications, thus able

to restore the NA sensitive internal Ca?* store, were used.

4.2.1 Noradrenaline effects on [Ca®"];

Applications of noradrenaline (10 uM) on resting smooth muscle cells
evoked a transient [Ca®*]; increase in control conditions. A typical response is
presented in figure 4.1. Unlike the caffeine induced response, NA evoked
transient responses decreased very quickly (see figure 4.10, top trace and bottom
traces, for comparison in the same cell). The amplitude of this response
represented 86.3 = 5.5% of that induced by caffeine (n = 10). The difference
was not considered significant after analysis by the means of a t-test (p > 0.01).
In some cells, as illustrated in figure 4.1, the ratio decreased to a steady-state
below resting level during a relatively long application. When NA was removed,
the ratio slowly returned to the resting level recorded prior to the NA
application. In other cells, as clearly illustrated in figure 4.2, the ratio decreased
further on NA removal, before eventually returning to control level. This feature
was observed in 73.4% of the studied cells (n = 109). Figure 4.3 depicts an
example of results obtained in a few cells. A smaller NA concentration (3 uM)
induced a [Ca?']; transient response followed by [Ca?'}; oscillations which
continued for some time under control conditions. In this example, a second
application provoked a first [Ca?*]; transient increase that recovered totally and

was followed by a second transient increase and smaller irregular oscillations.
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A third application of NA provoked a single transient increase similar to the
typical one observed in most cells. After a rest of 8 min, the amplitude of the
NA evoked response was roughly half decreased. Whereas a single transient
[Ca?']; increase evoked by NA could be repeated, such complex responses,

observed in the presence of 3 or 10 uM NA, were not stable.

In order to test wether the action of NA was via an a,-stimulation,
phentolamine (PA) an a-adrenergic antagonist was tested on NA evoked
response. Figure 4.4 shows the effects of 3 uM NA under control conditions and
in the presence of 1 uM PA. In this cell, a transient [Ca?']; increase was
induced by NA. When applied simultaneously with PA, NA failed to evoke any
ratio change. 14 min later, the NA evoked [Ca?'}; response was fully restored.
This result was observed in 5 of 6 cells. In one cell, the NA evoked ratio
response, inhibited by 1 uM PA, did not recover when the antagonist was

washed out.

Since the NA effect on [Ca?*]; has been described as the activation of a
sarcolemmal Ca?* channel associated with a Ca?* release from the SR, the same
experiment was repeated in the absence of external Ca?*. As seen in figure 4.5,
the removal of external Ca®* did not prevent the transient ratio increase and the
response was repeated when [Ca®"], was restored. It can be noticed that the
amplitude of the NA evoked [Ca?']; increase is slightly reduced in the absence
of external Ca?'. Since this reduction was increased in control conditions, this
observation may indicate a rundown of the NA-evoked Ca?* increase rather than
the existence of a possible component of the transient NA effect, dependent on
the external [Ca?']. However, as the Ca®* free solution contained 5 mM EGTA
to chelate any Ca?", this result indicates that the transient component of the
NA evoked response is independent of external Ca?*. On the other hand, NA-
evoked oscillation patterns observed in the presence of external Ca*" were not

repeated when Ca®* was removed from the extracellular solution.
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