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Abstract

The sarcoplasmic reticulum (SR) Ca2+-ATPase (SERCA2a) is under
the control of an SR protein named phospholamban (PLN). Dephos-
phorylated PLN inhibits SERCA2a, whereas phosphorylation of PLN
at either the Ser16 site by PKA or the Thr17 site by CaMKII reverses this
inhibition, thus increasing SERCA2a activity and the rate of Ca2+

uptake by the SR. This leads to an increase in the velocity of relax-
ation, SR Ca2+ load and myocardial contractility. In the intact heart, ß-
adrenoceptor stimulation results in phosphorylation of PLN at both
Ser16 and Thr17 residues. Phosphorylation of the Thr17 residue requires
both stimulation of the CaMKII signaling pathways and inhibition of
PP1, the major phosphatase that dephosphorylates PLN. These two
prerequisites appear to be fulfilled by ß-adrenoceptor stimulation,
which as a result of PKA activation, triggers the activation of CaMKII
by increasing intracellular Ca2+, and inhibits PP1. Several pathologi-
cal situations such as ischemia-reperfusion injury or hypercapnic
acidosis provide the required conditions for the phosphorylation of the
Thr17 residue of PLN, independently of the increase in PKA activity,
i.e., increased intracellular Ca2+ and acidosis-induced phosphatase
inhibition. Our results indicated that PLN was phosphorylated at Thr17

at the onset of reflow and immediately after hypercapnia was estab-
lished, and that this phosphorylation contributes to the mechanical
recovery after both the ischemic and acidic insults. Studies on trans-
genic mice with Thr17 mutated to Ala (PLN-T17A) are consistent with
these results. Thus, phosphorylation of the Thr17 residue of PLN
probably participates in a protective mechanism that favors Ca2+

handling and limits intracellular Ca2+ overload in pathological situa-
tions.
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Introduction

Figure 1 is a schematic illustration of the
central players in the excitation-contraction
coupling mechanism. Upon depolarization,
Ca2+ enters the cell through L-type Ca2+

channels and triggers the release of more
Ca2+ from the sarcoplasmic reticulum (SR)
through the activation of the ryanodine re-
ceptors. This process, known as Ca2+-in-
duced-Ca2+ release (1), amplifies and coor-
dinates the Ca2+ signal to produce contrac-
tion by interacting with myofilament pro-

teins. The decrease in cytosolic Ca2+ to pro-
duce relaxation is mainly induced by SR
Ca2+-ATPase (SERCA2a), which mediates
Ca2+ uptake into the SR, and, to a lesser
extent, by the Na+/Ca2+ exchanger, which
transfers Ca2+ to the extracellular space (2).

The activity of SERCA2a is under the
control of a closely associated SR protein
named phospholamban (PLN) (3). In the
dephosphorylated form, PLN decreases the
apparent affinity of SERCA2a for Ca2+ (4,5).
Phosphorylation of PLN relieves this inhibi-
tion, thus increasing SR Ca2+ uptake. Ex-
periments on the intact heart have shown
that ß-adrenoceptor stimulation phosphory-
lates PLN at the Ser16 residue by cAMP-
dependent protein kinase (PKA) and at the
Thr17 site by Ca2+-calmodulin-dependent
protein kinase II (CaMKII). Phosphoryla-
tion of these sites reverses the inhibition of
SERCA2a by PLN, thus increasing the af-
finity of the enzyme for Ca2+ and the rate of
Ca2+ uptake by the SR. This in turn leads to
an increase in the velocity of relaxation, SR
Ca2+ load and, as a consequence, increased
SR Ca2+ release and myocardial contractility
(6-9) (Figure 2). The status of phosphoryla-
tion of PLN also depends on the activity of
type 1 phosphatase (PP1), the major SR-
phosphatase, which specifically dephospho-
rylates PLN (10). Although, as stated above,
ß-adrenergic stimulation phosphorylates
Ser16 and Thr17 of PLN, the role of the phos-
phorylation of Thr17 has been generally dis-
regarded. The present article focuses on the
role of the Thr17 site of PLN during ß-adre-
nergic stimulation and under different patho-
logical conditions such as acidosis and is-
chemia/reperfusion injury.

Role of the phosphorylation of Thr17

of PLN during ß-adrenergic
stimulation

Although in vitro studies indicate that
PKA and CaMKII phosphorylations are in-
dependent of each other (11), earlier at-

Figure 1. Central players of excitation-contraction coupling (ECC) in cardiac muscle.
Scheme of the ECC mechanism in cardiac muscle. Upon depolarization, Ca2+ influx
through L-type Ca2+ channels or dihydropyridine receptor (DHPR) triggers the release of
more Ca2+ from the sarcoplasmic reticulum (SR). This Ca2+ binds to the myofilaments (MF)
to produce contraction. Part of the Ca2+ is then extruded outside of the cell through the Na+/
Ca2+ exchange mechanism (NCX), working in the forward mode, but most of it is re-taken
up by SR Ca2+-ATPase (SERCA2a). Phospholamban (PLN) is a small SR protein associ-
ated with SERCA2a. The state of PLN phosphorylation regulates the activity of this Ca2+

pump. RyR2 = ryanodine receptor; SL = sarcolemma.

Figure 2. Phospholamban phos-
phorylation leads to an increase
in SR Ca2+ uptake which accel-
erates relaxation and enhances
SR Ca2+ load. More Ca2+ is then
available for release from the
SR, resulting in increased con-
tractility. Thus, phospholamban
is a major regulator of myocar-
dial relaxation and contractility.
SR = sarcoplasmic reticulum.
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tempts to phosphorylate PLN by CaMKII in
the intact heart usually failed, unless cellular
cAMP levels increased (6,7,12). These find-
ings suggested an interaction between the
PKA and CaMKII pathways for PLN phos-
phorylation. The availability of transgenic
models expressing wild-type PLN (PLN-
WT), the Ser16→Ala mutant PLN (PLN-
S16A) or the Thr17→Ala mutant PLN (PLN-
T17A) in the cardiac compartment of PLN
knock-out mice, and of phosphorylation site-
specific antibodies to PLN, which precisely
discriminate between the Ser16 and the Thr17

phosphorylation sites, in combination with
the quantification of 32P incorporation into
PLN, helped to clarify the relative role of
Ser16 and Thr17 phosphorylation (9,13,14).
Experiments in transgenic mice expressing
either PLN-WT or the PLN-S16A, indicated
that the phosphorylation of Ser16 of PLN is a
prerequisite for the phosphorylation of Thr17

(13). Other experiments conducted with
PLN-T17A hearts further indicated that the
Ser16 site can be phosphorylated independ-

ently of Thr17 in vivo and that phosphoryla-
tion of Ser16 was sufficient to evoke the
maximal effect of ß-adrenergic stimulation
(14).

Figure 3A, shows the increase in total
PLN phosphorylation produced by increas-
ing isoproterenol concentration in the car-
diac perfusate. When Ca2+ influx to cardiac
cells was virtually abolished by the presence
of low extracellular Ca2+ (Ca2+)o and the
Ca2+ channel blocker nifedipine to prevent
CaMKII activation, total PLN phosphoryla-
tion decreased at the highest isoproterenol
concentrations (10, 30, and 300 nM), but did
not significantly change at the lowest levels
of  ß-adrenoceptor stimulation (0.3 and 3
nM). These results suggested that there was
no contribution of the CaMKII pathways to
the total phosphorylation of PLN at the low-
est isoproterenol concentrations. Immuno-
detection of site-specific phosphorylated
PLN revealed an isoproterenol concentra-
tion-dependent increase in both Ser16 and
Thr17 residues of PLN at normal (Ca2+)o

Figure 3. Isoproterenol (Iso) concentration-dependent increase in 32P incorporation into phospholamban (PLN)
and in the phosphorylation of Ser16 and Thr17 residues at two different levels of extracellular Ca2+. A, Rat hearts
were perfused with 32P and then with different isoproterenol concentrations at two different levels of Ca2+. The
virtual suppression of Ca2+ supply to the heart (70 µM (Ca)o + 0.4 µM nifedipine) significantly decreased 32P
incorporation into PLN (32P-PLN), at 10, 30 and 300 nM Iso, but failed to affect it at 0.3 and 3 nM Iso. Data are
reported as percent maximal 32P incorporation into PLN. B and C, Densitometric analysis of the signal of
immunoblots of sarcoplasmic reticulum membrane vesicles isolated from rat hearts perfused with different Iso
concentrations at two (Ca2+)o, and probed with anti-PSer16-PLN and anti-PThr17-PLN. At 1.35 mM (Ca)o, Iso
increased the phosphorylation of both Ser16 and Thr17 (B). Phosphorylation of Thr17 was shifted to the right relative
to the increase in the phosphorylation of Ser16. The decrease in (Ca2+)o, as shown in panel A, did not significantly
affect the phosphorylation of Ser16 but inhibited the increase in the phosphorylation of Thr17 at all Iso concentra-
tions (C). Data are reported as percent of the maximal signal achieved in each experimental series. *P < 0.05
compared to no drug values at normal (Ca2+)o (B) and at low (Ca2+)o (C) (Student t-test for unpaired samples).
Modified from Ref. 15, with permission.
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(Figure 3B). However, when isoproterenol
was perfused in the presence of low (Ca2+)o,
Ser16 was the only site to show a concentra-
tion-dependent increase in phosphorylation
(Figure 3C). At each isoproterenol concen-
tration, Ser16 was phosphorylated to a simi-
lar extent, independently of the phosphory-
lation of Thr17. In order to correlate the
changes observed at the specific phosphory-
lation sites of PLN with the mechanical ac-
tivity of the heart during  ß-adrenergic stim-
ulation, Ca2+ supply to the cell was decreased
so as to cancel the positive inotropic effect
of each isoproterenol concentration. Figure
4 shows that this maneuver decreased the
phosphorylation of Thr17 in association with
a significant reduction of the relaxant effect

of the ß-agonist at 10 and 30 nM isoprote-
renol (9,15). However, at 3 nM isoprote-
renol, decreasing (Ca2+)o had no significant
effect on Thr17 or Ser16 phosphorylation, nor
did it modify the relaxant effect of isoprote-
renol, supporting earlier experiments in
which total PLN phosphorylation was evalu-
ated with 32P (15,16). The lack of a contribu-
tion by Thr17 to the total PLN phosphoryla-
tion at the lowest isoproterenol concentra-
tions might be attributed to a modest PKA
activity, unable to cause an increase in intra-
cellular Ca2+, sufficient to activate CaMKII,
as well as a significant phosphatase inhibi-
tion necessary to detect the phosphorylation
of the Thr17 residue (15), as it will be dis-
cussed below.

Figure 4. Effects of decreasing (Ca2+)o on mechanical parameters and phospholamban (PLN) phosphorylation
sites at different isoproterenol (Iso) concentrations. A, Ca2+ supply to the heart was decreased so as to abolish the
Iso-induced positive inotropic effect at the different concentrations. (Ca)o was 0.25 mM at 30 and 10 nM Iso and
0.50 mM at 3 nM Iso. Contractility was evaluated by the maximal rate of rise in pressure (+dP/dt). Phosphorylation
of Ser16 of PLN (PSer16-PLN), induced by the different concentrations of Iso, was not affected by the decrease in
(Ca2+)o (B); however, this decrease, reduced the phosphorylation of Thr17 (C) as well as the isoproterenol-induced
relaxant effect (decrease in half relaxation time, t1/2) (D), at 30 and 10 nM Iso. At 3 nM Iso the decrease in (Ca2+)o
did not affect either the Iso-induced phosphorylation of Thr17 or the relaxant effect. +dP/dt is expressed as
percentage of control values. t1/2 is expressed as difference from control values (∆ ms). Site-specific phosphoryla-
tion of PLN is expressed as percent of the signal obtained with 30 nM Iso at 1.35 mM (Ca)o. *P < 0.05 compared to
the corresponding Iso concentration at control (Ca2+)o (Student t-test for unpaired observations). Modified from
Ref. 15, with permission.
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Taken together, these findings demon-
strate: a) the additive nature of the PKA and
CaMKII pathways of PLN phosphorylation,
in agreement with in vitro results (11); b)
that both sites equally contribute to the total
PLN phosphorylation at the highest levels of
ß-adrenergic stimulation; c) that at low iso-
proterenol concentrations (≤3 nM), the in-
crease in PLN phosphorylation and the re-
laxant effect of isoproterenol appear to be
exclusively determined by the increase in
the phosphorylation of the Ser16 residue.

Phosphorylation of Thr17 of PLN
in the absence of  ß-adrenergic
stimulation

The conclusion that CaMKII-dependent
PLN phosphorylation can only occur in the
intact heart in the presence of ß-adrenergic
stimulation, i.e., when the cAMP levels
within the cell and PKA activity increase
(7,12), was in sharp contrast with the inde-
pendence of both pathways of PLN phos-
phorylation described in in vitro systems
(11). Figure 5 shows that the increase in
contractility (intracellular Ca2+) produced by
increasing extracellular Ca2+, in the pres-
ence of the phosphatase inhibitor, okadaic
acid, evoked a significant increase in Thr17

phosphorylation associated with a relaxant
effect, in the absence of any significant in-
crease in cAMP levels or in the phosphory-
lation of Ser16 of PLN (9). These results
indicate that the Thr17 residue can be phos-
phorylated independently of Ser16 phospho-
rylation, as was described in vitro and fur-
ther emphasize that phosphatases are as im-
portant as kinases in determining the level
of phosphorylation of any protein. Accord-
ingly, phosphorylation of the Thr17 residue
in the intact heart could be detected in two
situations: a) in the presence of high extra-
cellular Ca2+ (to activate CaMKII) and of
okadaic acid (to inhibit PP1), and b) at high
intracellular cAMP, which, by activation of
PKA, accounts for both effects, i.e., the in-

crease in intracellular Ca2+ and the inhibition
of PP1.

In the context of the experiments decribed
above, it is important to discuss the apparent
contradiction between some of the results of
the experiments on transgenic mice (13,14)
and of phosphorylation experiments con-
ducted on animals with an intact PLN (7-
9,15). The failure to find PLN phosphoryla-
tion (i.e., Thr17 phosphorylation) in trans-
genic mice in which the Ser16 site was mu-
tated to Ala (13) - which would apparently
contradict the results of the phosphorylation
experiments showing that Thr17 can be phos-
phorylated independently of Ser16 phospho-
rylation (9,22) - must be attributed to the fact
that the lack of phosphorylation of the Ser16

site under conditions of ß-stimulation pre-
cludes the increase in intracellular Ca2+ nec-
essary to phosphorylate the Thr17 residue.
Moreover, the experiments showing that in
transgenic mice in which the Thr17 site was
mutated to Ala, Ser16 phosphorylation was
sufficient to mediate the maximal response
to isoproterenol (14), do not necessarily con-
tradict the results of the phosphorylation
experiments which indicate that, when both

Figure 5. Effects of increasing
(Ca2+)o and inhibition of phos-
phatases on the phosphoryla-
tion of Thr17 of phospholamban
(PLN) and mechanical relax-
ation. A, The increase in (Ca2+)o
in the presence of okadaic acid
(OA) increased the phosphory-
lation of Thr17 site of PLN. B,
The increased phosphorylation
of the Thr17 site was associated
with a decrease in half relax-
ation time (t1/2). *P < 0.05 com-
pared to 0.25 mM Ca2+ + OA.
(Student t-test for paired (me-
chanical) or unpaired (biochemi-
cal) data). Modified from Ref. 9,
with permission.
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ate tension (17). Acidosis produces a rapid
decrease in the contraction of cardiac muscle
mainly due to a decrease in myofilament
Ca2+ responsiveness (18) and an impairment
of relaxation, which occurs in spite of the
decrease in the responsiveness of the con-
tractile proteins and appears to be mainly
produced by a direct inhibition of SERCA2a
(19). This initial impairment of contractility
and relaxation is followed by a spontaneous
mechanical recovery. The mechanisms un-
derlying this recovery are poorly understood.
Figure 6 shows that phosphorylation of the
Thr17 site of PLN transiently increases at the
onset of acidosis and is associated with a
large part of the contractile and relaxation
recoveries, most of which occurred within
the first 3 min of acidosis. This phosphoryla-
tion would provide a mechanism to over-
come the direct depressant effect of acidosis
on SERCA2a (19). Whereas Ser16 was not
phosphorylated during the period of acido-
sis, the Thr17 site became dephosphorylated
after 5 min of acidosis (20), which would
indicate that the phosphorylation of these
sites does not contribute to the contractile
and relaxation recoveries observed after 5
min of acidosis or that the phosphorylation
of the Thr17 residue has “memory”, trigger-
ing a mechanism that persists throughout the
period of acidosis. The increase in the phos-
phorylation of the Thr17 site at the beginning
of acidosis might be attributed to the in-
crease in intracellular Ca2+ that has been
shown to occur during acidosis (19), and
to the acidosis-induced phosphatase inhibi-
tion (21). These two phenomena provide the
necessary conditions to increase the phos-
phorylation of the Thr17 site (22). Dephos-
phorylation of the Thr17 residue would occur
after the recovery of phosphatase activity
due to the return of intracellular pH to values
close to control (23). Consistent with the
important role of Thr17 phosphorylation
in the mechanical recovery from acidosis,
experiments by DeSantiago et al. (24) showed
absence of mechanical recovery in myo-

Figure 6. Effect of acidosis on left ventricular function and on the phosphorylation of Thr17 of
phospholamban (PLN). Hypercapnic acidosis produced an initial (30 s) decrease in con-
tractility (maximal rate of rise in pressure, +dP/dt) (A) and an antirelaxant effect (prolonga-
tion of the time constant of left ventricular developed pressure decay, Tau) (B), followed by
mechanical recovery, most of which occurred during the first 3 min of acidosis. Phosphory-
lation of the Thr17 site of PLN increased simultaneously with the early recovery of contractil-
ity and relaxation (A and B) and then returned to basal levels. Phosphorylation of Ser16

remained at basal levels throughout the acidosis period (not shown). Phosphorylation of
Thr17 is reported as indicated in Figure 4C. +dP/dt is reported as percent of basal values.
Tau is reported as ∆ ms of basal values. *P < 0.05 compared to basal values (Student t-test
for paired (mechanical) or unpaired (biochemical) data). Modified from Ref. 20, with permis-
sion.

sites are present, they both contribute to the
total phosphorylation of PLN and to the
mechanical effect of ß-adrenoceptor stimu-
lation (7,9,15).

Role of the phosphorylation of Thr17

of PLN in pathological conditions
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cytes lacking PLN. Finally, a more promi-
nent role of the phosphorylation of PLN
residues might be expected in vivo. Sys-
temic acidosis is known to increase sympa-
thetic nerve activity (25). This increased
sympathetic tone may produce a more
persistent phosphorylation of both the Thr17

and Ser16 residues of PLN, with a further
contribution to mechanical recovery.

Stunning

Ischemic heart diseases still constitute
the leading cause of mortality and morbidity
in industrialized countries. Myocardial stun-
ning is recognized as the reversible decrease
in myocardial contractility that follows a
brief ischemic episode, clinically manifested
as sluggish recovery of the pump function

Figure 7. Time course of phospholamban (PLN) Ser16 and Thr17 phosphorylation and of left ventricular function
during ischemia and reperfusion. Representative immunoblots (A and B, above) and overall results of densitomet-
ric analysis of the signals of inmunoblots (A and B, below) of sarcoplasmic reticulum membrane vesicles isolated
from hearts freeze-clamped after 20 min of global ischemia (Isch) and at 1, 5, and 30 min during reperfusion (R1-
R30 min). The blots were probed with anti PSer16-PLN (A) and anti PThr17-PLN (B). Phosphorylation of PLN sites
induced by 30 nM isoproterenol (Iso) in non-ischemic hearts is shown in the blots for reference. Ser16 phosphory-
lation significantly increased after 20 min of ischemia and Thr17 phosphorylation transiently increased at 2-5 min of
ischemia and at 1 min of reperfusion. Left ventricular developed pressure (LVDP) (C) decreased to virtually non-
detectable levels after cessation of flow and reperfusion resulted in a partial recovery of contractility. In spite of the
impairment in contractility, t1/2 (D) recovered immediately after ischemia and then significantly decreased below
pre-ischemic values (PI), indicating an acceleration of ventricular relaxation. Points represent the mean ± SEM of
data from 51 hearts freeze-clamped at 20 min of ischemia and 1, 2, 3, 5, 15, and 30 min of reperfusion. LVDP is
reported as percent PI and t1/2 as ∆ ms of PI. Site-specific PLN phosphorylation is reported as shown in previous
figures. *P < 0.05 compared to PI (Student t-test for paired (mechanical) or unpaired (biochemical) data). Modified
from Ref. 35, with permission.
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after revascularization (26,27). Although the
phenomenon of myocardial stunning was de-
scribed over 25 years ago (28), the mechan-
isms responsible for the delayed recovery of
contractile function are not completely clear
(29). Different types of evidence obtained in
rodents and humans indicate that the ultimate
cause of the alteration of myocardial contrac-
tility is a decrease in myofilament Ca2+ re-
sponsiveness, since the Ca2+ transient is not
altered, although contractility is decreased (29).
On the other hand, experimental evidence
indicates that the function of the SR is altered
both in reversible and irreversible ischemia-
reperfusion injury (30-34). In particular, in the
case of myocardial stunning, a decrease in the
activity of SERCA2a and/or in the rate of Ca2+

reuptake by the SR has been described in
several species (31-34). Thus, an obvious ques-
tion is: why does the intracellular Ca2+ tran-
sient remain unaltered in species in which SR
function is depressed? A possible explanation
for this apparent contradiction is that compen-
satory mechanisms can overcome the de-
pressed SERCA2a activity. One possible com-
pensatory mechanism is the phosphorylation
of PLN. To test this hypothesis, we studied the
time course of phosphorylation of PLN resi-
dues at different times during ischemia/reper-
fusion (35). Figure 7 shows the time course of
left ventricular developed pressure (LVDP),
half relaxation time (t1/2) and the phosphoryla-
tion of Ser16 and Thr17 residues of PLN during
ischemia and reperfusion. LVDP decreased to
virtually undetectable levels after cessation of

flow. Reperfusion resulted in a partial recov-
ery of LVDP. In spite of the reduction of
contractility, t1/2 recovered immediately after
ischemia and then significantly decreased be-
low pre-ischemic values, indicating an accel-
eration of ventricular relaxation. Phosphory-
lation of Ser16 was significantly increased at
the end of ischemia, but returned to basal
values during the reperfusion period. Phos-
phorylation of the Thr17 residue of PLN tran-
siently increased both at the beginning of
ischemia (2-5 min) and at the beginning of
reperfusion (1 min), remaining at pre-ischemic
values for the rest of the reperfusion period.
The decrease in Thr17 phosphorylation by
CaMKII inhibition, prolonged t1/2, which indi-
cates that the phosphorylation of Thr17, when
present, attenuates the impaired relaxation that
occurs at the beginning of reperfusion (36).
Figure 8 shows the time course of contractile
and relaxation parameters during ischemia
and reperfusion in PLN-WT and PLN-T17A
mutant hearts. The recovery of LVDP was
significantly lower in PLN-T17A mutant hearts
than in PLN-WT hearts throughout the reper-
fusion period, whereas the time constant of
pressure decay, Tau, was significantly pro-
longed at the beginning of reperfusion and
then recovered to values close to control. Ad-
ditional experiments also showed that the con-
tractile recovery was depressed in PLN-S16A
mutant hearts compared to the heart of PLN-
WT mice. However, this depression only oc-
curred at the beginning of reperfusion (36).
These results indicate that phosphorylation of

Figure 8. Functional role of Thr17

phosphorylation in the ischemia-
reperfused mouse heart. Time
course of left ventricular devel-
oped pressure (LVDP; A) and
Tau (B) during ischemia and re-
perfusion in wild-type phospho-
lamban (PLN-WT) and PLN with
a Thr17 to Ala mutation (PLN-
T17A) mouse hearts. Mutation
of Thr17 to Ala is associated with
diminished contraction and re-
laxation recoveries after the is-
chemic insult compared to PLN-
WT mouse hearts. *P < 0.05
compared to PLN-WT (Student
t-test for unpaired observations).
Modified from Ref. 36, with per-
mission.
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Thr17, although transient, may play a signifi-
cant role in the critical phase of initial reper-
fusion, favoring Ca2+ re-uptake by the SR.
This would tend to compensate for the de-
pression of SERCA2a and would ameliorate
Ca2+ overload, typical of the beginning of
reflow (29). Moreover, these experiments
indicate that activation of SERCA2a by any
other means, at this crucial moment of reper-
fusion, may contribute significantly to Ca2+

handling. In agreement with this view, re-
cent experiments suggested that the cardio-
protection produced by cGMP-mediated
stimuli in reoxygenated cells is associated
with an increase in the phosphorylation of
Ser16 of PLN (37).

Conclusions

Taken together, these findings suggest
that the Thr17 site of PLN has an important
role, not only under physiological condi-
tions, such as ß-adrenoceptor stimulation,
but also in the mechanical recovery under
some pathological conditions such as acido-
sis and stunning. An interesting point is that,
although the phosphorylation experiments
reveal that the phosphorylation of Thr17 is
transient and occurs only at the beginning of
both acidosis and reperfusion, the presence
of this residue and/or of an intact PLN seems
to be necessary for mechanical recovery dur-
ing the reperfusion or acidosis period.
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