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Abstract

In skeletal muscle, 4 h of ischemia followed by 30 min of reperfusion depolarizes the fibers, markedly increases the Cl1~ and
glibenclamide-sensitive K* conductances and reduces the excitability of the fibers. The ischemia-reperfusion also significantly
decreases the ATP content of the muscles. In the present work, the electrical parameters of reperfused extensor digitorum
longus muscle of rats were rneasured in vitro at 30°C, by a computerized two-intracellular microelectrode technique, before and
after in vivo pretreatment with equimolar doses of phosphocreatine disodium salt tetrahydrate, phosphocreatine di-L-arginine
salt and L-arginine hydrochloride. In the same experimental situations the ATP content of the muscles was also measured. Both
phosphocreatine salts prevented the increase of membrane ion conductance due to muscle reperfusion by preloading the muscle
fibers with extra ATP. Phosphocreatine disodium salt also prevented the depolarization and restored the normal excitability of
the reperfused fibers. In contrast, phosphocreatine di-L-arginine salt did not restore the resting potential nor the excitability of
the fibers, but it decreased the amplitude of the action potential by reducing the overshoot. The pretreatment with L-arginine
also failed to protect the electrical parameters of the fibers from the ischemic-reperfusion insult. Furthermore, the L-amino acid
produced a more pronounced reduction of the excitability of the fibers by increasing the threshold current needed to elicit an
action potential and reducing its overshoot. The in vitro application of L-arginine to the muscle also reduced the overshoot of the
action potential, suggesting a direct interaction of the L-amino acid with Na™* channels.

Keywords: Ischemia; Reperfusion; Skeletal muscle; Phosphocreatine disodium salt; Phosphocreatine di-L-arginine salt; L-Arginine;
Current clamp; Electrophysiology

1. Introduction

Skeletal muscle, which is generally considered to
have great tolerance to sustained ischemia, may instead
develop important abnormalities after a brief post-
ischemic reflow period (Smith et al., 1989; Yokota et
al., 1989; Walker, 1991). Several authors have shown
that short-term reperfusion may cause alterations of
the metabolic state of the cells such as a decrease of
phosphocreatine and ATP content, lowering of intra-
cellular pH as well as morphological and functional
derangement of the muscle fibers (Walker, 1991; Eck-
ert and Schnackerz, 1991, Mars and Gregory, 1991). In
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agreement with these observations, we have recently
found that, in rat extensor digitorum longus muscle, 4
h of ischemia followed by 30 min of reperfusion low-
ered the ATP content of the muscle, depolarized the
fibers, markedly increased the resting chloride and
glibenclamide-sensitive potassium conductance, and re-
duced the fiber excitability (Tricarico and Conte
Camerino, 1994a). On the basis of these findings we
have hypothesized that the energy depletion of the cell
occurring during reperfusion may cause a loss of
Na*/K* ATPase activity and the opening of ATP-sen-
sitive K* channels (K, p), whose activity is strictly
dependent on the intracellular ATP content (Tricarico
and Conte Camerino, 1994a). Additional support for
the role of ATP in the modulation of the activity of
Krp channels and Na*/K* ATPase pump of the
sarcolemma is that these membrane transporters seem
to be more sensitive to a decrease in ATP concentra-
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tion than other cytosolic enzymes (Jones, 1986; Niki et
al., 1989). One of the hypotheses to explain this phe-
nomenon involves the existence of an ATP gradient
into the cells that provides a lower level of ATP at the
inner side of the sarcolemma in the vicinity of ion
channel and transporter proteins than in the rest of the
cytosol (Jones, 1986; Niki et al., 1989). Given the
importance of the role of ATP in controlling the ion
channel function of the sarcolemma, we tested the
protective effects of a high-energy phosphate com-
pound, such as phosphocreatine (as phosphocreatine
disodium salt), in preventing the alteration of ion mem-
brane conductance and excitability characteristics of
skeletal muscle fibers due to reperfusion. Indeed, it is
well established that the reaction mediated by creatine
kinase plays an important role in muscle energy and
metabolism, buffering the changes of ATP concentra-
tion and providing inorganic phosphate at the onset of
muscle contraction, which are required for activation
of muscle glycogenolysis and glycolysis (Meyer et al.,
1986; Meyer, 1989; Godt and Nosek, 1989). In addi-
tion, phosphocreatine and creatine are important in
the diffusive transport of high-energy phosphate from
the mitochondria to the contractile proteins (Meyer et
al., 1984).

Moreover a beneficial role of L-arginine has been
recently proposed in preventing reperfusion injury of
the heart (Masini et al., 1991). In particular, it has
been shown that the perfusion of isolated ischemic-re-
perfused guinea pig heart with L-arginine and nitric
oxide (NO) donors significantly reduces the abnormal
release of histamine and the Ca?* overload due to
ischemia and reperfusion (Masini et al., 1991). It is also
known that the inhibition of NO production in differ-
ent tissues is strictly related to various microvascular
dysfunctions and to reperfusion injury of various or-
gans (Kubes and Granger, 1992; Schulz and Triggle,
1994). Indeed, numerous evidence indicates that inhi-
bition of the release of NO from endothelial cells
favors the adherence of leukocytes to postcapillary
venules, which in turn leads to various pathophysiologi-
cal effects such as production of reactive oxygen
metabolites, increase of protein flux out of the vascula-
ture, and edema formation (Kubes and Granger, 1992;
Schulz and Triggle, 1994). Similar abnormalities have
been found in ischemic-reperfused skeletal muscle, in
which it has been proposed that the leukocytes are the
major source of free radical generation through
NADPH oxidase enzyme (Smith et al., 1989; Yokota et
al., 1989). On the basis of these considerations, we
performed experiments to evaluate the protective ef-
fects of phosphocreatine di-L-arginine salt and L-
arginine on the ion membrane conductances and ex-
citability characteristics of reperfused rat skeletal mus-
cle. We have also monitored the changes in the ATP
content of reperfused muscles dissected from rats pre-

treated or not pretreated with the phosphocreatine
salts.

2. Materials and methods
2.1. Surgical preparations and experimental conditions

The animals were operated in accordance with the
‘Guide for the Care and Use of Laboratory Animals’
prepared by the National Academy of Sciences. Adult
male Wistar rats (260-300 g) were anesthetized with an
intraperitoneal injection of pentobarbital sodium salt
(50 mg/kg). The animals were under deep anesthesia
during the ischemia and reperfusion period. After mus-
cle dissection, they were rapidly killed by an overdose
of pentobarbital. Before the ischemia, 400 units of
heparin were injected intravenously. A model of severe
muscle ischemia was produced by placing four tempo-
rary ligatures of the right-hand common artery and its
branches feeding the extensor digitorum longus muscle
(Tricarico and Conte Camerino, 1994a). During and
after surgery, the animals were kept at a constant
temperature of 28-30°C and were allowed to breath
room air.

After 4 h of ischemia, reflow of the right-hand
extensor digitorum longus muscle was obtained by
declamping the temporary ligatures for 30 min (Tri-
carico and Conte Camerino, 1994a).

The experimental animals were divided into five
groups. The first group of rats (group I) underwent 4 h
of ischemia followed by 30 min of reperfusion. The
other rats were pretreated with phosphocreatine dis-
odium salt (group II), phosphocreatine di-L-arginine
salt (group III) and vr-arginine (group IV). Group V
consisted of control rats that did not undergo any
surgical intervention.

2.2. Electrophysiological recordings

The reperfused right-hand muscles from untreated
(group I) and treated rats (groups II, III and IV) and
their left-hand contralateral limbs (contralateral con-
trols) as well as the corresponding muscles from unop-
erated animals (controls, group V) were dissected from
the bones, mounted in a bath at 30°C, and perfused
with physiological solution gassed with 95% O, and
5% CO,. The contralateral control muscles from
treated and untreated rats were dissected from the
bones about 2 h after the surgical intervention. The
passive cable properties of the fibers were measured by
using a standard two-intracellular microelectrode cur-
rent clamp technique. In brief, a constant hyperpolariz-
ing current pulse was injected into a muscle fiber and
the resulting voltage deflection was observed by a
second microelectrode inserted at two different dis-
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tances (50 pm and about 2 mm) from the current
electrode (Bryant, 1969). The current pulse generation
and the acquisition of the voltage records were done
under computer control. The voltage records were
filtered with an 8-pole Bessel filter (Frequency De-
vices, model 902LPF) set to a cutoff frequency (—3
dB) one-half of the sampling frequency. The acquisi-
tion rate was set as a function of the time constant of
the fibers, being 11 kHz in normal physiological solu-
tion (approx. 2 ms time constant). 2048 data points
were acquired per voltage record. Other detailed infor-
mation about the software and the data acquisition
system has been reported elsewhere (Bryant and Conte
Camerino, 1991).

The basic cable model parameters we measure are
the space constant (A), the fiber input resistance (Rin),
and the time constant (7). These constants are experi-
mentally determined as follows: A is the logarithmic
decay of the electrotonic potential, with distance from
the current electrode; Kin is the steady state electro-
tonic potential at the current electrode divided by the
current intensity; and 7 is taken to be the 84% rise
time of the electrotonic potential which is theoretically
equal to the membrane time constant. From these
quantities are calculated the membrane resistance and
the membrane capacitance. The fiber diameter is cal-
culated from the measured value of A and Rin, assum-
ing a constant value for the myoplasmic resistivity (R,)
of 125-0 cm (Boyd and Martin, 1959; Bryant, 1969).
The value of R; has previously been determined in
experiments where diameter was accurately measured
with histological methods. R; is then adjusted for tem-
perature using Q,, of 1.34. The R, of the single fiber
may change following reperfusion of the muscle. How-
ever, because the diameter is related to the square root
of R; (Boyd and Martin, 1959; Bryant, 1969), consider-
able changes in R; will not significantly affect the
diameter and therefore the membrane resistance. The
reciprocal of the membrane resistance was assumed to
be the total membrane conductance (G,,).

The excitability was determined by observing the
intracellular potential response, recorded by a ‘voltage’
microelectrode, to a square constant current pulse (100
ms duration) delivered by a ‘current’ microelectrode
inserted within 50 pm of the voltage electrode. In each
fiber, the membrane potential was set by a steady
holding current to —80 mV before the depolarizing
pulse was passed (Tricarico and Conte Camerino,
1994a).

2.3. Physiological solution and drug tested

The composition of the normal physiological solu-
tion used was (mM): NaCl 148; KCl 4.5; CaCl, 2;
NaHCO, 12, NaH, PO, 0.44, glucose 5.55; pH 7.2. The
phosphocreatine salt solutions were freshly prepared

by dissolving the chemicals in NaCl solution (0.9 p/v)
and phosphate buffer (pH = 7.2) to obtain stock
equimolar solutions of 30 mg/ml, 51 mg/m! and 19.5
mg/ml for phosphocreatine disodium tetrahydrate
(from Fluka), phosphocreatine di-L-arginine salt (from
Nuovo Consorzio Sanitario Nazionale, Rome; Italian
Patent No. 1232152, 25.01.1992) and L-arginine hydro-
chloride (from Fluka), respectively. The drug solutions
were injected intramuscularly into the gluteus superfi-
cialis muscle of the right-hand contralateral limb to the
operated one, in equimolar doses of 40 mg/kg, 68
mg/kg and 26 mg/kg for phosphocreatine disodium
salt, phosphocreatine di-L-arginine salt and rL-arginine
hydrochloride, respectively. The concentration of phos-
phocreatine disodium salt was selected according to
the dose of the drug used as cardioprotective agent.
The doses of the other drugs tested, phosphocreatine
di-L-arginine salt and L-arginine, were then adjusted to
the phosphocreatine disodium salt concentration.
These doses were injected about 1 h before ischemia to
preload the muscle with extra creatine. It is known that
phosphocreatine is rapidly converted into creatine by
plasma creatine kinase enzymes and then transported
into the extensor digitorum longus muscle of rat against
a concentration gradient by energy-dependent trans-
port (Fitch and Shields, 1966; Shields et al., 1975;
Chevli and Fitch, 1979; Shoubridge and Radda, 1984,
Meyer et al., 1986).

2.4. Determinations of tissue ATP

The reperfused and the contralateral extensor digi-
torum longus muscles from untreated (group I) and
treated animals (groups II, III and IV) and the control
muscles from unoperated animals (group V) were ex-
posed and freeze-clamped in situ by aluminum tongs
precooled in liquid N, (Ruff and Weissman, 1991). The
frozen muscles were then dissected from the bones,
wrapped in aluminum foil precooled at —80°C and
stored in liquid N, until chemical analysis. The muscles
were pulverized in a mortar filled with liquid N, and
extracted in cold HCIO, 0.4 N (10 u1 of HCIO,/mg of
tissue) and centrifuged at 2000 X g at 0°C for 10 min.
Supernatants were removed and neutralized with 0.4 N
NaOH, and then analyzed for ATP content. The ATP
content was measured using a spectrophotometric
method (Lamprech and Trautschold, 1974). Other de-
tailed information about the ATP assay method has
been reported elsewhere (Tricarico and Conte
Camerino, 1994a).

2.5. Statistical analysis
The values were expressed as means + S.E. The

effects between preparations: ischemia-reperfusion,
contralateral controls, and left-hand (sx) and right-hand
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(dx) controls from unoperated rats, and the difference
in response between rats for each experimental group,
were evaluated by 2-way analysis of variance (ANOVA)
(Ludbrook, 1994). Significant differences between indi-
vidual pairs of means were determined by Student’s
t-test.

3. Results

3.1. Effects of in vivo pretreatment with phosphocreatine
disodium salt, phosphocreatine di-L-arginine salt and L-
arginine on ischemic-reperfused extensor digitorum longus
muscle fibers

Cable parameters and ion conductance

As previously reported (Tricarico and Conte
Camerino, 1994a), a postischemic reflow period of 30
min significantly increased the total membrane ion
conductance of the fibers as compared to that of the
contralateral control muscles (Fig. 1). The variance
ratio, F, between preparations was 113.14 (df =1/4,
P <0.001), while it was 0.48 between rats (df = 4/4,
n.s.), suggesting that the main source of variation in the
group I was due to ischemia-reperfusion. The short-
term reperfusion did not change the diameter and the
capacitance of the fibers, these being 30 + 1 um and

D. Tricarico et al. / European Journal of Pharmacology 287 (1995) 17-25

3.9 + 1 uF/cm? (n = 46), respectively, in contralateral
control muscles, and 32+ 2 um and 3.8 + 3 uF/cm?
(n = 63) after ischemia-reperfusion. The pretreatment
with phosphocreatine disodium salt prevented the ab-
normal increase of membrane ion conductance (Fig. 1).
This observation was statistically supported by the 2-
way ANOVA test (Fig. 1). No significant alterations of
the diameter and capacitance of the fibers were ob-
served, these being 29+ 2 um and 3.7+ 1 uF/cm?
(n = 20), respectively, in contralateral control muscles,
and 33+2 um and 3.6 +4 uF/cm? (n=21) in is-
chemic-reperfused muscle after pretreatment of the
rats with the phosphocreatine disodium salt.

As well as pretreatment with its disodium salt ho-
molog, pretreatment with phosphocreatine di-L-
arginine salt fully restored the total membrane ionic
conductance of the fibers (Fig. 1). No changes were
observed in the diameter and capacitance of the fibers,
these being 31 +3 um and 3.9 + 3 uF/cm? (n =13),
respectively, in contralateral control muscles, and 33 +
2 um and 3.6 + 4 uF/cm? (n = 25) in ischemic-reper-
fused muscle after pretreatment with phosphocreatine
di-L-arginine salt. In contrast, the pretreatment of the
rats with L-arginine did not show any beneficial effect
on the electrical parameters of ischemic-reperfused
muscle fibers, leaving unaltered the membrane ionic
conductance (Fig. 1). The diameter and capacitance of
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Fig. 1. Each group of bars shows the total membrane conductance (G,,) values from different muscle preparations: the right-hand (dx) extensor
digitorum longus muscle fibers that underwent 4 h of ischemia followed by 30 min of reperfusion (ischemic-reperfused), and the left-hand (sx)
muscles contralateral to the operated one (contralateral controls), with no treatment or after pretreatment with drugs indicated below the bars.
G,, values from sx and dx muscle fibers of unoperated rats (controls) are also shown. The values are expressed as means + S.E. The numbers in
brackets are the numbers of the fibers sampled. The variance ratio (F) was calculated for each experimental condition by 2-way ANOVA. The F
between ischemic-reperfused and contralateral control fibers from untreated rats was 113.14 (df =1/4, P <0.001), and between rats 0.48
(df = 4/4, n.s.). After in vivo pretreatment with phosphocreatine disodium salt, phosphocreatine di-L-arginine salt, and L-arginine the F values
between preparations were 3.52 (df = 1/3, n.s.), 9.78 (df = 1/3, n.s.), and 17.83 (df = 1/3, P <0.025); between rats 0.493 (df = 3/3, n.s.), 4.36
(df =3/3, ns.), and 0.74 (df =3/3, n.s.), respectively. A comparison of the G, values between control dx and control sx muscles from
unoperated rats shows F values of 0.8 (df = 1/2, n.s.) between muscle preparations, and 0.3 (df = 1/2, n.s.) between rats. The comparison
between individual pairs of means was made with Student’s t-test. Means significantly different from unoperated controls are indicated by *
(P < 0.005 or less) and values significantly different from untreated ischemic-reperfused muscles are indicated by 5 (P < 0.005 or less).
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both the contralateral controls and ischemic-reper-
fused muscle fibers were unaltered by the pretreatment
with the r-amino acid, these being 29 + 4 um and
3.8+ 3 uF/cm? (n = 15), respectively, in contralateral
control muscles, and 36 + 5 um and 3.8 +2 uF/cm?
(n =20) in ischemic-reperfused muscle after pretreat-
ment of the rats with L-arginine.

Action potential and excirability characteristics

In agreement with earlier results (Tricarico and
Conte Camerino, 1994a), reperfusion dramatically de-
polarized the fibers and increased the threshold cur-
rent needed to elicit an action potential (Table 1).
These effects always led to a reduction of the fiber
excitability. The pretreatment of the ischemic-reper-
fused muscle fibers with phosphocreatine disodium salt
prevented both the membrane depolarization and the
increase of threshold current, thus restoring the ex-
citability of the fibers (Table 1). However, the duration
of the action potential of the contralateral controls and
ischemic-reperfused muscle fibers of the rats treated

with phosphocreatine disodium salt was abnormally
prolonged as compared to that of the unoperated con-
trol group (Table 1).

In contrast, the pretreatment of the rats with phos-
phocreatine di-L-arginine salt did not restore the rest-
ing potential nor the threshold current of the
ischemic-reperfused fibers. However, as with its dis-
odium salt homolog, phosphocreatine di-L-arginine
prolonged the duration of the action potential (Table
1). Furthermore, phosphocreatine di-L-arginine salt
produced a significant decrease of the amplitude of the
action potential, reducing the overshoot of both con-
tralateral controls and ischemic-reperfused fibers (Ta-
ble 1).

Also the pretreatment of the rats with L-arginine did
not produce any beneficial effects on the resting poten-
tial or on the threshold and amplitude of the action
potential of the ischemic-reperfused fibers but rather it
caused a more pronounced alteration of these parame-
ters (Table 1). Indeed, the pretreatment of the rats
with the 1-amino acid increased the threshold current

Table 1
Effects of pretreatment with phosphocreatine disodium salt, phosphocreatine di-L-arginine salt and L-arginine on the resting potential and
excitability characteristics of ischemic-reperfused extensor digitorum longus muscle of rats

Experimental No. of muscles/ RP Ity Dur Os Repetitive
condition No. of fibers (mV) (nA /cm?) (ms) (mV) activity
Unoperated controls (sx) 3/11 -71+3 70+ 9 6.9+0.7 9+2 4406
Unoperated controls (dx) 3/13 -67+4 68+ 7 64+08 10+2 5407
Contralateral controls (sx) 4/19 —68 1+ 0.9 65+ 3 63+04 12+1 4403
Ischemic-reperfused (dx) 4/18 -53+1+% 100+112 70+1 13+1 5403
Phosphocreatine disodium

salt 40 mg / kg
Controlateral controls (sx) 3/20 -69+1 68+ 7 100+2°2 9105 4403
Ischemic-reperfused (dx) 3/24 ~-65+1° 77+ 4° 11.0 + 0.8 &P 10+1 6+ 04
Phosphocreatine di-1-arginine

salt 68 mg / kg
Contralateral controls (sx) 5/10 —67+2 85+ 8 8.0+ 0.7 -7+272 4403
Ischemic-reperfused (dx) 5/24 -57+1° 106+ 52 9.0+ 0.6 3+12b 7+03°?
L-Arginine 26 mg / kg
Contralateral controls (sx) 3/10 —-64+4 78+ 9 7.0+08 -2+082 5+09
Ischemic-reperfused (dx) 3/14 -51+1¢% 178 + 24 @b 6.0+0.7 24120 4404

The columns from left to right indicate: the experimental conditions, compounds tested and dose intramuscularly administered; number of
muscles on number of fibers sampled; RP, resting potential of the fibers; Iy, minimal depolarizing current necessary to evoke a single action
potential (rheobase current); Dur, duration of action potential; Os, overshoot of action potential; maximum number of spikes elicited by a
depolarizing stimulus of 100 ms of duration. The data shown were recorded from different muscle preparations: the right-hand (dx) extensor
digitorum longus muscle fibers that underwent 4 h of ischemia followed by 30 min of reperfusion (ischemic-reperfused), and from the left-hand
(sx) muscles contralateral to the operated one (Contralateral controls), with no treatment or after in vivo pretreatment with drugs. The
excitability parameters from sx and dx muscle fibers of unoperated rats (Controls) are also shown. The values are expressed as means + S.E. The
variance ratio (F) was calculated for each experimental group by 2-way ANOVA. The F values for RP between ischemic-reperfused and
contralateral control muscle preparations from untreated rats were 132.1 (df = 1/3, P < 0.001) and between rats 2.3 (df = 3/3, n.s.). After in
vivo pretreatment with phosphocreatine di-sodium salt, phosphocreatine di-L-arginine salt and L-arginine the F values between preparations
were 1.2 (df = 1/2, ns.), 120.2 (df = 1/4, P <0.001) and 198.3 (df = 1/2, P < 0.005); between rats 0.9 (2/2, n.s.), 12 (df = 4/4, P <0.025), and
0.8 (df = 1/2, n.s.), respectively. A comparison of the RP values between unoperated control dx and unoperated control sx muscles yielded F
values of 0.3 (df = 1/3, n.s) between muscle preparations, and 0.2 (df = 3/3, n.s.) between rats. The F values for I, between ischemic-reper-
fused and contralateral control muscles were 242.1 (df = 1/3, P < 0.001), and between rats 5.1 (df = 3/3, n.s.). After in vivo pretreatment with
phosphocreatine di-sodium salt, phosphocreatine di-L-arginine, and L-arginine the F values between preparations were 7.1 (df =1/2, ns.), 131.1
(df=1/4, P<0.001), and 212.1 (df=1/2, P <0.001); between rats 3.1 (df=2/2, ns.), 9.1 (df=4/4, ns.), and 2.1 (df=1/2, ns.). A
comparison of the Iy, between unoperated control dx and unoperated control sx muscles from unoperated rats shows F values of 0.22
(df = 1/3, n.s.) between muscle preparations, and 0.4 (df = 3/3, n.s.) between rats. The comparison between individual pairs of means was made
with Student’s r-test. Means significantly different from unoperated controls are indicated by * (P < 0.05 or less), from ischemic-reperfused of
untreated rats are indicated by 5 (P < 0.05 or less).



22 D. Tricarico et al. / European Journal of Pharmacology 287 (1995) 17-25

201
> 107 w a
E  Llcmms| [e5mi]
2
% -10 18mM SmM
S
o -207 1
5 a _]_ a (10)
-301 ap
-40 v v v
L-arginine

Fig. 2. Effect of in vitro application of increasing concentrations of
L-arginine on the action potential overshoot of rat extensor digito-
rum longus muscle fibers. The values are expressed as means+ S.E.
The numbers in brackets are the numbers of the fibers sampled. The
comparison between individual pairs of means was done with Stu-
dent’s ¢-test. Means significantly different from control are indicated
by * (P <0.005 or less).

but decreased the amplitude of the action potential of
the contralateral controls and ischemic-reperfused
muscle fibers. As it has been already observed for

Table 2

ATP content of extensor digitorum longus muscle of rat after pre-
treatment with phosphocreatine disodium and phosphocreatine di-
L-arginine salt

Experimental condition Homogenates ATP

sampled (umol/g of tissue)

Unoperated control (sx) 5 5.96+0.27
Unoperated controls (dx) 5 6.32+04
Contralateral controls (sx) 7 5.83+0.3
Ischemic-reperfused (dx) 7 259+082
Phosphocreatine disodium

salt 40 mg / kg
Controlateral controls (sx) 4 8.20+2
Ischemic-reperfused (dx) 4 7.10+0.6
Phosphocreatine di-L-arginine

salt 68 mg / kg
Controlateral controls (sx) 4 84142
Ischemic-reperfused (dx) 4 5.30+0.8

The ATP contents were measured of homogenates from different
muscle preparations: the right-hand (dx) extensor digitorum longus
muscle that underwent 4 h of ischemia followed by 30 min of
reperfusion (ischemic-reperfused), and from the left-hand (sx) mus-
cles contralateral to the operated one (Contralateral controls), with
no treatment or after pretreatment with drugs. The values are
expressed as means+S.E. The variance ratio (F) was calculated for
each experimental group by 2-way ANOVA. The F values between
ischemic-reperfused and contralateral contro! preparations from un-
treated rats were 99.3 (df =1/6, P < 0.005); between rats 4.1 (df =
6/6, n.s.). After in vivo pretreatment with phosphocreatine di-sodium
salt and phosphocreatine di-L-arginine salt the F values between
preparations were 4.2 (df =1/3, n.s.) and 31.1 (df =1/3, P < 0.025);
between rats 2.1 (3/3, n.s.) and 12.2 (df = 3/3, P < 0.05). A compar-
ison of the ATP contents between homogenates from unoperated
control dx and unoperated control sx muscles yielded F values of
0.31 (df =1/4, n.s.) between muscle preparations, and 0.41 (df =
4/4, n.s.) between rats. The comparison between individual pairs of
means was made with Student’s t-test. Means significantly different
from unoperated controls are indicated by * (P < 0.05 or less).

phosphocreatine di-L-arginine salt, the overall decrease
of the amplitude of the action potential was mainly due
to a reduction of the overshoot (Table 1).

3.2. Effects of in vitro applications of L-arginine on
extensor digitorum longus muscle fibers

The in vitro application of increasing concentrations
of L-arginine (0.5 mM-1.8 mM-5 mM) on extensor
digitorum longus muscles of unoperated control rats
did not produce significant effects on resting potential,
cable parameters and membrane conductance, but it
caused a significant dose-dependent decrease of the
amplitude of the action potential, sustained by a reduc-
tion of the overshoot (Fig. 2). Moreover, the threshold
current to elicit the action potential was increased up
to 54-67% by L-arginine. These effects were fully
reversible after about 15 min of washout.

3.3. Effects of in vivo pretreatment with phosphocreatine
disodium salt and phosphocreatine di-L-arginine salt on
ATP content of ischemic-reperfused extensor digitorum
longus muscles

In agreement with preceding experiments (Tricarico
and Conte Camerino, 1994a), the ATP content of
ischemic-reperfused muscles was dramatically lowered
in respect to contralateral control muscles (Table 2).
Pretreatment with both phosphocreatine disodium salt
and phosphocreatine di-L-arginine salt loaded the
reperfused muscles with extra ATP. Both phospho-
creatine salts showed almost the same efficacy in this
effect (Table 2).

4, Discussion

4.1. Effects of phosphocreatine disodium salt on
ischemic-reperfused rat skeletal muscle fibers

Earlier experiments have shown that reperfusion is
responsible for most of the injuries occurring in rat
skeletal muscle subjected to severe ischemia (Tricarico
and Conte Camerino, 1994a). Indeed, 4 h of ischemia
caused only a decrease of the total membrane ion
conductance. In contrast, 4 h of ischemia followed by
30 min of reperfusion lowered the ATP content of the
muscles, dramatically depolarized the fibers and in-
creased the total membrane ion conductance, reducing
their excitability. The increase of the total membrane
ion conductance was mediated by an increase of both
Cl~ and K* conductance. We also observed that the
K* conductance was sensitive to glibenclamide, sug-
gesting an involvement of K ,p channels in the abnor-
mal increase of macroscopic conductance due to reper-
fusion (Tricarico and Conte Camerino, 1994a). In the
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present experiments the pretreatment of the rats with
phosphocreatine disodium salt loaded the extensor dig-
itorum longus muscle with extra ATP, prevented the
increase of the total membrane conductance as well as
the fiber depolarization and restored the excitability of
the fibers. These results suggest that most of the in-
juries due to reperfusion are related to the ATP decre-
ment occurring in the muscle. It is known that the
activity of ion channels responsible for the resting
macroscopic conductance (mainly C1~ and K* chan-
nels) depends also on the energy state of the cell or on
the ATP molecule itself. The existence in various tis-
sues of K ,rp channels that open in response to a low
level of ATP is well documented (Spruce et al., 1985).
The density of this type of channel in skeletal muscle is
high (Tricarico and Conte Camerino, 1994b; Tricarico
et al., 1994), therefore a lowering of ATP content due
to reperfusion activates these channels and can in-
crease the resting macroscopic K* conductance of the
fibers. Opening of K ,p channels can also account for
the increase of threshold current needed to elicit an
action potential and for the reduction of the duration
of action potential occurring after reperfusion (Jonas
et al., 1991; Tricarico and Conte Camerino, 1994b). In
our experiments, the pretreatment with phospho-
creatine disodium salt, loading the muscles with extra
ATP, could have reduced the activity of K ,1p chan-
nels, thus preventing the abnormal increase of macro-
scopic K* conductance due to reperfusion and saving
the internal K* content of the fibers. The closure of
K Arp channels could have also increased the duration
of the action potential and decreased the threshold
current needed to elicit the action potential. In regard
to CI~ conductance, at the moment the direct depen-
dence of this parameter on ATP in skeletal muscle can
only be speculated on (because of the difficulty of
finding the channel on native skeletal muscle fibers by
patch clamp method; the single channel properties are
not yet known (Chua and Betz, 1991)). However, it has
been recently reported that other types of chloride
channels from epithelia cells need physiological levels
of ATP to be fully activated (Quinton and Reddy,
1992).

4.2. Effects of phosphocreatine di-L-arginine salt and
L-arginine on the ischemic-reperfused rat skeletal muscle
fibers

Phosphocreatine di-L-arginine, in addition to restor-
ing the energy state of the cell when the rate of ATP
hydrolysis is high, should also protect the cell from
reperfusion injury linked to free radical generation.
Indeed, L-arginine, as precursor of NO, has been re-
ported to reduce microvascular permeability, lowering
the possibility of edema formation in reperfused tissues
and reducing leukocyte mobility in the extravascular

space (Kubes and Granger, 1992). It is widely accepted
that most of these effects of NO are due to activation
of cGMP-dependent protein kinase, which may inter-
act with cytosolic proteins of the contractile apparatus
or may increase openings of ion channels (Moncada et
al., 1991; McCall and Vallace, 1992). Recent reports
indicate that the molecular mechanisms underlying the
effects of NO in tissues appear to be more complex,
involving also a direct interaction of NO with ion
channel proteins through a ¢cGMP-independent path-
way (Bolotina et al., 1994). However, in the present
experiments, the phosphocreatine di-L-arginine salt as
well as L-arginine did not show the expected beneficial
effects on the electrical parameters of ischemic-reper-
fused muscle fibers. Although the phosphocreatine di-
L-arginine salt restored the total membrane conduc-
tance and increased the ATP content of the reperfused
muscle close to the physiological values found in the
unoperated control muscles, the fibers were still depo-
larized and almost unexcitable. In addition, we found
that the phosphocreatine di-L-arginine salt decreased
the amplitude of the action potential, reducing the
overshoot. Also the pretreatment with L-arginine failed
to protect the muscle fibers from the reperfusion in-
juries. As with the phosphocreatine di-L-arginine salt,
the r-amino acid reduced the amplitude of the action
potential by reducing the overshoot. The inhibitory
effect on action potential parameters shown by the in
vitro application of L-arginine to the extensor digito-
rum longus muscle was rapid and reversible, support-
ing the hypothesis that the L-amino acid may directly
interact with muscle Na™ channels. Indeed, L-arginine
shares a guanidine group with the tetrodotoxin
molecule which is known to block Na™ channels of
various tissues by binding to receptor into the channel
(Hille, 1984). The guanidine group will permeate
through the pore, competing with the Na* ion for a
common binding site located in the channel (Hille,
1984). The action of the guanidine group will lead to a
reduction of the Na™ channel current. The final effect
will be an increase of the threshold current to elicit the
action potential and a decrease of the overshoot and
amplitude of the action potential, which reflect a de-
crease in the rate of depolarization of the fibers and
therefore a decrease of the excitability. The lack of
protective effects shown by phosphocreatine di-L-
arginine salt and r-arginine can be also explained by
considering that L-arginine is involved through the NO
pathway in different toxic manifestations in various
tissues. One of these involves the generation, during
reperfusion, of new radical species such as peroxyni-
trite following the interaction of NO with superoxide
anion (Matheis et al., 1992; Schulz and Triggle, 1994).
Thus NO may also alter the single channel properties
by interacting directly with reactive chemical groups
located in the vicinity of the ion channel proteins such
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as hydroxyl and thiol groups or disulfide bridge. It is
known that an alteration of the redox state of these
groups may modify the activity of ion channels and
transporters including K* channels and Na* channels
(Girard and Potier, 1993; Tricarico and Conte
Camerino, 1994b).

In conclusion, the effects of the treatment with
phosphocreatine disodium salt at a cellular level sup-
port the use of the chemical in reperfusion injury of
skeletal muscle; however, we must exercise caution in
suggesting the use of phosphocreatine di-L-arginine
salt in the treatment of muscle disorders linked to
ischemia /reperfusion.

Acknowledgements

The authors wish to thank Professor P. Preziosi for
his stimulating advice. The financial support of the
Italian M.U.R.S.T. (40%) 93-94 is gratefully acknowl-
edged.

References

Bolotina, V.M., S. Najibi, J.J. Palacino, P.J. Pagano and R.A. Cohen,
1994, Nitric oxide directly activates calcium-dependent potassium
channels in vascular smooth muscle, Nature 368, 850.

Boyd, I.A. and A.R. Martin, 1959, Membrane constants of mam-
malian muscle fibres, J. Physiol. 147, 450.

Bryant, S.H., 1969, Cable properties of external intercostal muscle
fibres from myotonic and nonmyotonic goats, J. Physiol. 204, 539.

Bryant, S.H. and D. Conte Camerino, 1991, Chloride channel regula-
tion in skeletal muscle of normal and myotonic goats, Pflig.
Arch. 417, 605.

Chevli, R. and C.D. Fitch, 1979, 8-Guanidino propionate and phos-
phorylated B-guanidinopropionate as substrates for creatine ki-
nase, Biochem. Med. 21, 162.

Chua, M. and W.J. Betz, 1991, Characterization of ion channels on
the surface membrane of adult rat skeletal muscle, Biophys. J. 59,
1251.

Eckert, P. and K. Schnackerz, 1991, Ischemic tolerance of human
skeletal muscle, Ann. Plast. Surg. 26(1), 77.

Fitch, C.D. and R.P. Shields, 1966, Creatine metabolism in skeletal
muscle, J. Biol. Chem. 15, 3611.

Girard, P. and P. Potier, 1993, NO, thiols and disulfides, FEBS Lett.
320(1), 7.

Godt, R.E. and T.M. Nosek, 1989, Changes of intracellular milieu
with fatigue or hypoxia depress contraction of skinned rabbit
skeletal and cardiac muscle, J. Physiol. (London) 412, 155.

Hille, B., 1984, Selective permeability independence, in: Ion Chan-
nels of Excitable Membranes, ed. B. Hille (Sinauer Associates,
Sunderland) p. 226.

Jonas, P., D. Koh, K. Kampe, M. Hermsteiner and W. Vogel, 1991,
ATP-sensitive and Ca-activated K channels in vertebrate axons:
novel link between metabolism and excitability, Pfliig. Arch. 418,
68.

Jones, D.P., 1986, Intracellular diffusion gradients of O, and ATP,
Am. J. Physiol. 250 (Cell Physiol. 19), C663.

Kubes, P.D. and N. Granger, 1992, Nitric oxide modulates microvas-
cular permeability, Am. J. Physiol. 262 (Heart Circ. Physiol. 31),
He611.

Lamprech, W. and I. Trautschold, 1974, Adenosine-5-triphosphate.
Determination with hexokinase and glucose-6-phosphate
dehydrogenase, in: Methods of Enzymatic Analysis, 2nd edn., ed.
H.U. Bergmeyer (Academic Press, New York) p. 2101.

Ludbrook, J., 1994, Repeated measurements and multiple compar-
isons in cardiovascular research, Cardiovascular Res. 28, 303.

Mars, M. and M.A. Gregory, 1991, A histometric analysis of skeletal
myofibers following 90 min. of tourniquet ischemia and reperfu-
sion, J. Surg. Res. 50(2), 191.

Masini, E., F. Gambassi, S. Bianchi, L. Mugnai, M. Lupini, A.
Pistelli and P.F. Mannaioni, 1991, Effect of nitric oxide genera-
tors on ischemia-reperfusion injury and histamine release in
isolated perfused guinea pig heart, Int. Arch. Allergy Appl.
Immunol. 94(1-4), 257.

Matheis, G., P.M. Sherman, G.D. Buckberg, D.M. Haybron, H.H.
Yong and L.J. Ignarro, 1992, Role of vr-arginine-nitric oxide
pathway in myocardial reoxigenation injury, Am. J. Physiol. 262
(Heart Circ. Physiol. 31), H616.

McCall, T. and P. Vallace, 1992, Nitric oxide takes central-stage with
newly defined roles, Trends Pharmacol. Sci. 13, 1.

Meyer, R.A., 1989, Linear dependence of muscle phosphocreatine
kinetics on total creatine content, Am. J. Physiol. 257 (Cell
Physiol. 26), C1149.

Meyer, R.A., HL. Sweeney and M.J. Kushmerick, 1984, A simple
analysis of the ‘phosphocreatine shuttle’, Am. J. Physiol. 246
(Cell Physiol. 15), C365.

Meyer, R.A., R.B. Truman, B.L. Krilowicz and M.J. Kushmerick,
1986, Phosphagen and intracellular pH changes during contrac-
tion of creatine-depleted rat muscle, Am. J. Physiol. 250 (Cell
Physiol. 19), C264.

Moncada, S., E.A. Higgs, H.F. Hodson, R.G. Knowles, P. Lopez-
Jaramillo, T. McCall, M.J. Palmer, M.W. Radomski, D.D. Rees
and R. Schulz, 1991, The vr-arginine:nitric oxide pathway, J.
Cardiovasc. Pharmacol. 17 (Suppl. 3), S1.

Niki, I., F.M. Ashcroft and S.J.H. Ashcroft, 1989, The dependence
on intracellular ATP concentration of ATP sensitive K-channels
and of Na,K,-ATPase in intact HIT-T158-cells, FEBS Lett. 257(2),
361.

Quinton, P.M. and M.M. Reddy, 1992, Control of CFTR chloride
conductance by ATP levels through non-hydrolytic binding, Na-
ture 360, 79.

Ruff, R. and J. Weissman, 1991, Iodoacetate-induced contracture in
rat skeletal muscle: possible role of ADP, Am. J. Physiol. 261
(Cell Physiol. 30), C828.

Schulz, R. and C.R. Triggle, 1994, Role of NO in ‘vascular smooth
muscle and cardiac muscle function, Trends Pharmacol. Sci. 15,
255.

Shields, R.P., C.K. Whitehair, R.E. Carrow, W.W. Heusner and
W.D. Van Huss, 1975, Skeletal muscle function and structure
after depletion of creatine, Lab. Invest. 33, 151.

Shoubridge, E.A. and G.K. Radda, 1984, A 3p_nuclear magnetic
resonance study of skeletal muscle metabolism in rats depleted of
creatine with the analogue B-guanidinopropionic acid, Biochim.
Biophys. Acta 805, 79.

" Smith, J.K., M.B. Crisham, N. Granger and R.J. Korthuis, 1989, Free

radical defense mechanisms and neutrophil infiltration in postis-
chemic skeletal muscle, Am. J. Physiol. 256 (Heart Circ. Physiol.
25), H789.

Spruce, A.E., N.B. Standen and P.R. Stanfield, 1985, Voltage-depen-
dent ATP-sensitive potassium channels of skeletal muscle mem-
brane, Nature 316, 736.

Tricarico, D. and D. Conte Camerino, 1994a, Effects of ischaemia
and post-ischaemic reperfusion on the passive and active electri-
cal parameters of rat skeletal muscle fibres, Pfliig. Arch. 426, 44.

Tricarico, D. and D. Conte Camerino, 1994b, ATP-sensitive K+
channels of skeletal muscle fibers from young-adult and aged
rats: possible involvement of thiol-dependent redox mechanisms



D. Tricarico et al. / European Journal of Pharmacology 287 (1995) 17-25 25

in the age-related modifications of their biophysical and phar- Walker, P.M., 1991, Ischemia /reperfusion injury in skeletal muscle,
macological properties, Mol. Pharmacol. 46, 754. Ann. Vasc. Surg. 5(4), 399.

Tricarico, D., R. Wagner, R. Mallamaci and D. Conte Camerino, Yokota, J., J.P. Minei, G.A. Fantini and G.T. Shires, 1989, Role of
1994, Cysteine restores the activity of ATP-sensitive potassium leukocytes in reperfusion injury of skeletal muscle after partial
channels of skeletal muscle fibers of aged rats, Ann. NY Acad. ischemia. Am. J. Physiol. 257 (Heart Circ. Physiol. 26), H1068.

Sci. 717, 244.



