
Br. J. Pharmacol. (1990),101, 133-139

Mode of inhibitory actions of acute and chronic chloroquine
administration on the electrically stimulated mouse diaphragm
in vitro

1F.K. Okwuasaba, *J.A.M. Otubu & F.V. Udoh

Departments of Pharmacology and *Obstetrics and Gynaecology, Faculty of Medical Sciences, University of Jos, Nigeria

1 The effects of bath applied chloroquine (Chlo) and of acute and chronic Chlo administration on
skeletal muscle reactivity to electrical stimulation and to drugs have been studied on mouse hemi-
diaphragm preparations in vitro.
2 Chlo (0.15-150.pM) produced a concentration-dependent inhibition of twitch and tetanic contractions
due to direct muscle stimulation (MS). Acute and chronic administration of Chlo (45 mgkg 1, i.p. daily,
for 3-28 days) progressively shifted the concentration-response curve to bath-applied Chlo to the right,
with maximum effect occurring from day 14 of Chlo pretreatment.
3 Acute and chronic administration of Chlo decreased the twitch and tetanus tension, raised the minimal
fusion frequency (MFR) for tetanic contraction to occur and did not alter the twitch/tetanus tension ratio.
Tetanus tension unlike twitch tension was not significantly decreased on day 3.
4 Caffeine (5-500pM) - and isoprenaline (0.001-0.8jM)-induced potentiations of twitch contraction were

attenuated in a concentration-dependent manner by bath-applied Chlo and by acute and chronic adminis-
tration of Chlo. Higher concentrations of caffeine (0.1-5pUM) and KCI (10mM-130mM) produced contrac-
ture of the muscle which was sensitive to inhibition by Chlo (50-15O0jM). Moreover, the spike contractions
superimposed on caffeine contracture were more sensitive to the inhibitory effect of Chlo than the con-

tracture.
5 The inhibitory effects-of dantrolene sodium and (+)-tubocurarine on MS and on indirectly stimulated
hemidiaphragm respectively were not significantly altered by acute and chronic administration of Chlo. In
contrast, the inhibitory concentration-response curve to procaine was shifted to the right.
6 The inhibitory effect of bath-appled Chlo, or acute and chronic pretreatment on twitch tension (MS)
was not significantly antagonized by stepwise increase in extracellular Ca2 + (0.05-2.5 mM). Sodium thiocy-
anate (1-5 mM) reversed in a concentration-dependent manner the inhibitory effects of Chlo.
7 Complete recovery of twitch contractions occurred after 3 days of stopping daily Chlo administration,
with partial recovery to tetanic tension after 28 days and no recovery of MFR. The reactivity of the
diaphragm to bath applied Chlo was progressively restored, whereas the tension curve area to caffeine
and KCI was still attenuated even 28 days after stopping Chlo pretreatment.
8 It is concluded that acute and chronic Chlo administration results in changes in reactivity of the
hemidiaphragm muscle to electrical stimulation and to drugs such that there is a decrease in muscle
strength and tolerance to Chlo in vitro. These effects are dependent on its direct inhibitory action on
skeletal muscle and may result from interference with Ca2 + mobilization within the muscle.

Introduction

Chloroquine (Chlo) is a 4-aminoquinoline used for the treat-
ment and recently. for prophylaxis of malaria (Rollo, 1980). In
addition it has been used extensively for decades in the treat-
ment of rheumatoid arthritis, systemic and lupus erythema-
tosus and other collagen diseases (McChesney & Rothfield,
1964; Hughes et al., 1974; Magnussen & Olivarius, 1977;
Stillman, 1981). In such pathological conditions in man, high
daily doses (250-500mg, or more) have been found necessary
and for prolonged periods (Bagnall, 1957; Hughes et al., 1974;
Magnussen & Olivarious, 1977). Such doses are much larger
than those necessary for therapy of acute malarial attacks
(Rollo, 1980). These regimens have frequently resulted in
important side effects, particularly changes in the cardio-
vascular function manifested as congestive heart failure and
cardiovascular collapse (Thompson & Werbel, 1972; Hughes
et al., 1974; Magnussen & Olivarius, 1977), retinopathy
(Thompson & Werbel, 1972) and myopathy of the skeletal
muscle (Liillman-Rauch, 1979).

Skeletal muscle myopathy associated with chronic Chlo
administration has been confirmed by electron microscopic

studies (Stauber et al., 1981; Ette & Essien, 1986) and may be
the cause of decreased muscle strength following Chlo admin-
istration (Rollo, 1980). It has been reported that Chlo can
accumulate in lysosomes, smooth endoplasmic reticulum and
sarcoplasmic reticulum. Such an effect usually results in ultra-
structural changes in some cells which appear as swellings,
autophagic vacuoles, vacuolar myopathy and degeneration of
myofibrils (Smith & O'Grady, 1966; MacDonald & Engel,
1970; Oberc & Engel, 1977; Ayitey-Smith & Gbewonyo,
1977; Ette & Essien, 1986). The present experiments were
designed to determine the effects on skeletal muscle of acute
and chronic administration of Chlo with special emphasis on
the following: (i) responsiveness of the diaphragm muscle to
electrical stimulation and drugs; (ii) mechanism of action of
Chlo-induced decrease in muscle tension; (iii) reversibility of
the effect of chronic administration of Chlo and (iv) reactivity
of some skeletal muscle relaxants following acute and chronic
administration of Chlo.

Methods

Swiss Webster mice (30-40g) of either sex were stunned and
killed by exsanguination. The diaphragm with the phrenic
nerve was dissected out according to the method of Bulbring
(1946) and placed under an initial load of 2 g in an organ bath
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containing double glucose Tyrodes solution of the following
composition (mM): Na' 149.2, K+ 2.7, Ca2+ 3.6, Mg2+ 2.1,
C1- 145.3, H2PO4 0.4, HCO- 11.9 and glucose 10. The bath
was maintained at room temperature (approximately 20'C).
The pH of the solution was 7.3-7.4. Contractions of the hemi-
diaphragm were elicited either indirectly via the phrenic nerve
(NS) or directly (MS) with rectangular pulses of 0.5ms at a
frequency of 1 Hz and supramaximal voltage. A Grass S 88
stimulator connected to a Grass SIU5 stimulus isolation unit
pulse generator was used to deliver the rectangular pulses.
Tetanizing stimuli were delivered at 20-60Hz for 5s. Isomet-
ric contraction of the muscle to electrical stimulation or to
drugs was recorded with a force-displacement transducer
(Grass FT.03) and displayed on a Grass ink writing curvi-
linear polygraph (Model 7D, Grass Instruments, Quincy,
U.S.A., MA). The minimal fusion frequency (MFR) was
obtained in any one experiment by stimulating the muscle
directly (MS) for I s. The muscles were stimulated with trains
of pulses 2 ms duration, with 5 Hz increases in frequency start-
ing at 10Hz every 5 min with supramaximal voltage until the
fusion frequency was identified. The muscles were pre-
equilibrated for 60-90 min before use. During that time, the
physiological solution in the organ bath was replaced every
20 min and the passive tension re-adjusted when necessary.

Concentration-response curves and activity profilefor
chloroquine

Concentration-response curves to Chlor were obtained by
cumulative addition of graded concentrations. Since the
response to Chlo developed slowly each concentration of Chlo
was allowed to remain in contact with the preparation until a
plateau response had been obtained before the preparation
was challenged with an additional concentration of Chlo. In
experiments in which the time course of effect of Chlo was
investigated, a pair of phrenic nerve-hemidiaphragm prep-
arations from the same animal was used, with one acting as
control, while the other was treated with the appropriate con-
centration of Chlo. Chloroquine was then added to the tissue
bath 1-2 min after the start of electrical stimulation and
allowed to act for 30-90 min or until maximum inhibition had
been obtained. The effectiveness of NS and MS was assessed
in the presence of (+)-tubocurarine (5,UM). Twitch tension to
NS was usually abolished while MS was only slightly reduced
(5-10%) and (+)-tubocurarine was present in experiments in
which the effect of MS was studied.

Concentration-response curvesfor dantrolene sodium,
procaine, (+ )-tubocurarine, caffeine and potassium
chloride

Concentration-response curves to the inhibitory effect of dan-
trolene sodium, procaine and (+)-tubocurarine and to the
stimulatory effect of caffeine were obtained by cumulative
addition of graded concentrations of each agent. The
concentration-response curve for potassium chloride was
established by sequential addition of an appropriate concen-
tration which was left in contact with the tissue until a
maximum response for that concentration had been obtained.
IC50 and IC0oo are concentrations of agents producing 50 and
100% inhibition of twitch contractions, respectively.

Chloroquine pretreatment

Preliminary studies indicated that tolerated daily dose of chlo-
roquine diphosphate in mouse ranged from 45-50mgkg-',
i.p. In studies in which mice were pretreated with Chlo, the
animals were divided into two groups with one group recei-
ving Chlo and the other acting as control. The chloroquine
pretreated group was given daily i.p. injections of 45mgkg'
of Chlo in isotonic saline (NaCl, 0.9% w/v). Chlo was admin-
istered daily for up to 4 weeks and animals were killed on day

0 (control), 3, 7, 14, 21 and 28. They were allowed free access
to water and mouse pellets throughout the period of drug
administration. In another series of experiments to study the
effect of recovery from acute and chronic Chlo administration,
it was administered for 4 weeks. The animals were then
allowed to recover from the effect of Chlo and killed 3, 7, 14
and 28 days after the last Chlo administration. Muscle tension
measurement was calculated in units of tension g-1 tissue
mass which was estimated at the conclusion of each experi-
ment.

Results are expressed as mean values + s.e.mean, based on
at least four experiments. Significance was determined by the
Student's t test for paired data. A probability level of P < 0.05
was considered significant.

Materials

The following drugs were used: chloroquine diphosphate
(Sigma), caffeine, sodium thiocyanate (BDH), dantrolene
sodium (Norwich Eaton Pharmaceuticals, New York, U.S.A.),
procaine HCO (Sigma). All drugs were made up in 0.9% w/v
sodium chloride solution and concentration expressed as the
salt weight.

Results

Effect of chlorquine on twitch contraction to electrical
stimulation ofmouse diaphragm

Chlo reversibly inhibited twitches in response to both nerve
stimulation (NS) and to direct muscle stimulation (MS) in a
concentration-dependent manner (Figure 1). Twitch contrac-
tion to NS was more sensitive to the inhibitory effect of Chlo
(0.15-4.53.uM) with an IC50 of 1.73 + 0.12 uM (n = 5) as com-
pared to MS (0.45-50pM) with an IC50 of 5.10 + 0.16piM
(n = 6). In another series of experiments the activity profile of
the inhibitory effect of Chlo at the IC5o and IC1oo and their
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Figure 1 Effect of chlorquine (Chlo) on twitch tension due to direct
muscle stimulation of the mouse diaphragm in normal non-treated
and in acute and chronic Chlo pretreated preparations.
Concentration-response curve to Chlo in non-treated diaphragm (day
0) (0); after pretreatment with Chlo for 3 days (-); 7 days (0l); 14
days (-) and 28 days (A). The responses to Chlo are expressed as a
percentage of maximal depression of twitch contraction. Each symbol
is the mean of at least four observations and vertical lines show
s.e.mean.
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reversal on washing were studied in order to identify any
changes in muscle responsiveness to acute and chronic Chlo
pretreatment. The response to MS was maximally inhibited at
2-3 min (IC50) and 9-22min (IC100) while the response to NS
was inhibited after 5-8 min (IC100). Recovery from the effect of
Chlo was faster for NS than MS and the data obtained (mS,
day 0) from recovery of 5 muscle preparations following
10min exposure to Chlo (50pM) show that it required 25-
30min and 50-60min to reverse the twitch inhibition to NS
and MS to 100%, respectively, following washing with Chlo-
free Tyrode solution.

Effect ofacute and chronic chloroquine pretreatment on
twitch response to electrical stimulation and on
chloroquine concentration-response curve

Since Chlo is known to cause myopathy of the skeletal muscle
which is associated with degenerative changes of the myofib-
rils, the effect of prolonged pretreatment with Chlo was
studied to assess its effect on muscle strength. Chlo (0.75-
100pM) reversibly depressed the twitch height to NS and MS
in preparations obtained from mice pretreated daily with Chlo
(45mg kg- 1, i.p.) for 3-28 days. Acute and chronic adminis-
tration of Chlo shifted the concentration-response curve of
Chlo to the right with maximum shift occurring from day 7
(Figure 1 and Table 1). Chlo pretreatment changed the
concentration-response relations to Chlo, increasing the
maximal, and minimal inhibitory concentrations for Chlo.
The activity profile of Chlo was also altered being dependent
on length of pretreatment with Chlo. The time to onset (Table
1) and maximum inhibition to MS was progressively increased
with latent periods of 8.25 + 2.70 and 62.4 + 5.36 s on day 3
and day 28 pretreated diaphragms respectively, compared to
control. Furthermore, the time to complete recovery of twitch
amplitude (MS) after washout of Chlo was also dependent on
the length of pretreatment taking 50-60 and 35-40min for
day 7 and day 28 pretreated diaphragms respectively.
Recovery from the inhibitory effect of Chlo in these prep-
arations was faster in NS than in MS. Moreover, recovery to
NS and MS was faster in pretreated than in normal dia-
phragm.

Effect ofacute and chronic chloroquine pretreatment on
twitch and tetanus, and twitch/tetanus ratio

Chlo (3-15.uM) significantly depressed tetanus to NS and MS
(Table 2) while higher concentrations (30-1OOpM) abolished
tetanic contractions. Chlo depressed to an equal extent the
twitch and tetanic tension as indicated by the twitch/tetanus
ratio of 0.10 + 0.03 (Table 2). In diaphragms obtained from
Chlo-pretreated animals, twitch tension and tetanus were sig-
nificantly reduced by 15-70% and 20-65% respectively (Table
2), the effect being maximal from day 7 of pretreatment.
Although Chlo-pretreatment depressed both twitch and
tetanus tension to equal extent in day 7, 14 and 28 treated
diaphragms, the decrease was larger in the twitch tension
response in day 3 diaphragms as indicated by the decrease in
the ratio of twitch/tension (Table 2).

Effect ofacute and chronic chloroquine pretreatment on
minimalfusionfrequency
The minimal fusion frequency (MFR) was studied in non-
Chlo-treated and in acute and chronic Chlo pretreated dia-
phragms. Throughout each experiment the muscles were
stimulated with trains of pulses (15-18 Hz for 1 s) every 5 min
so as to produce incomplete tetanic contraction (MFR). Chlo
(5-101pM) induced a concentration-dependent increase in the
MFR of 40-50% from a mean control value of 18.2 + 1.12 Hz
in non-Chlo pretreated preparations. Acute and chronic Chlo
pretreatment for 3-28 days also increased the MFR by
40-60%, an effect which was not dependent on the length of
Chlo pretreatment (Table 2). In another series of experiments
the effect of IC50 of Chlo (5.0 pM) on MFR was examined in
muscles obtained from Chlo pretreated mice. Chlo did not
increase further the MFR in these preparations (Table 2).

Effect ofsodium thiocyanate and increase in extracellular
calcium concentration on the inhibitory effect of
chloroquine and acute and chronic chloroquine
pretreatment on twitch tension

The depressant effect of Chlo (1.50-15OpM) on twitch tension
(MS) was reversed in a concentration-dependent manner by

Table 1 Effect of chloroquine (IC50) on twitch/tetanus tension ratio (Tw/Tt) and minimal fusion frequency (MFR) on chloroquine
pretreated mouse diaphragm

In the presence of chloroqune (S.OMM)
Pretreatment Tension (g) Tension (g)
day Twitch Tetnus Tw/Tt MFR (Hz) Twitch Tetanus Tw/Tt MFR (Hz)

Control 1.14 + 0.62 13.5 + 1.32 0.10 +0.03 18.5 + 1.12 0.63 + 0.17 5.33 ± 1.25 0.12 ±0.03 26.7 + 2.89
Day 3 0.77 + 0.13* 11.7 + 1.67 0.67 ± 0.01 27.2 + 2.16* 0.77 + 0.25 7.23 + 2.54 0.11 ± 0.05 31.6 + 1.92
Day 7 0.39 + 0.12* 4.43 ± 0.44* 0.09 + 0.03 28.5 ± 1.89* 0.42 + 0.05 3.53 + 1.66 0.12 ± 0.05 31.6 ± 2.01
Day 14 0.53 + 0.06* 3.63 ± 0.73* 0.10 ± 0.04 27.1 ± 1.22* 0.55 ± 0.06 3.07 ± 1.28 0.14 ± 0.07 29.1 ± 1.86
Day 28 0.50 + 0.11* 5.10 + 0.12* 0.10 + 0.02 26.4 + 1.84* 0.62 + 0.10 4.59 + 1.44 0.14 ± 0.04 32.3 ± 2.12

* Significantly different from their respective controls P < 0.05.
Results are expressed as mean + s.e.mean from at least 4 experiments.

Table 2 Chloroquine IC5O values and recovery profile on normal and chloroquine pretreated diaphragm
Time to

inhibitory
IC50 (pM) response (s)

5.10 + 0.16
8.13 ± 0.25
10.3 + 1.72
23.8 + 2.82
25.8 + 2.96

0.14 0.05

8.25 + 2.70
23.3 + 1.92
27.8 + 2.70
62.4 + 5.36

IC50 (aM)

25.8 ± 2.96
26.3 + 4.04
18.7 ± 1.58
8.50±0.62
8.01 ± 0.30

Twitch

0.50 ± 0.11
1.02 + 0.07
1.10 + 0.08
1.01 + 0.050
1.06 ± 0.04w

5.10 ± 0.12
8.99 ± 0.89
8.67 + 1.15*
8.73 + 0.64*
9.01 ± 0.08*

* Significantly different from their respective controls P < 0.05;
Controls for recovery data are results obtained following Chlo pretreatment for 28 days;
Results are expressed as mean ± s.e.mean from at least 4 experiments. MFR - Minimal fusion frequency.

Pretreatment
day

Control
Day 3
Day 7
Day 14
Day 28

Recovery after 28 days pretreatment
Tension (g)

Tetanus Tw/Tt

0.10 ± 0.03
0.11 ± 0.01
0.12 0.02
0.12 0.02
0.11 ± 0.01

MFR (Hz)

26.4 + 1.84
26.7 + 2.87
26.7 + 2.35
25.0 + 3.01
25.5 ± 29.6

It

it
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thiocyanate ions, SCN-1 (1-5mM). The effects of Chlo (5-
100pM) were restored by 35-50% in the presence of 1 mm thio-
cyanate ion. The effect of SCN- was rapid in onset (5-10s)
but tension returned to the original depressed level when the
preparation was returned to Tyrode solution containing only
Chlo. In Chlo pretreated diaphragm (day 28), the SCN-' ion
(1 mM) also restored the depressed twitch tension substantially
to near control values of non-Chlo-treated diaphragms. When
Chlo (100pM) was added to Chlo pretreated preparations, the
depressed twitch tension was also markedly reversed (30-40%)
by the SCN- ion (1 mM). In order to elucidate further the
mechanism of the inhibitory action on the twitch tension, the
effect of increase in [Ca2"]. on the twitch tension was investi-
gated. Stepwise increase in [Ca2"]. of 0.05-2.5 mm did not
affect the Chlo-induced inhibition in normal and Chlo (day 3
to day 28) pretreatment diaphragms. However, a Ca2+ con-
centration of 0.02mm increased by 15-20% the twitch
response to MS, the maximal effect occurring after 30min of
incubation.
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Effect ofchloroquine on caffeine- and
isoprenaline-induced increase in twitch tension and on
caffeine- and potassium-induced contracture

In order to elucidate further the possible effect of Chlo on
Ca2 + sequestration, procedures known to interfere with Ca2 +
mechanism were studied in normal and Chlo pretreated prep-
arations. Caffeine (5-500Mm) and isoprenaline (0.001-0.8 pM)
increased the twitch tension to direct muscle stimulation (MS)
in a concentration-dependent manner (Figure 2). Chlo (2.5-
150pM) caused a concentration-dependent attenuation of the
responses to caffeine (Figure 2a) and isoprenaline (Figure 2b).
Propranolol (1.OpM), reduced and/or abolished the twitch
potentiation induced by isoprenaline but was without effect
on the caffeine response. Caffeine (0.1-5mM; Figure 3) and
KCI (10mM-130mM) produced contracture of the mouse dia-
phragm in a concentration-dependent manner. The contrac-
ture produced by caffeine was superimposed with twitch
contractions and Figure 4a shows the activity profile to caf-
feine. Potassium (20mM-SOmM) induced a sustained contrac-
ture (lasting over 60min) but higher concentrations (80pM)
produced a non-sustained contracture which usually declined
to basal tension in 2-3 min in the presence of KCl (Figure Sa).
Chlo (50-1SOpM) produced a concentration-dependent attenu-
ation of responses to caffeine and KC1. The twitch contraction
to caffeine was more sensitive to inhibition by Chlo than was
the contracture, being abolished at a Chlo concentration of
5OpM (Figure 4b). Chlo increased the latent period for
caffeine- and KCI-induced contracture by 1-3 min, had no
effect on the time for KCI contracture to fall to basal tension,
but decreased that to caffeine by 10-20min.

Effect ofacute and chronic chloroquine pretreatment on
caffeine, isoprenaline and KCI response

Chlo pretreatment daily for 3 to 28 days progressively shifted
the concentration-response curve to caffeine and KCl to the
right, the shift being maximum from day 14 (Figure 2a and b)
but the maximum contraction to caffeine was not significantly
depressed. Furthermore, the twitch contractions induced by
caffeine (0.1-5 mM) were also attenuated and/or abolished by
Chlo pretreatment. The decrease in the amplitude and fre-
quency of twitch contraction was dependent on length of
pretreatment with Chlo and was abolished from day 14
(Figure 4c-e). The twitch contraction was more sensitive to
inhibition than was the contracture. The potentiation of
twitch tension induced by caffeine (5-500pM) was attenuated
by pretreatment with Chlo for 7 to 28 days resulting in a sig-
nificant shift (P < 0.05) to the right of the concentration-
response curve. The shift was maximum after administration
of Chlo for 14 days (Figure 2a). The effect of pretreatment
with Chlo on isoprenaline-induced potentiation of twitch
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Figure 2 Effects of acute and chronic chloroquine (Chlo) adminis-
tration on caffeine- and isoprenaline-induced potentiation of twitch
contractions due to direct electrical stimulation of mouse diaphragm
preparations. Concentration-response curve to caffeine (a) and iso-
prenaline (b) in non-treated diaphragm (day 0, 0); after pretreatment
with Chlo (45 mgkg-', i.p.) daily for 7 days (0); 14 days (0) and 28
days (-). The responses to Chlo are expressed as a percentage of
maximal depression of twitch contraction. Each symbol is the mean of
at least four observations and vertical lines indicate s.e.mean. Note the
progressive depression of the caffeine- and isoprenaline-induced
twitch potentiation.

tension was qualitatively similar to that observed with caffeine
(Figure 2b). The inhibitory effect of pretreatment with Chlo
was dependent on the length of administration of Chlo with
maximum shift of the concentration-curve occurring from day
14. Chlo pretreatment markedly altered the activity profile of
KCI (130mm; Figure Sa-d) on preparations obtained from
animals treated with Chlo for 7-28 days. The duration of KCI
contracture was prolonged, with the contracture being sus-
tained for 8.5 + 0.4min compared to the control of
2.5 + 0.2 min. Although the amplitude of the contracture was
attenuated by 60 + 5.8%, the tension curve area (area under
the contracture) was not significantly different from control of
550 + 40.5gs-1.

Effect ofacute and chronic chloroquine pretreatment on
the inhibition of twitch tension by dantrolene sodium,
procaine and (+ )-tubocurarine

In order to evaluate the specificity of effect on Ca2+ seque-
stration of acute and chronic Chlo pretreatment on the dia-
phragm, drugs which are known to inhibit twitch and tetanus
tension via different mechanisms on Ca2+ mobilization were
examined in Chlo pretreated preparations. Dantrolene (0.1-
10pM) and procaine (1.0-100UM; Figure 6) produced
concentration-dependent inhibition of twitch tension due to
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Figure 3 Effects of chloroquine added to the bath and of acute and
chronic chloroquine (Chlo) administration on the contracture induced
by caffeine in mouse diaphragm preparations. Concentration-response
curves to caffeine in non-treated diaphragm (day 0, 0); after pretreat-
ment with Chlo (45 mgkg- 1, i.p.) daily for 3 days (El); 7 days (U); 14
days (A) and 28 days (A). The concentration-response curves to caf-
feine in the presence of Chlo (100pM) are represented (0). The
responses to caffeine are expressed as a percentage of maximal con-
traction. Each symbol is the mean of at least four observations and
vertical lines indicate s.e.mean.

MS. In Chlo pretreated preparations dantrolene inhibited the
twitch contractions to MS in a concentration-dependent
manner (Figure 6b) and pretreatment for 3-14 days did not
alter the concentration-response relations i.e. the slope or the
maximal or minimal effective concentrations for dantrolene.
Although the IC50 values for dantrolene obtained before and
after pretreatment with Chlo were not significantly different
(day 3 to day 14), there was a shift to the right in day 28
pretreated diaphragms (P < 0.05). The time to onset and
maximum inhibition of MS was not altered in any Chlo
pretreated preprations (day 7 to day 28). Similarly procaine
inhibited the twitch tension to MS following Chlo pretreat-
ment for 3-28 days. However, the concentration-response
curve to procaine was shifted significantly to the right

b

0

Figure 5 Effects of chloroquine (Chlo) added to the organ bath and
of acute and chronic administration of Chlo on potassium-induced
contraction in mouse hemidiaphragm preparation. Black dots indicate
addition of 130mM KC1. (a) Potassium contraction (130mM) declined
to basal tension in the presence of potassium in the bath. (b) Chlo
(5OpM) decreased the contraction to potassium but prolonged the
duration of the contraction. (c-d) Chlo administration (45mgkg-1,
i.p.) daily for 7 days (c) and 28 days (d) on potassium-induced contrac-
tion. Chlo pretreatment decreased and prolonged the contraction to
potassium.

(P < 0.05), an effect which was dependent on the length of
pretreatment with Chlo (Figure 6a). Moreover, the rate of
inhibition of twitch contraction by procaine was faster in the
non-Chlo pretreated diaphragm (15-20min) compared to
pretreated preparations (30-40min). (+ )-Tubocurarine (0.1-
5pM) attenuated the twitch response to NS without signifi-
cantly affecting that to MS. The concentration-effect relation
was not altered by pretreatment with Chlo for 3-28 days
(Figure 6c). Furthermore, pretreatment did not change the
activity profile to (+)-tubocurarine; the time to maximum
inhibition was not different from the control of 2.8 + 0.35 min.

Effect of recoveryfrom acute and chronic chloroquine
pretreatment on tetanus, minimalfusionfrequency,
caffeine and KC1

In order to ascertain whether the effect of acute and chronic
administration of Chlo observed in this study was reversible, a
series of experiments was conducted on muscles obtained from
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Figure 4 Effects of chloroquine (Chlo) added to the organ bath and of acute and chronic administration of chloroquine on caffeine-
induced contracture in mouse hemidiaphragm preparation. (a) Caffeine-induced contracture (5 mM) was superimposed by spike con-
tractions. (b) Chlo (5OM) abolished the spike contractions and produced a sustained contraction to caffeine. (c-e) Chlo
administration (45 mgkg-1, i.p.) daily for 7 days (c), 14 days (d) and 28 days (e) on caffeine-induced contracture. Addition of 5mM
caffeine indicated by a black dot in each section. Chlo pretreatment produced a parallel decrease in the amplitude and frequency of
spike contractions as well as a decrease in the contracture.
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siveness of the diaphragm to the stimulatory effect of caffeine
and KCl was partially restored with time after stopping the
daily administration of Chlo. The contracture response to caf-
feine recovered faster than the twitch contractions with evi-
dence of recovery being observed after 7 days of stopping
pretreatment with Chlo. The tension curve area for caffeine
after 14 and 28 days was 4.8 + 0.25 and 5.2 + 0.42 gmin- l
respectively compared to a control of 24.5 + 2.86 g min- '. The
tension curve area for KCI after 14 and 28 days was
6.34 + 1.86 and 8.55 + 1.98 g min respectively compared to
a control of 10.2 + 1.58 gmin-.

Discussion
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Figure 6 Effects of acute and chronic chioroquine (Chlo) adminis-

tration on dantrolene sodium-, procaine- and (+ )-tubocurarine-

induced inhibition of twitch contraction due to electrical stimulation

of mouse hemi-diaphragm preparations. Concentration-response

curves to procaine (a), dantrolene (b) and (+ )-tubocurarine (c) in non-

treated hemidiaphragm (day 0, 0); after pretreatment with Chlo

(45 mgkg~1, i.p.) daily for 3 days (0); 7 days (U); 14 days (U) and 28

days (A\). The responses to the inhibitory agonists are expressed as a

percentage of the maximal depression of twitch contraction. Each

symbol is the mean of at least four observations and vertical lines

indicate s.e.mean. Experiments with (+ )-tubocurarine were conducted

in hemidiaphragm preparations stimulated indirectly via the phrenic

nerve. Chlo pretreatment for 3-28 days selectively induced tolerance

to the inhibitory effect of procaine.

mice pretreated with Chlo for 28 days and then allowed to

recover from the effect of pretreatment. Reactivity of the

muscle to the inhibitory effect of Chlo on twitch tension was

gradually restored to normal as indicated by the progressive

shift to the left of the concentration-response curve to Chlo

(Table 2). Partial recovery was observed from day 7 with an

IC50 of 18.7 1.58,UM. The recovery profile to Chlo indicates

that the time to onset and maximal inhibition of twitch con-

tractions returned progressively to normal values with com-

plete recovery occurring from day 14. Twitch and tetanus

tension exhibited differential recovery. Twitch tension recov-

ered to control tension after 3 days of stopping Chlo adminis-

tration, whereas tetanus tension recovered only partially even

after 28 days (Table 2). The MFR showed no recovery

throughout the 28 days of observation (Table 2). The respon-

The inhibitory effect of Chlo on twitch and tetanus tension
and the increase in MFR is suggestive of an interference with
Ca2 + sequestration normally necessary for excitation-
contraction in skeletal muscle (Anderson, 1978; Frank, 1980).
This effect of Chlo was not due to direct action on the con-

tractile element e.g. troponin-tropomyosin complex and/or
actomyosin adenosine triphosphatase since caffeine and KCl
still produced contracture of the diaphragm in a

concentration-dependent manner in the presence of Chlo and
in pretreated preparations. Furthermore Na SCN which is
known to potentiate twitch tension and K+-induced contrac-
ture by increasing Ca2 + influx at the transverse tubular
element and the terminal cisternal of the sarcoplasmic reti-
culum (Weiss & Bianchi, 1965; Bianchi & Bolton, 1966) also
reversed Chlo-induced inhibition lending support to an intra-
cellular site of action of Chlo. Since an increase in extracellu-
lar Ca2+ did not reverse Chlo-induced twitch inhibition, it
seems unlikely that the main effect of Chlo is due to inhibition
of extracellular Ca2+ influx.
The inhibitory effect of Chlo and Chlo-pretreatment (7-28

days) on K+- and caffeine-induced contracture as well as on

isoprenaline-induced twitch potentiation further support the
contention that the site of action of Chlo is on intracellular
Ca2+ sequestration. These agonists are known to produce
their actions through interference at specific intracellular
Ca2+ sites such as 'trigger' Ca2 + and SAR calcium (Bianchi,
1962; Weiss & Bianchi, 1965; Frank, 1980; Merican et al.,
1983). It is conceivable that this effect of Chlo is due to such
intracellular Ca2 + inhibition.

In skeletal muscle, the MFR that cause a smooth tetanic
contraction is considered to be a measure of the duration of
the active state of the contractile elements which permit
maximal tension development (Ritchie, 1954). In the present
study, Chlo as well as acute and chronic Chlo administration
increased the frequency required to fuse twitch response to a
tetanus, suggesting that one of the results of Chlo treatment is
a shortening in the duration of the active state. Since the
intensity of the active state has been proposed to vary in pro-
portion to a complex between Ca2 + and the contractile
apparatus (Taylor, 1969), the duration of the active state
would consequently correspond to the time course of the
release and reuptake of Ca2 + within the muscle. The effect of
Chlo on MFR is consistent therefore with an intracellular site
of action, possibly Ca2 + stores of the SAR (Ayiteh-Smith &
Vartanian, 1975).
The persistent reduction in muscle strength throughout the

4 weeks of Chlo administration is suggestive of the presence of
Chlo in skeletal muscle contractile elements. It was to be
expected that such muscle preparations would show greater
reactivity to Chlo in vitro, but our results indicated a develop-
ment of tolerance to Chlo. Since only the inhibitory effect of
procaine on such skeletal muscle preparations was altered
without any significant effect on (+)tubocurarine and dan-
trolene sodium, it seems likely that tolerance to the effect of
Chlo may in fact be a result of specific changes demonstrated
to occur in muscles pretreated with Chlo (MacDonald &
Engel, 1970; Oberc & Engel, 1977; Ayiteh-Smith & Gbe-
wonyo, 1977; Lie & Schofield, 1978). Moreover, local anaes-
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thetics such as procaine and dibucaine inhibit twitch and
tetanic tension by an action on intracellular Ca2+ seque-
stration (Inoue & Frank, 1960; Franz & Perry, 1974). There is
a structural similarity between Chlo, dibucaine and procaine
(Chinyanga et al., 1972; Kennedy & Knapp, 1982) which may
explain the decreased responsiveness to Chlo and procaine
reported in this study.

Acute and chronic administration of Chlo have been found
to induce morphological changes in skeletal muscle (Ayiteh-
Smith & Gbenwonyo, 1977; MacDonald & Engel, 1978; Lie
& Scholfield, 1978). Since MFR contributes to the duration of
active state during excitation-contraction coupling (Taylor,
1969; Anderson, 1978; Frank, 1980), the decreased muscle
strength still observed after stopping Chlo pretreatment may

be due in part to its effect on the active state in the contractile
elements. In addition, reactivity of the muscle to caffeine, KCl
and tetanus tension during recovery may be explained in part
by these ultrastructural changes in response to Chlo reported
by previous workers.
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