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Summary

Probenecid, an FDA-approved gout medication, of therapeutic interest also for other disease
conditions, depresses sarcoplasmic reticulum Ca?* release and contractile activation in mouse
skeletal muscle. The effects are unrelated to probenecid capacity to block ATP release

through pannexin-1 channels.

Abstract

Tight control of skeletal muscle contractile activation is secured by the excitation-contraction
(EC) coupling protein complex, a molecular machinery allowing the plasma membrane
voltage to control the activity of the ryanodine receptor Ca?* release channel in the
sarcoplasmic reticulum (SR) membrane. This machinery has been shown to be intimately
linked to the plasma membrane protein pannexin-1 (Panx1). We investigated whether the
prescription drug probenecid, a widely used Panx1 blocker, affects Ca?* signaling, EC
coupling and muscle force. The effect of probenecid was tested on membrane current, resting
Ca?" and SR Ca?* release in isolated mouse muscle fibers, using a combination of whole-cell
voltage-clamp and Ca?* imaging, and on electrically-triggered contraction of isolated muscles.
Probenecid (1 mM) induces SR Ca?* leak at rest, and reduces peak voltage-activated SR Ca®*
release and contractile force by 40%. Carbenoxolone, another Panx1 blocker, also reduces
Ca?" release, but neither a Panx1 channel inhibitory peptide nor a purinergic antagonist
affected Ca?" release, suggesting that probenecid and carbenoxolone do not act through
inhibition of Panx1-mediated ATP release and consequently altered purinergic signaling.

Probenecid may act by altering Panx1 interaction with the EC coupling machinery, yet the



implication of another molecular target cannot be excluded. Since probenecid has been used
both in the clinic and as a masking agent for doping in sport, these results should encourage
evaluation of possible effects on muscle function in treated individuals. In addition, they also
raise the question of whether probenecid-induced altered Ca?* homeostasis may be shared by

other tissues.
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Introduction

Skeletal muscle contraction and relaxation are determined by type 1 ryanodine receptor
(RyR1)-mediated SR Ca?* release and sarco-endoplasmic reticulum Ca?*-ATPase (SERCA)-
mediated SR Ca?* re-uptake, respectively. RyR1 channel activity is under the control of the
plasma membrane voltage through interactions with the Cayv1.1 voltage-sensor; this molecular
partnership constitutes the core of the EC coupling machinery (Rebbeck et al., 2014;
Hernandez-Ochoa et al., 2018; Rios, 2018). EC coupling is a very secure process and there is
actually a limited number of known pharmacological agents that can modify or disrupt its
function so as to alter muscle force production in the intact organism (see Mackrill, 2010).
Still, the possibility cannot be excluded that adverse effects of certain therapeutically-
approved molecules in the form of weakness and/or fatigue, are related to alteration of Ca?*

homeostasis and EC coupling.

Pannexins correspond to a family of three plasma membrane channel proteins (Panx1, 2, 3),
Panx1 is so far the best characterized. It is ubiquitously expressed and exhibits a large, poorly
selective pore allowing small molecules, and believed to mediate ATP release from the
cytosol (see Dahl, 2015; Whyte-Fagundes and Zoidl, 2018). The recently solved cryo-EM
structure of Panx1 heptameric assembly has revealed co-existence of a large conducting
pathway together with 7 additional chloride-conducting side tunnels, making the functional
channel heptamer capable of passing ion current without necessary releasing ATP (Ruan et

al., 2020). Panx1 is involved in a wide range of physiological and pathophysiological



functions in different cell types (see Wang et al., 2013; Dahl, 2018). Accordingly, it is a
therapeutic target of increasing interest for many pathological conditions, including infectious
diseases, cancer, inflammation, several diseases of the central nervous system (e.g. Dahl and
Keane, 2012; Eugenin, 2014; Navis et al., 2020; Vultaggio-Poma et al., 2020; Giaume et al.,

2021).

Skeletal muscle activity is associated with ATP release into the interstitial space (Li et al.,
2003), with potential downstream autocrine and paracrine functions through purinergic
receptors (e.g. Nyberg et al., 2013; Ito et al., 2018). Several lines of evidence have promoted a
function for Panx1-mediated ATP release and consequent autocrine activation of purinergic
signaling, in the control of muscle plasticity (Buvinic et al., 2009; Jorquera et al., 2013;
Bustamante et al., 2014). This process operates in an action-potentials frequency-dependent
manner, sensed and transduced by Cay1.1 to Panx1 (Casas et al., 2010; Jorquera et al., 2013).
Consistently, a multiprotein complex including Cav1.1, Panx1, and P2Y2 has been described
(Arias-Calderén et al., 2018).

The close molecular and functional interactions between the EC coupling machinery and
Panx1 led us to postulate that, altering Panx1 function may affect intracellular Ca?* handling
and EC coupling. To address this issue, we focused on a molecule classically used to block
Panx1: probenecid, which has also been used for clinical purposes. We show that probenecid
affects resting Ca?* homeostasis, voltage-activated Ca?* release and whole muscle force
production. Preliminary aspects of this work have been presented in abstract form (Jaque-

Fernandez et al., 2022).



Materials and methods

Experiments were performed following the ethics principles of the French Department of
Veterinary Services and the French Ministry for Higher Education, Research and Innovation,
in accordance with the guidelines of the local committees in charge of animal well-being
(SBEA) at University Claude Bernard Lyon 1 and at University of Nantes, the French
Ministry of Agriculture (decree 87/848), and the revised European Directive 2010/63/EU.
Animals were housed at the accredited Therassay (University of Nantes) and Aniphy
(University Lyon 1) animal facilities. Experimental design and analysis and their reporting
followed ARRIVE 2.0 (Percie du Sert et al., 2020) and BJP guidelines (Curtis, 2018).
Experiments were performed on muscles and muscle fibers isolated from mice as basic
aspects of the physiology of excitation-contraction coupling in human muscle (Garcia et al.,
1992; Struk et al., 1998) are similar to those in mouse muscle (Collet et al., 2004; Hernandez-

Ochoa and Schneider, 2012).

Isolation and preparation of muscle fibers for voltage-clamp

Single fibers were isolated from the flexor digitorum brevis muscles of 8-12-week-old OF1
male mice (Charles River, L’ Arbresle, France). OF1 mice were used because dense sets of
healthy, robust muscle fibers can be isolated in a very reproducible manner from this strain
which, over the years, has become a standard model in our laboratory. Procedures were as
described previously (Jacquemond, 1997; Lefebvre et al., 2011). In brief, mice were
anaesthetized by isoflurane inhalation and killed by cervical dislocation. Muscles were

removed and incubated for 60 minutes at 37°C in the presence of Tyrode solution containing



2 mg/mL of collagenase (Sigma, type 1). Single intact muscle fibers were then released by
gentle mechanical trituration of the enzyme-treated muscles. Trituration was achieved within
the experimental chamber: a 50 mm wide culture p-dish (Ibidi, Planegg / Martinsried,
Germany), in the presence of culture medium containing 10% bovine fetal serum (M1199;
Eurobio, France). Prior to trituration, the bottom of the chamber had been covered with a thin
layer of silicone grease. This enabled single fibers to be covered with additional silicone so
that a 50-100 um-long portion of the fiber extremity was left out, as previously described
(Jacquemond, 1997). The culture medium solution was replaced by our standard extracellular
solutions (see Solutions). The tip of a glass micropipette filled with an intracellular-like
solution containing a Ca?*-sensitive dye (see Solutions) was inserted into the silicone-
embedded fiber portion. The silver-silver chloride wire inside the micropipette was connected
to an RK-400 patch-clamp amplifier (Bio-Logic, Claix, France) used in whole-cell voltage-
clamp configuration. Command voltage pulse generation was achieved with an analog-digital
converter (Digidata 1440A, Axon Instruments, Foster City, CA) controlled by pClamp 9
software (Axon Instruments). The tip of the micropipette was gently crushed against the
bottom of the chamber to reduce the series resistance. Analog compensation was adjusted to
further decrease it. Unless otherwise specified, voltage-clamp steps were applied from a
holding command potential of -80 mV. In the experiments designed to test the effect of
probenecid and carbenoxolone using the pre-incubation protocol (see Solutions), an estimate
of the amount of Cav1.1 intramembrane charge movement was made by analyzing the
depolarization-induced changes in membrane current, according to previously described
procedures (e.g. Jague- Fernandez et al., 2021). For this, changes in current elicited by -20
mV pulses delivered before each test depolarizing pulse, were averaged and used as control
for subtracting the linear components. Because experiments were performed in a calcium-

containing extracellular solution, contamination by the Cay1.1 Ca?* current was limiting.



Thus, only the “ON” portion of the current transients was used, and the amount of charge
measured from the corrected current records was made with integration limited to 5 ms after
the onset of the depolarizing pulses. The corresponding calculated charge was normalized to

the capacitance of the fiber. All experiments were performed at room temperature (20-22°C).

Ca?* imaging

Detection of fluorescence from the Ca?*-sensitive dye dialyzed into the fiber’s cytosol was
achieved with a Zeiss LSM 800 microscope equipped with a 63x oil immersion objective
(numerical aperture 1.4). Standard green and red configurations were used for detection of the
fluorescence of fluo-4 and rhod-2, respectively. Voltage-activated fluorescence changes were
imaged using the line-scan mode (x,t) of the system. They were expressed as F/Fo with Fg the
baseline fluorescence. In experiments designed to follow the effect of probenecid after acute
application of the drug, the changes in resting fluorescence Fo were normalized to Fo in the
control condition at the beginning of the experiment; this value is referred to as intialFo.In
graphs presenting fluorescence transients, the y scale bar corresponds to the indicated multiple
of Fo. Quantification of the Ca?* release flux (dCaro/dt) underlying the rhod-2 Ca?* transients
was performed as previously described (Lefebvre et al., 2011; Kutchukian et al., 2016). The
resting Ca?* concentration was assumed to be 100 nM in all conditions, except for results
shown in Fig. 8 and in Fig. 9, for which the change in resting Ca?* concentration induced by
probenecid was implemented in the Ca?* release flux calculation: for this, the resting Ca?*
level in the presence of probenecid was calculated from the increase in resting fluorescence,
assuming an initial resting [Ca?*] level of 0.1 uM, and Fmax/Fmin and Kp values for rhod-2 of
30 and 1.63 uM, respectively (Sanchez et al., 2021). The voltage-dependence of the peak
Ca?*release flux from each muscle fiber was fitted with a Boltzmann function:

dCare/dt = Max dCarod/dt /(1+exp[(Vos-V)/K]),



with Max dCarot/dt the maximum Ca?* release flux, Vo.s the mid-activation voltage and k the

steepness factor.

Muscle force measurements

Electrically-stimulated isolated extensor digitorum longus (EDL) muscles were used to assess
the effect of probenecid on force development. For this, 8-week-old OF1 male mice were
anesthetized by isoflurane inhalation and killed by cervical dislocation and EDL muscles were
removed. Force measurements were performed using the 1205A Isolated Muscle System from
Aurora Scientific (Aurora, ON, Canada). The EDL muscle was mounted in the experimental
chamber in the presence of air bubbled Ringer solution (see Solutions) maintained at 25°C.
The muscle was stretched to the optimum length for production of maximum isometric twitch
force triggered by a supra-maximum 0.2-ms-long electrical stimulation. From this time-point,
the muscle was repeatedly stimulated by series of 5 such electrical stimulations applied at 0.1
Hz, every 5 minutes, throughout the experiment. Force measurements were performed in
response to 60 Hz supra-maximum tetanic trains of stimulations of 0.5 s total duration,
applied every 15 minutes. Following the first tetanic response, the Ringer solution was
exchanged for the DMSO-containing Ringer with or without probenecid. Force values were

normalized by the weight of the muscle.

Solutions

Tyrode solution contained (in mM): 140 NaCl, 5 KClI, 2.5 CaClz, 2 MgCl,, 10 HEPES. The
standard extracellular solution for voltage-clamp experiments contained (in mM) 140 TEA-
methane-sulfonate, 2.5 CaCl,, 2 MgCl», 1 4-aminopyridine, 10 HEPES and 0.002

tetrodotoxin. For the experiments described in Fig. 1 and Fig. 2 the extracellular solution also
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contained 0.33 % DMSO. The standard pipette solution contained (in mM) 120 K-glutamate,
5 Nax-ATP, 5 Naz-phosphocreatine, 5.5 MgClz, 5 glucose, 5 HEPES. For measurements of
rhod-2 Ca?* transients it also contained 15 EGTA, 6 CaCl and 0.1 rhod-2. For measurements
with fluo-4, isolated muscle fibers were incubated for 30 min in the presence of Tyrode
solution containing 10 uM fluo-4 AM. All solutions were adjusted to pH 7.20. The Ringer
solution used for muscle force measurements contained (in mM) 140 NacCl, 6 KCI, 3 CaCl,, 2
MgCly, 10 HEPES, adjusted to pH 7.40.

Probenecid was prepared as a 0.3 M aliquoted stock solution in DMSO and used in the
extracellular solution at 0.5, 1 or 2 mM. Carbenoxolone was prepared as a 10 mM stock
solution in the extracellular solution and used at 0.1 mM. These concentrations were chosen
on the basis of their effectiveness and wide use to block Panx1 channels throughout the
literature (e.g. Dahl et al., 2013). When testing the effect of either probenecid or
carbenoxolone using the pre-incubation protocol (Figs. 1-2), fibers were bathed in the drug-
containing extracellular solution from the beginning of the intracellular dialysis with the rhod-
2 containing solution (that is, 30 minutes before taking measurements). The *°panx1 peptide
and the scrambled control peptide (:°panx1SCr) were tested under the same conditions at 200
UM while the P2Y 2 antagonist AR-C 118925XX was tested at 10 uM. All chemicals and
drugs were purchased from Sigma-Aldrich (St. Louis, MO), except for tetrodotoxin (Alomone
labs, Jerusalem, Israel), rhod-2 and fluo-4 (Thermo Fisher Scientific, IllIkirch, France), and
AR-C 118925XX (TOCRIS - Bio-Techne, Noyal Chéatillon sur Seiche, France).

In vitro fluorescence measurements using droplets of a solution containing (in mM): 120 K-
glutamate, 10 HEPES, 15 EGTA, 6 CaCl, and 0.1 rhod-2, with or without probenecid,
showed that fluorescence intensity in the presence of 1 mM probenecid corresponded to 1.09
+ 0.12 % (n=6) the intensity in the absence of probenecid, excluding an interaction of the drug

with the dye to explain the effect on resting fluorescence in muscle fibers.
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Data and statistical analysis

During the experiments, muscle fibers and muscles were randomly assigned to the control and
test (probenecid, carbenoxolone or other treatment) groups. When comparing results between
control muscle fibers and muscle fibers treated under a given pharmacological condition,
groups of fibers from a same animal were considered as technical replicates and statistical
comparison was achieved using a nested analysis, as described by Eisner (2021). When
determining the extent of change in a given parameter produced by acute application of a
pharmacological compound (with the initial measurement from the same muscle or muscle
fiber being the control value), each experiment was considered as independent and statistics
were based on the number of fibers.

The number of necessary experiments was estimated on the basis of our previous experience
with each protocol. A sample size estimation (with a = 0.05 and = 0.80) was made from our
pilot data showing a 55 % reduction of maximum SR Ca?* release in the presence of 1 mM
probenecid, giving a number of 6 per group.

Experiments on single muscle fibres and on isolated muscles require a great extent of specific
expertise, preparation, dexterity and watchfulness, with the operator on duty being in charge
from beginning to end. Under these conditions, further complexification by blinding was not
implemented to prevent any related risk of misidentification error. Blinding would also have
required two dedicated persons on duty on each experimental day, which was not routinely
possible.

Data and statistical analysis complied with the recommendations on experimental design and
analysis in pharmacology (Curtis et al., 2018). Electrophysiological and fluorescence data
were processed with Clampfit 10.0 (Molecular Devices, San Jose, CA) and ImageJ software

(NIH, Bethesda, MD), respectively, and Origin 7.0 (OriginLab Corporation, Northampton,

12



MA). Statistical analysis was performed with GraphPad Prism 9.1 (GraphPad Software, San
Diego, CA). Data values are presented as means + SD for either n muscle fibers or n muscles.
Individual datapoints for the parameters measured from each and every muscle/fiber tested
are also presented in the figures. Statistical comparison was made only on measurements
conducted under a given experimental condition on a minimum group of either 5 distinct
muscles or 5 distinct muscle fibers. No search was made for outliers within datasets. The level
of probability (p) deemed to constitute the threshold for statistical significance was defined as
p<0.05. Exact p values are indicated on the graphs in the Figures.

For single muscle fiber experiments designed to test the effect of chronic exposure to a
pharmacological compound (Figs. 1, 2, 4), normality of the distribution of each Boltzmann fit
parameter was assessed using Shapiro-Wilk test and statistical difference between the control
group and either the probenecid group or the carbenoxolone group, was determined using the
hierarchical (nested) analysis or linear mixed modelling described by Eisner (2021), taking
into account the number of fibers from each mouse.

For single muscle fiber experiments designed to test the effect of acute exposure to
probenecid, statistical differences between the control group and the probenecid group in
terms of extent of change in -baseline rhod-2 fluorescence, -resting membrane conductance,
and -peak SR Ca?* release flux during the test period and after wash-out, was assessed using
unpaired Mann Whitney Wilcoxon test (Fig. 6 and Fig. 9).

For muscle force measurements in control conditions and in the presence of probenecid, a
Mann Whitney Wilcoxon test was used to compare the amplitude of tetanic force at a given
time point of the experiment. A Friedman's nonparametric test for repeated measurements
followed by Dunn's post hoc test was used to compare the time-dependent changes in the

tetanic force amplitude in the two groups.

13



Results

Depressed SR Ca?* release in muscle fibers incubated in the presence of either
probenecid or carbenoxolone

The effect of probenecid (1 mM) and carbenoxolone (0.1 mM) on EC coupling was first
tested in steady-state conditions using a pre-incubation protocol. For this, voltage-activated
Ca?* transients were measured from fibers bathed either in the absence or in the presence of
one of the two drugs and challenged by 0.5 s-long depolarizing pulses of increasing
amplitude. Representative rhod-2 F/Fo traces from one fiber of each group, all from a same
mouse, are shown in Fig. 1A, with underneath traces corresponding to the SR Ca?* release
flux (dCarot/dt) with an expanded time scale (time period corresponding to that indicated by a
double-arrow below the control F/Fq traces). The probenecid- and carbenoxolone-treated
fibers generated Ca?* transients of smaller amplitude than the control fiber, due to a reduced
peak SR Ca?* release flux at all voltages. Values for peak dCarot/dt, versus voltage, in all
tested fibers are shown in the left panel of Fig. 1B. The inset shows mean values in each
group. Despite fiber to fiber variability, results indicate that probenecid and carbenoxolone
depress voltage-induced RyR1-mediated SR Ca?* release, with carbenoxolone yielding the
most severe effect. Fig. 1C shows corresponding mean values for the Boltzmann fit
parameters, with values from each fiber superimposed. Statistical analysis (see Methods)
showed that the maximum SR Ca?* release flux was reduced, by ~40% in the probenecid
group and by ~70 % in the carbenoxolone group, as compared to the control group. Values for
the Vo5 and for k did not statistically differ. Thus, probenecid and carbenoxolone depress SR

Ca?* release without affecting the sensitivity to membrane voltage of the process.
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In a separate series of experiments under the same conditions, probenecid was found to have
no significant effect on maximum SR Ca?* release at 0.5 mM, while reducing it by more than

70 % at 2 mM (Fig. 2).

The right panel in Fig. 1B shows corresponding values, in each fiber, for the total amount of
Ca?* released (Caror), with the inset showing the mean values from all fibers. This parameter,
calculated from the running integral of the release flux, was also depressed in the presence of

either of the two drugs, as compared to the control condition (see also Fig.2B, bottom set of

graphs).

In order to determine whether depression of SR Ca?* release is an obligatory consequence of
Panx1 channel block, we used the specific inhibitory peptide °panx1 (Pelegrin and
Surprenant, 2006). Exposure of muscle fibers to *°panx1 (200 uM) under the same conditions
as probenecid or carbenoxolone (Fig.1) did not affect SR Ca?* release (Fig. 4A). Thus,
probenecid and carbenoxolone are likely affecting Ca?* release independently from their

capacity to block ATP exit through Panx1.

We also tested whether probenecid-induced blockade of purinergic signaling is involved by
treating fibers with a P2Y receptor antagonist. Since evidence was provided that the P2Y?2
receptor is part of a multi-protein complex including Cav1.1 and Panx1 (Buvinic et al., 2009;
Arias-Calderon et al., 2016), we focused our efforts on testing the P2Y 2 specific antagonist
AR-C118925. Results shown in Fig. 4B show that the antagonist had no effect on SR Ca?*

release.
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In order to estimate whether depression of SR Ca?* release by probenecid and carbenoxolone
may result from a defect of Cav1.1 charge movement, we analyzed the changes in membrane
current following the onset of the depolarizing pulses, from fibers used in Fig. 1 and Fig. 2
(see Material and methods). Examples of charge movement currents in a control fiber, in a
fiber treated with 1 mM probenecid and in a fiber treated with carbenoxolone are shown in
Fig. 3A whereas Fig. 3B shows the voltage-dependence of the so-estimated charge density for
each fiber in Fig. 1 (left graph) and in Fig. 2 (graph on the right). There was no indication that
probenecid, at the 3 tested concentrations, affected charge movement. Conversely, the amount
of charge was reduced in the carbenoxolone-treated fibers. For instance, with respect to the
dataset in Fig.1, mean (+ SD) values for charge density in response to a pulse to +20 mV were
75+27,7.8+4.3and 2.6 + 1.6 nC/uF in control fibers (n=11), in fibers treated with 1 mM
probenecid (n=10) and in fibers treated with carbenoxolone (n=7). Statistical analysis showed
that values did not differ between the control and the probenecid group, whereas the
carbenoxolone group exhibited significantly lower values than the control group. Although
we need to remain careful with these conclusions, because experimental conditions were
limiting for such analysis (see Material and methods), it at least provides no indication that

probenecid affected Cav1.1 charge movement, whereas in contrast, carbenoxolone may do so.

Acute application of probenecid releases stored Ca?*

Results from Figs. 1-2 prompted us to determine whether depression of Ca?* release was
associated with other chronic or transient changes that may be hard to reveal from comparison
of data between a control group and a treated group of fibers at steady state. In the following

sections, we specifically focused on probenecid because of the potential clinical relevance of
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the effects. A protocol of transient probenecid application was used, which also allowed
testing the reversibility of the effects: voltage-activated rhod-2 Ca?* signals were measured in
a same fiber, in control conditions, after applying probenecid and then after probenecid wash-
out.

Because measuring SR Ca?* release in response to repeated depolarizing pulses, together with
extracellular solution changes, is a challenging experimental situation, we performed an
identical series of control experiments through which the DMSO-only containing extracellular
solution was applied to the fibers (referred to as test-control protocol).

Figure 5 shows an example of data collected from one fiber challenged first with a test-control
protocol, and then with probenecid. Probenecid triggered a steep increase in baseline
fluorescence accompanied by a reduction in the amplitude of the rhod-2 transients. Both
effects tended to be reversed upon probenecid wash-out. This provides a compelling
indication that probenecid affects resting intracellular Ca?* homeostasis. Because completing
an entire set of measurements, on a same fiber, as in Fig. 5, was hard to achieve, we relied
instead on the comparison of data between a group of fibers experiencing the test-control

protocol and a group of fibers challenged with probenecid.

Under these conditions, we first focus here on the resting rhod-2 fluorescence. The evolution
of this parameter over the course of each experiment is shown in Fig. 6A. Black and red
correspond to data from fibers challenged with the control protocol and with the probenecid
protocol, respectively. For each fiber, all pre-pulse baseline fluorescence levels were
normalized to the baseline value measured before the first pulse was applied (referred to as
initial Fo). The inset in Fig. 6A shows the raw data while the main panel shows the same data
after normalizing each dataset by a linear function fitted to the data points before application

of probenecid, and extrapolated to the entire set. This normalization was intended to correct

17



for the slow rise in fluorescence over time (see Fig. 5). It was not entirely satisfactory over the
full experiment’s duration as most Fo/initial Fo Values tended to decline with time. Nevertheless,
results clearly show that probenecid reproducibly and reversibly enhanced resting rhod-2
fluorescence. The bar graphs at the bottom of Fig. 6A show the mean values for Fo/initial Fo
during application of probenecid (or during the corresponding period for the control fibers),
and after wash-out. Statistical analysis established a significant rise in resting fluorescence in
the probenecid-treated group of fibers, as compared to the control group, whereas there was
no difference after wash. Using calibration values given in Methods, probenecid was
estimated to elevate the resting Ca®* from an assumed initial level of 0.1 pM to a mean level
0f 0.23 £ 0.09 uM (n=9).

Above results suggest that a rise in resting Ca®* is accompanying the depressing effect of
probenecid on voltage-activated SR Ca?* release. We excluded that the fluorescence rise
would result from an increased rhod-2 concentration due to probenecid-induced inhibition of
rhod-2 leakage out of the fiber. This possibility could be raised because probenecid was
shown to block extracellular leakage of calcium-sensitive dyes (e.g. Di Virgilio et al., 1988).
In our conditions, baseline rhod-2 fluorescence increased on average by a factor of 1.7 within
~2 min, following probenecid application (see Fig. 6A). If this resulted from rhod-2 leakage
block, it would mean that, in normal conditions, we would be losing approximately half the
cytosolic dye concentration every 2 min and that this would be balanced by dye diffusion
from the voltage-clamp pipette so that concentration is maintained constant, or is slightly
increasing. This is most unlikely. Furthermore, we have evidence from our previous
experience that there is no detectable dye leak in the extracellular space, including a history of
experiments performed with dyes pressure-microinjected in isolated fibers, during which dye

concentration remained very stable over the course of the experiments (e.g. Collet and
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Jacquemond, 2002). Overall, the probenecid-induced rise in resting rhod-2 fluorescence is

obviously due to a rise in cytosolic Ca?*.

We previously reported several experimental situations associated with a use-dependent
increase in resting Ca?* triggered upon EC coupling activation. This was due to SR Ca?* leak
through RyR1 channels that failed to close, once opened upon membrane depolarization, in
the presence of the triggering agent (Collet and Jacquemond, 2002; Pouvreau et al., 2004,
2006). This was not the case here: following the probenecid-induced rise in Ca?*, there was no
sign of further incremental change in resting Ca?* upon application of depolarizing pulses

(Fig. 5 and Fig. 8).

Throughout this series of measurements, each depolarizing pulse was preceded by a 20 mV
hyperpolarizing pulse to check for possible changes in resting membrane conductance.
Corresponding data are shown in Fig. 6B: the inset shows the raw values while the main
graph shows the same data after normalization by the initial conductance value at the
beginning of the experiment. One probenecid-treated fiber (red squares) did exhibit an
increase in membrane conductance during the drug application, that was also accompanied by
an inward shift of the holding current of ~0.2 A/F. However, other fibers did not show a
uniform trend of change in membrane conductance, which we took as an indication that the
probenecid-induced rise in resting Ca®* was not associated with electrogenic Ca?* entry across
the plasma/t-tubule membrane. The bottom graphs in Fig. 6B report the mean relative change
in membrane conductance during probenecid (or control solution) application and after wash-
out. Statistical analysis revealed no difference between the control and the probenecid group

of fibers in the two conditions.
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To further check this point, measurements were carried in four fibers in the nominal absence
of extracellular Ca?*. To simplify the conditions, this was performed without voltage-clamp,
with muscle fibers bathed in the presence of Tyrode solution and loaded with the Ca?*-
sensitive dye fluo-4 (see Methods). Probenecid application in that situation still produced an
increase in resting fluorescence (Fig. 7A), although in five other fibers this could not be

reliably followed because it was accompanied by an irreversible contracture.

Since RyR1-mediated SR Ca?* release gets inactivated upon prolonged t-tubule membrane
depolarization (Hodgkin and Horowicz, 1960), it was also of interest to check whether
probenecid would raise resting Ca?* in that situation. For this, rhod-2 fluorescence was
measured as in Fig. 6, but in fibers held at a holding voltage of -10 mV, from which
depolarizing pulses no more elicit Ca?* release. Figure 7B shows corresponding values for
Folinitial Fo along the course of the experiments. Probenecid still elicited a rise in resting Ca?* in

the voltage-inactivated fibers.

Probenecid simultaneously affects resting Ca?* homeostasis and SR Ca?* release

Typical changes in SR Ca?* release over the course of the acute probenecid application
protocol, and of the corresponding control protocol, are shown in Fig. 8B and Fig. 8A,
respectively. The two series of traces in Fig. 8A and Fig. 8B correspond to the rhod-2
fluorescence records (Fo unit) and to the corresponding dCaror/dt (UM.ms™ unit), respectively.
The voltage-clamp pulses are shown on top. The rhod-2 fluorescence records were all
normalized to the Fo level of the first record. The control experiment (Fig. 8A) shows that
there was some run-down in SR Ca?" release over time. Nevertheless, probenecid under the

same protocol conditions severely depressed the amplitude of SR Ca?* release, with limited
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sign of reversion upon wash out (Fig. 8B). This effect was concomitant with the increase in
resting rhod-2 fluorescence, that was partially reversible upon probenecid wash-out. Lack of
recovery of SR Ca?* release upon wash-out was likely due to the combination of run-down

and of only partial reversibility of probenecid effects on the time scale of the experiment.

Figure 9 shows mean and individual values for the relative changes in peak dCarot/dt during
the test-control protocol (left) and during probenecid application (right). In each fiber, values
for the peak dCaro/dt in response to each consecutive pair of pulses of identical amplitude (to
-20, 0 and +20 mV) were averaged and normalized to the value measured in response to the
first pair of pulses at the same voltage (in the initial control condition). Because of run-down,
the relative amplitude of the peak dCarot/dt at the end of the experiments (wash) was similarly
depressed in both the control and probenecid experiments, to ~50 % of the initial value.
However, for the three tested voltages, the peak dCarot/dt amplitude was significantly lower
during probenecid application than during application of the control solution. These results
demonstrate that probenecid concomitantly alters resting Ca?* homeostasis and voltage-

activated SR Ca?* release.

Probenecid depresses muscle force

The effects of probenecid on SR Ca?* release prompted us to check whether muscle force
production is affected by the drug. For this, resting tension and electrically triggered tetanic
contractions were measured in isolated mouse EDL muscles. Results from 5 EDL muscles
tested in the control situation (black symbols) and in probenecid (red symbols) are shown in
Fig. 10B-C. Tension values were normalized by the muscle weight. Graphs in Fig. 10B and

Fig. 10C show results from the resting and tetanic tension measurements, respectively, with
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the right-most graphs reporting the corresponding mean values. As compared to the control
measurements, application of probenecid generated a substantial drop in peak tetanic tension
at times 30- and 45-minutes following drug application, while resting tension was enhanced at

45 minutes.

Discussion

We demonstrate that probenecid affects muscle function through perturbation of Ca?*
homeostasis and EC coupling. Beyond the specific interest in terms of underlying cellular
mechanisms and physiological outcome, these results are also relevant to the use of
probenecid in clinics as they raise the possibility that some treated patients may experience
altered muscle function. Furthermore, results are also relevant in terms of general functional
impact for cellular homeostasis, as probenecid-induced changes in Ca?* regulation may be
shared by other tissues that are therapeutic targets of this drug.

One limitation of our study is that we only used muscles and muscle fibers isolated from male
mice. At present we cannot exclude that findings would differ if using samples from female
mice, and this is all the more important in the light of previously reported gender-related
differences in the consequences of Panx1 deficiency and/or Panx1 pharmacological blockade

on other physiological responses (Freitas-Andrade et al., 2017; Aguilar-Perez et al., 2019).
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Probenecid has had a history of clinical use for its potency to inhibit organic anion
transporters, making it efficient as a uricosuric agent for gout treatment (Gutman and Yu,
1951; Roch-Ramel et al., 1997) and as an adjuvant to increase the concentration of antibiotics
and chemotherapeutic agents (e.g. Burnell and Kirby, 1951). There are also repositioning
perspectives for its use as an antiviral and anticancer agent (Ahmed et al., 2015) and also
because of its potency to block inflammasome activation (Dahl and Keane, 2012). In this
context, potential benefit of probenecid as a therapeutic agent has been considered for trauma
and stroke in the central nervous system, and also for disease situations such as multiple
sclerosis (Hainz et al., 2017) and SARS-CoV-2 infection (Murray et al., 2021).

Probenecid also gained popularity within the sport performance doping field, presumably
because of its capacity to reduce excretion of anabolic-androgenic steroids (Hemmersbach,
2020). None less to mention that the exact conditions of dosing for that particular purpose
remain poorly documented. In healthy volunteers, a single 2.0-g oral dose (which is a
commonly prescribed daily dosage for adult patients) was shown to result in a peak plasma
level in the half millimolar range and higher levels may be reached under conditions of
repeated dosing (Selen et al., 1982).

Under our conditions, concentration levels of probenecid in the millimolar range reduce the
amplitude of voltage-activated SR Ca?* release, which has to make a major contribution to the
probenecid-induced reduction of whole-muscle contraction. Fiber to fiber variability limited
our capability to identify a probenecid effect at a lower dose. Variability may be related, at
least in part, to the presence of several fiber types in the FDB muscle (see for instance
Calderon et al., 2009; Banas et al., 2011) and we also cannot exclude that fibers of distinct
types present with a different susceptibility to probenecid.

Probenecid also induces Ca?* release from an intracellular store at rest, which may be

responsible for the increase in muscle resting tension. In our experiments with rhod-2, we
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estimated that probenecid elevated the resting cytosolic free Ca?* level by ~0.1-0.2 uM.
Considering that this elevation was achieved in the presence of millimolar levels of
intracellular EGTA, the total amount of released Ca?* was much more than the change in free
Ca?", likely within the several hundreds of micromolar to millimolar range. This has two
major implications: first, the corresponding intracellular store has to be the SR, as there is no
other compartment in muscle with such Ca* storage capacity. Second, the SR had to become,
to some extent, Ca2*-depleted, upon probenecid application, and this is expected to contribute
to, if not to fully underlie, the associated depression of voltage-activated SR Ca?* release. In
order to address whether SR Ca?* content is reduced in probenecid-treated fibres, we
compared the time course of Ca?* release between control fibres and probenecid-treated fibres
exhibiting a similar initial peak value of Ca?* release. The comparison was made between the
batch of muscle fibres treated with 2 mM probenecid and the corresponding batch of control
fibres (Fig. 2). Figure 11 shows individual traces of Ca?* release flux (A) and corresponding
total released Ca?* (B) from control fibres and probenecid-treated fibres, selected for
exhibiting a similar level of initial peak SR Ca?* release. Results clearly show that the slowly
decaying phase in the control fibres was absent in the probenecid-treated fibres, consistent

with rapid SR Ca?* depletion during the voltage pulse in the presence of probenecid.

It is noteworthy that Panx1 knockdown was also associated with depressed SR Ca?* release
but with maintained SR Ca?* content (Jaque-Fernandez et al., 2021). We believe this is not
inconsistent as no straightforward mechanistic parallel can be made between acute treatment
with probenecid and Panx1 removal. Also, Panx1 knockdown was achieved through plasmid-
electroporation in vivo, followed by a period of 2 weeks before measurements were taken.

Over the course of that period, there was certainly possibility for changes in resting Ca?* but
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also for adaptative changes in Ca®* homeostasis that would not occur under acute drug

treatment.

Three major mechanisms of action for probenecid have so far been reported. Probenecid
inhibits organic anion transporters, but we hardly see how this could be involved in alterations
of Ca?* homeostasis and EC coupling. Probenecid is an agonist of TRPV2 channels (Bang et
al., 2007). In cardiac cells, TRPV2 operates as a mechanosensitive channel involved in Ca?*
entry across the sarcolemma (see Entin-Meer and Keren, 2020) with a potentially important
role in normal heart function (Rubinstein et al., 2014). Of interest in this context, probenecid-
induced TRPV?2 activation was shown to improve cardiac function in patients with heart
failure (Robbins et al., 2018). In skeletal muscle, TRPV2 in the plasma membrane also
operates as a mechanosensitive channel, involved in osmo-sensation, capable of contributing
to t-tubule membrane depolarization and consequent SR Ca?* release (Zanou et al., 2015).
However, in this configuration, TRPV2 is certainly not involved in the effects we report here
on Ca®* homeostasis because -the voltage-clamp conditions preclude any TRPV2 activation-
induced membrane depolarization and consequent SR Ca?* release, -we found no reproducible
evidence for a probenecid-induced increase in membrane conductance, -the probenecid-
induced rise in cytosolic Ca?* persisted in the absence of extracellular calcium.

The third major target of probenecid is the membrane channel protein Panx1 (Silverman et al.,
2008), involved in ATP release out to the extracellular space and consequent activation of
purinergic receptors. Under our conditions, probenecid-induced block of Panx1-mediated
ATP release could then be speculated to play a role in the altered Ca* homeostasis. This is
however unlikely because the effect was not shared by the °panx1 blocker, and also because
this would mean that a chronic feedback of released ATP-induced purinergic signaling

operates on RyR1-mediated SR Ca?* release, that would be essential for proper EC coupling
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function. This is hardly workable, as also confirmed by the absence of effect of a P2Y2

antagonist on SR Ca?* release.

An alternative relies on the fact that Panx1 is part of a protein complex including Cayv1.1
(Arias-Calderdn et al., 2016). One could then consider the possibility that probenecid binding
to Panx1 modifies protein-protein interactions within this complex, so as to alter proper
control of RyR1 function. This would concur with the proposal that Panx1 removal disrupts
proper organization and/or function of the Cay1.1-RyR1 interactions (Jaque-Fernandez et al.,
2021). Probenecid is believed to bind to extracellular loop 1 of Panx1, and probenecid-bound
Panx1 was suggested to experience changes in conformation, including bending of the N-
terminal region towards the cytoplasm and modification of the tilt angle of each subunit
relative to the membrane plane, in addition to occlusion of the pore (Kuzuya et al., 2022).
Accordingly, one could speculate that these changes in Panx1 conformation alter proper
interactions within the denoted protein complex. Nevertheless, there was no indication that
Cav1.1 charge movement is altered by probenecid. Furthermore, probenecid was still capable
of inducing SR Ca?* release in fibers maintained at a depolarized voltage that inactivates
Cav1.1 (Fig. 7B). Thus, the mechanism of probenecid-induced Ca?* leak bypasses the control
of RyR1 by Cav1.1. We thus cannot exclude that probenecid acts by a mechanism totally
independent from its capacity to bind Panx1, as for instance a direct effect on the RyR1
channel protein. In that regard, there was no use-dependence of the probenecid-induced SR

Ca?" leak, which means that RyR1 channel opening does not promote efficiency of the drug.

Carbenoxolone also blocks the Panx1 channel pore by binding to a motif of the extracellular
domain (Ruan et al., 2020; Jin et al., 2020; Mim et al., 2021), but no associated detectable

change in Panx1 conformation was detected (Jin et al., 2020), thus limiting the view that
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carbenoxolone acts on SR Ca?* release because of a change in Panx1 conformation. Still,
distinctly from probenecid, our estimates of charge movement were depressed in the presence
of carbenoxolone so that a direct or indirect effect on Cav1.1 may be involved in its potency

to affect SR Ca?* release.

Irrespective of the mechanism, our results provide strong evidence that probenecid alters
muscle Ca?* homeostasis so as to affect muscle force production. There is no straightforward
report in the literature of muscle weakness and/or muscle fatiguability as consequences of
probenecid treatment, although “unusual tiredness or weakness” are stated as potential side-
effects of the drug by the commercial providers. It may then well be that consequences for
muscle function in patients are either none or negligible. This could be due to a variety of
reasons, one major one being that the effect requires levels greater than the commonly
expected blood concentration in clinical use (0.07-0.7 mM range, Schulz et al., 2020).
Alternatively, it may also be that any moderate effect on muscle has remained undetected
because the disease status of the treated patients does not favour clear-cut identification of
altered muscle function. In contrast however, an adverse side-effect of probenecid on muscle
function should have had more chances to be identified in the context of doping in sport. In
any case, our results should tend to discourage probenecid use when looking for improved

muscle performance.
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FIGURE LEGENDS

Figure 1. Probenecid and carbenoxolone depress voltage-activated SR Ca?* release. A,
Representative examples of rhod-2 fluorescence transients (F/Fo traces) and corresponding
calculated SR Ca?* release flux (dCaro/dt) elicited by the voltage-clamp pulse protocol shown
on top, in a control fiber, in a fiber equilibrated in the presence of probenecid and in a fiber
equilibrated in the presence of carbenoxolone. B, Voltage-dependence of the peak amplitude
of SR Ca?* release (left panel) and of the corresponding total amount of released Ca?* (right
panel) in the control group of fibers (black) and in the groups of fibers treated with
probenecid (red) and carbenoxolone (blue), all tested as shown in A. Individual datapoints
from each muscle fiber are shown, with the corresponding Boltzmann fit superimposed
(continuous line). An identical symbol is used for fibers from the same mouse. The control,
probenecid and carbenoxolone datasets are from 11 fibers from 6 mice, 10 fibers from 4 mice,
and 8 fibers from 3 mice, respectively. Data from muscle fibers issued from the same mouse
are shown with the same symbol. The inset in each panel shows corresponding mean (x SD)
values in each group with the x and y scale covering the same ranges as in the main panel. C,
Individual and mean (£ SD) values for the Boltzmann parameters in the 3 groups of muscle
fibers. Statistical difference between the parameters in the control and either the probenecid or

the carbenoxolone groups, was assessed using the nested analysis described by Eisner (2021).

Figure 2. Effect of probenecid at 0.5 and at 2 mM on voltage-activated SR Ca?* release. A,
Representative examples of rhod-2 fluorescence transients (F/F traces) and corresponding calculated
SR Ca? release flux (dCarot/dt) elicited by the voltage-clamp pulse protocol shown on top, in a control
fibre, in a fibre equilibrated in the presence of 0.5 mM probenecid and in a fibre equilibrated in the

presence of 2 mM probenecid. B, Voltage-dependence of the peak amplitude of SR Ca?* release
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(dCaro/dt, top panels) and of the corresponding total amount of released Ca?* (Carot, bottom panels) in
the control group of fibres (black) and in the groups of fibres treated with probenecid (red and green),
all tested as shown in A. Individual datapoints from each muscle fibre are shown, with the
corresponding Boltzmann fit superimposed (continuous line). The control, probenecid 0.5 mM and
probenecid 2 mM datasets are from 13 fibres from 5 mice, 10 fibres from 3 mice, and 9 fibres from 3
mice, respectively. Data from muscle fibres issued from the same mouse are shown with the same
symbol. The inset on the right in each panel shows corresponding mean (+ SD) values in each group
with the x and y scale covering the same ranges as in the main panel. C, Individual and mean (x SD)
values for the Boltzmann parameters in the 3 groups of muscle fibres. Statistical difference between
the parameters in the control and either the probenecid or the carbenoxolone groups, was assessed

using a nested analysis (Eisner, 2021).

Figure 3. Estimation of charge movement in probenecid- and carbenoxolone-treated
fibers. A, Examples of charge movement current traces elicited at the onset of depolarizing
pulses to values ranging between -50 and +20 mV in a control fiber, in a fiber treated with 1
mM probenecid and in a fiber treated with 100 uM carbenoxolone. B, Voltage-dependence of
the charge density in all fibers tested under the indicated conditions. Insets show

corresponding mean (+ SD) values. Data are from the same fibers as in Fig.1 (left) and Fig. 2

(right).

Figure 4. The Panx1 inhibitory peptide °Panx1 and the P2Y2 antagonist AR-C118925
do not affect voltage-activated SR Ca?* release. A, Voltage-dependence of the peak
amplitude of SR Ca?* release in fibers treated with 200 pM of either the °panx1 peptide (red)
or with the scrambled control peptide (:°panx1SCr, black). Individual datapoints from each
muscle fiber are shown, with the corresponding Boltzmann fit superimposed (continuous

line). The Ppanx1SCr and °panx1 datasets are from 6 fibers and 4 fibers from two mice,
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respectively. Data from muscle fibers issued from the same mouse are shown with the same
symbol. The inset on the right shows corresponding mean (£ SD) values in each group with
the x and y scale covering the same ranges as in the main panel. Individual and mean (x SD)
values for the Boltzmann parameters in the two groups of muscle fibers are shown in the bar
graphs. Absence of statistical difference between the parameters in the two groups was
assessed using a nested analysis (Eisner, 2021). B, Voltage-dependence of the peak amplitude
of SR Ca?* release in control fibers (black) and in fibers treated with 10 pM of AR-C118925
(red). Individual datapoints from each muscle fiber are shown, with the corresponding
Boltzmann fit superimposed (continuous line). The control and AR-C118925 datasets are
from 9 fibers and 9 fibers from three mice. Data presentation and analysis are as described in

panel A.

Figure 5. Effect of a transient application of probenecid on voltage-activated Ca?*
transients in a muscle fibre. Rhod-2 Ca?* transients elicited by the pulse protocol shown on
top upon successive changes in the extracellular solution. Each depolarizing pulse was
repeated twice to check for stability of the response. From left to right, rhod-2 transients
elicited by 200 ms-long pulses to -20, 0 and +20 mV -in the initial control condition, -during
the test-control condition, -after wash out (wash), -after application of the probenecid-
containing solution, and finally after probenecid wash-out. Throughout the “control”
measurements, the resting rhod-2 fluorescence level though tended to slightly increase with
time, because of the non-entirely complete -equilibration of the pipette solution with the cell

interior and -recovery of the resting fluorescence following a voltage-activated transient.

Figure 6. Effect of probenecid on resting Ca?* and resting membrane conductance. A,

Resting rhod-2 fluorescence level (normalized to the initial value: initial Fo) along the course
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of experiments designed to test the effect of acute application of probenecid. As the exact
timing of pulses delivery and of probenecid (or control solution) application and wash-out
was not identical for all experiments, data points from each and every fiber tested are shown,
with each symbol type corresponding to a distinct fiber. Red symbols are from fibers
challenged with probenecid. Black symbols are from fibers challenged with the control
protocol. Open symbols correspond to data collected before application and after wash-out of
the test solution (probenecid or control), whereas corresponding filled symbols show data
collected in the presence of the test solution. The inset shows the raw data while the main
panel shows the same data after normalization by a linear function fitted to the data points
before application of probenecid (see text for details). In one control fiber (squares),
depolarizing pulses in the presence of the test-control (DMSO containing) solution were
applied much later than in all other fibers and wash-out was not implemented. The bar graphs
at the bottom show the mean (x SD) values for Fo/initialFo calculated from the above datasets,
during probenecid (or DMSO for the control experiments) application and after wash. For
this, for each fiber, all Fo/initiaiFo Values obtained -during the test period and -after wash, were
averaged, respectively. Data are from 6 fibers from 3 mice (control) and 9 fibers from 4 mice
(probenecid), respectively. B, Resting membrane conductance along the course of the same
experiments as in A, assessed from the change in membrane current elicited by a 20 mV
hyperpolarization from the holding voltage. The inset shows the raw values while the main
graph shows the values normalized to the initial conductance level. The bar graphs at the
bottom show the mean (+ SD) values for normalized conductance calculated from the above

datasets, during probenecid (or DMSQO) application and after wash.

Figure 7. The probenecid-induced cytosolic Ca?* elevation persists in the absence of

extracellular calcium and under voltage-inactivated conditions. A, Time course of
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probenecid-induced increase in fluo-4 fluorescence in three fiber bathed in the presence of
calcium-containing Tyrode solution (circles) and in four fibers bathed in calcium-deprived
Tyrode (triangles). B, Probenecid-induced rise in rhod-2 fluorescence in 5 muscle fibers
voltage-clamped at a holding voltage of -10 mV. Datasets were corrected, as in Fig. 6, by

normalization with a linear function fitted to the data points before application of the drug.

Figure 8. Changes in voltage-activated SR Ca?* release flux during probenecid
application. Data are from the same experiments as in Fig. 6. A, Control experiment: rhod-2
Ca?* transients (top, iniialFo Unit) and corresponding SR Ca?* release flux (bottom, uM.ms™)
recorded in response to the voltage pulses shown at the top, in a muscle fiber challenged by
the test-control protocol (DMSO application), and after wash. B, Test experiment, same

measurements as in A from a muscle fiber challenged with probenecid, and after wash.

Figure 9. Relative change in the amplitude of peak SR Ca?* release flux following
probenecid (or control solution) application and wash-out. Data are from the same
experiments as in Fig. 6. Individual values from each fiber, and corresponding mean (x SD)
values, for the relative change in peak SR Ca?* release flux following application of the
control solution (control-test, left) or of the probenecid-containing solution (probenecid-test,
right) and after wash-out. Values in each fiber were normalized to the corresponding peak SR
Ca?" release flux in the initial control condition. Graphs from top to bottom report the changes

at the three tested voltages.

Figure 10. Effect of probenecid on whole muscle resting and tetanic tension. A,
Representative records of the tension response of an isolated EDL muscle to a 60 Hz train of

field stimulation applied every 15 minutes. Following the first train, the extracellular Ringer
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solution was replaced by the same solution containing either only DMSO (top) or probenecid
(bottom). B, Resting tension from 5 isolated EDL muscles electrically stimulated as in Fig.
10A, and challenged either with the control protocol (black) or with probenecid (red). In both
groups, the first measurement was taken in the presence of the control Ringer solution. The
right-most graph shows the mean (x SD) values from the two groups. C, Corresponding
results for the peak amplitude of the tetanic tension. Note that in these whole muscle
experiments the course of probenecid equilibration within the entire section of the muscle is
likely to take much longer than in the single muscle fibers experiments. In addition,
contraction of the muscle may favor intra-muscle equilibration of the drug and promote its

effect, making it look like a use-dependent effect.

Figure 11. Evidence for reduced SR Ca?* content in probenecid-treated fibres. A,
individual traces of Ca?* release flux from control fibres (left, 7 fibres from 3 mice) and from
fibres treated with 2 mM probenecid (middle, 5 fibres from 2 mice). The right panel shows
the corresponding mean (+ SD, grey shading) time course of Ca?* release. Data are from the
same group of fibres as in Fig. 2. Traces in the two groups were selected on the basis of their
similar value for initial peak Ca?* release flux of ~20 pM.ms™, irrespective of the activation
voltage. Notice that, following the initial peak, the Ca* release flux decreases to zero in the
probenecid-treated fibres whereas a slowly decaying phase persists in the control fibres. B,
time course of total released Ca?* calculated from the above traces in A. Total released Ca?*
rapidly reaches a steady level in the probenecid-treated fibres, whereas it keeps rising in the

control fibres.
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