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2-Hydroxycarbazole induces Ca?* release from sarcoplasmic reticulum
by activating the ryanodine receptor
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Abstract

2-Hydroxycarbazole was shown to induce Ca?™ release from skeletal muscle and cardiac muscle sarcoplasmic reticulum at
concentrations between 100-500 wM. This release was blocked by both 1 mM tetracaine and 30 wM ruthenium red which inhibit the
ryanodine receptor or by pre-trestment with 10 mM caffeine which depletes the ryanodine receptor-containing Ca2" stores. This, in
addition to the fact that 2-hydroxycarbazole has little effect on Ca™ ATPase activity, indicates that it activates Ca®* release through the
ryanodine receptor. The apparent ECy,, value for release from both skeletal muscle and cardiac muscle sarcoplasmic reticulum was = 200
1M and maximal release occurred at 400—500 M, making it = 20 times more potent than caffeine. The dose-dependency in the extent
of Ca?™ release induced by 2-hydroxycarbazole was aso apparently highly cooperative for both preparations. That 2-hydroxycarbazole
was able to mobilize Ca?* from non-muscle cell microsomes and in intact TM4 cells (which contain ryanodine receptors), makes this
compound a more potent and commercially available alternative to caffeine in studying the role of this intracellular Ca2* channel in a
variety of systems. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

In recent years, it has been demonstrated that a number
of pharmacological agents can induce Ca?* release from
skeletal muscle and cardiac muscle sarcoplasmic reticulum
by the direct activation of ryanodine receptors (Palade et
al., 1989). However, many have proved to have additional
non-specific effects which limit their application or as in
the case of cyclic ADP-ribose which is isoform specific
(Meszaros et al., 1993). Probably the most widely used
pharmacological agent that stimulates Ca?* release from
the ryanodine receptor is caffeine (1,3,7-trimethyl xan-
thine). It has been demonstrated that mM concentrations of
caffeine can stimulate Ca?* release from skeletal muscle
and cardiac muscle sarcoplasmic reticulum with maximal
Ca®" release occurring at a caffeine concentration of
approximately 10-20 mM (Endo, 1977; Palade et 4.,
1989; Rousseau et al., 1988). In addition, caffeine can
mobilize Ca2* from non-muscle cells such as permeabi-
lized and intact adrenal chromaffin cells (Cheek et al.,

* Corresponding author. Tel.: +44-121-414-5398; Fax: +44-121-414-
3982; e-mail: f.michelangeli@bham.ac.uk

0014-2999 /798 /$19 00 © 1998 Elsevier Science BV All riahts reserved

1990, 1991) Although caffeine is the most widely used and
best characterized of the agents that mobilize Ca?* from
the ryanodine receptor, it has many disadvantages that
makes its utilization as a pharmacological tool limited. The
low potency of caffeine means that it cannot be used
effectively in binding experiments and it is also relatively
insoluble at the high concentrations required to evoke
Ca* release. It has been demonstrated that mM concentra-
tions of caffeine aso inhibit inositol 1,4,5-trisphosphate
(InsPy)-induced Ca?* release from both Xenopus oocytes
(Parker and Ivorra, 1991) and rat cerebellar microsomes
(Brown et al., 1992) and it also inhibits phosphodiesterase
activity. Various other methyl xanthines have been shown
to mobilize Ca®" from the ryanodine receptor including
1,7-dimethyl xanthine and 3,7-dimethyl xanthine, but these
have relatively similar potencies to caffeine (Rousseau et
al., 1988).

More recently, bromoeudistomin D and 9-methyl-7-
bromoeudistomin D, isolated from the caribbean tunicate
Eudistoma olivaceum, were both found to be highly potent
at mobilizing Ca®* from the heavy fraction of skeletal
muscle sarcoplasmic reticulum (Nakamura et al., 1986).
Structurally these compounds consist of a brominated -
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carboline skeleton and both release Ca?* at WM concentra:
tions with a potency = 300 times higher than caffeine
(Kobiyashi et a., 1989, Nakamura et a., 1986, Seino et
al., 1991).

The problems involved in using caffeine to mobilize
Ca* through the ryanodine receptor, as highlighted above,
make it unattractive as a tool with which to study ryan-
odine receptor function. Bromoeudistomin D and ana
logues of eudistomin are not commercially available and
as such, this study has looked for compounds that are
structurally similar, commercially available and inexpen-
sive. Here we show that the commercially available com-
pound, 2-hydroxycarbazole, is capable of mobilizing Ca2*
from both skeletal muscle heavy sarcoplasmic reticulum,
cardiac muscle sarcoplasmic reticulum and cerebellar mi-
crosomes specifically through the ryanodine receptor with
= 20 times the potency of caffeine.

2. Materials and methods

2-Hydroxycarbazole was purchased from Aldrich
Chemical (catalogue no. 21,349-7). Concentrated stock
solutions were prepared in dimethylsulphoxide and kept in
the dark. Dimethylsulphoxide alone at the volumes added
as the vehicle (< 2.5%) did not affect Ca?* release from
sarcoplasmic reticulum, microsomes or cells and had little
or no effect on Ca®* ATPase activity or [3H]ryanodine
binding to sarcoplasmic reticulum.

Rabbit skeletal muscle heavy sarcoplasmic reticulum
was prepared as described by Siato et al. (1984). Rat
cardiac sarcoplasmic reticulum and cerebellar microsomes
were prepared as described by Michelangeli (1990) and
Mezna and Michelangeli (1997). The tissues were homog-
enized using either a teflon Potter—Elvehjem homogenizer
or Polytron (for heart tissue) in 10 vols of 0.32 M sucrose,
5 mM Hepes, pH 7.2 in the presence of protease inhibitors
(0.1 mM phenylmethylsulphonyl fluoride, 10 uM leu-
peptin, and 0.1 mM benzamidine) and centrifuged at 500
X g for 10 min. The supernatant was then centrifuged for
10 min at 10000 X g and the resultant supernatant cen-
tifuged for a further 1 h at 100000 X g. The microsomal
pellet was resuspended in Hepes,/sucrose buffer, frozen in
liquid nitrogen and stored at — 70°C until use.

Ca?" uptake and release were measured using fluo-3 as
described by Brown et a. (1992). Briefly, sarcoplasmic
reticulum or microsomes were suspended in a buffer con-
taining 60 mM KCl, 40 mM potassium phosphate, 3.5 mM
potassium pyrophosphate, 250 nM fluo-3, 10 pwg/ml crea
tine kinase and 10 mM phosphocreatine, pH 7.2. Heavy
sarcoplasmic reticulum (50 wg), cardiac sarcoplasmic
reticulum (0.5 mg) or cerebellar microsomes (0.5 mg) was
added to 2 ml of this buffer in a stirred cuvette and Ca?*
uptake was initiated by the addition of 1.5 mM Mg-ATP.
The change in fluorescence was monitored by measuring
the emission at 526 nm, while exciting the sample at 506

nm. Once sufficient Ca?* had accumulated within the
vesicles, 2-hydroxycarbazole was added. In experiments
where cerebellar microsomes were used, further Ca?*
uptake was inhibited with 0.5 mM orthovanadate prior to
adding either 2-hydroxycarbazole or inositol 1,4,5-tri-
sphosphate (InsP;). Total accumulated Ca?* within the
sarcoplasmic reticulum or microsomes was measured by
the addition of 12.5 pg/ml A23187. The fluorescence
intensity was related to [Ca®"] using the equation de-
scribed by Michelangeli (1990) (the K4 for Ca?* binding
fluo-3 was determined to be 900 nM at pH 7.2). The Ca®*
ATPase activity was measured using the coupled enzyme
assay described by Michelangeli and Munkonge (1990).

TM4 cells (a cell line derived from testicular Sertoli
cells) were grown in a medium containing 1:1 (v/v)
mixture of Dulbecco’'s modified Eagle's medium and
Ham'’s F-12 nutrient mixture, supplemented with 5% (v /v)
foetal calf serum, 2.5% (v/v) horse serum, 100 U/ml
penicillin, 100 U /ml streptomycin and 8 mM L-glutamine.
The cells were removed from plates by treatment with
trypsin/EDTA for 5 min at 37°C. Intracellular Ca?* mea-
surements were monitored by loading the cells with fluo-
3AM. The cells were resuspended in Hank’s balanced salt
solution containing 1% bovine serum abumin, to which
was added 5 pM fluo-3AM and incubated for 30 min at
37°C. The cells were then washed in fresh solution and
resuspended to a concentration of 1.5 million cells/ml.
Cells amounting to 2 ml were then placed into a cuvette
and the fluorescence monitored at 25°C (exciting at 505
nm and measuring the emission at 526 nm). The fluores-
cence changes were related to free Ca2* concentration as
described by Minta et al. (1989). Ca®* measurements were
carried out in the absence of extracellular Ca?* by adding
30 mM EGTA, so that any change in intracellular Ca?*
levels could only be attributed to mobilization of intra-
cellular Ca?* stores.

The extent of [*H]ryanodine binding to heavy sarco-
plasmic reticulum membranes was measured as described
by La et al. (1988). Approximately 1 mg of membranes
were suspended in 1 ml of buffer containing 1 M NaCl, 10
mM AMP, 20 mM 1,4-piperazinediethanesulphonic acid
(Pipes), at pH 7.1 supplemented with 150 wM CaCl, and
100 wM EGTA to give a free Ca2* concentration of
approximately 50 wM. The buffer was doped with
[*H]ryanodine and specific binding was measured at a
ryanodine concentration of 20 nM (specific activity 250
Ci/mol). The non-specific binding was measured in the
presence of 100 wM excess non-radioactive ryanodine.
After adding membranes to the assay mixture each sample
was incubated for 3 h at 37°C. Bound [*H]ryanodine was
separated from free by rapid filtration onto Whatman
GF/C filters using a vacuum manifold filtration system,
each filter was then rapidly washed with 3 X 5 ml ice-cold
buffer. The filter was air dried for 30 min, added to 5 ml
Ultima flow scintillant (ammonium formate) and the ra
dioactivity of each sample determined by scintillation
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spectrometry, counting for 5 min per sample. Specific
[*HIryanodine bound was expressed as pmol [*H]ryanodine
bound per mg of membrane protein. The effects of differ-
ing 2-hydroxycarbazole concentrations on specific
[*H]ryanodine binding was investigated by pre-incubating
membranes with the compound for 5 min prior to binding.

3. Reaults

The characterization of 2-hydroxycarbazole-induced
Ca?* release from skeletal muscle heavy sarcoplasmic
reticulum was carried out using the Ca* indicating dye
fluo-3. Ca?* uptake was initiated by the addition of 1.5
mM Mg—ATP. The rate of Ca®" uptake into heavy sarco-
plasmic reticulum was calculated to be 12.1 + 0.6 nmol of
Ca?* /min/mg of protein at 25°C. Following the comple-
tion of Ca?* uptake increasing concentrations of 2-hy-
droxycarbazole were added, in order to assess its effect
upon Ca®* release. Fig. 1A shows that Ca?* release from
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Fig. 1. The effects of 2-hydroxycarbazole on Ca?* release in skeletal
muscle and cardiac muscle sarcoplasmic reticulum. (A) The effects of
2-hydroxycarbazole on Ca2" release from skeletal muscle heavy sarco-
plasmic reticulum (100-500 wM). The traces are given in changes in
fluo-3 fluorescence intensities, with maximal release occurring at 500
wM and causing 10.2% of the accumulated Ca?* to be released. Each
trace is representative of three or more determinations. (B) The effects of
2-hydroxycarbazole on Ca?* release from cardiac muscle sarcoplasmic
reticulum (100-500 wM). Ca2" release induced by 500 wM 2-hydroxy-
carbazole was calculated to be 6.9% of the accumulated Ca?*. Each trace
is representative of three or more determinations. The arrow marks the
addition of 2-hydroxycarbazole.
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Fig. 2. Inhibition of 2-hydroxycarbazole-induced Ca?* release by tetra-
caine and ruthenium red or depletion of the caffeine-sensitive Ca2*
stores. (A) The traces represent the effects of 2-hydroxycarbazole on
Ca®" release in skeletal muscle heavy sarcoplasmic reticulum. (B) The
traces represent the effects of 2-hydroxycarbazole on C&2* release from
cardiac muscle sarcoplasmic reticulum. The trace labelled A shows the
effects of 500 M 2-hydroxycarbazole on Ca?* release. Traces labelled
B are the effects of 2-hydroxycarbazole on Ca?* release from skeletal
and cardiac muscle sarcoplasmic reticulum after pre-treatment with 1 mM
tetracaine. The traces labelled D are the effects of 2-hydroxycarbazole on
Ca?t release from sarcoplasmic reticulum in the presence of 30 pM
ruthenium red. The trace labelled C is Ca®" release by 2-hydroxycarba-
zole following the addition of 10 mM caffeine. These traces have been
displaced downwards to clarify that ruthenium red completely blocks
2-hydroxycarbazole-induced Ca2™ release. All the traces are representa-
tive of at least three separate determinations. The arrow marks the
addition of 2-hydroxycarbazole.

heavy sarcoplasmic reticulum increases with increasing
concentrations of 2-hydroxycarbazole. Fig. 1B also shows
Ca®" release from cardiac muscle sarcoplasmic reticulum
increases with increasing concentrations of 2-hydroxy-
carbazole, reaching a maximum again at a concentration of
approximately 500 wM.

Fig. 2A, traces B and D show that Ca?" release by
2-hydroxycarbazole from skeletal muscle sarcoplasmic
reticulum could be blocked by the addition of either 1 mM
tetracaine or 30 wM ruthenium red. The local anaesthetic
tetracaine inhibits Ca?* release from both InsP;Rs and
ryanodine receptors (Palade et al., 1989), while ruthenium
red is a specific inhibitor of Ca?* release from ryanodine
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Fig. 3. Dose-dependency of Ca?* release induced by 2-hydroxycarba-
zole. (A) shows the effects of 2-hydroxycarbazole on the extent of release
in skeletal muscle heavy sarcoplasmic reticulum. The data is presented as
the percentage of Ca®" release compared to that released by A23187.
The inset shows the dose-dependency of caffeine on Ca®* release under
similar conditions. (B) shows the effect of 2-hydroxycarbazole on the
extent of Ca2* release from cardiac sarcoplasmic reticulum. Each data
point is the mean+ S.E. of three or more determinations.

receptors (Meissner et al., 1986). In addition, no release by
2-hydoxycarbazole was observed after depleting the ryan-
odine receptor containing Ca?* stores with 10 mM caf-
feine (Fig. 2A, trace C). This suggests that 2-hydroxy-
carbazole-induced Ca?* release from skeletal muscle heavy
sarcoplasmic reticulum occurs via activation of the ryan-
odine receptor. Fig. 2B shows that 2-hydroxycarbazole
(500 wM) induces Ca?* release from cardiac muscle
sarco-plasmic reticulum which could also be blocked by
the addition of 1 mM tetracaine or 30 wM ruthenium red
(Fig. 2B, traces B and D), similar to skeletal muscle
sarcoplasmic reticulum.

Fig. 3A shows the dose-dependent mobilization of Ca?*
from skeletal muscle sarcoplasmic reticulum induced by
2-hydroxycarbazole. The amount of Ca?* released with
increasing 2-hydroxycarbazole concentration was ex-
pressed as a percentage of that released by the addition of
125 wg/ml Ca2* ionophore A23187. Maximal Ca*
release occurred at a 2-hydroxycarbazole concentration of
400-500 pM and constituted 10.2 4+ 0.7% release com-
pared to the Ca®" released by the ionophore. The EC, for
2-hydroxycarbazole-induced Ca?* release was found to be
200 + 9 M. The release process was found to be highly
cooperative with a Hill coefficient of 3.9 + 0.4. However,
it must be noted that since these experiments were under-
taken when the Ca?* ATPases were active, these parame-
ters should be considered as apparent values. At concentra-
tions of 2-hydroxycarbazole above 500 wM, a continua
dow steady rise in Ca?* was observed after the initial
phase of Ca®" mobilization. This rise in Ca?* was proba-
bly due to passive leakage since the Ca?* ATPase was
partialy inhibited at high 2-hydroxycarbazole concentra-
tions (see Table 1). The inset to Fig. 3A shows that under
identical conditions caffeine is far less potent at releasing
Ca®" from skeletal muscle sarcoplasmic reticulum. Caf-
feine of 10 mM was required to release maximal Ca?*,
thus making 2-hydroxycarbazole = 20 times more potent
than caffeine at releasing Ca?*. Fig. 3B shows the dose-
dependent mobilization of Ca?* from cardiac muscle
sarcoplasmic reticulum induced by 2-hydroxycarbazole.
Again, maximal Ca?* release occurred at a concentration
of approximately 400-500 wM causing 6.9 + 0.2% Ca?*
release compared to ionophore and with an apparent EC,
value of 214 + 24 M, similar to skeletal muscle sarco-
plasmic reticulum, as was the apparent Hill coefficient
(3.0 + 0.5). High concentrations of 2-hydroxycarbazole,
however, did not appear to cause non-specific Ca>* leak-
age from cardiac muscle sarcoplasmic reticulum, suggest-
ing that high concentrations of 2-hydroxycarbazole may
not be affecting the heart isoform of the Ca?* ATPase.

In addition to Ca®" release induced from skeletal mus-
cle sarcoplasmic reticulum and cardiac muscle sarco-
plasmic reticulum, 2-hydroxycarbazole was also shown to

Table 1
The effects of 2-hydroxycarbazole on the Ca?*-ATPase activity and
[3H]ryanodine binding to skeletal muscle sarcoplasmic reticulum

[2-Hydroxycarbazol€] Ca?*-ATPase [PH]ryanodine
(uM) activity bound
(IU/mg) (pmol /mg)

0.00 6.84+0.5 6.0+0.7

150 N.D. 6.1+0.7

200 6.84+0.3 N.D.

300 6.5+04 6.0+0.3

400 58+05 N.D.

500 54+04 50+04

N.D.: not determined.
The values are the mean+ S.E. of three to five determinations.
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mobilize Ca2* from rat cerebellar microsomes. Fig. 4B
shows that 300 wM 2-hydroxycarbazole mobilized 2.5 +
0.4% of the Ca2* released by the ionophore A23187, the
subsequent addition of 20 WM InsP; resulted in the further
mobilization of 11.4 + 1.4% of the stored Ca?" in cerebel-
lar microsomes. Conversely, the addition of 20 wM InsP;
mobilized 14.2 + 0.1% of the stored Ca®* from rat cere-
bellar microsomes, but the subsequent addition of 300 WM
2-hydroxycarbazole failed to mobilize any further Ca?*.
This suggests that in cerebellar microsomes 2-hydroxy-
carbazole mobilized Ca?* comes from a store that was
also InsP; sensitive. However, after depletion of the
InsP,-sensitive Ca?* stores, no further Ca?* was mobi-
lized by 2-hydroxycarbazole confirming the observations
that in cerebellar Purkinje cells (which are cdls that
contain most of the intracellular Ca?* channels) there are
regions rich only in InsP; receptors and regions rich in
ryanodine receptors and InsP; receptors, but little or no
regions rich only in ryanodine receptors (Walton et al.,
1991).

2-Hydroxycarbazole did not significantly affect the spe-
cific [*H]ryanodine binding to its receptor. Specific bind-
ing was found to constitute 6.00 + 0.7 pmol /mg of mem-
brane protein in the absence of 2-hydroxycarbazole (con-
trol). [*H]ryanodine binding only appeared to be affected
at high concentrations of 2-hydroxycarbazole (> 500 wM),
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Fig. 4. The effects of 2-hydroxycarbazole on Ca2* release from cerebel-
lar microsomes. Trace A shows the effects of InsP; (20 wM) induced
Ca®" release from cerebellar microsomes added a the arrow labelled
InsP;. This caused 14.2% release of the accumulated Ca?™. Subsequent
addition of 300 M 2-hydroxycarbazole (arrow labelled 2 he) induced no
further Ca?" release. Trace B shows that if 300 wM 2-hydroxycarbazole
is added prior to depletion of the InsP,-sensitive Ca2* stores (arrow
labelled 2 he) it is able to mabilize only a small amount of Ca2* (2.5%).
Subsequent addition of 20 WM InsP; (arrow labelled InsP;) induced
further Ca2* release (11.4%).

180
=
=)
—
“w
<
100
T
2he
 ——

40s

Fig. 5. 2-Hydroxycarbazole mobilizes intracellular Ca?* from intact
TM4 cells. The trace shows the effect of addition of 2-hydroxycarbazole
(100 wM) on intact TM4 cells loaded with fluo-3AM (1.5 million
cells/ml). The buffer contains very low external Ca2* indicating that the
Ca" rise must be due to mobilization from intracellular Ca2* stores.

where a small decrease in binding was observed (Table 1).
Therefore, the site of action for 2-hydroxycarbazole ap-
pears to be distinct from that of the ryanodine binding site.
Table 1 aso shows that 2-hydroxycarbazole had only a
small effect on the activity of the skeletal muscle Ca?*
ATPase and then only at high concentrations. This fact and
the fact that Ca?* release induced by 2-hydroxycarbazole
is not observed in the presence of ruthenium red or tetra-
caine once the caffeine sensitive Ca®* stores have been
depleted, argues against this release being due to non-
specific leakage.

Fig. 5 shows that in the presence of very low externa
Ca?", 2-hydroxycarbazole can also mobilize Ca2* from
intracellular stores of intact TM4 cells (which are known
to contain InsP, receptors (Tovey et al., 1997) and more
recently by the use of reverse transcriptase polymerase
chain reaction, aso ryanodine receptors (Tovey and
Michelangeli, unpublished observation). This, therefore
suggests that 2-hydroxycarbazole is able to permeate
through the plasma membrane and release Ca2* from
ryanodine receptor-containing stores.

4, Discussion

The contraction of skeletal and cardiac muscle is medi-
ated by an increase in the concentration of cytosolic Ca?™*
(Fleischer and Inui, 1989). The increase in Ca?* responsi-
ble for muscle contraction occurs as a direct result of the
activation of ryanodine receptor Ca®* channels present in
the sarcoplasmic reticulum membrane of muscle cells
(Fleischer and Inui, 1989). The ryanodine receptor is also
thought to play a key role in the generation and propaga-
tion of Ca®* waves in non-muscle cells (Cheek et al.,
1990, 1991), making the study of Ca?* release from this
channel important in understanding signalling processes in
both muscle and non-muscle tissues.

The demonstration that bromoeudistomin D and a vari-
ety of its analogues are potent Ca?* mobilizing agents
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from skeletal muscle sarcoplasmic reticulum (Nakamura et
al., 1986), lead us to look for compounds exhibiting
structural similarities to bromoeudistomin D. The resulting
search for a commercially available compound similar to
bromoeudistomin D led to the discovery of 2-hydroxy-
carbazole. The structure of 2-hydroxycarbazole differs from
bromoeudistomin D in that it is based on a carbazole ring
rather than a B-carboline ring, although both are based on
a skeleton of three aromatic rings. It has, however, been
demonstrated that a non-commercialy available halo-
genated carbazole derivative, 4,6-dibromo-3-hydroxy-
carbazole (100 wM) inhibits Ca?* mobilization by both
bromoeudistomin D (10 mM) and caffeine (1 mM), sug-
gesting that the carbazole structure can be substituted for
the B-carboline structure and that the mobilization of Ca®*
from skeletal muscle sarcoplasmic reticulum by this family
of pharmacological agents is highly stereospecific in na-
ture (Takahashi et al., 1995h).

The mobilization of Ca?* from both skeletal muscle
sarco-plasmic reticulum and cardiac muscle sarcoplasmic
reticulum occurred over a 2-hydroxycarbazole concentra-
tion range of 0-500 wM. In both cases, 2-hydroxycarba-
zole induced Ca?" release appeared to be biphasic in
nature, consisting of a short fast phase followed by a
prolonged slow phase that eventually reached a plateau.
The apparent EC, value for 2-hydroxycarbazole induced
Ca®" release was found to be very similar for both skeletal
muscle sarcoplasmic reticulum (200 + 9 M) and cardiac
muscle sarcoplasmic reticulum (214 + 24 p.M), suggesting
that 2-hydroxycarbazole mobilizes Ca2* with similar
affinities and by a similar mechanism in both muscle
types. Maximal concentrations of 2-hydroxycarbazole
(400-500 M) were found to mobilize 10.2 + 0.7% of the
Ca’" released by the ionophore A23187 in skeletal muscle
sarco-plasmic reticulum and 6.9 + 0.2% in cardiac muscle
sarcoplasmic reticulum. The difference in the maximum
amount of Ca?* mobilized reflects the relative abundance
of ryanodine receptors in the different muscle types, sug-
gesting that the ryanodine receptor density per Ca?* store
is higher in skeletal muscle sarcoplasmic reticulum than in
cardiac muscle sarcoplasmic reticulum. The release of
Ca?" induced by 2-hydroxycarbazole was highly coopera-
tive in nature for both cardiac sarcoplasmic reticulum and
skeletal muscle sarcoplasmic reticulum. Ca?* release was
also inhibited by either pre-treatment with caffeine or by
both ruthenium red (30 wM) and tetracaine (1 mM). It has
been demonstrated that both ruthenium red (Meissner et
al., 1986) and tetracaine (Palade et al., 1989) are non-com-
petitive inhibitors of Ca?* release from the ryanodine
receptor, suggesting that the mobilization of Ca?* induced
by 2-hydroxycarbazole was a direct result of ryanodine
receptor activation. Ryanodine receptor type | is the most
abundant isoform in skeletal muscle sarcoplasmic reticu-
lum, while ryanodine receptor type Il is the most abundant
in cardiac muscle sarcoplasmic reticulum (McPherson and
Campbell, 1993), suggesting that 2-hydroxycarbazole mo-

bilized Ca?* in a ryanodine receptor isoform independent
fashion. The illustration that 2-hydroxycarbazole can mobi-
lize Ca?* from different isoforms of the ryanodine recep-
tor is consistent with the mobilization of Ca?* by caffeine.
This would appear to suggest that 2-hydroxycarbazole
activates the ryanodine receptor at the same site as caffeine
and bromoeudistomin D. A similar site of action for
ryanodine receptor activation by these pharmaco-logical
agents is not surprising as they share a high degree of
structural homology. Increasing concentrations of 2-hy-
droxycarbazole did not significantly affect [*H]ryanodine
binding to its receptor over the effective concentration
range (0-500 wM 2-hydroxycarbazole). This contrasts
with other activators such as caffeine and bromoeudis-
tomin that increase specific [*Hlryanodine binding (Taka-
hashi et a., 1995a) and inhibitors such as ruthenium red
and procaine that decrease specific [*H]ryanodine binding
(Imagawa et al., 1987). The activity of the skeletal muscle
sarcoplasmic reticulum Ca?* ATPase was dightly inhib-
ited only by high concentrations of 2-hydroxycarbazole
(400 uM and above). This study also showed that 2-hy-
droxycarbazole could mobilize Ca?* from cerebellar mi-
crosomal stores and from testicular TM4 cells and there-
fore suggests that 2-hydroxycarbazole is capable of mobi-
lizing Ca2* from ryanodine receptors in a wide variety of
tissues which contain these Ca?* channels.

In summary, this work illustrates that 2-hydroxycarba
zole is a novel pharmacological agent capable of Ca?*
mobilization via activation of the ryanodine receptor. The
existence of an additional pharmacological agent capable
of mobilizing Ca2* through the ryanodine receptor pro-
vides an aternative to other Ca2* mobilizing agents, and
as such is useful for the further characterization of Ca?*
release from the ryanodine receptor. This study has shown
that 2-hydroxycarbazole has the advantage of being = 20
times more potent at mobilizing Ca®* from the ryanodine
receptor than caffeine. Although it is less potent than
bromoeudistomin D, it has the advantage of being com-
mercially available and cheap.
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