




ryanodine, and TBZ were from Sigma-Aldrich (Madrid, Spain);
Dulbecco’s modified Eagle’s medium, bovine serum albumin frac-
tion V, fetal calf serum, and antibiotics were from Gibco (Madrid,
Spain). All other chemicals used were reagent grade from Merck
and Panreac Química (Madrid, Spain). CPA, 2-APB, ryanodine,
and TBZ (1022 M) were prepared in dimethylsulfoxide and
protected from light. Final drug concentrations were obtained
by diluting the stock solutions directly into the extracellular
solution. At these dilutions, dimethylsulfoxide had no effect on
the parameters studied here.

Data Analysis. Data are presented as single examples of original
records to illustrate the experimental protocols and as averaged
pooled data from several experiments, as means 6 S.E.M. of the
number of different experiments performed (number of cell
batches, n) and different cultures used (N). Mathematical analysis
was done using the GraphPad Prism software, version 5.01
(GraphPad Software, La Jolla, CA). The statistical significance
between groups of experiments was estimated using a nonpara-
metric Mann-Whitney rank sum test, or one-way analysis of
variance followed by the Tukey or Kruskal-Wallis post hoc test,
when appropriate.

Results
Facilitation of Catecholamine Release by TBZ.

Experiments were performed to test first how sequential
pulsing with high K1 (35 mM, 5 seconds), applied at 1-
minute intervals to BCCs trapped in a microchamber and
perifused with Krebs-Hepes solution at 37°C, elicited the
release of catecholamines, a response that was moni-
tored online with an electrochemical detector. An example
of those responses elicited by 22 intermittent K1 applica-
tions is displayed in Fig. 1A. In this experiment, the initial
secretory response (P1) was 210 nA; in subsequent K1

pulses, the response gradually decayed to a value of 90 nA
in P22.
In a similar experiment conducted with another batch of

cells, the effect of TBZ at 3 mM on K1-elicited secretory
responses was tested. The drug was applied 30 seconds before

P7 and was perifused during the next nine K1 pulses until
P16. During P7 to P10, the secretory response was augmented
from 220 nA in P6 to around 260 nA in P8 to P10; after this
enhanced plateau, secretion gradually decreased to a value of
220 nA in P16. Then, after TBZ withdrawal, the secretory
response abruptly decayed to values of around 160 nA in P17
and P18 (Fig. 1B).
Pooled data of experiments performed with the previously

described protocols are graphed in Fig. 1C. Within each
individual experiment, data were normalized as a percent-
age of P6, the pulse preceding the exposure of cells to
TBZ. The time course of control responses (pulses P6 to
P22, means 6 S.E.M. of 10 experiments from five differ-
ent cultures) closely reproduces the time course of the
example control experiment of Fig. 1A—namely, a gradual
decay of the amplitude of secretory spike responses to 60% at
P22. In the cells exposed to TBZ (3 mM), the responses are
always above those of the control curve, including those that
follow TBZ washout. Although the responses are only mildly
enhanced by TBZ (26% above control, at P8), they are
statistically significant (Fig. 1C).
Concerning the concentration-response relationship of the

effects of TBZ on K1-elicited secretion, we found that at 1 and
3 mM, the drug exhibited a facilitatory action (109.9% 6
1.9% and 125.9% 6 5.4%, with respect to control response).
However, at 10 mM, TBZ caused a mild inhibition (Fig. 1D).
Interactions of Tetrabenazine with BayK8644 and

Nifedipine. Catecholamine release from adrenal medullary
CCs absolutely depends on the presence of Ca21 ions in
the extracellular milieu while the K1 depolarizing stimulus
is applied (Douglas and Rubin, 1963). Exocytosis is trig-
gered when the extracellular Ca21 entering the cell through
VACCs is abruptly increased at subplasmalemmal sites
near the exocytotic machinery (Baker and Knight, 1978;
Neher, 1998). Bovine CCs express L-subtype (a1D, Cav1.3),
N-subtype (a2B, Cav2.2), and PQ-subtype (a2A, Cav2.1) of
VACCs (García et al., 2006). All channels contribute to
providing the necessary Ca21 for exocytosis; however,

Fig. 1. Facilitation of exocytosis by TBZ. BCCs (5 � 106)
trapped in a microchamber were constantly perifused with
Krebs-HEPES at 37°C. After an initial equilibration period
to get a stable baseline amperometric recording, cells
were intermittently stimulated at 1-minute intervals with
5-second pulses of a solution enriched in K1 (35 mM,
isosmotic reduction of Na1). Secretion of catecholamines
was amperometrically monitored online and expressed in
nanoamperes of current generated by oxidized amines
[calibration bars in (A) and (B)]. (A) Example control
experiment showing the secretory spike responses pro-
duced by 22 sequential K1 pulses. (B) Example experiment
of secretory responses elicited by sequential K1 pulses
before, during, and after cell perifusion with 3 mM TBZ (top
horizontal line). (C) Averaged pooled data of experiments
performed with the same protocols as those shown in (A)
and (B); data in nanoamperes were normalized within each
individual experiment as a percentage of P6 (ordinate). (D)
Effects of various concentrations of TBZ (abscissa) on
the K1 secretory responses; normalized data with resped
K1 pulse P8 are plotted. Data in (C) and (D) are means 6
S.E.M. of the number of cell batches (first number in
parentheses) and cultures from different glands and
days (second number in parentheses). **P , 0.01 with
respect to control (one-way ANOVA with post hoc
Kruskal-Wallis analysis).
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L-subtype channels make a large contribution to K1-
elicited secretion in BCCs that is facilitated by dihydropyr-
idine (DHP) BayK8644 (BayK) and blocked by DHP
nifedipine (García et al., 1984). Thus, we tested next the
effects of these two DHPs on K1-elicited secretion as well as
on the facilitation of such response by TBZ.
Once more, we performed experiments of the type shown in

Fig. 1. Normalized secretion (expressed as percentage of P1 in
each separate batch of cells) is plotted in Fig. 2A, showing the
decay of K1-elicited secretion in control cells, the drastic
augmentation elicited by 1 mMBayK, and the milder increase
elicited by 3 mM TBZ. The responses in the presence of BayK
decayed rapidly toward control levels after its washout, in
contrast to the responses after TBZ removal that decayed
more slowly. Pooled data of peak responses (those indicated by
the ellipse in Fig. 2A) are graphed in Fig. 2B. BayK nearly
doubled the K1 secretory response (83.34%6 6.1%) while TBZ
augmented it by 38.05% 6 2.6%.
Interactions between TBZ and DHPs were explored next.

Figure 2C shows the drastic increase of secretion elicited by
combined TBZ and BayK (3 and 1 mM, respectively); note that
there was a combined tendency for the response to continue
growing in the successive K1 pulses. If 3 mM nifedipine was
added to cells previously being exposed to TBZ, the responses
decreased drastically. Averaged pooled data (ellipse in
Fig. 2C) on these different treatments are graphed in
Fig. 2D. TBZ augmented the K1 secretory responses by
45.3%6 8.9% (n5 9); this response was reduced by nifedipine
to 45.3%6 4% of the initial control (n5 6). On the other hand,
combined BayK and TBZ caused a doubling of the response,

a value similar to that obtained with BayK alone (87.7% 6
10.05%) (Fig. 2B). Once again we can see that the differences
between the two treatments (42.4%), TBZ only and the
combination of TBZ plus BayK, suggest that their effects do
not follow the same mechanism of action.
Effects of TBZ on Sodium and Calcium Currents. The

experiments in Fig. 2 suggested that the enhancing effects
of secretion elicited by TBZ could have an underlying
BayK-like mechanism—that is, the prolongation of opening
time of L-subtype channels with enhanced Ca21 entry occur-
ring during a depolarizing stimulus (Cena et al., 1989). In
BCCs, BayK is known to augment Ca21 entry to enhance
secretion; also, the DHP augments the L-subtype component
of the whole-cell Ca21 current (ICa) of these cells (García et al.,
2006). Hence, we tested next the effects of TBZ on ICa.
Cells were voltage clamped at 280 mV, and 50-ms depola-

rizing pulses were applied at 30-second intervals to generate
maximal peak ICa currents (Fenwick et al., 1982). Figure 3A
shows a control current composed of initial fast inactivating
peak current that corresponds to Na1 current (INa; trace
expanded) and an ensuing slow current that was stable upon
the application of repeated pulses to 0 mV given at 30-second
intervals, the Ca21 current (ICa). Quantitative pooled data
on peak INa (trace expanded) currents indicate that TBZ
did not affect such current (Fig. 3B). When 3 mM TBZ was
perifused, the blockade was nearly completely reversed upon
TBZ washout (Fig. 3A). The degree of blockade was monitored
at the initial peak current; in eight cells from three differ-
ent cultures, peak ICa was blocked 12.7%6 0.5% (paired t test,
t 5 7.528, P 5 0.0001) by 3 mM TBZ (Fig. 3C).

Fig. 2. Interactions of TBZ with 1,4-dihydropyridine (DHP) derivatives BayK and nifedipine (Nife). Experiments displayed here were conducted with
protocols similar to those represented in Fig. 1. (A) Drastic augmentation of K1-elicited secretion by 1 mM BayK that was applied from P7 to P16 (top
horizontal bar). For the sake of comparison, the control and TBZ curves of Fig. 1C were replotted here. (B) Averaged pooled data of experiments
performed with protocols shown in (A) (means 6 S.E.M.). BayK nearly doubled the K1 secretory response (83.34% 6 6.1%), while TBZ augmented it by
38.05% 6 2.6%; the differences between both treatments is 45.29% 6 3.2% (one-way ANOVA, F 5 73.35, Tukey post hoc comparison: ***P , 0.0001
control vs. BayK and TBZ; ***P , 0.0001 BayK vs. TBZ). (C) Effect of combined TBZ plus BayK, and of delayed addition of Nife on top of TBZ, on the
K1 secretory responses; compounds were added as indicated by the bottom horizontal bar. (D) Data of the curve points identified with an ellipse in (C);
TBZ augmented the K1 secretory responses by 45.3% 6 8.9%; this response was reduced by nifedipine to 45.3% 6 4% of the initial control; combined
BayK and TBZ caused 87.7% 6 10.05% increase of secretion, and the differences between the two treatments (TBZ and TBZ1BayK) is 42.4% 6
3.1% (one-way ANOVA, F 5 100.2, P , 0.0001, Tukey post hoc comparison: ***P , 0.0001 control vs. all pairs; ***P , 0.0001 TBZ vs. TBZ1BayK
and TBZ1Nife; and ***P, 0.0001 TBZ1BayK vs. TBZ1Nife). Data are means6 S.E.M. of the number of cells and cultures shown in parentheses in (A) and (B).
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Effects of TBZ on Secretion Elicited by Caffeine or
Histamine Pulses. At the ER Ca21 store, two mechanisms
have been implicated in the release of Ca21 into the cytosol.
This has been directly proven using Ca21-sensitive aequorins
targeted to the ER lumen. On the one hand, upon stimulation
with caffeine, Ca21 release occurred through ryanodine
receptors; on the other hand, histamine also elicited Ca21

release but through inositol 1,4,5-trisphosphate receptor
(IP3R) channels (Alonso et al., 1999). Thus, we thought it
interesting to discern whether the secretory responses
elicited with repeated pulses of caffeine or histamine were
affected by tetrabenazine, as those of K1 were.
In BCCs, caffeine pulses trigger catecholamine release

responses linked to ER Ca21 release through RyRs (Cheek
et al., 1990); when repeatedly applied onto the same batch of
cells, those responses undergo rapid inactivation because the
ER Ca21 store is gradually emptied (Lara et al., 1997). It
seemed to us that this protocol could be used here to find out
whether TBZ was affecting such responses.
A protocol similar to that used with K1 pulses (Fig. 1, A and

B) was designed to test the secretory responses of BCCs
challenged with 5-second pulses of 20 mM caffeine, applied
at 1-minute intervals to the same batch of cells (22 pulses).
An original amperometric record of the sequential secretion
responses is displayed in Fig. 4A. The initial sharp response
of 263 6 34.3 nA was halved in P2; in subsequent pulses, the
responses underwent a gradual decay to reach a plateau at
a level of secretion that was only 25%–30% at caffeine pulses
15–22. In a different cell batch, cells were similarly challenged
with 22 caffeine pulses; between pulses P7 and P16, 3 mM
TBZ was introduced into the cell superfusion system. In the
original example record of Fig. 4B, the responses decayed from
273 nA in P1 to 111.2 nA in P6. From P7 onward, cell exposure
to TBZ modified the responses in two ways: 1) a prompt
augmentation of secretory spiked to about 163.2 nA (P9), and

2) the decay of responses was prevented. Upon TBZ removal,
the responses quickly faded to 79.5 nA in pulse P22.
Through the stimulation of H1 receptors, histamine also

elicits the secretion of catecholamines by stimulating
the release of ER Ca21 via IP3Rs into the cytosol (Cheek
et al., 1994; de Pascual and García, 2007; Milla et al., 2011).
Thus, experiments similar to those performed with caffeine
were carried out by challenging the cells with 5-second
pulses of 100 mM histamine. The example record in Fig. 4C
shows the fast gradual decay of the histamine-elicited
secretory responses, likely due to H1 receptor desensitiza-
tion. The example trace in Fig. 4D was taken from a similar
experiment in which TBZ was applied at pulses P7 to P16;
the drug did not affect the decay of histamine secretory
responses at all.
Pooled data from five to eight experiments conducted in

three to four cell cultures in cells challenged with caffeine or
histamine are graphed in Fig. 4, E and F. Normalized
overlapping curves on pulse number versus secretion
responses indicated a very close time course of secretion
decay in both cells challenged with caffeine or histamine
(Fig. 4E). On the other hand, pooled data indicate that while
TBZ augmented and maintained stabilization of the caf-
feine secretory responses, the histamine responses were
unaffected by the drug. The maximum increase occurred
with caffeine at P9 (28.04% 6 2.03%; n 5 6, P , 0.001). In
five experiments, TBZ did not affect the histamine-evoked
secretion (Fig. 4F).
Pharmacological Manipulation of the ER Calcium

Store and Its Effect on Caffeine and Histamine
Secretory Responses. To test whether the effects of TBZ
on the secretory responses of cells challenged with caffeine
or histamine were linked to the ER Ca21 store, we pharma-
cologically intervened on such store at three ionic receptor
sites: inhibition of sarco-endoplasmic reticulum calcio ATPase

Fig. 3. Mild blockade of calcium currents, but not sodium
currents, elicited by TBZ. Whole-cell inward Na1 (INa) and
Ca21 currents (ICa) were explored in voltage-clamped BCCs
under the whole-cell configuration of the patch-clamp
technique. Calcium at 2 mM was used as a charge carrier.
The initial fast inactivating INa (extended area) and the
ensuing slow inactivating ICa are identified by arrows in
(A). Currents were elicited by 50-ms depolarizing pulses to
0 mV applied at 30-second intervals [protocol on top of (A)].
Upon breaking into the cell with the patch pipette, various
pulses were given to stabilize the current. Subsequently,
TBZ was applied, and 30 seconds thereafter four pulses
were applied (total of 120 seconds with drug); finally, the
drug was removed to allow current recovery. (A) Example
INa (arrow INa) and ICa traces (arrow ICa) before (control),
during cell exposure to TBZ, and after TBZ withdrawal in
a cell stimulated with 50-ms pulses. (B) Pooled normal-
ized data within each cell explored as percentage of the
initial control INa amplitude. (C) Pooled normalized data
within each cell explored as percentage of the initial
control ICa amplitude; TBZ (3 mM) was blocked 12.7% 6
0.5% (paired test, t 5 7.528, P 5 0.0001). Data in (B) and
(C) are means 6 S.E.M. of the number of cells and cultures
shown in parentheses.
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(SERCA) with CPA (Goeger et al., 1988; Seidler et al., 1989),
inhibition of the RyR with ryanodine (Fleischer et al., 1985;
Pessah et al., 1986; Lattanzio et al., 1987), or blockade of the
IP3R channel with 2-APB (Maruyama et al., 1997); these
interventions are known to deplete the ER Ca21 store, but
through different mechanisms. Thus, experiments with pro-
tocols similar to those described earlier with caffeine and
histamine were conducted.
Figure 5A shows that CPA caused a sharp decrease of the

caffeine responses (with or without TBZ) with a very fast
time course; upon CPA washout, the responses recovered to
the expected control level. Ryanodine (10 mM) also elicited
a prompt secretion decrease of the caffeine responses ap-
plied in the presence or absence of TBZ. Data are quantita-
tively expressed in Fig. 5B. The data on TBZ-elicited
enhanced secretion are normalized as a percentage of con-
trol (P9) and were calculated from the experiments of
Fig. 4. In the presence of CPA, TBZ1CPA, ryanodine, or
TBZ1ryanodine, the caffeine secretory responses were
drastically decreased by 69.3% 6 3.2%, 65.3% 6 5.1%,
84.3% 6 3.1%, and 90.2% 6 1.3%, respectively (Fig. 5B).
Experiments with histamine pulses also showed a pro-

nounced inhibition of secretion responses in the presence of
CPA (44.2% 6 3.2%), TBZ1CPA (43.2% 6 3.2%), 2-APB
(84.7% 6 4.5%), and TBZ12-APB (88.5% 6 4.2%) (Fig. 5, C
and D). Thus, these experiments provide proof that the
secretory responses of caffeine and histamine, when applied

either alone or in the presence of TBZ, are mediated by Ca21

release from the ER Ca21 store. They also indicate that
TBZ may be selectively acting on the RyR calcium channel of
the ER.
Effects of TBZ on the Cytosolic Elevations of Calcium

Elicited by Caffeine or Histamine. That caffeine triggers
ER Ca21 release into the cytosol of BCCs through RyRs
has been indirectly studied with cytosolic Ca21 fluorescence
probes (Cheek et al., 1990, 1993) and directly studied with
ER-targeted aequorins (Alonso et al., 1999). Similar
approaches have been used to study the release of ER Ca21

through IP3Rs of BCCs (Stauderman and Pruss, 1990;
Artalejo et al., 1993; Alonso et al., 1999). Here, we studied
the effects of TBZ on ER Ca21 release through RyRs
(caffeine) or IP3Rs (histamine) in populations of BCCs loaded
with fluo-4.
Cells were incubated at 37°C in the dark with TBZ at

1–10 mM, with ryanodine (10 mM), or with combined
Rya1TBZ. Figure 6A shows example traces of the time course
of [Ca21]c elevations triggered by 20 mM caffeine. In control
cells, there was a rapid [Ca21]c elevation that gradually faded
off surely because the ER Ca21 was being depleted and the
cytosolic Ca21 elevations are cleared by mitochondria and
by plasmalemmal Ca21 efflux pumps (Alonso et al., 1999;
Villalobos et al., 2002). In the presence of TBZ at 1, 3, and
10 mM, the caffeine-elicited Ca21 elevations were notably
augmented, and although the [Ca21]c transient also faded off

Fig. 4. Whereas the secretory responses to caffeine pulsing
were enhanced by TBZ, those of histamine were unaffected.
Experimental protocols are similar to those of Fig. 1, but
here cells were challenged with 5-second pulses of 20 mM
caffeine or 100 mM histamine, applied at 1-minute
intervals. (A) Original example record of the secretory
responses elicited by caffeine (pulses P1 to P22 in the
abscissa; secretory responses in nanoamperes per pulse,
calibration bars). (B) As in (A) but 3 mM TBZ was cell
perifused during caffeine pulses P7 to P16. (C) Cells
challenged with 5-second pulses of 100 mM histamine
applied at 1-minute intervals. (D) A similar experiment
with histamine pulses and cell exposure to TBZ at pulses P7
to P16. (E) Pooled data of control experiments performed
with caffeine or histamine; data are normalized as
percentage of P1 within each individual experiment. (F)
Pooled data from experiments on cell stimulation with
caffeine or histamine, and introduction of TBZ as indicated.
In the case of caffeine, maximum enhanced secretion by
TBZ was achieved at P8 (28.04% 6 2.03%), and the lowest
increase was at pulse P16 (21.226 1.89). Mann-Whitney no
parametric test: ***P 5 0.0006; **P 5 0.0043. Data on
pulse secretion are means 6 S.E.M. of the individual
number of experiments and cell cultures shown in
parentheses.
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gradually, the [Ca21]c was higher at the end of the recording
period (60 seconds) with respect to control. On quantitative
terms, the peak [Ca21]c elevations were augmentedmore than
twice in the presence of 1, 3, and 10 mMTBZ (228.4%6 26.4%,
197.3% 6 17.4%, and 236.8% 6 27.2%, respectively) (Fig. 6B).
Obviously, in the presence of ryanodine, which causes full
depletion of ER Ca21 (Alonso et al., 1999), either alone or
combined with TBZ, the caffeine response was abolished
(7.68%63.08% and 5.72%62.6%, respectively) (Fig. 6, A andB).
Experiments with protocols similar to those of caffeine were

done using histamine. Figure 6C shows a family of [Ca21]c
elevation curves triggered by histamine (100 mM) applied in
the absence (control) and presence of the various treatments
(protocols similar to those used in the caffeine experiments).
These histamine-triggered Ca21 signals differed from those of
caffeine in two aspects: 1) the peak [Ca21]c elevation was
smaller, and 2) the decay of [Ca21]c was very slow. This could
find an explanation in the fact that the mitochondrial Ca21

uniporter has a low affinity for Ca21; if the histamine Ca21

elevation is lower, mitochondria may not see such local
[Ca21]c, and hence, the Ca21 clearance will take place only
at the expense of the low-rate plasmalemmal Ca21 pumps
(Villalobos et al., 2002). Another drastic difference of hista-
mine responses in comparison with those of caffeine is the fact
that TBZ at 1–10 mM did not affect the [Ca21]c elevations
triggered by histamine (Fig. 6, C and D). As expected, the
blocker of IP3R 2-APB (at 10 mM) alone or combined with TBZ
abolished the histamine responses (3.63%6 3.1% and 0.04%6
4.7%, respectively) (Fig. 6, C and D).
Effects of TBZ on the [Ca21]c Elevations Triggered by

Caffeine or Histamine in Cortical Neurons. The proof of
concept in which TBZ is used to treat the HD-associated
chorea symptoms is based on its ability to inhibit VMAT2 at

central dopaminergic neurons. Therefore, we considered it of
interest to explore whether TBZ was also targeting RyRs (and
not IP3Rs) in primary cultures of rat embryo cortical neurons.
Thus, experiments similar to those performed with BCCs
(Fig. 6) were conducted in neurons loaded with fluo-4.
Figure 7A shows a family of traces of the [Ca21]c elevations

triggered by caffeine in control neurons and in neurons
previously exposed to TBZ (1–10 mM), ryanodine (10 mM), or
combined ryanodine1TBZ. The control Ca21 signal reached
a peak and then a gradual decay followed. In the presence of
TBZ, the peak was more than doubled and also decayed to
reach the control [Ca21]c level by the end of the 60-second
recording period. Pooled results using this protocol are
graphed in Fig. 7B. Note the augmentation by TBZ (1, 3, and
10 mM) of the caffeine-elicited Ca21 signal (219.2% 6 22.3%,
214.6% 6 24.7%, and 218.7% 6 33%, respectively) and the
abolition of the responses by ryanodine, alone or combined
with TBZ (2.53% 6 10.9% and 4.58% 6 7.6%, respectively).
The family of [Ca21]c traces displayed in Fig. 7C were

generated by histamine in the absence (control) or presence of
the different treatments. Of note is the very mild decay of the
response in contrast to caffeine. This graph and pooled data of
Fig. 7D show that TBZ did not modify the histamine-elicited
[Ca21]c elevations. They also show that 2-APB alone or
combinedwith TBZ abolished the histamine-evoked responses
(8.72% 6 11% and 2.01% 6 1.95%, respectively).
Molecular Docking Study of TBZ Coupling with the

Ryanodine Receptor. An explanation of the pharmacolog-
ical mechanism observed with TBZ could be that it directly
interacts with the RyR. A prediction of such interaction may
be appreciated by molecular docking analysis using the X-ray
structure of the type 3RyR deposited in the ProteinData Bank
(http://www.rcsb.org; PDB ID: 4ERV) (Yuchi et al., 2012). The

Fig. 5. Calcium depletion of the ER by SERCA inhibition with 5 mMCPA depresses the secretory responses to caffeine or histamine. (A) Time course of
secretory responses to sequential caffeine pulses (20 mM caffeine, for 5 seconds, applied at 1-minute intervals); drugs [CPA and TBZ at 3 mM, ryanodine
(RYA) at 10 mM] were applied from pulses 7 to 16 (top horizontal bar). (B) In the presence of CPA, TBZ1CPA, RYA, or TBZ1RYA, the caffeine secretory
responses were drastically decreased by 69.3%6 3.2%, 65.3%6 5.1%, 84.3%6 3.1%, and 90.2%6 1.3%, respectively (one-way ANOVA, F5 198.7, P, 0.0001;
Tukey post hoc comparison: ***P, 0.0001 control vs. all pairs; ***P, 0.0001 TBZ vs. RYA and TBZ1RYA; and ***P, 0.0001 CPA vs. TBZ1CPA, RYA, and
TBZ1RYA). (C) Time course of secretory responses elicited by sequential pulses of histamine (100 mM for 5 seconds applied at 1-minute intervals) and the
effects of various compounds (CPA and 2-APB at 10 mM) on those responses, added from pulses P7 to P16 (top horizontal bar). (D) The histamine secretory
responses were decreased in the presence of CPA (44.2%6 3.2%), TBZ1CPA (43.2%6 3.2%), 2-APB (84.7%6 4.5%), and TBZ12-APB (88.5%6 4.2%) (one-
way ANOVA, F 5 321.6, P , 0.0001; Tukey post hoc comparison: ***P , 0.0001 control vs. all pairs; ***P , 0.0001 CPA vs. 2-APB and TBZ12-APB; and
***P, 0.0001 TBZ1CPA vs. 2-APB and TBZ12-APB). (B and D) Averaged pooled data normalized as percentage of P9 (control response); data correspond to
pulse P9. Data in (B) and (D) are means 6 S.E.M. of the number of cell batches (n) and cultures (N), shown in parentheses on top of each column.
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complex TBZ-RyR with the lowest energy occurred where RyR
posed in a binding pocket located at the RyR Ca21-binding
domain (Fig. 8A), connected to several amino acids by
hydrogen bonds (2.20 Å with Arg 2599 and 2.94 Å with the
skeleton NH of Leu 2721) and by van der Waals interactions
with Ala 2749 and Lys 2703 (Fig. 8B).

Discussion
The central finding in this investigation is the facilitation of

the catecholamine release responses elicited by TBZ in BCCs
challenged with sequential brief K1 pulses. As these
responses depend on Ca21 entry through VACCs (Douglas
and Rubin, 1963; García et al., 2006; Mahapatra et al., 2012),
their facilitation by TBZ could be due to an augmented Ca21

entry through VACCs. As BCCs express the L-subtype
(20%), N-subtype (30%), and PQ-subtype (50%) of VACCs,
enhancedCa21 entry could be associatedwith a selective effect
of TBZ on one of those channel subtypes. Under conditions of
BCC depolarization with high K1 concentrations for several
seconds, the N- and PQ-subtype channels undergo fast in-
activation in comparison with slower L-subtype channel
inactivation (Villarroya et al., 1999; Hernández-Guijo et al.,
2001); this explains why K1-elicited secretion from BCCs is
mostly triggered by Ca21 entry through L-subtype channels
and that this response is augmented by BayK, which delays
channel inactivation and is blocked by nifedipine and other
dihydropyridine derivatives (García et al., 1984). As expected,
BayK enhanced and nifedipine diminished the K1-elicited
secretory responses independently of the presence or absence

of TBZ (Fig. 2), indicating that facilitation of secretion by TBZ
could be due to either enhanced Ca21 entry through VACCs or
Ca21 mobilization from intracellular Ca21 stores. We can
discard the first option on the basis that TBZ did not augment
ICa; on the contrary, the drug caused a mild current inhibition
(Fig. 3).
That the ER Ca21 store contributes to the shaping of

the [Ca21]c transients and the secretory responses in BCCs
has been proven with different experimental approaches.
The most conspicuous has been the depletion of the ER
Ca21 store with the SERCA blocker thapsigargin, which
depresses the depolarization-evoked secretory responses
in BCCs (Nowicky and Duchen, 1998; Pan and Fox, 2000;
Cuchillo-Ibáñez et al., 2002). This is consonant with other
experimental approaches showing that challenging of BCCs
with repeated caffeine pulses causes secretory responses
by ER Ca21 release through RyRs, which inactivate as
the ER Ca21 store is emptied; additionally, the K1 secre-
tory responses are also decreased upon caffeine challeng-
ing (Lara et al., 1997). This is in agreement with the
observation that the K1 challenging of BCCs transfected
with ER-targeted aequorin causes an ER Ca21 decrease,
which is direct proof of the presence of Ca21-induced Ca21

release (CICR) (Alonso et al., 1999); this is proof that this
CICR mechanism contributes to the augmentation of K1

secretory responses, likely due to more sustained [Ca21]c
elevations in depolarized BCCs. Here comes our hypothesis
in the present study in the sense that TBZ could facilitate
the K1 secretory responses through the higher or more
prolonged activation of the CICR mechanism.

Fig. 6. TBZ augments the cytosolic Ca21 elevations ([Ca21]c) elicited by caffeine but not those of histamine. Cells plated in 96-well black plates were
loaded with fluo-4 acetoxymethyl esther. After 10-minute incubation, cells were challenged with 20 mM caffeine [arrow in (A)] or 100 mM histamine
[arrow in (C)]. The [Ca21]c curves are expressed as increases of arbitrary fluorescence units normalized as a percentage of maximum [Ca21]c increase
(ordinate). (A) Example records of caffeine-elicited [Ca21]c in the absence (control) or the presence of the drug treatments indicated in each trace. (B)
Pooled data on the normalized [Ca21]c elevations were augmented more than twice in the absence (control) or presence of 1, 3, and 10 mMTBZ (228.4%6
26.4%, 197.3% 6 17.4%, and 236.8% 6 27.2%); obviously, in the presence of ryanodine, which causes full depletion of ER Ca21 either alone or combined
with TBZ, the caffeine response was abolished (7.68%6 3.08% and 5.72%6 2.6%, respectively; one-way ANOVA, F5 34.41, P, 0.0001; Tukey post hoc
comparison: **P, 0.001; ***P, 0.0001, control vs. all pairs). (C) Example records of histamine-elicited [Ca21]c in the absence (control) or presence of the
drug treatments indicated in each trace. (D) Pooled data on the normalized [Ca21]c elevations where TBZ does not alter the histamine-evoked [Ca21]c
transients. In the presence of 2-APB and combined TBZ12-APB, the histamine response was abolished (3.63% 6 3.1% and 0.04% 6 4.7%, respectively;
one-way ANOVA, F5 58.56, P, 0.0001; Tukey post hoc comparison: ***P, 0.0001, control vs. all pairs). Data are normalized as percentage of control;
they are the means 6 S.E.M. of the number of wells and cultures shown in parentheses (first and second number, respectively).
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In support of such a hypothesis comes the clear-cut exper-
iment showing that TBZ caused a notable and sustained
facilitation of the caffeine secretory responses (Fig. 4). Of
interest was the fact that this drug did not affect the
histamine secretory responses that are known to be medi-
ated by IP3R stimulation and ER Ca21 release (Stauderman
and Pruss, 1990; Artalejo et al., 1993; Alonso et al., 1999)
(Fig. 4). These two experiments strongly suggest that TBZ
selectively enhances secretion through the CICR mecha-
nism and helps to discard other targets such as cytoskeletal
proteins, Ca21-dependent intracellular vesicle transport,
proteins of exocytosis, or other signaling pathways that
facilitate vesicle priming and exocytosis, such as PKC
activation by phorbol esters (Gillis et al., 1996; Yang et al.,
2002) or cAMP-dependent PKA (Carabelli et al., 2003). In
support of this explanation comes the observation that ER

Ca21 depletion with SERCA blocker CPA drastically re-
duced all secretory responses to caffeine and histamine in
both the absence and presence of TBZ (Fig. 5).
This hypothesis is strengthened by the more direct

experimental approach to [Ca21]c change monitoring in
BCCs challenged with caffeine or histamine. In the case of
caffeine, the [Ca21]c elevations are entirely due to ER Ca21

release through RyRs of BCCs (Cheek et al., 1990, 1993;
Alonso et al., 1999). Otherwise, histamine also releases ER
Ca21 into the cytosol of BCCs but through IP3Rs (Stauder-
man and Pruss, 1990; Artalejo et al., 1993; Alonso et al.,
1999). We found that while TBZ caused a drastic augmen-
tation of the caffeine-elicited [Ca21]c elevations (Fig. 6, A
and B), those generated by histamine were not modified by
TBZ. This strongly supports the view that TBZ acts on the
RyR to facilitate the CICR mechanism and to augment the

Fig. 7. Augmentation by TBZ of the [Ca21]c elevations triggered by caffeine, but not those of histamine, in rat embryo cortical neurons. Neurons were
loaded with fluo-4, and experiments similar to those carried out with BCCs (Fig. 6) were performed. Neuron challenging with 20 mM caffeine [arrow in
(A)] or 100 mM histamine [arrow in (C)] in the absence (control) or presence of TBZ (at 1–10 mM), ryanodine (Rya; 10 mM), 2-APB (10 mM), combined
Rya1TBZ, or 2-APB1TBZ. (A) Family of caffeine-elicited [Ca21]c traces monitored as normalized arbitrary fluorescence units (AFUs; ordinate); neuron
treatments are labeled at the right part of each trace. (B) Pooled data of peak [Ca21]c elevations; note the augmentation by TBZ (1, 3, and 10 mM) of the
caffeine-elicited Ca21 signal (219.2% 6 22.3%, 214.6% 6 24.7%, and 218.7% 6 33%, respectively) and the abolition of the responses by ryanodine,
alone or combined with TBZ (2.53% 6 10.9% and 4.58% 6 7.6%, respectively; one-way ANOVA, F 5 37.09, P , 0.0001; Tukey post hoc comparison:
***P , 0.0001, control vs. all pairs). (C) Family of histamine-elicited [Ca21]c traces monitored as normalized AFUs (ordinate). (D) Pooled data on the
normalized [Ca21]c elevations by histamine showing that TBZ did not modify the histamine-elicited [Ca21]c transients; in the presence of 2-APB and
combined TBZ12-APB, the histamine response was abolished (8.72%6 11% and 2.01%6 1.95%, respectively; one-way ANOVA, F5 93.20, P, 0.0001;
Tukey post hoc comparison: ***P , 0.0001 control vs. all pairs). Data in (B) and (D) are means 6 S.E.M. of the number of wells and cultures shown in
parentheses on top of each column.

Fig. 8. Docking of tetrabenazine-ryanodine receptor com-
plex. (A) Pose of TBZ (sticks, CPK-colored) in the type 3 RyR
Ca21-binding domain (main interacting residues in gray).
(B) H-bonds (Arg 2599 and Leu 2721) and van der Waals
contacts (Ala 2719 and Lys 2703) formed between amino
acids (CPK-colored thin sticks) and TBZ (CPK-colored
sticks).
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caffeine-elicited (and the K1-elicited) exocytotic release of
catecholamines (Figs. 1 and 2). The docking experiment of
Fig. 8 strengthens this view.
By facilitating the release of ER Ca21 through the

depolarization-triggered CICR mechanism of BCCs (Alonso
et al., 1999), TBZ may just maintain a mild [Ca21]c elevation
in betweenK1 pulses, so that the Ca21-dependent transport of
new secretory vesicles from a reserve vesicle pool could be
enhanced to refill the ready-release vesicle pool located at
subplasmalemmal exocytotic active sites (Rettig and Neher,
2002). This mechanism was elegantly demonstrated first at
the laboratory of Erwin Neher in single voltage-clamped
BCCs using histamine to elicit a mild [Ca21]c elevation (von
Rüden and Neher, 1993), using electrical pulses to elicit
exocytosis. Later on, experiments on intact BCC populations
challenged with physiologic acetylcholine or nicotine also
showed a Ca21-dependent vesicle transport facilitated by
mild elevations of residual [Ca21]c or by ER Ca21 release
(Arnaiz-Cot et al., 2008; de Diego et al., 2008). In this context,
it seems that TBZ indirectly secures and maintains healthy
secretory responses upon repeated depolarization of K1

stimuli by facilitating ER Ca21 release mediated by RyR
activation, thus maintaining mild sustained [Ca21]c eleva-
tions to boost vesicle transport and the refilling, with new
vesicles, of the secretory machinery at subplasmalemmal
sites. This view is additionally reinforced by docking studies,
which predict a direct interaction of TBZ with the phosphor-
ylation domain of the RyR (Fig. 8). Thus, the RyR would be
affecting the phosphorylation/dephosphorylation-dependent
regulation of RyR exerted by both kinases and phosphatases.
In neurons, the ER Ca21 store may act as a Ca21 sink (when

partially empty) or as a Ca21 source (when filled) (Tsien and
Tsien, 1990); this is also true for BCCs (Lara et al., 1997; Milla
et al., 2011). In this context, it seems that TBZ may regulate
the ER Ca21 release during cell depolarization through the
RyR, as shown by the experiments on [Ca21]c monitoring in
Fig. 7. This facilitation of exocytosis is a novel mechanism of

action of TBZ, independent of its well established mecha-
nism of VMAT2 blockade and the depletion of central catechol-
amines, mainly of dopamine at the basal ganglia. Because
the expression of VMAT2 is extremely scarce in BCCs
(Weihe et al., 1994), it seems that the facilitation by TBZ of
depolarization-elicited (and caffeine-elicited) catecholamine
release in the cells is unrelated to VMAT blockade. A last
comment on the potential clinical projection of basic findings
reported here deserves attention.
In 2008, the US Food and Drug Administration approved

TBZ for HD-associated chorea. Approval was based on clinical
trials showing the drug was effective; however, side effects
included increased risk of depression, suicidality, akathisia,
anxiety, and Parkinsonism, among other tolerability issues
(Huntington Study Group, 2006; Yero and Rey, 2008; Jan-
kovic and Roos, 2014). In April 2017, the Food and Drug
Administration approved a deuterated form of TBZ, deute-
trabenazine, which also inhibits VMAT2. An indirect com-
parison on the tolerability of TBZ versus deutetrabenazine
concluded that the latter had a more favorable profile of
adverse events (Claassen et al., 2017). This may be due to
a better pharmacokinetic profile and lesser dose of deute-
trabenazine required to treat HD chorea (Dean and Sung,
2018). However, the greater toxicity of TBZ could also be
associated with its new target described here—namely, the
ER ryanodine receptor and enhanced ER Ca21 release into
the cytosol. It is generally accepted that cell Ca21 overload
has neurotoxic effects that could lead to synaptic deficits and
the adverse events of TBZ.Whether deutetrabenazine shares
the ER Ca21-mobilizing effect with its parent compound
could be interesting to study.
Limitations of our study mainly deal with more direct

approaches to better define the potential binding of TBZ to
the ryanodine receptor. Also, experiments with ER-targeted
aequorins, such as those we performed in a previous report
(Alonso et al., 1999), will allow the direct monitoring of the
changes undergone by the ERCa21 store upon cell stimulation

Fig. 9. Scheme showing the mechanism of action of TBZ
involved in the augmentation of the exocytotic release of
catecholamines triggered by K1-induced depolarization of
the BCCs. (1) K1 depolarization opens the L-subtype
of VACC; (2) this leads to a sudden transient increase of
the cytosolic Ca21 concentration ([Ca21]c) that (3) triggers
the rapid release of catecholamines from large dense-cored
vesicles; (4) augmented [Ca21]c also triggers the CICR
through the RyR to further augment the exocytotic
catecholamine response (3).

228 de Pascual et al.

 at A
SPE

T
 Journals on January 21, 2021

jpet.aspetjournals.org
D

ow
nloaded from

 

http://jpet.aspetjournals.org/


with high K1 plus TBZ. Although these experiments may add
value to our present work, we think that the present
pharmacological study provides a quite solid collection of data
to support the view that, beyond its well described inhibitory
effect of VMAT2, TBZ also elicits the liberation of ERCa21 into
the cytosol through an entirely different action—namely,
potentiation of the CICR mechanism of BCCs.
In conclusion, on the basis of the results here presented, the

following conclusions can be established (Fig. 9): 1) TBZ
potentiates exocytosis triggered by cell depolarization and
caffeine, but not histamine; 2) such potentiating is not due to
augmented Ca21 entry; 3) rather, it depends on a functional,
full ER Ca21 store, because it is due to the facilitation of ER
Ca21 release through the RyR; 4) this facilitation is not linked
to VMAT2 blockade; and 5) enhanced ER Ca21 release also
occurs in neurons. This could have clinical relevance in the
context of TBZ use to treat HD chorea or other distonic
disorders, from the point of view of either efficacy and/or side
effects.
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