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a b s t r a c t

Background: Malignant hyperthermia susceptibility (MHS) and acute pancreatitis (AP) share a common
cellular pathomechanism that is Ca2þ-overload of the muscle fiber and the pancreatic acinar cell (PAC). In
the muscle, gain-of-function mutations of the ryanodine receptor (RyR1) make the Ca2þ-release mech-
anism hypersensitive to certain ligands, including Ca2þ, volatile anaesthetics and succinylcholine,
creating a medical emergency when the patient is exposed to these drugs. As RyR1 was shown to
contribute to Ca2þ-overload in PAC, we presumed that pancreata of MHS individuals are more prone to
AP. Accordingly, a recent case study reported coincidence of MHS with recurrent AP, indicating a path-
ological link between the two diseases.
Methods: We tested if MHS poses a risk for AP in mice carrying the Y522S MHS mutation.
Fluorescent Ca2þ imaging was performed in PACs. Conventional histopathological analysis and plazma
amylase measurement was performed using a cerulein-induced pancreatitis mouse model.
Results: The intracellular Ca2þ-signals of PACs from MHS mice were slightly bigger then in wild type
when stimulated with 0.2 and 2 mM carbachol (cch) or with 1 and 5 mM bile acid (taurocholic acid).
Store-operated-Ca2þ-entry was also higher in PACs from MHS mice. Nevertheless, histopathological
analysis and plasma amylase levels did not indicate more severe AP in MHS.
Conclusions: These results suggest that the Y522S RyR1 mutation alter the Ca2þ-homeostasis in PACs, but
not as much as to cause or aggravate AP.
© 2024 The Authors. Published by Elsevier B.V. on behalf of IAP and EPC. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Gain-of-function mutations of the ryanodine receptor (RyR1) is
often associated with uncontrolled Ca2þ-release, which is the
source of symptoms in certain muscle disorders, such as malignant
hyperthermia syndrome (MHS). MHS is an idiosyncratic reaction of
themuscle triggered by volatile anaesthetics (halothane, isoflurane,
enflurane) and succinylcholine. In susceptible people, anaesthesia
increases the resting intracellular calcium ion concentration [Ca2þ]i
in skeletal muscle, which causes a generalized muscle contracture.
t, 1094, Hungary.
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This intense muscle activity progressively raises the body temper-
ature and induces metabolic acidosis and severe hyperkalaemia. If
the body is not cooled down and the muscle relaxant dantrolene is
not immediately applied, this process leads to death [1,2]. MHS is
attributed to point mutations in the RyR sequence, fromwhich 400
have been identified. Early studies have shown that the activating
threshold-concentration of volatile anaesthetics is much lower for
MHS RyRs compared to wild type therefore, these drugs trigger
excessive Ca2þ-release in susceptible muscle fibers even at low
therapeutic doses. MHS muscle fibres' hypersensitivity has also
been demonstrated for other RyR agonists (such as caffeine, 4-
chloro-m-cresol, ATP, cADPr) [3e5] and Ca2þ induced Ca2þ

release (CICR) was also found to be higher in MHS muscle [6].
Apparently, agonist-hypersensitivity of MHS RyR is a characteristic
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Abbreviations

RyR ryanodine receptor
RyR1 skeletal muscle type ryanodine receptor
MHS malignant hyperthermia syndrome
IP3 inositol 1,4,5-trisphosphate
IP3R inositol 1,4,5-trisphosphate receptor
[Ca2þ]i - intracellular calcium ion concentration
CICR Ca2þ induced Ca2þ release
PAC pancreatic acinar cell
ACh acetylcholine
CCK cholecystokinin
ER endoplasmic reticulum
FAEE fatty acid ethyl esters
TLCS Taurolithocholic acid-3-sulphate
POAEE palmitoleic acid ethyl ester
TCA taurocholic acid
CCD Central Core Disease
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feature, explained by impaired interdomain interactions that
destabilize the channel's closed state and thus facilitate ligand-
gating [7,8]. MHS genotype otherwise does not affect the carrier's
everyday life and usually remains undetected.

RyR does not look crucial but has a complementary role in
pancreatic acinar cell (PAC) function. PAC secrete digestive enzymes
or zymogenes in response to secretagogue stimulation, such as
acetylcholine (ACh) and cholecystokinin (CCK). ACh and CCK re-
ceptor activation leads to inositol 1,4,5- trisphosphate generation
(IP3), which triggers Ca2þ-release from the endoplasmic reticulum
(ER) through IP3 receptor (IP3R) Ca2þ-release channels of the ER
membrane. The quality and quantity of fluid- and enzyme secretion
of the PAC is determined by the magnitude and spatio-temporal
characteristics of the ([Ca2þ]i). Low concentrations of stimulants
induce oscillations of the [Ca2þ]i highly localized to the apical re-
gion, which trigger zymogen exocytosis at the luminal membrane.
The apical localization of Ca2þ-release is due to the high density of
IP3Rs in this region and to the Ca2þ buffering of a mitochondrial belt
surrounding this region. At higher, but still physiological secreta-
gogue concentrations Ca2þ breaks through the mitochondrial fire-
wall and generates propagating Ca2þ-waves, which promote trans-
epithelial fluid secretion too [9e14]. The underlying mechanism of
Ca2þ-wave propagation is CICR and involves the Ca2þ-dependent
activation of the RyR. The main RyR isoform in PAC is the same as of
skeletal muscle (i.e. RyR1) [15e17].

High concentrations of secretagogues, bile acids, alcohol, and its
metabolites (fatty acid ethyl esters, FAEE) induce cell-wide, high
amplitude, sustained (peak-plateau) Ca2þ signals, which trigger
intra-acinar zymogen activation and self-digestion followed by
inflammation. This is the initial step of pancreatitis [15,18e20].
Acute pancreatitis is a painful, often deadly diseasewith a relatively
high incidence rate (~10/100000 people/year). The recurrence rate
of acute pancreatitis is extremely high (depending on the cause,
10e60 %). The primary cause of the disease is cholelithiasis (gall-
stones). Due to bile duct obstruction, bile acids may appear in the
pancreas or in the systemic circulation in effective concentrations.
Another significant risk factor is alcohol abuse, whose damaging
effects are mediated by its metabolites, fatty acid ethyl esters
(FAEE). Data fromHusein's and Petersen's laboratory imply that bile
acids and FAEEs trigger excessive Ca2þ-release by direct activation
of IP3- and RyR. Taurolithocholic acid-3-sulphate (TLCS) and pal-
mitoleic acid ethyl ester (POAEE) were able to trigger Ca2þ-release
when IP3Rs were blocked, but failed when both IP3R and RyRs were
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inhibited [15,18e21]. In accordance with these results, our group
showed that taurocholic acid (TCA)-induced Ca2þ-release was
supressed by the RyR-blocker dantrolene and TCA increased the
open probability of single RyR channels [22]. In another study from
Husein's lab PACs were stimulated by supramaximal doses of the
ACh-analogue carbachol and peak [Ca2þ]i was found to be much
higher in the RyR-rich basolateral regions compared to the apical.
The [Ca2þ]i -difference between the two poles of the cell could be
abolished by treatment with ryanodine or dantrolene. Further
research demonstrated that cerulein (a CCK analogue) -induced
zymogen activation overlapped with the RyR-rich area and dan-
trolene couldmitigate the severity of cerulein-induced pancreatitis.
These data provide strong evidence that RyR is important in the
pathomechanism of pancreatitis and is a valid therapeutic target
[15,19,21].

Since only a minority of heavy drinkers with gallstones develop
disease, it is plausible to assume unknown genetic factors in the
aetiology of idiopathic pancreatitis. Based on the literature dis-
cussed above, it sounds possible that the RyR1 gene is such a ge-
netic factor. Because MHS mutations sensitize RyR to agonists
(including Ca2þ and bile acids) it is reasonable to hypothesize that
MHS mutations are genetic risk factors for acute pancreatitis. The
question of this study was whether MHS RyR-expressing PACs are
more susceptible for pancreatitis and if they are hypersensitive to
the stimulants relevant in pancreatitis aetiology. We tested if
ligand-induced Ca2þ-transients are more pronounced in MHS PACs.
Bile acids and FAEEs don't have a documented malignant hyper-
thermia trigger potential, although RyRs in skeletal muscle are
never exposed to high concentrations of these compounds.
Nevertheless, in cholelithiasis, bile acids aggravate the process of
pancreatitis, and they may have higher damaging activity in MHS
individuals.

The direct motivation to publish our results is a recent case
study by Famili et al., reporting on recurrent acute pancreatitis in
three patients with RyR1-related myopathy (associated with MHS)
[23]. Based on the in vitro data ‒that the gain-of-function muta-
tions create a leaky channel phenotypewhichmay lead to excessive
RyR-mediated Ca2þ -release and lower the threshold for patho-
logical PAC stimulation ‒, the authors argue that the association of
the two rare diseases in these patients is causative and not only a
rare coincidence. Patient #1 was diagnosed with Central Core
Disease (CCD) and MHS due to a heterozygous dominant RyR1
mutation, c.14818G > A; p.Ala4940Thr, Patient #2 had King-
Denborough Syndrome (KDS) and MHS due to a heterozygous
dominant RyR1 mutation (c.7354C > T; p.Arg2452Trp), a common
MHS-associated variant and Patient #3 had a family history of MH
and he suffered from Exertional Heat Illness and debilitating
muscle spasms. His MHS was not genetically identified but was
confirmed by Caffeine Halothane Contracture Test. RyR-related
disorders manifest in a wide range of severity of conditions
ranging from asymptomatic to severe disability [23]. Based on the
descriptions, the reported three patients represent mild to severe
cases.

In the current study, we investigated the hypothesis that the
MHS RyR phenotype may contribute to pathological Ca2þ-overload
in pancreatic acinar cells. To this, Ca2þ signalling of pancreatic
acinar cells isolated from Y522S RyR1 knock-in mice were tested
and compared to control [6,24]. It should be noted that the symp-
toms of these mice of young age most closely resemble to those of
patient 3. Later, central, clear cores in muscle fibres, a hallmark of
Central Core Disease (CCD) also occur, but in discrete areas (“pre-
sumptive cores”), which gradually progresses to the typical histo-
pathological image of CCD., Y522S mutation is also linked to severe
CCD, in humans too, like patient #1.
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2. Material and methods

The methods were conducted in accordance with the ARRIVE
guidelines. All methods were performed in accordance with the
relevant guidelines and regulations.

2.1. Animals

All animal studies were designed to minimize animal suffering
and were performed in accordance with EU (86/609/EEC) guideline
under a license obtained from the Scientific Committee on Animal
Health and Welfare of the University of Debrecen (11/2015/
DEM�AB). 10e16-weeks-old, heterozygous RyR1 Y522S MHS knock-
in Bl6 mice and their control littermates were used in this study
[24]. (The homozygous mice die at the pre-perinatal period.) This
strain was kindly provided by Susan L Hamilton (Baylor College of
Medicine) and Werner Melzer (Ulm University). The heterozygous
mice showMH phenotype and themuscle's pathology have already
been well characterized [6,24,25e29], and was found to be equiv-
alent to the human phenotype. Genotyping was performed by an
established PCR protocol. Mice were euthanized by CO2

asphyxiation.

2.2. Pancreatic acinar cell isolation

Acinar cell isolation was performed as described earlier [17,22].
Briefly, pancreata (n � 3/each group) were enzymatically digested
with type-II collagenase in minimum essential medium and 1 mg/
mL trypsin inhibitor for 30 min at 37 �C, followed by gentle tritu-
ration using a serological pipette. Acinar cells were then filtered
through 100 mmnylonmesh, centrifuged at 75�g, and resuspended
in 1 % BSA minimum essential medium [17,22].

2.3. Ca2þ imaging of native pancreatic acinar cells

Cells were seeded onto #1 glass coverslips and loadedwith 4 mM
Fluo-4 AM for 20 min at room temperature in a linear-flow perfu-
sion chamber. The chamber was mounted onto the stage of an LSM
510 or LSM-Live laser scanning confocal microscope. The cells were
washed with physiological HEPES buffered saline solution (130 mM
NaCl, 5 mM KCl, 10 mM HEPES, 2 mM CaCl2, 2 mM MgCl2,
pH ¼ 7.38) and experiments (N � 3) were performed on small
clumps of acinar cells with pronounced polarized apical secretory
granule localization. The Ca2þ-free bath solution was similar, but
with no added Ca2þ, and with 0.5 mM EGTA. Agonist-induced el-
evations of the intracellular calcium ion concentration ([Ca2þ]i) was
monitored through Fluo-4 fluorescence. The specimen was illumi-
nated with 488 nm laser light and the emitted fluorescence was
collected through a 510 nm band-pass filter [22].

2.4. Induction and evaluation of acute pancreatitis

Acute pancreatitis was induced by repetitive intraperitoneal
cerulein injections. Themice (wt group n¼ 7 andMHS group n¼ 8)
received 100 mg/bwkg cerulein (in physiological saline) injections
2e7 times hourly, depending on the experimental design. The an-
imals were sacrificed 1 h after the last injection. The severity of
pancreatic injurywas assessed bymeasuring amylase activity of the
blood plasma, in two sets of experiments: after 2 cerulein injections
or 6 injections, respectively. Blood samples were taken from the
heart of the mice and collected in EGTA-containing vials. Amylase
activity of the plasma was determined using an amylase assay kit
(Sigma-Aldrich) according to the manufacturer's instructions.

Another cohort of wt and MHS (n ¼ 7 and 8) mice were treated
with cerulein 7 times and were sacrificed 1 day after the first
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injection (to allow longer time for the development of pancreatic
tissue injury). The pancreata of these animals were removed and
immediately fixed in formalin. The tissue was processed using a
conventional histological procedure followed by hematoxilin and
eosin staining.

3 tissue sections from each mice were evaluated by 3 in-
vestigators by observing multiple microscope fields [30,31]. The
severity of the symptoms of pancreatitis were evaluated using a
scale of 0e5 or 0e100 %, respectively. For oedema, 0: none; 1: slight
patchy interlobular; 2: patchy interlobular 3: diffuse interlobular;
4: patchy interlobular and intra-acinar 5: diffuse interlobular and
intra-acinar, for leukocyte infiltration: 0: none; 1: diffuse/slight; 2:
diffuse/mild; 3: diffuse/moderate; 4: diffuse/severe 5: diffuse/very
severe. For necrosis, the percentage of the necrotic area was
assessed.

2.5. Statistics

Statistical analysis was performed in Origin 7.0 (OriginLab,
Northampton, MA) and in Excel (Microsoft, Redmond, WA). Results
are expressed as mean ± SE. Statistical significance of differences
was evaluated using independent two-sample t-test or Mann-
Whitney test. Differences were considered significant when the
p-value was less than 0.01 and labelled with asterisk (*) in the
figures. The number of cells (or mice in Fig. 4) investigated is given
in the figures in brackets.

3. Results

The ultimate question of the current research was, if MHS could
be or could not be a genetic risk factor for pancreatitis. To this end
first, mouse pancreatic acinar cells (PAC) were isolated enzymati-
cally and used in Ca2þ-imaging experiments. We tested whether
PACs from Y522S RyR1 mice were more susceptible to the stimu-
lation with the cholinomimetic drug carbachol, and whether they
were more affected by bile acids compared to PACs fromwild-type
(wt) littermates. It should be noted that these compounds are
physiologically or pathologically relevant stimulants of Ca2þ

signaling in pancreatic acinar cells [18,20]. The temporal charac-
teristics (shape, pattern) and amplitude of the Ca2þ signals were
evaluated. We found that physiologically relevant concentrations of
carbachol (50, 100 and 250 nM) induced repetitive fluctuations of
the [Ca2þ]i, in both wild type and MHS acinar cells. The amplitude
of these responses were not different in the two groups in 50 nM
cch (DF WT ¼ 429 ± 25, DF MHS ¼ 371 ± 38), while they were
higher in 200 nM (DFWT¼ 455 ± 26, DFMHS¼ 776 ± 29), at which
RyRs are believed to be involved in the process (see an example for
fluorimetric traces in Fig. 1A). Average fluorescence amplitudes are
presented in Fig. 1B. Importantly, the temporal pattern of Ca2þ

signals was similar in MHS and wt that is, a shift toward a peak-
plateau-type response (i.e. a sign of Ca2þ-overload) was not
observed. At the end of each experiment, supramaximal dose of cch
(2 mM) was applied to demonstrate the maximal response. The
absolute values of these amplitudes were lower due to photo-
bleaching, but they lost the oscillatory characteristic, and theywere
higher in MHS (DF WT ¼ 329 ± 16, DF MHS ¼ 411 ± 15).

Similar experiments were performed using 1 and 5mM TCA in a
Ca2þ-free medium (1mMbeing a ~threshold concentration) (Fig. 2)
[22]. Both concentrations induced Ca2þ signals of an oscillatory
fashion, but the amplitudes were substantially higher in 5 mM TCA
(Fig. 2A and D). In both TCA concentrations, the pattern, and the
average amplitude were similar in MHS PACs compared to wt (DF
WT 1mM TCA ¼ 218 ± 14; DF MHS 1mM TCA ¼ 223 ± 14; DF WT 5mM

TCA¼ 312 ± 18; DFMHS 5mM TCA¼ 341 ± 19) (Fig. 2B and E). The area
under the curves (AUC) - which correlates with the amount of Ca2þ



Fig. 1. Intracellular Ca2þ signal responses to carbachol in pancreatic acinar cells isolated from malignant hyperthermia susceptible (MHS) and wild type (WT) mice
Intracellular Fluo-4 fluorescence normalized to the baseline intracellular fluorescence (F/F0) was plotted as the function of time. Acinar cells were treated with 50, 200 nM and 2 mM
carbachol (cch) for 90 s, subsequently (A). Average changes of peak fluorescence (DF) and individual data points (B). (n.s. e not significant, * e p < 0.01).

Fig. 2. Intracellular Ca2þ signal responses to the bile acid taurocholic acid (TCA) in pancreatic acinar cells from malignant hyperthermia susceptible (MHS) and wild type mice
Acinar cells were treated with 1 mM TCA in Ca2þ free solution for 4 min, which was followed by 10 mM carbachol (cch) (A). Acinar cells stimulated by 5 mM TCA, followed by 5 mM
Ca2þ at 11 min (B). Intracellular Fluo-4 fluorescence was normalized to the baseline intracellular fluorescence (F/F0) and plotted as the function of time. The amplitude of fluo-
rescence change (DF) was determined from the Fluo-4 fluorescence intensity and shown in B an E. Area under the curve (AUC) of fluorescence oscillartions in 1 and 5 mM TCA are
expressed in arbitrary units (AU) in panel C and F, respectively. (n.s. e not significant, * e p < 0.01). DF in 5 mM Ca2þ (SOCE) is shown in panel G. Individual data points are also
displayed.
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released - was slightly, but statistically significantly bigger in the
case of MHS at both TCA concentrations (AUCWT 1mM TCA ¼ 56 ± 5;
1260
AUC MHS 1mM TCA ¼ 76 ± 5; AUCWT 5mM TCA ¼ 260 ± 12; AUC MHS
5mM TCA ¼ 380 ± 23) (Fig. 2C and F). TCAwas applied long enough to



N. Geyer, G. Diszh�azi, Z.�E. Magyar et al. Pancreatology 24 (2024) 1257e1264
trigger store-operated Ca2þ-entry (SOCE), which was apparent
when 5 mM Ca2þ was added in the extracellular medium (Fig. 2D).
SOCE-related Ca2þ signal was considerably higher in MHS, (Fig. 2G).
(Similar experiments have been performed using another bile acid
taurolithocolic acid sulphate (TLCS), with qualitatively same re-
sults: DF SOCE WT ¼ 135 ± 10 and DF SOCE MHS ¼ 174 ± 10).

Therefore, SOCE was investigated more systematically in next
experiments, which were designed to be more suitable for assess-
ing the ER Ca2þ load and SOCE as well. To this end, cells were
treated with the SERCA pump inhibitor thapsigargin (TG) to empty
the intracellular Ca2þ stores in Ca2þ-free medium (Fig. 3A). The
dynamics and the amplitude of the resulting Ca2þ-signals were
evaluated. The Ca2þ-release rate (slope) in MHS was steeper, but
similar amplitude as in the control (DFTG WT ¼ 492 ± 42; DFTG
MHS ¼ 470 ± 21) (Fig. 3C and B). Nevertheless, the area under the
curve (AUC) was significantly lower (�19 %) in MHS (AUC WT
SOCE ¼ 267 ± 10; AUC MHS SOCE ¼ 224 ± 12) (Fig. 3D). These data
indicate that the ER's Ca2þ content is slightly lower (partial
depletion) inMHS acinar cells, the Ca2þ stores depletemore rapidly,
but the approachable Ca2þ peak is the same in MHS. These results
raise the question whether the activity of SOCE is different in the
two groups. As SOCE is known to be a critical Ca2þ entry pathway
during the pathogenesis of acute pancreatitis and store-operated
current inhibitors mitigated the severity of pancreatitis in mice,
this is a particularly important question [30e33]. It is reasonable to
assume that the leaky channel phenotype (lower store load and
enhanced Ca2þ release) of MHS RyR, may secondarily affect SOCE.
Fig. 3. Ca2þ response of pancreatic acinar cells to the SERCA pump inhibitor thapsigargin (TG)
The endoplasmic reticulumwas emptied by triggering Ca2þ-release by using TG in Ca2þ free
due to store-operated Ca2þ-entry (SOCE) (A). The mean amplitude and the rate (slope) of th
fluorescence curve is shown in D. Fluorescence intensity change (DF) during SOCE is in E. (
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To answer this, following the store depletion with TG in Ca2þ-free
bath, cells were superfused with a medium supplemented with
5 mM Ca2þ (Fig. 3A). MHS cells showed significantly higher Ca2þ

elevation compared towt (204 ± 20 vs.136 ± 16, p¼ 0.0003, Mann-
Whitney test), which indicates that the Ca2þ entry pathways are
more active in MHS (Fig. 3E). Because SOCE also significantly con-
tributes to bile acid induced Ca2þ overload during the early stage of
acute pancreatitis, the magnitude of Ca2þ entry after TCA treatment
was also evaluated, which was 103 ± 7 and 144 ± 24, which is
somewhat higher in MHS, but statistically not different (Fig. 2G).
The possible reason why the TG-evoked SOCE was significantly
different in MHS while the TCA-evoked SOCE was not, is that in the
TCA experiments SERCA activity was not inhibited during the Ca2þ

influx (TCA was washed out by this time), which allowed for a
partial compensation of the higher Ca2þ entry in MHS while in the
TG-experiments this effect did not take place because of the con-
stant presence of TG.

To answer the ultimate question of this project, whether MHS is
a risk factor of pancreatitis, a mouse pancreatitis model was
generated. Mice were injected several times hourly with 100mg/kg
body weight cerulein. The severity of pancreatic injury was
assessed by measuring amylase activity of the plasma. In initial
experiments, even 2 cerulein-treatment induced significant eleva-
tion of plasma amylase activity, no difference was observed be-
tween control and MHS groups (3051 ± 87 and 2892 ± 426 AU,
n ¼ 4) (Fig. 4A). To induce more severe pancreatic injury, similar
experiment was performed with 6 consecutive injections, with
in Ca2þ-free and 5 mM Ca2þ containing extracellular media
bath. Ca2þ addition was followed by an increase in the intracellular Ca2þ concentration,
e initial Ca2þ-release is shown in B and C, respectively. The area under the TG-induced
n.s. e not significant, * e p < 0.01). Individual data points are also displayed.



Fig. 4. Histopathology of pancreatic injury in cerulein-induced acute pancreatitis
Plasma amylase activity of wt and MHS mice are shown in A.
Histological scoring of oedema and leukocyte infiltration was assessed using a scale ranging from 0 to 5 (B). Pancreatic injury was determined as the percentage of necrotic area (C).
(n.s. e not significant).
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very similar results.
In other experiments, mice were treated with cerulein 7 times

and were sacrificed 1 day later. Their pancreata were removed and
after conventional histochemical preparations, pancreatic slices
were stainedwith hematoxilin-eosin. The severity of the symptoms
of pancreatitis were evaluated using a scale of 0e5 or 0e100 %,
respectively. Tissue oedema scored 2.33 ± 0.1 in control vs.
2.42 ± 0.1 of MHS, leukocyte infiltration was 2.52 ± 0.16 vs.
2.63 ± 0.21 and necrosis was 17.4 ± 2.7 vs. 15.4 ± 2.6 %, suggesting
that MHS do not increase the susceptibility of mice for pancreatic
injury and pancreatitis (Fig. 4B and C).

4. Discussion

The motivation to share our results here was a paper published
by Famili et al. few months ago reporting on three cases of
pancreatitis in patients with RyR-related myopathy (MHS), sug-
gesting a link between the two diseases [23]. Our results of histo-
logical analysis did not confirm the hypothesis that a RyR mutation
would be a risk factor of acute pancreatitis (at least in Y522S)
however, Ca2þ imaging data showed mild, but statistically signifi-
cant alteration of Ca2þ signalling in PACs. As it is important to learn
if the co-occurrence of the two diseases is a mere coincidence or
comorbidity, this piece of information is relevant.

In summary, our results suggest that in the physiologically and
pathologically relevant concentration range of carbachol (200 nM
and 2 mM) and TCA, RyR1's deficiency is relevant enough to alter
and the magnitude of Ca2þ signals, suggesting that RyR1 contrib-
utes to Ca2þ release and the “leaky” phenotype is uncompensated
by Ca2þ clearance at strong stimulations. Important to highlight is
that the temporal characteristics (dynamics and pattern) of the
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Ca2þ-signals did not show a pathological deviation in the direction
of peak-plateau-type Ca2þ signals, a hallmark of toxic Ca2þ over-
load. At low (50 nM) carbachol, the amplitudes were similar in the
two groups, consistent with the fact that this concentration evokes
apically localized Ca2þ elevations, where RyRs are believed not to
contribute to the process.

Consistent with the leaky and hypersensitive phenotype of
RyR1, the ER Ca2þ store was partially depleted, but this apparently,
did not limit the releasable amount of [Ca2þ]i, as the Ca2þ release
rate and total Ca2þ released was higher in MH. In addition, our
experiments revealed a secondary consequence of the “leaky”
phenotype of RyR at the cellular level, that is the ER load was
slightly lower and emptied faster in MHS, resulting in an enhanced
SOCE. But SOCE was significantly higher only under special exper-
imental conditions, when the SERCA pump was inhibited (in TG),
implying that the consequences of RyR disfunction are most likely
compensated by Ca2þ clearance mechanisms. Thus, Ca2þ overload
during pathological overstimulation of the pancreas is slightly
bigger in MHS then inwild type. Consistent with this result, a more
severe manifestation of acute pancreatitis in MHS in a cerulein
overstimulation mouse model could not be observed.

Although, others demonstrated RyR to be a relevant player in
the pathogenesis of pancreatitis and we previously showed that
bile acids directly activate RyRs (in addition to IP3Rs) and that RyR
contributes to the development of pathological Ca2þ signals
[15,19,21,22], our current results imply that RyR disfunction alone
has only a minor additional pathogenic role. MHS RyR did not make
the pathological condition worse, probably because its leakiness is
compensated by Ca2þ elimination. This conclusion is also sup-
ported by our earlier study, showing that the RyR1/IP3R expression
ratio is low in the pancreas [17]. Compared to the muscle, where
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RyR is the only and highly abundant Ca2þ release channel in the SR
membrane, a relatively significant Ca2þ leak neither cause a muscle
problem under baseline conditions, as it is compensated. The
consequence of enhanced leak is manifested only under
anaesthesia.
4.1. Limitations of the study

The secretagogues in this study were not fully investigated, as
the effect of CCK, which would correlate more closely with results
from the cerulein-induced pancreatitis model, was not examined
by Ca2þ imaging. Additionally, using an obstruction-induced model
could have been justified. Thus, these results are rather preliminary.

Although the Y522S mutation tested in this study is a strong
phenotypic mutation linked to MH and CCD, similar in severity to
patient 3 and patient 1, a limitation is that only one transgenic
mouse strain was tested (of four existing MH/CCD strains). This
limits generalizability, leaving open the possibility that Y522S is not
human-pathologically relevant and that the association of other
RyR mutations with pancreatitis might have been confirmed.
5. Conclusions

In conclusion, our results suggest that the Y522S RyR1 mutation
alter the Ca2þ-homeostasis in PACs, but not as much as to cause or
aggravate AP. The temporal characteristics of Ca2þ signals did not
deviate toward pathological, peak-plateau shape. All in all, we did
not find a link between Y522S RyR and pancreatitis, thus we
conclude that this mutation does not increase the risk for acute
pancreatitis. We propose that increased pancreatitis propensity is
not a general feature of all the RyR-related disorders. It is important
to note that these data do not exclude the possibility that some
more severe gain-of-function RyR mutations may be a direct
pathogenic factor in pancreatic disease. Unfortunately, databases
(such as the UK biobank or Genome-wide association studies) do
not contain enough cases to allow correlation analysis between
these two rare diseases. Nevertheless, the hypothesis of RyR-
related pancreatitis is not supported by post-operative observa-
tions either, as acute pancreatitis or other pancreatic complications
have never been reported after MH episodes. The recently reported
cases of pancreatitis in RyR-related disorders being either rare cases
or bare coincidence, they call our attention to a possible patho-
logical link which should be further investigated.
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