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It is known that different Ca?*-transport systems make distinct contribution to the
formation of Ca?*-signal in various secretory cells. In recent years there has been
a significant increase in interest in study of the lacrimal glands functioning. However, the
results of study of the Ca?"-signalling in lacrimal gland have not yet been summarized in
the literature. This review is devoted to analysis of functioning of Ca?*-transport system
of secretory cells in the rat exorbital lacrimal gland. IP,Rs in exorbital lacrimal gland
cells were effectively inhibited by 2-APB (10 uM) and activated by IP, (2 uM), as well as
by cholinomimetics, carbacholine (10 uM) and purine receptor agonists, ATP (1 mM).
Signaling pathways activated by P2Y-receptors in the lacrimal gland secretory cells
were partially mediated by IP,R activation. RyRs of lacrimal gland secretory cells were
activated by Ca?* and low concentrations of ryanodine (0,05—-1 puM). Simultaneous acti-
vation of RyRs and IP,Rs in these cells caused Ca*" release from the same store. Ca?*
mobilization from the intracellular stores induced by carbacholine (10 uM) or thapsigar-
gin (1 uM) caused store-operated Ca?* entry in secretory cells of the studied glands,
which was partially inhibited by 2-APB. SERCA of exorbital lacrimal gland cells was ef-
ficiently inhibited by eosin Y (5—-10 uM) and by thapsigrgin (1 uM). In contrast to
permeabilized cells, the Ca?* content in intact cells did not change under the influence
of eosin Y (5—-20 uM), indicating the inhibition of PMCA. Ca?*-ATPase activity of per-
meabilized cells of studied glands depended on the incubation time, the substrate
amount and Ca?* concentration in the incubation medium. Mitochondrial Ca?*-uniporter
of lacrimal gland secretory cells was inhibited by ruthenium red (10 uM). Effects of ry-
anodine and ruthenium red on the Ca?" content in cells were statistically significantly
non-additive. Furthermore, ryanodine at concentrations of 1-3 uM caused a dose-de-
pendent decrease in the respiration rate of the studied cells and this effect persisted
after cells preincubation with ruthenium red or thapsigargin. This suggests that in addi-
tion to the endoplasmic reticulum RyRs activation, ryanodine inhibited the Ca?* trans-
port to the mitochondrial matrix, which was insensitive to the ruthenium red.

Keywords: lacrimal glands, IP,Rs, RyRs, SOCC, SERCA, Ca?-uniporter.
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It is generally accepted that Ca?* plays a significant role in secretory process by the
exocrine glands [2, 13, 19, 40, 41, 57]. Ca?* concentration in cytosol is determined by
two oppositely directed Ca?* flows. The inward flow (relative to cytosol) results from pas-
sive transport of Ca?* from the extracellular space through the plasma membrane and/
or Ca?' release from intracellular stores. Opposite in direction outward flow causes the
reduce of cytosolic Ca?* due to its active output to the extracellular fluid or into intracel-
lular stores [41].

It is known that different Ca?*-transport systems make distinct contribution to the
formation of Ca?*-signal in various secretory cells. In recent years there has been
a significant increase in interest in study of the lacrimal glands functioning. However, the
results of study of the Ca?*-signalling in lacrimal gland have not yet been summarized in
the literature. Ca?*-signaling in secretory cells of these glands is far less studied than in
other types of glands. The number of publications that have at least indirect relation to
Ca?*-transport systems of lacrimal glands is 2—4 or ders of magnitude less than the cor-
responding number of articles about organization of the Ca*-signaling in other secre-
tory glands. In the literature there are only few data regarding the identification and
properties of some Ca?'-transport systems in the lacrimal gland secretory cells [5, 14,
21, 22, 25, 31, 34-38, 45, 60], while there is no systematic analysis of their functioning,
features and the role in Ca*-signaling.

Understanding the mechanism involved in Ca?*-signalling in lacrimal gland secre-
tory cells is essential for understanding of the regulation of their secretory process.
These results can be the basis for the development of means for pharmacological cor-
rection of the dry eye syndrome, since both fluid and protein secretion by cells of lacri-
mal glands are Ca?*-dependent processes.

In our first article, published in Studia Biologica [35], we addessed the identification
and features of SERCA and PMCA. The purpose of this review is to analyze the contri-
bution of other intracellular Ca?*-transport systems in the Ca?"-homeostasis of the lacri-
mal gland secretory cells.

The role of endoplasmic reticulum in Ca? homeostasis of secretory cells. In 1995 it
was shown that stimulation of the lacrimal acinar cells of rat by acetylcholine (10 uM) or
ATP (2 mM) induces rapid generation of inositol 1,4,5-trisphosphate (IP,) [22]. IP, is a
second messenger, which activates IP,R in the endoplasmic reticulum, causing Ca?
release to the cytosol from IP,-sensitive stores [12, 16, 21, 22, 23, 36], and this, in turn,
stimulatesfluid and protein secretion by the lacrimal glands [14, 43].

Under the influence of carbacholine (1 M) — M-cholinergic receptors agonist, the
Ca?" content in the intact cells of studied glands decreased significantly due to the Ca?*
release from the endoplasmic reticulum. IP,Rs inhibitor — 2-APB [42, 46, 56, 58, 59] in
concentration of 10 uM completely prevented carbacholine-induced reduction of Ca?*
content in cells [36].

In the lacrimal gland secretory cells IP,Rs retain their functional activity in the dygi-
tonin-permeabilized cells. The reduction of stored Ca?* under the influence of IP, is the
direct evidence for this. In the presence of 2-APB (10 uM) in medium, statistically sig-
nificant changes under the influence of IP, were not recorded (Fig. 1) [36]. Despite low
specificity of 2-APB, it is a clear proof of IP,Rs presence in the secretory cells of rat
exorbital lacrimal gland.

IP,Rs activation in the studied cells occurs as a result of interaction of substances
that are the mediators of autonomic nervous system (acetylcholine, ATP) with appropriate
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receptors on the plasma membrane [22, 43]. During research of lacrimal gland
functioning irritation effects of parasympathetic and sympathetic nerve fibers are often
modulated by action of various cholinergic and adrenergic agonists. But, ATP is co-
mediator of many cholinergic and adrenergic synapses, the release of which could
significantly modulate the effect of primary mediator [7, 15].
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Fig. 1. The effect of IP, on Ca?* content in the permeabilized secretory cells of rat exorbital lacrimal gland:
tissue Ca?" content in the absence of inhibitors/agonists was normalized to one; incubation time —
15 min; [K*] = 140 mM, [Ca*] = 107 M; [IP,] = 2 pM; [2-APB] = 10 puM; * — the difference compared
with the control reliable with P < 0.05; # — difference compared with the sample without inhibitor/ago-
nist significant with P < 0.05; n = 6 [36]

Puc. 1. 3mitn BmicTy Ca?" y nepmeabinizoBaHux KniTMHax 30BHIiLIHbOOPGITanbHOI CNb030BOi 3ano3un 3a il
|®,: BmicT Ca?* y TkaHWHI HOpManisyBanu, NPUAHSBLLM 32 OAMHULIIO MO0 3Ha4YeHHS 3a BifCyTHOCTI
aroHicTiB/iHribiTopiB; Yac iHkybaLii 15 xB; * — pi3HULS NOPIBHAHO 3 KOHTpornem gocTtoBipHa 3 P < 0,05,
# — pi3HMLA NopiBHSAHO 3 NPo6oto 3a BiACYTHOCTI iHribiTopa/aronicta goctosipHa 3 P < 0,05; n = 6 [36]

Extracellular ATP causes an increase in cytosolic Ca?* concentration in the acinar
cells of various exocrine glands by interacting with P2-type of purinoreceptors [44, 51,
55]. The mechanism of signal transduction upon activation of different P2Y-receptors may
involve different signaling pathways [1]. P2Y,, and P2Y,.-receptors are expressed in the
basement membrane of the lacrimal gland acinar cells of mice [52]. Other authors found
that the ATP-induced responses of acinar cells of the rat lacrimal glands are implemented
mainly (along with P2X-receptors activation) through the activation of P2Y ,-receptors and
subsequent |IP,-mediated Ca?* mobilization, which was shown using heparin, U73122 —
an inhibitor of phospholipase C, and using RT-PCR [27]. Kamada, Saino, Oikawa et al.
identified (except for P2Y,) also P2Y,,,,,, receptors in the lacrimal gland secretory
cells, but expression of P2Y,, and P2Y,, was not confirmed [27].

The mechanism of signal transduction of P2Y receptors in the studied cells involves
IP,R activation, since in presence of their inhibitor — 2APB (10 uM) in the nominal Ca?*-
free medium (that prevents P2X receptors activation), ATP-induced changes of Ca?* con-
tent were less expressive. This reduction of Ca?* in cells is really caused by the P2Y-re-
ceptors activation, since it was inhibited (but not completely) by suramin (100 uM) [36].

The mechanism of signal transduction in studied cells in conditions of both P2Y
receptors and M-cholinergic receptors activation, at least partially, involved IP,R activa-
tion, but there were no data with which neurotransmitter (acetylcholine or noradrena-
line) the ATP is released from nerve endings surrounding the lacrimal gland.
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When both M-cholinergic receptors and P2Y receptors were activated, Ca*" was
released from the same IP,-sensitive store, since the effects of ATP and carbacholine at
high concentrations (1 mM and 10 uM, respectively) on the Ca?* content were non-ad-
ditive [36]. This is important in view of the physiological appropriateness clarification
why various agonists activate Ca** release from the same IP,-sensitive store, through
the activation of common path of signal transduction.

It was also found [22] that stimulation of the lacrimal gland cells by acetylcholine
caused the Ca?*-response with maximum amplitude, regardless of the time after stimu-
lation by ATP. The authors concluded that ATP causes the release of only a small part
of the available Ca?*, allowing acetylcholine to cause the re-release of Ca?* from the
same store [22].

The release of stored Ca?* from the endoplasmic reticulum during the cell stimulation
by agonists is due to the activation of IP,Rs and is amplified by RyRs activation. On
basis of the results obtained by Western blot analysis and immunohistochemical me-
thods it was found that all isoforms of RyRs are expressed in the lacrimal glands secre-
tory cells of mice [45].

The dependence of RyRs sensitivity on Ca?" concentration is inherent for many
types of cells [6, 9, 11, 17, 26, 39, 48]. This property was confirmed for the lacrimal gland
secretory cells. Ryanodine (0,05-1 uM) reduces Ca?* content in the secretory cells of
lacrimal glands in dose-dependent manner [32] (Fig. 2). On basis of the two-factor anal-
ysis of variance it was revealed that Ca?* concentration in the medium determined the
Ca?" content in the investigated cells by 8.6 %, and the concentration of ryanodine —
by 87.9 %. The unaccounted factor amounted to only 3.49 % [32].
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Fig. 2. The effect of ryanodine on Ca?" content in the permeabilized secretory cells of rat exorbital lacrimal
gland: tissue Ca?* content in the absence of ryanodine was normalized to one; incubation time —
15 min; [K*] = 140 mM; * — difference compared with control reliable with P < 0.05, ** — with P < 0,01;
*** — with P < 0,001; n = 4-5 (according to the publication [32])

Puc. 2. Bnnue piaHoguHy pisHOT koHUeHTpauii Ha BMicT Ca?* y nepmeabinisoBaHux KiTMHaX 30BHiLUHLOOP6i-
TanbHOI CNbO30BOI 3aM103u Lypa: BMicT Ca?* y TKaHUHi HopMari3yBanu, MPUIAHABLUM 3a OAVHMLIKO NOTo
3Ha4eHHs y npobi, koTpa He mMicTuna piaHoguHy; Yac iHkybauii — 15 xs; [K*] = 140 mmonb/n; * — pisHnLA
MOPIBHSAHO 3 KOHTponem goctoBipHa 3 P < 0,05, ** -3 P < 0,01; *** -3 P < 0,001; n = 4-5 (3a nybnika-
uieto [32])
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Simultaneous activation of RyRs and IP,Rs in these cells caused Ca?* release from
the same store, since the effects of IP, (2 uM) and ryanodine (100 nM) on the total Ca®*-
content in permeabilized secretory cells were statistically significantly non-additive [37].

Agonist-induced Ca?* release from the intracellular stores into the cytosol (and its
outflow from cells) tends to reduce the pool of stored Ca?* [49], which in turn activates
the store-operated Ca?* entry (SOCE) from the extracellular space [10, 18, 36, 38].

Preincubation of the secretory cells with carbacholine (10 uM) resulted in a reduction
of Ca?* content in them. The increase in Ca?* concentration in the incubation medium up
to 2 mM after preincubation with carbacholine was accompanied by the restoration of Ca?*
content in the investigated cells to baseline, obviously by SOCE (Fig. 3, A, B) [36].
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Fig. 3. SOCE into cells of the exorbital lacrimal gland in control and in the presence of 2-APB in medium:
A — Ca? content in the tissue measured under appropriate conditions, B — calculated SOCE (increase
in the Ca?* content in cells after restoring its concentration in the medium), induced by carbacholine
(10 uM); stars — a degree of reliability of the difference with respect to control or above the lines, to this
indicator in other experiment; * — the difference significant with P < 0.05, ** — with P < 0.01, *** — with
P < 0.001; » — significant changes in SOCE with P < 0.05; n =7 [36]

Puc. 3. [lenokeposanuii Bxig Ca?* y KNiTMHU 30BHILLHLOOPGITaNbHOT CIIbO30BOI 3a5103u Lypa Y KOHTPOSi Ta 3a
HasiBHOCTI 2-ADB y cepenoBuLLi:
A — BmicT Ca?" y TkaHUHi, BU3Ha4YeHUI 3a BiAMNoBigHUX YMOB, B — aenokepoBaHuii Bxig Ca?* po3paxo-
ByBanu sik npupicT Bmicty Ca?* y KniTHax nicrs BiAHOBMEHHS OO KOHLEHTpaLil y cepedoBuLLi, iH-
aykysanu kapbaxoniHom (10 MKMonb/n); 3ipoykamMy MO3HAYEHO CTYMiHb AOCTOBIPHOCTI Pi3HULI CTO-
COBHO KOHTpOnto abo, HaA MiHis MK, CTOCOBHO LbOrO MOKa3HMKa B iHLWOMY AOcCnidi; * — pisHuusa Ao-
croBipHa 3 P < 0,05, ** -3 P< 0,01, *** -3 P <0,001; » — gocToBipHa 3MiHa AeNOKePOBaHOro BXo4y
Ca?*3 P <0,05;n=7[36]

Adding a specific SERCA inhibitor — thapsigargin (1 uM) [54] to the nominal Ca?*-free
medium caused a decrease in Ca?* content in the investigated cells [36] (Fig. 4, A, B).

SOCE caused by Ca? release from the store using carbacholine (10 uM) and Ca?*
release from the store using thapsigargin (1 M) was partially inhibited by 2-APB (10 uM)
(Fig. 3, 4) [36].

It was shown that the store-operated calcium channels in the lacrimal gland secre-
tory cells of mouse are formed by Orai1 [60]. Lacrimal acinar cells lacking Orai1 have
diminished lacrimal fluid secretion following activation of the muscarinic receptor. These
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results also demonstrate the central role of SOCE in lacrimal exocrine function, since in
Orai1 knockout mice calcium-dependent peroxidase secretion was eliminated [60].
Ca?* which entered the cell by SOCE is transported to the endoplasmic reticulum.
The only system that provides Ca?* transport from the cytosol to the endoplasmic reticu-
lum is SERCA (Ca?", Mg#-ATPase of endoplasmic reticulum) [41]. Primarily, thapsigar-
gin [54] and eosin Y [30, 35, 53] belong to the inhibitors of Ca?*-pumps. It was shown
that 2-APB is also capable to inhibit SERCA of the lacrimal gland secretory cells [31].
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Fig. 4. SOCE into cells of the exorbital lacrimal gland in control and in the presence of 2-APB in medium:
A — Ca* content in the tissue measured under appropriate conditions, B — calculated SOCE (increase
in Ca? content in cells after restoring its concentration in the medium), induced by thapsigargin (10
uM); stars — a degree of reliability of the difference with respect to control or, above the lines, to this
indicator in other experiment; * — difference significant with P < 0.05, ** — with P < 0.01, *** — with P <
0.001; M — significant changes in SOCE with P < 0.01; n =7 [36]

Puc. 4. [lenokeposanuii Bxig Ca?* y KNiTMHU 30BHILLHLOOPGITaNbHOT CIbO30BOT 3a5103K Llypa Y KOHTPOJIi Ta 3a
HasiBHOCTI iHriGiTopa |®,-uyTnneux Ca*-kaHanis 2-APb y cepeaoBuLLi:
A — BmicT Ca?* y TKaHWHi, BU3Ha4YeHuii 3a BignoBiaHMx ymoB, B — aenokeposaHuin Bxig Ca?* pospaxo-
ByBanu sik npupicT BMicTy Ca?* y kniTuHax nicns BiIHOBINEHHS Oro KOHLEHTpaUii y cepenosuLi, iHay-
KyBanu TancurapriHoM; 3ipoykamm no3HavyeHo CTyniHb AOCTOBIPHOCTI Pi3HMLi CTOCOBHO KOHTPOro abo,
Haz NiHiSMK, CTOCOBHO LIbOrO MOKa3HMKa B iHLWOMY gocnigi; * — pisHuus gocTosipHa 3 P < 0,05, ** —
3P <0,01, ** -3 P<0.001; ™ — gocTosipHa 3miHa AenokeposaHoro Bxogy Ca? 3 P < 0,01; n =7 [36]

Eosin Y reduced Ca?"-ATPase activity of permeabilized cells in a dose-dependent
manner. At 20 uM eosin Y in medium caused complete inhibition of Ca?"-sensitive
ATPase activity of permeabilized cells [34]. Ca**-ATPase activity of permeabilized cells
of studied glands depended on the incubation time, the substrate amount and Ca?* con-
centration in the incubation medium. Maximums of Ca?*-sensitive and eosin Y-sensitive
ATPase activities were observed at 2-3 mM of exogenous ATP in the medium. The
maximum of both total and and eosin Y-insensitive ATPase activities were observed at
10° M Ca? in the medium [34].

It should be noted that the results obtained by the ATPase activity measurement of
permeabilized cell under the influence of these inhibitors [34] are in good agreement with
the results obtained from measuring changes of the Ca?* content in cells [35]. Reduction
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of Ca?* content in permeabilized cells by thapsigargin (1 uM) — specific SERCA inhibitor
was the same as by eosin Y (5 mM). In contrast to permeabilized cells, the Ca?" content
in intact cells did not change under the influence of eosin Y (5-20 uM), indicating the
PMCA inhibition [35].

The contribution of mitochondria to Ca?*-homeostasis in secretory cells. Mitochon-
dria make a comprehensive impact on the regulation of Ca?"-signals in the secretory
cells of various glands [8, 50, 61]. Ca?" uptake by mitochondria is realized particularly
through Ca?*-uniporter in their inner membrane [29]. For its inhibition ruthenium red is
often used [20, 28]. Today the functional activity of mitochondrial Ca?*-uniporter in the
lacrimal gland secretory cells is confirmed [4] and its interaction with other Ca?*-trans-
port systems in cells was studied on basis of the estimation of additivity of the effects of
appropriate inhibitors [37].

Ruthenium red (10 uM) — an inhibitor of Ca?*-uniporter and thapsigargin (1 pM) —
an inhibitor of SERCA reduced the Ca?" content in intact and permeabilized cells of
lacrimal glands. The total effect of ruthenium red and thapsigargin on Ca?* content in
cells was additive [37]. This suggests on the influence of these two inhibitors Ca?* is
passively released from different stores. Similarly, effects of IP, (2 uM) and ruthenium
red in permeabilized cells, and M-cholinergic receptors agonist carbacholine (10 uM)
and ruthenium red on intact cells were additive [37]. Beside this, adding carbacholine to
the polarographic chamber caused an intensification of respiration of the studied cells.
Mitochondrial Ca?*-uniporter inhibition, which prevents the Ca?* flow in the matrix caused
the levelling of carbacholine-stimulating effect, and IP,R inhibition partially eliminated
the effect of carbacholine [33]. However, the effects of ryanodine (0.1 uM) and rutheni-
um red on total Ca*-content in the lacrimal cells were non-additive (Fig. 5) [37].

A lack of ryanodine effect on a background of red ruthenium can be caused by
several factors. First, ruthenium red may inhibit the RyRs of endoplasmic reticulum,
which was previously demonstrated, in particular, for non-excitable cells [47]. But the
described effects of ruthenium red on Ca?* content in the tissue of lacrimal gland, in our
opinion, is not related to the RyRs inhibition, as the decrease of functional activity of
these channels must be accompanied by an increase (rather than decrease) in Ca?*
content in the tissue. The effect of ryanodine is associated not only with the Ca? release
from endoplasmic reticulum, but also with activation of mitochondrial RyRs (mRyRs),
which were identified, for example, in the inner mitochondrial membrane of cardiomyo-
cytes and were inhibited by ruthenium red [3].

Furthermore, ryanodine at concentrations of 1-3 uM caused a dose-dependent
decrease in the respiration rate of the studied cells (Fig. 6) and this effect persisted after
cells preincubation with ruthenium red or thapsigargin. This suggested that in addition
to the endoplasmic reticulum RyR activation, ryanodine inhibited the Ca?" transport to
the mitochondrial matrix, that was insensitive to the ruthenium red [37].
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Fig. 5. The effect of ryanodine on Ca?* content in permeabilized cells of the lacrimal glands in the presence
of ruthenium red: [K*] = 140 mM, [Ca*]1= 107 M; 1 — control (K), 2 — Ca? content in presence of ry-
anodine (A), 3 —in presence of ruthenium red (B), 4 — for the simultaneous action of both substances
({A + B}), 5 — algebraic sum of the Ca?*-content changes by the separate action of ryanodine and ru-
thenium red ([K — A] + [K — B]), 6 — change in Ca?" content by the simultaneous action of both sub-
stances ([K — {A + B}]); Tissue Ca? content in the absence of inhibitors/agonists was normalized to
one; incubation time — 15 min; ** — difference compared to control reliable with P < 0.01; *** — with
P < 0.001; » — significant difference between the sum of changes in two separate agents actions and
their simultaneous action (P, < 0,05); n = 6 [37]

Puc. 5. Bnnue piaHognHy Ha BmicT Ca?* y nepmeabinizoBaHmx KniTMHaxX ClbO30BMX 3a503 3a HasiBHOCTI pyTe-
Hito yepBoHoro: [K*] = 140 mmonb/n, [Ca?*]= 107 monb/n; 1 — koHTponb (K), 2 — BmicT Ca?* 3a fii pia-
HoawuHy (A), 3 — 3a Aii pyTeHito YyepBoHoro (B), 4 — 3a ogHovacHoI Aji 06ox pevosuH ({A + B}), 5 — an-
rebpaivHa cyma 3miH BMicTy Ca?* 3a okpemoi Aii piaHoanHy Ta pyTeHito yepBoHoro ([K — A] + [K — B]),
6 — 3miHa BmicTy Ca?" 3a ogHo4acHoi fii 060x peyoBuH ([K — {A + B}]); BmicT Ca?* y TkaHUHi Hopmani-
3yBanu, NPUAHSABLUM 32 OAMHULIO MOro 3HAYeHHs1 y npobi, KoTpa He MicTuna iHribiTopiB/aroHicTiB;
** — pi3HMUSA OOCTOBIPHaA CTOCOBHO KOHTporto 3 P < 0,01; A — gocToBipHa pi3HULSE MiXX CYMOIO 3MiH 3a
OKpemoI fiii ABOX Pe4OBUH Ta 3MiHO 3a iXHbOT ogHovacHoi aii (P, < 0,05); n = 6 [37]
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Fig. 6. The level of cell respiration in presence of ryanodine and FCCP in medium under conditions of Ca?*-
transport systems inhibition: Arrow shows the addition of FCCP (1 uM) and ryanodine to a final con-
centration of 0.1, 1.2 or 3 uM; n = 5 [37]

Puc. 6. [HTEHCMBHICTb KMITMHHOIO AMXaHHSA 3a HAasBHOCTI y cepenosuLui piaHognHy Ta FCCP 3a iHribyBaHHA
Ca?-TpaHcnopTyBanbHNX CUCTEM: CTpifikamu nokasaHo gogasaHHs FCCP (1 Mkmonb/n), a Takox pi-
aHoAWHy [0 KiHueBoi koHueHTpauii 0,1; 1; 2 un 3 mkmonb/n; n =5 [37]
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SUMMARY

Based on our results and literature data, we suggested the following scheme of
Ca?-transport systems functioning in lacrimal gland secretory cells (Fig. 7).
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Fig. 7. Scheme of coordinated functioning of different Ca?*-transport systems in extraorbital lacrimal gland
cells of the rat:
— — activation, { - inhibition; CUP — Ca?*-uniporter, IP, — inositol 1,4,5-trisphosphate, IP,Rs — IP;-
receptors, mRyRs — mitochondrial ryanodine receptors, PLC — phospholipase C, PMCA — Ca?*-pump
of the plasma membrane, RyRs — ryanodine receptors, SERCA — sarco/endoplasmic reticulum cal-
cium pump, SOCC - store-operated Ca?* entry channels

Puc. 7. Cxema B3aeMOy3rofkeHoro gyHkUioHyBaHHs CaZ*-TpaHCnopTyBanbHUX CUCTEM CEKPETOPHUX KMITUH
30BHILUHBOOPOGITaNbHOI CIbO30BOI 3a51031 LLYPIB:
— — aKkTuBauis, -| — iHribyBaHHs;; CUP — Ca?*-yHinoptep, IP, — iHo3uTon-1,4,5-tpudocdar, IP,Rs — [®,-
yytnuei Ca?*-kaHanun, mRyRs — MiToxoHapianbHi piaHoanHuyTnmei Ca**-kaHanu, PLC — cocdoninasa
C, PMCA — Ca?-nomna nna3matuyHoi membpaHu, RyRs — piaHoguHuytnmei Ca?*-kaHanu, SERCA —
Ca?*-nomna eHgonnasmatuyHoro petukynymy, SOCC — genokeposaHi Ca?*-kaHanm

Ca?*-transport systems
of plasma membrane
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Primary mediators for lacrimal gland secretory cells are ATP — the agonist of the
P2X and P2Y-purinoreceptors and acetylcholine and its analogues — agonists of the
identified M,-cholinergic receptors [12, 22, 23, 36, 43].

Signalling pathways activated by the P2Y-receptors in the lacrimal gland secretory
cells were partially mediated by the IP,R activation [36]. IP,Rs of exorbital lacrimal gland
cells were effectively inhibited by 2-APB (10 uM) [36], which was previously demonstrated
for other cell types [42, 46, 56, 58, 59]. When both M-cholinergic receptors and P2Y
receptors were activated, Ca*" was released from the same IP,-sensitive store since the
effects of ATP and carbacholine at high concentrations (1 mM and 10 uM, respectively)
on the Ca?* content were non-additive [36].

RyRs of endoplasmic reticulum in secretory cells of the lacrimal glands were acti-
vated by Ca?* and low concentrations of ryanodine (0,05—-1 uM) [32].

Ca? mobilization from the intracellular stores was induced by carbacholine (10 uM)
or thapsigargin (1 uM) caused store-operated Ca?* entry in secretory cells of studied
glands, that was partially inhibited by 2-APB (10 uM) [36].

An increase in cytosolic Ca?" concentration after the IP,R and RyR activation is ac-
companied by activation of SERCA, PMCA, Ca?*-uniporter and mRyRs.

SERCA of exorbital lacrimal gland cells was efficiently inhibited by eosin Y (10-20 uM)
and by thapsigargin (1 uM) [34]. Ca?* content in intact cells, in contrast to permeabilized
cells, did not change under the influence of eosin Y (5-20 uM), indicating the PMCA inhi-
bition [35].

In addition to RyR activation in the endoplasmic reticulum, ryanodine inhibited the
Ca?" transport to the mitochondrial matrix, that was insensitive to the ruthenium red [37].
This effect can be explained by presence of RyRs in the mitochondrial membrane (pre-
viously demonstrated to cardiomyocytes [3]), that may be important for regulating of cell
energy supply.

Adding carbacholine to polarographic chamber caused an intensification of respira-
tion of studied cells [33]. These results are in good agreement with those obtained
previously by another group [24]. This effect is associated with Ca?* intake in the mito-
chondrial matrix and subsequent activation of the mitochondrial oxidation. Mitochon-
drial Ca?*-uniporter inhibition, which prevents the Ca?* flow in the matrix caused the
levelling of carbacholine-stimulating effect, and IP,Rs inhibition partially eliminated the
effect of carbacholine. It has an important general biological significance because it al-
lows the regulation of mitochondrial respiration by a direct positive feedback, long be-
fore there would be a lack of ATP and triggers the inverse regulatory effects, homeo-
static (not signaling) by their nature.

Further studies of the Ca?*-transport system functioning in the lacrimal gland secre-
tory cells addesses of their functioning changes during aging and regulation by hor-
mones.
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POJb BHYTPILUHbOKNITUHHNX OPFTAHEN Y NIATPUMAHHI Ca*-FOMEOCTA3Y
B CEKPETOPHUX KINITUHAX CITbO30BUX 3AJ1I03
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Bigomo, Lo y pi3HUX ceKpeTopHUX KniTuHax Bknag Tiel um iHwoi Ca?*-TpaHcnopTy-
BanbHOi cucteMun y chopmyBaHHs Ca2*-curHany € pisHMM. B ocTaHHi pokun crioctepira-
€TbCH CyTTEBE MNiABULLEHHS iHTEpeCy OOCNIAHMKIB A0 BUBYEHHS (DYHKLIOHYBAHHS CribO-
30BMX 3an03. [lonpu Te, CUCTEMHUX y3aranbHEHWX pe3ynbraTiB OCHiAKeHHS ocobnu-
BOCTEW (hyHKLiOHYBaHHS1 Ca?'-TpaHCnopTyBarnbHUX CUCTEM CIbO30BUX 3aro3 y nitepa-
Typi Aoci Hemae.

Ornsp NpUcBAYEHWU CUCTEMHOMY aHanisy ocobnuBocTelt yHKLioHyBaHHS Ca?'-
TpaHCNopTyBarnbHMUX CUCTEM CEKPETOPHUX KMITUH 30BHILLHBOOPOBITanbHOI CribO30BOI 3a-
nosu wypa.

|®,-uyTnmei Ca?*-kaHanu CeKpPETOPHMX KINITUH 30BHILLHBOOPBITanbHOI Crbo30BOI 3a-
n0o3u eheKTUBHO iHribytoTbeca 2-APB (10 MkMonb/n) 1 akTuByOTbCS |P,, a Takox 3a Aii Ha
nnasMaTtuyHy MemobpaHy XOrniHOMIMETUKIB (kapbaxoriH) i aroHicTiB NypMHOBMX peLenTo-
piB (AT®). CurHanbHMI WNAxX nNpy akTueauii P2Y-peLenTopiB y CEKPETOPHMX KMiTUHAX
CNbO30BKX 335103 YaCTKOBO OMOCePeaKoBY€ETbCA akTuBaLlieto |®,-uytnmerx Ca?*-kaHanis.

Y CeKpeTopHMX KriTMHaxX 30BHILLUHbOOPOGITanbHOI CNbO30BOI 3amno3un Lwypa (yHKLUio-
HYIOTb piaHoaMHYyTNuBI Ca2*-kaHanw, ki aktuBytoTbes piaHoguHom (0,05—1 MKMOnb/)
i MogynoTbesa kaTioHaMmu Ca?* 3 BUPaXKEeHWM MaKCUMYMOM YyTIMBOCTI [0 piaHOAWHY
npv 107 monb/n Ca?*. 3a ogHoYacHOI akTMBaLi piaHoguHUyTNMBMX Ta |d,-uyTnnemx Ca?*-
KaHaniB KniTyH gocnimkyBaHmx 3ano3 Ca?" BMBINbHSAETLCS, OYEBUAHO, 3 OAQHOMO i TOro
camoro gero.

CnycTOLIEHHSI BHYTPILLUHBOKMITUHHMX aeno Ca?* 3a gonomoroto Mobinisauii kapba-
xoniHom (10 MKMOnb/n) Yv BHAcnifokK iHribyBaHHs Ca*-noMnu eHgonnasMaTuyHoro pe-
TUKyNnyMmy TancurapriHom (1 MKMonb/n) akTuBye aernokepoBaHuii Bxig Ca?* y cekpeTopHi
KNiTUHW [OCnioKyBaHUX 3ar03, KU YacTKOBO iHribyeTbcsa 2-ADB.

Ca?*-nomna eHaonnasmMaTuyYHOro PETUKYNyMYy CEKPETOPHMX KMiTUH 30BHILLHBOOPGi-
TanbHOI CNb030BOI 3ar03n ePekTUBHO iHribyeTbcA eo3nHoM Y (5—10 Mkmone/n) i Tan-
curapriHoM (1 Mkmonb/n). Ha BigmiHy Big nepmeabinizoBaHux knituH, Bmict Ca?' vy iH-
TaKTHMX KIiTUHAX NPakTUYHO He 3MiHIBaBCA Nig BNAnBoM eo3uHy Y (5—20 mkmonk/n),
WO cBiAYMTb Mpo iHribyBaHHs Ca*-nomnu nnasmaTtuyHoi membpanu. Ca?-ATdasHa
aKTUBHICTb NepmeabinizoBaHNX KMiTUH JOCHIOKYBAHUX 3ar103 3aneXuTb Big Yacy iHKy-
Gawuii, Big kinbkocTi cybeTpaTy | koHUueHTpauii Ca?" y cepenoBuLi iHKybauii.

Y CEeKpeTopHUX KriTUHaX Crb030BMX 3ar103 (yHKLioHye CaZ*-yHinopTep MiTOXOHAPIN,
AKWI iHFOYeTbCS pyTEHIEM YepBOHUM. EQekTn piaHOAMHY i pyTEHit0 YepBOHOMO Ha BMICT
Ca?' y kniTMHax € CTaTUCTUYHO AOCTOBIPHO HeaaUTUBHUMU. KpiM TOro, piaHOAWH Y KOH-
LeHTpauisax 1-3 MKMOIb/N 40303aneXHO 3MEHLUYBaB LUBMAKICTb AUXaHHA AO0CNioKyBa-
HUX KNiTWH, i Luen edekT 30epiraBcs 3a npeiHkybaLii kniTuH i3 pyTeHiEM 4YepBOHMM 4K
TancurapriHoM. Lle ceiguntb npo Te, Lo, Kpim akTMBaLii piaHoamHuyTnneux Ca?*-kaHanis
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eHaonna3mMaTMYHoOro PeTUKYnyMy, piaHoauH iHribye HagxomkeHHs ioHiB Ca?* y maTpukc
MITOXOHAPIN, SIKe HEYYTNMBE 00 PYTEHI0 YEPBOHOIO.

Knroyosi croga: cnbosoBa 3anosa, |®,-uytnuei Ca?*-kaHanu, piaHOAUHYYTNUBI
Ca?-kaHanu, pgenokepoBaHuii Bxin Ca?*, Ca?-nomna, Ca?-
yHinoptep.

POJlIb BHYTPUKNETO4YHbLIX OPFAHENN B NOAAEPXXAHUU Ca?-TOMEOCTA3A
B CEKPETOPHbIX KINETKAX CNE3HOW XENE3bI
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MN3BecTHO, UTO B pa3HbIX CEKPETOPHbIX KreTkax Bkrag Tow unu uHow Ca®'-TpaH-
CNOPTUPOBOYHOW CUCTEMbI B hopmupoBaHme Ca®'-curHana pasnuyeH. B nocnegHue
rogbl HabntogaeTcs CyLeCTBEHHOE MOBbILLIEHWe UHTepeca uccnegoBaTenen K nsyde-
HUIO (DYHKLMOHMPOBAHMSA Crie3HbIX Xenes. Tem He meHee, CUCTEMHbIX 00O06LLEHHbIX
pe3yneTaToB MccrnefoBaHus 0cobeHHocTel yHKUMoHMpoBaHus Ca?*-TpaHcnopTupo-
BOYHbIX CUCTEM Cre3HbIX Xernes B nuTeparype A0 CUX MOp HET.

O6G30p MOCBALLEH CUCTEMHOMY aHanun3dy OCOGEHHOCTEN (YHKLMOHUPOBAHNUS
Ca?"- TpaHCNoPTUPOBOYHbBIX CUCTEM CEKPETOPHBIX KIIETOK BHEOPOUTaNBHOW Cre3HoN
Xenesbl KpbIChbl.

N®,-uyBcTBUTENBHBIE Ca?*-kaHarbl CEKPETOPHBIX KIETOK CIIE3HON XKenesbl Hrmou-
pytotca 2-APB n aktusupytotca NP, a Takke npy AeNCTBUKN Ha NnasMaTUyeckyto Mem-
OpaHy XONMMHOMUMETUKMB (KapOaxonvH) U aroHUCTOB MypWMHOBLIX peuenTtopoB (ATO).
CurHanbHbIn NyTe Npu akTmBaumm P2Y-peuentopoB B CEKPETOPHbIX KIeTKax Cre3HbIX
xenes onocpeayetcs aktuaumnen Nd,-yyBcTBUTENbHBLIX Ca®*-KaHanos.

B cekpeTopHbIx kneTkax BHeOpPOUTanbHON CE3HON Xenesbl KpbIChbl (YHKLMOHNPYIOT
prnaHoguHyyBcTBUTENBHBIE Ca*'-KaHarbl, KOTopble akTMBUpYTCA puaHoamHom (0,05—
1 MKMOMb/M) 1 MogynupytoTcsl kKaTuoHamu Ca?* ¢ BbIpaXXeHHbIM MakCUMYMOM YyBCTBU-
TenbHOCTU K puaHogmHy npu 107 monb/n Ca?*. Mpy o4HOBPEMEHHOW aKTUBaLMKN praHo-
AVNHYYBCTBUTENBHBIX N P.-4yBCTBUTENBHBIX Ca?*-kaHanoB KINeToK uccrneayeMbix Xenes
Ca?* BbicBOOOXAETCH, O4EBMOHO, U3 OOHOIO U TOTO Xe Aeno.

OnycToleHne BHYTPUKINETOUHbIX Aeno Ca?* ¢ nomolblo Mobunusaumm kapbaxo-
nvHoMm (10 MKkMonb/n) unu 3a cyeT nHrMbuposaHust Ca?*-Hacoca 3HAoMNNa3MaTNYeCcKoro
peTukynyma tancurapruHoM (1 MKMOnb/M) akTMBMpYeT Aenoynpasnsemsin Bxog Ca®t
B CEKPETOPHbIE KMNETKM NCCIeayeMbIX Xenes, KOTopbI YacTU4HO nHrimbupyertcs 2-APBb.

Ca?'-Hacoc 9HOOMNNa3MaTu4eckoro PeTUKYIlyMa CEKPETOPHBIX KIETOK BHeOpOu-
TanbHOWM Cre3Hou xenesbl 3hEKTUBHO UHIMOMpyeTca 303MHOM Y (5—10 MKmonb/n)
n TancuraprmHom (1 Mkmonb/n). B oTnnumne ot nepmeabunnsoBaHHbIX KNETOK, COaepxa-
Hue Ca®" B MHTaKTHbIX KIeTkax NpaKTUYeckn He MEHSNCS Nof BO34enNCcTBrEM 303nHa Y
(5—20 MKkmonb/n), 4To cBUAETENbLCTBYET 06 MHIMBMpoBaHunM Ca?*-Hacoca nnasmaTuye-
cKol MmembpaHbl. Ca?*-ATda3Hast akTMBHOCTb NepMeabunm3oBaHHbIX KNETOK uccneay-

ISSN 1996-4536 e bionoriuHi Ctyaii / Studia Biologica e 2015 e Tom 9/Ne2 e C. 191-206



206 A. B. Kotliarova, V. V. Manko

€MbIX Xeres 3aB1MCUT OT BPEMEHU MHKyDauuK, OT konuyecTBa cybcTparta 1 KOHLEeHTpa-
uun Ca?* B cpene nHKyGauuu.

B cekpeTopHbIx KreTkax crnesHblx xenes dyHKkumoHupyeT Ca?*-yHunoptep MuTO-
XOHOPWIA, KOTOPbIN MHIMOUPYETCA pyTEHMEM KpacHbIM. QddekTbl puaHoanHa 1 pyTe-
HUSI KpacHOTro Ha coaepkaHue Ca?*' B KneTkax CTaTUCTUYECKN JOCTOBEPHO HeaaanTuB-
Hble. Kpome TOro, puaHoamH B KOHUEHTpaumsix 1—3 MKMOmb/N 40303aBUCUMO YMEHb-
Lian CKOpOCTb OblXaHWUs UCCrefyeMblX KNeToK, U 3TOT 3PGEKT COXpaHANCS Mo NpeunH-
KyOauumn KrneToK C pyTEHWEM KpacCHbIM WK TancuraprmHoM. OTO CBUOETENbCTBYET O
TOM, YTO, KpOME aKTUBaLUWM pUaHoANHYYBCTBUTENbHBLIX Ca?*-kaHanoB aHAonnasMaTtu-
YECKOro peTukynymMma puaHoAMH MHMIMBUpYeT nocTynneHve noHos Ca?* B MaTpuKc MUTO-
XOHOPWIA, KOTOPOE HEYYBCTBUTENBHO K PYTEHUIO KPACHOMY.

Knroyeenle crnosa: cnesHas xenesa, ®,-qyBcTBUTENbHbIE Ca?*-kaHasbl, puaHo-
AnHYyBCTBUTENbHbIE Ca?*-kaHanbl, AenoynpaBnsemblvi BXOZ
Ca*, Ca?"-Hacoc, Ca?"-yHunopTtep.

OpepxaHo: 10.08.2015
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