UDC 577.352.465

Effect of caffeine and coffee diets
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The effects of long-lasting high concentration coffee and caffeine diets on calcium mobilization in rat
hippocampal neurons were studied. Changes in the basal calcium level in the hippocampal neurons of
control and experimental rats kept on a coffee or caffeine diet were measured. We also recorded the changes
in the Ca’* transients’ amplitude evoked by membrane depolarization or emptying the Ca’" depot of the
endoplasmic reticulum (ER) induced by caffeine activator of the ryanodine receptors. In rats on a coffee
or caffeine diet, the basal Ca’" level was increased by 7.4% and 11%, respectively, compared to control
animals. In these groups, the amplitude of Ca’" transients increased by 70% and 90%, respectively, of the
basal level in response to the membrane depolarization. In the same groups, the amount of Ca’” released
from the ER was increased by two and three times, respectively, compared to the control after activation
of ryanodine receptors. We concluded that long-term coffee and caffeine diets in rats cause a significant
disruption of the hippocampal neurons’ endoplasmic reticulum function. The diets evoke an increase in
Ca’* concentration in the neurons and an excessive release of Ca’" in response to excitation. The latter
can lead to increased excitability of neurons and their further death from excessive Ca’" levels.
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INTRODUCTION

Coffee is one of the most consumed beverages
globally, with a total consumption of over 5
million tons per year. Consumers prefer coffee
because of their taste and stimulating effects
[1]. The main coffee component is caffeine, but
coffee also includes other compounds such as
trigonelline that can affect the nerve function
(growth of neurites) [2] or flavonoids [3].
Furthermore, such biologically active substances
as chlorogenic acid, catechin, N-methyl py-
ridine, hydroxytryptamines, pyrogallol, and
others were found in the coffee [4]. Thus, coffee
and caffeine can cause different effects on the
body, taking into account the content of coffee
in other biologically active substances.

It has been shown that coffee and caffeine
can have both - positive and negative effects on
human health. On the one hand, caffeine is used

to treat premature bronchopulmonary dysplasia,
it may have a protective effect in some diseases
such as Parkinson’s disease [5], Alzheimer’s
disease (but not yet fully proven) [6], and for
some types of tumors (hepatocyte, endometrial,
prostate) [7]. Caffeine can prevent the death of
pancreatic cells in alcohol poisoning [8]. Caf-
feine, also at low doses, reduces cardiovascular
diseases, such as coronary artery disease and
heart attack. On the other hand, at high doses, it
increases the risk of these diseases [9]. Increased
coffee/caffeine doses can also cause states such
as caffeine addiction, hypertension, insomnia,
anxiety states, tachycardia, arrhythmia, mi-
graine, effects on the secretion of gastric juice,
and loss of bone tissue, increased intraocular
pressure (as a consequence of glaucoma), etc.
[10]. The toxic dose is 10 g of caffeine per day
for adults (one coffee cup contains 80-175 mg
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of caffeine, depending on the preparation and
type of grains). Coffea arabica contains twice
as much caffeine as Coffea robusta. The highest
content of caffeine is in “Express” coffee (100
mg 50 ml). The use of pure caffeine is more toxic
than coffee. Coffee, caffeine, and other coffee
ingredients are known to affect brain activity
[11]. The coffee component of caffeine is often
used as a separate component for stimulating
brain activity.

It has been shown that it improves mental
activity at a concentration of 3.3 mg/kg [12]. It
is known that caffeine is an activator of ryano-
dine ER receptors, and it induces Ca’" release
from calcium depots [13]. And thus, coffee
and caffeine can affect intracellular calcium
homeostasis in neurons and induce different
Ca’*-dependent processes, including vesicular
trafficking as well they can induce Ca?*-inde-
pendent processes [14]. In our experiments, we
studied the effects of long-lasting coffee and its
component caffeine diets on Ca>" mobilization
in rat’s hippocampal neurons.

METHODS

Keeping the Rats on Coffee and Caffeine Diet.

The research has been carried out following
existing international and Bogomoletz Insti-
tute requirements and humane attitude norms
towards animals. Experiments were performed
on non-linear white male rats, which at the be-
ginning of the study, weighed 0.14 kg. Animals
were kept at common sanitary and hygienic
conditions with a standard diet. The first group
consisted of control animals (n = 6), which
lived under standard conditions throughout the
experiment. The second group (n = 10) was
represented by animals that were kept with food
“Caffeine sodium benzoate” (Darnytsya, UA) in
the amount of 150 mg/kg/day (LD50). Animals
of the third group (n =9) daily received a mix of
fried coffee beans with food, in 150 mg/kg/day
of pure caffeine weight. The lyophilized powder
of coffee was obtained from a commercial blend
of coffee beans. According to the International

38

Institute of Tasting Coffee’s recommendation,
the mixture was 80% made up of coffee beans
of the Arabica variety and 20% of the Robusta
variety (the mass fraction of caffeine in the mix
was 1.48%, which corresponds to GOST 6805-
97). In acute experiments, intracellular calcium
was measured in the hippocampal neurons in the
subgroups of animals, which were taken from
the study groups 39 weeks after the beginning
of the diets.

Isolation of the neurons of the CAl region of
the hippocampus

The method of obtaining isolated neurons of the
hippocampus of rats in general corresponded
to that described in our previous works [15-
18]. Animals (mature rats) decapitated after
anesthesia with ether. The brain was quickly
removed and transferred to a cold (4 °C) solu-
tion A. The sections of the hippocampus 0.4-0.5
mm thick were cut using a blade and held for
60 minutes in solution B at room temperature
(21-25 © C), placed them on a nylon mesh in a
chamber; Aeration of the medium was provided
by carbogen. Enzymatic treatment in solution
B of 0.1% protease (type 23) and 0.1% trypsin
(Sigma-Aldrich, USA) lasted 20-35 minutes
without changing the medium’s temperature.
This sequence of processing allowed for the
dispersion of sections to receive isolated neu-
rons of the desired zone, which preserved small
portions of apical and basal dendrites and had a
soma with a diameter of 15 + 20 um and a length
of 30 + 50 pm.

Solution A contains (in mmol / 1): NaCl-
120, KCI-5, HEPES - 10, MgCl, -1, CaCl, -2,
glucose - 25. Solution B: NaCl - 125, KCI-5,
NaH2PO, — 1.25, NaHCO, - 25, MgCl, -1,
CaCl, -2, glucose - 10. All substances obtained
from Sigma-Aldrich Company, USA.

Measurement of intracellular calcium

Intracellular calcium was measured as it
was described previously [19-22]. Briefly,
immediately before the experiment, the neurons’
staining in a solution of fluorescent dye Fura-
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2AM (5uM) was performed for 20 minutes.
Then the glass coverslips with the neurons
were placed in the experimental chamber.
The experimental chamber was installed on a
fluorescence microscope and a solution flow
system, washing the cells with the solution and
changing it to apply the factors. Depolarization
of the membrane was carried out using 5 s
application of 50 mM KCI solution, and 5 s
application of 20 mM caffeine was used to
release calcium from the endoplasmic depot.

Changes in the level of fluorescence intensity
in neurons were recorded with an experimental
digital video camera at excitation wavelength
340 and 380 nm. Using computer software
Cell M software (Olympus, Japan) and IDL
programming environment (ITT Visual Informa-
tion Solutions), further data analysis was per-
formed, and the ratio of fluorescence intensity
in the range of 340 nm fluorescence to 380 nm
(R=F340/F380) was calculated. Dynamic changes
in this indicator evaluated changes in the level of
free calcium in the cytosol of neurons.

Experimental solutions

Basic solution used as a perfusion solution in
the experimental chamber: NaCl - 140 mM;
KCI - 2 mM; CaCl2 - 2 mM; MgCl2-2.0 mM;
HEPES-10 mM, pH 7.4. To depolarize the
neuronal membrane and induction of calcium
transitions in this way, a high-potassium solution
(50 mM KCI) was used: NaCl - 82 mM; KCI - 50
mM; CaCl2 - 2mM; MgCl12-2.0 mM; HEPES-10
mM, pH 7.4.

Statistical analysis

Numerical data were subjected to statistical
processing (Investigator criterion) using Origin
software (OriginLab Corporation, USA). Inter-
sample differences with P <0.05 were considered
statistically significant.

RESULTS

In all neurons, measurements of free calcium
levels were performed during short-term cellular
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stimulation (5 s) with the high-potassium
solution. After calcium level recovery to the
basal level, stimulation was repeated. Then,
after the basal level’s restoring, we made a
short-term application of solution with 20 mM
caffeine (5 s).

The application of high-potassium solution
causes depolarization of the neuronal membrane,
which leads to the influx of calcium ions through
voltage-sensitive calcium channels in the cell.
Also, this process contributes to the filling of
intracellular calcium depots in the neurons.
Caffeine is an agonist of the ryanodine receptor
calcium channel of the endoplasmic reticulum
(ER), and therefore its application causes the
release of calcium from ER. It was found that
53.6% of the neurons from the control group
(n=28) responded to stimulation with the high-
potassium solution.

In the neurons of the control group, the basal
calcium level measured in relative units (F340/
F380) was 1.36 = 0.04 (n = 28; all investigated
neurons) and 1.30 £ 0.07 (n= 15, corresponding
to high-potassium solution). An example of
changes in the intracellular level of Ca?" that
occurred due to these stimuli in the neuron
in control animals is shown in Fig. 1. 54.2%
of the neurons from the coffee group animals
(n=24) and 30.4% of the caffeine group (n=23)
responded to stimulation by a high-potassium
solution. In the neurons of the caffeine group,
the level of free basal calcium was 1.46 + 0.07
(n = 23; all studied) and 1.20 £ 0.06 (n = 7;
responding to high-potassium solution). In
the coffee group’s neurons, the level of free
basal calcium was 1.51 = 0.09 (n = 24; all
investigated) and 1.45 £ 0.09 (n = 7; responding
to high-potassium solution). Changes in the
intracellular level of calcium in animals of the
coffee group, in response to stimulation of the
high-potassium solution and caffeine, are shown
in Fig. 2

It was also found that the amplitude of
calcium transient (AR, ratio F340 / F380) in
response to high-potassium solution was 0.10
+0.02 (n=15); 0.17+0.06 (n=7) and 0.19 +
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Fig. 1 Selective registration of changes in the intracellular
concentration of free calcium in the neuron from the animals’
control group

0.05 (n = 13) from the basal level, respectively,
in the control group, caffeine and coffee groups,
as shown in the diagram in Fig. 3

In Fig. 4 is a graph of statistical data on the
amount of calcium release from the endoplasmic
depot. The amount of calcium released from
the ER was evaluated as the amplitude of the
calcium transient from the basal level (AR =
F340 / F380; when applying a solution of 20
mM of caffeine). In the control group, this value
was 0.06 £ 0.01 (n = 5). In the caffeine and
coffee groups’ animals, the amount of calcium
released from the ER was increased compared
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Fig. 3 The amplitude of calcium transient was evoked by the
application of a high-potassium solution in different groups
of rats. Designations here and in other figures (P < 0.05 *,
P<0.01 *¥)

40

17 @ KCl @ KCl W caffeine
s 164
3
k-1
T 151
+.'—_|
‘B 14
1.3
0 1 2 3 3 4

Fig. 2 Selective registration of changes in the intracellular
concentration of free calcium in the neuron from the coffee
group’s animals

to the control and amounted to 0.12 + 0.04 (n =5)
and 0.19 £ 0.06 (n = 8), respectively.

DISCUSSION

Coffee, caffeine, and other coffee ingredients are
known to affect brain activity [11]. I.P. Pavlov
and his collaborators have yet investigated
the physiological features of caffeine’s action
on the central nervous system. They showed
that caffeine enhances and regulates the
processes of excitation in the cerebral cortex.
They demonstrated that caffeine enhances
and regulates the processes of excitation in

% % %

8
0.25- ©

0.20 —|

)
g 015 {
o
S
£ o010 l
£ 5)
1
oos{[ 1
0.00 ’ r r
Control caffeine coffee

Fig. 4 The amplitude of calcium transient was evoked by
applying a solution containing 20 mM of caffeine in different
rats’ groups
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the cerebral cortex. In corresponding doses,
it enhances positive conditioned reflexes
and enhances motor activity. Stimulating
action leads to increased mental and physical
efficiency, reducing fatigue and drowsiness.
However, large doses can lead to exhaustion of
nerve cell state.

Recent data indicate that coffee (Coffea
arabica or Coffea canephora var. robusta) caused
an increase in the excitatory neurotransmitter
effect on the accumulation of calcium and the
release of dopamine in PC12 cells [4]. The
release of neurotransmitters or exocytosis is
regulated by the concentration of Ca?* ions,
which play an essential role in the outflow of
neurotransmitters during synaptic transmission
[23-25]. Besides, the release of Ca?" from the
intracellular depot also takes part in synaptic
transmission regulation. Thus, the presence of
ryanodine receptors in the hippocampal neurons’
presynaptic endings was demonstrated [26-29].

Caffeine, which belongs to the group
of methylxanthines, has a chemical name:
1,3,7-trimethyl-xanthine. Like methylxanthines,
it can be an antagonist of adenosine receptors
[30], causing the release of neurotransmitters [4,
31]. It was shown that caffeine is an antagonist
of all types of adenosine receptors - Al, A2A,
A3, and A2B [32]. Caffeine also inhibits
phosphodiesterases (PDE1, PDE4, PGES),
interferes with GABA-A receptors, and has an
influence on several brain diseases, including
Alzheimer’s disease [32]. Nevertheless, many
of these processes are associated with the ER’s
functioning - for example, the receptor-activated
release of neurotransmitters and other calcium-
dependent processes that occur in the cell. The
latter is due to the ability of caffeine also to
affect directly intracellular Ca®>" depots of the
ER. Calcium processes associated with ER are
also influenced by other active components
isolated from other plants, such as Taraxacum
officinale [33]. This plant is also used to make
tipping drinks. Also, other natural products can
act on the ER and interfere with ER stress [3].

It is known that two types of ER are inositol
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trisphosphate (IP3R) and ryanodine receptors
(RyR). These receptors cause a rapid Ca’"
leakage from SR/ER, increasing Ca?" in the
cytosol, and triggering a series of signaling
processes. Caffeine is an activator of ryanodine
ER receptors, and its activation causes Ca’"
release from ER [34]. In turn, it is known that ER
disfunction can promote a number of disorders
of nervous system [35]. In our studies, we aimed
to investigate the only one aspect of caffeine
and coffee action through corresponding diet —
their prolong effect on RyR-receptors of ER of
hippocampal neurons.

Our experiments showed that basal Ca”"
levels in neurons of rats with long-term coffee
or caffeine diet increased by 7.4% and 11%,
respectively, compared with control animals.
In animals of the caffeine and coffee groups,
the amplitude of calcium transient in response
to high-potassium solution increased by 70%
and 90%, respectively, of the basal level. It
turned out that in the same groups, the amount
of calcium released from ER after activation of
the ryanodine receptors was increased two and
three times, respectively, in comparison with
the control animals. Thus, it is concluded that
long-term caffeine and coffee diets in rats cause
a significant violation of ER’s activity in the
hippocampal neurons, namely, an increase in
the basal level of Ca”" in the cell and excessive
calcium release in response to irritation. The
latter can lead to increased excitability of
neurons and their death from excessive calcium
levels.

Summing up, our results point that long-
term caffeine and coffee diets in rats cause a
significant violation of ER’s activity in the
hippocampal neurons, namely, an increase in
the basal level of Ca?* in the cell and excessive
calcium release in response to irritation. The
latter can lead to increased excitability of
neurons and their death from excessive calcium
levels.
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BILJIUB KO®EIHY TA KABOBOIi JI€ETHU
HA CUTHAJI3AIIIO KAJIBIIIO
B I'NIIOKAMIAJBHUX HEBPOHAX II[YPA

! Incmumym ¢hizionoeii im. Bozomonvyss HAH Yipainu, Kuis;
2 Tninpoecwkuii nayionanvuuii ynisepcumem imeni Onecs
Tonuapa, /[ninpo;

3 Meouunuii yenmp «lonosnuil 6invy, Obnacna kuinivna
aikaphs im. Meunuxosa, /[ninpo

BuBYeHO BIIMB TPHUBAIOI AI€TH 3 BUCOKOIO KOHIICHTPAIII€I0
KaBU Ta KoeiHy Ha MOOimi3amilo Kaiublilo B HEHpOHAX
rinokamna mrypiB. BumiproBanu 3MiHu 0a3albHOTO BMICTY
KaJbIlif0 B HeilpoHax rimokamma KOHTPOJBHHX Ta 10
IypiB, SKUX YTPUMYBaJIH Ha KaBOBil abo kKodeiHoBil
nieTi. 3adikcosano 3Minm ammiTyau Ca’ -TpaH3ieHTIB, sAKi
BUKJIMKAHI JCTIONSPU3AIi€l0 MeMOpaHu abo CIIOPOKHEHHAM
Ca?"-zeno enonnasmaruanoro petuxyayma (EP), inaykona-
HOro Ko(eiHOM, aKTHBATOPOM DPiaHOJWHOBHUX PELENTOPIB.
VY mypiB, fki mepedyBanu Ha KaBOBii abo kodeiHOBil
nieti, 6asanpEuii BMicT Ca®" OyB 36inbmenui va 7,4 Ta
11% BigMOBIAHO MOPIBHSHO 3 KOHTPOJIBHUMH TBapHHAMH.
V mux rpymax ammiityaa Ca®™-tpansientis 3pocna Ha 70
ta 90% BiamoBigHO Bix 6a30BOro piBHS Yy BiANOBIAL HA
nenonspusanio Memopann. Bumict Ca®", mo BUAingeThCs 3
EP, y Hux 30inpmmnace y 2 Ta 3 pasu BilIOBIIHO TOPiBHSHO
3 KOHTPOJIEM Micis aKTUBAILil plaHOAMHOBUX PEIENTOPIB.
Mu [iiinuii BUCHOBKY, IO TPUBAJIE XapuyBaHHSA KaBOIO a0
Ko(eTHOM y LIypiB CIIPUYMHSE 3HAYHE TOPYIICHHS (QyHKIIT
€HIOTUIa3MaTHYHOTO PETHKYJIyMa HEHPOHIB TilmoKamIa.
i mieTn BUKIMKAIOTH 30imblmieHHs KoHmeHTpamii Ca?’ y
HEHpOHax Ta HaJMipHE WOTO BUAUICHHS Yy BiANOBiIb Ha
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30ymkeHHs1. OCTaHHE MOKE MPU3BOIUTH IO IMiJBUIICHOT
30yMIMBOCTI HEHPOHIB Ta MOAANbIIOTl 1X 3arubesi BiX
HaaMipHOro BMicTy Ca’*,

Ki1r040Bi ci10Ba: HEHpOHHM TilmoKamIia; kaBa; KoGeiH; Kasblliii;
PiaHOMHOBHIA PEIICTITOP; CHIOIIIA3MATHYHUI PETHKYITYM; JTi€Ta.

B.M. llIkpbLib, T.I. Typuuska, B.A. fABopckuii,
B.IL. JIswmenko, C.M. Jlykamos, E.A. JIlykbsinel

BJIUSIHUE KO®EUHA U KO®EMHOMN
JUETHI HA CUTHAJIM3ALIAIO KAJIBIIU S
B T'UMITOKAMITAJIBHUX HEBPOHAX
KPBICBI

W3yueHo BnusHUE [UINTEIBHOM IUETHI C BHICOKOW KOHILIEHT-
panmeii kode 1 KopernHa Ha MOOHTH3AIIHIO KATBIIHS B HEUPOHAX
rUnIokamna Kpsic. Mismepsiu 6azanbHoe coaepixaHue KabLus
B HeﬁpOHaX rUrIoKamMIia KOHTPOJBbHBIX U KPbIC, KOTOPbLIC
COJIePKAINCh Ha KOQCHHOM WiIH KoperHOBOM aueTe. bruin
3a(UKCUPOBaHbI H3MEHeH s B amiuuTyie Ca>*-TpaH3ueHToB,
BBI3BAHHBIC ;[enonﬂpmauneﬁ MeM6paHbI WJIX OTIOPOKHEHUEM
Ca?"-jeno »HAOMIA3MaTHUECKOTrO peTukyayma (DP),
MH/yLIIPOBAaHHOTO KO)EHHOM, aKTHBATOPOM PHAHOANHOBBIX
peuenTtopoB. Y KpbIC, KOTOPbIE MPUACPKUBAITUCH KOPEHHOH
ui KoeMHOBOI JIueThl, 6azanbHoe cojepskanue Ca’" Gbu10
yBennueHo Ha 7,4 u 11% coOTBETCTBEHHO MO CPaBHEHHIO C
KOHTPOJIbHBIMH KMBOTHBIMU. B OTUX I'pynmnax aMrmleyzla
Ca®'-TpaH3ueHTHB BHIPOCIA COOTBETCTBEHHO Ha 70 m 90%
oT 6a30BOr0 YPOBHSI B OTBET Ha JCMOJISIPU3ALIII0 MEMOpPAHBL.
Conepsxanue Ca®*, KoTopblit BeiesseTcs 13 DP, yBemuuunsiocs
B 2 1 3 paza COOTBETCTBEHHO 10 CPABHEHHUIO C KOHTPOJIEM
10CJIe aKTUBALMM PUAHOAMHOBBIX PELENTOPOB. MBI mpuil-
JIX K BBIBOJY, YTO JUIMTEIbHAs JUETa, COJAEpIKallas Kode
WM KOQEHH, Yy KPbIC BBI3bIBA€T 3HAYUTEJIbHOE HApy-
menre GyHKun DP HelpoHOB rumIoKamIia, yBeIHUCHHE
xoHienTpamuu Ca’* B HelfpoHax M Ype3MepHOE ero BhIIEICHUE
B OTBET Ha Bo30yxaeHue. [locienHee MOXET NPHBOIUTH K
HOBBIILICHHOI BO30YANMOCTH HEHPOHOB U MOCIIEIYIOIEH UX
rubes OT Ype3MEPHO BBICOKOTO coslepkanus yposHs Ca’’.
KiroueBbie ciioBa: HEHpOHBI THITOKaMIIa; Kode; KoeuH;
KaJIbIMI, pUAHOIMHOBBIN PELENTOP; YHA0IUIA3MATHUSCKHIA
PETHUKYIIyM; THeTa.
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