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There is increasing evidence that estrogen and calcium ion are involved in
learning and memory [29] and bilateral ovariectomy increases risk of cognitive
impairment or dementia. The effect is age-dependent and suggests a critical age
window for neuroprotection. [24]. The maintenance of Ca?* homeostasis is a piv-
otal component of estrogen-mediated neuroprotection [4]. Estrogen is the main
steroid hormone synthesized by and secreted from the ovary. Short-term estrogen
exposure attenuates voltage-dependent Ca?* current [14]. As estrogen is an im-
portant modulator in the actions of the vitamin D system, parathyroid hormone
(PTH), and extracellular Ca, it is not clear whether estrogen is a direct regulator of
vitamin D metabolism in vivo [2, 36]. It is now clear that estrogens exert rapid
(also termed ‘non-genomic’ or ‘membrane initiated’) effects on many neurons
located throughout the brain [18, 25]. The main factors which regulate PTH pro-
duction are calcium, phosphate, vitamin D, and estrogens [11]. Parathyroidectomy
(PTX) not only improves physical symptoms of hyperparathyroidism, but can also
positively influence the patients’ cognitive performance. These findings reflect the
clinical observation of the patients’ improved mental capacity after PTX [22]. The
results point to the deranged functioning of dopamine and noradrenaline brain sys-
tems as a result of disorders in calcium homeostasis [28]. Age-related dysregulation
of calcium dynamics in neurons is prevented by estrogen and its chronic replace-
ment effects on Ca* current activity in hippocampal neurons of young and aged
ovariectomized (OVX) rats [5]. Similarly, in OVX rodents, estrogen has also been
shown to have significant benecial effects on learning and memory. In addition,
decreased estrogen levels in such animals are also accompanied by morphological,
neurochemical, and molecular deficits such as structural alterations in hippocampal
dendritic spines [9]. Effects of estrogen on dendritic density were also seen in the
prefrontal cortex, a brain region known to have a role in cognition. Ovarian hor-
mones affect the density of 5-HT serotonin receptors [18] and, therefore, have an
effect on emotional and cognitive behavior. Previous studies have shown an in-
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creased dendritic spine density in hippocampal CA1 pyramidal cells after estrogen
treatment of OV X rats and of hippocampal cell cultures [15]. In addition, it has
been reported that estrogen potentiates presynaptic function in cultured hippocam-
pal neurons [35] and enhances glutamate receptor-mediated excitatory postsynap-
tic potential [7]. Although primarily regarded as the female sex hormone, estradiol
acts beyond the scope of the reproductive axis at various sites, including bone,
liver, kidney, brain, heart, and vasculature. Additionally, estrogen replacement also
lessens the risk and/or delays the onset of neurodegenerative conditions such as
Alzheimer’s disease [3], and provides cognitive benefits [26] in post-menopausal
women. There is evidence that the number of muscarinic acetylcholine receptors
is increased in the hippocampus of OVX rats, and that this increase is abolished by
estradiol treatment [17]. Estrogen increases choline acetyltransferase activity in
the basal forebrains and hippocampi of OVX rats [12]. Studies have proposed that
the non-genomic effects by estrogen may stimulate mitogen-activated protein ki-
nase [23] and extracellular regulated kinase signaling or intracellular Ca?* release
[20], due to specific plasma membrane estrogen. Properly controlled homeostasis
of calcium signaling not only supports normal brain physiology but also maintains
neuronal integrity and long-term cell survival [16].

The aim of present work was to examine the role of Ca**-dependent signal-
ing events in hippocampal synaptic transmission, plasticity, and cell survival in con-
dition of estrogen and parathyroid hormone deprivation caused by OVX and PTX.
Electrophysiological studies by extracellular recording of hippocampal single-neu-
ronal spike activity under high-frequency stimulation (HFS) of entorhinal cortex
(EC) were performed on Albino rats after 6 weeks of OVX and 3, 6 days of PTX.

-

Material and Methods

The study was performed on 11 Albino rats (250+20). Under Nembutal
anesthesia (40 mg/kg, i/p) we performed removal of ovary and parathyroid glands
(OVX and PTX). In microelectrophysiological investigations after 6 week of OVX
and 3, 6 days of PTX were performed extracellular registration of background and
induced spike activity of single neurons of hippocampus under HFS of ipsilateral
EC. In acute experiment the animals were immobilized with 1 % ditiline (25mg/kg
i/p) and were given artificial breathing. The model of isolated rat brain had been
received by transection of spinal cord (T,_T,) under local Novocain anesthesia.
The stimulatory electrode was input in EC according to stereotaxic coordinates
(AP -9, L £3.5, DV +4.0 mm) and a glass recording electrode with 1 mkm diam-
eter of tip was repeatedly submerged into hippocampus according to coordinates
AP -3.5, L £1.5-3.5, DV 43.0 — 4.5 mm. HFS (100 Hz during 1 second) was
performed by means of rectangle charge by 0.05 ms duration and 0.16 mA ampli-
tude. On-line registration and mathematical analysis of spiking activity were car-
ried out on the basis of the program (worked up by V.S Kamenetski), which pro-
vides selection of spikes and exclusion of artefacts during HFS by amplitude dis-
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crimination, which allows to evaluate not only tetanic, but also poEstu.atanic activity.
On the base of analyisis of peristimul spiking there were built the timing, frequency
and cumulative histograms for single neurons, as well as a diagram of mean fre-
quency. For statistic evaluation we used t-criteria of Student’s test, the reliability (?f
differences of interspike intervals before and after HFS, as well as non-parametric
method of checking by using as a criteria the biselected test of Vilkokson-Mann-
Whitney (VMW). After calculating of values of Student’s t-statistics, z-statistics
of VMW and comparing them with tabulated values of normal distribution (the
levels of meanings are 0.05, 0.01 and 0.001), for analysis there was used the
spiking of neuronal activity by statistic significant level (P < 0.05).

Results and Discussion

Neuronal Ca** homeostasis and Ca?* signaling regulate multiple neuronal
functions, including synaptic transmission, plasticity, and cell survival. Therefore
disturbances in Ca?* homeostasis can affect the well-being of the neuron in differ-
ent ways and to various degrees.

In hippocampal neurons the variability of poststimulus excitatory and inhibi-
tory responses caused by EC HFS using programmed multilevel mathematical
analysis were performed. In intact rats the type of excitatory and inhibitory strict
reproduced responses are as follows: tetanic potentiation (TP) in combination with
posttetanic potentiation (PTP) (TP+PTP 17.4 %), tetanic depression (TD) in com-
bination with posttetanic depression (PTD) (TD+PTD 42.2 %) and TD with PTP
(TD+PTP 40.4 %). After 6 weeks of OVX dominated areactivity in neurons of
CA1 and CA3 fields of hippocampus (45.5 %) in response to HFS EC. The other
neurons were characterized by low repeatability and excitability: TD+PTD —32.86
%, PTP -13.98 %, TD+PTP —7.69 %, TP —0 %. Figure 1 illustrates the registered
spiking activity’s peri event time histogram of sum spike and mean frequency in
hippogcampal neurons of OVX animals’ group. The responses of HFS are classi-
fied corresponding to expression-areactive (Fig. 1 A), inhibitory (Fig. 1 B), excita-
tory (Fig. 1 C) and complex (TD + PTP) (Fig. 1 D). Mean frequency histograms’
figure values (Mg M M) of marked effects point out the decrease and in-
crease of mean frequency’s value during tetanic and posttetanic period. The high-
est values of background activity (M, = 7.89 spike/sec) in neurons showing inhibi-
tory effects (Fig. 1 A) and the fewest (M, =2.90 spike/sec) in neurons expressing
excitatory effect were registered, which keep up a correspondence to normal cri-
teria. The inhibitory responses are expressed slightly —4.4 times (7.89 : 1.78 spike/
sec) for the period of tetanisation and 1.4 (7.89 : 5.62 spike/sec) times in post
tetanic period. The excitatory responses (Fig 1C) also were expressed slightly —
1.5 times (4.49 : 2.90 spike/sec) for the period of post tetanisation. Figure 1D
represents TD+PTP responses of OVX group expressed by the following form —
TD 5.7 times (5.82 : 1.02) decreased mean frequency and mean frequency of PTP
— 1.3 times (7.46 : 5.82) in comparison with prestimulus value of mean frequency

]
-
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(M,,). It is distinctive that 45.4 % of neurons in CAl and CA3 fields in OVX
animals’ group demonstrated areactivity, whereas in norm those neurons are ab-
sent. Our data suggest that OVX reduces hippocampal synaptic activity.

After 6 days of PTX, the 8.22 % of recorded neurons in CAl field were
areactive. In the multiplicity of combinations dominated (35.44 %) TD+PTP re-
sponses in CA3 field. In neurons of CA1l there were revealed TP which were
combined not only with PTP (8.8 %), but also with PTD (4.5 %). In hippocampal
dentate gyrus there were registered responses with deep inhibitory effects during
the whole poststimulative period. The decrease of inhibition after 6 weeks of OVX
is obvious, which can indicate to destruction of y-aminobutyric acid (GABA).

We have performed a comparative analysis of expression of excitatory and
inhibitory responses in PTX, OVX and norm groups. In Figure 2 (A, B) we have
represented the PETH average histogram and peri event mean frequency values
of every group. In hippocampal neurons of OVX group (Fig. 2 A) we registered
the absence of TP and the fewest frequency in pre- and post stimulus period. The
highest value of mean frequency of excitatory responses was recorded in norm
during HFS (M=32.45 spk/sec on Fig. 2 A — norm group). The identicaly ex-
pressed inhibitory responses ( Fig. 2 B) dominated over the excitatory ones in
three compared groups.

Thus there is impaired functional integrity caused by OVX and PTX and
involvement of GABAergic neurotransmitter system in this neuropathology. The
alterations of inhibitory circuitry exemplify the dynamic plasticity intrinsic to the
brain even during neurodegenerative disease progression. The results allow us to
suggest that the structures connected with brain memory (hippocamp, entorhinal
cortex) are impaired by different mechanisms following OVX and PTX. It is known
that estrogen regulates the GABAergic tone in the adult hippocampus [21]. How-
ever, the complex estrogenic effect on the GABAergic system is still unclear. In
adult central nervous system neurons, GABA can induce both inhibitory and exci-
tatory actions, which are predominantly controlled by the cation-chloride
cotransporters. These findings suggest that basal levels of estrogen might contrib-
ute to a balance between the excitatory and inhibitory synaptic transmission onto
CA1 pyramidal cells by regulating perisomatic y-aminodecarboxilasa’s and cation-
chloride cotransporters’ expression in the adult hippocampus [21]. Apart from these,
MendezP. et al. discuss the molecular mechanisms involved in the interaction of
estrogen receptors and insulin-like growth factor-I receptors in the brain and their
potential implications for neuroprotection [19]. There are similarities between ac-
tions of estrogen and BDNF in the hippocampus [30].

Ca? homeostasis undergoes subtle dysregulation in the physiological ageing
[34]. Estrogen also has a physiological role in the regulation of intestinal calcium
absorption and its deficiency in postmenopausal osteoporosis and following thera-
peutic oophorectomy may result directly in calcium malabsorption that is believed
to be an important factor in the bone loss that occurs in these conditions [1].
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Fig. 1. A-D — peristimule histograms of sum spikes for areactive (A), TD+PTD (B),
PTP (C) and TD+PTP (D) effects of hippocampal neurons under high-frequency stimula-
tion (HFS) of entorhinal cortex at 6 weeks after bilateral ovariectomy; in the bottom (A-D)
— diagrams of mean frequency of spike activity in real time, indicating average digital values
of 20 sec before (MBE) and 20 sec after (MPE) stimulation and during 1 sec tetanic stimu-

latlon'(M'I"I')
Hereinafter: BE (before event) —time interval before stimulation, PE (post event) —

time aﬁer the stimulation, TT (time tetanization) —time of HFS; ordinate — sum of spikes in
the time-sequence, indicated endwise abscissa.

Age-related dysregulation of calcium dynamics in neurons is prevented by
estrogen . The maintenance of Ca?* homeostasis is a pivotal component of estro-
gen-mediated neuroprotection [4]. Activation of estrogen receptors and induction
of mtracellular Ca? influx via the L-type channels appear to be more closely asso-
ciated-with estrogen promotion of memory mechanisms [37]. L-type voltage-
gated Ca**channels play an important role in dendritic development, neuronal sur-
vival, and synaptic plasticity. The recent studies have demonstrated that the go-
nadal steroid estrogen rapidly induces Ca?* influx in hippocampal neurons, which is
requxred for neuroprotection and long term potentiation. The mechanism by which
estrogen rapidly induces this Ca*" influx is not clearly understood [27].

The finding that estrogen interacted with the cholinergic system to influence
attgntional performance supports findings from the primary literature [33], show-
ing that estrogen affects cholinergic functioning and attentional processing. A number
of studies have investigated the interaction of estrogen and the cholmerglc system
and its effects on memory performance [8].
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Fig. 2. PETH Average — complex averaged peristimule histograms of hippocampal
neurons spiking in group of intact rats (norm) and of those after parathyroidectomy
(PTX 3days and 6 days) and 6 weeks after bilateral ovariectomy (OVX 6 weeks) for
excitatory (A) and inhibitory (B) effects at HFS of EC. Next to each group the number of
tests is given. In the bottom (A, B) — diagrams of mean frequency of spike activity in real
time, indicating average digital values of 20 sec before (MBE) and 20 sec after (MPE)
stimulation and during 1 sec tetanic stimulation (MTT) for each group.

There is increasing evidence that estrogen and calcium ions are involved
in learning and memory and bilateral OVX (as models for studying the effects of
ovarian hormone deficiency) increases risk of cognitive impairment or dementia.
Our data suggest that estrogen can regulate hippocampal synaptic plasticity and
improve hippocampus-dependent cognition [10].

Furthermore, acute application of estrogens to hippocampal slices increases
NMDA and AMPA receptor transmission [31], induces long-term potentiation and
long-term depression [13], and rapidly modulates neuronal excitability in rat hip-
pocampus [32].

[Tocmynuna 27.12.10
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dddekTH OBAPHIKTOMHH M NapPaTHPEOUJAOKTOMHH HaA
CHHANTHYECKYI0O aKTHBHOCTh HEHPOHOB rHNIOKaMNa KPbIC

K.B. CumonsaH, B.A. YaByman

HM3BecTHO, YTO 3CTPOreHBl M HOHBI KaJbLHsl BOBJEYEHHl B NpPOLECCH
o6y4yeHHs U MaMsITH ¥ GHJaTepaibHOe ylalleHHe SHYHHKOB — OBapHIKTOMHS
(OBX) noBhiliaeT puCK KOTHHTHBHBIX HapywleHW# M AemeHuui. C mpyroi
CTOPOHBI, 3CTPOreHbl H HOHBI KaJblLMfl BHICTYNAlOT B KayecTBe (paKTOpOB,
PEeryJHpyIOLIKX NpOAyLHpPOBaHHE MapaTHPEOHIHOro rOpMOHa.

Ilenbio HaHHOrO HcCCJHeJOBaHHS SBHJIOCh H3yueHHe 3(¢eKToB
S5CTPOreHOBOH M NapaTHPEeOHAHOH JAeNpHBalHH, BhisBaHHOM OBX u
napatupeougskTomMuesi ([ITX) Ha Ca®*-saBHcHMble mpoLecchl, a MMEHHO,
Ha CHHANTHYECKYI0O TPaHCMHCCHIO H TMJACTHYHOCTb B TMINOKaMIaJbHBIX
HeHpoHaxX y Kpbic. B MHKPO3/1eKTPOPH3HOJOTHIECKHX HCC/IENOBaHUAX IO
ucreyeHun 6 Hepmess mocse OBX u 3, 6 gnedt nmocae IITX mpousBoanau
9KCTPAaKJIETOYHYIO perucTpauuio (GOHOBOH M BHISBAHHOM CNaKKOBOH
aKTHBHOCTH OJMHOYHLIX HEHDOHOB THINOKaMNa NPH BBICOKOYACTOTHOH
crumyasuun (BUC) uncuiaTepanbHOM SHTOpHHaNbHOM KopH (3K). ¥
HHTAKTHBIX )KHBOTHBIX BBISIBJIEHHl YETKO BOCIIPOH3BOMMbIE BO3OYAHTE/IbHEIE
¥ TOpPMO3HbIe OTBETHI: TeTaHHYecKas IOTeHUHalHs B COYETAHHH C NOCTTe-
tanuyeckoi notenumauueit (TIT+IITII), TeTanuyecKkast HenpeccHs B coye-
TaHHH ¢ moctTeTaHuyeckoil genpeccuedt (THHIITH), a takxe TI+ITTIL
Cnycrs 6 Hemeab B rpynmne »xuBoTHEIX OBX B nosie CAl u CA3 runmnokamna
IOMHHHPOBAJIH apeakTHBHbIe HeHpoHul. OTBeTOCIOCO6HEIE HEHPOHBI JaHHOM
rpynnel Ha BYC 3K xapakrepHsoBalHCh HH3KOH BO36YAMMOCTBIO H
BocrpousBofuMocThio orBetoB: TH+IITH — 32.86 %, IITII — 13.98 %,
TO+IITII — 7.69 %, TI1 — 0 % . Cnycts 6 OHe#i B rpymnme >XHBOTHHIX
IITX B none CAl runmnokamna apeakTHBHOCTb TposiBasud 8.22 % sape-
THCTPHPOBAaHHBIX HEHPOHOB. B pasHo06pasui KoMOHHALMH BO36YIHTENbHbIX
H TOPMO3HBIX 0TBeTOB AoMHHHpoBanH TJ+IITITI oTBeTEl B HeHpoHaxX moJs
CA3. B neiiponax nonss CAl saperdctpupoBansl TIT oTBeThl, COYeTaHHbIE
kax c I1TTI, Tak u c IIT/I. B nanHO# rpynme B HeHpoHax 3y64aToi H3BH/IKHHEI
Ha BUYC 3K BuifBIsIHCh BHpaXXKeHHBIE Ha BeCb IIOCTCTHMYJbHLIH MEpPHOA
TOPMO3SHBIE OTBETHI.

Taxum o6pasom, TAMKepruyeckasi HefipOTpaHCMHTTEpHAsi CHCTEMa
BOBJIeYeHa B HapylleHHe (YHKUHOHaJbHOH HHTerpauuu BeienctBue OBX
1 IITX. AnbTepaluy HHTHOHTOPHBIX Liene# BEICTYNAIOT B KayecTBe 06pasioB
NHHaMHYecKoH MIaCTHYHOCTH, NPHCYIIHX MO3Ty fiaXke B YCJIOBHSAX Mporpec-
CHpOBaHHS HelpoJiereHepaTHBHON NaTOJOTHH. Pe3yabTaThl MO3BOJSAIOT
TIPEANONIOXKHUTh Pas/HYHble MeXaHHSMBl NaTOJOTHYEeCKHX HapyLIeHWH NpH
HeNpHBAlMK SCTPOreHa H NapaTHPEOHJHOTO FOPMOHA B CTPYKTypaX MO3ra,
CBSI3aHHBIX ¢ 06yyeHHeM H mamsThbio (B yacTHocTH, rummoxamn u K).
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