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Surface charge impact in nonsynaptic model of epilepsy
in rat hippocampus
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Decreasing of surface charge screening near voltage-gated ion channels via reduction of extracellular
cation divalent ions provide potent mechanism of altering cellular excitability and seizure threshold.
Spontaneous field potentials were recorded from horizontal brain slices of young Wistar rats (postnatal day
10-12). Extracellular registrations wereobtained from CAl and CA3 area of hippocampus. For induction
of nonsynaptic epileptiform activity slices were perfused with artificial cerebrospinal fluid with omitted
Ca’*and Mg?" ions. Effect of different Mg”* concentration (1, 2, and 3mmol/l) on initial stage of nonsynaptic
epileptiform discharges was studied. Our results suggest that the change in Mg®* concentration dramatically
affects the probability of induction of low-Ca’*seizure-like activity (SLA), providing evidence that Mg*
can alter cerebral excitability by affecting the surface charge and supporting the idea that surface charge

could be a pharmacological target for anti-epileptic treatment.
Key words:low-Ca’* seizure-like activity; surface charge; magnesium; hippocampus.

INTRODUCTION

Epileptic seizures are characterized by the
abrupt and highly synchronous discharge of
the neuronal net. During the seizures large
neuronal aggregates are involved into excessive
highly synchronized discharges that last several
seconds or minutes [1]. It is well established
that excitatory synaptic connections mediate the
initiation and propagation of the epileptiform
discharges [2]. However,in vitro experiments
have shown that ictal epileptiform activity can be
evoked in the absence of active chemical synaptic
transmission [3]. In the 1980s two reports were
published, each describing a dramatic form of
neuronal synchronization in hippocampal slices
exposed to media containing low concentration
of Ca?'[4, 5]. Later it was shown that not only
CA1, but under certain conditions CA3 zone
of the hippocampal slices could generate large
and highly synchronized discharges that could
last for many seconds [6]. These experiments
revealed that epileptiform activity could have
nonsynaptic origin, however it remained unclear

which of the effects of reduction of extracellular
Ca’" can account for abnormal neuronal
synchronization. Four types of nonsynaptic
mechanisms are generally considered to account
for neuronal synchronization: a) ephaptic
transmission (between clusters of neurons
with closely opposed membranes); b) field
effects (during synchronous neuronal activity
of large groups of neurons with a suitable,
usually parallel, arrangement; c) electrotonic
coupling through gap junctions; d) extracellular
ions fluctuations (such as increase in K¥) [7].
Altogether these nonsynaptic mechanisms
dramatically alter neuronal excitability and
exert influence on seizure threshold. Field
effects and ion fluctuations may have modest
effects during physiological activity but have
a significant impact on epileptic seizures, and
can sustain them in the absence of synaptic
transmission. It is known, that field effects
can contribute to seizure generation in vivo
in a number of other clinical situations [8].
Infusion of low-Ca?* solutions into brains
of cats and other laboratory animals causes
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seizures [9, 10]. Humans with low levels of
extracellular Ca®" can also develop seizures. For
instance, convulsions can occur with vitamin D
deficiency or hypoparathyroidism in which total
blood Ca?*concentration falls from its normal
value[11].

At the cellular level, the hallmark fea-
ture of epileptiform activity is neuronal
hyperexcitability. Surface charge on the cellular
membrane produced by sialic acid, phosphates,
charged lipids, charged amino acids, and other
hydrophilic residues of channel proteins creates
local electrical fields near the channel voltage
sensor [12]. The effect of surface charge on the
membrane channel can be assessed by changing
extracellular concentrations of cations, which
produce a screening effect on surface charge.
Decreasing extracellular Ca?* or increasing
the amount of extracellular negatively char-
ged polysialic acids results in a significant
hyperpolarizing shift of activation of voltage-
gated Na*-channels [12, 13, 14]. In the present
study, we investigated the effect of various Mg?"
concentrations in the extracellular solution on
the probability to evoke seizure activity, its de-
lay time and pattern of discharges.

METHODS

Animals. Wistar rat pups of postnatal day 12
(P12) were used throughout the study and treated
in accordance with the guidelines set by the
Animal Care Committee of Bogomoletz Institute
of Physiology of NAS of Ukraine.

Slice preparation. Animalswere deeply
anesthetized with sevoflurane and decapitated.
Brain was rapidly removed and placed in ice-
cold artificial cerebro-spinal fluid (aCSF).
Cerebellum and frontal lobe of the brain were
removed and transverse brain slices (500um)
were cut using vibroslicer [12]. The resulting
slices were then transferred to the incubation
chamber and left to recover for at least one hour
before the experiment at room temperature. All
manipulations were performed in constantly
oxygenated (95% O, — 5% CO,) aCSF of the

36

following composition (mmol/1): 125 NacCl,
3.5KCL 1.3 MgCl,, 2 CaCl, 1.25 NaH,PO,, 24
NaHCO,, 11 glucose, pH=7.35. All drugs were
obtained from “Sigma” (USA).

Extracellular recordings. Spontaneous
field potential recordings were obtained from
CA1 and CA3 pyramidal cell layers of rat
hippocampus, using glass micropipettes (2-
SMQ) filled with aCSF. For induction and record
of nonsynaptic SLA slices were transferred to
the submersion-type chamber and perfused
with the low-Ca?* solution containing (mmol/l):
115 NaCl, 5 KCl, 1 MgCl,, 1.25 NaH,PO,, 24
NaHCO;, 10 glucose, pH=7.4 (oxygenated with
carbogen). Recordings were amplified with
a differential amplifier, digitized at 10 kHz
using an analog-to-digital converter and stored
using WinWCP program. All records were
made at room temperature (24-25°C).A total
of 57 hippocampal slices was used throughout
the study. The first group of slices (n=10) was
perfused with low-Ca?" solution where MgCl,
was omitted from the perfusion solution. In
subsequent recordings MgCl, was added to the
low-Ca?" aCSF in concentration of ImM (n=24),
2 mM (n=12) and 3mM (n=11).

Data analysis. Off-line analysis was per-
formed using Clampfit 10.2 (Axon Istruments),
Origin 8.5 (OriginLab Northampton,MA). All
data was represented as means+Se.

RESULTS AND DISCUSSION

In the present study we evaluated the role of
surface charge in generation of nonsynaptic
epileptiform discharges. The most dramatic
example of nonsynaptic synchronization in
mammals is the “field burst” [4] in hippocampal
slices maintained in vitro, after chemical
synaptic transmission has been blocked by
removing extracellular Ca>[4, 5, 15-17]. Both
extracellular Ca?" and Mg?" concentration affect
neuronal excitability by charge screening, where
divalent cations attracted to negative charges
on the neuronal membrane tend to increase the
electric field that is sensed by channels within
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the membrane. Lowering the concentration of
divalent cations reduces charge screening and
reduces the field acting across the membrane
that has the same effect as depolarizing the cell
[7]. As we could not change Ca?* concentration
due to nature of the epileptic model, we altered
extracellular Mg?* concentration.

Perfusion hippocampal slices with low-
Ca’" artificial CSF resulted in occurrence of
spontaneous epileptiform discharges both in
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Fig.1. Manifestations of nonsynaptic epileptiform activity and probability of
low-Ca?*-induced SLA dependent on extracellular magnesium concentration.
a — extracellular recordings of spontaneous field potentials from CAl
area of hippocampus in low-Ca?" solution. Two types of nonsynaptic
discharges outlined with boxes: 1 — burst of waves with clock-like fashion;
2 — continuously firing population spikes; b — cumulative histogram shows
probability of induction of low-Ca”* SLA under different extracellular Mg?*
concentrations; the curve represents theoretical probability statistically

assessed with logistic regression
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CA1 and CA3 hippocampal areas. However, the
obtained probability of inducing nonsynaptic
SLA in CA1 and CA3 zones was different
depending on Mg?* concentration in low-Ca®*
aCSF. Low-Ca’" / low-Mg?" solution induced
nonsynaptic bursting in 50% of recorded slices
(5/10) (Fig. 1). Epileptiform discharges occurred
within delay time of 1745 min in CA1 and 19+12
min in CA3 zones. These nonsynaptic discharges
represented population spikes that either were
firing continuously or were arranged
in bursts that could appear in clock
like manner (Fig.1A). The frequency
of population spikes in low-Ca?" /
low-Mg?" solution was 0.75+0.01 Hz
in CA1 and 0.64+0.02 in CA3 zone.

Next, we perfused hippocampal
slices with low-Ca?* aCSF with
Immol Mg?*. Under these conditions
nonsynaptic bursting was induced
in 30% of recorded slices (6/18)
(Fig. 1B) with the latency of 26+4.5
min and 16+3.6 min in CA1 and
CA3 pyramidal layer respectively.
Population spikes had frequency of
0.72+0.06 Hz in CAl and 0.7+0.04
Hz in CA3 hippocampal area.

Perfusion of hippocampal slices
with low-Ca?* aCSF containing
2mmol Mg?" caused nonsynaptic
bursting in 20% of recorded slices
(2/10) (Fig. 1B). Under these condi-
tions, population spikes were obser-
ved only in CA1 zone and had fre-
quency of 0.59+0.07 Hz.

We failed to induce spontaneous
nonsynaptic bursting by perfusion
hippocampal slices with low- Ca?*
aCSF containing 3mmol Mg?>" (n=11).

We showed that induction of
nonsynaptic bursting in CA1 pyra-
midal layer is less influenced by an
increase in extracellular magnesium
concentration. It is known that low-
Ca?* field bursts occur in parts
of the brain with tightly laminar
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organization. The rodent hippocampal CA1l
region is especially susceptible because its cell
bodies form a very tight layer, where the geometry
of a structure promotes the generation of large
extracellular fields that alter the excitability of
neighboring neurons [7]. Also, gap-junctions
in CAl pyramidal area are more developed
especially in young animals [18].Our data
suggest that an increase in extracellular Mg?*
concentration significantly and progressively
decreased the probability of induction of seizure
like activity in low-Ca?" model of epilepsy. Both
cellular depolarization and hyperpolarizing shift
of the voltage-gated channel activation cause
similar effects on neuronal network activity
due to reduced voltage difference between
the resting membrane potential and potentials
where Na*-channels are activated. Removal
of Mg?* ions from extracellular solution shifts
leftward the half activation and facilitates the
amplitude of /|, compared with the Immol
Mg?* solution [12].Our results suggest that
the change in the surface charge dramatically
affects the probability of induction of low-Ca?*
SLA, providing evidence that Mg?" can reduce

Mg*'=0

Mg*

cerebral excitability by screening surface charge
and support the idea that lack of Mg?* could
cause epileptic seizures. In previous studies,
it was shown that manipulations with surface
charge could alter the pattern of epileptiform like
activity [19]. In previous work we demonstrated
that surface charge plays a crucial role in low-
Mg?* model of epilepsy [12].

In the next set of experiments we estimated
the effect of increased Mg?" concentration on
the ongoing low-Ca?" epileptic discharges.
Increasing Mg?" concentration to 1mmol in
perfusion solution abolished SLA evoked in
low-Ca®" / low-Mg?* aCSF in all tested slices
(n=4) (Fig 2). Further decrease in extracellular
magnesium concentration intensified low-Ca®*
field bursts. However, earlier studies reported
that nonsynaptic bursting in the low-Ca®" [15]
and zero-Ca®" [20] models were suppressed by
higher concentrations of extracellular Mg?* in
hippocampal slices from adult rats. The observed
increased sensitivity to extracellular magnesium
concentration in the immature hippocampus
may be caused by age-specific conditions for
excitation and inhibition processes in developing
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Fig 2. Effect of increasing extracellular Mg?" concentration on low-Ca?" / low-Mg?" induced nonsynaptic bursting. Horizontal
bars indicate Mg?" concentration in low-Ca>" / low-Mg?" perfusion aCSF. Enlargements of extracellular field potentials record
obtained in a — low-Ca®" / low-Mg?" solution, b — low-Ca?" / Immol Mg?", ¢ — washout
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brain. Thus, surface charge has greater impact in
low-Ca?" model of epilepsy in developing brain.

Under the low-Ca®" conditions synaptic
transmission is almost completely blocked from
presynaptic side so our observations are different
from other seizure models and demonstrate
that manipulation with surface charge could
significantly alter seizure susceptibility even
under conditions of nonsynaptic neuronal
synchronization. This study further suggests
that surface charge may represent a potential
therapeutic target in the treatment of epilepsy.

CONCLUSIONS

1.Low-Ca?"-induced nonsynaptic discharges in
hippocampal slices characterized by population
spikes that either were firing continuously or
were arranged in field bursts that could appear
in clock like manner.

2. Probability to trigger nonsynaptic SLA
in low-Ca?" model of epilepsy with preferen-
tial initiation in CA1 pyramidal layer of hip-
pocampus intensified by lowering extracellular
magnesium concentration.

3. Screening of the surface charge of the
neuronal membranes through increasing of ex-
tracellular magnesium concentration abolished
nonsynaptic field bursts induced by low-Ca?*
aCSF.

0.C. 3anyxask, B.O. Kauanoscbka, E.B. IcaeBa,
O.B. Henuk, J1.C. IcaeB

BIIJINB IOHIB MATHIIO HA
HECHUHAIITUYHI ENJIENITOIIOAIBHI
SABUIIA B I'llfOKAMIII HIYPIB

3HIKEHHS TOBEPXHEBOTO 3apsiay MOOJH3Y MOTEHIlIaIKepo-
BaHHUX IOHHMX KaHAJIB 4Yepe3 3MEHIICHHS M03aKIiTHHHOI
KOHIICHTpAIIil IBOBAJICHTHUX KATIOHIB BIUTUBAE HA KIIITHHHY
30yTUBiCTh Tamopir enirentudopmuoi akTuBHOCTI. [opn-
30HTANBHI 3pi3H MO3KYy Moyoanx InypiB Jinii Bictap Oymu
BUKOPHCTAHI JJIsI 3aITUCY CIIOHTAHHUX TOJIbOBHX MOTEHITIATIB.
30BHIMIHBOKJIITHHHI peecTpaii orpumano 3 30H CA1 ta CA3
rinokamma. Jist iHIyKIii HECHHANITHYHHUX EMiJICHTONO/i0-
HUX SIBUII 3pi3u mep¢y3yBaji MITYYHHM CIIMHHOMO3KOBHM
po3YrHOM 0e3 J0aBaHHs 10HIB MarHiro Ta Kaiblito. Hamu
OyJo JOCII/DKEHO BIUIMB Pi3HUX KOHIEHTpamiii marHiro (1,
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2, 3MMOJIb/JT) Ha TI0YATKOBY CTa/li0 HECUHANTHYHUX ellijier-
TONO/IOHUX SABHIL Y rinokamii ugypa. OTpuMaHi pe3yabTaTu
ToKasanu, 1o 3MiHa KoHIeHTpalii Mg?" BruBae Ha iimo-
BIpHICTh BUHHKHEHHSI HU3bKOKaJIbLIEBUX €MiIENTU()OPMHUX
siBUILL. [OHM MarHito 6epyTh y4acTb y CTBOPEHHI HOBEPXHEBOTO
3apsiy MeMOpaHH i, sIK HAaCJiJOK, 3MIiHIOIOTh 30Y/UINBICTh
HEUPOHIB, 1110 Ja€ IMiICTaBy PO3IVISAATH IOBEPXHEBHUH 3apsi]
MeMOpaHH K (hapMaKoJIOriYHy MillleHb Y JIIKYBaHHI eTIiierncii.
KitrouoBi cioBa: eninentugopMHi sSBHILA BUKIUKAHI Yy PO3-
YMHi 3 HU3BKOIO KOHIeHTpamicio Ca’t; moBepxHeBHil 3apsy;
MarHii; rirmokamil.

0.C. BanyxJjsik, B.A.Kauanosckasi, E.B. UcaeBa,
0O.B. Heupik, 1.C. UcaeB

BO3JIEVICTBUE HOHOB MATHUSI
HA HECUHAIITUYECKHUE
SIUJIENITU®OPMHBIE PA3PSAIbI B
T'IIIIMOKAMIIE KPBIC

CHMKEHHE MOBEPXHOCTHOTO 3apsijia BOJIM3HU MOTCHIHATYIPaB-
JIIeMBIX MOHHBIX KaHAJIOB ITyTEM YMEHBIIIEHHS BHEKJICTOYHON
KOHIICHTPAIUHU JBYyXBaJICHTHBIX KATHOHOB BIIMSAET HA KJIETOU-
HYIO BO30YAMMOCTB U ITOPOT 3HICHTH(HOPMHON aKTHBHOCTH.
TopuzoHTaNIBHBIE CPE3bl MO3ra MOJIOJIBIX KPbIC IMHUK Bucrap
OBLTH KCIOJIL30BAHBI IS 3AITUCH CTIOHTAHHBIX BHEKJICTOUHBIX
MOJICBBIX MMOTEHIMAIOB. Peructpannu ObUTH MOJTYYCHBI U3
30H CA1 u CA3 runmnokammna. C 1enbio HHIYKLIUN HECHHAI-
THUYHBIX IS TH(OPMHBIX SIBJICHHH Cpe3bl nepdy3upoBau
HCKYCCTBECHHBIM CIIMHHOMO3TOBBIM PacTBOPOM 0e3 100aBIie-
HUsSI HOHOB MarHusl U Kaiblus. B maHHO# paboTe ObLIO HC-
CJIEZI0BAHO BIIMSHUE Pa3JIMUHbIX KOHLIEHTpauui maruus (1, 2,
3MMOJIB/T) Ha HAYAIIBHYIO CTA/IHI0 HECHHAIITHYECKOM dITHIIeTI-
TH(HOPMHOM aKTUBHOCTH B TUIITIOKAMITE KPBICHI. [ToydeHHbIC
Ppe3yabTaThl HOKa3aJIH, YTO U3MEHEHUE KOHIIEHTPALlui MarHus
BJIMSICT HA BEPOSITHOCTh BOSHMKHOBEHUSI HU3KOKAJIbIIMEBBIX
SNUICNTH(GOPMHBIX sIBICHHU. VIOHBI MarHus y4acTBYIOT B CO-
3aHUH [TOBEPXHOCTHOTO 3apsiia MeMOPaHbI U, KaK CIICICTBUE,
BIIMAIOT Ha BO30YIMMOCTh HEHPOHOB, YTO JaeT OCHOBaHUE
paccMmarpuBath MOBEPXHOCTHBIN 3apsi MEMOPaHbBI B KAYECTBE
(hapMakoJOruIecKoil MUIICHH B JICUCHUH SMTUJICTICHH.
KiroueBsie ciioBa: smunenTi(OpMHbIC SIBJICHHS BbI3BAHHbIC
B pacTBOpE ¢ HU3KOM KoHLeHTparuei Ca’’; oBepXHOCTHBIH
3apsijl; MarHuii; TUIIOKaMII.
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