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Effects of the blood components on the AMPA and NMDA synaptic
responses in brain slices in the onset of hemorrhagic stroke
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Abstract. Blood-borne events play a major role in post bleeding disturbances of the neuronal network.
However, very little is known about the early effects of blood plasma, leucocytes, and the red blood
cells on the AMPA and NMDA-mediated synaptic responses in the onset of experimental intracranial
hemorrhage (ICH). In this study, we used the technique of on-line monitoring of electrophysiological
parameters referred to synaptic activity in piriform cortex of SHR rat slice. We exposed the olfac-
tory cortex slices to diluted autologous blood or its components and compared with effects of ferric
chloride. Whole blood exerted a total inhibition of synaptic activity in piriform cortex within first
5 min. Dilution of blood induced prolonged epileptic synaptic activation of NMDA receptors. Blood
plasma and fraction of leucocytes induced hyperactivation of neurons transforming to epileptiform
discharges. Fraction of red blood cells acted biphasic, an initial sharp activity of AMPA- and NMDA-
mediated receptors replaced by a following total depression. Our slice-based models of experimental
stroke revealed the mechanism of the earliest pathophysiologic events occur in brain tissue during
bleeding that may be relevant to the human ICH.

Key words: Brain slices — Autologous blood — Experimental stroke — Synaptic activity — AMPA
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Abbreviations: AMPA, a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate; AP LOT, presyn-
aptic component FP; BCS, bufty coat suspension; EDs, epileptiform discharges; EPSP, excitatory
post-synaptic potential; FPs, field potentials; ICH, intracerebral hemorrhage; IPSPs, slow inhibitory
postsynaptic potentials; NMDA, N-methyl-d-aspartic acid.

Introduction

In spite of numerous clinical and experimental observations,
the current understanding of a crucial pathophysiological
mechanism of spontaneous intracerebral hemorrhage (ICH)
is limited (Xi et al. 2006). The estimation of the neurophysio-
logical network changes that occur in brain tissue during the
early minutes of bleeding is unrealizable in available experi-
mental models. Early modifications of synaptic responses
induced by blood-borne events may predict the direction
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and timing of subsequent neuronal network during ICH
and connect with the mechanism of local neuronal dam-
age during cerebral bleeding (Lee et al. 2004; Fiehler 2006;
Chen et al. 2008; Nishikawa et al. 2009). Cerebrovascular
dysfunctions (Ueno 2009; Amenta et al. 2010) closely associ-
ated with chronic hypertension may provoke the expansion
of damage and aggravate synaptic responses (Ariesen et al.
2003; Badjatia and Rosand, 2005; Zia et al. 2006; Poels et
al. 2010). A widening of the early neuronal damage in the
different brain regions during ICH is a result of increasing
excitotoxicity mediated by glutamate activation of NMDA or
AMPA receptors in brain tissue (Qureshi et al. 2003; Ardiz-
zone et al. 2004; Liu et al. 2007; Lau and Tymianski 2010;
Laietal. 2011). Early acute hypersynchronous glutamatergic
activation of cortical neurons leads to acute seizures and
epilepsy (Herman 2002; DeLorenzo et al. 2007; Gilmore
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et al. 2010; Balami and Buchan 2012). Extravasated blood
plasma components are toxic for brain neurons (Qureshi et
al. 2003; Wagner 2007; Aronowski and Zhao 2011) and may
induce the neuronal network failure.

The main goal of the present study is to verify how
blood components per se are able to induce early changes
in excitability of neurons leading to epileptogenesis. In this
study, slice-based assay system has utilized to register the
synaptic activity from the outset of bleeding. Acute brain
slice models allow to recording the neuronal signals in living
tissues in a normal or injured brain tissue (Cho et al. 2007).
Slices largely preserve the tissue architecture of the brain
regions that they originated from and maintain neuronal
activities with intact functional local synaptic circuitry. We
first developed a new ICH model on olfactory cortex slices;
and with aid of this model we showed the ability of some
endogenous substances to recover the synaptic activity in the
damaged brain during bleeding (Khama-Murad et al. 2011;
Mokrushin and Pavlinova 2012a, 2012b). The ascertained
early synaptic events in the slice model may be relevant the
neurons damage during the human ICH and microbleeding
or rebleeding.

We propose that such in vitro model serves as an im-
portant tool for a novel interpretation of the mechanisms
underlying the early and delayed brain damage after intrac-
erebral bleeding.

Materials and Methods

Experimental animals

All animals used in this study were treated with observance
of recommendations on ethics of work with the animals of-
fered European Communities Council Direction (86/609
EEC). Animals were housed under standard 12:12-h light/
dark conditions and allowed free access to food and water.
Olfactory cortex slices were prepared from brain of sponta-
neously hypertensive rat males (approximately 200 g body
weight) taking into consideration that high blood pressure
is known to represent a rather reliable prognostic factor of
outcome of intracerebral hemorrhage (Ariesen et al. 2003;
Zia et al. 2006). Systolic and mean blood pressure measure-
ments (in triplicate) were taken using a noninvasive tail cuff
blood pressure system. Systolic artery blood pressure and
mean artery blood pressure of the rats were measured and
values were 177 + 10/145 + 8 mmHg.

Slice preparations

The brain was rapidly removed, and dissected into left
and right hemisphere (Fig. 1A, B). After decapitation,
tangential slices about 400-500 pm in thickness (Fig. 1C)

prepared within 1 min using a glass guide and tissue chop-
per (Mokrushin 1997). Slices were maintained in artificial
cerebrospinal fluid (aCSF), consisted of (in mM): NaCl
124; KCI 5; CaCl, 2.6; KH,PO, 1.24; MgSO, 1.2; NaHCO;
3; glucose 10; Tris-HCI 23 (Sigma, USA); equilibrated
with O,, with osmolarity of 295-305 mOsm (OMT-5-01,
“Burevestnic”, Russia) for preincubation during 60 min.
Constant osmolarity was throughout experimental proce-
dures within 295-305 mOsm (OMT-5-01, “Burevestnic”,
Russia). The concentrations of Ca®" and Mg>* were opti-
mized for maximal synaptic activity in olfactory cortex.
The temperature was 37°C, pH 7.2-7.3. Slices in 10 ml of
aCSF were incubated in glass vials in Warburg’s apparatus
(Germany) with oscillation frequency 120/min. These
conditions allowed maintaining the vital activity of slices
during 10-14 h and sometime more (Mokrushin 1997).
After 60 min of incubation, the medium was exchanged for
new portion with the obligatory oxygen bubbling of aCSF
and air in glass vials. Such procedure eliminates the remains
of destroyed cells, which can negatively influence the vital
activity of slices. For extracellular recordings, slices sited
on nylon netting were transferred to a recording chamber
(Pavlov Institute Physiology, Russia) and were continu-
ously perfused with aCSF with upper surface of each slice
opened to the atmosphere humidified and heated to 37°C.
The automatically controlled rate of perfusion along with
a continuous delivery of oxygen was equal to 2ml/min.
A complete exchange of the solution in the recording
chamber occurred in about 1 min.

Perfusion with the different amount of autologous blood
and with the different fractions of autologous blood

After preparation of slices, autologous blood from head
arteries were collected in glass vials with concentration
of heparin (Chimreactiv, Russia) equal to 0.4 mg/ml to
prevent clotting. Heparinized autologous blood mixed
with aCSF in the ratio 30, 20, 3 or 0.5ml of blood with
50 ml of medium. Synaptic responses in piriform cortex
were registered during perfusion of slice with aCSF to
determine the initial peak amplitudes of the separate field
potentials (FPs) components (expressed as control). Then
synaptic responses in the slice were recorded at time point
5, 10, 20, 30 and 40 min after continuous perfusion with
aCSF containing a different amount of autologous blood.
Oxygen delivery to a slice stopped at this time. For washout,
a slice was perfused with oxygenated aCSF during 30 min
and the FPs registered again. The amplitudes of the FPs
components recorded at the defined time point of perfusion
with autologous blood we compared with the initial peak
amplitudes (control) and with those after washout. Thereby
we determined both the levels of damaged and restored
synaptic activity.
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Figure 1. Photographs of the whole brain from SHR rats from the pial side (A), half of the brain (B) for the subsequent slice preparation
(C). LOT, lateral olfactory tract, formed by axons of mitral cells of the olfactory bulbs, in vivo LOT is the main afferent input to olfactory
cortex structures; PC, piriform cortex, the basic structure of the olfactory sensory system; SE, stimulating electrode localization; RE,
recording electrode localization. D. FPs in piriform cortex. Components of FPs recorded in piriform cortex of the olfactory cortex slice.
Artefact stimulation - a mark of the stimulating impulse onset. AP LOT, total action potential of LOT fibers (presynaptic component of
the field potentials). To eliminate antidromic stimulation of mitral neurons localized in olfactory bulbs, the latter were removed surgi-
cally in the process of the slice preparation. AMPA EPSP and NMDA EPSP, components of excitatory postsynaptic potential; IPSPs, slow
(GABAgergic) inhibitory postsynaptic potential; dotted line, isoline; arrows show the measuring modes of amplitudes of individual FPs
components. Pharmacological identification of postsynaptic excitatory components of FPs in the rat SHR olfactory cortex slices (E, F).
Effects of CNQX and D-APV on modification of the FPs components in control medium. The FPs were recorded in response to LOT
(proximal end) fiber stimulation in every experiment before (control) and during perfusion with 25 uM CNQX (n = 18) and with D-
APV (50 uM) in a medium with low concentration of the Mg2+ (200 uM) (n = 16). Dotted line, isoline; vertical lines, the points of the

measuring of the amplitudes of the FPs components, correlatively to artefact stimulation. Calibration: 0.1 mV and 5 ms.

Before to start the experiments with the components of
autologous blood we have analyzed the effects of heparin
on the FPs in piriform cortex. Heparin in concentration up
to 2mg/ml does not change the peak amplitudes of excita-
tory a-amino-3-hydroxy-5-methylisoxalol-4-propionic acid
(AMPA) and N-methyl-D-aspartate (NMDA) excitatory
postsynaptic potentials (EPSP) as well as inhibitory GABAp
inhibitory postsynaptic potential (IPSPs) (Mokrushin and
Pavlinova 2012).

The fractions of blood were separated by centrifugation
of heparinized autologous blood at 1500 x g during 20 min
(Elekon CLMN P10-01, Russia). We obtained three fractions:
an autologous blood plasma, a buffy coat suspension (BCS)
and an erythrocyte fraction. Microscopic findings showed
that first fraction corresponded to autogenic plasma, second
fraction consisted of platelets and leukocytes in plasma with
the erythrocyte traces, the third fraction contained red blood
cells. These fractions of autologous blood kept at +4°C up

before its using in the electrophysiological experiments. The
fractions were tested about as follows: the erythrocyte frac-
tion — usually within 5-7 min after the blood fractionating;
fractions of an autologous blood plasma and BCS were tested
within 40-50 min after the blood fractionating. Reorder of
the fraction testing did not affect significantly on the effects
caused by these factions.

Electrophysiological stimulation and recordings from olfac-
tory cortex slices

During electrophysiological experiments, slices were ob-
served with a binocular microscope MBS-2 (Russia) in
a recording chamber. FPs were evoked using platinum
bipolar stimulating electrodes with a tip separation of
0.5 mm positioned onto the proximal part of the lateral
olfactory tract (LOT) - the main input of afferent impulses
to neurons of olfactory cortex. In order to get a clear record
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of all main components of FP, microelectrode was initially
focused on the pial surface, and then injected into slice at
a certain depth (Mokrushin 1997). The microelectrode was
advanced in slice by steps of 1 or 10 um, as determined by an
electronic indicator of a micromanipulator (NTO, Russia).
The electrode track was about 40° to the horizontal. However,
the slice pial surface is not flat; no correction was attempted
for any deviation of pial surface of slice from the horizontal.
Zero depth was taken as the level where there was a sudden
potential jump when the microelectrode was lowered into
contact with the slice surface. Under these conditions, the
most pronounced FPs were in a point indicated in 270-300
um depth from pial surface of the slice, and the recording
point was located in this focus of maximal activity (Musiash-
chikova and Mokrushin 1989).

Orthodromic stimulation of LOT imitated the flows of
afferent impulses coming from the mitral neurons of the
olfactory bulb in vivo. The rectangular pulses with duration
of 0.05-0.1 ms and the intensity of 1-3 pA were evoked
with aid of the constant current stimulator (ESU-1, Russia)
through platinum custom-made bipolar concentric elec-
trode insulated at the cut ends. Frequency of LOT electric
stimulation equal to 0.003 Hz was infrequent to eliminate
the development of a habituation in olfactory neurons in
answer to repeated stimulation.

FPs from slices were recorded using a glass microelec-
trode. Glass microelectrodes were pulled from 1.5-mm o.d.
capillary tubing with a ME 1 vertical puller (Russia). A tip
resistance of microelectrode filled with 1 M NaCl was 1-5
MQ. FPs recordings were performed using an NTO-2 am-
plifier (Russia). The silver reference electrode was located
in a chamber floor.

Synaptic responses induced in piriform cortex reflect the
entering and information processing. They are conditioned
by the different mechanisms of electrogenesis in olfactory
neurons. We analyzed the following individual components
of FPs: the compound action potential of the lateral olfactory
tract (AP LOT, presynaptic component FP), and the non-
NMDA (nNMDA) and NMDA receptor components of EP-
SPs. The first of these postsynaptic components is activated
by AMPA, the second with NMDA (Hoffman and Haberly
1989; Jung et al. 1990; Mokrushin 1997), referred to as AMPA
and NMDA EPSPs. A slow (GABAgergic) IPSPs is generated
at GABAGp receptors activation (Satou et al. 1982; Tseng and
Haberly 1988). To eliminate antidromic stimulation of mitral
neurons localized in olfactory bulbs, the latter were removed
surgically in the process of the slice preparation.

Under normal conditions in piriform cortex, stimulation
of proximal part of LOT evoked FPs with the fast EPSP
component mediated by AMPA receptors and the late
component of EPSP mediated by activation of the NMDA
receptors. Typical trace of the evoked FP in piriform cortex
is presented in Fig. 1D. For electrophysiological recording,

each slice was perfused with aCSF and the pre- and postsyn-
aptic components of evoked FP were registered before testing
of blood or blood components. The initial peak amplitudes
of this evoked FP compared with the same at the time of
blood/blood components action.

Data analysis

We used the technique of controlled experiment by computer
to standardize conditions of individual experiments. The in-
tensity of stimulation and the intervals and quantity of stimuli
delivered to LOT were specified. After each stimulus the FPs
were processed in the on-line mode. The FPs were amplified
with the analog-digital converter MD-32 (Russia) (sample
rate 25 kHz), and transmitted to computer for registration and
subsequent analysis using special homemade software. Ampli-
tudes of FPs components we estimated from the isoline to the
peaklevel. The amplitudes of AMPA EPSP we assessed within
a 1.5-2 ms window centered at the peak of the response. Peak
NMDA EPSP was measured as the average potential observed
in a 7-8 ms window (Mokrushin 1997) (Fig. 1D).

Statistical analysis

Statistical comparisons were performed with nonparametric
Wilcoxon-Mann-Whitney U test. Numerical data were ex-
pressed as mean + standard error of the mean (S.E.M.). The
level of statistical significance was set at p < 0.05.

Results

Pharmacological identification of postsynaptic excitatory
components of the FPs in the rat olfactory cortex slices.

During perfusion of slices with aCSF the stimulation
of proximal part of LOT evoked FPs in piriform cortex
(Fig. 1D). For identification of these receptors in piriform
cortex under control electrophysiological recording, we used
specific antagonists of the AMPA and NMDA ionotropic
glutamate receptors: CNQX (6-cyano-7-nitroquinoxaline-
2, 3-dione; a competitive antagonist of AMPA/kainate
glutamate receptors) and D-APV (D-2-amino-5-phospho-
novalerate; a competitive antagonist of NMDA glutamate
receptors). The FPs were recorded in response to stimula-
tion of the LOT proximal part in every experiment before
(control) and during perfusion with specific antagonists.
For the AMPA EPSP identification, we added CNQX after
the baseline recordings during 15 min. Addition of CNQX
to the perfusion medium completely abolished postsynaptic
responses generated by LOT stimulation (Fig. 1E). This inhi-
bition of the postsynaptic components was within 20-25 pM
concentration of CNQX (n = 18). These results indicate that
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under normal conditions LOT evoked fast component EPSP
mediated by AMPA receptors in piriform cortex.

For the NMDA EPSP identification, we applied 50 uM of
D-APV. In order to prevent the blockage of these receptors
by Mg?*, the slices (n = 16) were washed with a medium
with low Mg?* concentration (200 uM) during 20 min. Low-
ering Mg?* caused a small increase in the peak amplitude of
AMPA EPSPs, but the amplitude of presynaptic component
was not changed. This slight increase in the amplitude of

AMPA EPSP may reflect the increase in transmitter release
from presynaptic terminals as well as and increase depo-
larization of the postsynaptic membranes.

Application of 50 uM D-APV reduced the late component
of the EPSP mediated by activation of the NMDA receptors
(Fig. 1F). Itis obviously, that the late component EPSP mediated
by activation of the NMDA receptors. Further, we considered
these fast and late components of FPs as EPSPs mediated by
activation of the AMPA and NMDA receptors, accordingly.
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Figure 2. Representative traces of synaptic responses recorded in piriform cortex during perfusion with autologous blood. A. Synaptic events
(FPs) recorded in neurons of piriform cortex during perfusion with 30 ml of wholecompletely autologous blood in 50ml of aCSE. B. FPs re-
corded during perfusion with 20 ml of autologous blood in 50 ml of aCSE C. FPs recorded in neurons of piriform cortex during perfusion with
3ml of autologous blood in 50ml of aCSE. D. FPs recorded in neurons of piriform cortex during perfusion with 0.5ml of autologous blood in
50 ml of aCSE Horizontal dotted line - isoline. EDs - epileptiform discharges. At the FPs registration, the electronic device for artefact-rejection
was used. Note, that (A and B) wholecompletely autologous blood induced total suppression of postsynaptic responses, the washout failed to
restore these responses. Dilution of autologous blood led to appearance of epileptic discharges on NMDA-mediated EPSP. Biphasic changes
of the amplitudes of excitatory glutamatergic AMPA and NMDA mediated mechanisms were observed: the initial short-term increasing then
followed by a phase of depression and eventually by the subsequent blockade of synaptic glutamate responses (C). The inhibitory GABAgergic
mechanism (IPSPs) was more vulnerable to autologous blood action. The postsynaptic mechanisms were blocked irreversibly. Further dilution
of autologous blood resulted in epileptic discharges of NMDA-mediated mechanisms (EDs) during 30 min, which then terminated without
restoration after washout. Amplitudes of AMPA EPSP slightly decreased but were significant. The amplitudes of presynaptic component — AP
LOT were steadfast during whole time of perfusion and washout. Inhibitory GABAgergic (IPSPs) and NMDA-mediated mechanisms were
blocked irreversibly after 40 min of perfusion (D). Horizontal dotted line, isoline; EDs, epileptiform discharges.
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Synaptic responses in piriform cortex induced by perfusion
of slices with whole and diluted autologous blood

In order to ascertain how the onset of the blood contact with
brain neurons resulted in their synaptic efficacy, we exam-
ined synaptic responses in piriform cortex during perfusion
with different amount of wholecompletely autologous blood
diluted in aCSF (Fig. 2).

Perfusion of slices with 30ml of whole blood in 50ml
of aCSF min induced the total depression of postsynaptic
responses at first 5 min. The only reduced activity of conduc-
tive fibers of LOT was maintained at this time (65.0 + 15.0%,
U=17,n=7,p < 0.05). Further perfusion led to profound
decrease of AP LOT at 10 min. A typical recording of the
FPs was the same as presented in (Fig. 2A). The washout
failed to restore the postsynaptic activity although reduced
presynaptic response persisted.

Perfusion of brain slices during 5 min with 20 ml of whole
blood in 50ml of aCSF resulted in a decreased synaptic
efficacy of the olfactory neurons (Fig. 2B). Postsynaptic
glutamate response was reduced (57.0 £ 9.5% for AMPA
EPSP and 23.5 + 7.0% for NMDA EPSP of peak amplitudes
in control, U = 14 and U = 10, respectively, n = 8, p < 0.05).
GABAg ergic postsynaptic transmission was blocked at this
time. At 20 min of perfusion the postsynaptic components
were quite blocked and only reduced AP LOT was recorded
(17.7 £ 3.5 as compared to peak amplitudes in control,
U=11,n =8, p <0.05). The washout failed to restore post-
synaptic responses and to increase AP LOT although the
blood has been diluted.

From clinics, it is known that microbleeds often occurred
without any neurological features. To study how a small
blood amount has an influence on activity of neurons, we
examined the progression of synaptic efficacy during per-
fusion with diluted autologous blood (3.0 and 0.5ml in 50 ml
of aCSF) (Fig. 2C and D).

The onset of perfusion with the diluted blood (3.0 ml
in 50 ml of aCSF) resulted in synaptic firing of excitatory
glutamate potentials during 10 min (Fig. 2C). Diluted blood
provoked a sharp activation of excitatory postsynaptic proc-
esses after the first 5 min of perfusion. The amplitudes of
AMPA EPSP reached 140.0 + 12.0 %, U = 89, n = 21 and of
NMDA EPSP - 178.0 +15.0%, U = 74, n = 21. On the con-
trary, GABAgp ergic transmission was depressed at this time,
amplitude of IPSPs consisted 5.0 £ 3.0% (U = 14,n = 21,p <
0.01) of a control value.

After 10 min of perfusion, the spontaneous epileptiform
discharges (EDs) appeared on the descending phase of
NMDA EPSP. As perfusion continued, a progressive fading
of the amplitudes of AP LOT, AMPA and NMDA EPSP (at
20-30'" min) was observed. The total blockade of postsyn-
aptic components developed to 40 min (Fig. 2C5). Such
reduction of glutamatergic postsynaptic responses was

persistent because washout failed to recover the amplitudes
of FPs (Fig. 2C6). Presynaptic responses maintained during
time of perfusion, declined progressively. Therefore, the ex-
citotoxicity of the ionotropic glutamate receptors is believed
to be in first five minutes of the onset of bleeding.

To specity the role of these receptors in the development
of excitotoxicity, further experiments with the appreciably
diluted blood (0.5 ml in 50 ml of aCSF) were performed (Fig.
2D). Interestingly enough, the hyperexcitability of glutamate
postsynaptic components took place at first 10 min also.
The total depression of the inhibitory GABAgergic recep-
tors occurred at the same time. Later on, the amplitudes of
AMPA and NMDA EPSP decreased, but permanent EDs
abounded on NMDA EPSP (Fig. 2D1-4). Shifting of the
excitation/inhibition balance to abnormal excitatory synap-
tic transmission was accompanied by the EDs induction. It
possibly may explain the appearance of the ictal epileptiform
seizures observed in the patients with bleeding.

We hypothesized that the earliest multidirectional
changes in synaptic efficacy and their time course may be
conditional by an influence of the different constituents of
a blood. Therefore, the intent of next series of experiments
was to investigate how a defined blood component directly
influences on the synaptic mechanisms in piriform cortex.

Dual synaptic responses induced by perfusion of slices with
autologous blood plasma

As is known, after a cerebral hemorrhage, oxidations in
the hematoma produce a cocktail of dangerous metabolites
released into the brain’s parenchyma (Wagner et al. 2003;
Clark et al. 2008). To investigate if excitation of glutamater-
gic EPSPs and inhibition of GABAgergic IPSPs observed in
piriform cortex in the onset of perfusion with autologous
blood was dependent on the influence of different products
of blood (clot) degradation, we performed experiments to
examine the changes of synaptic activity in slices under the
influence of the fractions derived from the blood centrifuga-
tion. Further, we experimented with the diluted autologous
blood plasma (0.5 ml per 50 ml in aCSF) (Fig. 3).

The onset of perfusion with blood plasma induced synaptic
firing of excitatory glutamate potentials. Epileptiform activity
persisted for the duration of the recording (40 min) (Fig. 3A).
We observed the spontaneous high-frequency EDs on AMPA
and NMDA EPSP and total inhibition of IPSPs in the major-
ity of slices (63%) during perfusion of the autologous blood
plasma. Washout of slices enabled to cease EDs, nevertheless
NMDA EPSP amplitude was increased (142.0 £ 11.0%, U=7,
n =12, p <0.05). IPSPs amplitude recovered after washout too
(1235 +12.0%, U=9, n = 12, p < 0.05) (Fig. 3B2).

In one third of slices (37%) all FPs components appeared to
be extremely depressed during time of perfusion with plasma
(Fig. 3C and D). Postsynaptic responses of neurons in these
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slices were quite absent; the amplitude of AP LOT was miss-
ing, too. Washout restored the amplitudes of FPs to the control
values. However, NMDA EPSP recovered incompletely (67.2
+12.5%, U=10, n = 12, p < 0.05) (Fig. 3D2). It is essential to
note that washout resulted in repairing of synaptic activity
mediated by GABAgergic receptors. Such synaptic responses
of piriform cortex during perfusion with autologous blood
plasma possibly reflected the reversible damage of neurons
owing to the influence of plasma components.

Perfusion of slices with a buffy coat suspension from autolo-

of perfusion with a buffy coat suspension (BCS) (1ml in
50 ml of aCSF).

Epileptiform activity persisted for the duration of the first
eight minutes, then ceased for seven minutes and recom-
menced again. The maximal NMDA EPSP amplitude was
175.5+12.0%, U=11,n =12, p < 0.05 (Fig. 4A1 and 3). In
these series of experiments, a reversible reduction of the in-
hibitory processes was observed too. The washout differently
affected the activity of the receptors. Synaptic responses of
the conductive fibers of LOT and AMPA-mediated processes
restored almost to control peak amplitudes. The activity of

NMDA-mediated mechanism has arisen but the value of the
NMDA EPSP component not exceeded 28.5 + 11.0%, U = 12,
n =12, p < 0.05, from the control level (Fig. 4B4). It is pos-
sibly may be explained by the difficulty of its renewal after
the hyperexcitability of receptors and the intensity of EDs.

gous blood augments glutamate postsynaptic responses in
piriform cortex

Neurons of piriform cortex manifested spontaneous EDs
on NMDA EPSP both the onset and before the termination
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Figure 3. Perfusion with the autologous blood plasma induced a dual synaptic response in piriform cortex. The blood plasma obtained
by the centrifugation of autologous blood with heparin (see Materials and Methods) was diluted in aCSF (0.5ml per 50 ml in aCSF).
A. Representative traces showing synaptic events (FPs) recorded in the neurons of piriform cortex (63 % of the tested slices) in control
conditions (c), FPs with epileptiform discharges (1) at the time of perfusion (0-40 min) and after washout from blood during 30 min
with aCSF (2). B. Histograms representing the amplitudes of the FPs components in control conditions (c), during autologous blood
plasma perfusion (1) and after washout with aCSF during 30 min (2) expressed as percentage of control, n = 9 for every point; * p < 0.05.
C. Representative traces showing synaptic events (FPs) recorded in the neurons of piriform cortex (37% of the tested slices) in control
conditions (c), FPs at the time of perfusion (0-40 min) (1) and after washout from blood during 30 min with aCSF (2). D. Histograms
representing the amplitudes of the FPs components in control conditions (c) and during autologous blood plasma perfusion (1), after
washout with aCSF during 30 min (2) expressed as percentage of control, n = 2 for every point; * p < 0.05. Note, that autologous blood
plasma affected the excitatory glutamatergic processes in two ways. Epileptiform activity persisted for the duration of perfusion in two
thirds of neuron. At the same time in one third of neurons, the electrogenesis was completely depressed. Washout recovered synaptic
responses in all neurons of piriform cortex. Horizontal dotted line, isoline; EDs, epileptiform discharges. Calibration: 0.1 mV, 5 ms. At
the FPs registration the electronic device for artefact-rejection was used.
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It is noteworthy, that the GABApergic responses which are
totally inhibited during perfusion with BCS, after washout
increased to 147.5 + 13.0% of the control, U= 30, n = 12,
p < 0.05 (Fig. 4B4).

These data denote the ability of neurons to the excita-
tory/inhibitory balance revival. As microscopic evaluation
have shown the BCS blood fraction consisted generally of
the leucocytes with traces of the platelets and erythrocytes.
The results of the experiments with the BCS fraction may
explain the processes that occur in the brain of patients with
the damaged blood-brain barrier permeability when the dif-
ferent blood components extravasated from the brain vessels
into the surrounding area and induce the hyperexcitability of
adjacent neurons with the appearance of the limited EDs.

Synaptic depression in piriform cortex caused by perfusion
of slices with the erythrocyte fraction of autologous blood

To test the synaptic events in piriform cortex during contact
of slice with erythrocyte fraction we used the suspension of
red blood cells in aCSF (1 ml in 50 ml of aCSF) (Fig. 5).
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This fraction of autologous blood induced a sharp epilep-
tiform activity on glutamatergic components of FPs in the
outset of perfusion (1-3 min). Then, we observed the whole
depression of synaptic response over a period of perfusion.
As in the previous variants of experiment with autologous
blood, the GABAgergic synaptic activity completely de-
pressed in the onset of contact with blood (Fig. 5A and D).
The effects of erythrocyte fraction on synaptic efficacy in
piriform cortex were reversible after washout.

Thus, each fraction of blood tested apart from the others
induced an intrinsic effect which was mainly exciting for
postsynaptic glutamatergic components but with differ-
ent time courses. The total depression of the GABAgergic
synaptic responses in piriform cortex was illustrative in the
time of the EDs appearance.

Synaptic responses in piriform cortex induced by perfusion
of slices with ferric ions in aCSF

In consideration of the damaging effect of iron on the brain
tissue during bleeding (Wagner et al. 2003; Zecca et al. 2004),

NMDA EPSP

*

1

IPSPs

EDs

c 1 2 3 4 c 1 2 3 4

c 1 2 3 4 c 1 2 3 4

Figure 4. Electrogenesis in piriform cortex during perfusion with a buffy coat suspension (BCS). In our experiments, BCS consisted of
the suspension of platelets and leukocytes with trace of erythrocytes in autologous blood plasma. The dynamics of AMPA and NMDA
EPSPs tested in neurons of brain slices during perfusion with 1 ml of BCS in 50ml of aCSE. A. Representative traces showing synaptic
events (FPs) recorded in the neurons of piriform cortex in control conditions and perfusion with the fraction (1-8 min) (1). The EDs
were observed in a descending phase of NMDA EPSP. 2, FPs during the 8-15 min of perfusion; 3, FPs during 15-40 of perfusion with
EDs; 4, washout during 30 min with aCSE. B. Histograms representing the amplitudes of the FPs components expressed as percentage of
control, n = 12 for every point, * p < 0.05. Note, that BCS of the autologous blood increased excitability of NMDA mediated mechanism.
This process was partially reversible. Washout restored depressed IPSPs. Horizontal dotted line, isoline; ED, epileptiform discharges.
Calibration: 0.1 mV, 5 ms. At the FPs registration the electronic device for artefact-rejection was used.
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we examined the synaptic events in piriform cortex during
perfusion of slices with the different ferric ion concentrations
(Fig. 5B and C). Minimal free iron level in normal rat brain is
a micromolar concentration, and it increased after intracer-
ebral hemorrhage (Wagner et al. 2003). Firstly, we examined
the effect of 25 uM FeClj; applications to ascertain the role
of iron on synaptic activity in olfactory cortex. Ferric ions
induced decrease of amplitude of AMPA EPSP (38.5 +12.0 %,
U=15,n=12,p <0.05). EDs appeared on the NMDA EPSP.
Washout failed to restore normal synaptic responses, because
EDs arose on increased AMPA component (Fig. 5B).

To elucidate a synaptic transmission under ascending
level of iron, we repeated our experiments with 100 uM
of FeCls. Higher ferric ion concentration during 40 min
perfusion evoked an increase in NMDA EPSP with nascent

effect on glutamatergic processes in piriform cortex. This
effect was slightly reversible, washout failed to eliminate
EDs. It is important that iron had no significant influence
on inhibitory GABApergic mechanisms.

Discussion

In present study, we applied slice-model system to elucidate
the early modification of synaptic transmission in neurons of
the SHRs olfactory cortex slices with neurovascular dysfunc-
tion (Amenta et al. 2010) from the outset of the acute contact
with autologous blood and its components. The increasing in
extracellular glutamate level, glucose metabolism in perihe-
matomal area and neuronal cell death observed at early time

EDs, which were on AMPA EPSP too (Fig. 5C). Therefore,
iron produced the excitatory and concentration dependent

of ICH (Qureshi et al. 2003; Ardizzone et al. 2004; Wagner
2007; Qureshi et al. 2009). The spreading excitotoxicity in
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Figure 5. Electrogenesis in piriform cortex during perfusion with the erythrocyte fraction (1 ml in 50 ml of aCSF). This fraction consisted
of the suspension of erythrocytes with traces of autologous blood plasma. A. Representative traces showing synaptic events (FPs) recorded
in the neurons of piriform cortex in control conditions (c) and after perfusion (1) with the erythrocyte fraction (1-3 min). Appearance
of the epileptiform discharges in AMPA and NMDA components of FPs. 2, FPs during the 3-40 min of perfusion; 3, washout during
30 min with aCSF B, C. Representative traces showing synaptic events (FPs) recorded in the neurons of piriform cortex perfusion with
an aqueous solution of ferric chloride. Two concentration of ferric ions in aCSF - 25 uM (n = 15) and 100 uM (n = 12) were tested. c,
control, 1, perfusion with FeCl; during 40 min, 2, washout with aCSF (30 min). Note, that ferric ions induced the EDs appearance in the
descending phase of NMDA EPSP. Higher FeCl; concentration had a great effect on electrogenesis in slices. Ferric ions increased the
amplitudes of postsynaptic components of FPs, with EDs on AMPA and NMDA components. Such excitability was not reversible with
washout. Horizontal dotted line, isoline; EDs, epileptiform discharges. Calibration: 0.1 mV, 5 ms. At the FPs registration the electronic
device for artefact-rejection was used. D. Histograms representing the amplitudes of the FPs components during perfusion with erythro-
cyte fraction expressed as percentage of control, n =12 for every point; * p < 0.05 Note, that the erythrocyte fraction of autologous blood
increased an excitability of glutamate mediated mechanism in the first moment of application. Then, electrogenesis in slices depressed.
This process was reversible.
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brain tissue mediated by glutamate activation of NMDA
or AMPA receptors results in a widening of the secondary
neuronal damage in the different brain regions (Lee et al.
1999; Liu et al. 2007; Lau and Tymianski 2010; Lai et al. 2011;
Lok et al. 2011). The findings of the study showed how fast
the waves of excitotoxicity spread in the brain tissue after
contact with blood. It is obviously that such time-correlated
hyperactivation of glutamate receptors may contribute to the
expansion of cell injury in adjacent brain regions and during
all time of the hematoma degradation

Effects of whole and diluted autologous blood on synaptic
activity

Our results demonstrate that autologous blood induced
instantaneous depression of synaptic activity of neurons
within first five minutes. It is quite possible a sign of their
irreversible destruction. The time course of such depres-
sion depended on the amount of blood contacted with
neurons in piriform cortex of the brain slices. This rapid
synaptic effect mimics a bleeding in cortex, where contact
of neurons with autologous blood leads to depression of
neuronal excitability.

To identify the time course of the earliest changes in syn-
aptic responses in the neurons in perihematomal area, we
have used a technique of blood dilution and have exposed the
slices to the blood diluted with aCSF in the varied propor-
tions. We first established that a level of blood dilution cor-
related with clearly defined increasing effect of the glutamate
receptor excitation in piriform cortex. It is important that
diluted blood induced more prolonged epileptiform synaptic
activation of NMDA receptors (Fig. 2).

Such events may correlate with the neuronal synaptic
distress happened in brain in the moment of the vascular
rupture and bleeding. These results showed that the rate of
the synaptic component degradation depends on the com-
plexity of their location and organization. The early disrup-
tion of GABAg-mediated activity may be a result of direct
access of these receptors to a blood penetrating into brain
parenchyma. Indeed, there are evidences that synapses me-
diated GABAgergic inhibitory processes in olfactory cortex
concentrated on pyramidal cell dendrites (Satou et al. 1982;
Tseng and Haberly 1988). On the contrary, the excitatory
postsynaptic receptors are localized on the soma of pyrami-
dal neurons. Therefore, NMDA and especially AMPA-medi-
ated mechanisms are more resistant to the blood influence
and there is a time-lag of the damaging blood effect. The
mechanisms of excitation along the LOT fibers were more
stable possibly due to their closely fit and the dense myelin
sheaths except for Ranvier’s isthmus (Musiashchikova and
Mokrushin 1989).

It is known, that epileptiform seizure reflects the onset
of hypersynchronous glutamatergic activation of cortical

neurons leading to acute seizures and epilepsy epilepsy
(Sun et al. 2001; DeLorenzo et al. 2007). Most seizures are
associated with hemorrhagic stroke (Sun et al. 2001; Herman
2002; Silverman et al. 2002; Balami and Buchan 2012) and
occur within the first 24 hours of injury (Gilmore et al. 2010;
Loscher and Brandt 2010). In cortical and hippocampal (Le-
hohla etal. 2001; Russell 2001), as well as in olfactory cortex
slices (Khama-Murad and Mokrushin 2007), the functional
activity of the ionotropic receptors in rats with hyperten-
sion (SHRs) is modified due to a functional predominance
of NR2B subunit of NMDA receptors (Jensen et al. 2009).
We propose that the NMDA synaptic hyperexcitation in
piriform neurons of SHR in the early time of the contact
with blood is closely associated with such cerebrovascular
dysfunction.

Most probably, various blood components penetrating
into the brain parenchyma individually or conjointly impli-
cated in the uncontrollable cortical hyperexcitability leading
to the seizure generation. Having established the different
time course of the glutamate receptor responses in piriform
cortex in the experiments with consecutive blood dilution
we attempted to discover how the blood components are
contributing for depression/excitation and epileptogenesis
of neurons, and to establish the time course of their effects
in our experimental conditions.

Synaptic responses in slices during perfusion with autologous
plasma

Current evidence indicates that ICH-induced brain injury
is caused not only by the effects of the hematoma, but also
by toxicity from blood components and some of them are
more harmful (Xue and Del Bigio 2000; Xi et al. 2006). From
clinical observations, it is evident that autologous blood
plasma, cellular blood components may spontaneously leak
through the damaged walls of blood vessels in the brain
tissue in patients at risk (hypertension, age, diabetes, and
atherosclerosis) (Vernooij et al. 2008; Vasilevko et al. 2010) .
Spreading of injury after ICH are believed to be due to the in-
traparenchymal accumulation of various blood components
following ICH, activating cytotoxic, excitotoxic, oxidative,
and inflammatory pathways.

We have established the dual synaptic responses in piri-
form cortex during perfusion of slices with the autologous
blood plasma (Fig. 3). The toxicity of extravasated blood
plasma components including blood-derived coagulation
factors, complement, thrombin and glutamate argued at
minutes after onset of ICH (Wagner et al. 2002; Qureshi et
al. 2003; Wagner 2007; Aronowski and Zhao 2011). In our
experiments, the majority slices showed a sustained epileptic
activity of AMPA and NMDA glutamate receptors in the time
of perfusion with plasma (from the onset to 40 min). The
AMPA and NMDA-mediated excitation with the simultane-
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ous GABAgergic inhibition characterized the overall synap-
tic response in these slices. The minority of slices manifested
the total blockade of the FPs from the onset to the end of the
contact with plasma. The reversibility of synaptic responses
after washout is indicative of blood plasma action.

Blood plasma infusion induces early edema, oxidative
stress, activation of microglia and pro-inflammatory cy-
tokine gene expression (1 h) during ICH (Wang and Tsirka
2005; Wagner et al. 2005). The early activation of microglia
in the peri-ICH area (Rosidi et al. 2011; Wagner et al. 2005;
Wagner 2007) is linked with extracellular serine-proteases
(Wagner et al. 2003; Wang and Doré 2007; Xue and Yong
2008) and observed in brain of SHRs at ICH (Wu et al. 2011).
Thrombin - one of such blood-derived proteases involved in
mechanisms of brain injury after ICH and modification of
its level may coordinate the components of the endogenous
response (Xi et al. 2003, 2006; Keep et al. 2011; Badu et al.
2012). The NMDA receptor response is also specified by
protease-activated receptor activity (PAR-1) (Gingrich et
al. 2000; Hamill et al. 2009). The potentiation of the NMDA
receptors by PAR-1 possibly occurs via thrombin activa-
tion following ICH (Sharp et al. 2008; Wu et al. 2010). It is
yet unclear to which extent the thrombin may contribute
to the rapid epileptiform response of NMDA receptors or
it may exacerbate glutamate-mediated cell activity in our
experiments. Further experiments are required to define
these events.

Interstitial plasma (Wang and Doré 2007) and C-reactive
proteins (Kuhlmann et al. 2009) implicated in increased
blood brain barrier (BBB) permeability in brain. The BBB
disruption contributes to the influx of leukocytes and the
potentially neuroactive agents into the perihematomal
brain during ICH-induced brain injury (Farrall and Ward-
law 2009; Keep et al. 2011) especially in the conditions of
neurovascular dysfunction (Kalayci et al. 2009; Amenta et
al. 2010). The failure of neuron function correlated with the
early (1 h) destruction of BBB permeability (Shi et al. 2011)
during and after epileptic seizures (Marchi et al. 2007), and
such uncontrolled BBB disruption may damage the brain
parenchyma by enhancing leukocyte influx (Stamatovic et al.
2008). Evidently, the combined effect of plasma on synaptic
responses in piriform cortex of SHRs possibly reflects the
contradictory influence of the different plasma constituents
on neurons with a diverse degree of their activity. It is a sign
of ICH-induced brain injury.

Perfusion of slices with fraction of leucocytes

The effect of BCS on synaptic activity in piriform cortex
resembled the influence of autologous blood plasma on
a great part of slices. In our conditions, the effect of blood
fraction composed of the concentrated leucocytes with some
number of platelets was univocal. As we showed in piriform

cortex, the persistent NMDA receptor hyperexcitation with
the epileptiform discharges occurred at all time of perfusion
with the enriched leukocyte fraction (Fig. 4). Evidently,
leucocytes may cause a whole-brain injury immediately after
ICH (Wagner et al. 2005). They have important effects in
early releasing of pro-inflammatory mediators and the plate-
let-leukocyte-endothelial cell interactions after hemorrhage
(MacKenzie and Clayton 1999; Nishikawa et al. 2009; Lok
et al. 2011). Apparently, the role of the leucocytes actually
consisted in the NMDA receptors firing in combination with
their secondary effects.

Effects of the erythrocyte fraction on synaptic responses in
slices

The next step of our study was to clarify the primary effects
of the erythrocyte fraction on the synaptic transmission in
piriform cortex. The neurotoxicity of red blood cells occurs
within hours to days after ICH. Erythrocytes emerged from
the hematoma lysis releasing cytotoxic hemoglobin, heme,
and iron, thereby initiating secondary processes, which
negatively influence the viability of cells surrounding the
hematoma (Xi et al. 2001, 2006; Wu et al. 2002; Huang et
al. 2002; Wagner et al. 2003; Regan et al. 2008) and the BBB
functions (Keep et al. 2008; Katsu et al. 2009). Moreover, at
hypertension, intravasal erythrocyte accumulations followed
by BBB disturbances often results in microbleeds (Schreiber
etal. 2012).

To specify the synaptic activity in brain neurons we used
the erythrocytes fraction with the quantity of hemoglobin
relevant to whole blood concentration about 5 pl of Hb. We
found that the activation of the AMPA and NMDA-mediated
synaptic responses with fast EDs developed within a few min
(1-3) during the erythrocyte fraction perfusion. The excita-
tion of these receptors was replaced by the total depression
for the whole period of subsequent perfusion (40 min) (Fig.
5). In spite of such inhibitory effect of the erythrocyte frac-
tion, the nervous cells were still alive because the washout
resulted in the FPs components recovery. Similar effect is
caused by the reduced-hemoglobin (100 M) and hemin
(50 uM) in hippocampal slices. The slope of field EPSPs de-
pressed significantly with some recovery following washout
(Yip etal. 1996; Yip and Sastry 2000). These results are partly
confirmed by the experiments with cortical cell cultures.
Early exposure (1-2 h) to hemoglobin was not toxic (Regan
and Panter 1993). On the contrary, during perfusion of slices
with diluted whole blood (3 ml in 50 ml aCSF) we found that
the washout failed to evoke the FPs restoration, although the
concentration of hemoglobin (about 4 pl) in this case was
similar to the same in the tested erythrocyte fraction.

To understand the role of red blood cells in the synaptic
responses in piriform cortex we elucidated the role of iron
in early events of cellular damage.
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How ferric ions influence on synaptic activity in piriform
cortex?

Iron is an important mediator of cellular injury in the brain
(Willmore et al. 1978; Wagner et al. 2003, Wu et al. 2003;
Zecca et al. 2004; Xi et al. 2006; Wagner 2007; Zhao et al.
2011; Chen et al. 2011). Iron overload leading to oxidative
damage of different cell types in brain contributes to the
pathogenesis of injury following ICH (Hall et al. 2000; Hua
et al. 2006, 2007; Nakamura et al. 2006; Gaasch et al. 2007;
Gu et al. 2011).

Minimal free iron level in normal rat brain is about 1 pul
(Wagner et al. 2003; Wan et al. 2009) and elevation of intracel-
lular iron is acutely toxic to neurons and oligodendrocytes in
culture (Kress etal. 2002). Cortical injection of 5-10 pl of fer-
rous or ferric chloride induced recurrent focal EDs (Willmore
etal. 1978) and liberation of glutamate into the neuropil with
sequential changes in glutamate transporter mRNA levels
as well as in AMPA and NMDA protein levels (Willmore
and Ueda 2009; Doi et al. 2000, 2001). In our experimental
conditions, the exciting effect of 25 uM concentration of
FeClj; started immediately from the onset of perfusion (Fig.
5B and C) and continued until the washout. We registered
the EDs on the NMDA amplitude and the decrease of the
AMPA-mediated activity. Peculiarity of the ferric salt effect
in piriform cortex consisted in a retention of the GABAg-
mediated activity of FPs, which maintained also at the high
iron concentration (100 pM). This iron level resulted in inten-
sifying of the EDs on AMPA and NMDA EPSPs of neurons
in piriform cortex. Such acute iron exposure may be a result
of brain tissue hypoxia and acidosis that might accompany
ICH (Bralet et al. 1992; Lee et al. 1999). On the contrary, in
the hippocampal slices ferrous chloride (50 uM and 100 uM)
depressed the field EPSP (Yip and Sastry 2000). This may be
due to differences in temperature of the perfusion solution
(25°C) and the effect of FeCl,. An indirect confirmation of
the exciting iron effect on synaptic transmission is the sig-
nificant increase of the amplitude of AMPA-mediated excita-
tory postsynaptic currents after application of Fe>* induced
a-synuclein oligomers (Hiils et al. 2011).

Thus, we assume that increased neuronal firing in condi-
tions of progressive iron accumulation was a reflection of
the retained excitation of the glutamate neuronal receptors,
which persisted a long time while heme degradated during
the erythrocytes lysis.

The ionotropic receptors are linked to multiple intracel-
lular messengers, such as Ca>*, cyclic AMP, reactive oxygen
species, and initiate multiple signaling cascades that deter-
mine the neuronal survival during brain damage (Michaelis,
1998; Lai et al. 2011; Lok et al. 2011). Excessive NMDA re-
ceptors activation in neurons leads to the production of ROS
and to endothelial excitotoxicity associated with a loss of the
cerebral endothelial barrier dysfunction and edema forma-

tion (Sharp et al. 2003; Betzen et al. 2009). Phosphorylation
of NMDA receptors during Src kinase signaling is implicated
in multiple mechanisms of ICH including vascular endothe-
lial growth factor and matrix metalloproteinases-mediated
changes of vascular permeability (Sharp et al. 2008; Liu et
al. 2010). In this context, the possibility of NMDA receptor
down regulation with Src antagonist preventing brain edema
and BBB disruption is of interest (Liu and Sharp 2011). We
believe that the protection of membrane glutamate receptors
may be a promising approach for preventing stroke. The pos-
sibility to defend the synaptic activity in brain slices against
glutamate excitotoxicity and during the prolonged (to 6 h)
their contact with autologous blood clot by pretreatment
with Hsp70, carnosine and heparin was shown (Mokrushin
et al. 2005; Khama-Murad et al. 2011; Mokrushin and Pav-
linova 2012a, 2012b).

We can conclude that the early synaptic responses de-
pendent of AMPA and, especially, of NMDA receptor activity
induced by the blood components have the different tempo-
ral profile in piriform cortex. These temporal modifications
of the glutamate synaptic activity may occur in the brain for
first minutes after acute ICH and then during hematoma
degradation. The primary events happened in these recep-
tors in response to bleeding may explain a mechanism for
diffuse brain excitotoxicity and are indicative of necessity of
their early or preventive protection. Of course, this assump-
tion can be addressed experimentally, and such studies are
currently in progress in our laboratory.

Summary

The early synaptic responses in brain slices induced by the
blood components have the different profile. Plasma, leu-
cocytes and red blood cells reversibly modified the neuron
activity in piriform cortex while the effects of whole blood
were irreversible. The modifications of the glutamate synaptic
activity for first minutes during bleeding possibly connect
with the mechanisms of spreading brain excitotoxicity and
epileptogenesis.
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